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ABSTRACT

In the current scenario of human-induced climate change, extreme
weather events are likely to affect agricultural production worldwide.
Soilless production systems have recently emerged as a solution to optimise
the use of natural resources, such as water and soil, and will therefore

contribute to reducing the environmental impact of agriculture.

Nutritional imbalance due to adverse environmental factors, such as
drought, high temperatures and salinity, could lead to calcium-related
physiological disorders during plant growth, such as blossom end rot (BER)
in fruits and tipburn (TB) in leaves, which are a serious problem in crop

production.

The analysis of the agronomic, physiological and genetic factors that
favour the induction of physiopathies such as BER in tomato and TB in
lettuce is essential to understand the mechanisms involved in these
degeneration processes and to be able to provide solutions, from the
exogenous supply of nutrients at certain stages of the crop to the genetic

improvement of the varieties to be used.

In this thesis, a low-cost closed hydroponic culture procedure has been
devised to evaluate the growth of lettuce in a hydroponic culture. Growth
rate, plant mass and rate of TB at different stages of the year were
monitored by imaging and associated with their nutrient concentration. We
studied 12 lettuce genotypes of crisphead and oak-leaf subtypes, which
differed in their resistance to TB, during three growing seasons (autumn,

winter and spring). We found interesting genotype x environment (G x E)



interactions for some of the traits studied during early growth. By analysing
TB incidence and leaf nutrient content, we were able to identify several
nutritional traits that were highly correlated with cultivar- and genotype-

dependent TB.

Technification of processes, a digitalisation of systems and continuous
improvement of genetic factors of varieties in agriculture will provide us with
the right tools for an accurate use of natural resources required by

agriculture in the coming years.



RESUMEN GLOBAL

En el actual escenario de cambio climdtico provocado por el ser
humano, es probable que los fendmenos meteoroldgicos extremos afecten
a la produccién agricola en todo el mundo. Los sistemas de produccién sin
suelo han surgido recientemente como solucién para optimizar el uso de los
recursos naturales, como el agua y el suelo, y por tanto contribuiran a

reducir el impacto ambiental de la agricultura.

El desequilibrio nutricional debido a factores ambientales adversos,
como la sequia, las altas temperaturas y la salinidad, podria producir
trastornos fisioldgicos relacionados con el calcio durante el crecimiento de
las plantas, como la podredumbre del extremo de la flor o blossom end rot
(BER) en los frutos y la quemadura de la punta o tipburn (TB) en las hojas,

gue constituyen un grave problema en la produccién de cultivos.

El andlisis de los factores agrondmicos, fisioldgicos y genéticos que
favorecen la induccidn de fisiopatias como la BER en el tomatey la TB en la
lechuga es fundamental para entender los mecanismos que intervienen en
estos procesos de degeneracidn y poder proporcionar soluciones desde su
aporte exégeno de nutrientes en ciertas etapas del cultivo como en la

mejora genética de las variedades a utilizar.

En esta Tesis se ha ideado un procedimiento de bajo coste de cultivo
hidropdnico cerrado, para asi poder evaluar el crecimiento de lechugas en
un cultivo hidropdnico. Se monitore6 mediante imagenes la tasa de

crecimiento, la masa vegetal y el grado de TB en diferentes etapas del afio y



se asocid a su concentracién nutricional. Estudiamos 12 genotipos de
lechuga de los subtipos crisphead y hoja de roble, que diferian en su
resistencia al TB, durante tres temporadas de cultivo (otofio, invierno y
primavera). Encontramos interesantes interacciones genotipo x ambiente
(G x A) para algunos de los rasgos estudiados durante el crecimiento
temprano. Al analizar la incidencia de TB y el contenido de nutrientes en las
hojas, pudimos identificar una serie de rasgos nutricionales que estaban

altamente correlacionados con el TB dependiente del cultivar y del genotipo.

La tecnificacidn de los procesos, la digitalizacion de los sistemas y una
mejora continua de los factores genéticos de las variedades nos
proporcionaran las herramientas adecuadas para un uso preciso de los

recursos naturales que requiere la agricultura durante los préximos afios.



1. INTRODUCCION GENERAL

1.1 Problematica de la agricultura en el contexto
de cambio climatico actual

El Grupo Intergubernamental de Expertos de Naciones Unidas
sobre el Cambio Climatico (IPCC por sus siglas en inglés) en el resumen
para los responsables politicos del Grupo de Trabajo Ill en su
Contribucién del al Sexto Informe de Evaluacién 2022 [1], coincide en
su afirmacién de que las actividades realizadas por el ser humano son
la causa principal del calentamiento global que se ha observado desde
mediados del siglo XX hasta la actualidad (Figura 1).
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Figura 1. Calentamiento global iltimos 60 afios. Datos obtenidos de [2]

La implementacién de nuevas estrategias para paliar los efectos
del cambio climatico se debe llevar a cabo de forma rédpida y
coordinada, debido al ritmo al que estdan aumentando los gases de
efecto invernadero (GHG) en la atmdsferay el peligro que ello conlleva
de que la temperatura global aumente mas de 2 °C de media en la
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proxima década [3]. En el ultimo informe del IPCC se ha estimado que
un 23 % del total de las emisiones de GHG generadas entre 2007 y
2016 provienen principalmente de la agricultura, la silvicultura y otros
usos antropogénicos de los recursos terrestres. La preocupacién por
el cambio climatico global y la busqueda de medidas que permitan
minimizar su impacto ambiental ha hecho que se pongan sobre la
mesa nuevas estrategias de uso y consumo de los recursos naturales.

Debido a su situacidén geografica y a sus condiciones climdticas
de temperaturas elevadas y precipitaciones escasas, Espafia, y
especificamente las comunidades auténomas de la zona
mediterrdnea, se encuentra entre las regiones mas proclives a verse
afectadas por los efectos del cambio climdtico global [4]. Se han
desarrollado diversas estrategias para reducir el uso excesivo de los
recursos naturales, evitar la acumulacion de GHG en la atmosfera y
proteger los suelos de la desertificacion y la contaminacién. Los suelos
actian tanto como una fuente como un sumidero de GHG vy
desempeiian un papel crucial en el intercambio de energia, agua y
aerosoles con la atmésfera. Por tanto, la gestion sostenible de los
suelos puede ayudar a atenuar los impactos negativos de los diversos
factores de estrés ambiental, especialmente los que dependen del
cambio climatico, sobre los ecosistemas y las sociedades que se basan

en la agricultura [3].

La tecnificacion de los métodos de cultivo, asi como Ia
digitalizacién de las actividades agricolas y la obtencién de nuevas
variedades que crezcan de forma mas eficiente y se adapten mejor a
las condiciones adversas, son los principales focos en los que los
agricultores estan poniendo su empefio en aplicar una agricultura
sostenible. Este enfoque debe ser respetuoso con el medio ambiente
y encontrar un equilibrio adecuado, considerando que las nuevas

practicas de cultivo van a permitir obtener mejores rendimientos y
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aumentar los ingresos de los agricultores sin que se afecten
negativamente otros indicadores de calidad medioambiental [5,6].

1.2 Sistemas de cultivo sin suelo: ventajas y
limitaciones

El incremento de la poblacién mundial y de la demanda de
alimentos, la excesiva urbanizacién, la salinizacién y desertizacién de
los suelos de cultivo debido a estreses ambientales relacionados con
el cambio climatico, han reducido la disponibilidad de suelos fértiles
para su uso en agricultura. Por este motivo, muchos sectores agricolas
han decidido utilizar técnicas de cultivo sin suelo que les estan
permitiendo mantener un equilibrio adecuado entre la produccién
agricolay la sostenibilidad del medio ambiente. Con el cultivo sin suelo
se busca reducir el uso excesivo de agua y nutrientes, evitar la
contaminacién de suelos por lixiviacion de nitratos y fosfatos que,
finalmente, pueden provocar eutrofizacidn y la contaminacién de los

acuiferos y las aguas superficiales [7-9].

La obtencion de alimentos mediante el uso de sistemas de
produccién sin suelo permite aplicar una agricultura sostenible e
incrementar la seguridad alimentaria [7,10]. La agricultura sin suelo
contribuye también a mejorar el crecimiento de las plantas y producir
alimentos de excelente calidad gracias a una gestidon adecuada del
sistema radicular de las plantas, ya que se ejerce un control mas
uniforme y preciso de las necesidades de agua vy fertilizantes de las
plantas durante las distintas etapas de su ciclo vital [8,11]. En la Tabla
1 se muestran las principales ventajas e inconvenientes que

proporciona el uso del cultivo sin suelo.
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Tabla 1. Ventajas e inconvenientes de los sistemas de cultivo sin suelo.

Ventajas

Inconvenientes

e Productos de calidad

e Reduccion del desperdicio de
agua

e Control exhaustivo de plagas

e Mejor control de la relacion
suelo/aire

e Control de la zona radicular

e Mayor precocidad

e Mayor rendimiento de los
cultivos

e Menor impacto ambiental que
en un suelo convencional

e Posibilidad de monitoreo a nivel

fisioldgico y productivo

e Posibilidad de automatizacion

Inversion econdémica elevada de
las instalaciones

Utilizacion de agua de calidad

Enfermedades en la raiz por falta
de sustrato

Mayor riesgo de problemas al
minimo cambio en el manejo de
las condiciones ambientales

Posibilidad de contaminacion de
subsuelos en circuitos abiertos

Cambios de temperatura pueden
afectar de forma mas directa a las
raices

Nivel de cualificacion alto en el
manejo de los cultivos

Posibilidad de contaminacion de
patogenos de una a planta a otra a
través del agua

1.3 Fisiopatias causadas por desequilibrios

nutricionales

El uso de sistemas de cultivo sin suelo supone una eleccidn
especialmente valida en zonas donde hay una grave degradacién del
suelo y el suministro de agua estd limitado. Como se ha comentado
anteriormente, un elevado grado de especializacidn es necesario para

una correcta seleccion de las variedades a plantar teniendo en cuenta
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su sistema radicular y el manejo de la solucidn nutritiva, asi como el
control del entorno o ambiente donde van a crecer las plantas [10,11].
El control adecuado de los sistemas sin suelo proporciona mayores
rendimientos y una mejor calidad en la produccién (Figura 2).

AMBIENTE

PRODUCTCS DE
CALlDaD ¥
MEIORES

RENDIMIERTCS

SISTEMA
RADICUILAR RUTRITIVA

Figura 2. Conjunto de factores que intervienen en la produccion y
rendimiento de las plantas. Datos obtenidos de [12].

El sistema radicular de las plantas es el encargado de
proporcionar la suficiente concentracidén de nutrientes y agua al resto
de drganos en desarrollo para un correcto crecimiento y
diferenciacion de la planta [12]. Las caracteristicas de la solucién
nutritiva, la regulacion fisiolégica de la planta, asi como el entorno
donde se desarrolla el sistema radicular va a determinar la capacidad
de las raices de absorber la suficiente cantidad de nutrientes y de agua
[13]. Ademads, estas deben de ser metabdlicamente activas, de lo
contrario, se produciran cambios en la capacidad de absorcién y por
lo tanto podrian aparecer desequilibrios nutricionales [12,14].

VirginiaBirlangaMurcia 5



Los desequilibrios nutricionales y la falta de absorcién de agua
por parte de las raices durante en el desarrollo de las plantas pueden
desde detener el crecimiento o promover de manera incontrolada el
crecimiento vegetativo, hasta la posibilidad de que ocurran abortos de
flores y/o reduccién de los rendimientos por una disminucion en el
numero de frutos [15,16]. Si estos problemas se producen durante el
desarrollo de los frutos y /o de las hojas estos pueden dar lugar a la
aparicién de fisiopatias como la podredumbre apical del fruto de
tomate, peseta o blossom end rot (BER), y la necrosis del margen foliar
en hojas de lechuga o tipburn (TB), provocando una merma de la
calidad de la produccién [17-21].

Hay muchos elementos que pueden desencadenar
desequilibrios nutricionales. Factores como la salinidad del medio de
cultivo, las altas temperaturas o fotoperiodos muy largos influyen en
un correcto metabolismo y desarrollo de la planta en particular del
sistema radicular. Se ha estudiado que en los sistemas de cultivo sin
suelo con circuito cerrado pueden aparecer cierta salinidad en el
medio, ya que las raices no son capaces de absorber todos los
nutrientes de la solucién y, ademas, el agua que se aporta a la solucién
nutritiva contiene iones como Na* y CI~ que son dificiles de absorber
por las raices de la planta. Todo ello conlleva una alta concentracién
de sales en el medio de cultivo, por lo que un control adecuado de las
cantidades nutricionales aportadas a la planta en cada estado

fisiolégico es muy importante [22].

El estrés por temperaturas elevadas se produce cuando se
produce un aumento de las temperaturas de al menos 10-15 °C por
encima de la temperatura 6ptima de desarrollo, rebasando la
denominada temperatura maxima critica (Tabla 2) durante un largo
periodo de tiempo, lo que puede desencadenar dafios irreversibles en
el desarrollo de las plantas [23].
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Las altas temperaturas pueden provocar, dependiendo del
estado de desarrollo de la planta, diversos problemas de crecimiento
como son: (1) inhibir o ralentizar la germinacion de la semilla [23], (2)
provocar abortos de flores y frutos jovenes [15,24], (3) favorecer una
elevada transpiraciéon en las hojas a través de los estomas lo que
puede originar desequilibrios nutricionales por un excesivo y brusco
transporte via xilema de agua pero no asi de algunos nutrientes, como
el Ca?*, hacia los 6rganos en desarrollo como los frutos y las hojas,
ocasionando BER en tomates y pimientos o TB en lechugas o
brasiciceas [25-28]. Por lo tanto, un adecuado manejo de las
temperaturas en los invernaderos permitird también un correcto
desarrollo de las plantas y la limitacién de los efectos negativos de las
fisiopatias sobre el rendimiento y la calidad de los cultivos.

Tabla 2. Temperaturas maximas criticas. Datos obtenidos de [29] con
algunas modificaciones.

Cultivo Fase de desarrollo i T.emper'a.t ura
maxima critica (°C)
Coliflor Crecimiento de la cabeza 22
Lechuga Crecimiento de la cabeza 28
Tomate Dos semanas antes de antesis 29
Pimiento Floracion 32
Maiz dulce 3—4 semanas después de la floracion 32
Aguacate  Floracion y desarrollo del fruto 33
Calabaza Floraciéon 35

1.4 Generalidades del cultivo de lechuga

La lechuga (Lactuca sativa. L) es uno de los cultivos de hortalizas
de hoja mds importantes del mundo y se produce en climas
moderados (temperatura media alrededor de 15 °C y precipitaciones
de unos 500—1000 mm al afio). Casi exclusivamente se utilizan para
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consumo en fresco y hay ciertos mercados en auge que suelen utilizar
sus hojas para hacer mezclas de ensaladas o alimentos de cuarta
gama. La produccién mundial en 2020 ascendié a 27.6 millones de
toneladas siendo los principales paises productores China con un 51.8
% de la produccidén total mundial, EE. UU. con un 15.9 %, e India y
Espafia, con un 4.1 % y un 3.5% respectivamente [30].

Produccién de lechuga en Espafia

CANARIAS GALICIA Otros
3% ¥

2%

CASTILLA-LA MANCHA
6%

R. DE MURCIA
40%

C. VALENCIANA
7%

37%

Figura 3. Produccion de lechuga en Espaiia (miles de toneladas). Datos
obtenidos de [28].

En Espaifa en los Ultimos afos se ha cosechado alrededor de
34 000 ha y se han obtenido unas 969 000 toneladas de produccién
[30] siendo las principales comunidades espafolas productoras de
lechuga, la Regidn de Murcia (421 000 toneladas), Andalucia (391 900
toneladas) y un 23% restante que se reparten principalmente entre la
Comunidad Valenciana, Castilla-La Mancha, Canarias, y Galicia (Figura
3).

La lechuga pertenece al género Lactuca, este género se
encuentra dentro de la familia Asterdceas (Compuestas) que se
compone de mas de 1 300 géneros y 20 000 especies, de las cuales
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muy pocas se cultivan [31,32]. Una de las principales caracteristicas de
esta familia es que presentan flores compuestas con multiples
inflorescencias [32]. Ademas de la lechuga, otras especies de interés
agricola en esta familia son la achicoria, la endibia, la escarola, el
girasol, la alcachofa, la manzanilla o el cardo [31].

L. serriola

L. saligna

Y L. virosa
| L. altaica |

Figura 4. Distribucion geografica de las principales especies del género
Lactuca. Datos obtenidos de [33], con algunas modificaciones.

El género Lactuca incluye al menos 100 especies que se
distribuyen principalmente en la region mediterranea del hemisferio
norte, siendo 17 de ellas nativas de Europa [32,33]. El género Lactuca
se divide en siete subsecciones (Lactuca, subseccidn Lactuca,
Phoenixopus, Mulgedium, Lactucopsis, Tuberosae, Micranthae vy
Sororiae) [32—-35]. Segun su origen geografico, se distinguen cinco
especies principales L. serriola, L. salingna, L. virosa, L. altaica y L.
sativa (lechuga cultivada), esta dultima especie estd presente
principalmente en Europa (Figura 4;[36]).

Al menos tres de estas especies son sexualmente compatibles
con la lechuga cultivada, L. sativa [33,35,37], lo que proporciona
recursos genéticos importantes en la mejora de esta especie [35,38].

VirginiaBirlangaMurcia 9



Muchos programas de mejora genética ponen el foco en estas
especies ya que son fuentes genéticas muy interesantes que ayudan a
incrementar notablemente la variabilidad de la especie en
caracteristicas de tipo tanto morfolégicas como de resistencias a
enfermedades o estreses o adaptabilidad a diversos ambientes
[34,39,40].

Muchos sistemas de clasificacién taxondmica de la subseccién
Lactuca se han propuesto mediante el uso de marcadores
moleculares, morfolégicos, genéticos y bioquimicos a lo largo de los
afios. Algunos ejemplos son las técnicas como los marcadores de
proteinas [41,42], la utilizacibn de mapeo de genes mediante
marcadores polimérficos [35,43-46] o técnicas basadas en la reaccién
en cadena de la polimerasa (PCR por sus siglas en inglés) [47].

Dentro la especie L. sativa hay diversas subespecies cultivadas
muy conocidas distinguidas por su morfologia [46], como (1)
Mantecosa o Trocadero (var. capitata L.), que se caracteriza porque
sus hojas blandas forman cogollo, son lobuladas y comprenden gamas
de colores desde verdes muy claritos a verdes oscuros que se cultivan
principalmente en Inglaterra, Francia, Holanda y el oeste de Europa
central [39]; (2) Iceberg y Batavia (var. capitata L.) cuyas hojas son
crujientes y forman un cogollo y también pueden ser de una amplia
gama de verdes, cultivandose en EE. UU. (principalmente el tipo
Iceberg) y en Inglaterra, Francia, Holanda (principalmente el tipo
Batavia) [39]; (3) Romanas (var. longuifolia L.), con sus hojas lobuladas
y que crecen de forma alargada con un tallo principal grueso,
cultivdndose especialmente en dreas mediterraneas de Europa, este
de Asia y norte de Africa [32,39]; (4) lechugas de corte, hoja de roble
y Lollos (var. crispa L.) en este caso sus hojas no forman cogollo y
crecen alrededor del tallo dejando un hueco en el centro en forma de
roseta. Se cultivan principalmente en Italia, Francia y Republica Checa

[41]. Su morfologia es bastante heterogénea pudiendo ser desde hojas
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lisas a muy rizadas y serradas. También cubre una amplia gama de
colores que van desde rojos intensos a verdes muy claros [32]; (5)
lechugas Esparrago (var. asparagina), sus hojas amargas crecen junto
al tallo de forma vertical, y se suelen comer cocinadas. Muchos
autores localizan esta morfologia propia de las lechugas Esparrago en
los ancestros de Lactuca originarios en Egipto [32] pero
principalmente se cultiva en China [41]; (6) lechuga latina o grasa (var.
latin) [48], sus hojas son parecidas a las hojas tipo mantecosa, no
forman cabezas per se, sino que sus hojas crecen alrededor del tallo y
se cultivan principalmente en la zona del mediterraneo [32].

El origen de la lechuga no se conoce con detalle, se puede
distinguir diferentes origenes segln su genética y su geografia.
Algunos autores indican que L. serriola y L. sativa pertenecen a una
poblacion hibrida y heterogénea, de la que L. sativa habria surgido
como resultado de la seleccion antrdpica, mientras que L. serriola
habria surgido como adaptacion a los diferentes ambientes donde
crece de forma asilvestrada [32,33,49]. El origen geografico atribuido
a las especies de Lactuca es Egipto e Iran [49] donde se han
encontrado jeroglificos y pinturas de hace mas de 6 500 afios en las
gue aparecen plantas cuyas caracteristicas morfoldgicas eran muy
similares a la lechuga tipo romana actual [49]. Los egipcios utilizaban
las hojas de estas plantas como forraje para el ganado y para extraer
aceite de las semillas, entre otros usos [50,51]. Se conoce que de
Egipto fue transportada a Grecia, ya que aparece reflejada en los
escritos de Socrates (450 a.C.), Aristoteles (356 a.C.), Teofrasto (322
a.C.) y Dioscorides (60 a.C.) y también es utilizada por los romanos por
lo que rapidamente se extendié su cultivo por toda Europa [52].
Finalmente, llegé a América en 1494 de la mano de los espafioles tras
el descubrimiento de este continente [51].
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1.5 Programa de mejora de lechuga en la empresa

La lechuga cultivada (Lactuca sativa L.) es una planta herbacea
anual y autégama, contiene un numero de cromosomas diploide
(2n=18), presenta inflorescencias de 20-25 flores tubulares en una sola
bractea, lo que visualmente hace parecer una sola flor grande,
obteniendo por cada inflorescencia alrededor de 20-25— semillas [53].
Una de las particularidades de esta especie es su reproduccién, ya que
la maduraciéon de las anteras y la posterior polinizacién por el polen
durante el crecimiento de los pistilos ocurre antes de la apertura de la
flor, estrategia reproductiva llamada cleistogamia [54]. Este sistema
reproductivo hace que, en condiciones naturales, sus poblaciones
silvestres y/o cultivadas sean lineas endogamicas [37,44,55]. El alto
porcentaje de homocigosis proporciona uniformidad fenotipica y
estabilidad genotipica en las lineas de lechuga utilizadas
habitualmente en los programas de mejora genética [54].

Uno de los principales objetivos de cualquier programa de
mejora es poder aportar caracteristicas interesantes y deseables para
el consumidor y el productor. Entre estas caracteristicas se incluyen
caracteres morfolégicos, de color, resistencia a enfermedades,
tolerancia a estreses abidticos como bidticos o aumentar el
rendimiento del cultivo o la produccidn. Segun estas premisas, el
programa genético de la empresa Bayer (Monsanto Agricultura
Espana, S.L.U.) en Murcia se basa en el desarrollo de nuevas
variedades de lechugas con la combinacidn de los métodos de mejora
convencionales asistidos por marcadores moleculares. La importancia
de la utilizacién de los marcadores moleculares es poder combinar
toda la informacién fenotipica de las poblaciones con su genotipo.
También se trabaja con la introgresion en lineas elite de caracteristicas
procedentes de especies silvestres como L. virosa, L. saligna o L.

serriola. Para ello se utiliza una estrategia basada en la introgresion de
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los caracteres de interés en lineas élite mediante retrocruzamiento y

selecciéon mediante marcadores [54].

1.6 Objetivos de mi Tesis Doctoral

La limitacidon creciente de los recursos naturales, como la
disponibilidad de agua de riego y nutrientes minerales, o la pérdida de
suelos fértiles por cambios en el uso del suelo o su contaminacidn,
exige el desarrollo de nuevas formas de cultivo que permitan un mejor
aprovechamiento de los recursos disponibles y la reduccién de los
costes de produccién. Es por ello que una mejor comprension de la
estructura y funcién del sistema radicular, es fundamental para la
absorcion de agua y nutrientes del suelo y, en consecuencia, para la
mejora de la productividad y posterior rendimiento de los cultivos.

Una de las estrategias de mejora durante el desarrollo de nuevas
variedades de lechuga y de tomate es la tolerancia a la necrosis del
margen foliar en hoja de lechuga o tipburn (TB) y a la podredumbre
apical en frutos del tomate, peseta o blossom end rot (BER). TB y BER
son dos fisiopatias relacionadas con factores abidticos que pueden
causar pérdidas notables en la produccion de estos dos cultivos
durante su crecimiento en condiciones de invernadero. Entender la
respuesta de las plantas a situaciones de estrés y la contribuciéon del
sistema radicular a esta respuesta, nos proporcionara informacion
relevante para el desarrollo de variedades tolerantes a estas

fisiopatias.

En este contexto se enmarcan los dos trabajos cientificos
presentados en esta memoria y que constituyen mi Tesis Doctoral,

encaminada a:

e Describir y revisar los principales factores que contribuyen al
desarrollo de TB en lechuga y de BER en tomate.

e Proponer soluciones para reducir y/o paliar los problemas
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relacionados con TB y BER en los sistemas de produccion sin

suelo.

e Desarrollar un sistema de cultivo hidropdnico para el cultivo de

lechuga en invernadero.

e Caracterizar el sistema radicular de lechuga durante su cultivo
en hidroponia y cuantificar algunos parametros de

crecimiento.

e Caracterizar nutricionalmente los genotipos estudiados y su
relacién con el TB.
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2. RESUMEN GLOBAL DE MATERIALES Y
METODOS

2.1 Sistema hidroponico para el cultivo de lechuga

Para este trabajo hemos disefiado un sistema de hidroponia
estacionaria de raiz flotante en plantulas jovenes de lechuga
encaminado a la obtencién de imdagenes de su sistema radicular de
forma periddica, que nos ha permitido llevar a cabo un seguimiento
individualizado de las plantulas durante todo el proceso productivo
(Figura 5A—C; véanse los materiales y métodos del segundo articulo en
las paginas 65-67).

Figura 5. Sistema de cultivo hidropdénico y cultivares de lechuga
utilizados en este trabajo. (A-B) Ensayo en nuestros invernaderos con la técnica
estacionaria de raiz flotante que se ha utilizado en este trabajo, tipologia hoja de roble
(A) e Iceberg (B). (C) Ejemplo de imagenes de la parte foliar en los distintos tipos de
lechugas estudiados. (D-F) Detalle de la roseta en la lechuga de tipologia Iceberg o
Crisphead (CHD; D), de hoja de roble de tipo Red Oak (ROAK; E) o Green Oak
(GOAK; F). Barras de escala: 10 cm.
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El material genético utilizado en este estudio fue seleccionado
de la coleccion de germoplasma del programa de mejora de lechuga
de Monsanto Agricultura Espafia S.L.U. (Murcia, Espafia). Los
genotipos se seleccionaron segun los resultados de la evaluacion de la
tolerancia al TB realizada en la empresa entre los afios 2016 a 2019.
Para los experimentos se seleccionaron varios genotipos de las
principales variedades de lechuga comercializadas en Espafia [32].

e Lechuga Iceberg (Lactuca sativa subsp. capitata [L.]) también
denominada Crisphead (CHD): se caracteriza por formar una
cabeza con hojas generalmente verdes, gruesas y crujientes
(Figura 5D). Tiene hojas redondas y muy apretadas siendo su
textura crujiente y refrescante. Se llama Iceberg por su resistencia
al frio. Esta variedad de lechuga es la menos nutritiva de todas y
contiene una mayor concentracion de azucares (Tabla 3).

e Lechuga de hoja de roble (Lactuca sativa subsp. crispa [L.]) de
color rojo (Red Oak; ROAK): se reconoce por sus hojas onduladas
y sus tonalidades, que van de la verde a la purpura, lo que le da
un bonito color (Figura 5E). Morfolégicamente muestra una
presentacién voluminosa por sus hojas rizadas, asi como una
textura tierna y ligeramente crujiente. Desde el punto de vista
nutricional, esta variedad es rica en compuestos flavonoides, con
capacidad antioxidante, y tiene un sabor ligeramente dulce. Cmo
se muestra en la Tabla 3, este tipo de lechuga contiene mayor
contenido en betacarotenos que el resto.

e Lechuga de hoja de roble de color verde (Green Oak; GOAK): no
forma cogollo y tiene hojas lobuladas. Suele formar rosetas
abiertas con hojas verdes separadas (Figura 5F), tiene una textura
tiernay ligeramente crujiente, asi como un sabor delicado y dulce.
Tiene un contenido elevado en vitaminas Ay C (Tabla 3).
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Tabla 3. Valores nutricionales de los tres tipos de lechugas estudiados.
Datos obtenidos de [55], con algunas modificaciones.

Composicion nutricional

CHD GOAK ROAK
(en 100 g de peso fresco)

Agua (g) 95.60 95.00 95.60
Energia (kcal) 14.00 15.00 13.00
Fibra (g) 1.20 1.30 0.90
Metabolismo primario (g)
Proteinas 0.90 1.36 1.33
Lipidos totales 0.14 0.15 0.22
Hidratos de carbono 2.97 2.87 2.26
Azucares 1.97 0.78 0.48
Glucosa 0.91 0.36 0.20
Fructosa 1.00 0.43 0.28
Sacarosa 0.05 0.00 0.00
Macronutrientes (mg)
Potasio (K) 141.00 194.00 187.00
Calcio (Ca) 18.00 36.00 33.00
Fosforo (P) 20.00  29.00 28.00
Sodio (Na) 10.00  28.00 25.00
Magnesio (Mg) 7.00 13.00 12.00
Micronutrientes (mg, salvo que se indique lo contrario)
Hierro (Fe) 0.41 0.86 1.20
Manganeso (Mn) 0.13 0.25 0.20
Zinc (Zn) 0.15 0.18 0.20
Cobre (Cu) 0.03 0.03 0.03
Selenio (Se, ug) 0.10 0.60 1.50
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Tabla 3. Valores nutricionales de los tres tipos de lechugas estudiados.
Datos obtenidos de [55], con algunas modificaciones (continuacion).

Composicion nutricional

CHD GOAK
(en 100 g de peso fresco)

Vitaminas liposolubles (mg, salvo que se indique lo contrario)

Vitamina A o retinol (ng) 25.00 370.00
Caroteno. beta (ug) 299.00 4440.00
Caroteno. alfa (ug) 4.00 0.00
Luteina y zeaxantina (ug) 277.00 1730.00
Vitamina E (alfa-tocoferol) 0.18 0.22
Tocoferol gama 0.09 0.41
Tocotrienol alfa 0.01 0.00
Vitamina K (filoquinona) (ug) 24.10  126.00
Vitaminas hidrosolubles (mg)

Vitamina C (acido ascorbico) 2.80 9.20
Tiamina o vitamina B1 0.04 0.07
Riboflavina o vitamina B2 0.03 0.08
Niacina o vitamina B3 0.12 0.38
Colina o vitamina B4 6.70 13.60
Acido pantoténico o vitamina B5 0.09 0.13
Piridoxina o vitamina B6 0.04 0.09
Biotina o vitamina B8 0.1 0.2
Acido félico o vitamina B9 (pg) 29 38

ROAK

375.00
4500.00
0.00
1720.00
0.15
0.24
0.01
140.00

3.70
0.06
0.08
0.32
11.80
0.14
0.10
0.2
36

Las semillas se sembraron en bandejas de 198 alveolos con un

sustrato compuesto de 80 % de perlitay un 20 % de turba, y se regaron

con agua hasta su saturacion. A continuacion, se incubaron durante 72

h en una cdmara fria, a 10-12 °Cy 70-75 % de humedad relativa, para

sincronizar su germinacién. Seguidamente, las bandejas se trasladaron

al semillero, a 20 °C y condiciones de fotoperiodo (luz/oscuridad) de
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12/12 h (otofio), 10/14 h (invierno) y 13/11 h (primavera). Cuando las
plantulas presentaron 2 o 3 hojas expandidas, a los 25—30 dias, se
trasplantaron a uninvernadero multitinel para su cultivo hidropdnico,
con temperaturas medias de 17-21 °C durante el dia y 8-12 °C
durante la noche y con 10-13 h de luz y 14-11 h de oscuridad,
respectivamente, dependiendo de la temporada de cultivo. Para evitar
variaciones extremas de temperatura en el interior del invernadero,

esta se controlé mediante apertura y cierre de ventanas.

Para el cultivo hidropdnico de lechuga se han utilizado macetas
opacas y estancas de 3 L de capacidad que se sellaron por arriba con
platos de plastico a los que se les hicieron dos orificios: uno central de
unos 3 cm de didmetro para introducir la planta y otro lateral de 1 cm
de didmetro para introducir el tubo de aireacién. Las macetas se
dispusieron en dos filas paralelas en 3 mesas de invernadero,
utilizando la parte central de las mesas para la ubicacién del tubo
principal por donde se bombeaba el aire en las macetas mediante un
compresor de aire (Astralpool, Ref. 06863) programado a una
velocidad de descarga de 2.5 L/min y en ciclos de funcionamiento de
1 min cada 4 h. Las plantas se irrigaron con una solucién nutritiva
optimizada para cultivos de hoja basada en el trabajo de [56]. Los
parametros de esta disolucidn se calcularon para un depdsito de 1500
L, la solucidn se extraia del depdsito mediante una bomba de succion
y con una manguera se afiadia la solucién nutritiva a las macetas una
vez por semana. La conductividad eléctrica de la disoluciéon en el
momento de la preparacion fue de 2.37 mS/cm y se mantuvo su pH
entre 6 y 7 (véanse los materiales y métodos del segundo articulo en
las paginas 65-67).
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2.2 Analisis cuantitativo del crecimiento y del TB

Para llevar a cabo el analisis morfométrico del sistema radicular
en las plantulas de lechuga cultivadas en hidroponia se ha desarrollado
un procedimiento sencillo para la obtencion de imagenes nitidas del
sistema radicular en su totalidad. A partir de estas imdagenes y
mediante un proceso supervisado de analisis, hemos cuantificado
algunos descriptores morfolégicos de su crecimiento (véanse los

materiales y métodos del segundo articulo en las paginas 65-67).

Figura 6. Procedimiento experimental utilizado para la toma de
imagenes. (A) Banco de fotografia construido para la obtencion de imagenes
del sistema radicular. (B) Ejemplo de las imagenes obtenidas de la roseta
vegetativa. (C) Imagenes del sistema radicular (abajo) y de la roseta
vegetativa (arriba) que han sido procesadas para su analisis cuantitativo.
Barras de escala: 10 cm.
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Para la obtencién de imdagenes en condiciones homogéneas, se
disefidé una caja opaca de cartdn con estructura de madera de 50 x 40
x 70 cm. En la parte basal de la caja habia una rejilla que permitia la
iluminacién desde abajo mediante un foco de 220 W de luz blanca.
Sobre la rejilla se colocaba un jarrdn cilindrico de cristal, de 12 cm de
didmetro y 28 cm de longitud, y el plato de plastico con las plantulas
de lechuga sobre esta, con las raices sumergidas en la disolucién
nutritiva (Figura 6A). Para la obtencion de imagenes de la parte
vegetativa de las plantulas, el plato de plastico se colocaba en una
bandeja de color rojo con un hueco en el centro y rellena de solucién
nutritiva, lo que permitia que las raices estuvieran en contacto con la
disolucién nutritiva en todo momento (Figura 6B). Las fotos se
tomaron con la cdmara de 12 megapixeles, con una apertura de la
camara (también llamado f) de 2.2 en un teléfono mavil iPhone 6s.

Se han tomado fotos de la parte radicular y de la parte aérea
desde el dia del trasplante a cultivo hidropénico (0 dch) hasta la quinta
semana de cultivo (35 dch). Las plantulas se muestrearon los dias 0, 7,
14, 21, y 35 dch (Figura 6C). Al final del experimento se obtuvieron
fotos de la parte radicular y de la parte aérea y se cosecharon por
separado la parte aérea y la parte radicular de cada plantula. En la
parte aérea, se mididé el nimero de hojas de su roseta, la longitud del
tallo principal y se obtuvo el preso fresco y seco, tanto de la parte

aérea como de la radicular.

Para determinar la incidencia de TB en las plantulas estudiadas
durante su muestreo, se ha establecido una escala cualitativa,
valorada de 1 (sin sintomas) a 9 (sintomas agudos de TB). Para mas
detalle, véanse los materiales y métodos y la Figura S1 del segundo
articulo en las paginas 65-67 y 84.
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2.3 Analisis de nutrientes

Hemos medido la concentracion de nutrientes minerales en las
hojas de las plantulas en primavera. Para ello, se recogieron muestras
a los 21 dch de hojas de la zona externa de la roseta (hojas mas
maduras), de la zona intermedia de la roseta (hojas intermedias), y de
la zona mas interna de la roseta (hojas mas jovenes) (Figura 7A). Se
midid la longitud de cada hoja y se dividieron éstas en dos partes,
correspondientes a la parte apical y a la parte basal de la hoja (Figura
7B). De cada muestra se tomaron fotos para el analisis del area y el
perimetro foliar, y se midid el peso fresco y el peso seco. Las muestras
se almacenaron envueltas en papel albal en un congelador a —80 °C.
Las muestras se prepararon en primer lugar en el laboratorio de José
Manuel Pérez Pérez de la universidad Miguel Herndndez de Eiche
(UMH) para su posterior andlisis en laboratorio de ionémica en el
Centro de Edafologia y Biologia Aplicada del Segura (CEBAS-CSIC).
Cuando todas las muestras estuvieron recolectadas, se pesaron con
una balanza de precision (peso fresco) y se secaron durante 72 h en
una estufa a 80 °C. A continuacidn, se pesaron de nuevo (peso seco) y
se molieron en un mortero. Se introdujeron en tubos tipo Eppendorf
de 1.5 mL (rotulados y pesados con anterioridad) y se volvieron a

pesar.
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Apecal

Hoja

madura niermedia juvenil

Figura 7. Muestras utilizadas para el analisis de nutrientes. (A) Tipologia
de las hojas utilizadas para el analisis de nutrientes. (B) Secciones en las que
se han dividido las muestras de hojas maduras e intermedias. Barra de escala:
1 cm.

Una vez procesadas las muestras, se transportaron al laboratorio
especializado en andlisis de nutrientes que se encuentra en el CEBAS-
CSIC en Murcia. Se utilizaron 2 mg de cada muestra para el analisis de
nutrientes, segun el procedimiento habitual utilizado en el laboratorio
(véanse los materiales y métodos del segundo articulo en las paginas
65-67).
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3. DISCUSION
3.1 Sistemas de produccion sin suelo

A partir de una revision bibliografica de las fuentes mas recientes
relacionadas con los nuevos sistemas de produccidn sin suelo, se
concretaron que éstos surgen como una herramienta tecnolégica que
permite aprovechar al maximo los recursos limitados de agua,
nutrientes y disponibilidad de area de cultivo. Una de las principales
ventajas de este sistema de cultivo es el control preciso del
componente ambiental dentro de los invernaderos y un manejo
proporcionado de las necesidades nutricionales de las plantas en las
distintas etapas de su ciclo vital [11].

Los sistemas de cultivo sin suelo pueden clasificarse en varios
tipos en funcién del uso de la solucién nutritiva o del estado fisico del
medio de crecimiento [57-59]. En consecuencia, distinguimos entre:
(1) sistemas de circuito abierto si la solucién nutritiva se desecha
después de su uso, y (2) sistemas de circuito cerrado si la solucién
nutritiva se reformula después de su uso y se devuelve al sistema. La
solucién nutritiva se compone principalmente de agua, oxigeno vy
nutrientes esenciales para la planta [60]. Por otro lado, el sistema
radicular puede crecer (i) directamente en el aire (cultivo aeropdnico),
(ii) en una solucién nutritiva liquida (cultivo hidropdnico y acuicultura
cuando se combina con la produccién piscicola), o (iii) en un sustrato
solido con solucidn nutritiva afiadida (cultivo en sustrato inerte). Para
mas detalles, véanse el apartado 2 y las Figuras 1-4 del primer articulo
en las paginas 48-52).

Para aprovechar los recursos ambientales y reducir los costes de
produccién, cada vez es mas habitual el uso de sistemas cerrados, con
el fin de reutilizar los desechos y/o productos derivados lo maximo
posible, limitando la lixiviacion de los nutrientes y la contaminacion
del suelo [61,62].

VirginiaBirlangaMurcia 25



En esta Tesis doctoral se ha utilizado un sistema hidropdnico
estacionario de raiz flotante para evaluar el cultivo de lechuga en
diferentes temporadas, ya que nos permitia evaluar el desarrollo
radicular de forma individualizada, y reducir el consumo de agua y de
solucién nutritiva durante la realizacién de los experimentos.

3.2 Correlacion con los factores que afectan al TBy
el analisis cuantitativo del crecimiento de la
lechuga

En los sistemas sin suelo es muy importante el manejo adecuado
de la solucién nutritiva debido a la falta de poder amortiguador y a la
baja capacidad de intercambio catiénico del medio [60]. Factores
como la temperatura, la radiacidn y la humedad relativa en el interior
de los invernaderos favorecen la aparicién de ciertas fisiopatias
[18,25,63]. En estos casos, los principales érganos afectados son los
frutos y las hojas. Dos ejemplos son el BER cuyo sintoma mas
destacable en tomate o pimiento es la podredumbre apical del fruto,
y el TB que en cultivos de hoja como la lechuga causa la necrosis en el
extremo de las hojas. BER y TB estdn causados generalmente por
factores ambientales como un rapido aumento de las temperaturas,
el estrés hidrico, salino o térmico que provocan un crecimiento
acelerado de las plantas, induciendo a estas a una situacién de estrés
[64-66].

Como parte del trabajo en esta Tesis doctoral se evalué el
crecimiento radicular y foliar en un sistema hidropdnico de cultivo en
12 genotipos de diferentes cultivares (4 por cada cultivar) de lechuga
Iceberg (CHD), hoja de roble verde (GOAK) y hoja de roble roja (ROAK)
en tres temporadas de cultivo (otofo, invierno y primavera). Este
analisis proporciond informacidn relevante no solo a nivel de genotipo
y cultivar sino de su interaccién con el ambiente (interaccién G x A),

cuyos resultados fueron significativos en todos los cultivares
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estudiados (véanse el apartado de resultados del segundo articulo en
las pdaginas 68-78).

Las altas intensidades de luz y las temperaturas elevadas son
factores ambientales que ocasionan un crecimiento acelerado de los
frutos y de las hojas que pueden desencadenar la aparicién de BER en
tomate y TB en lechuga [63,67-72].

Como muestran los resultados de esta Tesis en el segundo
articulo, encontramos que la mayor tasa de crecimiento de todos los
cultivares de lechuga estudiados se produjo principalmente en
primavera, donde las temperaturas fueron mds altas que en otofio e
invierno (véanse la Tabla S1 del segundo articulo en la pagina 90). Los
resultados también mostraron que la incidencia de TB fue maxima en
primavera, y mucho menor en invierno para la mayoria de los
cultivares estudiados. Por tanto, el efecto combinado de una alta tasa
de crecimiento y las elevadas temperaturas que se produjeron en
primavera puede causar una reduccidon del suministro de nutrientes
desde las raices hacia las hojas en desarrollo, lo que resultaria en un
aumento observado de la incidencia del TB en primavera (véanse el
apartado de discusidn del segundo articulo en las paginas 79-81).

Un factor importante en el sector agricola y que se estd viendo
agravado debido al cambio climatico son las sequias. Estas se definen
como periodos en los que la cantidad de agua perdida por
evapotranspiracion a través de las hojas y el suelo es mayor que la
cantidad de agua aportada por las precipitaciones y que pueden
absorber las plantas por las raices en contacto con el suelo. Las raices
junto con la disponibilidad de agua juegan un papel muy importante
en la adaptabilidad a estos ambientes y diversos estudios demuestran
que raices mas profundas son cruciales para una mayor tolerancia a la
sequia en las plantas ya que son capaces de encontrar agua en zonas
mds profundas del suelo asegurando la disponibilidad de agua para la
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planta [72-74].

En nuestro trabajo hemos podido comprobar que los genotipos
CHD mostraron raices mas profundas en comparacién con los de
GOAK y ROAK. Por otra parte, se observaron que los sistemas
radiculares de GOAK y ROAK tenian un peso mayor y eran mas
superficiales que los del cultivar CHD (véanse el apartado de discusién
del segundo articulo en las paginas 79-81). Nuestros resultados
podrian ayudar en la bdsqueda y seleccién de variedades de lechuga
con una alta tolerancia a la sequia, ademds de avanzar en la mejora
genética de la lechuga frente al estrés y su adaptabilidad a las
situaciones de cambio climatico actual [75,76].

En nuestros resultados pudimos observar que la concentracién
de nutrientes totales en las hojas de CHD era menores que en los
cultivares OAK (véanse el apartado de resultados del segundo articulo
en las paginas 68-78). También los genotipos (C3 y C8) cuyos valores
de nutrientes eran mas bajos fueron los que mayores sintomas de TB
mostraron, por lo que esto puede ser debido a un desequilibrio

nutricional.

Ademas, se observd que estos genotipos también obtuvieron
altas tasas de crecimiento coincidiendo con sintomas agudos de TB y
también mostraron una menor concentracién de calcio en sus hojas,
esto apoya la hipdtesis de que una alta tasa de crecimiento determina
la cantidad de calcio en las hojas y que, en este caso, una baja
disponibilidad de calcio esta directamente relacionada con una alta
incidencia de TB.

A nivel nutricional, nuestros resultados mostraron que los
genotipos CHD obtuvieron una menor concentracién de fésforo en las
hojas frente a los genotipos OAK, lo que se correlaciona con un sistema
radicular mds superficial, que podria ser mas eficiente en la absorcién
de fosfatos, ya que estos tienden a ser mas abundantes en la zona
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superficial del suelo [77].

3.3 BER, TBy posibles soluciones

Uno de los objetivos de la revision bibliografica que se ha
realizado en esta Tesis es aportar soluciones para minimizar los
diferentes trastornos fisiolégicos, como el BER y el TB, cuya incidencia
es probable que aumente en las préximas décadas debido al cambio
climatico.

Una de las posibles soluciones para mejorar el estado nutricional
de las plantas es el uso de fertilizantes organicos, ya que se ha
comprobado que en sistemas de produccidon de tomate puede mejorar
el estado nutricional de las plantas, aumentar la produccién de frutos
y evitar problemas de BER [78,79]. También se ha observado que la
aplicacion exdgena de calcio a las hojas de lechuga en momentos
concretos de su desarrollo puede evitar problemas relacionados con

los desequilibrios nutricionales como el TB [80].

Recientemente, se ha propuesto el uso de nanoparticulas para
mitigar los efectos de una fertilizacién excesiva, lo que podria conducir
a una nutricidn mas precisa y a una reduccion de los nutrientes
aportados, tanto en los sistemas de cultivo convencionales como en
los hidropdnicos [10]. Algunas estrategias, como el uso de
nanoparticulas para la fertilizacién, podrian ayudar a suministrar
nutrientes de forma muy precisa y localizada, especialmente en las
etapas fisioldégicas mas criticas, como la fructificacion, y asi evitar los
efectos causados por los desequilibrios nutricionales en ciertas fases
del ciclo de crecimiento de la planta que son mdas sensibles a la
aparicion de BER y TB.

A lo largo de los afios se ha estudiado el comportamiento de las
fitohormonas en el sistema vascular de la planta y cdmo pueden influir
estas a lo largo del ciclo de cultivo. En el crecimiento del fruto se sabe

que intervienen dos etapas: la divisién celular, influida por la
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sefializacion de las auxinas, y la expansidon celular, regulada
conjuntamente por las auxinas y las giberelinas. La maduraciéon del
fruto se produce cuando los niveles de auxinas y giberelinas
disminuyen con un aumento continuo de acido abscisico (ABA) y
etileno [81]. La aplicacién de giberelinas en plantas de tomate se
relacioné con el aumento de BER [20]. A raiz de este estudio se
observé que la adicidn de un inhibidor de la biosintesis de giberelinas
en plantas de tomate redujo los sintomas de BER en los frutos [82]. La
utilizacién de estos inhibidores podria ser una alternativa adecuada
para disminuir los problemas de BER en la produccién de tomate.

Hay que saber que una buena seleccidn genética y/o varietal nos
marcara principalmente el grado de TB y BER que van a presentar
nuestros cultivos. Muchos estudios han destacado que Ila
susceptibilidad a BER y TB es altamente dependiente del genotipo
[18,72]. El uso de herramientas gendmicas ha permitido la
identificacidon de loci de rasgos cuantitativos o QTL (quantitative trait
loci) para la incidencia de TB en varias poblaciones de lineas
enddgamas recombinantes o RIL (recombinant inbred lines) de lechuga
y el posterior desarrollo de marcadores moleculares vinculados a estos
QTL [83]. Estos estudios permitiran el desarrollo de marcadores
moleculares adicionales y su utilizaciéon para incorporar los alelos de
resistencia encontrados en este trabajo a los cultivares de lechuga
CHD que son sensibles al TB [83,84].

Para poder acceder a un mayor control de los factores
ambientales en un sistema de cultivo sin suelo es importante conocer
las herramientas de las que se dispone actualmente para un control
mas exhaustivo de las condiciones ambientales, asi como del control
fisiolégico preciso de los cultivos. El uso de practicas de gestion
inteligentes y su digitalizacién nos permiten controlar no solo el
manejo del ambiente dentro del invernadero sino indicar los posibles
estados criticos a nivel de la planta, su evapotranspiracién, consumo
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de agua y nutrientes e incluso la deteccién de patdgenos.

Actualmente es posible automatizar un sistema de cultivo
hidropdnico utilizando sensores baratos que monitorizan y controlan
parametros ambientales como la intensidad de la luz, la humedad
relativa, asi como el pH, la conductividad eléctrica y la temperatura de
la solucién nutritiva [10,85,86]. En este sentido, Hasan et al. [87]
utilizaron drones para detectar enfermedades en los tomates
mediante el andlisis de imagenes foliares. También el uso de sensores
gue miden procesos fisioldgicos como la fotosintesis, la transpiracién
y la conductancia estomatica de las hojas ha permitido detectar y
cuantificar el impacto del estrés por sequia en las plantas de tomate
[88].
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4. CONCLUSIONES Y PROYECCION FUTURA
4.1 Conclusiones

e A partir de una revision sistematica de los articulos publicados por
otros autores, hemos resumido los factores abidticos y los
mecanismos fisiolégicos implicados en la necrosis foliar en hojas de
lechuga y la podredumbre apical del fruto del tomate; ambas
fisiopatias estan relacionadas con la deficiente traslocacion de
calcio desde el sistema radicular hacia las hojas y el fruto
respectivamente.

e Hemos valorado las ventajas e inconvenientes de las distintas
modalidades de cultivo sin suelo, ya que permiten el uso de
sensores remotos y su automatizacién para llevar a cabo el control

preciso del equilibrio nutricional durante todo el ciclo de cultivo.

e Hemos propuesto la implementacidon de nuevas estrategias de
mejora genética para el desarrollo de nuevos cultivares con niveles
elevados de tolerancia frente a los factores ambientales
relacionados con la necrosis foliar en hojas de lechuga y la
podredumbre apical del fruto del tomate.

e Hemos disefiado un sistema de hidroponia estacionaria de raiz
flotante en plantulas jovenes de lechuga para llevar a cabo un
seguimiento individualizado del crecimiento radiculary foliar de las

plantulas durante todo el proceso productivo.

e Hemos evaluado el crecimiento radicular y foliar de 12 genotipos
de diferentes cultivares de lechuga, CHD, GOAK y ROAK, en tres
temporadas de cultivo, otofio, invierno y primavera, durante su
cultivo en hidroponia.

e Los genotipos de lechuga CHD mostraron raices mas profundas en

comparacion con los GOAK y ROAK, lo que podria estar relacionado
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con una mayor resistencia a la sequia de los genotipos CHD.

e Nuestros resultados sugieren que, en condiciones de hidroponia,
un sistema radicular con raices finas es mas eficiente en la
absorcién de nutrientes, concretamente de fésforo, mientras que,
en suelo, el mayor didmetro y longitud de la raiz favorecerd la
exploracién del sustrato y por tanto la blsqueda de agua y su
absorcion.

e El crecimiento de las plantulas de lechuga en condiciones de
hidroponia fue mucho menor durante el invierno que en la
primavera o el otofio. Tanto el peso fresco de las raices como de los

brotes dependen del tipo de cultivo y de la estacion de crecimiento.

¢ Se ha observado que los genotipos CHD presentaban los niveles
mas bajos de nutrientes en sus hojas, mientras que en los genotipos
GOAK, la concentracion de nutrientes minerales era, en

contraposicidon, muy elevados.

e Hemos encontrado una asociacidn estadisticamente significativa
entre el contenido de nutrientes en las hojas y la incidencia de
necrosis foliar en primavera, de manera que los genotipos con
niveles mas bajos de nutrientes totales en hojas, como C3 y C8,
presentaron sintomas severos de necrosis foliar. Esta informacién
puede ayudar a reducir los dafos en la hoja mediante una gestién
adecuada de la fertilizacion, especialmente de los cambios que se

puedan producir en el calcio en los distintos érganos de la planta.
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4.2 Proyeccion futura

En la presente Tesis Doctoral se ha desarrollado un protocolo de
fenotipado simultdneo del sistema radicular y de la parte aérea en
diversos genotipos de lechuga durante su crecimiento en hidroponia
en invernadero. Nuestra configuracién experimental nos permitira
evaluar diferentes genotipos de lechuga en soluciones nutritivas
definidas para seleccionar genotipos tolerantes a la necrosis foliar y
altamente productivos para su utilizacion en cultivo hidropdnico.
Ademas, se podria utilizar un sistema de evaluacion de la necrosis
foliar en condiciones controladas similar al descrito en [89], para
confirmar que la necrosis foliar se produce por la alteracién de la
homeostasis de calcio, utilizando los genotipos mas sensibles, C3, C8,
G3 y R2, en medios de cultivo con distintas concentraciones de calcio.

Se han encontrado resultados interesantes acerca de la
interaccion G x A que merecen investigaciones adicionales. En
referencia al peso fresco radicular, podriamos seleccionar los
genotipos que triplicaron el peso fresco de su sistema radicular
durante la temporada de primavera, como G3 y R5, para la
identificacion de los determinantes genéticos implicados en la
variacioén en la arquitectura radicular de la lechuga de hoja de roble
mediante la implementacién de una estrategia de mapeo de QTL tras
su cruzamiento con la variedad control, sensible a la necrosis foliar.

Para indagar sobre los mecanismos fisiolégicos implicados en la
necrosis foliar, resultaria de interés conocer los perfiles hormonales
en muestras de hojas jovenes de los cuatro genotipos de lechuga (G3,
R2, G1 y R5) que difieren en la respuesta a la necrosis foliar. Por otro
lado, seria interesante estudiar el transcriptoma en muestras de hojas
jovenes de estos mismos genotipos. La comparacién de los genes de
expresiondiferencial entre los genotipos que presentan tolerancia (G1
y R5) o sensibilidad (G3 y R2) a la necrosis foliar nos permitird

identificar los genes especificos que participan en la respuesta de
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tolerancia a esta fisiopatia. El andlisis detallado de la funcién de
estos genes a partir de la informacion publica depositada en las
bases de datos nos permitird determinar las rutas en las que
participan y su eventual correlacidn con las posibles diferencias
metabdlicas y fenotipicas encontradas previamente.

Finalmente se procederia a realizar una la validacién
mediante retrotranscripcion seguida de PCR cuantitativa de
alguno de los genes identificados para su validacion como
biomarcadores. Todos estos resultados adicionales nos
proporcionaran informacion que supondrd un avance
significativo tanto a nivel de ciencia basica, al expandir el
conocimiento de las bases genéticas y moleculares que regulan
la respuesta a la necrosis foliar en respuesta al estrés nutricional,
como aplicada, con el posible desarrollo de herramientas que
puedan ser utilizadas para la mejora genética de otras
Asteraceas de interés agronémico, como la endivia o la
alcachofa, o en brasicaceas, como la col, el repollo, el brécoli o
la coliflor.
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Abstract: In the current scenario of human-driven climate change, extreme weather events will likely
affect agricultural production worldwide. Soilless production systems have recently arisen as a
solution to optimize the use of natural resources, such as water and soil, and hence will contribute to
reducing the environmental impact of agriculture. However, nutritional imbalance due to adverse
environmental factors, such as drought, high temperatures, and salinity, might produce calcium-
related physiological disorders during plant growth, such as blossom-end rot (BER) in fruits and
tipburn (TB) in leaves, which are a serious problem in crop production. Here, we discuss the different
agronomic, physiological, and genetic factors that favor the induction of BER in tomato and TB in
lettuce and anticipate the use of an integration of breeding and technological approaches to alleviate
nutritional disorders in soilless production systems.

Keywords: climate change; soilless agriculture; blossom-end rot; tipburn; calcium deficiency

1. Climate Change and Agriculture

Scientists now agree that human activities are the main drivers of climate change [1].
Agriculture, forestry, and other land uses contribute approximately 13% of the carbon
dioxide (CO,), 44% of the methane, and 81% of the nitrogen oxide emissions, which
together represent 23% of the net greenhouse gas (GHG) emissions [1]. However, only 29%
of total anthropogenic CO, emissions during the 2007-2016 period were neutralized by
Earth’s natural responses; hence, it is expected that the global atmospheric CO, levels will
further increase [2].

Human-driven climate change will enhance extreme weather events that negatively
affect terrestrial ecosystems. As a result, there will be an increase in degradation and
desertification in many regions of the planet, leading to a reduction in crop yields and
consequently food security will be affected globally. Soil is both a source and a sink for
GHGs and performs a crucial role in the exchange of energy, water, and aerosols between the
soil surface and the atmosphere. Therefore, sustainable soil management can help mitigate
the negative impacts of various environmental stressors, especially those dependent on
climate change, on ecosystems, and societies [2]. Farmers are now implementing a set of
agricultural practices to reduce the effects of climate change, through changes in tillage
practices, the selection of crop species and cultivars that grow more efficiently and are better
adapted to adverse conditions, as well as through the implementation of a more sustainable
use of natural resources. Therefore, a proper balance must be found by considering the
contributions of these new practices to produce better yields, increasing farmers’ incomes
and other environmental indicators [3,4].
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The objective of this review is to provide farmers with a compendium of strategies,
tools, and solutions to problems directly related to crop quality, such as blossom end rot
(BER) on fruits and tipburn (TB) in leaves. In this study we will analyze the possible
triggers of these physiological disorders by studying the environmental factors directly
related to climate change. In addition, new production and managing strategies will be
described for a more efficient use of resources that contribute to reducing the appearance of
these symptoms, whether due to environmental or genetic factors or a combination of both.

2. Soilless Production Systems: Challenges and Solutions

A new model of industrial-scale agriculture, known as soilless agriculture, has emerged
in recent years as a system that optimizes the use of natural resources, such as water and
soil, and that allows for better environmental control due to its implementation indoors.
Soilless agriculture contributes to better plant growth thanks to an adequate management
of the root zone in terms of a more uniform and precise control of water and fertilizer needs.
With this technique, it is possible to produce healthy vegetables of excellent quality [5,6].

Soilless agriculture not only improves the quality of agricultural products, but also
contributes to the reduction of their environmental impact by ensuring a more efficient
use of water and fertilizers, mainly nitrates and phosphates (NO3~ and PO427), which
can reach rivers and seas due to leaching by torrential rains, causing the contamination
of surface waters by eutrophication [7]. The possibilities provided for helping reduce
the environmental impact of agricultural systems include the reuse of industrial waste
as a growing medium. Soilless cropping systems in which 50% of the drainage was
recirculated, reduced NO3 ~ and PO4?~ emissions as compared to systems without drainage
recovery [8,9]. At present, soilless farming has become consolidated as a suitable tool to
optimize intensive crop production and reduce the use of non-renewable resources.

2.1. Soilless Cropping Systems

Soilless cropping systems can be classified into several types based on the use of the
nutrient solution or the physical state of the root growth media (Table 1). Consequently, we
distinguish between open-loop systems (Figure 1a), if the nutrient solution is discarded
after use, or closed-loop systems (Figure 1b), if the nutrient solution is reformulated after
use and returned to the system. The nutrient solution consists of water, oxygen (O,), and all
essential plant nutrients [10]. The root system could grow in the air (aeroponic cultivation),
on the liquid nutrient solution (hydroponic cultivation), and on a solid substrate with
added nutrient solution (substrate cultivation).

Table 1. Classification of soilless cropping systems.

Classification Categories Characteristics

Open-loop systems The used nutrient solution is discarded
Nutrient solution is reformulated and
returned to the system

Nutrient
solution use Closed-loop systems

Spray column system

Gaseous (aeroponic Schwalbach system

cultivation) Aero-Gro system
Liquid (hydroponic DeeP ﬂoaﬁed techm.que
. L Nutrient film technique
Physical state of cultivation)

New growing system technique

root growth media
Nutrient solution is derived from waste

Liquid (aquaponic cultivation) from fish production

Directly in substrate
Solid (substrate cultivation) Systems of cultivation in bags
or containers
Single unit culture systems
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Figure 1. Soilless cropping systems as regards to nutrient solution uses. (a) A scheme of an open-loop
system in which nutrient solution residues are not recycled, and (b) a scheme of a closed-loop system
in which nutrient solution residues are reintroduced into the system.

Soilless cropping systems have been improved over time, showing many advantages
as compared to conventional systems, because they avoid direct contact with the soil and
therefore minimize the problems related to soil diseases [11].

In open-loop systems (Figure 1a), allowing an excess of nutrients and water to the
plants compensates for irregular transpiration, prevents salt accumulation, and corrects
nutritional imbalances. In these systems, however, a large amount of nutrients and water
is drained away, thus increasing production costs and contaminating the surrounding
environment [11]. In contrast, in closed-loop systems (Figure 1b) the drainage solution is
collected onto a reservoir for additional treatments to reduce the risk of root-borne diseases
and to reformulate the nutrient composition, which might then be used for other plots or
reintroduced into the system.

2.1.1. Aeroponic Cultivation

For this type of cultivation, the roots are suspended in the air in dark chambers.
The nutrient solution is normally sprayed onto the root system at scheduled intervals for
optimal aeration [6].

Some of these systems are as follows:

e  Spray column system: This consists of a cylindrical platform made of opaque polyvinyl
chloride, with lateral perforations through which the plants are introduced. The
nutrient solution is sprayed over the upper part of the roots to ensure a permanent
contact with the nutrient solution while the lower part of the root is well aerated
(Figure 2a).

e  Schwalbach system: This consists of a growth chamber in which the roots grow in the
air and are kept in complete darkness. The nutrient solution is sprayed at different
distribution points located near the leaves to ensure optimal foliar application, after
which it drains to the root, where the excess solution is recovered (Figure 2b).

e Aero-Gro system: The nutrient solution is injected onto the roots directly through
finely separated droplets at low pressure, avoiding clogging problems in pipes and
spray nozzles (Figure 2c).

VirginiaBirlangaMurcia 51



Agrononty 2022, 12, 644

40f17

Figure 2. Aeroponic cultivation systems. (a) Spray column system, (b) Schwalbach system, and

(c) Aero-Gro system.

2.1.2. Hydroponic Cultivation

As stated above, in hydroponic cultivation the roots are completely submerged in the

nutrient solution without any solid substrate. It is very important for light not to reach the
nutrient solution to avoid algal blooms, as this would result in low oxygen availability, and
this may affect root growth, and consequently, result in reduced plant yield [11].

{a)
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There are different types of hydroponic systems:

Deep floating technique (DFT): It incorporates perforated polystyrene sheets as grow-
ing units that are placed on top of the tanks filled with the nutrient solution. The aerial
part of the plants grows on these sheets with their roots submerged in the tank solution.
These systems have an air pump that aerates the nutrient solution (Figure 3a).
Nutrient film technique (NFT): This system is based on pumping a thin layer of
nutrient solution onto the root system through constant flow. This is achieved by
placing a small channel with a 1% slope to ensure that the nutritive solution reaches
the roots by laminar flow. The excess solution drains into a collecting tank where the
conductivity and pH values are restored and the nutrient solution can be pumped
back to the top of the channel (Figure 3b).

New growing system technique (NGST): This system is based on a channel formed
by polyethylene bags located internally in three interconnected layers and wrapped
by a layer of black polyethylene, which prevents direct contact of light with the root
system. The entire system is suspended in the air and leveled to collect drainage at
the end of the growing line. The irrigation system is in continuous operation and the
drained solution reaches a tank where the nutrient levels are adjusted, heated, and
pumped back into the system. The irrigation pipe is located close the root system to
facilitate heating of the roots [11] (Figure 3c).

{t) [«

Figure 3. Hydroponic cultivation systems. (a) Deep floating technique (DFT) system, (b) nutrient

film technique (NFT) system, and (c) new growing system technique (NGST).
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2.1.3. Aquaponic Cultivation

The concept of aquaponics is based on integrating the industrial production of fish
(aquaculture) with the cultivation of plants (horticulture), with the aim of establishing a
nutritional balance between both species, in such a way that the use of resources (water
and nutrients) is shared in the same production system [12,13]. It is based on the use of
waste from the aquaculture production, totally or partially, as a nutrient solution for plant
growth in a hydroponic cultivation system (Figure 4) [12-14].
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Figure 4. Aquaponic system consisting of an (a) aquaculture system for fish production, which is
connected to a (b) hydroponic system used for crop production.

2.1.4. Cultivation in Organic and Inorganic Substrates

These systems are based on the use of different substrates that provide optimal oxygen
and humidity conditions for the correct development of the plant. Organic substrates
of natural origin such as peat, or substrates derived from by-products of agricultural
activity, such as coconut fiber, cereal straw, or wood shavings, can be used. Inorganic
substrates of natural origin with a high porosity, such as sand or volcanic gravel, can also
be applied. In addition, inorganic substrates resulting from the industrial transformation
such as rock wool, fiberglass, perlite, or vermiculite, are also frequently used [10]. Substrate
cultivation systems are characterized by better aeration as compared to water cultivation
systems, but at the same time, the flow of water must be continuous to achieve maximum
production [11].

Three systems can be distinguished:

e  Growing directly on substrate: These systems are delimited by a thick polyethylene
mat that prevents the nutrient solution from leaking into the soil. The irrigation system
utilized is drip irrigation, and the excess nutrient solution is sent to a tank where the
appropriate adjustments will be made for reusing the nutrient solution (Figure 5a,b).

e  Growing in bags or containers: The root volume is delimited by elongated two-color
polyethylene bags closed at the ends and with two drainage holes filled with substrate.
The plants will grow in these bags, the nutritive solution will be dripped in, and
the excess solution will be channeled to a tank for further adjustment and reuse [11]
(Figure 5c¢).

e  Single unit culture systems: These systems were developed due to the need to control
the transmission of fungal diseases in the continuous systems. In this case, the con-
tainer is the basic cultivation unit and is placed parallel to the drip line. This allows
for better control of individual plants, but this system in large-scale production could
be prohibitively expensive (Figure 5d,e).

From an environmental and economic point of view, and with the aim of developing
cultivation systems that are as sustainable as possible, the implementation of these new
types of soilless cropping systems is increasingly widespread. The improvements in these
new production systems allow better usage of the nutritive solution and the reuse of the
substrates and other supplies, which will lead to a mitigation of the environmental impact
of modern agricultural production [10,11].
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Figure 5. Substrate cultivation systems. (a) Lettuce plants growing in sand as an inert substrate,
(b) a scheme of plants growing directly onto substrate, (c) a scheme of plants growing in containers,
(d) lettuce plants growing in individual containers, and (e) a scheme of plants growing in individual
containers.

2.2. Physiological Disorders in Soilless Cropping Systems

Various physiological disorders can arise in plants growing in these soilless cropping
systems and are mainly caused by nutritional imbalance due to adverse environmental
factors and not by the effect of the nutrients themselves [15,16]. Environmental stresses
such as those related to temperature, irradiation, or relative humidity, favor the appearance
of different physiological disorders [16-19]. The most common of these physiological
disorders are BER in fruits such as tomatoes, peppers, squash, cucumbers, melons, etc., and
TB, which causes necrosis of the leaf margins in leafy crops such as lettuce or cabbage. BER
and TB are generally caused by environmental factors such as soil moisture fluctuations,
salinity, and heat stress, among others [18,20]. In these cases, endogenous calcium (Ca?)
content is reduced, and the rapidly growing tissues are mostly affected. Good management
of greenhouse environmental conditions, the use of stress-tolerant varieties, and proper
handling of the nutrient solution can alleviate these problems [10,21].

3. Physiological Disorders: Blossom-End Rot (BER) and Tipburn (TB)

Climate change is one of the main challenges facing the agricultural sector. Water quantity
and quality will be mainly affected by rising temperatures in the coming decades [3,22].
The flexibility of plants to cope with these environmental stresses will depend on their
adaptability, and the search for more tolerant genotypes will require the implementation of
different strategies to avoid negative effects on plant growth and development.

Physiological disorders such as BER and TB are on the rise due to climate change, are
often difficult to predict, and the challenge of controlling the onset of symptoms makes
them a serious problem in crop production [15,23,24]. In the early 20th century, BER was
believed to be caused by parasitic organisms, chemical toxicity, high transpiration, and lack
of soil moisture [25]. However, from the middle of the 20th century, the appearance of BER
in tomato, pepper, or watermelon and TB in leafy vegetables, was directly associated to
mild Ca?* deficiency in fruits and leaves, respectively [15,18].

Following the new soilless cropping techniques, where the producer provides the
necessary nutrient levels that the plant requires at any time, the possibility that mild CaZ*
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deficiency alone is not the main cause of these physiological disorders is beginning to be as-
sessed [18,26]. Several authors speculate on the cause-effect relationship of Ca?* deficiency
in both disorders, observing that on many occasions, fruits with these symptoms contained
equal or higher concentrations of Ca®* in their tissues [26]. Other studies indicated that
either low levels or high levels of Ca?* in the nutrient solution led to the appearance of BER
in fruits of various species [27]. These results suggest that Ca?* deficiency by itself may not
be the causative of BER, but rather that a nutrient imbalance is involved in its appearance.
Many authors, in their eagerness to predict and act on time against these problems, have
centered their attention on the study of the main triggers of these physiological disorders.
These studies distinguish different agronomic, physiological, and genetic factors that favor
the induction of BER and TB [15,18,20,26,28]. In the following sections, we will succinctly
describe all these factors and their relationships.

3.1. Abiotic Factors Influencing BER and TB
3.1.1. Drought

In agriculture, droughts are generally defined as the periods in which the water
losses by transpiration through the leaves, and by evaporation through the soil exceed
the amount of water input from precipitation and subsequent water uptake by the roots
of the plants. The incidence and intensity of droughts have increased in some regions of
the earth, and these are expected to rise in future climate change scenarios [29]. As plants
require water for their metabolism, periods of drought can be fatal by reducing crop
production to near-unproductive levels (or even causing crop death) or, at best, result in
low yields and low-quality products. Depending on the decrease in the irrigation levels
by droughts, lettuce and carrot yields are expected to be 25-30% lower than usual. Under
these conditions, vegetables and fruits such as apples and pears will generally be sweeter,
but smaller. For this reason, consumers and markets will likely have to change their
expectations [24].

Studies have been carried out on lettuce and tomato with different irrigation regimes,
and under field and greenhouse conditions, to assess commercial traits such as growth,
crop maturity, and marketability. Several studies have indicated that deeper roots are key
drivers of drought tolerance in plants [30,31]. In addition, a higher incidence of BER and
TB has been associated with insufficient water uptake by roots [32-35]. In experiments
with different cultivars of lettuce, it was found that TB occurred more frequently in iceberg
lettuce than in butterhead lettuce, which is also more drought tolerant [34,36,37]. A similar
situation was found in tomatoes, where cultivars with larger fruits suffered more BER
symptoms than cultivars with smaller tomatoes [19]. Therefore, breeding new varieties
with high drought tolerance is essential for developing vegetables that are better adapted
to the consequences of projected climate change, such as BER and TB [36,38].

3.1.2. High Temperature

Global warming has led to the increase in the timing, intensity, and duration of heat-
related impacts, such as heat waves [2]. In fact, several studies have shown that high
temperatures can cause physiological, biochemical, and morphological changes in crops,
which leads to inadequate plant development and consequently to yield losses [39—41].
In brocceoli, heat can cause malformations, such as uneven heads with large flower buds,
bracts on the heads, or soft heads [42]. On the other hand, it has been observed that
flavonoid content and glucosinolate composition in the broccoli florets increased with
higher temperatures [43].

High light intensities and high temperatures are environmental factors that cause
accelerated photosynthesis and growth rates that can trigger BER in tomato and TB in
lettuce [42,44-49]. Hence, BER is likely to occur in fruit tissues as the rapid growth rate
increases exponentially, and Ca?* supply to other parts of the plant is restricted by mass
flow of free Ca?* through the xylem [20]. It has been hypothesized that an increased
demand for Ca?* in rapidly growing tissues, such as occurs in fruits during cell growth,
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might indirectly lead to BER when Ca?* is limited [50]. In addition, it has been proposed
that light and temperature influence Ca®* absorption and distribution within the plant,
thus limiting Ca?* concentration within the fruit during heat stress [17]. Lettuce grown at
high temperatures display an accelerated growth that causes little uniformity in the closure
of the head and enhances early flowering of lateral stems, which causes bitterness in the
leaves and enhances TB incidence [16,36,37,49,51].

3.1.3. Salinity

Salinity is one of the most recognizable factors that will be enhanced by climate change.
In any climate change scenario, salinity occurs because of global warming, which causes
ice melting at the poles and thus a rise in sea levels. This further causes coastal waters to
come into contact with farmland and contaminate the soil with high levels of salts, which
will directly affect the growth, quality, and yield of crops that are grown near the coastline.
Saline soils encompass approximately 10% of the land surface, and 50% of irrigated land
worldwide [52]. High salt levels in soil lead to aggravated dehydration of plant cells, ion
toxicity, and oxidative stress, which can cause growth inhibition, damage at the molecular
level, and even plant death [31,53]. In addition, soil salinity prevents nutrient uptake
by the plant and alters the permeability of the plasma membrane, causing increased salt
accumulation in some plant tissues [17,54]. In fact, the selective uptake of Ca?* over Na* is
a suitable indicator of salinity stress [55]. Alam and co-authors [56] studied the response of
27 tomato genotypes to various salt treatments to determine their response. They observed
that the seedlings from the saline treatments had higher concentrations of Na+ in the
leaves, as well as greater root length, fresh and dry weight. It has been observed that in
soils with a heterogeneous distribution of salts, the root system absorbs significantly more
CaZ* than Na*, and this could be a critical factor that contributed to greater CaZ*/Na*
in the fruit and, therefore, to a lower incidence of BER observed in tomato fruits grown
in these soils [57]. These authors studied the effect of different saline irrigation regimes
under different potential limits of the soil matrix on tomato crop yield and reported BER
incidence. The effects of salinity stress on the growth of two types of lettuce under the NFT
hydroponic system were analyzed, and it was observed that the amount of fresh and dry
matter of the different lettuce types were significantly affected by salinity levels [58].

Water with a low salt content enhanced tomato quality, including fruit density, soluble
solids, total acid, vitamin C, and sugar-acid ratio, and had a lower BER incidence than
the other more saline treatments. High salinity levels led to a reduction in tomato yield, a
decrease in leaf area index and chlorophyll content, together with the appearance of BER
symptoms. All this evidence shows that tomato has a moderate salt tolerance index, and
mild salinity levels improve osmotic regulation, increase adenosine triphosphatase enzyme
activity, and stimulate crop growth [59] Additionally, mild salinity enhanced tomato sen-
sory attributes due to increases in sugar, organic acid, and amino acid contents [59,60].
Inoculation of growth-promoting rhizobacteria in tomato plants has also been shown to
improve growth and stress tolerance, resulting in higher crop yields [61-65].

3.2. Physiological Factors Influencing BER and TB Incidence

During agricultural production, an appropriate nutrient management is fundamental
for the control of BER and TB. It has been observed that when some nutrients, such as K,
P, and Mg, are applied above a certain concentration in the nutrient solution (80, 400, and
500 mg L), they could decrease Ca®* uptake and increase BER incidence [66]. Indeed,
reducing K* supply in combination with the use of fertilizers such as Ca(NO3), has been
shown to reduce the incidence of BER during soilless tomato production. This occurs
directly to the antagonistic effect between the cations in the growing medium, so that by
reducing the K* concentration, the absorption and mobility of Ca?* can increase [67,68].
It has also been demonstrated that the use of organic fertilizers reduced the incidence of
BER [69,70]. The authors found that organic fertilizers not only acted as nutrient sources
and increased crop yield, but reduced the effect of BER, probably because they improved
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Ca2* absorption and translocation. Ronga and co-authors [70] also suggested that since
one of the organic fertilizers they used had milled rice bran with high levels of abscisic
acid (ABA), it was possible that the surplus of ABA increased fruit Ca?* uptake directly, as
previously reported in tomato fruits [50].

Using pericarp discs from tomato fruits [71], it was shown that exogenously applied
Ca?* inhibited BER symptom development in a concentration-dependent manner, but
increased symptom severity in tomato fruits when Ca* was applied to whole plants
in the irrigation solution [71]. Unexpectedly, increasing the Ca?* levels of tomato fruits
through the expression of the vacuolar H*/ Ca®t antiporter, cation exchanger 1 (CAX1),
from Arabidopsis thaliana, dramatically increased the occurrence of BER. These latter results
suggest that altered Ca?* homeostasis between cytosolic, apoplastic, and vacuolar Ca%*
pools might disrupt calcium signaling and lead to localized cell death and enhanced
BER incidence [72]. In romaine lettuce cultivars grown in greenhouse conditions, foliar
applications of Ca?* resulted in a significant decrease in TB symptoms, which correlated
with increased Ca* concentration in their young leaves as compared with non-treated
controls [73]. Several authors have suggested that pectin methylesterases (PME) might be
involved in Ca* transport in tomato plants [74]. They found that silencing PME reduced
the concentration of Ca?* bound to the cell wall and improved fruit tolerance to BER [74].
The overexpression of PME was shown to result in Ca?* translocation into cell membranes
and, consequently, to Ca®* deficiency in most plant organs, thus enhancing BER incidence
in the fruits. Other studies have suggested that the increase in PME synthesis and PME
activity overlapped with the critical period for BER development [20]. Taken together, these
results indicate that tightly regulated Ca?* homeostasis during periods of rapid growth is
required to minimize BER and TB incidence in tomato and lettuce, respectively.

Two stages are involved in fruit growth: cell division influenced by auxin signaling,
and cell expansion which is synergistically regulated by auxins and gibberellins (GAs).
Fruit ripening occurs when auxin and GA levels decrease with a continuous increase in
ABA and ethylene [75]. Phytohormones also regulate a plethora of plant responses to
cope with abiotic stress factors [76-78]. Some of these hormones, such as ABA or GAs,
have a direct influence on BER [18]. However, a mild level of stress, resulting from one
or more interacting environmental factors, does not always result in a certain degree of
BER [18]. Rather, it appears that rapid fruit growth promotes a high predisposition to BER
and subsequent critical stress is required to trigger cell death [26].

Nevertheless, while it is possible that certain stress conditions may produce hormonal
imbalances, it may be likely that hormones involved in cell expansion and fruit develop-
ment have indirect effects on the incidence of BER. The highest concentration of auxins and
GA:s in the fruit occurs before cell expansion [79]. The application of auxins and /or GAs is
known to increase cell division, rapid fruit growth and BER incidence [80,81]. Therefore,
the acceleration of fruit growth and the inability of the plant to supply sufficient Ca?* to
the fast-growing fruit could explain the effects of auxins and GAs on BER incidence in
most cases.

Although several studies have suggested possible processes by which ABA and GAs
regulate BER development in fruit tissue, many of the molecular components involved
remain unknown [82]. GAs and ABA can control the expression of genes and gene networks
leading to independent and /or antagonistic responses that influence fruit susceptibility
to BER [83]. In tomato plants treated with GAs, the expression of genes involved in Ca?*
transport and consequently, the concentration of water-soluble Ca?*, was reduced and
the incidence of BER concomitantly increased [84]. In turn, the addition of an inhibitor
of GA biosynthesis reduced BER in fruits due to increased membrane resistance, thereby
decreasing the entry of reactive oxygen (ROS) and other toxic compounds into the fruit [74].

ABA is the main hormone involved in plant stress response. Wang et al. observed
that ABA levels negatively correlated with Ca®*, suggesting that ABA plays a regulatory
role in response to TB in Brassica rapa L. ssp. pekinensis [85]. Evidence has been provided
indicating an antagonistic interaction between GAs and ABA in the coordination of cation
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exchange activity (e.g., CAX1) in the tonoplast and thus in the incidence of BER [46,82]. The
tomato procera (pro) mutant, which shows a constitutive GA response, showed a higher BER
incidence due to a combined lower Ca?* translocation to the fruit and a reduced delivery
of water and nutrients to the fruit, as a result of competition between vegetative organs
and fruits for the available Ca2* [86].

Ethylene has also been proposed to be involved in the induction of BER [18]. Ethylene,
in addition to its effect on fruit ripening, is known to be involved in the initiation of wound
and pathogen responses via Ca®* signals [87]. Early ethylene production, premature
ripening, necrosis, and cell death in the apical region of the fruit, have also been found to
be symptoms directly related to BER [20,26,88]. However, it is also possible that ethylene
and other stress factors that increase ROS production may influence BER, subsequent Ca®*
concentration increase, and rapid cell expansion [88]. In persimmon fruits, salinity stress
increased ethylene production, which resulted in necrotic lesions in the calyx resembling
BER, but the link with endogenous Ca* levels has not yet been established [89].

3.3. Genetic Factors Influencing BER and TB Incidence

Crop yields are strongly affected by abiotic stress caused by drought, salinity, and
high temperatures. Plants respond to these stressors through various biochemical and
physiological adaptations, some of which are the result of changes in gene expression [90].
In addition, many studies have emphasized that susceptibility to BER and TB is highly
genotype-dependent [19,91]. In tomato, for example, pear tomatoes are more susceptible
to BER than round tomatoes, and BER is never observed in cherry tomatoes [19]. In
addition, a strong variation in the incidence of TB between different lettuce cultivars has
been reported [92,93] that has been used for the development of TB resistant varieties
through targeted breeding [92,94,95].

The use of genomic tools has allowed the identification of quantitative trait loci (QTL)
for TB incidence in various recombinant inbred line (RIL) populations of lettuce and
the subsequent development of linked molecular markers [96]. A major QTL accounts
for up to 70% of the phenotypic variance for TB incidence in lettuce. By comparing
lines with contrasting haplotypes, the genetic region was narrowed down to a genomic
region containing 12 genes, two of which encoded proteins with sequence similarity to Ca*
transporters. These studies will allow the development of molecular markers to introgress
the major resistance alleles found into new cultivars of TB-sensitive iceberg genotypes [96,97].
However, more research is needed to identify the underlying candidate genes for these
QTL and to assess the effect of their introgression in other lettuce cultivars. Conversely,
only a few studies have been conducted on the incidence of TB in hydroponically grown
lettuce [98,99].

Ca?* deficiency in maize causes leaf tip rot, which is similar to TB in lettuce. Two
maize lines, B73 and Mo17, differed in their Ca?* deficiency symptoms. In a recent study
by Wang and coauthors [100], it was suggested that ammonium reduced the seedling’s
ability to absorb Ca?*, which ultimately caused the observed Ca?* deficiency phenotype in
the leaf tip. To identify a QTL associated with Ca?* deficiency in maize leaves, the authors
used a RIL mapping population of 276 lines derived from a cross between B73 and Mo17
maize genotypes. Five QTL associated with a variation in the Ca* deficiency trait were
identified, and some candidate genes were selected for further studies [100].

The slow growth rate and the high concentration of Ca?* observed in the fruits of
the IL8-3 line, which contain a small chromosome segment of the wild relative Solanum
pennellii in the tomato cultivar M82, could be related to the low incidence of BER observed
in the IL8-3 line [101]. The results of this study suggest that the main factors contributing
to the difference in BER incidence between M82 and IL8-3 were fruit growth rate and Ca®*
availability (but also other elements, including K* and B*) during the early stages of fruit
enlargement [102].

In a recent systematic review published by Kuronuma and Watanabe [84], the authors
discussed the latest studies aimed at the identification of genes associated with BER and TB
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by QTL and transcriptomic analysis. Despite these recent advances, the causative genes for
Ca?* deficiency disorders in most crops are not yet known and await further investigation.

4. Solutions to Alleviate Ca-Related Disorders in Soilless Production Systems

In the present section, we will briefly introduce farmers to the tools available to
minimize some physiological disorders, such as BER and TB, the incidence of which is
likely to increase in the coming decades due to climate change. In intensive production
systems, new strategies must be applied to mitigate these Ca-related disorders, in order
to synergize crop and environmental factors to achieve efficient production with higher
yields [15].

The use of smart management practices could help mitigate these Ca-related disorders
but could also be useful in lessening the impact of climate change on crop productiv-
ity through better nutrient management [15,103,104]. Continuous monitoring of soilless
production systems using low-cost sensors, as well as data-integration management ap-
proaches, will be key for establishing criteria and aiding decision-making during crop
production [105]. It is now possible to automate a hydroponic growing system using
cheap sensors that monitor and control environmental parameters such as light intensity,
relative humidity, as well as pH, electrical conductivity, and temperature of the nutrient
solution [106-108]. Hasan et al. [109] used drones to detect diseases in tomatoes by an-
alyzing foliar images, which allowed them to adjust the treatment to the most affected
regions of the crop. These technologies are based on the need to apply artificial intelli-
gence techniques, such as machine learning, that requires training the initial model with
a large amount of data and then using the information gathered from the crops to make
predictions [109]. Indeed, the use of sensors that measure physiological processes such
as photosynthesis, transpiration, and leaf stomatal conductance, has made it possible to
detect and quantify the impact of drought stress in tomato plants [104]. In a recent study,
the continuous monitoring of tomatoes grown in an NFT soilless system was performed
by combining Netatmo sensors for greenhouse microclimate data collection, with daily
fertilizer usage data [110]. Based on these data and on crop yield, the authors concluded
that a cost-effective and simplified smart agriculture system allows farmers to apply ac-
curate crop production planning and decision making of cultivation activities, such as
maintaining a well-balanced microclimate environment [110]. These tools allow us to
remotely or automatically adjust the different abiotic factors that, as mentioned above, can
trigger the appearance of BER or TB in crops. It has also been observed that regulation of
the size of air bubbles in the hydroponic could increase crop yield [111]. In this sense, it has
been shown that the production of microbubbles through specific injectors would facilitate
the arrival of oxygen to the finest roots, which is necessary for the effective absorption of
essential nutrients and plant growth [111].

New strategies have recently been studied to reduce soil contamination due to the ex-
cessive use of agrochemicals. It has been proposed that mitigating excess of plant nutrients
by using nanoparticles could lead to more precise nutrition and reduced fertilization in
both conventional and hydroponic cropping systems [106]. Nanoparticles have been used
as slow-release fertilizers [112,113] or for the elaboration of specific biopesticides [114,115].
In this sense, nanoparticles may provide nutrients in a more soluble and available form to
plants [116], and some studies have also found that the use of carbon nanotubes as a soil
amendment can double tomato yields and increase agricultural production under certain
conditions. Strategies such as the use of nanoparticles for fertilization could help deliver
nutrients very precisely, especially at different physiological stages, and thus avoid the
effects caused by nutrient imbalances in certain phases of the plant growth cycle, which are
more sensitive to the appearance of BER and TB. However, it is not yet clear how the soil
ecosystem may be affected by such practices, and therefore, a thorough investigation of the
impact and assessment of toxicity at all levels of the ecosystem is required [117].

Plant growth-promoting rhizobacteria (PGPRs) have been used in hydroponic growing
systems as biofertilizers and/or biocontrol agents with variable success [106,109,118].
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Tomato plants treated with potassium-releasing PGPRs showed a greater reduction in
BER levels than untreated plants, which ultimately increased yield in terms of fruit size
and weight [119]. In another study, tomato plants treated with Pseudomonas sp. LSW25R
showed a 61% reduction in BER incidence in a hydroponic system, possibly due to increased
Ca”* uptake in their roots [120]. In addition, the exogenous application of ABA to tomato
crops has been shown to reduce BER incidence at different Ca®* concentrations in the
nutrient solution [23,46]. Additionally, the foliar application of Ca?* in lettuce was found to
significantly reduce TB incidence [73] Taken together, the implementation of these strategies
could enhance crop production and reduce the excess use of fertilizers [121].

From a genetics point of view, identifying genotypes with a high resilience to nutri-
tional disorders, especially Ca?*, and introgressing the causative genes through breeding,
may alleviate physiological disorders such as BER and TB [84]. Targeted breeding combined
with the application of precision tools in soilless cultivation will provide us with higher
yields, especially in terms of fruit quality in the case of tomato [94], as well as of leaf and
head quality in the case of lettuce [92,93].

5. Conclusions

The present review summarizes the factors and mechanisms that trigger TB and BER,
and this knowledge can be used for the development of new strategies that could help us
mitigate these Ca-related physiological disorders. On the one hand, this evidence can be
used to develop new cultivars that are highly tolerant to the factors that cause BER and
TB. On the other hand, we propose that soilless cultivation offers many advantages over
conventional cultivation, as it allows for the detailed monitoring of physiological processes
and nutritional balance of plants using remote sensors. The proposed multidisciplinary
strategy to reduce BER and TB levels will bring us higher yields and better quality of the
final product.

Author Contributions: Conceptualization, V.B., J.R.A.-M. and ].M.P.-P.; writing—original draft
preparation, V.B. and J.R.A.-M.; writing—review and editing, ] M.P.-P,; supervision, ]. R.A.-M. and
J.M.P--P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We are grateful to Jorge Benitez Vega (Bayer CropScience) for his support and
Mario Fon for his help with English editing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. AnIPCC Special Report on Climate Change, Desertification, Land Degradation, Sustainable Land Management, Food Security and
Greenhouse Gas Fluxes in Terrestrial Ecosystems. Available online: https:/ /www.ipcc.ch/srccl/ (accessed on 24 February 2022).

2. Climate Change: Atmospheric Carbon Dioxide. Available online: https://www.climate.gov/news-features/understanding-
climate (accessed on 24 February 2022).

3. Reidsma, P; Ewert, E; Lansink, A.O.; Leemans, R. Adaptation to Climate Change and Climate Variability in European Agriculture:
The Importance of Farm Level Responses. Eur. ]. Agron. 2010, 32, 91-102. [CrossRef]

4. Hamidov, A.; Helming, K.; Bellocchi, G.; Bojar, W.; Dalgaard, T.; Ghaley, B.B.; Hoffmann, C.; Holman, I.; Holzkdamper, A.;
Krzeminska, D.; et al. Impacts of Climate Change Adaptation Options on Soil Functions: A Review of European Case-Studies.
Land Degrad. Dev. 2018, 29, 2378-2389. [CrossRef] [PubMed]

5. Hussain, A.; Igbal, K.; Showket, A.; Prasanto, M.; Negi, A.K. A Review On The Science Of Growing Crops Without Soil (Soilless
Culture)—A Novel Alternative For Growing Crops. Int. ]. Agric. Crop Sci. 2014, 7, 833-842.

6.  Beltrano, J.; Gimenez, D.O. Cultivo En Hidroponia, 1st ed.; Edulp integra la Red de Editoriales Universitarias Nacionales (REUN):
La Plata, Argentina, 2015.

7. Gruda, N.; Bisbis, M.; Tanny, J. Impacts of Protected Vegetable Cultivation on Climate Change and Adaptation Strategies for

Cleaner Production—A Review. ]. Clean. Prod. 2019, 225, 324-339. [CrossRef]

Virginia BirlangaMurcia 60


https://www.ipcc.ch/srccl/
https://www.climate.gov/news-features/understanding-climate
https://www.climate.gov/news-features/understanding-climate
http://doi.org/10.1016/j.eja.2009.06.003
http://doi.org/10.1002/ldr.3006
http://www.ncbi.nlm.nih.gov/pubmed/30393451
http://doi.org/10.1016/j.jclepro.2019.03.295

Agrononty 2022, 12, 644 13 0f17

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Martinez-Mate, M.A.; Martin-Gorriz, B.; Martinez-Alvarez, V.; Soto-Garcia, M.; Maestre-Valero, ].F. Hydroponic System and
Desalinated Seawater as an Alternative Farm-Productive Proposal in Water Scarcity Areas: Energy and Greenhouse Gas Emissions
Analysis of Lettuce Production in Southeast Spain. J. Clean. Prod. 2018, 172, 1298-1310. [CrossRef]

Urrestarazu, M.; Postigo, A.; Salas, M.; Sanchez, A.; Carrasco, G. Nitrate Accumulation Reduction Using Chloride in the Nutrient
Solution on Lettuce Growing by NFT in Semiarid Climate Conditions. J. Plant Nutr. 1998, 21, 1705-1714. [CrossRef]

Baixauli Soria, C.; Aguilar Olivert, ].M. Cultivo Sin Suelo de Hortalizas: Aspectos Priticos y Experiencias; Generalitat Valenciana,
Conselleria de Agricultura, Pesca y Alimentacién: Valencia, Spain, 2002.

Maluin, EN.; Hussein, M.Z.; Nik Ibrahim, N.N.L.; Wayayok, A.; Hashim, N. Some Emerging Opportunities of Nanotechnology
Development for Soilless and Microgreen Farming. Agronomy 2021, 11, 1213. [CrossRef]

Goddek, S.; Joyce, A.; Kotzen, B.; Burnell, G.M. Aquaponics Food Production Systems, Combined Aquaculture and Hydroponic Production
Technologies for the Future; Springer Nature Switzerland AG: Cham, Switzerland, 2020.

Maucieri, C.; Nicoletto, C.; Junge, R.; Schmautz, Z. Hydroponic Systems and Water Management in Aquaponics: A Review. Ital. |.
Agron. 2018, 13, 1012. [CrossRef]

Lennard, W.; Ward, J. A Comparison of Plant Growth Rates between an NFT Hydroponic System and an NFT Aquaponic System.
Horticulturae 2019, 5, 27. [CrossRef]

Hagassou, D.; Francia, E.; Ronga, D.; Buti, M. Blossom End-Rot in Tomato (Solanum lycopersicum L.): A Multi-Disciplinary
Overview of Inducing Factors and Control Strategies. Sci. Hortic. 2019, 249, 49-58. [CrossRef]

Saure, M.C. Causes of the Tipburn Disorder in Leaves of Vegetables. Sci. Hortic. 1998, 76, 131-147. [CrossRef]

Adams, P,; Ho, L.C. Effects of Environment on the Uptake and Distribution of Calcium in Tomato and on the Incidence of
Blossom-End Rot. Plant Soil 1993, 154, 127-132. [CrossRef]

Saure, M. Blossom-End Rot of Tomato (Lycopersicon esculentum Mill.)—A Calcium or a Stress-Related Disorder? Sci. Hortic. 2001,
90, 193-208. [CrossRef]

Ho, L.C. The Physiological Basis for Improving Tomato Fruit Quality. Acta Hortic. 1999, 487, 33-40. [CrossRef]

Ho, L.C.; White, PJ. A Cellular Hypothesis for the Induction of Blossom-End Rot in Tomato Fruit. Ann. Bot. 2005, 95, 571-581.
[CrossRef]

Camacho Ferre, F.; Canovas, M.E.; Magan, C.J. Técnicas de Produccion En Cultivos Protegidos-Cultivos Sin Suelo, 2nd ed.; Caja Rural
Intermediterranea, Cajamar.: Barcelona, Spain, 2003.

Mendelsohn, R.; Dinar, A. Climate Change, Agriculture and Developing Countries: Does Adaptation Matter? World Bank Res.
Obs. 1999, 14, 277-293. [CrossRef]

Casey Barickman, T.; Kopsell, D.A.; Sams, C.E. Foliar Applications of Abscisic Acid Decrease the Incidence of Blossom-End Rot in
Tomato Fruit. Sci. Hortic. 2014, 179, 356-362. [CrossRef]

Bisbis, M.B.; Gruda, N.; Blanke, M. Potential Impacts of Climate Change on Vegetable Production and Product Quality—A
Review. J. Clean. Prod. 2018, 170, 1602-1620. [CrossRef]

Wedgworth, H.H.; Neal, D.C.; Wallace, ].M.; Ricks, J.R. Wilt and Blossom-End Rot of the Tomato. Bulletins 1927, 247, 1-18.
Saure, M.C. Why Calcium Deficiency Is Not the Cause of Blossom-End Rot in Tomato and Pepper Fruit—A Reappraisal. Sci.
Hortic. 2014, 174, 151-154. [CrossRef]

Reitz, N.E; Shackel, K.A.; Mitcham, E.J. Differential Effects of Excess Calcium Applied to Whole Plants vs. Excised Fruit Tissue
on Blossom-End Rot in Tomato. Sci. Hortic. 2021, 290, 110514. [CrossRef]

Sonneveld, C.; van den Ende, J. The Effect of Some Salts on Head Weight and Tipburn of Lettuce and on Fruit Production and
Blossom-End Rot of Tomatoes. Neth. ]. Agric. Sci. 1975, 23, 191-201. [CrossRef]

Teichmann, C.; Biilow, K; Otto, J.; Pfeifer, S.; Rechid, D.; Sieck, K.; Jacob, D. Avoiding Extremes: Benefits of Staying below +1.5 °C
Compared to +2.0 °C and +3.0 °C Global Warming. Atmosphere 2018, 9, 115. [CrossRef]

Lynch, J.P.; Chimungu, J.G.; Brown, K.M. Root Anatomical Phenes Associated with Water Acquisition from Drying Soil: Targets
for Crop Improvement. J. Exp. Bot. 2014, 65, 6155-6166. [CrossRef]

Acosta-Motos, J.R.; Penella, C.; Herndndez, J.A.; Diaz-Vivancos, P.; Sanchez-Blanco, M.].; Navarro, ].M.; Gémez-Bellot, M.].;
Barba-Espin, G. Towards a Sustainable Agriculture: Strategies Involving Phytoprotectants Against Salt Stress. Agrononty 2020, 10,
194. [CrossRef]

Karni, L.; Aloni, B.; Bar-Tal, A.; Moreshet, S.; Keinan, M.; Yao, C. The Effect of Root Restriction on the Incidence of Blossom-End
Rot in Bell Pepper (Capsicum annuum L.). ]. Hortic. Sci. Biotechnol. 2000, 75, 364-369. [CrossRef]

Sun, Y.; Feng, H.; Liu, F. Comparative Effect of Partial Root-Zone Drying and Deficit Irrigation on Incidence of Blossom-End Rot
in Tomato under Varied Calcium Rates. J. Exp. Bot. 2013, 64, 2107-2116. [CrossRef]

Périard, Y.; Caron, J.; Lafond, J.A.; Jutras, S. Root Water Uptake by Romaine Lettuce in a Muck Soil: Linking Tip Burn to Hydric
Deficit. Vadose Zone J. 2015, 14, vzj2014.10.0139. [CrossRef]

Kuronuma, T.; Ando, M.; Watanabe, H. Tipburn Incidence and Ca Acquisition and Distribution in Lisianthus (Eustoma grandiflorum
(Raf.) Shinn.) Cultivars under Different Ca Concentrations in Nutrient Solution. Agronomy 2020, 10, 216. [CrossRef]

Ee, R.; Eriksen, L.; Knepper, C.; Cahn, M.D.; Mou, B. Screening of Lettuce Germplasm for Agronomic Traits under Low Water
Conditions. HortScience 2016, 51, 669-679.

Barta, D.J.; Tibbitts, T.W. Calcium Localization in Lettuce Leaves with and without Tipburn: Comparison of Controlled-
Environment and Field-Grown Plants. HortScience 1991, 116, 870-875. [CrossRef]

VirginiaBirlangaMurcia 61


http://doi.org/10.1016/j.jclepro.2017.10.275
http://doi.org/10.1080/01904169809365515
http://doi.org/10.3390/agronomy11061213
http://doi.org/10.4081/ija.2017.1012
http://doi.org/10.3390/horticulturae5020027
http://doi.org/10.1016/j.scienta.2019.01.042
http://doi.org/10.1016/S0304-4238(98)00153-8
http://doi.org/10.1007/BF00011081
http://doi.org/10.1016/S0304-4238(01)00227-8
http://doi.org/10.17660/ActaHortic.1999.487.1
http://doi.org/10.1093/aob/mci065
http://doi.org/10.1093/wbro/14.2.277
http://doi.org/10.1016/j.scienta.2014.10.004
http://doi.org/10.1016/j.jclepro.2017.09.224
http://doi.org/10.1016/j.scienta.2014.05.020
http://doi.org/10.1016/j.scienta.2021.110514
http://doi.org/10.18174/njas.v23i3.17177
http://doi.org/10.3390/atmos9040115
http://doi.org/10.1093/jxb/eru162
http://doi.org/10.3390/agronomy10020194
http://doi.org/10.1080/14620316.2000.11511252
http://doi.org/10.1093/jxb/ert067
http://doi.org/10.2136/vzj2014.10.0139
http://doi.org/10.3390/agronomy10020216
http://doi.org/10.21273/JASHS.116.5.870

Agrononty 2022, 12, 644 14 0f17

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Millones-Chanamé, C.E.; de Oliveira, A.M.S.; de Castro, E.M.; Maluf, W.R. Inheritance of Blossom End Rot Resistance Induced by
Drought Stress and of Associated Stomatal Densities in Tomatoes. Euphytica 2019, 215, 120. [CrossRef]

Adams, S.R.; Cockshull, K.E.; Cave, C.R.J. Effect of Temperature on the Growth and Development of Tomato Fruits. Ann. Bot.
2001, 88, 869-877. [CrossRef]

Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M.R. Heat Tolerance in Plants: An Overview. Environ. Exp. Bot. 2007, 61, 199-223.
[CrossRef]

Sattar, F.A.; Hamooh, B.T.; Wellman, G.; Ali, M.A ; Shah, S.H.; Anwar, Y.; Mousa, M.A.A. Growth and Biochemical Responses
of Potato Cultivars under in Vitro Lithium Chloride and Mannitol Simulated Salinity and Drought Stress. Plants 2021, 10, 924.
[CrossRef]

Katuzewicz, A.; Krzesiniski, W.; Knaflewski, M. Effect of Temperature on the Yield and Quality of Broccoli Heads. . Fruit Ornam.
Plant Res. 2009, 71, 51-58. [CrossRef]

Mplmann, J.A.B.; Steindal, A.L.H.; Bengtsson, G.B.; Seljasen, R.; Lea, P,; Skaret, J.; Johansen, T.]. Effects of Temperature and
Photoperiod on Sensory Quality and Contents of Glucosinolates, Flavonols and Vitamin C in Broccoli Florets. Food Chem. 2015,
172, 47-55. [CrossRef]

Wiebe, H.-J. The Morphological Development of Cauliflower and Broccoli Cultivars Depending on Temperature. Sci. Hortic. 1975,
3,95-101. [CrossRef]

Tibbitts, TW.; Theodore, G.F. Effects of Relative Humidity and Root Temperature on Calcium Concentration and Tipburn
Development in Lettuce. . Am. Soc. Hortic. Sci. 1984, 109, 128-131.

Tonetto de Freitas, S.; McElrone, A.J.; Shackel, K.A.; Mitcham, E.J. Calcium Partitioning and Allocation and Blossom-End Rot
Development in Tomato Plants in Response to Whole-Plant and Fruit-Specific Abscisic Acid Treatments. ]. Exp. Bot. 2014, 65,
235-247. [CrossRef]

Lee, ].G.; Choi, C.S,; Jang, Y.A.; Jang, S.W.; Lee, S.G.; Um, Y.C. Effects of Air Temperature and Air Flow Rate Control on the
Tipburn Occurrence of Leaf Lettuce in a Closed-Type Plant Factory System. Hortic. Environ. Biotechnol. 2013, 54, 303-310.
[CrossRef]

Gonzalo, M.J.; Li, Y.-C.; Chen, K.-Y.; Gil, D.; Montoro, T.; Najera, I.; Baixauli, C.; Granell, A.; Monforte, A.J. Genetic Control of
Reproductive Traits in Tomatoes Under High Temperature. Front. Plant Sci. 2020, 11, 326. [CrossRef] [PubMed]

Choi, K.Y,; Paek, K.Y,; Lee, Y.B. Effect of Air Temperature on Tipburn Incidence of Butterhead and Leaf Lettuce in a Plant Factory.
In Transplant Production in the 21st Century; Springer: Dordrecht, The Netherlands, 2000; pp. 166-171.

Tonetto de Freitas, S.; Padda, M.; Wu, Q.; Park, S.; Mitcham, E.J. Dynamic Alternations in Cellular and Molecular Components
during Blossom-End Rot Development in Tomatoes Expressing SCAX1, a Constitutively Active Ca2+/H+ Antiporter from
Arabidopsis. Plant Physiol. 2011, 156, 844-855. [CrossRef] [PubMed]

Jenni, S.; Truco, M.].; Michelmore, R.W. Quantitative Trait Loci Associated with Tipburn, Heat Stress-Induced Physiological
Disorders, and Maturity Traits in Crisphead Lettuce. Theor. Appl. Genet. 2013, 126, 3065-3079. [CrossRef]

Ruan, C.-J.; Da Silva, J.A.T.; Mopper, S.; Qin, P; Lutts, S. Halophyte Improvement for a Salinized World. Crit. Rev. Plant Sci. 2010,
29, 329-359. [CrossRef]

Acosta-Motos, J.R.; Ortufio, M.E; Bernal-Vicente, A.; Diaz-Vivancos, P.; Sanchez-Blanco, M.].; Hernandez, J.A. Plant Responses to
Salt Stress: Adaptive Mechanisms. Agronomy 2017, 7, 18. [CrossRef]

Liu, X.; Baird, W.V. Identification of a Novel Gene, HaABRC5, from Helianthus annuus (Asteraceae) That Is Upregulated in
Response to Drought, Salinity, and Abscisic Acid. Am. ]. Bot. 2004, 91, 184-191. [CrossRef]

Xu, C.; Mou, B. Evaluation of Lettuce Genotypes for Salinity Tolerance. Hortscience 2015, 50, 1441-1446. [CrossRef]

Alam, M.S,; Tester, M.; Fiene, G.; Mousa, M.A.A. Early Growth Stage Characterization and the Biochemical Responses for Salinity
Stress in Tomato. Plants 2021, 10, 712. [CrossRef]

Chen, S.; Wang, Z.; Zhang, Z.; Guo, X.; Wu, M.; Rasool, G.; Qiu, R.; Wang, X. Effects of Uneven Vertical Distribution of Soil
Salinity on Blossom-End Rot of Tomato Fruit. HortScience 2017, 52, 958-964. [CrossRef]

Al-Maskri, A.; Al-Klharusi, L.; Al-Migbali, H.; Khran, M.M. Effects of Salinity Stress on Growth of Lettuce (Lactuca sativa) under
Closed-Recycle Nutrient Film Technique. Agric. Biol. 2010, 12, 377-380.

Zhai, Y,; Yang, Q.; Hou, M. The Effects of Saline Water Drip Irrigation on Tomato Yield, Quality, and Blossom-End Rot Incidence-A
3a Case Study in the South of China. PLoS ONE 2015, 10, e0142204. [CrossRef] [PubMed]

Zushi, K.; Matsuzoe, N. Utilization of Correlation Network Analysis to Identify Differences in Sensory Attributes and Organoleptic
Compositions of Tomato Cultivars Grown under Salt Stress. Sci. Hortic. 2011, 129, 18-26. [CrossRef]

Kang, S.M.; Shahzad, R;; Bilal, S.; Khan, A.L; Park, Y.G.; Lee, K.E.; Asaf, S.; Khan, M.A_; Lee, L]. Indole-3-Acetic-Acid and ACC
Deaminase Producing Leclercia Adecarboxylata MO1 Improves Solanum lycopersicum L. Growth and Salinity Stress Tolerance by
Endogenous Secondary Metabolites Regulation. BMC Microbiol. 2019, 19, 80. [CrossRef] [PubMed]

Akram, W.; Aslam, H.; Ahmad, S.R.; Anjum, T.; Yasin, N.A.; Khan, W.U.; Ahmad, A.; Guo, J.; Wu, T.; Luo, W.; et al. Bacillus
Megaterium Strain A12 Ameliorates Salinity Stress in Tomato Plants through Multiple Mechanisms. ]. Plant Interact. 2019, 14,
506-518. [CrossRef]

Orozco-Mosqueda, M.D.C.; Duan, J.; DiBernardo, M.; Zetter, E.; Campos-Garcia, J.; Glick, B.R.; Santoyo, G. The Production of
ACC Deaminase and Trehalose by the Plant Growth Promoting Bacterium Pseudomonas sp. UW4 Synergistically Protect Tomato
Plants against Salt Stress. Front. Microbiol. 2019, 10, 1392. [CrossRef] [PubMed]

Virginia BirlangaMurcia 62


http://doi.org/10.1007/s10681-019-2444-z
http://doi.org/10.1006/anbo.2001.1524
http://doi.org/10.1016/j.envexpbot.2007.05.011
http://doi.org/10.3390/plants10050924
http://doi.org/10.2478/v10032-009-0026-7
http://doi.org/10.1016/j.foodchem.2014.09.015
http://doi.org/10.1016/0304-4238(75)90039-4
http://doi.org/10.1093/jxb/ert364
http://doi.org/10.1007/s13580-013-0031-0
http://doi.org/10.3389/fpls.2020.00326
http://www.ncbi.nlm.nih.gov/pubmed/32391023
http://doi.org/10.1104/pp.111.175208
http://www.ncbi.nlm.nih.gov/pubmed/21464475
http://doi.org/10.1007/s00122-013-2193-7
http://doi.org/10.1080/07352689.2010.524517
http://doi.org/10.3390/agronomy7010018
http://doi.org/10.3732/ajb.91.2.184
http://doi.org/10.21273/HORTSCI.50.10.1441
http://doi.org/10.3390/plants10040712
http://doi.org/10.21273/HORTSCI11815-17
http://doi.org/10.1371/journal.pone.0142204
http://www.ncbi.nlm.nih.gov/pubmed/26540394
http://doi.org/10.1016/j.scienta.2011.02.011
http://doi.org/10.1186/s12866-019-1450-6
http://www.ncbi.nlm.nih.gov/pubmed/31023221
http://doi.org/10.1080/17429145.2019.1662497
http://doi.org/10.3389/fmicb.2019.01392
http://www.ncbi.nlm.nih.gov/pubmed/31275294

Agrononty 2022, 12, 644 150f17

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

Vaishnav, A_; Singh, J.; Singh, P.; Rajput, R.S.; Singh, H.B.; Sarma, B.K. Sphingobacterium sp. BHU-AV3 Induces Salt Tolerance in
Tomato by Enhancing Antioxidant Activities and Energy Metabolism. Front. Microbiol. 2020, 11, 443. [CrossRef]

Ha-Tran, D.M.; Nguyen, T.T.M.; Hung, S.-H.; Huang, E.; Huang, C.-C. Roles of Plant Growth-Promoting Rhizobacteria (PGPR) in
Stimulating Salinity Stress Defense in Plants: A Review. Int. J. Mol. Sci. 2021, 22, 3154. [CrossRef]

Adams, P. Plant Nutrition Demystified. Acta Hortic. 1999, 481, 341-344. [CrossRef]

Kanai, S.; Moghaieb, R.E.; EI-Shemy, H.A.; Panigrahi, R.; Mohapatra, PK.; Ito, ].; Nguyen, N.T.; Saneoka, H.; Fujita, K. Potassium
Deficiency Affects Water Status and Photosynthetic Rate of the Vegetative Sink in Green House Tomato Prior to Its Effects on
Source Activity. Plant Sci. 2011, 180, 368-374. [CrossRef]

Pujos, A.; Morard, P. Effects of Potassium Deficiency on Tomato Growth and Mineral Nutrition at the Early Production Stage.
Plant Soil 1997, 189, 189-196. [CrossRef]

Kataoka, K.; Sugimoto, K.; Ohashi, H.; Yamada, H. Effect of Organo-Mineral Fertilizer on Tomato Fruit Production and Incidence
of Blossom-End Rot under Salinity. Hortic. ]. 2017, 86, 357-364. [CrossRef]

Ronga, D.; Caradonia, F; Setti, L.; Hagassou, D.; Azevedo, C.V.G.; Milc, J.; Pedrazzi, S.; Allesina, G.; Arru, L.; Francia, E. Effects of
Innovative Biofertilizers on Yield of Processing Tomato Cultivated in Organic Cropping Systems in Northern Italy. Acta Hortic.
2019, 1233, 129-135. [CrossRef]

Reitz, N.F.,; Mitcham, E.J. Validation and Demonstration of a Pericarp Disc System for Studying Blossom-End Rot of Tomatoes.
Plant Methods 2021, 17, 28. [CrossRef] [PubMed]

Park, S.; Cheng, N.H.; Pittman, J.K.; Yoo, K.S.; Park, J.; Smith, R.H.; Hirschi, K.D. Increased Calcium Levels and Prolonged Shelf
Life in Tomatoes Expressing Arabidopsis H* /Ca?* Transporters. Plant Physiol. 2005, 139, 1194-1206. [CrossRef] [PubMed]
Corriveau, J.; Gaudreau, L.; Caron, J.; Jenni, S.; Gosselin, A. Testing Irrigation, Day/Night Foliar Spraying, Foliar Calcium and
Growth Inhibitor as Possible Cultural Practices to Reduce Tipburn in Lettuce. Can. J. Plant Sci. 2012, 92, 889-899. [CrossRef]

de Freitas, S.T.; Handa, A.K.; Wu, Q.; Park, S.; Mitcham, E.J. Role of Pectin Methylesterases in Cellular Calcium Distribution and
Blossom-End Rot Development in Tomato Fruit. Plant ]. 2012, 71, 824-835. [CrossRef]

Fenn, M.A.; Giovannoni, ].J. Phytohormones in Fruit Development and Maturation. Plant J. 2021, 105, 446—458. [CrossRef]
Jiroutova, P; Oklestkova, J.; Strnad, M. Crosstalk between Brassinosteroids and Ethylene during Plant Growth and under Abiotic
Stress Conditions. Int. J. Mol. Sci. 2018, 19, 3283. [CrossRef]

Bielach, A.; Hrtyan, M.; Tognetti, V.B. Plants under Stress: Involvement of Auxin and Cytokinin. Int. ]. Mol. Sci. 2017, 18, 1427.
[CrossRef]

Mostofa, M.G.; Li, W.; Nguyen, K.H.; Fujita, M.; Tran, L.-S.P. Strigolactones in Plant Adaptation to Abiotic Stresses: An Emerging
Avenue of Plant Research. Plant Cell Environ. 2018, 41, 2227-2243. [CrossRef] [PubMed]

de Jong, M.; Mariani, C.; Vriezen, W.H. The Role of Auxin and Gibberellin in Tomato Fruit Set. J. Exp. Bot. 2009, 60, 1523-1532.
[CrossRef] [PubMed]

Castro, PR.C. Plant Growth Regulators in Tomato Crop Production. Acta Hortic. 1980, 100, 99-104. [CrossRef]

Bangerth, F. Calcium Related Physiological Disorders of Plants. Annu. Rev. Phytopathol. 1979, 17, 97-122. [CrossRef]

de Freitas, S.; Shackel, K.A.; Mitcham, E.]. Abscisic Acid Triggers Whole-Plant and Fruit-Specific Mechanisms to Increase Fruit
Calcium Uptake and Prevent Blossom End Rot Development in Tomato Fruit. J. Exp. Bot. 2011, 62, 2645-2656. [CrossRef]
[PubMed]

de Freitas, S.T.; Martinelli, F.; Feng, B.; Reitz, N.F.; Mitcham, E.J. Transcriptome Approach to Understand the Potential Mechanisms
Inhibiting or Triggering Blossom-End Rot Development in Tomato Fruit in Response to Plant Growth Regulators. ]. Plant Growth
Regul. 2018, 37, 183-198. [CrossRef]

Kuronuma, T.; Watanabe, H. Identification of the Causative Genes of Calcium Deficiency Disorders in Horticulture Crops: A
Systematic Review. Agriculture 2021, 11, 906. [CrossRef]

Wang, W.; Wang, J.; Wei, Q.; Li, B.; Zhong, X.; Hu, T.; Hu, H.; Bao, C. Transcriptome-Wide Identification and Characterization
of Circular RNAs in Leaves of Chinese Cabbage (Brassica rapa L. ssp. pekinensis) in Response to Calcium Deficiency-Induced
Tip-Burn. Sci. Rep. 2019, 9, 14544.

Gaion, L.A; Muniz, ].C.; Barreto, R.F.; D’Amico-Damiao, V.; de Mello Prado, R.; Carvalho, R.F. Amplification of Gibberellins
Response in Tomato Modulates Calcium Metabolism and Blossom End Rot Occurrence. Sci. Hortic. 2019, 246, 498-505. [CrossRef]
White, PJ.; Broadley, M.R. Calcium in Plants. Ann. Bot. 2003, 92, 487-511. [CrossRef]

Barker, A.V.,; Ready, K.M. Ethylene Evolution by Tomatoes Stressed by Ammonium Nutrition. J. Am. Soc. Hortic. Sci. 1994, 119,
706-710. [CrossRef]

Besada, C.; Gil, R.; Bonet, L.; Quifiones, A.; Intrigliolo, D.; Salvador, A. Chloride Stress Triggers Maturation and Negatively
Affects the Postharvest Quality of Persimmon Fruit. Involvement of Calyx Ethylene Production. Plant Physiol. Biochem. 2016, 100,
105-112. [CrossRef] [PubMed]

Bajaj, S.; Targolli, J.; Liu, L.E; Ho, TH.D.; Wu, R. Transgenic Approaches to Increase Dehydration-Stress Tolerance in Plants. Mol.
Breed. 1999, 5, 493-503. [CrossRef]

Birlanga, V.; Acosta-Motos, ].R.; Pérez-Pérez, ]. M. Genotype-Dependent Tipburn Severity during Lettuce Hydroponic Culture Is
Associated with Altered Nutrient Leaf Content. Agronomy 2021, 11, 616. [CrossRef]

Jenni, S.; Hayes, R.J. Genetic Variation, Genotype x Environment Interaction, and Selection for Tipburn Resistance in Lettuce in
Multi-Environments. Euphytica 2010, 171, 427-439. [CrossRef]

VirginiaBirlangaMurcia 63


http://doi.org/10.3389/fmicb.2020.00443
http://doi.org/10.3390/ijms22063154
http://doi.org/10.17660/ActaHortic.1999.481.39
http://doi.org/10.1016/j.plantsci.2010.10.011
http://doi.org/10.1023/A:1004263304657
http://doi.org/10.2503/hortj.OKD-041
http://doi.org/10.17660/ActaHortic.2019.1233.19
http://doi.org/10.1186/s13007-021-00728-3
http://www.ncbi.nlm.nih.gov/pubmed/33691714
http://doi.org/10.1104/pp.105.066266
http://www.ncbi.nlm.nih.gov/pubmed/16244156
http://doi.org/10.4141/cjps2011-242
http://doi.org/10.1111/j.1365-313X.2012.05034.x
http://doi.org/10.1111/tpj.15112
http://doi.org/10.3390/ijms19103283
http://doi.org/10.3390/ijms18071427
http://doi.org/10.1111/pce.13364
http://www.ncbi.nlm.nih.gov/pubmed/29869792
http://doi.org/10.1093/jxb/erp094
http://www.ncbi.nlm.nih.gov/pubmed/19321650
http://doi.org/10.17660/ActaHortic.1980.100.13
http://doi.org/10.1146/annurev.py.17.090179.000525
http://doi.org/10.1093/jxb/erq430
http://www.ncbi.nlm.nih.gov/pubmed/21282326
http://doi.org/10.1007/s00344-017-9718-2
http://doi.org/10.3390/agriculture11100906
http://doi.org/10.1016/j.scienta.2018.11.032
http://doi.org/10.1093/aob/mcg164
http://doi.org/10.21273/JASHS.119.4.706
http://doi.org/10.1016/j.plaphy.2016.01.006
http://www.ncbi.nlm.nih.gov/pubmed/26807935
http://doi.org/10.1023/A:1009660413133
http://doi.org/10.3390/agronomy11040616
http://doi.org/10.1007/s10681-009-0075-5

Agrononty 2022, 12, 644 16 of 17

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Jenni, S.; Yan, W. Genotype by Environment Interactions of Heat Stress Disorder Resistance in Crisphead Lettuce. Plant Breed.
2009, 128, 374-380. [CrossRef]

Koyama, R.; Sanada, M.; Itoh, H.; Kanechi, M.; Inagaki, N.; Uno, Y. In Vitro Evaluation of Tipburn Resistance in Lettuce (Lactuca
sativa L.). Plant Cell Tissue Organ Cult. 2012, 108, 221-227. [CrossRef]

Ryder, E.J.; Waycott, W. Crisphead Lettuce Resistant to Tipburn Cultivar Tiber and Eight Breeding Lines. HortScience 1998, 33,
903-904. [CrossRef]

Macias-Gonzélez, M.; Truco, M.].; Bertier, L.D.; Jenni, S.; Simko, I.; Hayes, R.J.; Michelmore, R.W. Genetic Architecture of Tipburn
Resistance in Lettuce. Theor. Appl. Genet. 2019, 132, 2209-2222. [CrossRef]

Macias-Gonzalez, M.; Truco, M.J.; Han, R.; Jenni, S.; Michelmore, R.W. High Resolution Genetic Dissection of the Major QTL for
Tipburn Resistance in Lettuce, Lactuca sativa. G3 Genes Genomes Genet. 2021, 11, jkab097. [CrossRef]

Holmes, S.C.; Wells, D.E.; Pickens, ].M.; Kemble, .M. Selection of Heat Tolerant Lettuce (Lactuca sativa L.) Cultivars Grown in
Deep Water Culture and Their Marketability. Horticulturae 2019, 5, 50. [CrossRef]

Carassay, L.R.; Bustos, D.A.; Golberg, A.D.; Taleisnik, E. Tipburn in Salt-Affected Lettuce (Lactuca sativa L.) Plants Results from
Local Oxidative Stress. J. Plant Physiol. 2012, 169, 285-293. [CrossRef] [PubMed]

Wang, Y.; Martins, L.B.; Sermons, S.; Balint-Kurti, P. Genetic and Physiological Characterization of a Calcium Deficiency Phenotype
in Maize. G3 Genes Genomes Genet. 2020, 10, 1963-1970. [CrossRef] [PubMed]

Uozumi, A.; Ikeda, H.; Hiraga, M.; Kanno, H.; Nanzyo, M.; Nishiyama, M.; Kanahama, K.; Kanayama, Y. Tolerance to Salt Stress
and Blossom-End Rot in an Introgression Line, IL8-3, of Tomato. Sci. Hortic. 2012, 138, 1-6. [CrossRef]

Watanabe, T.; Tomizaki, R.; Watanabe, R.; Maruyama, H.; Shinano, T.; Urayama, M.; Kanayama, Y. Ionomic Differences between
Tomato Introgression Line IL8-3 and Its Parent Cultivar M82 with Different Trends to the Incidence of Blossom-End Rot. Sci.
Hortic. 2021, 287, 110266. [CrossRef]

Changmai, T.; Gertphol, S.; Chulak, P. Smart Hydroponic Lettuce Farm Using Internet of Things. In Proceedings of the 2018 10th
International Conference on Knowledge and Smart Technology: Cybernetics in the Next Decades, KST 2018, Chiangmai, Thailand,
21 January-3 February 2018; Institute of Electrical and Electronics Engineers Inc.: Piscataway, NJ, USA, 2018; pp. 231-236.
Duarte-Galvan, C.; Romero-Troncoso, R.d.J.; Torres-Pacheco, I.; Guevara-Gonzalez, R.G.; Fernandez-Jaramillo, A.A.; Contreras-
Medina, L.M.; Carrillo-Serrano, R.V.; Millan-Almaraz, ].R. FPGA-Based Smart Sensor for Drought Stress Detection in Tomato
Plants Using Novel Physiological Variables and Discrete Wavelet Transform. Sensors 2014, 14, 18650-18669. [CrossRef] [PubMed]
Bongiovanni, R.; Lowenberg-Deboer, J. Precision Agriculture and Sustainability. Precis. Agric. 2004, 5, 359-387. [CrossRef]
Sambo, P; Nicoletto, C.; Giro, A.; Pii, Y.; Valentinuzzi, F.,; Mimmo, T.; Lugli, P,; Orzes, G.; Mazzetto, F.; Astolfi, S.; et al. Hydroponic
Solutions for Soilless Production Systems: Issues and Opportunities in a Smart Agriculture Perspective. Front. Plant Sci. 2019, 10,
923. [CrossRef]

Yin, H.; Cao, Y.; Marelli, B.; Zeng, X.; Mason, A.].; Cao, C. Soil Sensors and Plant Wearables for Smart and Precision Agriculture.
Adv. Mater. 2021, 33, 2007764. [CrossRef]

Srivani, P.; Yamuna Devi, C.; Manjula, S.H. A Controlled Environment Agriculture with Hydroponics: Variants, Parameters,
Methodologies and Challenges for Smart Farming. In Proceedings of the 2019 Fifteenth International Conference on Information
Processing (ICINPRO), Bengaluru, India, 20-22 December 2019; pp. 1-8.

Hasan, M.; Tanawala, B.; Patel, K.J. Deep Learning Precision Farming: Tomato Leaf Disease Detection by Transfer Learning. In
Proceedings of the 2nd International Conference on Advanced Computing and Software Engineering, Sultanpur, India, 8-9
February 2019; pp. 171-175.

Rubanga, D.P,; Hatanaka, K.; Shimada, S. Development of a Simplified Smart Agriculture System for Small-Scale Greenhouse
Farming. Sens. Mater. 2019, 31, 831-843. [CrossRef]

Liu, Y;; Zhou, Y.; Wang, T.; Pan, J.; Zhou, B.; Muhammad, T.; Zhou, C.; Li, Y. Micro-Nano Bubble Water Oxygation: Synergistically
Improving Irrigation Water Use Efficiency, Crop Yield and Quality. ]. Clean. Prod. 2019, 222, 835-843. [CrossRef]

Wilson, M.A.; Tran, N.H.; Milev, A.S.; Kannangara, G.S.K.; Volk, H.; Lu, G.Q.M. Nanomaterials in Soils. Geoderma 2008, 146,
291-302. [CrossRef]

Corradini, E.; de Moura, M.R.; Mattoso, L.H.C. A Preliminary Study of the Incorparation of NPK Fertilizer into Chitosan
Nanoparticles. Express Polym. Lett. 2010, 4, 509-515. [CrossRef]

Manjunatha, S.B.; Biradar, D.P.; Aladakatti, Y.R. Nanotechnology and Its Applications in Agriculture: A Review. J. Farm Sci. 2016,
29,1-13.

Lai, F; Wissing, S.A.; Miiller, R.H.; Fadda, A.M. Artemisia arborescens L Essential Oil-Loaded Solid Lipid Nanoparticles for
Potential Agricultural Application: Preparation and Characterization. AAPS PharmSciTech 2006, 7, E10. [CrossRef]

Liu, R;; Lal, R. Potentials of Engineered Nanoparticles as Fertilizers for Increasing Agronomic Productions. Sci. Total Environ.
2015, 514, 131-139. [CrossRef]

Khodakovskaya, M.V.; Kim, B.S.; Kim, J.N.; Alimohammadi, M.; Dervishi, E.; Mustafa, T.; Cernigla, C.E. Carbon Nanotubes
as Plant Growth Regulators: Effects on Tomato Growth, Reproductive System, and Soil Microbial Community. Small 2013, 9,
115-123. [CrossRef]

Lucas Garcia, J.A.; Probanza, A.; Ramos, B.; Palomino, M.; Gutiérrez Mafiero, FJ. Effect of Inoculation of Bacillus licheniformis on
Tomato and Pepper. Agron. EDP Sci. 2004, 24, 169-176.

VirginiaBirlangaMurcia 64


http://doi.org/10.1111/j.1439-0523.2009.01657.x
http://doi.org/10.1007/s11240-011-0033-5
http://doi.org/10.21273/HORTSCI.33.5.903
http://doi.org/10.1007/s00122-019-03349-6
http://doi.org/10.1093/g3journal/jkab097
http://doi.org/10.3390/horticulturae5030050
http://doi.org/10.1016/j.jplph.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22137608
http://doi.org/10.1534/g3.120.401069
http://www.ncbi.nlm.nih.gov/pubmed/32238423
http://doi.org/10.1016/j.scienta.2012.01.036
http://doi.org/10.1016/j.scienta.2021.110266
http://doi.org/10.3390/s141018650
http://www.ncbi.nlm.nih.gov/pubmed/25302811
http://doi.org/10.1023/B:PRAG.0000040806.39604.aa
http://doi.org/10.3389/fpls.2019.00923
http://doi.org/10.1002/adma.202007764
http://doi.org/10.18494/SAM.2019.2154
http://doi.org/10.1016/j.jclepro.2019.02.208
http://doi.org/10.1016/j.geoderma.2008.06.004
http://doi.org/10.3144/expresspolymlett.2010.64
http://doi.org/10.1208/pt070102
http://doi.org/10.1016/j.scitotenv.2015.01.104
http://doi.org/10.1002/smll.201201225

Agrononty 2022, 12, 644 17 0f 17

119. Sheikhalipour, P,; Bolandndnaza, S.A.; Panahandeh, J. Influence of KSB, PSB and NFB on Fruit Quality and Potassium Contents
in Tomato. Int. J. Adv. Biol. Biomed. Res. 2016, 4, 170-178.

120. Lee, S.W.; Ahn, LP; Sim, S.Y.; Lee, S.Y.; Seo, M.W.; Kim, S.; Park, S.Y.; Lee, Y.H.; Kang, S. Pseudomonas sp. LSW25R, Antagonistic to
Plant Pathogens, Promoted Plant Growth, and Reduced Blossom-End Rot of Tomato Fruits in a Hydroponic System. Eur. J. Plant
Pathol. 2010, 126, 1-11. [CrossRef]

121. Lee, S; Lee, ]. Beneficial Bacteria and Fungi in Hydroponic Systems: Types and Characteristics of Hydroponic Food Production
Methods. Sci. Hortic. 2015, 195, 206-215. [CrossRef]

VirginiaBirlangaMurcia 65


http://doi.org/10.1007/s10658-009-9514-3
http://doi.org/10.1016/j.scienta.2015.09.011

= Biblioteca

ol uNIVERSITAS Migwel Herndndes




. agronomy

Article

Genotype-Dependent Tipburn Severity during Lettuce
Hydroponic Culture Is Associated with Altered Nutrient

Leaf Content

Virginia Birlanga !, José Ramén Acosta-Motos %3

check for

updates
Citation: Birlanga, V.; Acosta-Motos,
J.R.; Pérez-Pérez, ] M.
Genotype-Dependent Tipburn
Severity during Lettuce Hydroponic
Culture Is Associated with Altered
Nutrient Leaf Content. Agronomy
2021, 11, 616. https://doi.org/
10.3390/agronomy11040616

Academic Editor: Dimitrios Savvas

Received: 4 February 2021
Accepted: 22 March 2021
Published: 24 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

(GO

(1]
Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and José Manuel Pérez-Pérez 4*

Monsanto Agricultura Espana S.L.U., 30319 Miranda, Spain; virginia.birlanga@bayer.com

2 Group of Fruit Tree Biotechnology, CEBAS-CSIC, 30100 Murcia, Spain; jacosta@cebas.csic.es
Cétedra Emprendimiento en el Ambito Agroalimentario, Campus de los Jerénimos,
Universidad Catdlica San Antonio de Murcia (UCAM), No. 135 Guadalupe, 30107 Murcia, Spain
Instituto de Bioingenieria, Universidad Miguel Hernandez, 03202 Elche, Spain

Correspondence: jmperez@umbh.es; Tel.: +34-966-658-958

Abstract: Cultivated lettuce (Lactuca sativa L.) is one of the most important leafy vegetables in the
world, and most of the production is concentrated in the Mediterranean Basin. Hydroponics has
been successfully utilized for lettuce cultivation, which could contribute to the diversification of
production methods and the reduction of water consumption and excessive fertilization. We devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and shoot
attributes of lettuce. We studied 12 lettuce genotypes of the crisphead and oak-leaf subtypes, which
differed on their tipburn resistance, for three growing seasons (Fall, Winter, and Spring). We found
interesting genotype x environment (G x E) interactions for some of the studied traits during early
growth. By analyzing tipburn incidence and leaf nutrient content, we were able to identify a number
of nutrient traits that were highly correlated with cultivar- and genotype-dependent tipburn. Our
experimental setup will allow evaluating different lettuce genotypes in defined nutrient solutions to
select for tipburn-tolerant and highly productive genotypes that are suitable for hydroponics.

Keywords: Lactuca sativa L.; crisphead; oak-leaf; root system architecture; tipburn; nutritional imbalance

1. Introduction

Cultivated lettuce (Lactuca sativa L.; Asteraceae), which is usually consumed fresh,
is one of the most important leafy vegetables in the world. Commercial lettuce varieties
are classified based on head and leaf characteristics, and some of the most common
horticultural types are romaine, iceberg (also named as crisphead; CHD), oak-leaf (i.e.,
green oak; GOAK, and red oak; ROAK), and butterhead. Breeding new lettuce cultivars
involves manual pollination of genetically stable (i.e., pure) parent lines with agronomic
traits of interest, followed by selection based on plant phenotyping and genotyping [1,2].
The availability of detailed genetic maps of cultivated lettuce [3-7] has allowed significant
progress for mapping agronomically-important traits and promoted the development of
marker-assisted selection (MAS) and candidate gene identification in these species [8].
Several studies have shown that most breeding target traits, such as disease resistance [9],
postharvest discoloration [10], thermotolerance in seed germination [7], or water and
nitrate capture [6], are complex traits and thus controlled by quantitative trait loci (QTL).

Spain is the third-largest producer of lettuce and chicory in the world after China and
the USA, with a total of c.a. 1.1 million tons, with an area of 35,360 hectares dedicated for
their cultivation [11]. Most of the production is focused on the southeastern Mediterranean
region, with a temperate climate that allows lettuce cultivation throughout the year, making
Spain the world’s largest lettuce exporting country. However, water scarcity and soil avail-
ability are limiting factors for plant cultivation, and inadequate irrigation and fertilization
management has increased the environmental impact of agricultural exploitation in this
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region [12,13]. Therefore, to contribute to sustainable lettuce production, there is a strong
requirement for the development of new forms of farming to increase the crop’s resource
use efficiency and the reduction of production costs. Floating systems or closed hydroponic
methods have been successfully engaged for lettuce cultivation [14-16]. This technique
allows for the precise control of water and mineral nutrition, saves soil and labor costs, and
provides shorter harvest cycles, high product quality, and good consumer acceptance [16].

Tipburn is defined as the localized necrosis found on the distal margins of rapidly
expanding leaves. It is a serious problem in controlled lettuce production, as it reduces the
quality and shelf life of fresh lettuce, hence resulting in severe economic losses [17-19]. Tip-
burn is influenced by many environmental factors, such as light intensity, air temperature,
and soil conditions, and is considered a calcium deficiency-related physiological disorder,
which is usually associated with rapidly growing tissues [17,18,20,21]. In addition, a strong
variation for tipburn incidence among different lettuce cultivars has been reported [19,22],
allowing for the development of tipburn-resistant varieties [19,23,24]. The use of genomic
tools has enabled the identification of QTL for tipburn incidence in several recombinant
inbred line (RIL) populations and the development of linked molecular markers [25,26].
However, further research is needed to identify the underlying candidate genes for these
QTL and the effect of their introgression into other lettuce cultivars. Also, only a few
studies on tipburn incidence have been carried out in lettuce grown in hydroponics [27,28].

Within the framework of a company-based breeding program for lettuce, we devised
a low-cost procedure for closed hydroponic cultivation and easy phenotyping of root and
shoot attributes during early growth in three growing seasons (Fall, Winter, and Spring).
A representative sample of lettuce varieties from different cultivars (CHD, GOAK and
ROAK) were selected based on contrasting agronomically relevant traits such as tipburn
tolerance. Our results allowed us to define genotype x environment (G x E) interactions
for some of the studied traits, and to establish a strong correlation between leaf nutrient
content and tipburn incidence, which may help to reduce leaf damage through adequate
fertilization management.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

We selected 12 lettuce genotypes from the breeding program at Monsanto Agriculture
Spain S.L.U. (Murcia, Spain) which differed on their tipburn resistance as visually scored at
the company’s experimental station (37°41'47.6"” N 1°01’55.2" W, Murcia, Spain; Table 1).
We included four genotypes of the Lactuca sativa var. capitata L., hereafter referred as
crisphead (CHD) or iceberg cultivar; and eight genotypes from Lactuca sativa var. crispa L.,
which differed in their leaf color, and which were assigned either to the green oak (GOAK)
or to the red oak (ROAK) subtypes (Table 1). Seeds from the cultivars used in this work are
available upon request to V.B.

Seedlings were sown in 198-well trays filled with moistened 80% perlite and 20% sub-
strate (FloraGard) and were incubated in darkness for 3 days at 10 = 2 °C and 75% relative
humidity. Germinated trays were transferred to the nursery chamber set at 20 & 2 °C, 65%
relative humidity, and under natural photoperiod (Table S1) until the seedlings had 2-3 true
leaves (10 mm; Figure 1a). For each cultivar and experiment, eight randomly-selected
seedlings were then transferred to 3 L sealed and opaque pots filled with nutrient solu-
tion [29] (Table 52); with an eventual air pump (5 x 2.5 L) for hydroponic growth [30] in a
multi-tunnel greenhouse at the company’s experimental station and under environmental
conditions (0 days after planting, dap; Figure 1b). As previous results indicated that lettuce
growth was strongly affected by N application [17], we adjusted the nutrient solution
for optimal N supply. To avoid contamination, the nutrient solution was renewed every
two weeks.
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Table 1. Some details of the lettuce genotypes used in this study.

Cultivar Genotype Description Tipburn Phenotype [18]
CHD C1 Collected in Summer, crispy leaves Light
CHD 3 Collected in late Fall, dE}l‘k green leaves and Severe

ovate leaves, big size head
CHD c7 Collected in Winter, dz{rk green leaves and Medium
ovate leaves, big size head
CHD C8 Collected in late Fall, medium-size head Medium
Collected in Fall, indoor production
GOAK Gl Voluminous and compact lettuce, strong Light
against bolting
Collected in Winter and Spring, indoor and
GOAK G3 outdoor production. Round shape, dense Severe
filling, high weight, strong against bolting
GOAK G5 Collected in Spring and Fall, up'r1ght and Light
compact leaves, slow bolting
Collected in Spring and Summer, indoor
GOAK G6 production, dark green color, strong Medium
against bolting
Collected in Fall and Winter, slight red,
ROAK R2 small and bit cylindrical heads Severe
ROAK R3 Collected in Fall an.d Spring, dark green Medium
color, medium volume

ROAK R4 Collected in Fall, good vigor and volume Light
ROAK R5 Collected in Fall and Spring, good vigor Light

and volume, strong against bolting

Figure 1. Experimental design for studying growth, tipburn phenotypes, and nutrient concentrations
in different lettuce genotypes. (a) A representative image of a young seedling from the nursery
chamber. (b) General view of the hydroponic system used for lettuce cultivation at the experimental
station. (c) Glass cylinder vase used for image acquisition. (d,e) A representative image of the
roots (d) and the shoot (e) of a plant grown in hydroponics for 21 days. (f) Image segmentation
files obtained with Image ] software. (g) A representative image of leaves collected for nutrient

concentration analysis. Scale bars: 50 mm.
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2.2. Image Analysis

Five randomly chosen plants were periodically taken for image analyses during the
hydroponic culture at 0, 7, 14, 21, 28, 35, and 45 dap. To minimize light variation, a
photography box was used with illumination from below. Plants were transferred to a glass
cylinder vase (12 x 28 cm) filled with nutrient solution (Figure 1c) and their root and shoot
system were respectively imaged (Figure 1d,e) with a still smartphone camera (iPhone 6s,
12 MP f2.2) and saved as an RGB color image in jpeg format (1200 x 2800 pixels). Root
area (RA) was measured using the GiA Roots software [31] as described elsewhere [32].
For the shoot area (SA) measurement, the background of the image was removed using
Adobe Photoshop CS3, and images were batch-processed using Image J [33] (Figure 1f).
Raw measurements were exported to Excel spreadsheets for data analysis.

2.3. Tipburn Evaluation

From 14 dap onwards, tipburn severity (TS) was assessed weekly in individual plants
by scoring the presence of necrotic symptoms on the edges of leaves on a scale from
1 to 9, where 1 was no tipburn and 9 was severe tipburn (Figure S1). To obtain these
scores, five plants were evaluated per cultivar and season. In addition, tipburn incidence
(TBI) was calculated to verify agreement with TS as previously described in [18] with the
following formula:

(n plants severe tipburn x 5 + n plants medium tipburn x 3 + n plants light tipburn)
nplants x 5

TBI = x 100

2.4. Growth Parameters and Nutrient Content Analysis

At the end of the experiment (45 dap), each plant was separated into shoots and
roots to measure their fresh weight (FW). Dry weight (DW) was measured in samples that
were oven-dried at 80 °C for 72 h. Root and leaf water content (WC) were determined as:
% x 100. Stem length and leaf number were also documented.

For nutrient concentration analysis, we randomly selected three 21 dap plants from
the Spring season, and mature (M), intermediate (I), and juvenile (J) leaves were collected
from each plant and imaged for SA determination (see Section 2.2; Figure 1g). FW, DW,
and WC were measured as described above.

The measurement of different macronutrients: potassium (K), calcium (Ca), phospho-
rus (P), sulfur (S), magnesium (Mg), sodium (Na), and micronutrients: iron (Fe), manganese
(Mn), zinc (Zn), copper (Cu), was carried out in a digestion extract containing 100 mg of
tissue powder and 50 mL of a mix of HNO3:HClOj4 (2:1 v/v) using an inductively coupled
plasma optical emission spectrometer (ICP-OES IRIS INTREPID II XDL, Thermo Fisher
Scientific Inc., Loughborough, UK) at the Ionomic Services of the CEBAS-CSIC (Murcia,
Spain) [34].

2.5. Statistical Analysis

The descriptive statistics (mean, standard error of the mean (SEM), etc.) calculated for
samples and different tests described below were performed by using the StatGraphics Cen-
turion XV software (StatPoint Technologies, Inc., Warrenton, VA, USA). The Kolmogorov—
Smirnov [35] and Shapiro tests were performed to check the normality of the data by
analyzing the goodness-of-fit between the distribution of the data and a given theoretical
normal distribution. In addition, to check the homogeneity of the variance, the Bartlett and
Levene tests were applied. The data with a normal distribution were analyzed by a one-way
ANOVA followed by Fisher’s LSD (least significant differences) multiple range Test [36]
to separate the treatment means, thereby detecting significant differences (p-value < 0.01).
Non-parametric tests were used when necessary. In that case, the median was used in-
stead of the mean, and the data were subjected to the Kruskal-Wallis test (p-value < 0.01).
Heatmaps were processed using the pheatmap package in R [37]. Neighbor-joining distance
matrixes between genotypes (rows) and between samples (columns) were automatically
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calculated from average values to build the dendrograms and the heatmap representation.
Graphs were drawn with GraphPad Prism 9.0.0 for Windows (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Quantitative Analysis of Root and Shoot Area during Hydroponic Growth

We followed the growth of the studied lettuce cultivars grown on hydroponic culture
by periodically imaging the root and the shoot system between 0 and 35 dap (see Section 2).
Estimated root and shoot areas (RA and SA) in the studied CHD genotypes exponentially
increased between 0 and 35 dap, following a season-dependent pattern (p-value = 0.002;
Figure 2a,b and Table S3). The highest growth rate of the RA occurred during Spring for C3
(Figure S2). Instead, C1 and C7 showed the highest SA growth rate during Fall (Figure S2).
In all seasons, C7 and C8 usually showed the lowest RA values, while C3 exhibited the
highest RA values at 35 dap (RA35; Figure 2a,c and Figure S3a). In agreement with what
was found for RAj3s, the C8 genotype showed the smallest SA values at 35 dap (SA3s) in
every season (Figure 2b and Figure S3b), while the SA35 values for C7 were much higher in
Spring than those in Winter or Fall (Figure 2b,d), despite the RA3s5 in C7 lagging behind in
every season (Figure 2a,c). In contrast, the shoot growth and root growth rates of C1 were
similar in every season and normally higher than in the other CHD genotypes studied
(Figure S2).

Regarding the GOAK genotypes, the estimated RA exponentially increased between 0
and 35 dap. The highest RA growth was observed in Spring (p-value = 0.000), followed
by Fall, while in Winter, a slower growth was observed (Figure 3a,c and Figure S4a and
Table S3). RA3z5 was similar in all the genotypes in Fall (p-value = 0.624), and Spring
(p-value = 0.321), and also slightly significantly different (p-value = 0.046) in Winter
(Figure 3a and Figure S4a). RA growth values were quite similar in all GOAK geno-
types, with the extreme values shown by G5 in Winter and G3 in Spring (Figure S2a and
Table S3). The highest growth rates of the SA were observed during the Fall (Figure S2b and
Table S4), and the SA35 values significantly differed between GOAK genotypes in every
season (Figure 3b and Figure 54b). Overall, G5 showed significantly higher SA35 values
than the G1 and G6 genotypes, but in Spring, only the SA35 values of G5 were significantly
higher than the other GOAK genotypes (Figure 3b,d and Figure S4b).

In the ROAK cultivars, we did not find significant differences in the RA3z5 values
between ROAK genotypes in Winter (p-value = 0.999) or Spring (p-value = 0.645; Figure 4a
and Figure S5a and Table S3). Consistent with the differences observed for RA3z; values in
Fall (Figure 4a and Figure S5a), the lowest growth rate of the RA occurred for the R4 and
R5 genotypes in this season (Figure S2a and Table S3).

Conversely, the growth rate of SA was much lower during Spring for all the ROAK
genotypes (Figure S2b and Table S3), which also showed similar RA35 values in this season
(Figure 4b and Figure S5b). The R3 and R4 genotypes showed contrasting RAzs and SA3zs
values in Fall (Figure 4a,b), while the R5 genotype showed the smallest RA35 and SA3s5
values in this season (Figure 4a,b and Figure S5a,b).
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Figure 2. Quantitative analysis of root and shoot area in the studied CHD genotypes during hydroponic growth. (a) Average
root area (cm?) and (b) average shoot area (cm?) values in the studied lines (C1, C3, C7, and C8) between 0 (T0) and 35 (T35)
days after planting (dap). Theoretical exponential growth curves are depicted in blue. Different letters indicate significant
differences at 35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of C3 and C7

genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 3. Quantitative analysis of root and shoot area in the studied GOAK genotypes during
hydroponic growth. (a) Average root area (cm?) and (b) average shoot area (cm?) values in the
studied lines (G1, G3, G5, and G6) between 0 (T0) and 35 (T35) dap. Theoretical exponential
growth curves are depicted in blue. Different letters indicate significant differences at 35 dap (LSD;
p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of G3 and G6

genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.
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Figure 4. Quantitative analysis of root and shoot area in the studied ROAK genotypes during
hydroponic growth. (a) Average root area (cm?2) and (b) average shoot area (cm?) values in the
studied lines (R2, R3, R4 and R5) between 0 (T0) and 35 (T35) dap. Theoretical exponential growth
curves are depicted in blue. Different letters indicate significant differences between genotypes at
35 dap (LSD; p-value < 0.01). (c,d) Representative images of the root (c) and shoot (d) system of R2
and R5 genotypes at 14 and 21 dap, respectively. Scale bars: 50 mm.

3.2. Variations in Root and Shoot Weights in the Studied Lettuce Cultivars

We measured several growth-related traits of the root and the shoot system at 45 dap
(see Materials and Methods; Table 54 and Figure Sé6a). Root FW and shoot FW were found to
be dependent on the cultivar type (p-value = 0.000) and the growing season (p-value = 0.002).
The GOAK genotypes had significantly heavier root systems (FW = 33.50 + 0.94 g;
DW =1.39 £ 0.05 g; n = 57) than those from ROAK (FW =24.20 £ 0.58 g; DW =1.19 £ 0.05 g;
n =59) or CHD (FW = 24.60 £ 0.85 g; DW = 1.26 & 0.06 g; n = 60), being the largest in
Spring for GOAK and CHD (Figure Séb). As for the CHD genotypes, C1 had signifi-
cantly (p-value < 0.01) heavier root systems (FW = 28.60 &= 1.80 g; DW = 1.63 £ 0.26 g;
n = 15) than C8 (FW = 21.10 & 1.02 g; DW = 0.97 & 0.07 g; n = 15; Figure 5a). Among
the eight L. sativa var. crispa genotypes studied, G3 showed the heaviest root system
(FW =41.20 +2.03 g; DW = 1.56 & 0.05 g; n = 14), while the R5 root system was the lightest
one (FW =21.00 + 1.07 g; DW = 0.96 £ 0.08 g; n = 14; Figure 5a). Despite the FW and DW
values being highly correlated overall (Figure S6b), the root DW values were significantly
(p-value = 0.000) higher in Winter (1.56 & 0.06 g; n = 59), with the lowest values found in
Fall (1.00 £ 0.34 g; n = 60), but these were not strongly dependent (p-value = 0.014) on the
type of cultivar (CHD, GOAK or ROAK).
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Figure 5. Fresh weight of the studied genotypes at the end of the experiment. (a) Root FW and
(b) shoot FW (Fall, grey-filled bars; Winter, white-filled bars; Spring, lined-filled bars). Different
letters indicate significant (p-value < 0.01) differences between CHD, GOAK and ROAK samples.

Despite their small root systems, shoot weights were significantly (p-value = 0.000)
higher in the CHD genotypes (FW = 233.30 £ 6.18 g; DW = 8.84 & 0.30 g; n = 59)
than those in GOAK (FW = 190.90 £ 536 g; DW = 7.81 4 0.25 g; n = 60) or ROAK
(FW =182.10 £ 6.72 g DW =7.71 £ 0.19 g; n = 59), even though the CHD shoots had signif-
icantly (p-value = 0.000) less leaves (15.90 £ 0.50; n = 20) than GOAK shoots (29.80 + 0.64;
n = 60) or ROAK (28.40 & 0.42; n = 60) shoots (Table S4). Remarkably, a statistically
significant (p-value = 0.000) G x E interaction affected shoot FW in GOAK and ROAK
genotypes. The shoot FW values from G3 and R2 were much higher than other GOAK or
ROAK genotypes only in Spring (Figure 5b). The shoot DW values were also significantly
(p-value = 0.000) higher in Winter (9.27 & 0.26 g; n = 59), but surprisingly, the lowest
shoot DW values were found in Spring (7.00 £ 0.21 g; n = 59). The root-to-shoot ratio
(R:S ratio) steadily increased from Fall to Spring in the CHD and ROAK cultivars, while
non-significant differences were found for the R:S ratio of GOAK in Winter and Spring
(Figure Séc).

Root water content (RWC) varied from 94.50 £ 0.36% in C1 to 96.10 £+ 0.20% in
G3, with a clear effect of the growing season, with lower RWC values in Winter and
higher RWC values in Fall (Table S4). Also, shoot water content (SWC) was significantly
(p-value = 0.001) lower in ROAK cultivars (95.50 & 0.15%; n = 57), with the highest values
found in C8 (96.50 £ 0.21%; n = 15). Intriguingly, water content (both in the shoot and in
the root) was negatively and significantly (p-value = 0.000) correlated with root DW and
most considerably in Winter (Figure S6d).

3.3. Tipburn Severity during Hydroponic Growth

Tipburn was scored weekly on cultivars grown in hydroponic culture by means of
a visual scaling rate (Figure S1), and it was found that the symptoms steadily increased
from 3—4 weeks after planting onwards (Table S5). We found a significant G x E interaction
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for tipburn severity in the CHD genotypes (p-value = 0.000), with a higher contribution
of the Fall and Spring seasons on the scores at 45 dap (Figure 6a and Table S5). While
C3 showed higher scores in every season (6.3 & 0.5; n = 18), others only showed tipburn
symptoms during Spring (C8) or Fall (C7 and C1). Additionally, tipburn phenotypes were
highly variable within individual plants in C1, C3, and C8 (Table S5), as estimated by
their variance values at 45 dap (7.22; n = 54) compared with those of C7 (2.24; n = 18).
The tipburn severity in the ROAK genotypes (measured at 45 dap) was not dependent on
the growing season (p-value = 0.296), but a significant dependency on the genotype was
observed (p-value = 0.000), with R2 leaves showing similar tipburn symptoms and much
higher scores (8.0 & 0.9; n = 18) than those of the other ROAK genotypes studied (2.1 + 1.5;
n = 54). On the other hand, tipburn symptoms of the GOAK leaves were dependent on the
growing season and the genotype (p-value = 0.041), with higher scores in Spring for G3
and G6 (5.0 = 2.4; n = 16) as compared with the other GOAK genotypes studied (1.8 & 1.2;

n = 56).
la) il B - LA ’
X .
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b) Sprn c)
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Figure 6. Tip-burn assessment in the studied genotypes. (a) Tipburn incidence of the studied
genotypes at 45 days after planting (dap) (b) Heatmap of tipburn scoring values during the Spring
season. Colored bars indicate the severity of the tipburn phenotypes in the studied genotypes, from
highly tolerant (0, yellow) to highly sensitive (8, red). Genotypes were grouped into four groups
(tolerant: 1,2; sensitive: 3,4). (c) Representative images of rosettes of genotypes with extreme tipburn
phenotypes (tolerant, left panels; sensitive: right panels) at 45 dap. White arrowheads point to
regions where tipburn lesions are present. Scale bars: 50 mm.

Next, we classified the studied genotypes based on their tipburn severity symptoms
during the Spring season into four groups: (i) highly tolerant (R5, C1), (ii) intermediate (C7,
R4, G1, G5), (iii) sensitive (R3, G6), and (iv) highly sensitive (C8, G3, R2, C3) (Figure 6b).
Some highly sensitive genotypes, such as R2 or C3, obtained higher scores in all the seasons,
while others, such as C8, G3, or G6 only showed tipburn symptoms during the Spring
season (Table S5). Representative pictures of some of the most tolerant and most sensitive
genotypes for tipburn symptoms are shown in Figure 6c¢.

3.4. Leaf Nutrient Variation in the Spring Season in the Studied Lettuce Cultivars

We determined nutrient concentration in mature, intermediate, and juvenile leaves
of the studied genotypes in the Spring season at the end of the experiment (Table S6). For
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the studied nutrients, most of the variation was found associated with leaf type (p-value
between 0.0000 (Ca, P, Mg, Na, Fe, Mn, and Cu) and 0.0078 (K)) or cultivar type (p-value
between 0.0000 (K, P, S, Mg, Na, Fe, Mn, and Cu) and 0.0029 (Zn)) (Tables 2 and 3). In
the CHD cultivar, we found the lowest nutrient levels, while in the GOAK cultivars, their
nutrient levels were significantly higher. Nutrient concentrations in the ROAK cultivar
were intermediate and similar to GOAK, except for P, where the highest values were
observed (Table 2). In regard to the studied macronutrients (K, Ca, P, S, Mg, and Na), all
cultivars showed higher P levels in the juvenile leaves, while the Ca, Mg, and Na levels
were higher in the mature leaves, albeit not significant for Mg or Na in CHD (Table 2).
K levels were significantly higher in mature leaves in the GOAK and ROAK cultivars
than in intermediate or juvenile leaves; S showed similar behavior in the CHD and ROAK
cultivars with higher concentrations in the juvenile leaves than the GOAK cultivar but
without significant differences (Table 2). For the studied micronutrients (Fe, Mn, Zn, and
Cu), we found significantly higher concentrations of Mn and Cu in mature leaves of all the
cultivars. On the other hand, Fe was significantly higher in mature leaves in GOAK and
ROAK, and Zn showed a contrasting behavior in these two cultivars, with significantly
higher levels in juvenile leaves in ROAK (Table 2). We next analyzed the mature-to-juvenile
(M/]) ratio and found higher values of Ca, Na, and Mn in mature leaves irrespectively of
the cultivar. Interestingly, the CHD cultivar showed low (<1) M/] ratios of K, S, Mg, Fe,
Zn, and Cu as compared to those in the GOAK and ROAK cultivars (Tables 2 and 3).

Considering the nutrient concentration of all leaves, we found significant differences
between the studied genotypes (Table 4). Overall, the CHD genotypes contained a lower
nutrient concentration than the ROAK and GOAK genotypes (Table 4). G3 and R4 had the
highest nutrient concentration, which almost doubled those found in C1 and C7 (Table 4).
We did not find a clear association between total nutrient concentration and tipburn scores
(Figure 6a,b).

After analyzing each nutrient individually, we found that all three cultivars showed similar
trends for macronutrient (K > Ca > P > S > Mg > Na) and micronutrient (Fe > Mn > Zn > Cu)
concentrations (see percentage in italics in Tables 5 and 6). However, some genotypes dis-
played substantial differences in the amounts of specific nutrients compared with those in
other genotypes of the same cultivar. As regards the CHD genotypes, C1 and C7 had higher
concentrations or percentages for all the nutrients analyzed except for Mn, Zn, and Cu,
where C1 showed the highest percentages. Comparing the most differentiated genotypes
(C1 and C7 vs. C3 and C8), we observed significant differences in K (p-value = 0.0003), Ca
(p-value = 0.0047), S (p-value = 0.0026), Mg (p-value = 0.0070), Na (p-value = 0.0024), and Mn
(p-value = 0.0025). We classified the CHD genotypes based on their statistically significant
nutrient levels, as follows: C1 > C7 > C8 = C3 (Tables 5 and 6). In relation to the GOAK
genotypes, G3 contained higher levels of most nutrients compared to those found in G5,
G1, and G6 (Tables 5 and 6). Conversely, G6 showed lower levels of some macronutrients
(K, P, S, Mg, and Na), being the most malnourished GOAK genotype but without showing
significant differences with respect to G1 to G5, which were nutritionally more balanced
(Table 5). We found a significantly (p-value = 0.0004) higher nutrient concentration in G3
as compared to those in G5, G1, and G6. We ordered the GOAK genotypes as regards
to their statistically significant nutrient levels, as follows: G3 > G1 > G5 > G6 Table 6).
We did not find significant differences between the ROAK genotypes in regards to total
macronutrient and micronutrient content (p-value = 0.0650). However, we observed signifi-
cant differences between R4 and the other ROAK genotypes for P (p-value = 0.0021) and S
(p-value = 0.0040), which resulted in sorting the ROAK genotypes based on significant P
and S nutrient concentrations from R4 > R5 > R2 > R3 (Tables 5 and 6). Tipburn incidence
and tipburn scores (Figure 6a,b) associated with the R2 and R3 genotypes containing lower
P and S content (Table 5).
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We wondered whether differences in nutrient levels between mature and juvenile
leaves could account for the observed differences in tipburn scores and tipburn incidence in
the GOAK and ROAK genotypes (Figure 6a,b). We found that G1 and R5, with the lowest
tipburn scores, showed a mild decrease in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). The genotypes with the highest tipburn scores,
G3 and R2, showed higher differences in K, Ca, Mg, Fe, and Mn concentrations between
mature and juvenile leaves (Figure 7). A similar trend was found for S and Cu, although
the R2 genotype showed higher S and Cu levels in juvenile leaves than the other three
genotypes (Figure 7). Na concentration was also higher in mature leaves, and their levels
were similarly reduced in juvenile leaves in the four genotypes (Figure 7). On the other
hand, P and Zn showed the highest levels in juvenile leaves except for the G3 genotype
(Figure 7).

Figure 7. Nutrient analysis of the studied macronutrients in different leaves (M, mature; I, interme-
diate; J, juvenile). Only the most divergent genotypes for tipburn scoring and tipburn incidence
for GOAK (G1 and G3) and ROAK (R2 and R5) cultivars are shown. The nutrients analyzed were
(a) Potassium (K), (b) Calcium (Ca), (c) Magnesium (Mg), (d) Phosphorus (P), (e) Sulphur (S),
(f) Sodium (Na), (g) Copper (Cu), (h) Iron (Fe), (i) Manganese (Mn) and (j) Zinc (Zn). Data are
normalized as regards the leaf with the highest amount for a given nutrient.
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4. Discussion

There is an increased demand for fresh, locally grown, and safe vegetables among
the EU consumers [38]. However, intensive agricultural exploitation might lead to water
shortage and soil salinization, among other environmental damages [39]. The greenhouse
production of vegetables in closed hydroponic systems is a resource-efficient technique
for the production of high-quality and high-yield crops [40]. Here, we devised a low-cost
hydroponic system (i.e., floating rafts) for lettuce cultivation, which was used to evaluate
the early growth and quality parameters of 12 genotypes from different lettuce cultivars
(CHD, GOAK, and ROAK) in three growing seasons (Fall, Winter, and Spring). These
genotypes were selected based on agronomically-relevant traits.

Research on the role of root system architecture (RSA) traits that could enhance
nutrient and water use efficiency has not received broad attention in lettuce breeding
programs until quite recently [6]. We found striking differences among the studied lettuce
cultivars in regard to their root system (Figure 2a,c, Figure 3a,c, and Figure 4a,c). The CHD
genotypes showed deeper roots as compared to those from GOAK and ROAK. As it is
known that deeper roots are crucial for improving drought resistance in plants [41,42],
CHD cultivars may be more drought tolerant than GOAK and ROAK genotypes, although
this hypothesis could not be directly tested in our hydroponics system. On the other
hand, GOAK and ROAK root systems were heavier and more superficial than those in
the CHD cultivar. Indeed, GOAK and ROAK are oak-leaf cultivars located on the same
genetic clade [43], which are mainly differentiated by their leaf anthocyanin content [1].
The differences in the RSA of the CHD and GOAK/ROAK cultivars may thus account for
the genotype-dependent behavior of cultivated lettuce in saline soils [44] or in response to
water and nutrient deficiency [6]. Our experimental setup will allow evaluating growth
responses under different soil stresses through the adjustment of the nutrient solution
and/or the experimental conditions (i.e., temperature, aeration, etc.). In addition, the
contrasting RSA phenotypes of the G3 and R5 genotypes (Figures 3¢ and 4c), with a three-
fold difference in their root fresh-weight during the Spring season (Figure 5), may be used
for the identification of the genetic determinants involved in RSA variation in the oak-leaf
lettuce clade through the implementation of QTL mapping. We estimated the shoot growth
rates of lettuce in hydroponic culture through dedicated image analysis (Figure 52). Overall,
shoot growth was much lower during Winter than in Spring or Fall, which is in agreement
with previous studies where higher temperatures and high irradiance were found to be key
factors, which affected growth product quality in these species [16,22]. However, we found
an interesting G X E interaction for the estimated SA in some of the studied genotypes.
On the one hand, the ROAK genotypes showed lower SA values in Spring than in Winter
(Figure 4b). On the other hand, SA values in C7 were highly affected by the growing
season, as higher growth occurred during Spring for this genotype (Figure 2b). However,
the SA and RA values estimated from images were inaccurate descriptors of yield, as
confirmed by the low correlations found between FW and DW values of the shoot system
and the root system at the end of the experiment (Figure S6). We found that FW was highly
correlated with DW (both for root or shoot) for all the studied cultivars and during the
different growing seasons (Figure S6), and that their WC variation ranged from 92% to
98% (Table S4). Interestingly, we found that WC (either in roots or shoots) was negatively
correlated with root DW but not with shoot DW, which suggest that thinner roots may
be more efficient in water uptake in lettuce plants grown in hydroponics, as compared to
those plants grown in soil where root diameter may be directly related to the ability to
penetrate the drying soil [41]. In addition, the R:S ratio allowed us to identify genotypes
with contrasting yield genotypes, such as C7 and R3 (Table S4). While C7 had the lowest
R:S values (and hence higher yield) in Fall, R3 showed the highest R:S ratio (thus lower
yield) during Spring, indicating a G x E interaction for this trait, as well.

In Spain and Italy, two of the fifth largest lettuce and chicory producers in the
world [11], greenhouse lettuce production is often limited by the extent of tipburn and
premature bolting. Tipburn is a physiological disorder characterized by necrotic lesions at
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the margins of the developing leaves, resulting from a localized Ca deficiency [45]. Tipburn
development in lettuce depends on environmental factors that promote growth [46]. Ca
translocation from the roots to the shoots occurs through the xylem due to transpiration,
and Ca cannot be mobilized from older leaves to younger ones [47]. Some of the climatic
factors that characterize the Mediterranean region, specifically high temperature, high
radiation, and long photoperiod, lead to the rapid shoot growth of lettuce, which cannot
match Ca translocation from the roots. The lettuce genotypes studied in this work were
selected based on their contrasting tipburn incidence when grown in soil. A previous
study using a small number of lettuce cultivars grown in hydroponics showed that tipburn
was not observed in the late Winter season, whereas it was severe during Spring [48]. We
found that tipburn incidence was higher during Spring but lower in Winter for most of
the studied cultivars grown in hydroponics (Figure 6a). And we also observed that the
CHD cultivars showed a higher variation for tipburn incidence as compared to the studied
oak-leaf types (GOAK and ROAK). These results were consistent with the greater genetic
variability for tipburn responses found in the CHD cultivar as a result of earlier breeding
efforts for tipburn tolerance in this cultivar [19,22,24,25]. In a recent study [28], early bolting
and tipburn behavior were studied on 18 genotypes from different lettuce cultivars grown
in hydroponics at high temperature and extensive differences were also observed among
them. Hence, the combined effect of high growth rates and high temperatures during
Spring may lead to the reduced nutrient supply to the developing leaves, resulting in the
observed enhancement of the tipburn severity during Spring. Only two of the studied
genotypes, C3 and R2 showed severe tipburn symptoms in every season (Figure 6a,c).
Another two genotypes, C8 and G3 showed intermediate-to-severe tipburn symptoms only
during Spring (Figure 6a,c). On the other hand, C1, G1, and R5 showed tipburn tolerance
when grown in hydroponics (Figure 6a,c). These results perfectly matched the tipburn
severity symptoms found in the studied genotypes when grown in soil (V.B., unpublished),
which validates our experimental setup for the fast and high-throughput evaluation of
tipburn responses in lettuce germplasm collections grown in hydroponics.

To investigate the nutritional causes of tipburn incidence during Spring in the studied
genotypes, we measured the levels of several macro and micronutrients in leaves of
different ages at the end of the experiment (45 dap; Table S6). Ca and Na levels showed
the highest M/] ratio, irrespectively of the cultivar type (Table 2), which is consistent
with the low Ca mobilization from mature tissues [45] and the higher Na accumulation
in older leaves [49]. On the other hand, P displayed the lowest M/] values within the
studied macronutrients (Table 2), with lower P levels in the CHD than in the GOAK/ROAK
genotypes. These latter results could be explained by the differences in RSA between
the studied cultivars, as root responses to low phosphate favor the exploration of the
shallower part of the soil, where phosphate tends to be more abundant [50]. We noticed
that the CHD genotypes contained a lower nutrient concentration than the GOAK and
ROAK ones (Table 4). Nutritional differences between lettuce cultivars have been described
previously [51]. The tipburn incidence and tipburn scores of the CHD genotypes perfectly
matched their total nutrient content, hence, the genotypes with the lowest nutrient levels
(C3 and C8) showed severe tipburn symptoms (Figure 6a,b and Tables 5 and 6). Our
results suggest that tipburn in the studied CHD genotypes may be related to some nutrient
imbalance, as has been proposed earlier in lettuce [52]. The high growth rates observed
during Spring for C3 and C8, combined with their contrasting R:S ratios, may result in
decreased Ca concentrations in leaves and thus increased tipburn, as has been previously
reported in other lettuce genotypes [21,45]. Because of the restricted Ca transport within the
head-enclosed leaves of the CHD genotypes, Ca levels are much lower in the leaf margins,
where tipburn symptoms arise early; high K levels in this region might also contribute to
enhanced tipburn in CHD genotypes, as suggested previously [45]. Overall, the studied
ROAK and GOAK genotypes were less sensitive to tipburn, which was consistent with
previous results which suggested a narrow genetic variation for this trait in oak-leaf type
cultivars [19]. R2 and G3, which displayed severe tipburn during the Spring season, were
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characterized by a strong decrease in K levels between mature and juvenile leaves, as
compared with the tipburn tolerant G1 and R5 genotypes (Figure 7). To assess whether
tipburn in the studied lettuce genotypes is caused by an altered Ca/K homeostasis, we
plan to evaluate tipburn susceptibility using an in vitro evaluation system [24], with some
modifications.

We also found striking differences in regard to the studied micronutrients (Fe, Mn,
Zn, and Cu) depending on cultivar type and genotypes (Tables 3 and 6). Alterations in
micronutrient homeostasis (such as Fe and Mn) have commonly been associated with the
appearance of shoot tip necrosis during pistachio in vitro culture [53], which very much
resembles the tipburn symptoms found in the ROAK and GOAK genotypes. Fe and Mn
levels in leaves, as well as their M/J ratios, were much higher in the GOAK and ROAK
genotypes than in the CHD ones (Table 3). Consistent with previous results on K levels,
Fe and Mn levels strongly decreased in the R2 and G3 genotypes from mature to juvenile
leaves (Figure 7), suggesting that a nutritional unbalance of some micronutrients (Fe and
Mn) could explain tipburn in oak-leaf susceptible genotypes. Further experiments with
additional ROAK and GOAK genotypes will allow us to confirm this hypothesis.

5. Conclusions

We devised a multi-factorial approach for the study of several growth and quality
traits of lettuce (Lactuca sativa L.) using a low-cost and high-throughput scalable hydro-
ponic system. By analyzing tipburn incidence and leaf nutrient content, we were able to
identify a number of nutrient traits that were highly correlated with cultivar- and genotype-
dependent tipburn, suggesting that tipburn is a complex trait in this species. Indeed,
the genetic dissection of tipburn resistance in lettuce has recently gained from a detailed
study using seven RIL populations in multiple environments and years that allowed the
identification of two major QTL affecting this trait [26]. The forthcoming availability of
linked molecular markers will allow the evaluation of our germplasm collection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2073-4
395/11/4/616/s1, Figure S1: A representation of the scale used for tipburn severity assessment;
Figure S2: The growth rate of the studied cultivars between 0 and 35 dap; Figure S3: Representative
images of the studied CHD genotypes; Figure S4: Representative images of the studied GOAK
genotypes; Figure S5: Representative images of the studied ROAK genotypes; Figure S6: Growth
quantification of the studied genotypes at 45 dap; Table S1: Details of the experimental design used;
Table S2: Nutrient solution composition; Table S3:, Raw data of root and shoot area; Table S4: raw
data of root and shoot weights; Table S5, Raw data of tipburn phenotype assessment, Table S6: Raw
data of the nutrient analysis.
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Figure S1
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Figure S1. A representation of the scale used for tipburn severity assessment. White arrow points to an area where
tipburn lesions are present. Scale bars: 50 mm.
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Figure S2. Growth rate of the studied cultivars between 0 and 35 dap. (a) Root area growth rate and (b) shoot area
(SA) growth rate. Letters indicate significant (p-value<0.01) differences between CHD, GOAK and ROAK.
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Figure S3. Representative images of the root (a) and the shoot (b) system of the studied CHD cultivars at 14 (T14)
and 21 (T21) days after planting. respectively. Scale bar: 50 mm.
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Figure S4. Representative images of the studied GOAK genotypes. (a,b) Details of the root (a) and the shoot (b)
system of the studied GOAK cultivars at 14 and 21 dap. respectively. Scale bars: 50 mm.
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Figure S5. Representative images of the studied ROAK genotypes. (a,b) Details of the root (a) and the shoot (b)
system of the studied ROAK cultivars at 14 (T14) and 21 (T21) dap. Scale bars: 50 mm.
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Figure S5. Growth quantification of the studied cultivars at 45 dap. (a) Scatter plots of measured traits as defined in
Materials and Methods. Numbers in the upper diagonal matrix indicate Pearson’s correlation between pairs of traits.
(b) Relationship between root FW and root DW (left) and root FW and shoot FW (right). Numbers indicate
Person’s correlation in the studied seasons (Fall, orange; Winter, blue; Spring, green). (¢) Box-plot of R:S ratio.
Letters indicate significant (p-value<0.01) differences between samples. (d) Relationship between root DW and root
WC (up) and shoot WC (down). Numbers indicate Person’s correlation in the studied cultivars (CHD, white;

GOAK, grey; ROAK, black).
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Table S1. Details of the experimental design used.

Experiment  Season Nursery Hydroponic th)topheriod Air temperature
chamber growth (light/dark) con
I Fall 211;//(190//22%11%_ 18/10/2018-02/12/2018 11h/13h 19.7+3.5
II Winter %23//1112//%2%112 03/12/2018-20/01/2019 10h/14h 15.5¢1.5
it Spring 2108/{)%2/9091_9 20/03/2019-04/05/2019 13h/11h 20.2+2.5

! average temperature per day.

Table S2. Nutrient solution composition (mg/L)".

NOs NH: P K Ca Mg Na SO:s Cl Fe B Cu Zn Mn Mo
2237 280 619 3833 1804 243 03 797 00 22 03 01 03 03 0.1
1 pH 6.0 and 2.37 dS/m of electrical conductivity.
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