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[bookmark: _Toc96225155]RESUMEN

El Selenio (Se) es un oligoelemento involucrado en la protección contra el estrés oxidativo de las células en el ser humano y su deficiencia afecta a más del 15% de la población mundial. La biofortificación mejora la calidad nutricional de los cultivos al incrementar la concentración de elementos esenciales en la parte comestible de las plantas. Por lo tanto, el objetivo de esta investigación fue evaluar la biofortificación agrícola con Se en cultivos hortícolas (tomate y chile jalapaño) y sus efectos sobre el rendimiento, los componentes biológicamente activos y contenido de Se. Los tratamientos consistieron en concentraciones de selenito (0, 2, 4, 6 y 8 mg L-1, para tomate aplicado foliarmente), selenato (0, 2, 4, 6 y 8 mg L-1, para tomate aplicado en solución nutritiva) y selenato (0, 1.5, 3, 4.5 y 6 mg L-1, para chile jalapeño aplicado foliarmente). Los resultados mostraron que la aplicación de Se en dosis bajas incrementó el rendimiento, los componentes biológicamente activos y el contenido de Se en los cultivos hortícolas con relación al tratamiento testigo. La aplicación de Se en dosis bajas son un medio efectivo para mejorar el rendimiento y bioestimular la biosíntesis de compuestos bioactivos y mejorar la capacidad antioxidante en cultivos hortícolas obteniendo así alimentos funcionales.

Palabras clave: compuestos bioactivos, capacidad antioxidante, alimentos funcionales 
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[bookmark: _Toc96225156]ABSTRACT

Selenium (Se) is a trace element involved in the protection against oxidative stress of cells in humans and its deficiency affects more than 15% of the world population. Biofortification improves the nutritional quality of crops by increasing the concentration of essential elements in the edible part of the plants. Therefore, the objective of this research was to evaluate agricultural biofortification with Se in horticultural crops (tomato and jalapaño pepper) and its effects on yield, biologically active components and Se content. The treatments consisted of concentrations of selenite (0, 2, 4, 6 and 8 mg L-1, for foliar applied tomato), selenate (0, 2, 4, 6 and 8 mg L-1, for tomato applied in nutrient solution) and selenate (0, 1.5, 3, 4.5 and 6 mg L-1, for foliar applied jalapeño pepper). The results showed that the application of Se in low doses increased the yield, the biologically active components and the content of Se in the horticultural crops in relation to the control treatment. The application of Se in low doses is an effective means to improve yield and biostimulate the biosynthesis of bioactive compounds and improve the antioxidant capacity in horticultural crops, thus obtaining functional foods.

Keywords: bioactive compounds, antioxidant capacity, functional foods
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1. [bookmark: _Toc96225159]INTRODUCCIÓN GENERAL 
El selenio (Se) es un micronutriente importante en la nutrición humana porque es un componente esencial en la formación de proteínas antioxidantes como el glutatión peroxidasa (GPX) y las selenoproteínas que protegen el cuerpo humano al catalizar la reducción de las especies reactivas de oxígeno (ERO) (Schiavon et al., 2020). Una deficiencia de este elemento provoca problemas de salud. La deficiencia de Se puede agravar procesos cancerígenos en la próstata (Sonkusre, 2020), causar problemas de fertilidad (González Rodríguez et al., 2018) y debilitamiento del sistema inmunológico contra enfermedades infecciosas como la influenza y el COVID-19 (Restrepo y Miembro, 2020), virus de la inmunodeficiencia humana (VIH), distrofia muscular y fibrosis quística (Kieliszek, 2019). De acuerdo a la Organización Mundial de la Salud (OMS), el consumo de Se en la dieta humana debe fluctuar entre 55 y 200 μg día-1 en adultos (Górska et al., 2021). La forma más común por la cual el organismo humano adquiere Se es a través del consumo de alimentos, tales como la carne o el pescado (Sariñana-Navarrete et al., 2021) porque aportan un gran porcentaje de Se a la ingesta diaria requerida. En el mundo existen alrededor de mil millones de personas con deficiencias de Se, debido principalmente al consumo de dietas basadas en vegetales (Błażewicz et al., 2020); esas dietas contienen concentraciones pequeñas de Se, ya que este elemento se encuentra en muchas ocasiones en pequeñas cantidades en el suelo (López et al., 2021). Por otro lado, este elemento no se considera esencial para las plantas, pero es considerado un elemento benéfico para ellas debido a que el Se en concentraciones pequeñas incrementa el rendimiento, el contenido antioxidante y su concentración en la parte comestible (Preciado-Rangel et al., 2021). 
Una estrategia para aumentar el contenido de Se en los alimentos de origen vegetal es mediante la biofortificación que consiste en potenciar la bioactividad y el contenido de Se en las partes comestibles de las plantas (Gaucin-Delgado et al., 2020). La aplicación en solución nutritiva y foliar representan una manera practica para incorporar el Se a la cadena alimenticia (Lyons, 2018). Entre los cultivos hortícolas, el tomate (Solanum lycopersicum L.) es muy consumido a nivel mundial debido a su gran importancia en la nutrición humana (Espinosa-Palomeque et al., 2020). El tomate representa una fuente importante de bioactivos incluidos los compuestos fenólicos, vitaminas A, B, C y minerales (Hernández - Hernández et al., 2019). Otra hortaliza, el chile jalapeño (Capsicum annuum L.) es un cultivo hortícola producido y consumido en México; el chile jalapeño es una fuente importante de bioactivos, entre ellos compuestos fenólicos, vitaminas, minerales, capsinoides y antioxidantes (Natividad-Torres et al., 2021). 
Por lo tanto, el aumento de compuestos bioactivos a través de la biofortificación es de interés internacional (Vaghari-Tabari et al., 2021) . Dichos cultivos son importantes para la salud humana ya que forman parte de nuestra dieta, ayudando en la interacción de fitoquímicos con vías metabólicas ante el estrés oxidativo. La aplicación de micronutrientes como el Se a través de la biofortificación de cultivos es una herramienta útil para incrementar la cantidad de los micronutrientes esenciales y mejorar la biosíntesis de compuestos bioactivos (Lima et al., 2019). Por lo tanto, el objetivo de esta investigación fue evaluar la biofortificación agrícola con Se en cultivos hortícolas (tomate y chile jalapaño) y sus efectos sobre el rendimiento, los componentes biológicamente activos y contenido de Se. 
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2. [bookmark: _Toc96225160]OBJETIVOS
[bookmark: _Toc96225161]2.1 General
· Evaluar el efecto la biofortificación con Se sobre el rendimiento, los componentes biológicamente activos y contenido de Se, en frutos de tomate y chile jalapeño.

[bookmark: _Toc96225162]2.1.1 Específicos
· Evaluar el efecto de la aplicación de selenito en los compuestos bioactivos en frutos de tomate.
· Evaluar el efecto de la aplicación de selenato en los componentes biológicamente activos en frutos de tomate.
· Evaluar el efecto de la aplicación de selenato en la calidad fitoquimica en frutos de chile jalapeño.











  2. OBJETIVOS


3. [bookmark: _Toc96225163]HIPÓTESIS 
· El selenato aumenta el contenido de compuestos bioactivos, rendimiento y contendió de Se en frutos de tomate y chile jalapeño. 
· El selenito aumenta el contenido de compuestos fitoquimicos, rendimiento y contendió de Se en frutos de tomate.






  3. HIPÓTESIS


4. [bookmark: _Toc96225164]CAPITULO 1.  REVISIÓN DE LITERATURA   
[bookmark: _Toc96225165]1.1 Agricultura protegida 
La agricultura protegida se ha desarrollado tecnológicamente en las últimas décadas y está creciendo aceleradamente en la producción de hortalizas tanto a nivel nacional como internacional, debido a la extraordinaria tasa de eficiencia y una óptima utilización de recursos que dispone el sistema, además al alto grado de control que se ejerce sobre los aspectos técnicos (García-Sánchez et al., 2018). En este sistema de producción se puede hacer uso eficiente del agua, al aplicarla de manera eficiente en conjunto de la solución nutritiva, a la vez se pueden manipular a conveniencia algunos factores climáticos, se puede manejar en control las plagas, enfermedades y malezas, lo que da un incremento considerable en rendimientos y calidad de los cultivos (Pratt et al., 2019). 
[bookmark: _Toc96225166]1.2 Hidroponía 
La hidroponía se deriva del griego “Hydro” (agua) y “Ponos” (labor o trabajo), definida como una modalidad en el manejo de plantas, que permite a un cultivo sin suelo producir plantas principalmente de tipo herbáceo, aprovechando sitios o áreas no convencionales, sin perder de vista las necesidades de las plantas, como luz, temperatura, agua y nutrientes (Huterwal, 1979). En el sistema hidropónico los elementos minerales esenciales son aportados por la solución nutritiva (Herrera, 1999). El rendimiento de los cultivos hidropónicos se puede duplicar más que en los cultivos en suelo (Unsihuay et al., 2016). Así mismo está determinado por la disponibilidad de agua y nutrientes, los niveles de radiación y temperatura del ambiente, la densidad de siembra o disposición de las plantas en el sistema hidropónico, la acción de patógenos o plagas, etc (Ramírez-Gómez et al., 2011).
[bookmark: _Toc96225167]1.3 Cultivo en sustrato
El término “sustrato” se usa para definir cualquier material, de origen natural o sintético, que reemplaza al suelo y cumplen una función de sostén de la planta. El sustrato puede ser fuente de algún nutriente (generalmente sustratos orgánicos como compost, turba, etc.) o no (perlita, espumas agrícolas, lana de roca, etc.). En el primer caso se habla de “cultivo sin suelo”, mientras que en el segundo caso es “hidroponía”, ya que el 100% de los nutrientes son aportados por la solución nutritiva (Castañares, 2020). 
[bookmark: _Toc96225168]1.4 Solución Nutritiva 
La solución nutritiva, es la concentración de nutrimentos (expresado a través de la conductividad eléctrica) por el balance de aniones y cationes, así como factores de pH, aporte de agua, sinergismo y antagonismo entre nutrientes (Martínez-Corral et al., 2009). Así como, requerimientos específicos del cultivo de dosis de macronutrientes y micronutrientes que, aunque se requieren en concentraciones muy bajas, estos desempeñan funciones vitales para el crecimiento, desarrollo de las plantas (Sánchez-del-Castillo et al., 2014). Para elaborar una solución nutritiva adecuada es a partir de extractos líquidos obtenido por diferentes materiales químicos, que contienen nutrimentos para las plantas, compuestos de crecimiento vegetal benéficos. El interés en estas soluciones nutritivas ha incrementado por su flexibilidad de aplicación en sistemas de producción hidropónica en condiciones protegidas (Cruz-Crespo et al., 2014).
[bookmark: _Toc96225169]1.6 Importancia del cultivo del tomate y chile jalapeño
El tomate (Solanum lycopersicum L) es el cultivo hortícola más producido y consumido a nivel mundial, es una fuente importante de bioactivos, incluidos los carotenos, compuestos fenólicos, vitaminas y minerales (Figueroa-Cares et al., 2018). Los minerales que contiene son calcio, fósforo, potasio, sodio y las vitaminas que contiene son A, B1, B2, y C (Paudel et al., 2019). Así mismo, al poseer propiedades medicinales entre las que destacan las siguientes: antiséptico, alcalinízate, depurativo, diurético, digestivo, laxante y desinflamatorio (Sumalan et al., 2020). Dichos, compuestos son importantes para la salud humana ya que forman parte de nuestra dieta, ayudando en la interacción de fitoquímicos con vías metabólicas que están relacionadas con la respuesta inflamatoria y el estrés oxidativo (D’Angelo et al., 2019).
El chile jalapeño (Capsicum annuum L.), una de las plantas más cultivadas en Mexico (Stan et al., 2021), debido a su importancia en la nutrición humana como en la industria farmacéutica (Olatunji y Afolayan, 2018). Los frutos son una fuente de vitaminas (A, E y C), carotenoides, capsaicinoides y compuestos fenólicos con propiedades antioxidantes para la dieta humana (Natividad -Torres et al., 2021).

[bookmark: _Toc96225170]1.7 Producción Mundial y en México del tomate y chile jalapeño
Estimaciones de la FAO en 2020 indicaron que el tomate es la hortaliza más cultivada e importante en el mundo, siendo el consumo fresco uno de los principales destinos de producción, alcanzando (4 700 000 de ha y una producción de 164 millones de toneladas). Actualmente, se ha incrementado su producción en un 35 % (Martínez-Damián et al., 2019). En México, el tomate es una de las principales hortalizas cultivadas en términos de superficie y producción, ocupando el décimo lugar con una producción de 3 433 567 toneladas, el 1.63% de la producción mundial de tomate fresco. El tomate es el tercer producto más exportado en el país, siendo este cultivo quien convierte a México en el principal exportador mundial de tomate a USA con 1.5 millones de toneladas al año, el 50% de la producción total del país (Rahim et al., 2020). 
A nivel mundial el chile jalapeño (Capsicun annum L.), es un cultivo, con una producción de 36 771 482 toneladas, creciendo un 2.17% con respecto a (FAOSTAT, 2021). En México es una de las hortalizas de mayor importancia tanto económica como cultural (Stan et al., 2021). Dedicándosele más de 600 millones de ha a su producción, de las cuales, en 2020, la producción de chile verde en México se incrementó 2.7 %, al sumar 3 324 260 toneladas, lo que mantiene al país como el segundo productor mundial (FAOSTAT, 2021). Se ha estimado que 4 490 000 de ton se producirán en el año 2030; así como una exportación de 2 110  000 de toneladas (Uzcanga et al., 2020).
1.8 Valor nutrimental de los frutos de tomate y chile jalapeño
Los cultivos hortícolas están compuestos principalmente por agua y su macronutriente mayoritario son los hidratos de carbono (Cuadro 4.1). Entre las vitaminas cabe destacar el contenido en vitaminas, básicamente en forma de carotenoides provitamina A y vitamina C. 
[bookmark: _Toc95694957]Cuadro 4.1. Composición nutrimental de tomates y chiles jalapeños
	Composición
nutrimental
	Tomate IDR 
 (100 g)
	Chile 
IDR 
(100 g)
	Recomendación día hombre
	Recomendación día mujer

	Energía (Kcal)
	22
	9
	3.000
	2.300

	Proteínas (g)
	1
	0.8
	54
	41

	Lípidos totales (g)
	0.11
	0.4
	100-117
	77-89

	AG saturadas (g)
	-
	0.009
	23-27
	18-20

	AG monoinsaturadas (g)
	-
	0.005
	67
	51

	AG poliinsaturadas (g)
	0.11
	0.0045
	17
	13

	w-3 (g)
	-
	-
	10
	8

	C18:2 Linoleico (ω-6) (g)
	-
	-
	3.3-6.6
	2.6-5.1

	Colesterol (mg /100 kcal)
	0
	0
	<300
	<230

	Hidratos de carbono (g)
	3.5
	2.5
	375-413
	288-316

	Fibra (g)
	1.4
	2.6
	>35
	>25

	Agua (g)
	94
	88.89
	2.500
	2.000

	Calcio (mg)
	11
	23
	1.000
	1.000

	Hierro (mg)
	0.6
	1.88
	10
	18

	Yodo (ug)
	7
	
	140
	110

	Magnesio (mg)
	10
	15
	350
	330

	Zinc (mg)
	0.22
	
	15
	15

	Sodio (mg)
	3
	1.67
	<2.000
	<2.000

	Potasio (mg)
	290
	193
	3.500
	3.500

	Fosforo (mg)
	27
	18
	700
	700

	Selenio (ug)
	Tr
	0
	70
	55

	Tiamina (mg)
	0.06
	0
	1.2
	0.9

	Riboflavina (mg)
	0.04
	0.04
	1.8
	1.4

	Equivalentes niacina (mg)
	0.8
	0.2
	20
	15

	Vitamina B6 (mg)
	0.11
	0
	1.18
	1.16

	Folatos (ug)
	28
	
	400
	400

	Vitamina B12 (ug)
	0
	0
	2
	2

	Vitamina C (mg)
	26
	10
	60
	60

	Vitamina A: Eq. Retinol (ug)
	82.3
	117
	1.000
	800

	Vitamina D (ug)
	0
	0
	15
	15

	Vitamina E (ug)
	1.2
	0
	12
	12

	Vitamina K (ug)
	0
	12.9
	120
	120

	Vitamina B-9 (ug)
	0
	14
	400
	400


(IRD, Indice Diario Recomendado; AG, Grasas) (USDA, 2021).
[bookmark: _Toc96225171]1.9 Biofortificación de cultivos 
La biofortificación es el proceso de aumentar el valor nutricional de los alimentarios de origen vegetal al aumentar la cantidad de vitaminas y minerales en un cultivo a través de prácticas agronómicas o biotecnológicas (Babalar et al., 2019). La biofortificación es una solución entre muchas intervenciones que se necesitan para resolver el complejo problema de la desnutrición de oligoelementos (Bocchini et al., 2018). Los enfoques abarcan desde los enfoques basados  en los alimentos (como la diversificación dietética, la educación nutricional y la biofortificación) hasta la implementación de programas de enriquecimiento de alimentos y suplementos de nutrientes esenciales como la vitamina A, yodo, zinc, selenio y hierro; esenciales en las estrategias nacionales de salud y nutrición (Chomchan et al., 2017). Entre estas intervenciones, la biofortificación se considera una de las intervenciones más rentables para que los países la empleen en la lucha contra la malnutrición. La biofortificación mejora características agronómicas, de calidad y de mercado, por lo tanto, las variedades biofortificadas generalmente igualarán o superarán las variedades habituales que los agricultores cultivan y consumen (Del Giudice et al., 2015).
Es importante reconocer que no todos los alimentos ofrecen una buena biodisponibilidad en micronutrientes y es por esta razón que la biofortificación parece ser una mejor alternativa para fortificar alimentos con nutrientes más biodisponibles, pues éstos se estarían consumiendo en forma natural, es decir tal cual como viene en la planta (Dinh et al., 2019).
[bookmark: _Toc96225172]1.10 Selenio
El selenio es un elemento esencial para la vida y existe en el ambiente en diferentes formas y estados de oxidación como selenuro (Se2-), selenio elemental (Se0), selenito (Se4+) y selenato (Se6+) (Puccinelli et al., 2017). Las formas oxidadas del selenio (Se4+ y Se6+) son absorbidas por las plantas debido a su alta solubilidad, mientras que el Se0 y el Se2- son insolubles, por lo cual difícilmente son absorbidas por las plantas (Rady et al., 2020). Además, el Se forma parte del sitio activo de selenoproteínas las que tienen funciones biológicas esenciales en plantas, humanos, animales y bacterias (Qazi et al., 2019b). 
El selenio fue descubierto por el químico sueco Jöns Jakob Berzelius en 1817 y fue considerado un elemento tóxico para los humanos y el ganado durante casi 150 años (Franke et al., 1937a). Sin embargo, en 1957, los beneficios del selenio para los seres humanos y otros mamíferos se revelaron en estudios emblemáticos de Klaus Schwartz y Calvin Foltz, quienes demostraron que el selenio en la dieta protegía a las ratas contra la necrosis hepática (Schwarz et al., 1957). Desde entonces, se ha comprendido mejor el papel del selenio como nutriente mineral traza en la salud humana y los mecanismos por los cuales ejerce sus efectos biológicos. Los niveles adecuados de selenio biodisponible son funcionalmente importantes para varios aspectos de la biología humana, incluido el sistema nervioso central, la biología reproductiva masculina, el sistema endocrino, la función muscular, el sistema cardiovascular y la inmunidad (Hasanuzzaman et al., 2020a). Muchas condiciones patológicas que involucran el sistema inmunológico pueden verse afectadas por el estado de selenio en un individuo, que puede verse influenciado por varios factores, como los niveles y formas de selenio ingeridos, la conversión de compuestos de selenio en metabolitos y características genéticas que pueden afectar el uso de estos metabolitos (Hu et al., 2019). 
En cuanto a plantas, el Se puede ser absorbido como selenato, selenito, selenio orgánico y nanopartículas de selenio (Daza et al., 2016; Raganová et al., 2018). Tanto el selenato como el selenio orgánico se encuentran activos metabólicamente, mientras que el selenito puede permanecer como componente pasivo (Li et al., 2019). Las formas orgánicas del Se son más disponibles para las plantas que las formas inorgánicas (Lidon et al., 2018). Una vez dentro de la planta, el Se es metabolizado por enzimas encargadas de la asimilación de S (Lima et al., 2019).
[bookmark: _Toc96225173]1.11 Selenito de sodio (Na2SeO3)
La absorción de selenito ocurre por un mecanismo diferente a la del selenato, posiblemente a través de un transportador de fosfato por sus cargas activas. Cuando la planta absorbe selenito gran parte se convierte en compuestos orgánicos (como la selenometionina) antes de ser translocados a la xilema (Galic et al., 2021). Formar rápidamente compuestos orgánicos e induciendo favorablemente la actividad antioxidante en las plantas (Lyons et al., 2005). 
El selenito de sodio se recomienda preferentemente por su menor movilidad dentro del suelo (por su menor lixiviación), además de que la oxidación es paulatina de selenito a selenato, esta última forma es la más fácilmente absorbida por las plantas. No obstante, la aplicación de Se a bajas concentraciones puede promover el crecimiento de las plantas en cultivos como lechuga, papa, soya y hojas de té verde. 
1.12 Selenato de sodio (H2SeO4)
El selenato es un anión inorgánico análogo del sulfato, pero con un átomo de selenio en lugar de uno de azufre, presenta la fórmula empírica SeO2−6 (Manjer et al., 2020). El Selenato es movilizado por las células vegetales a través de un proceso de transporte primario acoplado a una H+-ATPasa, posiblemente por medio de un transportador de sulfato o de silicio. El selenato dentro de la planta puede metabolizarse mediante los mismos mecanismos que el sulfato, debido a que el Se y el azufre (S) son químicamente similares (Gaucin-Delgado et al., 2020). El selenato al ser muy móvil se transloca rápidamente de las raíces a las hojas y se almacena en los cloroplastos antes de reducirse a otros compuestos proteicos (selenometionina, selenocisteína), no proteicos (como la Se-metilselenocisteína), volátiles (dimetilselenuro o dimetildiselenuro) o formas inorgánicas (sin sufrir modificación alguna) (Golubkina et al., 2019). Una vez absorbido, el selenato tiende a detectarse en los tejidos radicales en forma inorgánica (Dinh et al., 2019). En general, el selenio se relaciona con el metabolismo antioxidante (Górska et al., 2021). 
[bookmark: _Toc96225174]1.13 Selenoproteinas 	
Si bien muchos miembros de la familia de las selenoproteínas funcionan como enzimas involucradas en las reacciones redox, es probable que algunos no sean enzimas en sí mismas y las funciones de estos miembros no enzimáticos se comprenden cada vez mejor. Las enzimas selenoproteínas más completamente caracterizadas relacionadas con funciones inmunitarias incluyen glutatión peroxidasas (GPX), tiorredoxina reductasa (TXNRD), yodotironina desyodasas (DIO), metionina- R-sulfóxido reductasa B1 (MSRB1) y selenofosfato sintetasa 2 (SPS2) (Qazi et al., 2019b).  En la tabla 4.2, se enumera las funciones de las Selenoproteínas. 
 Cuadro 4.2. Funciones de las selenoproteínas.
	Selenoproteína
	Abreviaturas
	Funciones 
(Referencias)

	Glutatión peroxidasa 1
	GPX1, glutatión peroxidasa citosólica
	Reduce celular H2O2 
(Lei et al., 2007).

	Glutatión peroxidasa 2
	GPX2, glutatión peroxidasa intestinal
	Reduce el peróxido en el intestino 
(Brigelius-Flohe et al., 2009; Wingler et al., 1999).

	Glutatión peroxidasa 3
	GPX3, glutatión peroxidasa plasmática
	Reduce el peróxido en la sangre
(Koyama et al., 1999; Chu et al., 1992).

	Glutatión peroxidasa 4
	GPX4, fosfolípido hidroperóxido glutatión peroxidasa
	Enzima de reparación de lípidos antioxidante localizada en el citosol, las mitocondrias y el núcleo, que reduce los radicales de peróxido de hidrógeno y los peróxidos de lípidos a agua y alcoholes lipídicos y previene la ferroptosis celular inducida por hierro
(Conrado et al., 2007;Ingold et al., 2018).

	Glutatión peroxidasa 6
	GPX6
	Importancia desconocida 
(Brigelius-Flohe et al., 2006).

	Tiorredoxina reductasa 1
	TXNRD1, TR1
	Se localiza en el citoplasma y el núcleo y regenera la tiorredoxina reducida 
(Crosley et al., 2007).

	Tiorredoxina reductasa 2
	TXNRD2, TR3
	Se localiza en las mitocondrias y regenera la tiorredoxina reducida 
(Jones et al., 2021)

	Tiorredoxina-glutatión reductasa
	TXNRD3, TR2, TGR
	Expresión específica de los testículos, que regenera la tiorredoxina reducida 
(Su et al., 2005).

	Yodotironina desyodasa 1
	DIO1, D1
	Importante para los niveles sistémicos de hormona tiroidea activa
(Darrás et al., 2012).

	Yodotironina desyodasa 2
	DIO2, D2
	Enzima ER importante para los niveles locales de hormona tiroidea activa 
(Darrás et al., 2012).

	Yodotironina desyodasa 3
	DIO3, D3
	Inactiva la hormona tiroidea 
(Darrás et al., 2012).

	Metionina-R-sulfóxido reductasa B1
	MSRB1, SELR, SELX
	Regulador de la repolimerización de actina F en macrófagos durante la respuesta inmunitaria innata, que trabaja en concierto con MICAL para reducir la metionina oxidada (R)-sulfóxido (Met-RO) de nuevo a metionina 
(Lee et al., 2017;Fomenko et al., 2009)

	Selenoproteína F
	SELENOF, selenoproteína 15, SEP15
	Oxidorreductasa tipo tiorredoxina residente en el RE que forma complejos con uridina-guanosina-guanosina-timodina (UGGT) y mejora el control de la calidad de las proteínas al corregir las glicoproteínas mal plegadas o glicosiladas a través del eje calnexina-calreticulina-retículo endoplásmico protena 57 (ERp57) y endoplásmico dependiente del pH sistema reticulum proten 44 (ERp44) 
(Labunskyy et al., 2007; Yim et al., 2018)

	Selenoproteína H
	SELENOH, SELH, C11orf31
	Localización nuclear, que participa en la detección y transcripción redox 
(Panee et al., 2007; Novoselov et al., 2007)

	Selenoproteína I
	SELENOI, SELI, EPT1
	Participa en la biosíntesis de fosfolípidos 
(Verma et al., 2011).

	Selenoproteína K
	SELENOK, SELK
	Proteína transmembrana localizada en el retículo endoplásmico (ER) e involucrada en el flujo de calcio en las células inmunes y la degradación asociada al ER en las líneas celulares
(Fredericks et al., 2015).

	selenoproteína M
	SELENOM, SELM, SEPM
	Proteína residente en el RE similar a la tiorredoxina que puede estar involucrada en la regulación del peso corporal y el metabolismo energético 
(Pitts et al., 2013).

	Selenoproteína N
	SELENÓN, SELN, SEPN1
	Proteína transmembrana localizada en el retículo endoplasmatico. Las mutaciones conducen a la enfermedad multiminicore y otras miopatías
(Leascure et al., 2009).

	Selenoproteína O
	SELENOO, SELO
	Proteína mitocondrial que contiene un motivo CXXU (donde C es citosina, X es cualquier nucleótido y U es uridina) que sugiere la función redox 
(Han et al., 2014).

	Selenoproteína P
	SELENOP, SEPP1, SeP, SELP, SEPP
	Secretado en plasma para el transporte de selenio a los tejidos 
(Melgar et al., 2009)

	Selenoproteína S
	SELENOS, SELS, SEPS1, VIMP
	Proteína transmembrana encontrada en ER implicada en la degradación asociada a ER 
(Bastarrachea et al., 2006)

	Selenoproteína T
	SELENO, SELT
	La oxidorreductasa se localiza en el complejo de Golgi y el RE y manifiesta un pliegue similar a la tiorredoxina y participa en la regulación redox y el anclaje celular. Complejos con UGGT para mejorar el PQC. La deficiencia conduce a la letalidad embrionaria temprana 
(Salinas et al., 2010).

	Selenoproteína V
	SELENOV, SELV
	Expresión específica de los testículos 
(Avery et al., 2018).

	Selenoproteína W
	SELENOW, SELW, SEPW1
	Papel antioxidante putativo, que puede ser importante en el crecimiento muscular 
(Melgar et al., 2009).

	Selenofosfato sintetasa 2
	SEPHS2, SPS2
	Involucrado en la síntesis de todas las selenoproteínas, incluido él mismo 
(Averyet al., 2018).



[bookmark: _Toc96225175]1.13.1 Glutatión peroxidasa
El Selenio al formar entonces parte de una enzima, el glutatión peroxidasa, en la cual se encuentra en forma de Seleniocisteína (Lenters et al., 2019). Esta enzima asegura la destrucción del peróxido de hidrógeno (H2O2) que se forma en las reacciones oxidativas respiratorias y que es tóxico (León-Morales et al., 2019). Sin tal eliminación, las células musculares, pancreáticas, hepáticas y los glóbulos rojos de la sangre serían destruidos con rapidez (Li et al., 2019). El glutatión, sustrato del glutatión peroxidasa se caracteriza por ser un tripéptido simple de los tejidos animales que sirve como un componente de un sistema transportador de aminoácidos, es un activador de ciertas enzimas y también es importante en la protección de los lípidos contra la autooxidación, y se sintetiza en la célula a partir de tres aminoácidos y dos moléculas de ATP (Mimmo et al., 2017). La GPx, como parte del mecanismo de defensa antioxidante, evita la oxidación de los L-OOH, reduciéndolos en presencia de GSH. Esta enzima desempeña un importante papel en la defensa antioxidante. Esta reacción produce hidróxidos que son elementos potencialmente dañinos y que al oxidarse se convierten en radicales alcohóxidos (Jiang et al., 2018).
[bookmark: _Toc96225176]1.14 Deficincia de selenio 
[bookmark: _Toc95694298][bookmark: _Toc95695642][bookmark: _Toc96225177]La importancia de niveles adecuados de selenio en la dieta y su incorporación eficiente a las selenoproteínas en la inmunidad se ha demostrado en modelos de cultivo celular, plantas, en estudios de ganado y aves, y en humanos. La deficiencia de selenio puede dar lugar a una incompetencia inmunológica que conduce a una mayor susceptibilidad a las infecciones y posiblemente al cáncer. Existe alguna evidencia de que el selenio puede modular la patología que acompaña a las enfermedades inflamatorias crónicas en el intestino y el hígado, así como en los cánceres asociados a la inflamación (Qazi et al., 2019b). La deficiencia de selenio y la supresión de la expresión de selenoproteína se han relacionado con niveles más altos de citoquinas inflamatorias en una variedad de tejidos Wakchaure et al., 2020).
[bookmark: _Toc96225178]1.15 Toxicidad de selenio 
El selenio es tóxico en plantas, animales y en humanos cuando se expone a dosis altas (Gupta y Gupta, 2017). Sus efectos tóxicos se conocen desde hace mucho tiempo y depende de factores como la forma química, la concentración y las posibles transformaciones que puedan sufrir en su interacción con el medio ambiente (Hachmann et al., 2019a). Sin embargo, muchas especies orgánicas de selenio son esenciales y forman parte de las proteínas (SeMet, SMC y SeCys2), por lo que su toxicidad potencial es nula (Hasanuzzaman et al., 2020). Las especies selenito y selenato presentan toxicidad a altas concentraciones, otorgándoseles propiedades mutagénicas (Kleine-Kalmer et al., 2021) y bajos rendimientos (López-Gutiérrez et al., 2015). 
[bookmark: _Toc96225179]1.16 Rol biológico del selenio en el ser humano 
El selenio, al ser un componente de la enzima glutatión peroxidasa de modo parecido a la vitamina E, protege al organismo de los radicales libres (Ramkissoon et al., 2019). Las investigaciones están demostrando que hay una relación inversa entre contraer cáncer y la cantidad de selenio en el cuerpo; los enfermos de cáncer tienen un nivel muy pequeño de selenio en la sangre (Zoidis et al., 2018). De acuerdo a la Organización Mundial de la Salud, el consumo de Se en la dieta humana debe fluctuar entre 55 y 200 μg día-1 en adultos (Gaucin-Delgado et al., 2020)
[bookmark: _Toc96225180]1.17 Selenio en la nutrición vegetal 
A través de muchas investigaciones se ha determinado que el selenio en distintos procesos fisiológicos ayuda a las plantas en su crecimiento, protección contra depredadores y patógenos, estrés hídrico, así como en otros procesos ( Drobek et al., 2019). Sin embargo, las respuestas fisiológicas y bioquímicas varían considerablemente entre especies (Narváez-Ortiz et al., 2018).  El Se suele encontrarse en distintitas formas (Se elemental, selenuro, selenato, selenito, Se orgánico, nanopartículas de selenio), las cuales están determinadas por sus estados de oxidación (Preciado-Rangel et al., 2021). Dichas formas determinan su solubilidad, disponibilidad, donde el selenio (selenometionina, selenocisteína, etc.), selenito, selenato y nanopartículas de Se son las más solubles (Sakr et al., 2018) y móviles dentro de la planta (Utoiu et al., 2017). El selenato es absorbido por transportadores de sulfatos, localizados en la membrana plasmática de la célula (Gaucin-Delgado et al., 2020). El selenito es transportado por transportadores de membrana, se cree que es mediante un transportador de fosfatos (Hachmann et al., 2019). El selenato dentro de la planta puede metabolizarse mediante los mismos mecanismos que el sulfato, debido a que el Se y el azufre (S) son químicamente similares (Handa et al., 2019). 
Aunque este elemento no se considera esencial para las plantas, pero podría ser considerado un elemento benéfico debido a que en bajas concentraciones el Se aumenta el rendimiento, el contenido antioxidante y su concentración en la parte comestible (Huang et al., 2020).
[bookmark: _Toc96225181]1.17.1 Selenio en las plantas 
El selenio (Se) aún no se ha confirmado como esencial para las plantas, sin embargo, está bien documentado que el Se es un elemento beneficioso para las plantas. Estudios recientes muestran que el tratamiento con Se a baja concentración ejerce efectos positivos en el crecimiento, desarrollo y rendimiento de las plantas (Qazi et al., 2018b). Así, el Se puede actuar como un elemento vital alterando varios procesos fisiológicos y bioquímicos. Sorprendentemente, el Se también actúa como un antioxidante y prooxidante vegetal, y confiere tolerancia contra diferentes estreses abióticos, incluyendo salinidad, sequía, temperatura extrema y estrés por metales/metaloides tóxicos. Su mecanismo protector implica la mejora de la síntesis de pigmentos fotosintéticos, la tasa fotosintética, el intercambio de gases, la acumulación de osmoprotectores y metabolitos secundarios (Gupta y Gupta et al., 2017). 
Otro papel importante del Se es la mejora del sistema de defensa antioxidante, que reduce la acumulación de especies reactivas de oxígeno (ROS) y, por lo tanto, el estrés oxidativo. Además, el Se también induce y modula proteínas/genes sensibles al estrés. En particular, una concentración excesiva de Se en los medios de cultivo muestra fitotoxicidad asociada con la sobreproducción de ROS como actividad prooxidativa de Se, inhibición de la biosíntesis de pigmentos fotosintéticos y supresión de los procesos fisiológicos, de crecimiento y desarrollo (Hasanuzzaman et al., 2020a). 
Por otra parte, como fitofortificante, el Se puede mejorar la calidad nutricional de cultivos alimentarios y forrajes. Además, las plantas pueden desempeñar un papel importante en la superación de la deficiencia de Se y la toxicidad en varias áreas del mundo; por lo tanto, un mecanismo integral del metabolismo del Se es crucial para una biofortificación efectiva del Se (Avery et al., 2018). 
[bookmark: _Toc96225182] 1.18 Antioxidantes 
Los antioxidantes son un conjunto heterogéneo de sustancias formado por vitaminas, minerales, compuestos fenólicos, enzimas y otros compuestos vegetales, que bloquean el efecto dañino de los radicales libres (Avello y Suwalsky, 2006). 
El término antioxidante significa que impide la oxidación perjudicial de otras sustancias químicas, ocasionada por reacciones metabólicas (Halliwell, 1996). Se puede definir como antioxidante a toda sustancia que hallándose presente a baja concentración respecto a las de una molécula oxidable (biomolécula) retarda o previene la oxidación de ese sustrato (Samaranayaka y Li-Chan, 2011). 
Como sustrato oxidable se pueden considerar casi todas las moléculas orgánicas o inorgánicas que se encuentran en las células vivas, como proteínas, lípidos, hidratos de carbono y las moléculas de ADN (Sindhi et al., 2013). Los antioxidantes impiden que otras moléculas se unan al oxígeno, al reaccionar-interactuar más rápido con los radicales libres del oxígeno y las especies reactivas del oxígeno que con el resto de las moléculas presentes, en un determinado microambiente (plasmático, citosol, núcleo o líquido extracelular) (Gulcin, 2020). La acción del antioxidante es de pérdida de su propia integridad molecular para evitar alteraciones de moléculas (lípidos, proteínas, ADN, etc.) funcionalmente vitales o más importantes (Drobek et al., 2019). 
A nivel fisiológico, el sistema micro vascular, cuya función es mantener los niveles de O2 en los tejidos y a nivel bioquímico, la defensa antioxidante puede ser enzimática o no enzimática, así como ser un sistema reparador de moléculas (Hernández-Hernández et al., 2019a). Los diferentes compuestos con propiedades antioxidantes se encuentran distribuidos por los diversos compartimentos celulares (Huang et al., 2020). Su principal función es controlar el daño oxidativo provocado por diferentes compuestos, tendiendo a impedir la formación de especies activas del oxígeno (EAO) y especies activas del nitrógeno (EAN), sobre todo del radical hidroxilo (OH) mediante la eliminación de sus precursores: los radicales superóxido y el peróxido de hidrógeno (Błaszczak et al., 2020).  Las especies activas del oxígeno son derivadas del oxígeno (O2) que son más reactivas que éste en su estado basal de triplete activas a bajas concentraciones (Starowicz et al., 2020). Las EAO son moléculas que contienen uno o más electrones desapareados extremadamente reactivas y pueden provocar daño y muerte celular (Han et al., 2019).
[bookmark: _Toc96225183]1.19 Antioxidantes en las plantas 
En las células vegetales, los antioxidantes no enzimáticos más importantes son los que regulan la homeostasis de especies reactivas de oxígeno ERO son el ascorbato (ASC) y el glutation (GSH), además de taninos, compuestos de naturaleza fenolica, flavonoides, α-tocoferol, carotenoides, capsaicinoides y precursores de la lignina (Urquiza-Martínez y Navarro, 2016). Estas moléculas actúan como una red que, a través de una serie de reacciones redox, evita el daño por ERO (Martín et al., 2017). El GSH se considera la defensa más importante contra ERO, además de estar involucrado en funciones vitales como el transporte y almacenamiento de azufre reducido, la protección contra metales tóxicos como precursor de fitoquelatinas y la detoxificación de xenobioticos a través de reacciones de conjugación por la glutation-S-transferasa (Motesharezadeh et al., 2020). 
Las EAO, en determinadas circunstancias, juegan un papel esencial en la ruta de transducción de señales y en los mecanismos de activación enzimática. Esto indica que la función de los antioxidantes no es la de eliminar por completo las especies activas de oxígeno sino la de regular de forma muy precisa los niveles de estas especies (Oliveira et al., 2019).
[bookmark: _Toc96225184]1.19.1.2 Compuestos fenólicos 
Los compuestos fenólicos son metabolitos secundarios ampliamente distribuidos en el reino vegetal (Shahidi et al., 1992). Se localizan en todas las partes de las plantas y su concentración es variable a lo largo del ciclo vegetativo (Gordo, 2018). Estos compuestos participan en diversas funciones, tales como la asimilación de nutrimentos, síntesis proteica, actividad enzimática, fotosíntesis, formación de componentes estructurales, alelopatía y defensa ante los factores adversos del ambiente (Motesharezadeh et al., 2020). Los compuestos fenólicos están asociados al color, características sensoriales (sabor, astringencia, dureza), características nutritivas y propiedades antioxidantes de los alimentos de origen vegetal (Błaszczak et al., 2020). La característica antioxidante de los fenoles se debe a la reactividad del grupo fenol (García-Martínez et al., 2020).  Los compuestos fenólicos se originan a partir del metabolismo secundario de las plantas (Figura 4.1) y pueden seguir dos vías principalmente, la vía del ácido siquímico (Figura 4.2) responsable de la biosíntesis de la mayoría de los compuestos fenólicos de plantas (Lagunes-Fortiz y Zavaleta-Mejía, 2016). A partir de eritrosa-4-P y de ácido fosfoenolpirúvico se inicia una secuencia de reacciones que conduce a la síntesis de ácido siquímico y, derivados de éste, aminoácidos aromáticos (fenilalanina, triptófano y tirosina) y la vía del ácido malónico que es una fuente importante de fenoles en hongos y bacterias, pero es poco empleada en plantas superiores (El-Azaz et al., 2016). 
El término de compuestos fenólicos comprende aproximadamente 8000 compuestos que aparecen en la naturalez, poseen una estructura común: un anillo fenol (un anillo aromático que lleva al menos un sustituyente hidroxilo). En el grupo también se encuentran pigmentos flavonoides (Jakubczyk et al., 2020). 
[image: ]
Figura 4.1. Metabolitos secundarios en las plantas (García y Carril, 2011)
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[bookmark: _Toc95694900]Figura 4.2. Ruta del ácido siquímco: desaminación de fenilalanina y formación de ácidos cinámico y cumárico, precursores de lignina, flaconas, isoflavonas y flavonoides (Staswick y Tiryaki, 2004).
[bookmark: _Toc96225185]1.19.1.3 Flavonoides 
Los flavonoides son sustancias fenólicas aisladas de una amplia gama de plantas vasculares, con más de 8000 compuestos individuales conocidos. Actúan en las plantas como antioxidantes, antimicrobianos, fotorreceptores, atractores visuales, repelentes de alimentos y como filtro de luz (Pietta, 2000).  Los flavonoides constituyen un amplio grupo de compuestos fenólicos procedentes del metabolismo secundario de los vegetales (Bari y Jones, 2009). Dentro de la amplia gama de efectos que se les atribuye, destacan su acción venotónica, su efecto antioxidante y su capacidad para inhibir diversos procesos enzimáticos relacionados con el sistema vascular (Pieterse et al., 2012). Se originan mediante una ruta biosintética mixta a través de la ruta del ácido squikímico (Figura 4.2) y la ruta de los policétidos (Figura 4.3). La acción antioxidante de los flavonoides depende principalmente de su capacidad de reducir radicales libres y quelar metales, impidiendo las reacciones catalizadoras de los radicales libres. 
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[bookmark: _Toc95694901]Figura 4.3. Ruta de los policétidos (Arango y Nieto, 2013).
[bookmark: _Toc96225186]1.19.1.4 Carotenoides y licopeno 
Los carotenoides son pigmentos vegetales ampliamente difundidos en la naturaleza, especialmente en frutas y verduras (Carranco-Jáuregui et al., 2011). Estos compuestos han sido objeto de investigación científica debido a sus diversas actividades biológicas y por su función como antioxidantes y / o prooxidantes (Lucas et al., 2020). Los carotenoides son un grupo de cerca de 600 pigmentos liposolubles responsables de los colores naturales amarillos, naranjas y rojos de las frutas y vegetales (Celik et al., 2020). Estos pigmentos son tetra-terpenoides, compuestos por 40 carbonos debido a que están formados por ocho unidades isoprenoides (Shin et al., 2020). Todos los carotenoides son derivados del licopeno, que presenta una estructura acíclica (Erden, 2020) (Figura 4.4).
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[bookmark: _Toc95694902]Figura 4.4 Estructuras químicas de carotenoides en tomates, (Erden, 2020).
El licopeno puede sintetizarse por plantas y bacterias autotróficas, pero no por los humanos. Entre los múltiples beneficios que se han descubierto de este pigmento encontramos: antioxidante, antiinflamatorio, preventivo frente a algunos cánceres, quimioterapeútico, reduce el riesgo de enfermedades cardiovasculares, previene frente a enfermedades neurodegenerativas (Sies y Stahl, 1998). Una de las funciones del licopeno y otros compuestos relacionados con los carotenoides es la de absorber la luz durante la fotosíntesis, protegiendo a la planta contra la fotosensibilización (Kyriacou y Rouphael, 2018).
[bookmark: _Toc96225187]1.19.1.5 Capsaicinoides 
Los capsaicinoides son los alcaloides responsables de la pungencia en los frutos de chile, los cuales son sintetizados a partir de intermedios fenilpropanoides y ácidos grasos de cadena corta (Montoya-Ballesteros et al., 2014). Se dividen en cinco principales compuestos:  capsaicina, dihidrocapsicina, nordihdrocapsicina, homocapsicina y homodihidrocapsicina las cuales son las causantes de la pungencia en el chile (Morán-Bañuelos et al., 2008) (Figura 4.5). La concentración de capsaicinoides en los chiles se miden en unidades Scoville que son el grado de dilución de su solución en el cual el picante será percibido. Los capsaicinoides únicamente se han descrito en los frutos de las plantas del genero Capsicum (González-Zamora et al., 2013). Se cree que son producidos en los frutos para proteger las semillas de los ataques de patógenos (Naves et al., 2019). Los capsaicinoides tienen usos en la industria farmacéutica, cosmética y agronómica entre otras (Friedman et al., 2019). 	
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[bookmark: _Toc95694903]Figura 4.5. Capsaicinoides cinco principales compuestos:  capsaicina (A), dihidrocapsicina (B), nordihdrocapsicina (C), homocapsicina (D) y homodihidrocapsicina (E) las cuales son las causantes de la pungencia en el chile (Morán-Bañuelos et al., 2008).
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4. [bookmark: _Toc96225188][bookmark: _Hlk88130412][bookmark: _Hlk88130830]CAPITULO 2
[bookmark: _Toc96225189]Agronomic biofortification with selenium improves the yield and nutraceutical quality in tomato under soilless conditions
[bookmark: _Toc96225190]2.1 Abstract
Selenium (Se) is an essential element for humans. Its consumption comes from food of animal or vegetal origin; whose content varies widely depending on its availability in soil or anthropogenic sources. Biofortification improves food nutritional quality, and its consumption has a positive influence in human health. Thus, the objective of this research was to assess agricultural biofortification with Se in tomato fruit and its effects on yield, nutraceutical quality, and antioxidant capacity. Five Se doses (0, 2, 4, 6, and 8 mg L-1) in the form of sodium selenite (Na2SeO3) were added insprays. The obtained results indicated that agricultural biofortification with Se applied in the nutritional solution improved yield, nutraceutical quality, and Se concentration in tomato fruit. The optimum Se dose that maximized yield and nutraceutical quality, as well as the recommended consumption concentration in tomato fruit in this study was 2 mg L-1 (Na2SeO3) because higher doses decreased yield and bioactive compound biosynthesis. Incorporating Se in the nutritional solution is an alternative to increase phytochemical compound biosynthesis in tomato fruit and yield with the possibility of improving public health with its consumption.
Keywords: biofortification; nutraceutical quality; Solanum lycopersicum L.
[bookmark: _Toc96225191]2.2 Introduction
Selenium (Se) is an essential micronutrient for humans (Hu et al., 2019), its consumption comes from food of animal and plant origin, which show variations in their Se content due to the availability of this microelement in soil or the synthethic sources applied anthropogenically (Utoiu et al., 2017). According to the World Health Organization (WHO), Se consumption in human diet should be from 55-200 µg/day per adult (Stefani et al., 2020). Se prevents cell damage, thyroid alterations, mental confusion, depression, mutations, cancer, among others diseases (Vinceti et al., 2018; Kavcic et al., 2020; Motesharezadeh et al., 2020). Nevertheless, 15% of the population has been estimated to show deficiencies of this micronutrient (Nedelkov et al., 2020), which represents a health problem at world level (Zou et al., 2019).
One of the strategies to decrease Se deficiency is its incorporation in food through agronomic biofortification, which consists in increasing Se content in edible parts of plants through synthetic fertilization with sodium selenite (Na2SeO3) (Moretti et al., 2013; Das et al., 2019). Biofortification with Na2SeO4 has been performed successfully in different cultivations, affecting harvest quality and yield (Motesharezadeh et al., 2020; Rady et al., 2020; Zieba et al., 2020). On the other hand, tomato (Solanum lycopersicum L) is one of the most consumed horticultural species at world level whether fresh or as processed product (Andrejiová et al., 2019; Martínez-Damián et al., 2019). Tomato is considered a functional food rich in fiber, containing a wide variety of bioactive compounds that are beneficial for human health (Wakchaure et al., 2020). These bioactive compounds may be increased by adding Na2SeO4 in the nutritional solution. However, the application dose of this microelement should be determined to increase tomato nutritional and nutraceutical properties. Therefore, the objective of this research was to determine the effect of Se biofortification in yield, nutraceutical quality, and antioxidant capacity in tomato fruit.
[bookmark: _Toc96225192]2.3 Materials and Methods
[bookmark: _Toc96225193]2.3.1 Plant material and growing conditions
This study was performed in a greenhouse located in the Instituto Tecnológico de Torreón, México at 24°30' and 27 N latitude, 102°00' and 104°40' W longitude at 1120 m.a.s.l. Tomato cv. Aquila seeds were used, germinated, and transplanted to pots containing a substrate based on river sand and perlite (80:20 vol/vol). Trickle irrigation was used providing 0.6 L watering per plant thrice a day from transplant to flowering and 2.5-3.5 L from flowering to harvest. The minimum and maximum temperature inside the greenhouse fluctuated between 17.7 and 31.6 °C, respectively, while the minimum and maximum relative humidity ranged between 30 and 70%.
2.3.2 [bookmark: _Toc96225194]Experimental design and treatments
Sodium selenate was applied in treatments of 2, 4, 6, and 8 mg L-1 of Na2SeO3 (Sigma Aldrich, U.S.A.) per plant, and one lot with nutritional solution only (without Se) as control group (Puccinelli et al., 2017). The treatments were applied every 15 days sprays. Steiner (1984) nutritional solution, which contained the following elements in molc m-3: NO3 12.0; H2PO4 1.0; SO4 7.0.0; K 7.0; Ca 9.0.0 and Mg 4.0 with the following micronutrients (in mg L-1): Mn 1.6; Cu 0.11; B 0.865; Zn 0.023; Mo 0.048; and Fe 5; pH, and electrical conductivity wereas maintained at 5.5 and 2.0 dS m-1, respectively. Plants were maintained inside a greenhouse for 120 days. Fruit yield, weight loss percentage, and nutraceutical quality were quantified. Ten replicates were used pertreatment and the experiment was performed twice.
2.3.3 [bookmark: _Toc96225195]Yield
From each treatment, all fruit per plant per replicate were harvested from the first to the fifth tomato cluster when the fruit showed an intense red color.
2.3.4 [bookmark: _Toc96225196]Total dry material
At the end of the experiment, the plants of each treatment were sectioned in their different organs (root, stem, and leaves) and introduced in a stove with air-forced circulation at 70 °C until they reached constant weight. Each sample weight was reported in grams.
2.3.5 [bookmark: _Toc96225197]Fruit quality
Fruit quality was evaluated in three samples taken at random from each cluster corresponding to each treatment replicate, measuring average fruit firmness and total soluble solids (TSS).
Fruit firmness was determined with a penetrometer (Fruit Hardness Tester FHT200), with an 8-mm diameter strut; readings were taken on the opposite sides of the fruit to obtain an average; the results were expressed in Newton units (N).
Total soluble solids were evaluated in °Brix; for this purpose, a drop of fruit juice was obtained, and the reading was determined with a manual refractometer from 0 to 32% (Master 2311).
2.3.6 [bookmark: _Toc96225198]Nutraceutical fruit quality
Total phenolic content was determined using a modification of Folin-Ciocalteau method (Singleton et al., 1999); 50 µL of ethanolic extract were taken, diluted in 3 mL of Milli-Q (MQ, Damstadt, DE) water; 250 µL of Folin-Ciocalteau reagent (1N) was added, stirred and left in reaction for 3 min. Subsequently 750 µL of Na2CO3 (20%) and 950 µL of MQ water were added. The solution was allowed to stand for 2 h, and the samples were quantified in an ultraviolet (UV)-Vis spectrophotometer at 760 nm. The standard was prepared with gallic acid. The results were expressed in mg GAE 100 g-1 fresh weight. 
Total flavonoids were determined by colorimetry (Moretti et al., 2013); 250 µL of ethanolic extract were taken, mixed with 1.25 mL of MQ water and 75 µL of NaNO2 (5%). After 5-min rest, 150 µL AlCl3 (aluminum chloride-1-Ethyl-3-methylimidazolium chloride, Sigma-Aldrich, St. Louis, MO, U.S.A.) were added. Subsequently, 500 µL of NaOH (1M) and 275 µL of MQ water were added vigorously stirred, and samples were quantified in a UV-Vis spectrophotometer at 510 nm. The standard was prepared with quercetin dissolved in absolute ethanol (y = 0.0122x-0.0067; r2 = 0.965). The results were expressed in mg QE 100 g-1 fresh weight.
Total antioxidant capacity was measured by the in-vitro 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH+) method (Brand-Williams et al., 1995). A DPPH+ solution (Sigma-Aldrich, St. Louis, MO, U.S.A.) was prepared in ethanol at 0.025 mg mL-1 concentration; 50 µL of ethanolic extract were mixed with 1950 µL of DPPH+ solution; after 30 min the samples were quantified in an UV-Vis spectrophotometer at 517 nm. The results were expressed in µM equivalent in Trolox 100 g-1 fresh weight. 
2.3.7 [bookmark: _Toc96225199]Lycopene extraction
It was performed by the fluorescence in situ hybridization (FISH) method (Fernandez et al., 2007), with some modifications. Approximately 1 g of sample was placed in test tubes covered with 50 mL polytetrafluorethylene (PTFE) aluminum while on ice. It was performed by the fluorescence in situ hybridization (FISH) method (Fernandez et al., 2007), with some modifications. Approximately 1 g of sample was placed in test tubes covered with 50 mL polytetrafluorethylene (PTFE) aluminum while on ice. Lycopene extraction solution (39 mL) consisting of hexane 0.05% (w / v) butylated hydroxytoluene (BHT) in acetone and 95% ethanol in a 1: 1: 1 ratio were added to the tubes and stirred at 180 rpm for 10 min. Six mL of cold distilled water were added to each tube and stirred for an additional five min for better separation of polar and nonpolar compounds. The tubes were then removed from stirring and left for 15 min at room temperature for separation into polar and non-polar layers. The supernatant was placed in new 15 mL aluminum-covered test tubes and kept at -80 °C for other experiments. Absorbance of the supernatant (hexane layer) containing lycopene was read three times using the spectrophotometer at a wavelength of 503 nm. Absolute hexane was used as a blank. Lycopene amounts in the tissues were estimated using the following formula:
Lycopene (mg / kg) = (x / y) × A503 × 3.12 	(1)
Where x is the amount of hexane (mL) and sample weight is A503; absorbance was read at 503 nm and 3.12 the extinction coefficient.
2.3.8 [bookmark: _Toc96225200]Vitamin C
It was obtained by means of the titration method (Ordóñez-Santos et al., 2013). Fresh fruit samples of 10 g were used, crushed with 10 mL at 2% of hydrochloric acid, and filtered; then, they were placed in erlenmeyer flasks adjusted to 100 mL using distilled water. Subsequently, samples were titrated with 10 mL of the dilution, using 2,6 dichlorophenolindophenol (1 × 10-3 N) to determine vitamin C content using the formula:



2.3.9 [bookmark: _Toc96225201]Selenium accumulation in fruit
Dried tomato samples were ground in a porcelain mortar and digested with nitric and perchloric acid (3: 1) using a plate and heating at 100 °C. The solution was filtered and boiled to 100 ml working solution with deionized water. Selenium concentration in tomato fruit was determined by atomic absorption spectrophotometry (AOAC, 1990). The results were expressed in µg kg-1 of dry fruit weight.
2.3.10 [bookmark: _Toc96225202]Statistical análisis
Data were processed by a one-way analysis of variance (ANOVA) and Tukey’s test with a significance level of 5%, using STATISTICA software (version 8.0.360.0 StatSoft Inc., Tulsa, OK, U.S.A.) for Windows.
[bookmark: _Toc96225203]2.4 Results and Discussion
[bookmark: _Toc96225204]2.4.1 Yield
The Se addition of 2 mg L-1 added in sprays increased yield 23.9% with respect to the control treatment (Figure 4.6 a). Selenium has been reported to improve yield in low dosage (Narváez-Ortiz et al., 2018; Rady et al., 2020) and act as antioxidant when plant capacity increases to resist oxidative stress caused by ROS under stress conditions. This effect is due to a decrease in lipid peroxidation, H2O2, and superoxide radicals, as well as an increase in peroxidase enzymes and polyphenol oxidase (Boldrin et al., 2016; Babalar et al., 2019). On the contrary, high dose decreases crop yield since it acts as a lipid pro-oxidant and increases free radical production causing oxidative stress Zieba et al., 2020). In general, plant response to Selenium differs according to the applied concentration (Puccinelli et al., 2017), species sensitivity (Lyons, 2018), chemical species used and form of application, which is why the optimum dose for each crop should be determined (Ramos et al., 2010; Oliveira et al., 2018). In hydroponic tomato, the recommended dose for Se is 1.27 mg L-1 to avoid phytotoxicity (Edelstein, 2016). Nonetheless, this dose depends on the variety used (Zhao et al., 2017). 
Tomato is not a species that accumulates Se, and a concentration higher than 25 µg of selenium g-1 of dry root and leaf weight is toxic (Edelstein et al., 2016). This phytotoxicity may show through oxidative stress, considering the pro-oxidant ability of selenium or by sulfur competitive substitution in proteins (Das et al., 2019), causing also nutritional unbalance, reduced photosynthetic activity, oxidative stress, growth and yield reduction (Da Cruz Ferreira et al., 2020). No visual damage was observed in leaves in this study but less plant vigor was confirmed by a drastic decrease in total dry matter (Figure 5.1 b).
[bookmark: _Toc96225205]2.4.2 Fruit quality
Selenium addition in sprays   modified tomato fruit quality, especially firmness and TSS, which increased 27 and 17.58% with the greatest Se dose compared with the control group (Figure 4.9 c-d); the greatest fruit firmness was probably due to a greater lignification of the fruit pericarp cell walls. Selenium has demonstrated to increase peroxidase enzymes (Garduño-Zepeda et al., 2018; Hibaturrahman et al., 2020), which participate in different functions, such as lignification, suberization, and reticulation of cell wall structural proteins (Hiraga et al., 2001). 
Peroxidases catalyse reticulation of the cell wall components, such as extensins, phenolics, and polysaccharides. Cell wall reinforcement through these crossed links may act as a mechanical barrier for pathogen penetration (Brisson et al., 1994). With respect to TTS in fruit, they increased 21.33% with the highest Se dose compared with fruit of the control treatment (Figure 4.9 d). Similar results were also reported (Schiavon et al., 2013; Castillo Godina et al., 2016; Puccinelli et al., 2017), indicating an increase in TSS in tomato fruit by using Se in nutritional solution. The use of Se has been reported to affect positively starch accumulation (Lidon et al., 2018; Ramadan et al., 2020) and at the same time show a predominant effect in soluble solid accumulation in ripe fruit (Vallarino et al., 2017). The results obtained suggest that Se addition in sprays may increase susefulfruit. life and modify positively TSS, aspects that impact positively in consumer preferences.



Figura 4.6. Effect of selenium concentration in the nutritional solution on yield content per tomato plant (a); dry matter per plant (b); firmness (c); and total soluble solids (TSS) (d) in tomato fruit. * Average values in columns with different letters differ statistically among them (Tukey’s p ≤ 0.05).

[bookmark: _Toc96225206]2.4.3 Fruit nutraceutical quality
Biosynthesis of phytochemical compounds (phenolic, flavonoid, and antioxidant capacity) was affected by the Se doses used, obtaining higher values with 2 mg L-1, compared with the control treatment and higher doses (Figure 4.7 a - c). Selenium has demonstrated to stimulate phytochemical compound production in plants at lower concentrations compared with the control treatment and higher doses. Selenium has also shown to stimulate phytochemical compound production in plants exerting an antioxidant action in cellular biochemistry by increasing electron delivery; this result may be related to a greater antioxidant enzyme activity in peroxidase glutathione activity (Hawrylak-Nowak et al., 2018) and a decrease in lipid peroxidation (Astaneh et al., 2018). The adequate Se doses provide an increase in total phenolic compound concentration and flavonoids (Golubkina et al., 2019; Hachmann et al., 2019), since Se increases secondary metabolite synthesis activating protection mechanisms that can decrease oxidative stress in chloroplasts (Hu et al., 2019; Dall'Acqua et al., 2019). 
Moreover, Se is an essential constituent of selenoenzymes, some of which have antioxidant functions improving the nutraceutical quality of the edible part of the crop (Garduño-Zepeda et al., 2018; Silva et al., 2020) and reducing ROS production, such as, O2− and H2O2 (Thavarajah et al., 2017; D’Amato et al., 2018). However, Se in high concentrations acts as pro-oxidant causing oxidative stress in plants (Astaneh et al., 2018; Skrypnik et al., 2019), which is possibly related to an increase in enzymatic and non-enzymatic antioxidants (Pannico et al., 2019; Pérez et al., 2019). This result causes failure in the protein structure when non-specific cysteine and methionine in proteins are substituted by SeCys and SeMet in the plant (Chomchan et al., 2017; Garduño-Zepeda et al., 2018), which leads to replacing cysteine with SeCys protein preventing the formation of disulfide bridges. These bridges are essential for protein structure and function and the replacement of cysteine with SeCys in the active site of the enzymes that deteriorate catalytic activity (Hu et al., 2019). 
The stress caused by high Se doses unchains an oxidant disequilibrium in antioxidants (Rady et al., 2020), causing structural damage in different macromolecules, lipids, proteins and on deoxyribonucleic acid (DNA) (Garduño-Zepeda et al., 2018), and likely provoking apoptosis (Qui-Zapata et al., 2010) and accumulation of degrading metabolites, such as malondialdehyde (MDA), a widely used aldehyde as oxidative stress biomarker (Hassan et al., 2016). A diet rich in phytochemical compounds is associated with a lower risk of cancer diseases and prevention of many others (Narváez-Ortiz et al., 2018), thus the importance of increasing biosynthesis of these compounds in fruit before harvest and subsequent consumption.
[bookmark: _Toc96225207]2.4.4 Lycopene
Lycopene content in tomato fruit increased significantly with the dose of 2 mg L-1, compared with the control treatment and higher Se doses (Figure 4.7 d). When the tomato fruit turns from green to yellow, the enzymatic antioxidant system protects the fruit from oxidative harm (Mondal et al., 2004). As the fruit gets red, ascorbate and glutathione decrease as fruit ripening advances (Jiménez et al., 2002). This decrease is due to the presence of carotenoids (lycopene and β-carotene), mainly switched on in fruit maturity stage (Del Giudice et al., 2015). 
This study, carotenoids (lycopene) decreased with high Se doses, which could have been related with Se since it increases ascorbate and glutathione concentration (Hassan et al., 2016), delaying fruit maturity by reducing ethylene biosynthesis (Puccinelli et al., 2017). Ethylene is a crucial hormone that controls fruit maturity period. Given that Se addition forms a methionine and converts to Se-Met that accumulates as organic Se in plant tissues, high doses may reduce free methionine levels an important substrate of ethylene biosynthesis and finally decrease ethylene production (Hachmann et al., 2019; Oliveira et al., 2019). Because lycopene is responsible for tomato fruit color characteristics and one of the main antioxidants consumed by humans in a regular diet, it is also an important visual characteristic for consumers.
[bookmark: _Toc96225208]2.4.5 Vitamin C
Due to the inability of humans to synthesize vitamin C, the main source are fruits (Pullar et al., 2017). The most important function of ascorbate or vitamin C in plant cells is electron donation (ascorbate-glutathione cycle), where the ascorbate peroxidase (APX) enzyme uses two ascorbate molecules to reduce H2O2 into water and monodehydroascorbate (MDA) (Foyer et al., 2011). At the same time, it can be recycled through the dehydroascorbate (DHA) reductase enzyme (Chen et al., 2003). Tomato fruit are rich in carotenoids, vitamins A and C, of which the latter is an antioxidant that protects tissue damage caused by ROS (Nepal et al., 2019). 
Vitamin C content in tomato fruit increased significantly with the 2 mg L-1 dose, compared with the control treatment and higher Se doses (Figure 4.7 e). The use of Se has been reported to increase vitamin C in fruit (Bastías et al., 2016). Vitamin C participates as an endogenous antioxidant in plants and exerts a protective action against free radicals in addition to an enzymatic cofactor that acts involved in photosynthesis (Palencia et al., 2016). Se functions as a peroxidase deglutition cofactor, which may increase ascorbic acid content through a stimulating effect on glutathione (GSH), reducing DHA chemically to ascorbic acid by the ascorbate-glutathione cycle (Golubkina et al., 2017).

Figura 4.7. Effect of selenium doses on phenolic (a), total flavonoids (b), antioxidant capacity (c), lycopene (d), vitamin C (e), and selenium concentration (f) contents in tomato fruit. * Average values in the columns with different letters differ statistically among them (Tukey’s p ≤ 0.05).
[bookmark: _Toc96225209]2.4.6 Selenium
Selenium content in tomato fruit increased 58% at higher Se doses compared with those in the control treatment (Figure 4.7 f). The greatest absorption of this element might have taken place because it is chemically similar to sulfur. Thus, the roots easily absorb and metabolize them through high affinity sulfate transporters in the plasmatic membrane (Chomchan et al., 2017) and incorporate routes with plant proteins to form seleno-cysteine (SeCys) and seleno-methyonine (Se-Met) (White, 2016); then, they move without chemical modification through the xylem up to the leaves before reducing to other compounds (Jiang et al., 2018; Alves et al., 2020). Similar results were reported (Andrade et al., 2018) when increased Se content was found in fruit as a result of adding it in the nutritional solution. Selenium absorption and distribution in plants depend on the chemical species used, concentration and application method (Sabatino et al., 2019; Rady et al., 2020). Presumably, the constant exposure of the plant root system to the Se-enriched solution and the lack of Se-soil interactions acted jointly to make soilless cultivations particularly efficient (Ryant et al., 2020). The smallest Se dose may satisfy the daily consumption requirements of this element (55-200 mg/day per adult) proposed by WHO (Stefani et al., 2020).
[bookmark: _Toc96225210]2.5 Conclusions
Agronomic biofortification with selenium applied in sprays improved yield, bioactive compounds, and Se concentration in tomato fruit. The optimum dose that maximized yield and nutraceutical quality, as well as the recommended Se consumption concentration in tomato fruit in this study was 2 mg L-1 of Se (Na2SeO3) since higher doses decrease yield and bioactive compound biosynthesis in tomato fruit. The use of selenium is a viable alternative to increase yield and obtain functional food.
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[bookmark: _Toc96225213]Biofortification with selenium increases bioactive compounds and antioxidant capacity in tomato fruits
[bookmark: _Toc96225214]3.1 Abstract
The objective of biofortification is the human consumption of high bioactive compounds, rich in micronutrients. Selenium (Se) is an essential micronutrient in human nutrition, and its essentiality has not been evidenced in plants. However, its application in crops and subsequent consumption can mitigate the deficiency of this micronutrient in the diet of human populations. This work analyzes the capacity of sodium selenate (Na2SeO4) to increase yield, biosynthesis of bioactive compounds and their accumulation in tomato fruits. For this, five treatments were applied via nutrient solution: 0, 2, 4, 6, and 8 mg L-1. At harvest, the nutraceutical quality and the accumulation of Se in fruits were quantified, as well as the productivity of tomato plant. Biofortification was positively affected by the biosynthesis of phytochemical compounds and their concentration in fruit, although tomato yield decreased. The incorporation of Se in nutritive solution is an alternative to increase both the biosynthesis of phytochemical compounds and the concentration of this element in tomato fruits with the possibility of improving public health through its consumption.

Keywords: bioactive compounds, productivity, Solanum Lycopersicon L
[bookmark: _Toc96225215]3.2 Introduction
Selenium (Se) is an essential trace mineral for humans (Schomburg, 2020; Rath, Lam, and Schooling, 2021), however, there is often insufficient intake causing serious health problems because Se is essential to form proteins (Sec) and vital enzymes such as glutathione peroxidase, thyroxine 5-deiodase and selenoproteins (Willers, Heinemann, Bitterlich, and Hahn, 2015). Also, it shows antioxidant properties towards free radicals, mitigates carcinogenic factors and presents biological effects towards some coronavirus diseases (including COVID-19) (Jha y Warkentin, 2020; Liu et al., 2021). The most common way in which humans get Se is through the consumption of foods such as meat or fish (Willers et al., 2015) since plants have a low content of this trace element (Kleine-Kalmer, Profeta, Daum, and Enneking, 2021) as effect of low Se concentrations in soil (White, 2018).
One strategy to increase Se content in food is through biofortification consisting potentiate the bioactivity and Se content in the edible parts of plants (Gaucin- Delgado et al., 2020). Fertilization is the most practical way to introduce Se into the food supply chain through agronomic practices; biofortification has been done successfully in different cultures increasing food and nutrition security of individuals, families and general population (Schiavon and Pilon, 2017), following improved agronomic characteristics, increasing food production and content of phytochemicals (Hossain et al., 2021), which help address nutritional deficiencies that are present in human diet (Bocchini et al., 2018); allowing faster to reach poorest communities, which have no resources to buy nutritional supplements suitable for the recommended daily intake (Mikula et al., 2020).
On the other hand, tomato (Solanum lycopersicum L.) is the most produced and consumed horticultural crop worldwide, it is an important source of bioactives, including carotenes, phenolic compounds, vitamins and minerals (Katırcı et al., 2020). These compounds are important for human health since they are part of our diet, helping in phytochemicals interaction with metabolic pathways that are related to the inflammatory response and oxidative stress (Rodríguez-Concepción et al., 2018), therefore, studies related to increase in productivity and phytochemicals through biofortif ication is of global interest (Błaszczak, Jeż, and Szwengiel, 2020; Fitzpatrick and Chapman, 2020). For the above, the objective of this work was to evaluate the effect of biofortif ication with selenium to improve the bioactive compounds and antioxidant capacity in tomato fruits.
[bookmark: _Toc96225216]3.3 Materials and methods
[bookmark: _Toc96225217]3.3.1 Plant Material and Growing Conditions
The study was carried out in a circular greenhouse located at the Technological Institute of Torreón, Mexico at 24° 30’ north latitude, 102° 00’ west longitude and an altitude of 1120 meters above sea level. Tomato seedlings cv. Sahel (Syngenta®) with six true leaves were transplanted in black polyethylene plastic pots with 15 kg capacity that contain as substrate river sand and perlite (vol/vol, 80:20) previously sterilized with 5% sodium hypochlorite.
Inside the greenhouse, the pots were cast in a double row and staggered arrangement, where a density of four plants per m2 was obtained. A drip irrigation system was used to provide three irrigations per day, and each plant received 0.6 L in each irrigation, from transplanting to beginning of flowering and 2.5 to 3.5 L from flowering to harvest. Plants were guided to a single stem and to sustain them, were sheltered with adhering raff ia top of the greenhouse structure. Pollination was performed with an electric brush daily, from the beginning of flowering until the fruit set. The minimum and maximum temperature within the greenhouse fluctuated between 17.7 and 31.6 °C, respectively, while the minimum and maximum relative humidity ranged from 30 to 70 percent.
[bookmark: _Toc96225218]3.3.2 Treatments and Experimental Design
A completely randomized experimental design was used, applying f ive doses: (0, 2, 4, 6 and 8 mg L-1) of Na2SeO4 (Sigma Aldrich). The treatments with Se were applied every 15 days with a total of seven applications through the nutrient solution (Steiner, 1984). The pH and electrical conductivity were maintained at 5.5 and 2.0 dS m-1 respectively. Yield, fruit quality, nutraceutical quality of the fruit and selenium accumulation were determined. Ten plants were used per treatment.
[bookmark: _Toc96225219]3.3.3 Yield
For yield quantification fruits of each treatment and repetition of the f irst to the f ifth cluster were collected, when the fruit presented an intense red color.
[bookmark: _Toc96225220]3.3.4 Fruit Quality
The fruit quality was evaluated in three fruits taken at random from each cluster corresponding to each repetition of each treatment. Firmness and weight loss of the fruit, total soluble solids, titratable acidity and maturity index were quantified.
The fruit f irmness was determined with a penetrometer (Fruit Hardness Tester FHT200), with a strut of 8 mm diameter, readings were taken on the opposite sides of the fruit and an average was obtained, the results were expressed in Newton units (N). For fruit weight loss, a sample of 10 fruits from the last bunch was taken and the weight was determined seven days after the harvest with a scale (Bapred-3 brand Rhino). The difference was calculated with respect to the initial weight, recording the data in percentage, according to the following equation:
WL (%) = (IW - FW) / IW.
Where: WL = weight loss; IW = initial weight; FW = final weight.
Total soluble solids (TSS) were evaluated in three fruits taken at random from each cluster corresponding to each repetition, measuring °Brix, for this a drop of fruit juice was obtained and the reading was determined with a manual refractometer from 0 to 32% (Master 2311, Atago®, Tokyo, Japan). In these same fruits titratable acidity (TA) was determined according to methodology proposed by the AOAC (Helrich, 1990). The acidity of 20 g of pulp was evaluated with a sodium hydroxide solution at a concentration of 0.1 N, in which 1% phenolphthalein was used as indicator. Results are expressed in % of citric acid (predominant acid in tomato pulp). Maturity index was calculated with the relationship between total soluble solids/titratable acidity (TSS/TA).
[bookmark: _Toc96225221]3.3.5 Obtaining Extracts
Two grams of fresh sample were mixed in 10 mL of 80% ethanol in test tubes with screw cap, which were placed on an orbital shaker (AAH3D1265U, OS-3000 Shaker) in the dark for 24 h at 20 rpm at temperature environment. The supernatant was extracted for analytical tests (Preciado-Rangel et al., 2019).
[bookmark: _Toc96225222]3.3.6 Nutraceutical Quality of Fruit
Total phenolic content was determined by a modification of the Folin-Ciocalteau method (Souza et al., 2014). 50 µL of ethanolic extract were taken, they were diluted in 3 mL of mQ water, 250 µL of Folin-Ciocalteau (1N) were added, it was stirred and allowed to react for 3 min. Subsequently, 750 µL of Na2CO3 (20%) and 950 µL of mQ water were added. The solution was allowed to stand for 2 h and samples were measured on a UV-Vis spectrophotometer (CGOLDENWALL, wavelength range 340-1000 nm and a spectral bandwidth: 5 to 760 nm). The standard solution was prepared with gallic acid. The results were expressed in mg GAE 100 g-1 fresh weight.
Total flavonoids were determined by spectrophotometry (Salas-Pérez et al., 2018). 250 µL of ethanolic extract were taken and it was mixed with 1.25 mL of mQ water and 75 µL of NaNO2 (5%), it was left for 5 min and 150 µL of AlCl3 (10%) were added. Subsequently, 500 µL of NaOH (1 M) and 275 µL of mQ water were added. It was shaken vigorously and the samples were quantified in a UV-Vis spectrophotometer (CGOLDENWALL, wavelength range 340 -1000 nm and spectral bandwidth: 5 at 510 nm). The standard was prepared with quercetin dissolved in absolute ethanol (y = 0.0122x-0.0067; r2 = 0.965). The results were expressed in mg QE 100 g-1 fresh weight.
Total antioxidant capacity was measured by the method DPPH+ in vitro (Brand-Williams, Cuvelier, and Berset, 1995). A solution of DPPH+ (Aldrich) in ethanol was prepared, at a concentration of 0.025 mg mL-1. 50 µL of the ethanolic extract were mixed with 1950 µL of DPPH+ solution, after 30 min samples were quantified in a UV-Vis spectrophotometer (CGOLDENWALL, wavelength range at 340-1000 nm and a spectral bandwidth: 5 to 517 nm). Results were expressed in µM equivalent in Trolox 100 g-1 fresh weight.
Lycopene extraction was performed by the method reported by Gómez-Romero, Arráez, Segura, and Fernández (2007), with some modifications. Approximately 1 g of sample was placed in test tubes covered with 50 ml of aluminum PTFE. A lycopene extraction solution (39 mL) consisting of hexane, butylated hydroxytoluene (BHT, 0.05%, w/v) in acetone and 95% ethanol in a ratio of 1: 1: 1 was added to the tubes and stirred for 10 minutes at 180 rpm. Six ml of cold distilled water was added to each tube and stirred for an additional f ive minutes for better separation of polar and apolar compounds. Then, the tubes were removed from shaking and left for 15 minutes at room temperature to separate into polar and apolar layers. The supernatant was placed in new tubes covered with aluminum of 15 mL and kept at -80 °C. The absorbance of the supernatant (hexane layer) containing lycopene was read three times using a UV-Vis spectrophotometer (CGOLDENWALL, wavelength range 340-1000 nm and spectral bandwidth: 5 to 503 nm). Absolute hexane was used as a blank. The amounts of lycopene in the tissues were calculated using the following formula: Lycopene (mg/kg) = (x/y) × A503 × 3.12, where: x = amount of hexane (mL); y = sample weight; A = absorbance at 503 nm and 3.12 = extinction coefficient.
[bookmark: _Toc96225223]3.3.7 Selenium Accumulation in Fruits
Dried tomato samples were grind in a porcelain mortar and digested with nitric and perchloric acid (3:1), using a hot plate at 100 °C. The solution was f iltered and boiled to obtain 100 ml of working solution with deionized water. Selenium concentration in tomato fruits was determined by atomic absorption spectrophotometry (Helrich, 1990) the results were expressed in µg kg-1 of dry weight of fruits.
[bookmark: _Toc96225224]3.3.8 Statistical Analysis
The normality and homogeneity of variances of the data obtained were verified using the Kolmogorov- Smirnov and Bartlett tests, respectively. Subsequently, analysis of variance of simple classif ication and multiple comparison of means wereas performed using the Tukey test at a probability of 5% (P ≤ 0.05), with the help of the statistical analysis package SAS v 9.0 (SAS Institute, 2004).
[bookmark: _Toc96225225]3.4 Results and discussion
[bookmark: _Toc96225226]3.4.1 Yield
The addition of 8 mg L-1 of Se decreased 12.5% the yield with respect to the treatment without the trace element (Table 4.3), on the other hand, it has been reported that high doses of Se decrease crop yield, because it acts as a lipid pro-oxidant and increases the production of free radicals causing oxidative stress (Zięba et al., 2020); however, at low doses, yield is improved (Zahedi, Hosseini, Meybodi, and da Silva, 2019; Rady, Belal Gadallah, and Semida, 2020) and acts as an antioxidant by increasing the ability of plants to resist oxidative stress caused by reactive oxygen,  species under conditions   stress (Hasanuzzaman et al., 2020). Plant response to Se depends on its concentration; since at low doses yield is promoted and moderate doses improve the quality characteristics of fruit (Gaucin-Delgado et al., 2020); while high concentrations can cause toxicity and cell death (Gupta and Gupta, 2017).




Cuadro 4.3. Effect of doses of Se on fruit yield, fruit firmness, weight loss, total soluble solids (TSS), titratable acidity (TA) and maturity index (MI) of tomato.
	Sodium selenite
	Yield
	Fruit firmness
	Weightloss
	TA
	MI

	mg L-1
	kg plant-1
	N
	%
	%
	

	0
	2.8a†
	2.2b
	12.3b
	0.59b
	10.5a

	2
	2.9a
	3.0a
	10.4b
	0.69ab
	10.2a

	4
	3.0a
	3.1a
	11.2a
	0.69ab
	10.2a

	6
	2.5b
	3.2a
	8.4c
	0.75a
	9.6b

	8
	2.5b
	3.3a
	7.5c
	0.77a
	9.4b


† Different letters within each column show a statistically significant difference (Tukey P ≤ 0.05).
[bookmark: _Toc96225227]3.4.2 Fruit Quality
Results of this study indicated that the addition of 8 mg L-1 of Se increased the shelf life and improved fruits taste, by reducing weight loss and increasing f irmness, TSS and TA (61, 8, 17 and 30%, respectively) (Table 4.3). The above may be because Se increase peroxidase enzymes (Hibaturrahman et al., 2020), which participate in various functions such as lignif ication, suberization and crosslinking of structural proteins of the cell wall (Pérez-Galende, 2016), thus conferring a greater lignif ication of the pericarp cell walls in the fruits. In addition, Se decreases the biosynthesis of ethylene (Unsihuay, Picasso, and Sun Kou, 2016) and thus the inhibition of the action of depolymerizing enzymes responsible for the degradation of the cell wall (Cerda-Mejía, 2016), such as cellulase (CEL), pectin- methyl esterase (PME) and polygalacturonase (PG), which increases shelf life and reduces fruit weight loss. Regarding the increase, the TSS in the fruits treated with high doses of Se, it is probably due to Se promote the accumulation of starch (Aly and Halim, 2020) and this, in turn, has a preponderant effect on the accumulation of solids soluble in fruits (Ziv, Zhao, Gao, and Xia, 2018). 
Similar results were reported by Quiterio-Gutiérrez et al. (2019), to indicate an increase in TSS in tomato by using Se in nutrient solution. The Se increased the TA in fruits, this result coincides with Palencia, Martinez, Burducea, Oliveira, and Giralde (2016). The citric acid expressed in titratable acidity, is produced from the oxidation of sugars during respiration and metabolic activity (García-Sahagún, Martínez, Avendaño, Padilla, and Izquierdo, 2009; Beckles, 2012). The addition of Se to the nutrient solution influences the activation of respiration and production of ethylene (Hossain et al., 2021; Naseem et al., 2021) since it controls the synthesis of citric acid, activating phosphorylation as part of respiration and the synthesis of ethylene dependent on the energy available to generate organic acids (Larskaya, Barisheva, Zabotin, and Gorshkova, 2015); decreasing the ripening processes as the fruit cycle progresses (Garduño and Márquez, 2018). 
Tomatoes are climacteric fruits and their ripening is accompanied by changes in flavor, texture, color and aroma. During this process, chlorophyll is degraded and carotenoids are synthesized, such as lycopene (Fraser, Truesdale, Bird, Schuch, and Bramley, 1994) and the fruit loses f irmness due to physical and chemical changes associated with the degradation of the cell wall and the solubilization of pectins by enzymes pectinesterase (PE), polygalacturonase (PG) and pectatoliase (PL) (San Martín-Hernández, Ordaz, Sánchez, Colinas, and Borges, 2012). The results of this study indicate that the use of Se delayed fruit maturity by increasing f irmness, total soluble solids and titratable acidity, at the same time fruit weight loss was decreased. Klee and Giovannoni (2011) indicate that a fruit is ripe when the IM is greater than 10; The previous results allow us to aff irm that the use of Se is a good strategy to delay fruit maturity and increase the useful life of tomato.
[bookmark: _Toc96225228]3.4.3 Phytochemical Compounds
The addition of Se in the nutrient solution, positively modifies the biosynthesis of phytochemical compounds (phenolic, flavonoid, antioxidant activity and lycopene content (Figure 4.8 a- d), obtaining the highest values of these metabolites with 8 mg L-1, surpassing control treatment in 26, 5, 28 and 36%, respectively. Dima et al. (2020), mention that Se in adequate concentrations improves the biosynthesis and accumulation of bioactive compounds. Production of foods rich in phytochemical compounds is desirable in the food industry, since these compounds delay the oxidation and degradation of lipids that increase the nutritional quality of foods (Morales-Espinoza et al., 2019) and its consumption is beneficial for human health (Gupta and Gupta, 2017), for its anticancer, anti-inflammatory and antimicrobial properties (Dinh et al., 2019), in addition, tend to combat cardiovascular diseases (Khurana, Tekula, Saifi, Venkatesh, and Godugu, 2019). Furthermore, Se is an essential component of selenoenzymes, some of which have antioxidant functions, improving the nutraceutical quality of the edible part of fruit (Gouveia et al., 2020) and reducing the production of ROS, such as O2 and H2O2 (Rizwan et al., 2020).
Figura 4.8. Effect of doses of sodium selenite on content of phenolic content (a), total flavonoids (b), antioxidant capacity (c), and lycopene concentration (d) in tomato fruits. Data are shown as mean ± standard deviation (SD) (n = 50). Columns with different letters were significantly different according to Tukey’s HSD test (P < 0.05).


	Lycopene is a carotenoid high antioxidant power responsible for the characteristic red color of the fruit of tomato, lycopene and Se biofortification are acting together as a major antioxidant in the human body to play a key role in several physiological processes in a regular diet substantially reducing the risk of disease by eliminating toxins that affect the quality of DNA (Manjer, Sandsveden, and Borgquist, 2020) and cells, as well as being an important visual feature for consumers. In this research, the lycopene content was modified by the Se added in the SN, increasing with the doses of Se. The Se acts directly on the functions of proteins with selenomethiomine and selenocysteine: triggering the increase in antioxidant protection by GPXs, energy metabolism and reductive regulation of transcriptional factors, acting as an important intermediary in increase of ethylene biosynthesis, which is crucial to control the maturity stage of fruit (Natasha et al., 2018). The addition of Se interacts with tomato methionine which becomes Se-Met and accumulates as organic Se by phosphate transporters in plant tissues, high doses can alter levels of available methionine, an important amino acid of the ethylene biosynthesis, and f inally alter negatively ethylene production (Rocha, Barbosa, Nascimento, Aquino, and Oliveira, 2019).
[bookmark: _Toc96225229]3.4.4 Selenium Content in Fruits
The selenium content in tomato fruits increased in direct proportion to its availability in nutrient solution (Figure 4.9). Accumulation of Se in edible parts of the plant depends on plant species, the form and chemical source of the element that is being applied (Yin et al., 2019). Castillo-Godina, Foroughbakhch, and Benavides (2013), reports an accumulation of Se in tomato fruits similar to that of the present work. Absorption, distribution and translocation of Se within plants is determined by the translocation of the plant, the activity of membrane transporters, the form and concentration of Se in the plant (Gupta and Gupta, 2017; White, 2018; Zahedi et al., 2019). The greater absorption of this element could have been due to selenite is better captured by passive diffusion without participation of membrane transports as it is chemically similar to phosphate (Hossain et al., 2021), commonly synthesized as SeMet, methyl-SeCys or ɣ-glutamyl-Se-SeCys (ɣ-Glu-MeSeCys) (Jha and Warkentin, 2020), since they are incorporated into metabolic pathways such as plant selenoproteins to form the most important part of active center of its enzymatic activities (Kieliszek, 2019) and a greater benefit of improved antioxidant activity (White, 2018). 
In this regard, the requirement of daily intake of Se per day in babies of 6 months’ age is 15 mg, for babies from 7 months to 3 years of age is 20 mg, children from 4 to 8 years is 30 mg, children from 9 to 13 years of age is 40 mg, adolescents from 14 to 18 years 55 mg and adults from 19 to 71 years of age 55 mg (Liu et al., 2019). It can be determined that for groups of 6 months to 13 years is excellent source of Se, while 14 to over 71 years is only good source of Se. The accumulation of Se in fruits could complement daily intake recommended by the USDA in an easy and simple way (Rady et al., 2020).

Figura 4.9. Effect of doses of sodium selenite on Se concentration in tomato fruits. Data are shown as mean ± standard deviation (SD) (n = 50). Columns with different letters were significantly different according to Tukey’s HSD test (P < 0.05). 
[bookmark: _Toc96225230]3.5 Conclusions
Selenate added to the nutrient solution increased biosynthesis of phytochemical compounds in tomato fruits. Agronomic biofortification with selenite is an alternative to obtain functional foods and increase accumulation of Se in tomato fruits, with the possibility of improving public health with its consumption.
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[bookmark: _Toc96225233]Biofortification with selenium improves bioactive compounds and antioxidant activity in jalapeño pepper

[bookmark: _Toc96225234]4.1 Abstract
Selenium (Se) is an essential oligo-element for human health and in plants is considered a beneficial element, as it isa growth promoter and a trigger for the antioxidant response in plants. Biofortification with Se aims to obtain foods rich in this oligo-element, of high nutritional quality that help combat the problems of malnutrition in the population. The present work aims to evaluate the abilityof selenate (Na2SeO4) onyield, biosynthesis of bioactive compounds and their accumulation in chili fruits. For this, five treatments were applied via nutrient solution: 0, 1.5, 3, 4.5 and 6 mg L-1. At harvest, nutraceutical quality, accumulation of Se in fruits, as well as crop yield were quantified. Biofortification with Se positively modified the biosynthesis of bioactive compounds and their concentration in fruit, without a decrease in yield. The incorporation of Se in the nutrient solution is an option to obtain functional foods with nutraceutical quality and with the possibility of improving public health after consumption.
Keywords: Capsicumannuum L., bioactive compounds, functional food.
[bookmark: _Toc96225235]4.2 Introduction
Selenium (Se) is an important oligo-element in human nutrition, is essential to form proteins and a cofactor of antioxidant enzymes such as glutathione peroxidase (GPX), which protects the human body by catalyzing the reduction of reactive oxygen species (ROS) (Schiavon et al., 2020). In addition, in mammals, Seforms at least 25 selenoproteinsthat carry outantioxidant, catalytic, anti-inflammatory, antiviral and antitumor functions (Avery and Hoffmann, 2018).A  deficiency inthis  element  causes  health  problems,  including  Keshan  disease  (an  endemic cardiomyopathy),  Kashin-Beck  disease  (endemic  deforming osteoarthropathy) (Ulloa et al., 2021), acceleration of carcinogenic processes in the prostate (Sonkusre, 2020),fertility problems and weakening of the immune system, defense system against viral infectious diseases such as influenza, human immunodeficiency virus,musculardystrophy and cystic fibrosis (Khurana et al., 2019).  According to the World Health Organization, consumption of Se in the human diet should fluctuate between 55 and 200 μg day in adults (Górska et al., 2021). The most common way by which the human organism acquires Se is through the consumption of foods, such as meat or fish (Sariñana-Navarrete et al., 2021), which contribute a high percentage of Se to the required daily intake. In the world, there are about one billion people with Se deficiencies, mainly due to the consumption of plant-based diets (Blażewicz et al.,2020), which contain low concentrations of Se, since this element is presentin soilin small amounts (López et al., 2021). On the other hand, this element is not considered essential for plants, but it could be considered a beneficial element because, in low concentrations, Seincreases yield,  antioxidant  content  and  its  concentration  in  the  edible  part (Preciado-Rangel et al., 2021).One strategy to increase the content of Se in foods of plant origin is through biofortification,which consists  of  enhancing  the  bioactivity  and  content  of  Se  in  the  edible  parts  of  plants (Gaucin-Delgado et al.,2020). Foliar fertilization is the most practical way to incorporate Se into the food chain (Lyons, 2018). 
On the other hand, jalapeño pepper (Capsicum annuum L.), one of the most cultivated plants in the world, due to its importance in human nutrition asin the pharmaceutical industry  (Espinosa-Palomeque et al.,  2020),the  fruits  are  a  source  of  vitamins  (A, E  and C), carotenoids, capsaicinoids and phenolic compounds with antioxidant properties for the human diet (Natividad-Torres et al., 2021).The application of micronutrients through the biofortification of crops is a very useful tool not only to increase the quantityof essential micronutrients but also to improve the biosynthesis of bioactive compounds (Gaucin-Delgado et al., 2020). Theobjective of this work was to determine the effect of foliar biofortification with Selenium on the yield, nutraceutical quality and antioxidant capacity of jalapeño pepper.
[bookmark: _Toc96225236]4.3 Materials and methods
[bookmark: _Toc96225237]4.3.1 Plant material and growing conditions
The studywas conducted in a greenhouse with an automatic cooling system located at the facilities of the Universidad Autónoma Agraria Antonio Narro (UAAAN, its acronym in Spanish) in the City of Torreón, Coahuila, Mexico (25° 33’26” north latitude,103° 22’31” west longitude, at an altitude of 1 230 masl). The study crop was the jalapeño peppercv. Hijo de Mitla, it germinated in polystyrene trays with 200 holes filled with peat (Premier®, Mexico) as a substrate. These plant trays were covered with black plastic for 72 h and watered every 24 h.  The transplantationwas carried out 45 days after sowing the seed, when the plants hadan average height of 150 mm, each plant per pot. The pots were black polyethylene bags of 500 thick and 18 L capacity, filled with different proportions of sand: perlite (80:20 vv). 
The river sand was washed and disinfected with a solution of 5% sodium hypochlorite. The bags were placed in double row at 30 cm from center to center between bags and 1.6 m between rows, to obtain a plant density of 4.2 plants m-2. The water requirements of the crop were provided by manual irrigation to provide three irrigations per day, and each plant received0.6 L in each irrigation, from transplantation to the beginning of flowering and 2.5 to 3.5 L from flowering to harvest. Pollination was carried out with an electric brush daily, from the beginning of flowering to setting. The minimum and maximum temperature inside the greenhouse fluctuated between 17.7 and 31.6 °C, respectively, while the minimum and maximum relative humidity ranged between 30 and 70%. 
4.3.2 [bookmark: _Toc96225238]Treatments and experimental design
A completely randomized experimental design was used, applying five doses: 0, 1.5, 3, 4.5 and 6 mg L-1 of Na2SeO4 (Sigma Aldrich) (León-Morales et al., 2019). Treatments with Se were applied every 15 days, with a total of six applications through foliar fertilization. It was watered with nutrient solution (Steiner, 1984) and pH and electrical conductivity were maintained at 5.5 and 2 dS m-1, respectively. The yield, the nutraceutical quality of the fruit and the accumulation of selenium in fruits were determined. Ten plants per treatmentwere used.
4.3.3 [bookmark: _Toc96225239]Crop yield 
In each experimental unit, yield was estimated by considering the number and weight of the individual fruit per plant, recording individual fruit traits such as weight with a scale (Ohaus 3729®, Mexico).
4.3.4 [bookmark: _Toc96225240]Nutraceutical quality
Preparation extract: for the determination of nutraceutical quality (phenolic compounds, flavonoids and antioxidant capacity), samples of 2 g of fresh fruit were mixed with 10 mL of ethanol in plastic tubes that were closed with screw cap. A ‘Stuart’-type stirrer was used to keep the mixture stirred for 24 h. After that, the tubes were centrifuged at 3000 rpm for 5 minutes (Cardeño, 2007). The supernatants were extracted for physical-chemical analysis.
4.3.5 [bookmark: _Toc96225241]Total phenolic content
It was determined by a modification of the Folin-Ciocalteau method (Singleton, 1999). Fifty microliters of ethanolic extract weretaken, diluted in 3 mlof mQ water, 250 μlof Folin-Ciocalteau (1N) was added, it wasstirred and left to react for 3 min. Subsequently, 750 μlof Na2CO3(20%) and 950 μl of mQ water were added.  The solution was left to  stand  for  2  and  the  samples  were measured in a UV-Vis spectrophotometer (CGoldenwall, wavelength range 340-1000 nm and a spectral bandwidth: 5 to 760 nm). The standard solution was prepared with gallic acid. The results were expressed in mg 100 g-1 of fresh weight.

4.3.6 [bookmark: _Toc96225242]Total flavonoids
They were determined by spectrophotometry (Lamaison, 1990). Two hundred fifty microliters of ethanolic extract weretaken and mixed with 1.25 mL of mQ water and 75 μl of NaNO2(5%), it was left 5 min and 150 μl of AlCl3(10%) was added. Subsequently, 500 μl of NaOH (1 M) and 275 μl of mQ water were added. It was vigorously stirred, and the samples were quantified in a UV-Vis spectrophotometer (CGoldenwall, wavelength range 340-1 000 nm and spectral bandwidth: 5 to 510 nm). The standard was prepared with quercetin dissolved in absolute ethanol (y= 0.0122x-0.0067; r2= 0.965) The results were expressed in mg 100 g-1 of fresh weight.
4.3.7 [bookmark: _Toc96225243]Total antioxidant capacity
It was measured by the DPPH+ method invitro (Brand-Williams, 1995). A solution of DPPH+ (Aldrich) in ethanol was prepared, at a concentration of 0.025 mg mL-1. Fifty microlitersof the ethanolic extract were mixed with 1.95 μl of DPPH+ solution, after 30 minthe simples were quantified in a UV-Vis spectrophotometer (CGoldenwall, wavelengthrange at 340-1 000 nm and a spectral bandwidth: 5 to 517 nm). The results were expressed in equivalent to μM equiv Trolox 100 gm-1 fresh weight.
4.3.8 [bookmark: _Toc96225244]Capsaicin
Capsaicin content was measured by an adaptation of the method proposed by Cisneros-Pineda et al. (2007). The absorbance of the filtered extract was then obtained in a UV-Vis spectrophotometer (Goldenwall, wavelength range at 340-1000 nm) previously calibrated with acetonitrile as a blank at a wavelength of 273 nm.  The capsaicin content was calculated by means of a standard curve using capsaicin (Sigma, St. Louis, Missouri, USA) as standard and the results are expressed in mgg-1in fresh weight of capsaicin. The analyses were performed in triplicate.
4.3.9 Accumulation of selenium in the crop
The dried chili samples were ground in a porcelain mortar and digested with nitric and perchloric acid (3:1), using a hotplate at 100 °C. The solution was filtered and boiled to obtain 100 m L of working solution with deionized water. The concentration of selenium in tomato fruits was determined by atomic absorption spectrophotometry (Hsieh and Ganther, 1975), and the results were expressed in μg kg-1of dry weight of fruits.

4.3.10 Statistical análisis
The normality and homogeneity of the variances of the data obtained were verified using the Kolmogorov-Smirnov and Bartlett tests, respectively.  Subsequently, simple classification analysis of variance and multiple comparison of means were performed using Tukey’stest at a probability of 5% (p≤ 0.05), with the help of thestatistical analysis packageSAS v 9.0 (SAS Institute, 2004).
4.4 [bookmark: _Toc96225245]Results and discusión
[bookmark: _Toc96225246]4.4.1 Yield
The addition of Se did no significantly affect yield (Figure 4.10), because Se is not  considered an essential element for plant metabolism; supplementation with Se would not be expected to cause changes  in  crop  growth  and  yield (Hernández-Hernández et  al., 2019); however,  it  has  been reported that applying high doses of Sereduces the yield of crops, because it causes oxidative stress in the plant, which can increase the production of free radicals by defending against the toxic effect caused  by ROS (Hibaturrahman et al.,  2020),on the contrary, using  low doses increases yield (Rady et al., 2020) and prevents oxidation by regulating the uptake and redistribution of essential elements in antioxidant systems or maintaining the ion balance and structural integrity of the cell (Pannico et al., 2019), allowing the plant to adapt metabolically as physiologically as a response to  the  attack  of  oxidative  stress  caused  by  the  increase  of  free  radicals  under  stress  conditions (Hasanuzzaman et al., 2020).


Figure 4.10 Effect of Se on the yield of chili fruits. Data are shown as mean ± standard deviation (SD) (n= 50). Columns with different letters are significantly different according to Tukey’s test (p< 0.05).

The plant presents differential response to Se depending on the dose used. It has both a positive and negative impact onplants, since in low concentrations, Se accumulates as a stimulant by promoting growth, plant physiology, increasing yield (Gaucin-Delgado et al., 2020) and in high doses, negative effects are exerted on the growth and physiology of the plant (Silva et al., 2020) and even cell death (Shahid et al., 2018).
4.4.2 [bookmark: _Toc96225247]Bioactive compounds
The biosynthesis of phenolic compounds, flavonoids and antioxidant capacity was positively influenced by the application of Se (Figure 4.11 a-c), obtaining the highest values with 6 mg L-1. Variousstudies have shown that the application of Se can increase the production of bioactive compounds (Motesharezadeh et al., 2020). Results likethose of the present study were obtained in Capsicum annuum L., where the application of Se increased severalbioactive compounds such as phenols, flavonoids and antioxidant capacity (Natividad-Torres et al., 2021).

Figura 4.11. Effect of Se on the content of capacity bioactive of phenolics(a) total flavonoids (b); antioxidant capacity (c); and capsaicin (d) in chili fruits. Data are shown as mean ± standard deviation (SD) (n= 50). Columns with different letters are significantly different according to Tukey’s test (p< 0.05).
This bioactive capacity is possibly attributed to the synergistic action that Se has, as it can act as a vital element by altering various physiological and biochemical processes (D’Amato et al., 2018), in addition, Se directly affects the antioxidant defense system by increasing the potential of plants to overcome the conditions of biotic and abiotic stress (Hachmann et al., 2019).  The results obtained   in   our   study   are   supported   by   Hibaturrahman et   al.   (2020), who   found   that supplementation in nutrient solution with Na2SeO4 increases antioxidant activity, thus protecting plants from oxidative stress.
The  production  of  foods  rich  in  bioactive  compounds  directly  influences  the  cellular  and physiological  activities  (Sabatino et  al.,  2019),  obtaining,  after  their  intake,  a  beneficial contribution  to  human  health  (Shahid et  al.,  2018)  due  to  their  various  characteristics, protection  in  coronary  diseases  (Groth et  al.,  2020)  and  after  avoiding  cellular  aging (Hernández-Hernández et  al.,  2019),  in  addition  to  being  used  as  an  alternative  for  cancer prevention (Vinceti et al., 2018).
4.4.3 [bookmark: _Toc96225248]Capsaicin
Capsaicin is an oleoresin, an active component of hot peppers (Friedman et al.,2019). Capsaicin was positively affected by the doses of Se evaluated (Figure 4.11d). The concentration of capsaicinwas in accordance with the doses of Se used, the increase in the pungency of the chili improves its quality, since this characteristic is appreciated by consumers (Uarrota et al., 2021). The results indicate a response of the capsaicin content in the fruits of jalapeño pepper to Se, although the mechanism of action in this process has not been defined. Biosynthesis is strongly influenced by genotype-environment  interactions  in  Capsicum  fruits  (Naves et al.,  2019),phenylpropanoids (Aza-González et al.,   2011)   and   ABC   transporters,   specifically   the   ABCC   and   ABCG subfamilies, which may be playing important roles in the transport of secondary metabolites such as capsaicin and dihydrocapsaicin to placental vacuoles, affecting their contentin fruits(Lopez-Ortiz et al., 2019). Probably to the interaction of Se in the plant by causing stressful effects (Avery and  Hoffmann, 2018) that could be related to an increase in the PAL activity and capsaicin synthase,increasing the accumulation of capsaicinoids in chili (Ulloa et al., 2021),by negatively regulating peroxidase activity at appropriate levels (Hernández‐Pérez et al., 2020).Although biosynthesis is a controlled genetic trait, the environment also playsan important role depending on the genotype (Scossa et al., 2019),in addition, this feature is also regulated from the point  of  view  of  development  and  the  environment (Naves et  al.,2019).  On the other hand, capsaicin provides the spicy oral sensation in most chili peppers (Scossa et al., 2019); however, its most important biological properties are its ability to act as antioxidants to reduce oxidative stress that leadsto the prevention of several degenerative diseases (Friedman et al., 2019).
4.4.4 [bookmark: _Toc96225249]Selenium content in the crop
The addition of 6 mgL-1 increased the content of Se in chili fruits, there is a positive correlation between Selenium in fruits and its availability (r2= 0.98) (Figure 4.12). The absorption of Se depends on the age of the plant, plant species and the chemical form of the element being applied, its concentration and the method of application (Yin et al., 2019).  Vegetables accumulate higher amounts of Se (Dai et al., 2019). Previous studies show that biofortification significantly increases the quantityof essential elements in the edible part ofplants (Silva et al.,2020), which may increase in crops biofortified with Se up to 30% with respect to untreated crops (Zhu et al., 2017). Se in plants is metabolized along with sulfur within plant tissues, being transformedinto selenoproteins that allow it to be stored as Se-Met (Zhang et al., 2019), accelerating transport, accumulation, volatilization and tolerance to Se (Raina et al., 2020).

Figura 4.12. Concentration of Se in chili fruits. Data are shown as mean ± standard deviation (SD) (n= 50). Columns with different letters are significantly different according to Tukey’s test (p< 0.05).

It acts as a potent antioxidant, by allowing lower levels of lipid peroxidation and increased activity of antioxidant enzymes, as well as setter resistance to oxidative stress (Skrypnik et al., 2019). Accordingto the dietary guide for Americans, most of the required nutrients should be obtained with food intake (Padilla-Samaniego et al.,2020).  In this sense, the consumption of 0.74 g of jalapeño pepper biofortified with selenium supplies the daily requirementsof this oligo-element, whichis 55 mg per day in adults (Chomchan et al., 2017; León-Morales et al., 2019).
4.5 [bookmark: _Toc96225250]Conclusions
Agronomic biofortification with selenium improves bioactive compound sand Seconcentration, without affecting the yield of the jalapeño pepper crop, the use of Se is an alternative to obtain functional foods and increase the accumulation of oligo-element in jalapeño pepper fruits, with the possibility of protecting human health with its consumption. 
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El selenito aplicado foliarmente mejoró el rendimiento, los compuestos bioactivos y la concentración de Se en frutos de tomate. La dosis óptima que maximizó el rendimiento y la bioactividad, así como la concentración recomendada de consumo de Se en frutos de tomate en este estudio fue de 2 mg L- 1 de Se (Na2SeO3) ya que dosis mayores disminuyen el rendimiento y la biosíntesis de compuestos bioactivos en frutos de tomate.
El selenato (Na2SeO4) agregado a la solución nutritiva aumentó la biosíntesis de compuestos fitoquímicos y rendimiento en frutos de tomate, mientras que en los frutos de chile jalapeño hubo efecto positivo en el aumento de componentes bioactivos y no mostro respuesta en rendimiento. 
Los niveles de concentración de selenio en las plantas dependen del tipo de aplicación. 
La biofortificación agronómica con selenio es una alternativa para obtener alimentos funcionales y aumentar la acumulación de Se en frutos de tomate y chile jalapeño, con la posibilidad de mejorar la salud pública con su consumo.
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'ofras, como se muestra en el cuadro I

El licopeno es el carotenoide mds abundante en el
tomate, pues comprende aproximadamente de 80 a 90%
de los pigmentos presentes. La cantidad de licopeno
en tomates frescos puede variar dependiendo de la
especie, la madurez y las condiciones ambientales en
las que la fruta madura.”® Normalmente, los tomates
contienen cerca de 3 a 5 mg de licopeno por 100 g de
material crudo." Tonucci y colaboradores reportaron
que el contenido de licopeno en toda la fruta es mayor
29.27 mg/100 g."* Algunas variedades rojas contienen
més de 15 mg/ 100 g, mientras que las variedades ama-
rillas contienen s6lo cerca de 0.5 mg/100 g. Heinonen
y colaboradores reportaron que la concentracién de
licopeno en tomates es mayor en verano (junio-agosto)
y menor eninvierno (octubre-marzo).' Lampe y Watada
indicaron que el contenido de licopeno puede variar
de acuerdo con las técnicas de fertilizacion, tiempo de
cosecha y variedad seleccionada."”

Absorcién y distribucién del licopeno

El licopeno se distribuye ampliamente en el cuerpo .
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