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INTRODUCCION

La nanotecnologia estd innovando el uso de los materiales debido a que mejora sus
propiedades fisicoquimicas. Esto se debe a la alteracion en los atomos lo cual desarrolla
una mayor potencia magnética, posee una mayor area de superficie y se exhibe més
activo (Prasad et al., 2017). En los sistemas agricolas se estan evaluando el uso de
diferentes nanomateriales como nanofertilizantes, nanopesticidas, nanosensores Yy
nanoestimulantes del crecimiento. Prasad et al. (2017) reporta que en el afio 2016 se
enumeraron unos 14,000 documentos y alrededor de 2707 patentes sobre nanotecnologia
en alimentos o agricultura. Estos estudios se han enfocado principalmente en los efectos
toxicoldgicos, fisioldgicos, bioquimicos y gendémicos en las plantas.

Los principales nanomateriales (NMs) que se estan evaluando en plantas son a base de
metales y 6xidos metalicos como el Cu, Zn, Fe, Ti, Ce y Ag. Estos NMs han demostrado
que a concentraciones altas (> 100 ppm) causan toxicidad, por el contrario a una
concentracion baja (< 100 ppm) promueven el crecimiento, aumentan la tasa
fotosintética y enzimas de respuesta antioxidante (Du et al., 2017; Reddy et al., 2016).
Las plantas perciben a los NMs como estrés oxidativo, por lo que el principal
mecanismo de sefializacion es la produccion de especies reactivas de oxigeno (ROS) y
Ca®* (Sosan et al., 2016). Aguas abajo se activa el 6xido nitrico para mitigar el estrés
oxidativo. Las hormonas como el acido abscisico (ABA), acido salicilico, acido
jasmonico y etileno también juegan un papel importante como sefializadoras (Vankova
etal., 2017).

La absorcion de los NMs en las plantas depende de las propiedades fisicogquimicas como
el tamafo, la morfologia y composicion quimica. Ademas la interaccién con
microorganismos en el suelo, acidos humicos, materia organica e iones de sales
interfieren en la absorcion (Alharby et al., 2016; Dimkpa et al., 2015; Feng et al., 2013;
Grillo et al., 2015; Wang et al., 2016). Las plantas pueden absorber a los NMs de forma
intacta 0 mediante una disolucidon en la superficie radicular cuando se aplican en el suelo
(Wang et al., 2017a; Zhang et al., 2017). Cuando se aplican de manera foliar se absorben
de manera intacta a traves de los estomas y despues se crea una disolucién dentro de la

planta en el apoplasto (Schymura et al., 2017). Las nanoparticulas (NPs) pueden penetrar



mediante endocitosis, formacion de poros o plasmodesmata, después de internalizarse se
pueden transportar via simpléstica y apoplastica (Pérez-de-Luque, 2017).

Se ha observado que las NPs de cobre promueven el crecimiento e inducen respuestas de
defensa en las plantas. También se ha demostrado que las NPs de cobre recubiertas son
menos toxicas que las NPs libres y que el sulfato de cobre (Aruna et al., 2015; Pradhan
et al., 2015). En plantas de tomate las NPs de cobre aumentan el vigor de las plantas y el
contenido de licopeno de los frutos (Juarez-Maldonado et al., 2016). EIl quitosan es uno
de los polimeros que se esta utilizando para el recubrimiento de NMs debido a su gran
capacidad de reticulacion e intercambio catiénico en soluciones &cidas y gran afinidad
hacia a los iones metalicos (Guibal et al., 2014). Este polimero se utiliza como
bioestimulante y para inducir respuestas de defensa contra patdgenos en las plantas
mediante la produccién de H,O, y dxido nitrico que regulan la expresion de genes
relacionados a estrés bidtico y abidtico, respectivamente (Ali et al., 2011; Zhang et al.,
2011).

En las superficies agricolas, el estrés salino es uno de los diferentes tipos de estrés
abiotico de gran importancia a nivel mundial, ya que se estima que alrededor del 6% de
la superficie es afectada por éste tipo de estrés (Parihar et al., 2015). El sodio ingresa a la
célula a través de los canales cationicos no selectivos, después se desencadenan cascadas
de sefializacién de Ca**, ROS y hormonas. Aguas abajo se activan mecanismos de
desintoxicacion celular como el intercambiador de Na*/H", mecanismos de transporte de
Na" a través de la via extremadamente sensible a la sal (SOS) y estrategias de proteccion
osmotica (Deinlein et al., 2014). Algunos nanomateriales han mostrado efectos positivos
en combinacién con el estrés salino, mejoran la tasa fotosintética, el crecimiento,
modifican las barreras apoplasticas de las raices para controlar la entrada de Na* y
reducen el contenido de malondialdehido (MDA), H,O, y fuga de electrolitos (Khan et
al., 2017; Rossi et al., 2017). Por lo tanto, se desarrollo este trabajo de investigacion con
los siguientes objetivos planteados.



Objetivo General
Conocer las respuestas bioquimicas de induccion de capacidad de antioxidantes,
tolerancia al estrés salino y expresion génica en plantas de tomate tratadas con NPs de

Cu en hidrogeles de quitosan-PVA.

Objetivos Especificos
Evaluar diferentes concentraciones de NPs de Cu en hidrogeles de quitosan-PVA en

plantas de tomate y algunas variables de calidad de fruto.

Describir las variables morfol6gicas, pigmentos fotosintéticos y el contenido de
minerales de las plantas tratadas con NPs de Cu en hidrogeles de quitosan-PVA y

sometidas a estrés salino.

Determinar la capacidad antioxidante, la induccion de tolerancia a estrés salino y la
expresion génica en plantas de tomate tratadas con NPs de Cu absorbidas en hidrogeles
de quitosan-PVA.

Hipotesis
Las NPs de Cu en hidrogeles de quitosan-PVA pueden modificar la capacidad de
adaptacion y defensa de las plantas, aumentando la capacidad de antioxidantes, la

expresion genica y la induccion de tolerancia a estrés salino.



REVISION DE LITERATURA

Nanotecnologia

La nanotecnologia es la ciencia que estudia la materia a escala muy pequefia Ilamada
nanomaterial, comprende el estudio de las propiedades quimicas y fisicas de las
particulas que estan estructuradas en tamafios que varian de 1 a 100 nm. En este rango
de tamaro, el nanomaterial exhibe caracteristicas quimicas y fisicas superiores en
comparacion con las de tamafio normal (Akhnoukh, 2017). Se aplica en campos como la
fisica, quimica, biologia, ingenieria y ciencia de los materiales. La nanotecnologia
comenzo en 1959 con la conferencia impartida por el fisico Richard Feynman titulada
“hay mucho espacio en el fondo” donde describié6 un proceso en que los cientificos
podrian manipular y controlar atomos y moléculas individuales (Seifert, 2017). Una
década mas tarde el profesor Norio Taniguchi usé el termino nanotecnologia por primera
vez, sin embargo fue hasta 1981 cuando la nanotecnologia moderna comenz6 con el
desarrollo del microscopio de efecto tinel que podia ver atomos individuales (Binnig
and Rohrer, 1986). En 1985 se descubrieron los fullerenos por Harry Kroto, Richard
Smalley y Robert Curl, quienes juntos ganaron el Premio Nobel de Quimica en 1996
(Kroto et al., 1991). A principios de la década del 2000, esta tecnologia obtuvo una
mayor atencion cientifica, politica y comercial que condujo a la controversia y al
progreso. Surgieron controversias sobre las definiciones y las implicaciones potenciales
de las nanotecnologias. Se plantearon desafios con respecto a la viabilidad de las
aplicaciones previstas por los defensores de la nanotecnologia molecular, que
culminaron en un debate publico entre Drexler y Smalley en 2001 y 2003 (Bueno,
2004). Actualmente existen técnicas de caracterizacion de nanomateriales mas precisas
para determinar el tamafio y forma de particulas (microscopia electronica de
transmision), los patrones de difraccion (rayos X), el contenido de ligantes (analisis
termogravimétrico) y la estabilidad térmica (FTIR). Las &reas donde se tienen mayores
aplicaciones de la nanotecnologia son en los materiales y electronica. La region de Norte
América tiene el mayor mercado, pero Europa y Asia, especialmente China, Japén e

India, también se presentan de manera muy dinamica (Prasad et al., 2017).



Existen muchas incognitas sobre porqué los nanomateriales cambian su propiedad, esto
se debe a la alteracion en los 4&tomos lo cual desarrolla una mayor potencia magnética.
Se puede proyectar que el tamafio mas pequefio del nanomaterial posee una mayor area
de superficie y se exhibe mas activo. Con este mecanismo de accion, la nanotecnologia

esta tocando las puertas de la percepcion (Prasad et al., 2017).

Nanomateriales en la agricultura

La nanotecnologia tiene el potencial de ofrecer beneficios positivos en los desafios
agricolas. A partir del afio 2010 la cantidad de publicaciones relacionadas con la
terminologia nano ha crecido exponencialmente. De acuerdo a la busqueda realizada por
Prasad et al. (2017) en scopus.com en el afio 2016 se enumeraron unos 14,000
documentos sobre nanotecnologia en alimentos o agricultura. También encontraron
alrededor de 2707 patentes con este mismo criterio de busqueda en la base de datos
mundial de patentes.

En el area de la agricultura, se han estudiado principalmente los efectos tdxicos,
fisioldgicos, bioquimicos y gendmicos en las plantas. Los estudios enfocados en la
toxicologia en diferentes especies han demostrado que una concentracién mayor a 100
ppm de nanomateriales a base de metales y 6xidos metalicos son téxicos para las plantas
(Du et al., 2017; Reddy et al., 2016). Los dafios ocasionados son la disminucién del
crecimiento y desarrollo, menor tasa de germinacién, reduccion de la tasa fotosintética y
clorofila y dafios en el metabolismo redox, etc. Por el contrario, una concentracion
menor a 100 ppm tiene efectos positivos en las plantas, ya que promueven el
crecimiento, aumentan la capacidad fotosintética e inducen una mayor respuesta de
defensa antioxidante (Du et al., 2017; Reddy et al., 2016).

Los nanomateriales se estan utilizando en la agricultura como nanofertilizantes,
nanopesticidas, nanosensores y nanoestimulantes. Los nanofertilizantes (nutrientes nano-
dimensionados, fertilizantes nano-revestidos, o nanomateriales basados en Oxidos
metalicos o carbono) y nanopesticidas (nano-formulaciones de ingredientes activos
tradicionales o nanomateriales inorganicos), pueden proporcionar una liberacion
controlada/dirigida de agroquimicos y obtener su maxima eficacia biologica sin

sobredosificar. Los nanosensores y los metodos de nanoremediacion pueden detectar y



eliminar contaminantes ambientales. Sin embargo, el conocimiento limitado acerca de la
bioseguridad de los nanomateriales, los efectos adversos, el destino y la reactividad
bioldgica adquirida una vez dispersados en el medio ambiente requiere de mayores
esfuerzos cientificos para evaluar los posibles riesgos nanoagricolas (lavicoli et al.,
2017).

Absorcion y transporte de los nanomateriales en las plantas

La absorcién de las nanoparticulas en las plantas depende de sus propiedades
fisicoquimicas. EI tamafio es una de las caracteristicas que restringe la penetracion en los
tejidos vegetales, siendo una dimension de hasta 40-50 nm lo que permite una mayor
movilidad y acumulacién en las células de las plantas (Corredor et al., 2009; Gonzéalez-
Melendi et al., 2008; Sabo-Attwood et al., 2012; Taylor et al., 2014; Wong et al., 2016).
Ademas el tipo y composicion quimica es otro factor que influye en la absorcion (Ma et
al., 2014; Rico et al., 2011). También la morfologia de los nanomateriales afecta la
absorcion en algunos casos (Lahiani et al., 2016; Raliya et al., 2016). Por ejemplo, se
evaluaron cuatro tipos de NPs de TiO,, incluyendo una anatasa (NANT), un rutilo
pristino (NruT) y dos rutiles con superficies hidrofilicas e hidrofébicas (NLRuT,
NBRuT) en plantas de arroz. De las cuales sélo un tipo de nanoparticula de TiO, (NanT)
entr6 a las raices de las plantulas de arroz, sin embargo no se transportaron de las raices
a los brotes, probablemente debido a los efectos de obstruccion de la banda caspariana
en los tejidos de las raices (Cai et al., 2017). El tipo de carga afecta la absorcidn, las
nanoparticulas de carga negativa tienen mayor afinidad a la pared celular y se
transportan al apoplasto, sin embargo las de carga positiva o neutras inducen la
produccién de mucilago en las raices y se adhieren a ellas (Avellan et al., 2017;
Spielman-Sun et al., 2017). Las plantas pueden absorber las nanoparticulas mediante la
captacion directa o a través de una disolucion en la superficie radicular cuando se
aplican en el suelo (Zhang et al., 2017). Cuando son aplicadas de forma foliar se
absorben directamente por los estomas y después se crea una disolucién dentro de la
planta en el apoplasto (Schymura et al., 2017). Ademas de las caracteristicas propias de
los NMs, los factores ambientales también influyen en la absorcion de las NPs, ya que

en el suelo interactian con microorganismos (micorrizas y rizobacterias), acidos



hamicos, materia organica e iones de sales (Alharby et al., 2016; Dimkpa et al., 2015;
Feng et al., 2013; Grillo et al., 2015; Wang et al., 2016).

Las nanoparticulas penetran al sistema vascular de la planta mediante mecanismos de
endocitosis, incorporandose a la célula por invaginacién de la membrana plasmatica,
originando una vesicula que puede viajar a diferentes compartimentos de la célula (Li et
al., 2016a; Pérez-de-Luque, 2017). También pueden penetrar por medio de la induccion
de formacion de poros para atravesar la célula y alcanzar directamente el citosol sin ser
encapsulado en ningun érgano, o bien, mediante la plasmodesmata que son estructuras
especializadas en el transporte entre células (Pérez-de-Luque, 2017). Posteriormente, las
nanoparticulas pueden transportarse via apoplastica y/o simplastica para moverse de
arriba hacia abajo de la planta, y el movimiento radial para cambiar de una via a otra
(Pérez-de-Luque, 2017).

Mecanismos de sefializacion de los NMs en las plantas

Los nanomateriales inducen estrés oxidativo en las plantas, y éste puede ser grave o leve
dependiendo de la concentracion aplicada. De acuerdo a varios estudios proteomicos,
metabolomicos y transcriptomicos se hace referencia al mecanismo de sefializacion de
los NMs. La principal via de sefializacién de los NMs es la induccion de ROS vy el
incremento de calcio a traves de las proteinas de union de calcio (Sosan et al., 2016). Las
NPs pueden inducir cascadas de proteina quinasa activada por mitégenos (MAPK)
aungue no hay evidencia directa de la interaccién NPs-Planta-MAPK (Marslin et al.,
2017). EIl éxido nitrico es un importante sefializador ya que reduce el estrés oxidativo
producido por los NMs (Tripathi et al., 2017). Las hormonas también son importantes
sefializadoras de los NMs como lo son el &cido abscisico (ABA), 4cido salicilico, acido
jasmonico (Vankova et al., 2017, citoquininas (Vinkovic¢ et al., 2017) y etileno (Wang et
al., 2017a). Los NMs activan el metabolismo secundario de la planta como los
polifenoles oxidasa, fenilalanina amonio liasa (Ma et al., 2016) y brasinoesteroides (Li et
al., 2016b). También regulan el metabolismo fotosintético, metabolismo del nitrégeno y

metabolismo del azufre en las plantas (Wang et al., 2017b).



Nanoparticulas de cobre

Las nanoparticulas de cobre se pueden sintetizar artificialmente mediante reduccion
quimica. Las sales de cobre (CuS0,4.5H,0) se reducen con agentes reductores (NaOH),
el cobre pasa de estado de oxidacion +2 a 0, para evitar que se aglomeren y formen
microparticulas se introducen en el medio de reaccion ligandos de nitrégeno como la
alilamina (Aam) y polialilamina (PAAm). Las NPs se obtienen como polvo negro
(Sierra-Avila et al., 2014). También se pueden sintetizar de manera biol6gica a través de
extractos de plantas, enzimas y microorganismos.

Los estudios sobre NPs de cobre en las plantas demuestran que el efecto téxico depende
del tamafio y concentracién de nanoparticula, asi como el tipo de especie. En plantas de
Phaseolus radiates y Triticum aestivum una concentracion de 200-1000 mg L™ afectaron
negativamente el crecimiento (Lee et al., 2008). Una concentracién de 50-500 mg L™ de
nanoparticulas de 6xido de cobre redujeron el crecimiento de Glycine max (Nair and
Chung, 2014a). Las nanoparticulas de 6xido de cobre a una concentracion superior a 2
mg L™ mostraron una reduccién significativa en la biomasa de la planta y el contenido
total de clorofila de Arabidopsis thaliana (Nair and Chung, 2014b). Por el contrario,
concentraciones de 0.05-1.0 mg L™ aplicadas en el suelo o en semillas aumentan el
crecimiento, contenido de clorofila y carotenoides (Pradhan et al., 2015). También se ha
demostrado que las NPs de cobre recubiertas son menos toxicas que las NPs libres y que
el CuSQ, (Aruna et al., 2015; Pradhan et al., 2015). En este sentido las NPs de Cu en
hidrogeles de quitosan-PVVA promueven el vigor de las plantas y la cantidad de licopeno
en fruto de tomate (Juarez-Maldonado et al., 2016).

Los estudios sobre el efecto de las nanoparticulas de cobre ganan importancia para
explorar las nanoparticulas en el manejo de enfermedades sin afectar el crecimiento de la
planta (Kasana et al., 2017). Se ha observado que las nanoparticulas de cobre
encapsuladas en quitosan aumentan la actividad de enzimas defensivas como la catalasa,
peroxidasa, superoxido dismutasa y fenilalanina amonio liasa que funcionan como
agente antifngico contra diversos hongos fitopatégenos (Saharan et al., 2015; Saharan
and Pal, 2016).



Quitosan

El quitosan es un polimero natural que se obtiene despues de la desacetilacion de la
quitina en grados variables. La quitina se puede extraer de la cuticula de los crustaceos
(camardn y cangrejo), hongos e insectos. Sin embargo, las quitinas comerciales se suelen
aislar de los crustaceos, debido a la gran cantidad de residuos en la industria pesquera.
La quitina se encuentra en los crustdceos como constituyente de una red compleja de
proteinas en las que el carbonato de calcio se deposita para formar la cascara rigida. Para
el aislamiento de la quitina se requiere la eliminacion de los dos componentes
principales de la cascara, las proteinas por desproteinizacion y el carbonato de calcio
inorganico por desmineralizacion, junto con pequefias cantidades de pigmentos y lipidos
que generalmente se eliminan durante los dos pasos anteriores (Younes and Rinaudo,
2015).

Para la desacetilacion de la quitina puede ser por procesos acidos o alcalinos. Sin
embargo, los enlaces glucosidicos son muy susceptibles al acido; por lo tanto, la
desacetilacion alcalina se utiliza con mayor frecuencia. La N-desacetilacion de la quitina
se lleva a cabo de forma heterogénea, o de forma homogénea. Cominmente, en el
método heterogéneo, la quitina se trata con una solucion concentrada caliente de NaOH
durante pocas horas, y el quitosan se produce como un residuo insoluble desacetilado
hasta 85-99%. De acuerdo con el método homogéneo, se prepara quitina alcalina
después de la dispersion de quitina en NaOH concentrado (30 g de NaOH /45 g de H,O/
3 g de quitina) a 25 °C durante 3 h 0 mas, seguido de la disolucion en hielo triturado
alrededor de 0 °C. Este método da como resultado un quitosan soluble con un grado
medio de acetilacion de 48-55% (Younes and Rinaudo, 2015).

En la agricultura, el quitosan se utiliza como bioestimulante en plantas de cultivos. Se ha
demostrado que tiene efectos positivos en el crecimiento, fisioldgicos y bioquimicos. El
quitosan actia como un estimulador de las respuestas de defensas en las plantas a través
de la produccion de H,O, lo que conlleva a la induccion de enzimas defensivas como la
fenilalanina amonio liasa que es primordial en la sintesis de compuestos fendlicos (Ali et
al., 2011). El sistema de defensa también es activado a través de la via del éxido nitrico,
el cual se produce primero en el cloroplasto, seguido del nacleo y después en la célula
entera (Zhang et al., 2011). ElI H,O, desencadena especies reactivas de oxigeno y la
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sintesis de &cido abscisico, y coordina la actividad con acido jasmoénico a través de la via
octadecanoide regulando la expresion de genes relacionados al estrés bidtico, mientras
que el oxido nitrico regula la sintesis de acido fosfatidico (PA) a través de la via de
fosfolipasa C y diacilglicerol quinasa. EI PA mejora la accion de ABA inhibiendo ABI1
(regulador negativo de ABA). Luego, el ABA induce el cierre estomético y otras
respuestas de estrés abidtico (Pichyangkura and Chadchawan, 2015). El quitosan
incrementa los niveles de glucanasa y quitinasa en varias especies de cultivos y se asocia
con el aumento de la resistencia a enfermedades y se basa potencialmente en la
induccidn de estas enzimas (Pichyangkura and Chadchawan, 2015). En plantas de okra
la aplicacion foliar de quitosan aumenta el contenido de clorofila, el crecimiento y
rendimiento, asi como un aumento de la fotosintesis (Mondal et al., 2012). En plantas de
fresa la aplicacion foliar de quitosan aumentd el crecimiento vegetativo (longitud de la
planta, nimero de hojas/planta, area foliar, peso fresco y seco de raiz y rendimiento) (El-
Miniawy et al., 2013). En plantas de Camellia sinensis el Cs a granel aumenta la
expresion de los genes SOD y CAT en comparacion con los controles no tratados
(Chandra et al., 2015).

El quitosan es utilizado para la formacion de hidrogeles. Los hidrogeles son redes
poliméricas que pueden retener una cantidad significativa de agua dentro de sus
estructuras e hincharse sin disolverse en agua (Ahmed, 2015). Los hidrogeles de CS-
PVA contienen grupos funcionales (amino e hidroxilo) que actian como quelantes de
iones metalicos otorgandole capacidades de adsorcion muy altas. Por lo tanto, las
moléculas de soluto podrian interpenetrar en la red del hidrogel rdpidamente y unirse a
los grupos funcionales. Los hidrogeles se utilizan para el suministro controlado de
farmacos. En la agricultura es utilizado para la retencién de humedad (acondicionador de
suelo) y para la liberacion controlada de agrogquimicos y fertilizantes reduciendo la

sobredosificacion (Kashyap et al., 2015).

Estrés salino

El estrés salino afecta a una gran diversidad de cultivos en todo el mundo, se informa
que alrededor del 6% de la superficie mundial es afectada por la salinidad (Parihar et al.,
2015). Las plantas perciben el estrés salino cuando los iones de Na entran en contacto
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con las raices mediante lo canales catidnicos no selectivos. Después se activan cascadas
de sefializacién Ca®*, ROS, hormonas, homeostasis i6nica y osmética (Deinlein et al.,
2014). La homeostasis ionica es regulada por la via SOS, donde un complejo de
proteinas quinasas sensibles al calcio (SOS3-SOS2) controlan la expresién y la actividad
de transportadores de iones tales como SOS1 (Zhu, 2003). La homeostasis osmotica
activa varias proteinas quinasas incluyendo quinasas activadas por mitdgenos, que
pueden mediar la homeostasis osmotica y/o respuestas de desintoxicacion. El estrés
osmotico regula la biosintesis del ABA dependiente e independiente en multiples etapas
(Rowe et al., 2016). La biosintesis de etileno y la via de sefializacion del etileno regulan
la tolerancia a la sal de las plantas mediante la activacion de la expresién de genes diana
aguas abajo tales como los relacionados con la homeostasis de ROS y Na*/K* (Quan et
al., 2017).

Algunos nanomateriales han mostrado efectos positivos para mitigar el estrés salino. Por
ejemplo, la aplicacion de NPs a base de Si mejora la tasa fotosintética neta, la
conductancia estomatica, la tasa de transpiracion, la eficiencia del uso del agua y la
reduccion y degradacion de la clorofila en plantas de calabaza bajo estrés salino
(Siddiqui et al., 2014). Ademas aumentan la germinacion y crecimiento de las plantas lo
cual se ve reflejado en la reduccion del dafio oxidativo debido a la expresion de enzimas
antioxidantes, tales como catalasa, peroxidasa, superdxido dismutasa, glutation
reductasa y ascorbato peroxidasa. Por el contrario, reducen el contenido de MDA, H,0,
y fuga de electrolitos (Siddiqui et al., 2014). En plantas de Vicia faba las NPs de SiO;
incrementaron la germinacion, el crecimiento, actividad de enzimas antioxidantes,
contenido de agua relativa y rendimiento bajo estrés salino (Qados, 2015). La
combinacion de estrés salino y NPs de ZnO presentaron mayor expresion de los genes
SOD y GPX en comparacién con las plantas de tomate tratadas Gnicamente con estrés
salino (Alharby et al., 2016).
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Cu Nanoparticles in chitosan-PVA hydrogels as
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ABSTRACT

The encapsulation of copper nanoparticles (Cu NPs) in chitosan hydrogels could improve the yield and quality of fruit of horticultural crops
due to the physicochemical properties of the NPs. The objective of this research was to evaluate different concentrations of Cu NPs in
Chitosan-polyvinyl alcohol (Cs-PVA) hydrogels and their effects on the growth, productivity and fruit quality in tomato. The treatments
were applied to the substrate as follows: 0.02, 0.2, 2 and 10 mg of Cu NPs in Cs-PVA hydrogel, Cs-PVA hydrogel alone and a control.
The Cu NPs had significant effects on growth, productivity and fruit quality. They increased the numbers of leaves and clusters, fresh
biomass of roots, and dry biomass of stem-leaves and roots of the plants. They also increased the soluble solid content, titratable acidity,
lycopene content and total antioxidant capacity in the fruits. The concentration with the best effect on the growth and yield of tomato
plants was 10 mg Cu NPs, which increased the stem diameter, dry biomass of stem-leaves (13%) and roots (30%) and the yield (17 %),
whereas the concentration of 0.02 mg Cu NPs increased the lycopene content (37%) and the total antioxidant capacity of the fruit (10%).

The Cu NPs in Cs-PVA hydrogels helped to increase the yield and nutraceutical properties of the tomato fruits.

Keywords: Antioxidants; Chitosan; Cu NPs; Solanum Lycopersicum; Yield

INTRODUCTION

Nanomaterials are attracting attention from the scientific
community due to their outstanding activity in relation
to bulk materials (Naddeo et al., 2015). This heightened
activity can be attributed to the high ratio surface-volume
area and unique physico-chemical, mechanical and electronic
properties of nanoparticles (NPs) (Somasundaran et
al., 2010). Advances in nanotechnology have enabled
its application to agriculture and the food industry,
and particularly in agriculture are becoming popular
(Ruttkay-Nedecky etal., 2017). However, its use is still limited
due mainly to the lack of information about the toxicity and
environmental fate of nanomaterials (Narayanan etal., 2012;
Ruttkay-Nedecky et al., 2017), and also the little interest
of the application of nanotechnology in plant sciences
compared to nanomedicine and nanopharmacology (Wang

et al., 2016). Nanotechnology could play a key role in
increasing global food production. Currently, numerous
products and patents based on nanomaterials are being
developed with the aim of improving the efficiency and
sustainability of farming practices (Servin et al., 2015).

The main nanomaterials being studied are carbon-based
(fullerol or carbon nanotubes), metals and metal oxides
(Peralta-Videa et al., 2011). Nanomaterials based on metals
and metal oxides that are being evaluated in plants include
the ZnO NPs (Landa et al.,, 2012; Zhao et al., 2013; Zhao
et al.,, 2014), TiO, NPs (Landa et al., 2012; Hanif et al,
2015), Ce()z NPs (Zhao etal., 2013; Zhao et al., 2014; Rico
etal,, 2014; Hong etal., 2015), Fe,O,NPs (Trujillo-Reyes et
al., 2014), CuO NPs (Adhikari etal., 2012; Hong et al., 2015)
and Cu NPs (Lee et al., 2008; Pradhan et al., 2015; Saharan
et al., 2015). Some of the ways these nanomaterials are
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being applied to the plants are through a nutrient solution
or soil, leaf or in-vitro means (Liu and Lal, 2015; Servin et
al., 2015; Anjum et al., 2015). Moreover, the application of
nanoparticles in different crop plants has been evaluated,
and the effects of this vary greatly with plant species and
other factors as dose and type of NPs (Rizwan et al., 2017).

The accepted mode of action of these nanomaterials is
cellular penetration, although the exact mechanisms of
uptake are not fully known (Zhang et al., 2015; Servin et al.,
2015). NPs can be absorbed by plants through the roots
or the leaves. They must first penetrate the epidermis and
endodermis of the root and then enter the xylem vessel,
and they are then transported to the aerial parts. In the
leaves, they can penetrate through the stoma, entering the
vascular system of the leaves, and then be transported to
other parts of the plant through the phloem (Zhang et al.,
2015; Servin et al., 2015; Shi et al., 2014; Le et al., 2014).
Moreover, the nanoparticles can cross cell walls by several
ways: endocytosis, pore formation, carrier proteins, or
through plasmodesmata (Pérez-de-Luque, 2017). Even if
there are the ion channels, they have size around 1 nm, thus
nanopatticles are unlikely to cross the cell wall effectively
(Pérez-de-Luque, 2017). Once the NPs are absorbed by the
plants, they cause stress and consequently the generation
of reactive oxygen species (ROS), activating the plant
antioxidant defense system (Rico et al., 2015). This defense
system of plants combines the generation of enzymatic
and non-enzymatic antioxidant compounds (Rizwan
et al,, 2017). The changes of enzymatic antioxidants have
been demonstrated by Judrez-Maldonado et al. (2016) in
tomato plants treated with Cu NPs + chitosan, where
the catalase activity was more than five times higher than
the control. Also Pinedo-Guerrero et al. (2017) reported
that application of Cu NPs + chitosan generated more
concentration of capsaicin in jalapeno pepper, exceeding
the control by 51%.

Cu NPs are of particular importance in plants because
they enhanced photosynthetic activity by modulating
fluorescence emission, photophosphorylation, electron
transport chain, and carbon assimilatory pathway under
controlled laboratory conditions, as revealed from
biochemical and biophysical studies on treated isolated
mung bean chloroplast (Pradhan et al., 2015). Recent
research studies report that the application of Cu NPs at
low concentrations (0.05 to 1.0 mg L") in the soil or by
seed imbibition increases the seedling growth, chlorophyll
and carotenoid content (Shah and Belozerova, 2009;
Pradhan et al., 2015). However, the application of higher
concentrations (200-1000 mg 1.") in the nutrient solution
reduces growth and biomass accumulation in seedlings (Lee
et al., 2008; Kim et al., 2012; Musante and White, 2012;
Wang et al., 2012). One of the main problems in using

574

NPs is their insolubility in water (Lee et al., 2008). Due to
this problem, natural polymers such as chitosan (Cs) are
being used for the encapsulation and controlled release of
NPs metal due to its characteristics of biocompatibility,
biodegradability, non-toxicity and adsorption ability
(Kashyap et al., 2015). Cs is a biodegradable natural
compound, the deacetylated derivative of chitin, obtained
from the exoskeletons of crustaceans such as crabs and
shrimp. Its industrial and medicinal value derives from
its polycationic nature (Bautista-Bafos et al., 20006). It is
a polysaccharide with great crosslinking ability thanks to
the presence of the amino groups (-NH,), which explain
the unique properties of the Cs because your behavior
cationic in acid solutions and its affinity to metal ions, as
well as their antimicrobial properties (Ravi-Kumar, 2000).
It is also considered a chelating agent suitable for trapping
heavy metals (Shukla et al., 2013). On the other hand, Cs
is also used for the synthesis of hydrogels in combination
with polyvinyl alcohol (PVA), using glutaraldehyde as a
crosslinking polymer (Tripathi et al., 2009; Wang et al.,
2004). PVA is soluble in water and acts as an emulsifier
and adhesive synthetic polymer (Kanatt et al., 2012) with
the ability to release drugs in a controlled way. The main
applications and features of Cs in agriculture are founded
on its ability to induce a series of defense/stress responses
in plants, including the production of H,O, (Malerba and
Cerana, 2015) and nitric oxide; stimulate growth; protect
against low temperatures and release nutrients into the soil
(Rinaudo, 2006). When it is used as a coating on fruits, it
extends their postharvest life (Badawy and Rabea, 2011).

It has recently been shown that Cu NPs coated with Cs are
less toxic to seedlings than free Cu NPs or copper sulfate
(Aruna et al,, 2015; Saharan et al., 2015). Accordingly, this
study focused on the application of Cu NPs absorbed in
Cs-PVA hydrogels directly to the substrate, evaluating their
effect on growth, productivity and fruit quality.

MATERIALS AND METHODS

Synthesis of hydrogels of chitosan-polyvinyl alcohol
(PVA-Cs) and absorption of Cu NPs

Hydrogels of Cs-PVA were synthesized in the pilot plant
of the Research Center for Applied Chemistry (RCAC)
according to the following methodology: first, 250 mL of
2% Chitosan from Marine Chemical, Mv = 200,000 g/mol,
and 250 mL of 4% polyvinyl alcohol (PVA) from Aldrich,
Mw = 30, 000-50,000, in water were mixed for two
hours at 60 °C and 300 rpm to form a hydrogel at a 1:2
ratio (CS: PVA). Then, 2.27 mL of crosslinker (50%
glutaraldehyde) was added at 450 rpm and 25 °C for
5 min, and 100 mL of 6% NaOH was added at 300 rpm
and 25 °C for one hour. The Cs-PVA hydrogels were
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immediately washed and purified with distilled water and
ethanol, then finally dried and weighed. The Cu NPs used
in this work were supplied from SkySpring Nanomaterials,
Inc. (Houston, TX, USA) with a reported average size
of 25 nm, with a chemical purity of 99.8% and spherical
morphology. One hundred milligrams of Cu NPs was
dispersed in a solution of Tween 1% by ultrasound for
5 minutes (50 watts and 70% frequency), and dilutions
were prepared to obtain concentrations of 10, 2, 0.2 and
0.02 mg, which were subsequently absorbed in 1 gram of
Cs-PVA hydrogel and dried at 60 °C.

Experimental growth of tomato plants in greenhouse
In April 2015, established tomato plants (Solanum heopersicum
L) of the hybrid var. “Cayman”, ball type and undetermined,
were grown in a greenhouse in the Department of
Horticulture of the Agrarian Autonomous University
Antonio Narro, under a multi-tunnel with polyethylene
cover. The average temperature was 22.4 °C, the average
photosynthetic active radiation was 677.15 pmol m~s™, and
the average relative humidity was 62%. The planting density
was three plants per square meter. A mixture of peat moss
and perlite (50:50, v/v) was used as the growth substrate,
placed in black polyethylene bags of 12 L capacity. Also, a
system of targeted irrigation was used. For the treatments,
prior to transplantation, 1 g of Cs-PVA hydrogel in the low,
medium and high parts of the pot for better dispersion
of the Cu NPs in the substrate and root area of the plant.
Steiner nutritive solution (Steiner, 1961) with the following
micro-nutrients was also used: Fe-EDTA = 3.75 ppm;
Mn-EDTA = 1.85 ppm; B = 0.35 ppm; Zn-EDTA =
0.30 ppm; Cu-EDTA = 0.15 ppm; and Mo = 0.10 ppm. The
nutritive solution was supplied in different concentrations
to provide nutrients to the plants: for the first two weeks
after transplantation, it was applied at 25%; 50% for the
third and fourth weeks; 75% for the fifth week and the
rest of the crop cycle at 100%. The treatments used were
as follows: four concentrations (0.02, 0.2, 2 and 10 mg) of
Cu NPs absorbed in Cs-PVA hydrogels, an absolute control
and one treatment with hydrogel Cs-PVA (2% Chitosan and
4% PVA) to evaluate the effect of the Cs alone.

Variable growth and yield of tomato

To evaluate the growth and production of tomato plants,
the following procedures were performed: 60 days after
transplantation (dat) the apex of all plants were cut,
and 110 dat agronomic parameters was measured. Plant
height (cm) was measured using a tape; the stem diameter
(mm) was measured with a digital vernier; the number
of leaves, the number of clusters with flowers and fruits
tied, and the number of fruits per plant were counted;
and the average weight of fruits (g), the fresh weights of
stem-leaves and roots (g), and the yield of fruit per plant
(g) were determined. The dry weights of the roots, stems
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and leaves were obtained after drying in a Drying Oven
model DHG9240A for 72 hours at a constant temperature
of 80 °C.

Variable quality of tomato fruits

Fruit quality variables were evaluated as follows: at 90 days
after transplant, fruits were randomly selected after the
second harvest. It was verified that they had no physical
damage and were uniform and in maturity stage 6 (red
light), according to the visual color criteria used by the
United States Department of Agriculture (USDA).

Harvested tomato fruits were stored for 15 days at a
constant temperature of 10 °C and relative humidity
of 80% to observe the influence of the Cu NPs on the
post-harvest quality. On the first day of harvest, 9 fruits
per treatment were weighed to calculate the percentage
of weight loss after 15 days of storage. The pH, titrable
acidity and soluble solids of 3 fruits per treatment were also
measured on the first day of the harvest and after 8 and
15 days of storage. To determine the percentage of weight
loss, the fruits were weighed on an OHAUS brand digital
balance. The potential of hydrogen (pH) was determined
using a digital potentiometer (HANNA®), the soluble
solids (°Brix) using a digital Refract meter PR-101ATAGO
PALETTE and the percentage of titrable acidity according
to the methodology of the AOAC (2000), expressed as a
percentage of citric acid.

The lycopene content and total antioxidant capacity of
six fruits per treatment from the second harvest were
also measured. The lycopene content was determined
according to the methodology of Fish etal. (2002). To 3 g
of fresh fruit pericarp, 3 mL of buffer phosphate (pH 7)
were added; this sample was ground in a mortar, and then
2 mL of the sample and 4 mL of a 3:2 hexane: acetone
mixture were centrifuged for 10 min at 3000 rpm. Finally,
the absorbance at 503 nm of the resulting supernatant
was determined, corresponding to the pg g of lycopene.

The total antioxidant capacity of the fruit was determined
using a commercial kit (Antioxidant Assay Kit-Cayman
Chemical). First, to 100 mg of lyophilized fruit sample,
2 mL phosphate buffer (pH 7.2) was added and
homogenized by vortex for 30 s and ultrasonication for
5 min. The mixture was then centrifuged for 10 min at
12000 g and 4 °C. To 10 pL of the supernatant, 10 puL of
metmyoglobin and 150 ul. of chromogen were added. To
start the antioxidant activity reaction, 40 pL. of H,O, was
added, and the mixture was incubated for 5 minutes at room
temperature. The absorbance at 405 nm was measured
in a microplate reader for ELISA (LEX-808 IU model).
The final value was expressed as millimoles of Trolox
Equivalent Antioxidant per gram dry weight.
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Statistical analysis

The crop was established using an experimental
Latin square design (6x06), with six treatments and 18
experimental units per treatment for the agronomic
variables. For the variables of percentage weight loss,
pH, total soluble solids and titratable acidity, a completely
randomized design with nine replicates per treatment
was used. For the lycopene content and total antioxidant
capacity, a completely randomized design with six
replications per treatment was used. Statistical analysis of
each of the variables was performed using the statistical
program R CRAN for the analysis of variance and Fisher
LSD mean test (p = 0.05).

RESULTS

Effect of Cu NPs Cs-PVA hydrogels in the growth and
yield of tomato

The application of Cu NPs Cs-PVA hydrogels in the
substrate had significant effects on the growth variables
and yield of the tomato plants (p < 0.05). Table 1 shows
that treatment with 10 mg of Cu NPs resulted in significant
differences compared with the control, increasing the stem
diameter, fresh root weight (25%) and the number of
floral clusters (3%) per plant, whereas treatment with 2 mg
Cu NPs increased the number of leaves per plant by 5%
compared to the control (p = 0.05). For the plant height,
fresh weight of stem and leaves, number of fruits and
average weight of fruits per plant, no significant differences
were observed.

Fig. 1 shows that treatment with 0.02 mg of Cu
NPs increased the dry weight of the stem-leaves by
approximately 20%, and treatment with 10 mg of Cu NPs
increased the dry weight of the roots by 30%.

Fig. 2 shows that treatment with 10 mg Cu NPs Cs-PVA
hydrogels resulted in the highest fruit yield compared with
the control, an increase of 17% per plant.

Effect of Cu NPs Cs-PVA hydrogels on tomato fruit
quality

Table 2 shows significant differences between the treatments
for pH, titratable acidity and soluble solids content on the
first day of harvest (p < 0.05). Treatments containing 2.0 and
0.2 mg of CuNPs increased the titratable acidity 23 and 19%
respectively, and decreased the pH by approximately 1% on
the first day of harvest with respect to the control. None
of the Cu NPs treatments exceeded the control for soluble
solids. After 8 days of storage, treatment with 0.02 mg Cu
NPs increased the soluble solids content by 11% relative to
the control, and no significant differences were found for
titratable acidity and pH. After 15 days of storage, treatment
with 2.0 mg Cu NPs increased the soluble solids by 14%, and
the treatments with 10, 2.0 and 0.2 mg Cu NPs increased
the titratable acidity by 7% with respect to the control.
No significant differences were observed for pH, and no
significant differences in the percentage of weight loss of
fruits were found between treatments after 15 days of storage.

The Cu NPs in Cs-PVA hydrogels showed significant
differences in the fruit lycopene content and total antioxidant

Table 1: Effect of Cu NPs in Cs-PVA hydrogels on growth, development and productivity of tomato

10 166.4° 22.6° 19.8%<
2 168.7* 21.6> 20.4*
0.2 166.8° 2ol Re 19.6%
0.02 169.5° 21.4¢ 20.3*
Cs-PVA 167.8* 21.7%2 19.8%*
0 167.2* 22.3* 19.4°

6.2 2399.4* 98.9¢ 27.3* 257.9*
6.0° 2207.9* 95.8% 26.4° 249.9*
6.0° 2204.2° Lk 26.2° 254.2*
6.0° 2323.7° 78.5% 27.12 256.12
6.0° 2308.9* 86.6° 26.6* 256.4*
6.0° 219222 79.0% 26.6° 239.4*

Treatment: 0.02, 0.2, 2 y 10 ppm concentrations Cu NPs in Cs-PVA hydrogels, 0= Control, Cs-PVA= Cs-PVA hydrogels only, SD= stem diameter, NL= number
of leaf, NC= number of clusters, FWS= fresh weight of shoot, FWR= Fresh weight of root, NF= number of fruits, WF= average fruit weight, means with the same

letter in the same column are not different according to Fisher LSD (p<0.05)

Table 2: Effect of Cu NPs in Cs-PVA hydrogels on tomato fruit quality

Cs-PVA 1.69° 4.27* 427¢  4.29° 4.18*
2 1.66° 4.17° 427¢  4.32* 4.07*
10 1.422 423 421 434 3.98°
0.2 1.39* 4.18° 4212 4312 4.03*
0 1.37¢ 4.22* 423 434 4.22*
0.02 1.36° 4.25%  426°  4.30° 411

3.60° 4.26% 1.64° 1.48° 1.64°
3.75° 4.33° 2.28° 1.512 1.85°
3.61° 3.95% 1.84° 1.622 1.85°
3.81» 4.10% 2.20* 1.50° 1.85
3.61° 3.81¢ 1.85° 1.40° i 7o%
4.02* 3.91« 1.70° 1.60? 1.48°

Treatment: 0.02, 0.2, 2 y 10 ppm concentrations Cu NPs in Cs-PVA hydrogels, Cs-PVA=Cs-PVA hydrogels only, 0=Control, WL=weight loss, pH 1=potential
hydrogen first day of harvest, pH 2=potential hydrogen storage eight days, pH 3=potential hydrogen storage fifteen days, SS1=soluble solids first day of harvest,
SS2=soluble solids storage eight days, SS3=soluble solids storage fifteen days, TA1=titratable acidity First Day of Harvest, TA2=titratable acidity storage eight
days, TA3=titratable acidity storage fifteen days. Means with the same letter in the same column are not different according to Fisher LSD (p <0.05)
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Fig 1. Dry biomass production of shoot (stem-leaves), and root of
the tomato plants treated with different concentrations of Cu NPs in
Cs-PVA hydrogels. Treatment: 0.02, 0.2, 2 y 10 ppm concentrations
Cu NPs in Cs-PVA hydrogels, Cs-PVA= Cs-PVA hydrogels only, 0=
Control. Means with the same letter are not different according to
Fisher LSD (p < 0.05).
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Fig 2. Effect of Cu NPs in Cs-PVA hydrogels yield tomato. Treatment:
0.02, 0.2, 2 y 10 ppm concentrations Cu NPs in Cs-PVA hydrogels,
Cs-PVA= Cs-PVA hydrogels only, 0= Control. Means with the same
letter are not different according to Fisher LSD (p < 0.05).
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Fig 3. Lycopene content and total antioxidant capacity of tomato fruits
at different concentrations of Cu NPs in Cs-PVA hydrogels. Treatment:
0.02, 0.2, 2y 10 ppm concentrations Cu NPs in Cs-PVA hydrogels, Cs-
PVA= Cs-PVA hydrogels only, 0= Control, d.w= dry weight. Means with
the same letter are not different according to Fisher LSD (p < 0.05).

capacity with respect to the control (p < 0.05). The 0.02 and
10 mg of Cu NPs in Cs-PVA hydrogel treatments showed
higher lycopene content in the fruit, namely, 0.03653 and
0.03495 pg ¢! fresh weight, respectively, and the control
value was 0.0267 pg g fresh weight. These values represent
an increase of approximately 37 and 31%, respectively, for
the treatments with Cu NPs in comparison with control.
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In regards to the total antioxidant capacity of the fruit,
the treatment showing the highest amount of antioxidants
was 0.02 mg of Cu NPs, which produced an increase of
approximately 10% in comparison with the control, whereas
treatment with 10 mg of Cu NPs reduced the antioxidants
approximately 8% compared to the control (Fig 3).

DISCUSSION

The results of this study showed that concentrations of
0.02 to 10 mg Cu NPs in Cs-PVA hydrogels applied to the
substrate are not toxic to tomato plants. This nontoxicity
could be due to the protection and controlled release of
the Cu NPs provided by the Cs-PVA hydrogels during
the growth and development of the tomato plants, as
mentioned by Kashyap et al. (2015). In addition, the
application of high concentrations (200-1000 mg L") Cu
NPs in the nutrient solution is known to be toxic (Lee
et al., 2008; Kim et al., 2012; Musante and White, 2012;
Wang et al., 2012), in contrast to this study, in which low
concentrations were applied to the substrate. It has also
been shown that low concentrations (0.05-1 mg L) of Cu
NPs encapsulated in polyethylene glycol (PEG-200) are
less toxic than copper sulfate (Pradhan et al., 2015), and
thatlow concentrations of Cu NPs coated with Cs (0.01 to
1 mg L") are less toxic than free Cu NPs and copper sulfate
(Aruna et al., 2015; Saharan et al., 2015). This study used
Cu NPs encapsulated in Cs-PVA hydrogels, which could
help to reduce the toxicity.

This study also showed that Cu NPs in Cs-PVA hydrogels
improved the growth of tomato plants, increasing the
diameter of the stem, number of leaves and dry biomass.
The diameter of the stem is a very important plant growth
parameter to evaluate because it is related to photosynthetic
accumulation and transport, as well as to crop performance
(Liptay et al., 1981). The literature reports that carbon
accumulation in the shoots (stem-leaves) of in Cyamopsis
tetragonoloba and Pennisetum glancum can be increased by the
application of ZnO NPs to the leaves at a concentration of
100 ug mL" (Burman et al., 2013). Itis also known that Cu
NPs can play a critical role in photosynthesis, improving the
electron transport chain and phosphorylation during the
light reaction, as well as improving enzyme activity in the
dark phase and participating in the metabolism of carbon
and nitrogen (Pradhan et al., 2015). Similarly, Servin et al.
(2015) mentioned in their review of literature that different
metallic nanoparticles can increase photosynthesis, and the
chlorophyll and carotenoid contents in plants.

Some authors, such as Saharan et al. (2015), have shown
that the application of 5 ml of Cu NPs coated with Cs at
concentrations of 0.08, 0.10 and 0.12% to tomato seeds
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placed in Petri dishes with filter paper increase the fresh and
dry weight of the tomato seedlings compared with CuSO,
and the control. It has also been shown that the imbibition of
seeds of [gna nungoin Cu NPs encapsulated in polyethylene
alycol (PEG-200) at concentrations of 0.05 and 0.1 mg L
for 4-6 hours can increase seedling dry weight compared to
CuSO, and the control (Pradhan et al., 2015). On the other
hand, Hanif etal. (2015) reported that the application of TiO,
NPs (25 to 100 mg kg™') to the soil significantly increases the
dry weight of shoots and roots in Iactuca sativa with respect
to the control. This result shows that the application of Cu
NPs coated in Cs have a positive effect on plant growth.

In regard to the reproductive stage, the Cu NPs in Cs-
PVA hydrogels increased the number of floral clusters and
the yield of fruit per plant. Thus, Cu NPs can efficiently
activate the reproductive system of plants and increase fruit
production. It is likely that the tomato fruit yield increase
resulted from the ability of the Cu NPs to cause a greater
accumulation of photosynthates in the supply-demand
organs. Alternatively, it could be because the Cu NPs activate
genes related to the growth and development of plants, as
is the case for ZnO NPs, which regulate the expression
of genes related to cell organization and biogenesis, while
TiO, NPs are mainly involved in the response of genes to
biotic and abiotic stresses in Arabidopsis thaliana (Landa et
al., 2012). Among the few works that have studied the effect
of metal NPs on plant productivity, Wang et al. (2012)
reported that the application of CeO, NPs in solution at
a concentration of 10 mg L.”! increased the yield of tomato
by 10% and suggested that the effect was probably due to
the plants transferring more energy to the growth of the
fruit. Hong et al. (2015) showed that concentrations of
50, 100 and 200 mg L' of CeO, and CuO NPs applied
foliarly did not affect the yield of cucumber. However, it
has been shown that CeO, NPs applied to the substrate
at high concentrations (800 mg kg') decrease cucumber
performance by up to 31.6% (Zhao et al.,, 2013). This
result suggests that the applied amount of NPs directly
affects crop growth and can have positive effects at low
concentrations and negative effects at high concentrations.

The fruit quality results show that the Cu NPs can increase
the content of soluble solids and the percentage of titrable
acidity. Itis very likely that the increase in soluble solids was
due to a greater accumulation of photoassimilates in fruit
to form fructose and glucose, as reported in Mustafa et al.
(2014). It is also known that the increase in the percentage
of titrable acidity is due to better metabolism of organic
acids (citric acid) in the fruit (Valero and Serrano, 2010),
which helps to improve the proportions of fructose and
sucrose (Lobit et al., 2003). On the other hand, some authors
report that the content of soluble solids and titratable acidity
in fruit increase in plants under abiotic stress conditions
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(Yamada et al., 2015; Al-Harbi et al., 2016). Cu NPs induce
oxidative stress and can improve the levels of sugar and
citric acid in tomato fruits. Similar studies have shown that
CeO, NPs applied to the substrate at concentrations of
400 and 800 mg kg do not alter the amounts of reducing
sugars (glucose and fructose) in the fruits of cucumber, but
the amount of non-reducing sugars (sucrose) is reduced at
400 mg kg ' and increased at 800 kg' (Zhao et al., 2014). On
the other hand, Dar et al. (2015) mention that copper has a
positive and significant correlation with the soluble solids
content and total sugars in pear fruits, which may explain
the positive effect on tomato fruits observed in this study.
In this way, Cu NPs could offer an alternative method to
improve fruit condition in post-harvest.

This research also demonstrated that Cu NPs in Cs-PVA
hydrogels can increase the lycopene content and total
antioxidant capacity in tomato fruits. It has previously
been reported that NPs produce oxidative stress in plants,
activating the antioxidant defense system to fight against the
reactive oxygen species (ROS) (Rico et al., 2015). Judrez-
Maldonado et al. (2016) have demonstrated that the catalase
activity was more than five times higher than the control in
tomato plants treated with Cu NPs + chitosan. Also Pinedo-
Guerrero et al. (2017) reported that application of Cu NPs +
chitosan increased 51% more the concentration of capsaicin
in jalapeno pepper. Corral-Diaz et al. (2014) report that
CeO, NPs applied to the soil at a concentration of 250 mg
kg! resulted in the highest values of total antioxidants
in the tuber, and leaves of Raphanus sativus 1.. Kim et al.
(2012) showed that suspensions of CuO and ZnO NPs at
concentrations of 10 to 1000 mg L increased the activity
of the antioxidant enzymes catalase (CAT), superoxide
dismutase (SOD) and peroxidase in the roots of Cuemmis
sativis. Similarly, Trujillo-Reyes et al. (2014) showed that
CuO NPs applied in the nutrient solution at a concentration
of 10 mg L increased the activity of CAT in the roots and
leaves of lettuce. On the other hand, Pradhan et al. (2015)
showed that Cu NPs encapsulated in PEG (0.05-1.0 mg L")
did not alter the activity of the enzymes POD, SOD, CAT
and GR in the roots and leaves of 1igna radiata. Barrios et
al. (2015) also reported that CeO, NPs coated with citric
acid applied to the soil at concentrations of 62.5 to 500 mg
kg increased the activity of the enzyme CAT in tomato
leaves. This result suggests that the application of Cu NPs
can induce the formation of antioxidant compounds in
the fruits, as shown in the results obtained here, and thus
might be a strategy to improve the quality of nutraceuticals.

CONCLUSION

None of the concentrations of Cu NPs in Cs-PVA
hydrogels evaluated in tomato plants in this study had
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toxic effects. The concentration that produced the greatest
increase in the growth and yield of tomato plants was
10 mg of Cu NPs, which increased the stem diameter, the
fresh weight and dry weight of the root, and the number
of flower clusters and yield. The Cu NPs also increased
the content of soluble solids and titratable acidity in the
fruit during the first 15 days after harvest, although none
of the concentrations showed a clear difference. The
highest estimated increase in lycopene content and total
antioxidant capacity in the fruit was produced by the
treatment containing 0.02 mg Cu NPs. The application
of Chitosan-PVA-coated Cu NPs can be used as a tool to
increase the nutraceutical properties of tomato fruits as
well as the yield of this crop; however, further studies are
needed to assess the toxicological profiles of Cu NPs in
Cs-PVA hydrogels in other crops before commercial use.
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Abstract Chitosan is a natural polymer that has been used for the encapsulation of nanoparticles in order to obtain a
controlled release. In this way, the effect of Cu nanoparticles (Cu NPs) absorbed on chitosan-PVA hydrogels on
growth, antioxidant capacity, mineral content, and saline stress in tomato plants was evaluated. The use of Cu NPs
increased stem diameter (7%), fresh and dry root weight (91 and 43%), and number of fruits (20%) per plant,
compared to control. It also increased the activity of CAT, APX, GPX, SOD, PAL (111, 57, 39, 92 and 62%,
respectively) and the amount of GSH (56%) in tomato leaves. The fruits presented higher content of N, vitamin C,
and lycopene (15, 41, and 77%, respectively). Saline stress drastically affected plant growth and yield compared to
control. However, Cu NPs and chitosan decreased the accumulation of Na in leaves (39 and 52%, respectively) of
salinized plants. In addition, chitosan increased the content of total chlorophylls (65%), carotenoids (79%), and total
phenols (148%) in leaves of plants under salt stress. This work suggests that Cu NPs promote vegetative and

reproductive growth of plants, activate the mechanism of antioxidant defense, increase nutraceutical compounds in

fruits, in addition chitosan and copper nanoparticles could induce mechanisms of tolerance to salinity.
Keywords Cu nanoparticles, Chitosan, Antioxidant, Lycopene, Saline stress
Introduction

The use of nanotechnology is increasing in the medical sciences, electronics, pharmaceuticals, energy production,
and even as food additives. In agriculture, the main nanomaterials (NM) being studied are made of metals and metal
oxides (Rizwan et al. 2017). In this area most of the research is focused on studying the effects on growth as well as
the physiological and biochemical changes of plants (Zuverza-Mena et al. 2016; Rizwan et al. 2017). In general, it is
reported that most of the time, concentrations of nanomaterials less than 100 ppm applied via soil, foliar, or in seeds,
especially 10 to 40 mg kg™, have been shown to have beneficial effects on plant growth, while higher concentrations
have inhibitory effects. However, these effects depend on factors such as the properties of NM, plant species, soil

dynamics, and soil microbial community, among others (Reddy et al. 2016).

Among the NM based on metals are copper nanoparticles (Cu NPs), which have been shown to improve plant

growth, increase chlorophyll concentration, and increase the concentration of phenolic compounds and defensive
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enzymes (CAT, SOD, PAL, among others) when applied at low concentrations (0.05-1.0 mg L") in seeds or soil
(Pradhan et al. 2015; Juarez-Maldonado et al. 2016; Saharan and Pal 2016; Pinedo-Guerrero et al. 2017). However,
one of the disadvantages of NPs in general is their insolubility in water, which limits the evaluation of their toxicity
in experiments, therefore, new alternatives are being sought such as the encapsulation of the nanoparticles in order
to achieve a controlled release. Regarding to this, it has been reported that encapsulated Cu NPs are less toxic than
free Cu NPs and even than copper sulfate (Aruna et al. 2015; Pradhan et al. 2015; Saharan et al. 2015). A polymer
that is being used for the encapsulation of NPs is chitosan (Cs) due to its biocompatibility, biodegradability, non-
toxicity and adsorption abilities (Kashyap et al. 2015). Chitosan is a natural polymer derived from the deacetylation
of chitin, with great capacity for reticulation and cation exchange in acid solutions and has great affinity with
metallic ions (Ravi Kumar 2000). This polymer has been extensively investigated in agriculture and has been shown
to stimulate growth and activates the defense mechanisms in plants (Rinaudo 2006). Some investigations based on
Cu NPs encapsulated in chitosan demonstrate that they can increase the vigor of plants and the amount of lycopene
in tomato fruit, induce defensive enzymes in plants such as catalase, peroxidase, superoxide dismutase, and
phenylalanine ammonium lyase, as well as acting as an antifungal agent against various phytopathogenic fungi

(Saharan et al. 2015; Juarez-Maldonado et al. 2016; Saharan and Pal 2016).

On the other hand, it is known that saline stress affects a wide variety of crops worldwide, it is reported that over 6%
of the world’s land is affected by salinity (Parihar et al. 2015). Some of the effects of saline stress on plants is that it
reduces the rate of expansion of the foliar surface, the water potential and osmotic tend to be more negative, the
thickness of the epidermis and the mesophyll increases, the levels of Na and Cl increases, and decreases Ca, K, and
Mg levels, and induces the activity of certain antioxidant enzymes such as catalase, peroxidase, glutathione
reductase, and superoxide dismutase (Parida and Das 2005). There are few studies on the effect of NM based on
metals in plants subjected to saline stress. Some of them reported that NPs of ZnO in concentrations of 15 to 30 mg
L™ have positive responses in the metabolism of tomato plants under salt stress (Alharby et al. 2016). Likewise, it
has been shown that concentrations of 0.05 to 2.5 mg L' of Ag NPs could improve the tolerance of tomato plants to
salinity (Almutairi 2016). In canola, it was reported that in concentrations of 200 and 1000 mg kg™ of CeO, NPs
improved the growth and physiology of plants under saline stress, but did not completely alleviate it (Rossi et al.
2016). Considering the importance of research about NM in different plants, the following study was carried out to
evaluate the effect of Cu NPs in chitosan-PVA hydrogels on growth, antioxidant capacity, and mineral content in

tomato plants under conditions of saline stress.
Materials and Methods
Materials

Cu NPs (spherical morphology, 99.8% purity and 25 nm average diameter) were purchased from SkySpring
Nanomaterials, Inc. Texas, USA. Chitosan (Mv = 200,000 g/mol) was obtained from Chemical Marine Hamburg,
Germany. Polyvinyl alcohol (Mw = 30,000-50,000; hydrolysis 98%), L-ascorbic acid, polyvinylpyrrolidone, bovine

serum albumin, Bradford reagent, standard glutathione, Folin-Ciocalteu, 5,5 dithio-bis-2-nitro benzoic acid and L-
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Phenylalanine were obtained from Sigma Aldrich, St. Louis, USA. The amount of SOD (U/ml) was determined with
a commercial Cayman Chemicals kit. ABTS or 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) and
potassium persulfate were obtained from Sigma Aldrich, St. Louis, USA. The DPPH (2,2-Diphenyl-1-
Picrylhydrazyl) used was from Cayman Chemicals. Tomato seeds (hybrid var. “Huno F1” saladette type and

indeterminate growth) were purchased from Harris Moran Seed Company.
Synthesis of chitosan-polyvinyl alcohol hydrogels (Cs-PVA) and absorption of Cu NPs

It was carried out according to the methodology of Pinedo-Guerrero et al. (2017). It was carried out in the pilot plant
of the Applied Chemistry Research Center (CIQA) according to the following methodology: 250 mL of 2% chitosan
and 250 mL of 4% polyvinyl alcohol (PVA) were first dissolved by mixing for two hours at 300 rpm and 60 °C to
obtain a hydrogel in a 1:2 ratio (Cs: PVA); subsequently 2.27 mL of crosslinker (50% glutaraldehyde) was added at
450 rpm for 5 minutes at 25 °C, then 100 mL of 6% NaOH was added at 300 rpm, and 25 °C for one hour. The Cs-
PVA hydrogels were then washed and purified with distilled water and ethanol, and finally dried and weighed.
Thereafter, 100 mg of the Cu NPs were dispersed in a 1% Tween solution by ultrasound for 5 minutes (50 watt
power and 70% frequency), then a dilution was prepared to obtain a concentration of 10 mg, which were

subsequently absorbed in 1 gram of Cs-PVA hydrogel and dried at a temperature of 60 °C.
Experimental development and growth conditions

Tomato plants (Solanum lycopersicum L.) were established in February 2016, in a multitunnel greenhouse with
polyethylene cover of the Department of Horticulture of the Autonomous University of Agraria Antonio Narro. The
average temperature was 21 °C, active photosynthetic radiation of 565 pmol m* s and average relative humidity of
51%. The planting density was three plants per square meter. The substrate used was a mixture of peat moss and
perlite (50:50 v/v) placed in bags of black polyethylene of 12 L capacity. For the application of the treatments, 1 g of
Cs-PVA hydrogel was distributed in the lower, middle and upper parts of the pot before the transplant to obtain a
better dispersion of the Cu NPs in the substrate and in the root area of the plant. The experiment was carried out in
two ways: one evaluated the effect of 10 mg of Cu NPs absorbed on Cs-PVA hydrogels, a control, and a Cs-PVA
hydrogel treatment (1 g) to evaluate the effect of Cs alone; and in the other, the same conditions were evaluated, as
well as 100 mM NaCl in the nutrient solution applied from the third week after transplantation. A directed irrigation
system was installed and the nutrient solution Steiner (Steiner 1961) was used with the following micronutrients: Fe
EDTA = 3.75 ppm; Mn EDTA = 1.85 ppm; B = 0.35 ppm; Zn EDTA = 0.30 ppm; Cu EDTA = 0.15 ppm and Mo =
0.10 ppm. The nutrient solution was applied in different concentrations to provide the necessary nutrients to tomato
plants: the first two weeks after the transplant was applied concentrated at 25%, the third and fourth week at 50%,

the fifth week at 75% and the rest of the crop cycle to 100%.
Tomato growth and production data

Sampling was performed 75 days after transplantation and plant height was measured with a flexometer, stem

diameter measured with a digital caliper, counted the number of leaves, the number of clusters with flowers and
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berries and the number of fruits per plant. At 170 days after transplantation the plants were cut on the surface of the
substrate and the fresh weight of root, stem, and leaves were measured. Fruit yield per plant was also determined.
The dry weight of root, stem, and leaves was obtained after drying in a drying oven (Drying Oven model

DHG9240A) for 72 h at a constant temperature of 80 °C.
Determination of chlorophyll and carotenoid content

It was performed according to Pocock et al. (2004) the extraction methodology with some modifications. The
tomato leaves of each treatment were cryogenized with liquid nitrogen, then 0.1 g was taken and 1 mL of 100%
acetone was added, then centrifuged at 3024 g for 5 min. Subsequently, 0.05 mL of the supernatant was taken and
0.95 mL of 80% acetone (2.5 mM sodium phosphate buffer pH 7.8) was added. A blank composed of 80% acetone
was used. The content of chlorophyll a (664 nm), b (647 nm) and total (Porra 2002) and total carotenoids (470 nm)

(Wellburn 1994) were measured by spectrophotometry and expressed in mg g™ fresh weight.
Extraction of biomolecules

At 60 days after transplantation, random plants were selected and the third fully expanded young leaf was taken, the
fruits were selected at random after a harvest, verifying that they were not physically damaged, were uniform, and in
maturity 6 (light red) according to the visual color pattern used by the United States Department of Agriculture
(USDA 1991). Samples were stored at -80 ° C until use. For the enzymatic and non-enzymatic determination, 200
mg of lyophilized fruits and cryogenized leaves with liquid nitrogen of each treatment plus 20 mg of
polyvinylpyrrolidone were weighed. Then 1.5 ml of phosphate buffer pH 7-7.2 (0.1 M) was added, then subjected to
micro-centrifugation at 12000 rpm for 10 min at 4 °C. The supernatant was filtered with a nylon membrane (Ramos

et al. 2010). Dilutions of the extract were prepared in a ratio of 1:20 with phosphate buffer.
Proteins

Protein quantification was determined by the Bradford (1976) method. Taking 20 pl of the extract or standard and
adding 980 pL of the Bradford reagent. After 5 minutes the absorbance was read at 595 nm on a UV-Vis
spectrophotometer (Thermo Scientific Model G10S). A calibration curve was made with standard bovine serum

albumin (0.02-0.1 mg mL™).
Catalase (EQ 1.11.1.6)

Quantified according to Beers and Sizer (1952); 70 pL of the extract was taken and 920 pl of phosphate buffer was
added, then 10 pL of H,0, (2 M) was added to initiate the reaction. A blank was used for each sample: 930 puL
phosphate buffer and 70 pL extract. The initial absorbance was recorded, then every 20 seconds for 3 minutes. The
decomposition of H,O, was followed by the decrease in absorbance at 270 nm in a UV-Vis spectrophotometer. A
calibration curve was made with H,O, (20-100 mM) and the results were expressed as mM H,O, min”' per total

protein (mg g™).
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Ascorbate peroxidase (EQ. 1.11.1.1)

It was determined according to Nakano and Asada (1981). In 100 pL of the extract, 600 pL of phosphate buffer plus
100 pL of EDTA (1 mM), 100 pL of Ascorbate (5 mM) and 100 puL of H,O, (1 mM) were added to initiate the
reaction. A blank was used with 700 uL of phosphate buffer, 100 pL of EDTA (1 mM), 100 puL of Ascorbate (5
mM), and 100 pL of H,O, (1 mM). Oxidation of ascorbate was estimated by the decrease in absorbance at 266 nm
after 1 minute on a UV-Vis spectrophotometer. A calibration curve was prepared with ascorbate (10-100 pmol) and

the results were expressed in pumol of ascorbate min™ by total proteins (mg g™).
Superoxide dismutase (EQ 1.15.1.1)

For this analysis, to 10 pL of the extract or standard was added 200 pL of the radical detector (tetrazolium salt). To
initiate the reaction, 20 pl of xanthine oxidase was added. It was then incubated for 30 min at room temperature and
then the absorbance at 450 nm was read in a microplate reader ELISA (model LEX-808 IU). A calibration curve

was prepared with standard SOD (0-0.05 U/mL) and the results were expressed as U/mg protein.
Glutathione peroxidase (EQ 1.11.1.9)

It was done according to the modified Flohé and Giinzler (1984) technique, using H,O, as a substrate. For the
enzymatic reaction, 0.2 mL of the extract was placed in an eppendorf tube plus 0.4 mL of 0.1 mM reduced
glutathione and 0.2 mL of 0.067 M Na,HPO,. For the non-enzymatic reaction, the previous reagents were used
without the extract. These mixtures were preheated in a water bath at 25 °C for 5 minutes, then 0.2 mL of 1.3 mM
H,0, were added to initiate the catalytic reaction. It was placed to react for 10 min and stopped by the addition of 1
mL of 1% trichloroacetic acid. This reaction mixture was placed in an ice bath for 30 min. The mixture was then
centrifuged at 3000 rpm for 10 min; 0.24 mL of the supernatant or standard was taken and 1.1 mL of 0.32 M
Na,HPO, and 0.16 mL of 1 mM of the dithio-5-dithio-2-nitro benzoic acid (DTNB) dye were added. A blank was
used: 1.1 mL 0.32 M Na,HPO, and 0.16 mL 1 mM DTNB and 0.24 mL phosphate buffer. Subsequently, the assay
was read at an absorbance at 412 nm on a UV-Vis spectrophotometer (Xue et al. 2001). The enzymatic activity was
calculated as a decrease of GSH within the reaction time as compared to the non-enzymatic reaction. A calibration
curve with standard reduced glutathione (20-100 pM) was performed and the results expressed in pmol of

glutathione per min’! by total proteins (mg g™).
Phenylalanine ammonium lyase (EQ 4.3.1.5)

It was determined according to Syktowska-Baranek et al. (2012) with some modifications; 0.1 mL of the enzymatic
extract was taken and 0.9 mL of L-phenylalanine (6 mM) was added. After 30 min incubation at 40 °C the reaction
was stopped with 0.25 mL 5 N HCI. The samples were placed in an ice bath and 5 mL of distilled water was added.
The absorbance was determined at 290 nm on a UV-VIS spectrophotometer. A calibration curve was prepared with
cinnamic acid (300-3000 umol) and the results were expressed as the production of 1 mM cinnamic acid per min

by total proteins (mg g").
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Reduced Glutathione (GSH)

It was performed colorimetrically by reaction with DTNB. In an eppendorf tube, 0.48 mL of the extract was placed
and 2.2 mL of 0.32 M Na,HPO, plus 0.32 mL of the | mM DTNB dye was added. After completely mixing, the
absorbance at 412 nm was read in a UV-Vis spectrophotometer (Xue et al. 2001), the data obtained were
interpolated to a calibration curve previously standardized with GSH and the results expressed in pmol of GSH per

mg™" of total proteins.
ABTS (2,20-Azinobis-3-ethylbenzotiazoline-6-sulphonic acid)

The ABTS technique measures the hydrophilic compounds. It was performed according to the methodology of
Miller et al. (1993). The ABTS cation was generated through the interaction of 19.2 mg of ABTS dissolved in 5 mL
of HPLC grade H,0 and 88 pL of potassium persulfate 37.8 mg mL™". The cation was incubated in the dark and at
room temperature for 16 h. The activated ABTS radical was diluted with ethanol to an absorbance of 0.7+0.02 at
734 nm using a UV-VIS spectrophotometer (Moo-Huchin et al. 2015). Subsequently, 5 puL of the extract or standard
was taken and 395 pL of the diluted ABTS solution was added, after 6 min the absorbance was recorded. Ethanol
was used as a blank. Two calibration curves were made: with trolox (0-1 mM), and standard ascorbic acid (0-0.25
mg mL™"). The results were expressed as trolox equivalents in mM/100 g fresh weight (leaf) and dry (fruit) and

ascorbic acid equivalents in mg 100 g”' fresh weight (leaf) and dry (fruit) weight.
DPPH (2,2-Diphenyl-1-Picrylhydrazyl)

The DPPH technique measures the hydrophilic and lipophilic compounds. It was performed according to the Brand-
Williams et al. (1995) methodology with some modifications. The stock solution was prepared by mixing 2.5 mg of
the DPPH radical with 100 mL of methanol. The absorbance of the solution was adjusted to 0.7 + 0.02 at 515 nm
using a UV-VIS spectrophotometer. Next, 10 puL of extract or standard was taken and 390 pL of the diluted DPPH
radical was added. Methanol was used as a blank. The decrease in absorbance at 515 nm was measured after 30 min.
Two calibration curves were made: with trolox (0-1 mM), and standard ascorbic acid (0-0.12 mg mL™"). The results
were expressed as trolox equivalents in mM/100 g fresh weight (leaf) and dry (fruit) and ascorbic acid equivalents in

mg 100 g fresh weight (leaf) and dry (fruit) weight.
Total phenols

It was determined according to the methodology of Singleton et al. (1999) with some modifications. Taking 250 mg
of cryogenized sheet with liquid nitrogen, 1 mL of 80% methanol was added, then centrifuged at 10,000 rpm for 15
min. The supernatant was recovered and with the pellet the same procedure was repeated with concentrated
methanol. The supernatant was adjusted to 2 mL with concentrated methanol and placed in the dark. Subsequently,
200 pL of the extract plus 1.5 mL of distilled water were added, then 100 pL of Folin-Ciocalteu reagent was added,
then 200 pL 20% NaCO3 was added and let stand for 30 minutes. Absorbance was read at 765 nm on a UV-VIS
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spectrophotometer. A calibration curve was prepared with gallic acid (0.02-0.4 mg mL") and the results were

expressed as mg of gallic acid per g of fresh weight.
Lycopene

The content of lycopene was determined according to Fish et al. (2002); to 3 g pericarp of fresh fruit were added 3
mL of phosphate buffer solution (pH 7) and ground in a mortar, subsequently 2 mL of the sample are taken and
added 4 mL of the hexane:acetone (3:2) mixture. Centrifuging for 10 min at 3000 rpm. Finally, the absorbance at

503 nm of the resulting supernatant corresponding to mg 100 g™ fresh weight is determined.
Vitamin C

It was determined by titration method with 2,6 dichlorophenolindofenol (AOAC 2000); 10 g of fresh fruit were
weighed and macerated in a mortar with 10 mL of 2% HCI, then filtered through a sterile absorbent gauze onto a
100 mL volumetric flask. A 10 mL aliquot was taken and titrated with 2,6-dichlorophenolindofenol until a persistent

rosacea coloration was obtained. The results were expressed as mg 100 g™ fresh weight.
Quality of fruit

Fruits were selected at random after a harvest, verifying that they were not physically damaged, were uniform, and
in maturity 6 (light red) according to the visual color pattern used by the United States Department of Agriculture
(USDA 1991). The potential of hydrogen (pH) was measured using a digital potentiometer (HANNA®), soluble
solids (° Brix) with a digital refractometer PR-101ATAGO PALETTE and the titratable acidity percentage
according to the AOAC (AOAC 2000) methodology expressing the data as a percentage of citric acid.

Mineral content

The contents of K, Ca, Mg, Na, Fe, Zn and Cu were measured. For digestion, 0.2 g of dry sample were weighed and
30 mL of concentrated HNO; was added to a 100 mL beaker. It was covered with a watch glass and heated on a grill
until the disintegration of the organic matter (approximately 4 hours). The volume of HNO; was completed several
times to avoid drying the sample. When the solution was completely clear (no residue) it was allowed to cool and
then filtered on Whatman No. 42 filter paper and taken up to a volume of 50 ml with deionized water in a volumetric
flask. Subsequently, dilutions were made in a 1:10 ratio. The concentrations of each of the elements were read in
plasma emission spectrophotometer (ICP, Termo Jarrel Ash ASH model 7400). The total N content in leaves and
fruits was determined by the micro kjeldahl method (Jones 1991); 0.05 g dry sample was weighed into a digestion
flask, then 4 mL of digest mixture (25 g K,SOy, 10 g red mercury oxide, 1 L concentrated H,SO4 and 25 mL
Cu,SO,4) were weighed and digested (2 h aprox.) in a microdigestor. Subsequently, it was placed in the micro
kjeldahl distiller, adding 50% NaOH, the distillation was recovered with 30 mL of 2.2% boric acid and 3-5 drops of

bromocresol green/methyl red mixed indicator. The titration was carried out with 0.025 N H,SO,.
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Analysis of data

The experimental design used was completely randomized with 16 replicates per treatment considering one plant as
an experimental unit. For the variables of photosynthetic pigments, enzymatic activity, antioxidant capacity, fruit
quality and mineral content, 5 replicates were used per treatment. The statistical language R CRAN was used, in

which an analysis of variance and Fisher's LSD (a < 0.05) test were performed for all variables.
Results and Discussion
Growth and development of the plant

The results on growth and development of tomato plants are presented in Table 1. In growth and development
parameters evaluated in this study, it was shown that Cu NPs absorbed in Cs-PVA hydrogels have positive and
significant effects on tomato plants. Cu NPs increased stem diameter (7%) and number of fruits per plant (20%)
compared to control. In addition, Cs and Cu NPs increased root fresh weight (71 and 91%, respectively), root dry
weight (35 and 43%, respectively), and stem-leaf dry weight (6%). It has been previously reported that Cu NPs
encapsulated in Cs increase fresh and dry weight, as well as the number of clusters and fruits per tomato plant
(Pradhan et al. 2015; Juarez-Maldonado et al. 2016). It was also demonstrated that the control presented higher
height and number of leaves per plant (4 and 3%, respectively) compared to Cu NPs. Previously, Pinedo-Guerrero et
al. (2017) reported that Cu NPs in Cs-PVA hydrogels decrease the height in pepper plants. Therefore, plants treated
with Cu NPs in Cs-PVA hydrogels decrease plant height, this may be possible due to the generation of ROS.
Regarding fruit yield per plant, there were only significant differences between treatments with saline stress
compared to those without stress. As it was expected, the saline stress condition negatively affected the yield of the
plants. This type of stress generally affects negatively by reducing crop growth and yield (Parida and Das 2005), as
it demonstrated in this study. A positive effect of the saline stress condition was observed on the root biomass, as
fresh and dry weight increased compared to the control. This is due to a decrease in leaf expansion which results in
an inhibition of photosynthesis, as a consequence the stressed leaves contain a larger group of carbohydrates
available for root growth (Maggio et al. 2007). In this study Cu NPs did not show a positive effect on the growth and
development of plants under saline stress conditions. However, it has been reported that CeO, NPs increased total
biomass in canola plants exposed to salinity, although they do not fully compensate for the negative effects of saline

stress (Rossi et al. 2016).

Table 1 Effect of Cu NPs on Cs-PVA hydrogels and saline stress on the growth and development of tomato plants.

Plant Stem Number Number Number Fresh weight :v:;'l:l Dry weight Dry

Treatment Height diameter = Stem-Leaves Stem-Leaves weight Yield (g)
of leaves of fruits Root

(cm) (mm) cluster (2) (2) (2) Root (g)
Control 207.69 a 1444 b 26.56 a 6.19 ab 25.38b 2582.01 a 7445¢ 322.76 b 14.58 d 5607.37 a
CsPVA 200.50 b 14.92 ab 26.69 a 6.19 ab 27.13b 2591.89 a 126.97ab 34247 a 19.64 ab 5437.64 a
NCu 200.62 b 1539a 25.69 b 6.44a 30.50 a 2550.90 a 14193 a 34248 a 20.83 a 535201 a
NaCl 147.56 cd 1249¢ 2281 ¢ 5.88 be 25.19b 1086.69 b 110.99 b 156.34 ¢ 18.21 be 887.73 b
Cs-NaCl 150.94 ¢ 12.67 ¢ 23.19¢ 575¢ 24.56 b 1148.06 b 131.21 ab 153.01 ¢ 16.62 cd 879.28 b
nCu-NaCl 143.88d 12.52¢ 23.06 ¢ 5.69 ¢ 25.50 b 1156.64 b 128.11 ab 164.81 ¢ 17.61 be 973.22 b

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM NaCl. nCu-
NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not different (o < 0.05) according to Fisher
LSD.
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Table 2 shows the results of the changes in the pigments of the leaves treated with Cu NPs and saline stress. The

results show that saline stress increased the content of chlorophyll a, chlorophyll b, total chlorophyll, and

carotenoids compared to control. These increases could be used as a biochemical indicator for tolerance to salinity

(Stefanov et al. 2016). Cs increased chlorophyll a and b content (60 and 79%, respectively), total chlorophyll (65%)

and carotenoids (79%) in plants under salinity conditions compared to control. Ma et al. (2012) reported that Cs

increased the chlorophyll content in wheat plants under conditions of saline stress. Thus, Cs could help minimize the

effect of saline stress on tomato plants. In addition, the chlorophyll a/b ratio was significantly higher in the control

compared to the rest of the treatments. The increase in the Chl a/b ratio is associated with a change in the pigment

composition of the photosynthetic apparatus towards a solar-type chloroplast which has less chlorophyll light-

harvesting proteins (LHCPs) (Camejo et al. 2005). As a result, treatments with Cu NPs and Cs with and without

saline stress increased the amount of LHCPs in the leaves as a protection mechanism.

Table 2 Effect of Cu NPs in Cs-PV A hydrogels and saline stress on tomato leaf pigments.

Treatment Chlorolphyll a Chlorophyll b Total chlorophyll Chlorophyll Carotenoids
(mg g’ FW) (mg g' FW) (mg g”' FW) a/Chlorophyll b (mg g"' FW)

Control 1.71 cd 052¢ 223¢ 331a 0.29d

CsPVA 1.71 cd 0.54c¢ 2:25%¢6 3.17b 0.28d

nCu 1.55d 049 ¢ 205¢ 3.16b 0.26d

NaCl 2.38 ab 0.76 b 3.14b 3.12b 045b

Cs-NaCl 274a 093a 3.67a 294c 0.52a

nCu-NaCl 2.06 be 0.67b 2.74b 3.05 be 0.38¢

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100
mM NaCl. nCu-NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not
different (a < 0.05) according to Fisher LSD.

Changes in enzyme activity

The results of the enzymatic activity in leaves and fruits treated with Cu NPs in Cs-PVA and saline stress
hydrogels are presented in Table 3. The activity of the enzymes catalase, ascorbate peroxidase, glutathione
peroxidase, superoxide dismutase, and phenylalanine ammonium lyase was increased in tomato leaves with
Cu NPs (111, 57, 39, 92, and 62%, respectively) compared to the control. Thus, it is shown that Cu NPs
produce positive stress in the plants by activating their defense mechanism. In an previous study it was
shown that Cu NPs in Cs-PVA hydrogels increase CAT activity in tomato leaves, whereas APX, GPX, and
SOD did not show significant differences (Juarez-Maldonado et al. 2016). This may be due to the fact that a
lower concentration of Cu NPs was applied. In mung bean leaves, it was reported that Cu NPs encapsulated
in PEG increased the activity of CAT and SOD enzymes (Pradhan et al. 2015). In another study evaluating
CeO, NPs coated with citric acid, the activity of the CAT enzyme was increased in tomato leaves (Barrios et
al. 2015). On the other hand, phenylalanine ammonium lyase is an enzyme of great importance as it is key in
the synthesis of metabolites of defense against pathogens. Some authors stated that Cu NP coated with Cs
help protect plants from pathogens such as Alternaria and Fusarium (Saharan et al. 2015), thus, Cu NPs in
Cs-PVA hydrogels could function as inducers of systemic resistance in plants. On the other hand, in fruits,

Cu NPs increased catalase activity (122%), while Cs increased glutathione peroxidase activity (32%) when
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there was no saline stress. In a previous study the NPs of Cu and Cs did not increase the activity of these
enzymes, this could be due to that the concentration used was much lower (Juarez-Maldonado et al. 2016). In
this study it was also demonstrated that saline stress showed higher activity of APX and SOD (56 and 65%,
respectively) in tomato leaves, whereas in fruit the catalase and SOD activity increased (276 and 297%,
respectively) compared to the control. This is because saline stress increases ROS production and therefore
the plant activates its antioxidant defense mechanism (Blokhina et al. 2003). Regarding this, Cu NPs can
function as elicitors in the activation of defensive enzymes in plants, preparing them to cope with some type

of biotic or abiotic stress.

Table 3 Enzymatic activity in fruits and tomato leaves treated with Cu NPs in Cs-PVA hydrogels and saline stress.

Ascorbate Peroxidase Catalnse Superoxide Dismutase Gluta?hmne Phenilalanine Amonnium
. P (mM H;0; 1 i Peroxidase 2 N s 5
Treatment (umol ascorbate min oo Gy (U/mg™ proteins) . Liase (mM cinamic acid
) % min~ mg (umol glutathione e S
mg" proteins) A . o1 -1 I min~ mg"~ proteins)
proteins) min~ mg"~ proteins)
Leaves
Control 21531b 1293 b 13.62¢ 17.40 be 2.82b
CsPVA 203.74b 1336 b 19.98 be 1646 ¢ 2.67b
Ncu 337.62a 2728 a 26.13 ab 2423a 457 a
NaCl 335.18a 19.97 ab 22.51 ab 19.07 be 3.60 ab
Cs-NaCl 354.28a 18.77 ab 29.60 a 21.38 ab 420a
nCu-NaCl 316.18a 13.84b 27.04 ab 20.64 abc 3.58 ab
Fruits
Control 445.65a 2627 ¢ 12.35d 2649 b -
CsPVA 430.50 a 3277¢ 7.75d 3498 a -
Ncu 476.83 a 58.38b 17.32cd 33.11 ab -
NaCl 566.63 a 98.83 a 48.98 a 33.12ab -
Cs-NaCl 45420a 42.47 be 29.17 be 27.95 ab -
nCu-NaCl 485.24 a 40.59 be 35.66 b 28.55 ab

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM NaCl. nCu-
NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not different (o < 0.05) according to Fisher
LSD.

Changes in antioxidant capacity

The results of antioxidant capacity in tomato leaves treated with Cu NPs in Cs-PVA and saline stress
hydrogels are presented in Table 4. Cu NPs presented higher GSH (56%) in the leaves compared to the
control, this treatment was also higher than the rest. GSH is critical in the glutathione-ascorbate cycle and is
crucial for biotic and abiotic stress as it induces defense responses against pathogens such as Pseudomonas
syringae and Phytophthora brassicae (Parisy et al. 2007). Thus, Cu NPs could be used as elicitor against
pathogens. On the other hand, the Cs and Cu NPs presented higher total phenol content (148 and 85%,
respectively) in leaves of plants subjected to saline stress in comparison to the control. Total phenols are
antioxidants that trigger a series of secondary metabolites synthesized through the pathway of the shikimic
acid or malonic acid, exerting cellular signaling functions under conditions of abiotic stress (Michalak 2006).
Thus, Cs and Cu NPs increase phenolic compounds in plants inducing tolerance to salt stress. Regarding the
changes in antioxidant capacity equivalent to trolox (CAET) and vitamin C (CAEVC) in tomato leaves,
through the DPPH technique, the Cu NPs and the NaCl increased values compared to the Cs, however with
the control no significant differences were shown. Through ABTS technique, Cu and Cs NPs decreased

CAET (56 and 51%, respectively) and CAEVC (47 and 43%, respectively) in plants subjected to saline stress
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compared to control (Table 4). The ABTS technique quantifies the hydrophilic compounds (Rufino et al.
2010), so it can be said that the NPs of Cu and Cs affected this type of compounds.

Table 4 Antioxidant capacity in tomato leaves treated with Cu NPs in Cs-PV A hydrogels and saline stress

Antioxidant Capacity Antioxidant Capacity Reduced Total Phenols
Treatment Equivalent to Trolox (mM/  Equivalent to Vitamin C Glutathione (mg Gallic Acid/g
100 g FW) (mg/100 g FW) (U/ mg”' proteinas)  FW)
DPPH ABTS DPPH ABTS
Control 80.02 ab 47.89a 10.10 ab 15.10a 282.92b 1.72¢
CsPVA 58.93 b 56.19 a 7.20b 1731 a 286.95 b 2.76 be
nCu 89.38 a 5197a 11.39a 16.19 a 447.58 a 2.64 be
NaCl 91.41a 49.51a 11.67 a 1553 a 221.30b 2.77 be
Cs-NaCl 91.74 a 23.48b 11.71a 8.62b 284.00 b 427a
nCu-NaCl 99.52 a 21.16b 12.78 a 8.011 b 280.61 b 3.18 ab

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM NaCl. nCu-
NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not different (a < 0.05) according to Fisher
LSD.

The results of antioxidant capacity in tomato fruits treated with Cu NPs in Cs-PVA and saline stress
hydrogels are presented in Table 5. The content of lycopene in tomato fruits increased significantly with Cu
NPs, both in plants without stress (77%) and with saline stress (43%) compared to the control. It has
previously been shown that Cu NPs in Cs-PVA hydrogels increase the lycopene content in tomato (Juarez-
Maldonado et al. 2016). It has also been shown that the application of NPs of ZnO and TiO, in foliar form
and to the soil increase the content of lycopene in tomato (Raliya et al. 2015). Lycopene is an antioxidant that
protects human cells from oxidative stress, produced by free radicals that are a major cause of cardiovascular
disease, cancer and premature aging (Garrido et al. 2013). Therefore, Cu NPs could be an alternative to
increase this type of antioxidant in fruits. On the other hand, Cs and Cu NPs increased vitamin C content in
tomato fruits, both in plants with saline stress (83 and 72%, respectively) and without stress (48 and 41%,
respectively), compared with the control. Cs also increased CAET by DPPH and ABTS technique (44 and
181%, respectively) and CAEVC only by DPPH technique (49%), in plants subjected to saline stress. Saline
stress also increased the amount of GSH in tomato fruits by 51%. As previously mentioned, NPs, like saline
stress, generate oxidative stress in plants, which was reflected in our results by increasing the amount of
ascorbic acid, GSH and Trolox (analogue of vitamin E) in the tomato fruits. There are several reports on the
effective application of Cs as a coating on fruits to reduce the loss of antioxidants such as ascorbic acid,
anthocyanins, and total polyphenols (Kerch 2015). In this work it was shown that Cs has positive effects by
increasing the ascorbic acid in tomato fruits by direct application to the plant. This is of great importance
since humans must ingest vitamin C through rich sources like fruits, because the human body does not
possess the enzymatic capacity to produce it (Padayatty et al. 2003). Therefore, the exogenous application of
Cs and NPs of Cu is an interesting alternative to increase the antioxidant capacity of fruits of interest to

humans.
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Table 5 Antioxidant capacity in tomato fruits treated with Cu NPs in Cs-PVA and saline stress hydrogels

Antioxidant Capacity Antioxidant Capacity Reduced

: ; SRR ¢ Vitamin C Lycopene
Equivalent to Trolox Equivalent to Vitamin C Glutathione
Treatment (v 100 g FW) (mg/100 g FW) U/ mg” proteinas)  MF1MEPH)  (mg/l00gPE)
DPPH ABTS DPPH ABTS
Control 68.97 be 10.96 b 8.58 be 530a 324.87 be 8.10d 285¢
CsPVA 54.09 ¢ 17.65 ab 6.53¢c 7.07 a 431.13 ab 11.97 be 3.09 be
NCu 87.12 ab 18.91 ab 11.08 ab 741a 322.36 be 11.44 be 505a
NaCl 83.17 ab 20.24 ab 10.53 ab 7.77 a 491.82a 10.38 cd 287c
Cs-NaCl 99.52a 30.77 a 12.78 a 8.74a 28281 ¢ 14.78 a 2.99 be
nCu-NaCl 67.39 be 22.78 ab 8.36 be 8.44a 301.00 ¢ 13.90 ab 4.07 ab

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM NaCl. nCu-
NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not different (o < 0.05) according to Fisher
LSD.

Quality of fruit

The results on the effect of Cu NPs and saline stress on fruit quality are presented in Table 6. It was observed that
although the pH of the fruits increases with the application of Cu NPs, it is only in comparison to the treatments Cs
and NaCl in 2 and 3% respectively. Juarez-Maldonado et al. (2016) reported that Cu NPs increase pH in tomato fruits.
While Yurtseven et al. (2005) reported that salinity (10 dS m™) decreases the pH of tomato fruits. The decrease in pH
of tomato fruits by salinity is associated with an increase in titratable acidity (Mitchell et al. 1991). This is because
when the supply of K* is limited, Na* can partially substitute for K*, generating a higher concentration and active
accumulation of solutes, mainly ions and organic molecules that are typically produced in plants stressed by salt
(Mitchell et al. 1991; De Pascale et al. 2001). This explains the almost double increase in titratable acidity and soluble

solids content in tomato fruits under salinity conditions compared to the stress-free condition.

Table 6 Effect of Cu NPs in Cs-PVA hydrogels and saline stress on tomato fruit quality

Total Soluble Solids Titratable acidity

o] pH (°Brix) (% citric acid)
Control 4.07 abc 524b 0.36b
CsPVA 4.02 be 548b 0.36b
nCu 4.11a 544b 0.32b
NaCl 4.00¢ 8.80a 0.64 a
Cs-NaCl 4.09 ab 9.08 a 0.68 a
nCu-NaCl 4.04 abc 9.16 a 0.68 a

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM
NaCl. nCu-NaCl: nCu + 100 mM NaCl. Means with the same letter within the same column of each treatment are not different (a <
0.05) according to Fisher LSD.

Mineral content

The results of leaf and fruit minerals treated with Cu NPs and saline stress are presented in Table 7. Cu NPs
significantly increased N content in fruits (15%) compared to control. Previously, it had already been confirmed that
Cu NPs are involved in nitrogen metabolism by increasing the activities of the enzymes nitrate reductase, nitrite
reductase, glutamine synthase, and glutamate synthase (Pradhan et al. 2015). On the other hand, the saline stress
decreased in 32 and 39% the content of N and K in tomato leaves. Saline stress also affected Ca content in leaves and
fruits, decreasing by 23 and 54%, respectively. It is known that Ca and K levels decrease due to salinity (Parida and
Das 2005), as demonstrated in this study. It is also reported that saline stress affects the N content in canola leaves

(Rossi et al. 2016), a fact also observed in this study in tomato leaves. On the other hand, the saline stress increased
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the content of Mg in the leaves by 71%. This could be associated with an increase of chlorophyll in the leaves.
However, in the fruits, the Cu and Cs NPs affected the Mg translocation, decreasing its content by 4 and 3%,
respectively, compared to the control. Cu NPs decreased the Fe content (33%) in the leaves. Saline stress increased Na
content in leaves and tomato fruits (1555 and 339%, respectively) compared to control. However, Cs and Cu NPs
decreased Na accumulation in leaves (52 and 39%, respectively) compared to saline stress. Some authors mention that
CeO, NPs modify the formation of apoplectic barriers, which allows to improve tolerance to salt stress in Brassica
napus plants (Rossi et al. 2017). In this study, it was shown that Cu and Cs NPs play an important role in reducing Na
accumulation in the leaves, and could promote tolerance of salt stress because the sodium itself causes toxicity in cells
altering cellular homeostasis causing osmotic stress and ionic toxicity that affect plant growth (Zhu 2003). On the
other hand, the Cs increased the content of Fe (62%) in tomato fruits compared to the control. In an earlier study, Cu
NPs did not affect Fe content in tomato leaves and Cs did not show significant differences in Fe content in tomato
fruit, this is probably due to the fact that the concentration of Cu NPs was lower compared to that used in this study
(Juarez-Maldonado et al. 2016). In contrast, saline stress increased the leaf Zn content by 82% over the control. Lutts
et al. (1996) showed that saline stress increases the Zn content in rice plants. In addition, the overexpression of the
OSISAPI gene in transgenic tobacco confers tolerance to saline stress (Mukhopadhyay et al. 2004), the same gene
that codes for zinc finger proteins, which explains the increase of Zn in salinized plants. The content of Cu in leaves
and fruits was not affected by Cs, Cu NPs or saline stress. In an earlier study it was shown that Cs and Cu NPs

decrease the Cu content in tomato plants (Juarez-Maldonado et al. 2016), which was not observed in the present work.

Table 7 Mineral content in fruits and tomato leaves treated with Cu NPs in Cs-PV A hydrogels and saline stress

32

Treatment N . K . Ca \ Mg . Na . Fe . Zn . Cu B
(mg g~ DW) (mg g~ DW) (mg g” DW) (mg g” DW) (mg g~ DW) (ug g” DW) (ug g~ DW) (ug g~ DW)
Leaves
Control 32.20 ab 10.61 a 18.50 a 3.07b 6.33¢ 96.8 a 17.6 be 100.8 a
CsPVA 28.16 be 9.07b 16.99 b 2.76 b 6.57 ¢ 80.8 ab 14.8 be 93.6a
nCu 34.12a 1121a 18.92a 2.00b 459¢ 64.6b 108 ¢ 93.8a
NaCl 21.86d 6.48 ¢ 1420 ¢ 525a 104.75 a 91.2ab 320a 1238 a
Cs-NaCl 23.13d T.14¢ 15.05¢ 3.58 ab 49.82b 75.0 ab 23.0 ab 97.0a
nCu-NaCl 24.76 cd 741 ¢ 1478 ¢ 4.74 ab 64.37b 79.8 ab 21.2b 97.0a
Fruits
Control 23.14b 9.16a 6.34 ab 231a 0.98 b 13.8b 8.8a 93.8a
CsPVA 24.02 ab 942a 521b 2.24b 1.88 b 224a 8.4a 111.8a
nCu 26.57 a 9.38a 745a 221b 1.08 b 15.6 ab 7.8a 928a
NaCl 2178 b 83la 292¢ 234a 430a 13.8b 11.0a 932a
Cs-NaCl 22.39b 8.39a 2.83¢ 2.32a 385a 13.8b 8.8a 934a
nCu-NaCl 23.20b 8.89a 2.50¢ 2.33a 442a 10.4 b 10.6 a 93.0a

CsPVA: 1 g chitosan-PVA hydrogel. nCu: 10 mg Cu NPs + CsPVA. NaCl: Control + 100 mM NaCl. Cs-NaCl: Cs-PVA + 100 mM NaCl. nCu-NaCl: nCu + 100 mM
NaCl. Means with the same letter within the same column of each treatment are not different (o < 0.05) according to Fisher LSD.

Conclusions

The present work shows that the Cu NPs promoted the vegetative and reproductive growth of tomato plants without
saline stress. They increased stem diameter (7%), fresh and dry root weight (91 and 43%) and the number of fruits
(20%) per plant compared to control. They also showed higher activity of CAT, APX, GPX, SOD and PAL (111, 57,
39, 92 and 62%, respectively), and higher GSH (56%) in the leaves. The content of N, vitamin C and lycopene (15, 41
and 77%, respectively) also increased in the fruits. On the other hand, saline stress drastically affected plant growth
and yield compared to control. However, the Cs and Cu NPs decreased Na accumulation in the leaves (39 and 52%,
respectively) compared to the NaCl treatment. In addition, the Cs increased the content of total chlorophyll (65%),
carotenoids (79%) and total phenols (148%) in leaves of plants under conditions of saline stress. This demonstrates
that Cu NPs are promoters of plant growth and development, in addition to activating the antioxidant defense
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mechanism of plants, and increase nutraceutical compounds in fruits. In addition, the Cs and Cu NPs can induce
mechanisms of tolerance to salinity.
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Resumen:

La nanotecnologia puede revolucionar los sistemas de produccién agricola. Se ha observado que
las nanoparticulas de cobre inducen el crecimiento y mecanismos de defensa en las plantas. El
objetivo de este estudio fue evaluar la expresion de genes relacionados a defensa en plantas de
tomate tratadas con nanoparticulas de cobre-quitosdn y estrés salino. Se evaluaron los siguientes
tratamientos: control, complejo de nanoparticulas de cobre-quitosdan (NPs de Cu-Cs), quitosan a
granel y estos mismos tratamientos mds estrés salino (100 mM de NaCl). La PCR en tiempo real
se realiz6 en el equipo Applied Biosystems StepOne™ version 2.3. Los resultados demuestran
que el complejo de nanoparticulas de cobre-quitosdn sobreexpresé el gen SOD en el primer y
segundo muestreo (7 y 4.3 fold change, respectivamente) y el gen JA se sobreexpresé
unicamente en el segundo muestreo (1.1 fold change, respectivamente) con respecto al control.
La combinacion de estrés salino-NPs de Cu-Cs y estrés salino-Cs a granel sobreexpresé los genes
SOD (1.5 y 1.9 fold change, respectivamente) y JA (1.5 y 2 fold change, respectivamente). Este
estudio sugiere que el complejo de NPs de Cu-Cs y Cs a granel causa estrés oxidativo en las
plantas por lo que activa el mecanismo de defensa antioxidante y la via de sefalizacion
dependiente del dcido jasmoénico y en combinaciéon con estrés salino induce la tolerancia
disminuyendo el estrés oxidativo, iénico y osmético generado por la salinidad a través de la
activacion del dcido jasménico.

Palabras clave: nanoparticulas de cobre, quitosén, estrés salino, gen SOD, gen JA.
INTRODUCCION

A partir del aumento del uso de los nanomateriales (NMs) tanto en productos cosméticos,
farmacéuticos, industriales (automotriz, linea blanca) incluso como aditivo de alimentos, los
estudios sobre los efectos fisiologicos y bioquimicos en las plantas han crecido exponencialmente
[1]. La absorcién de los NMs en las plantas depende de las propiedades fisicoquimicas como la
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morfologia, el tamaio y tipo de nanoparticula (NP), el recubrimiento y carga superficial [2-5].
Ademds, la interaccién con el medio ambiente es otro factor que influye en la absorcién de los
NMs. Por ejemplo, la interaccién con microorganismos (micorrizas, rizobacterias), materia
orgdnica, arcillas, dcidos himicos e iones de sales [6—10]. Cuando las NPs se aplican al suelo se
pueden absorber a través de la captacion directa o mediante una disolucién de NPs a forma i6nica
en la superficie radicular [11,12]. Cuando se aplican de forma foliar los NMs son absorbidos de
manera intacta a través de los estomas y se crea una disolucién a forma idnica en el apoplasto
[13]. Pérez-de-Luque [14] menciona que para la internalizacion de los NMs al sistema vascular
de la planta primero deben atravesar varios tejidos (pelos radiculares, epidermis, cortex y
endodermis) y barreras (banda de caspari, cuticula, mesofilo de empalizada y esponjoso)
dependiendo del punto de entrada (raices u hojas). Los mecanismos de absorcion de las NPs
pueden ser a través de endocitosis, incorpordandose a la célula por invaginacion de la membrana
plasmatica, originando una vesicula que puede viajar a diferentes compartimentos de la célula
[14,15]. También puede ser mediante la induccién de formacién de poros para atravesar la célula
y alcanzar directamente el citosol sin ser encapsulado en ningtin 6rgano. Otro mecanismo puede
ser a través de la unioén de proteinas de membrana como las acuaporinas, sin embargo, el tamafio
de poro es muy pequeiio entre 2.8 y 3.4 A, a menos que el tamafio pudiera ser modificado y
aumentado [14]. También puede ser mediante plasmodesmata que son estructuras especializadas
en el transporte entre células. Se han propuesto los canales i6nicos, sin embargo, su tamaflo es
alrededor de 1 nm y tendrian que sufrir modificaciones importantes [14]. Después de
internalizarse los NMs pueden seguir la via apopléstica y/o simpldstica para moverse de arriba
hacia abajo de la planta, y el movimiento radial para cambiar de una via a otra [14]. Dentro de la
planta los nanomateriales generan estrés que puede ser grave o leve dependiendo de la
concentracion utilizada [16]. La produccién de especies reactivas de oxigeno (ROS) y calcio
citosélico son las principales vias de sefializacién de los NMs [17]. A partir de estos las plantas
activan su maquinaria defensiva e inducen la expresién de genes para contrarrestar el estrés
oxidativo causado por los NMs. Por ejemplo, en plantas de lechuga tratadas con NPs de
TiO»/ZnO se identificaron genes relacionados a enzimas antioxidantes como la catalasa,
ascorbato peroxidasa, superéxido dismutasa (SOD), glutatién reductasa y deshidroascorbato
reductasa [18]. Las hormonas también son importantes sefializadoras de los NMs, entre estas se
encuentran el dcido abscisico (ABA), 4cido salicilico (SA) y dcido jasménico (JA) [16]. Varios
estudios sefialan que una baja concentracién de diferentes NMs promueven el crecimiento,
mejoran la capacidad fotosintética, activan la maquinaria antioxidante y aumentan las
propiedades nutracéuticas en los frutos [1,19,20]. Por lo tanto, los nanomateriales pueden ser
utilizados para producir un estrés que resulte en beneficios para las plantas.

El quitosdn (Cs) es un polimero natural que se extrae principalmente de la cuticula de crustaceos
(camarones y cangrejos), debido a la gran cantidad de desechos que se producen en la industria
pesquera. Se obtiene mediante la desacetilacion de la quitina a través de procesos dcidos o
alcalinos. El Cs es un polimero natural multifuncional, debido a la gran capacidad de reticulacién
e intercambio catiénico en soluciones dcidas y gran afinidad hacia a los iones metdlicos [21]. En



79
80
81
82
83
84
85
86
87

88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

104

105

106
107
108
109
110
111
112
113
114
115
116

38

la agricultura se utiliza como bioestimulante del crecimiento y como inductor de respuestas de
defensa en las plantas [22]. En el drea de la nanotecnologia, el Cs esta siendo utilizado para
formar complejos con NPs metdlicas debido a sus caracteristicas de biocompatibilidad,
biodegradabilidad, no toxicidad y afinidad a iones metélicos. Por ejemplo, el complejo de NPs de
Cu-Cs ha demostrado ser menos téxico para las plantas en comparacién con las NPs libres o de
forma i6nica [23]. Algunos trabajos a base de NPs de Cu-Cs demuestran que aumentan el vigor
de las plantas y la cantidad de licopeno en fruto de tomate, inducen enzimas defensivas en las
plantas como catalasa, peroxidasa, superéxido dismutasa y fenilalanina amonio liasa y funcionan
como agente antifliingico contra diversos hongos fitopatégenos [19,23,24].

Actualmente el estrés salino afecta a una gran diversidad de cultivos a nivel mundial, se reporta
que mas del 6% de la superficie mundial son afectadas por la salinidad [25]. Las plantas perciben
el estrés salino cuando los iones de sodio (Na) entran en contacto con las raices a través de los
canales de cationes no selectivos. Después se activan cascadas de sefializacion de Ca2+, ROS y
hormonas que dan como resultado la expresién y activaciéon de mecanismos de desintoxicacion
celular como Salt Overly Sensitive (SOS) y Na”/H* exchanger (NHX) [26]. Se ha demostrado
que el quitosdn induce respuestas de defensa en las plantas bajo estrés salino regulando la
expresion de genes relacionados a enzimas antioxidantes [27]. Ademds, diferentes NMs tienen
efectos positivos para mitigar el efecto de diferentes tipos de estrés ambiental. En plantas bajo
estrés salino los NMs mejoran la tasa fotosintética neta, la conductancia estomatica, la tasa de
transpiracion, la eficiencia del uso del agua y, la reduccion y degradacion de la clorofila. Reducen
las barreras apopldsicas de las raices, lo que permite mds transporte de Na a los brotes y menos
acumulacién de Na en las raices de las plantas. También reducen el contenido de
malondialdehido (MDA), H,O, y fuga de electrolitos [28]. Por lo tanto, el objetivo de este
estudio fue evaluar la expresién de genes de respuesta defensivas en plantas de tomate tratadas
con complejos de NPs de Cu-Cs y desarrolladas bajo condiciones de estrés salino.

MATERIALES Y METODOS
Sintesis de hidrogeles de quitosan-polivinil alcohol (Cs-PVA) y absorcion de NPs de Cu

Se llevé a cabo de acuerdo a la metodologia de Pinedo et al. [20]. Se realizé en la planta piloto
del Centro de Investigaciéon de Quimica Aplicada (CIQA) segiin la metodologia siguiente: se
disolvieron 250 mL de quitosdn (Chemical Marine Hamburg, Germany) al 2% y 250 mL de
polivinil alcohol (Sigma Aldrich, St. Louis, USA ) al 4% mezclandolos por dos horas a 300 rpm
y 60°C para obtener un hidrogel en una relacién 1:2 (Cs:PVA); posteriormente se agregaron 2.27
mL del entrecruzante (glutaraldehido al 50%) a 450 rpm por 5 minutos a 25°C, se agregaron 100
mL de NaOH al 6% a 300 rpm, y 25°C por una hora. En seguida se hizo un lavado y purificacién
de los hidrogeles de Cs-PVA con agua destilada y etanol, y por tltimo se secaron y se pesaron.
Posteriormente, se dispersaron 100 mg de las NPs de Cu en una solucién de Tween 80 (Sigma
Aldrich, St. Louis, USA) al 1% por ultrasonido durante 5 minutos (potencia de 50 watts y
frecuencia del 70%), luego se prepar6 una dilucién para obtener una concentracioén de 10 mg, las
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cuales posteriormente se absorbieron en 1 gramo de hidrogel de Cs-PVA y se secaron a una
temperatura de 60°C.

Condiciones de crecimiento de las plantas y toma de muestras

Las plantas de tomate (Solanum lycopersicum L.) se establecieron en un invernadero del
Departamento de Horticultura de la Universidad Auténoma Agraria Antonio Narro. El
invernadero es de tipo multitunel y con cubierta de polietileno. La temperatura promedio fue de
21°C, radiacién fotosintéticamente activa promedio de 565 pmol m? s y humedad relativa
promedio del 51 %. La densidad de plantacion fue de tres plantas por metro cuadrado. Como
sustrato se usé una mezcla de peat moss y perlita (50:50 v/v) colocado en bolsas de polietileno
color negro de 12 L de capacidad.

Los tratamientos fueron aplicados previo al trasplante, para esto se distribuyé 1 g de hidrogel de
Cs-PVA en la parte baja, media y alta de la maceta para tener una mejor dispersion de las NPs de
Cu en el sustrato y en el drea radicular de la planta. El experimento se desarrollé bajo dos
condiciones: 1) en la primera se evaluaron 10 mg de NPs de Cu absorbidas en 1 g de hidrogel de
Cs-PVA, un testigo absoluto y un tratamiento con hidrogel de Cs-PVA (1 g); y 2) en la segunda
se evaluaron los mismos tratamientos mds la adicién de 100 mM de NaCl en la solucién nutritiva
a partir de los 21 dias después del trasplante (ddt). Se utiliz6 un sistema de riego dirigido y se usé
la solucién nutritiva Steiner al 50% [29] con los siguientes micronutrientes: Fe EDTA= 3.75
ppm; Mn EDTA= 1.85 ppm; B=0.35 ppm; Zn EDTA= 0.30 ppm; Cu EDTA=0.15 ppm y Mo=
0.10 ppm.

Para realizar el andlisis de expresion de genes se realizaron dos muestreos de hojas. El primer
muestreo se realiz6 a los 20 dias después de del trasplante, mientras que el segundo muestreo se
realiz6 a los 23 dias ddt (48 h después de la aplicacion del estrés salino). Para ambos muestreos
se tomaron las muestras de cinco plantas por cada tratamiento seleccionadas al azar. Se tomé la
hoja mds joven completamente expandida y se colocé en bolsa de aluminio, inmediatamente se
congel6 con nitrégeno liquido para después almacenarse en ultracongelador a -80 °C hasta su
uso.

Real-time reverse transcriptase PCR

Para la extraccion de ARN, se pulverizé la muestra de hoja usando nitrégeno liquido, se pesaron
100 mg de muestra y se colocaron en un tubo para micro centrifuga de 2 ml. Inmediatamente se
le adiciond a la muestra 1 ml de TRI reagent (Sigma Aldrich, St. Louis, USA) y se homogeniz6
suavemente. Se dejé incubar por 5 min a temperatura ambiente, posteriormente se agregaron 200
ul de cloroformo y la mezcla se agit6 en vortex vigorosamente hasta que tuvo un aspecto lechoso.
La mezcla se incub6 a temperatura ambiente por 15 min, a continuacién fue centrifugada a 12000
g por 15 min a 4 °C. Se recuperd el sobrenadante y se colocé en un tubo nuevo al cual se le
adicionaron 500 pl de isopropanol frio mezclando suavemente. En seguida se incubd a
temperatura ambiente durante 10 min y posteriormente se centrifugé a 12000 g por 10 min a 4

4
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°C. Se removié el sobrenadante por decantaciéon y la pastilla de ARN formada se lavé
adicionando 1 ml de etanol frio al 70 %. Se agité haciendo suaves inversiones del tubo para
después centrifugar a 7500 g por 5 min a 4 °C. Nuevamente se removié el sobrenadante y la
pastilla de ARN se dejé secar por 15 min, finalmente la pastilla se resuspendié en 50 ul de agua
DEPC y se almacené en ultracongelador a -80 °C.

La cuantificacion del ARN extraido se realizé por medio del espectrofotémetro UV-Vis (Thermo
Scientific Model G10S) a una absorbancia de 260 y 280 nm, y la calidad se midi6 mediante una
electroforesis desnaturalizante. La sintesis del cDNA se realizé utilizando un kit comercial
(Promega, Madison, Wisconsin, USA). Los primers corresponden a un gen endégeno (Actina) y
cinco genes de estudio (SOD, CAT, GPX, PR1 y JA) los cudles fueron disefiados en el software
AMPLIFIX, OLIGOANALIZER y PRIMERS BLAST como se describen en la Tabla 1.

Tabla 1. Secuencia de primers de los genes analizados

Gen (Forward primer 5°-3°) (Reverse primer 5°-3”)
ACT CCCAGGCACACAGGTGTTAT CAGGAGCAACTCGAAGCTCA
PRI AAGTAGTCTGGCGCAACTCA GTCCGATCCAGTTGCCTACA

JA TGGTTCGTCGACTTCGTCAT CTCGGCCTTGAGAGAGTTCA
SOD TGATGGGCCAACTACGGTTAA AAAATGGGCTCCTGTAGACATACAT
GPX AGGAGCCTGGAAACATTGAAGA CCATTCACGTCAACCTTGTCA
CAT CCCTCTAAGTATCGCCCATCAA TTGTACACAGGACCACCAGCAT

La elaboracion de los primers consistié en preparar una solucién de trabajo, se centrifugé cada
par de primers a maxima velocidad por 15 min, posteriormente los primers se prepararon a una
concentracién de 15 pmol/mL. El método de cuantificacién usado fue por medio de una curva
relativa estdndar, por lo tanto, para cada andlisis de cuantificacion se incluyé una curva estdndar
por gen utilizando una dilucién 1:5.

Las reacciones de PCR en tiempo real se analizaron en el equipo Applied Biosystems StepOne™
version 2.3 por el método de curva relativa estdndar midiendo la intensidad de fluorescencia de
Sybr Green. La reaccién de PCR para todos los genes se realizé en un volumen total de 20 pL.
para el gen Actina se adicion6 10 pL de Master Mix (Applied Biosystems, Foster City,
California, USA), 0.10 pL del primer forward (72 nM), 0.08 pL primer reverse (60 nM), 2 uL de
cDNA y 7.82 uL de agua libre de nucleasas. Para el gen PRI se agregé 10 pL de Master Mix,
0.03 pL de primer forward (20 nM), 0.05 pL primer reverse (40 nM), 2 uL de cDNA y 7.92 uL.
de agua libre de nucleasas. Para el gen JA se adicioné 10 uL de Master Mix, 0.05 pL de primer
forward (40 nM), 0.08 pL primer reverse (60 nM), 2 uL de cDNA y 7.87 puL de agua libre de
nucleasas. Para los genes SOD, GPX y CAT se agregaron 10 pL de Master Mix, 0.13 puL de
primer forward (100 nM), 0.13 pL primer reverse (100 nM), 2 uL. de cDNA y 7.73 pL de agua
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libre de nucleasas. Se corri6 la qPCR con el siguiente programa en el termociclador: Hot Start: 10
min a 95 °y PCR (40 ciclos): 15s a95°y 1 min a 60 °.

Analisis de datos

Para la cuantificacién de los genes de estudio (SOD, CAT, GPX, PR1 y JA) se utiliz6 un gen de
referencia (Actina) y se calculé mediante el software Applied Biosystems StepOne™ version 2.3
por el método de curva relativa estdndar. Este software normaliza los datos dividiendo la cantidad
de expresion del gen de estudio entre la cantidad del gen de referencia. A partir de estos datos
normalizados calcula la media geométrica que representa la cuantificacidn relativa (fold change)
del gen de estudio. El error estdndar se calcul6 a partir de la desviacién estdndar y el coeficiente
de variacién del gen de referencia y de estudio.

RESULTADOS Y DISCUSION

Los resultados de la expresion de los genes relacionados a enzimas antioxidantes a los 20 y 23
ddt se presentan en la Figura 1. Se estableci6 la hipétesis alternativa de que los fold change son
mayores que uno o menores que uno en valor absoluto en comparacion al testigo de referencia
[30]. De acuerdo con esta hipétesis, los resultados de esta investigacién determinan que el
complejo de NPs de Cu-Cs sobreexpresé el gen SOD (7 y 4.3 fold change, respectivamente. Fig.
la) a los 20 y 23 dias ddt. El gen CAT unicamente se sobreexpresé a los 20 ddt (1.1 fold change.
Fig.1b). Por el contrario, se reprimié el gen GPX a los 20 y 23 ddt (0.6 y 0.7 fold change,
respectivamente. Fig. 1c) y el gen CAT a los 23 ddt (0.56 fold change).

Las plantas perciben a los NMs como estrés, y éste puede ser leve o grave dependiendo de la
concentracion de nanoparticula utilizada [16]. Las ROS son las principales sefializadoras debido
al estrés que provocan los NMs [17]. En consecuencia las plantas activan su mecanismo de
defensa antioxidante para proteger a las plantas del estrés oxidativo [1]. La metaloenzima SOD es
la primera linea de defensa que se activa para eliminar ROS, catalizando la dismutacién del
superéxido (O,-) en oxigeno (O) y H>O,. La catalasa se encarga de catalizar el H,O,en O y agua
(H,0). La enzima glutatiéon peroxidasa cataliza la reaccién de oxidacién de glutation (GSH) a
glutation disulfuro (GSSG) utilizando H,O, [31]. En plantas de lechuga tratadas con NPs de
TiO,/ZnO se han identificado algunos genes relacionados con enzimas antioxidantes: 4 unigenes
relacionados con la enzima CAT, entre los cuales el Unigene0006158 se expreséd
diferencialmente en la raiz (1.23 veces mds que en el control). 7 unigenes relacionados con la
ascorbato peroxidasa (APOX), entre los cuales 3 fueron sobre expresados en hojas y 2 en raices.
12 unigenes relacionados con la enzima SOD, entre los que el Unigene0034518 y el
Unigene0005736 fueron regulados en las hojas. Ademas, 2 unigenes relacionados con la glutatién
reductasa (GR) y 11 con la deshidroascorbato reductasa (DHAR) [18]. En plantas de Eruca sativa
las NPs de Ag aumentaron la expresion del gen SOD [32]. En plantas de maiz las NPs de Cu
incrementaron la actividad de SOD y disminuyeron la actividad de CAT y GPX [33]. El
complejo de NPs de Cu-Cs también aument6 la actividad de las enzimas SOD, POD, PAL y PPO
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en plantas de maiz [34]. En un estudio anterior se demostré que el complejo de NPs de Cu-Cs
promueven el crecimiento y desarrollo de las plantas de tomate [35]. Entonces se confirma que el
complejo de NPs de Cu-Cs produce estrés oxidativo en las plantas y la aplicacién de una
concentracién Optima puede utilizarse como un estrés benéfico para activar el mecanismo de
defensa antioxidante de las plantas y hacer frente a diferentes tipos de estrés ambiental.

El Cs a granel sobreexpresé el gen SOD (2.1 y 2.5 fold change, respectivamente) a los 20 y 23
ddt. En consecuencia, el Cs a granel presenté entre 1 y 1.5 fold change mas que el control (Fig.
la). Por el contrario, el Cs a granel reprimi6 el gen CAT (0.82 y 0.67 fold change,
respectivamente) y GPX (0.6 y 0.7 fold change, respectivamente) a los 20 y 23 ddt (Fig. 1b y lc).
El Cs a granel se utiliza en la agricultura como bioestimulante para inducir el crecimiento y
respuestas de defensas en las plantas [22]. Las principales vias de sefializacién del Cs son a través
de la generacion de H,O, y NO. El H,O; desencadena ROS vy la sintesis de ABA, y coordina la
actividad con JA a través de la via octadecanoide, mientras que el NO regula la sintesis de dcido
fosfatidico a través de la via de fosfolipasa C y diacilglicerol quinasa [36]. En plantas de
Camellia sinensis el Cs a granel sobre expresé los genes SOD y CAT en comparacién con los
controles no tratados [37]. En cambio en plantas de maiz el Cs a granel no incremento la
actividad de SOD, PAL, POX y PPO [34]. De manera similar en plantas de Brassica rapa el Cs a
granel no aument6 la actividad de SOD, CAT y POX en comparacion al control [38]. Este
estudio sugiere que el Cs a granel produce estrés oxidativo en las plantas de tomate
sobreexpresando el gen SOD y reprimiendo los genes CAT y GPX.
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Figura 1. Expresion de los genes SOD (a), CAT (b) y GPX (c) en hojas de tomate a los 20 y 23 dias después del trasplante. Los datos

representan la media geométrica + error estandar y la linea de referencia representa el valor constante del control.

Después de 48 h de la aplicacién del estrés salino el gen SOD se sobreexpresé (1.9 fold change) y
los genes CAT y GPX se reprimieron (0.8 y 0.9 fold change, respectivamente) con respecto al
testigo (Figura 2). La combinacién de estrés salino y complejo de NPs de Cu-Cs sobreexpreso el
gen SOD (1.5 fold change) y reprimié los genes CAT y GPX (0.9 y 0.5 fold change,
respectivamente) en comparacion al testigo. Las principales vias de sefializacion del estrés salino
son a través de la homeostasis i6nica, osmética y produccién de ROS. La homeostasis i6nica es
mediante la via SOS, donde un complejo de proteinas quinasas sensibles al calcio (SOS3-SOS2)
controlan la expresion y la actividad de transportadores de iones tales como SOS1 [39]. Mientras
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que la homeostasis osmdtica se regula a través del ABA dependiente e independiente [40]. La
maquinaria antioxidante de la planta se activa para barrer las ROS provocado por el estrés salino
[41]. En plantas de tomate el estrés salino aumenta las actividades de las enzimas SOD y GPX
[42]. En plantas de trigo el estrés salino indujo mayores niveles de transcripciéon del gen SOD,
POD y CAT [27]. Los NMs han mostrado efectos positivos para mitigar el estrés salino en
plantas. Por ejemplo, la aplicacién de NPs a base de Si aumentan la expresién de enzimas
antioxidantes, tales como catalasa, peroxidasa, superéxido dismutasa, glutatiéon reductasa y
ascorbato peroxidasa en plantas de calabaza [43]. La combinacién de estrés salino y NPs de ZnO
presentaron mayor fold change en los genes SOD y GPX en comparacién con las plantas de
tomate tratadas unicamente con estrés salino [10]. En este estudio la combinacion de NPs de Cu-
Cs y estrés salino present6 0.4 fold change menos que las plantas tratadas tinicamente con estrés
salino en la sobrexpresion del gen SOD (Figura 2). Por lo que el complejo de NPs de Cu-Cs
ayuda a tolerar el estrés salino al reducir el estrés oxidativo provocado por la salinidad.

Ademads, la combinacién de estrés salino y Cs a granel presenté mayor sobreexpresion de los
genes SOD (1.9 fold change) y CAT (1.10 fold change), y reprimié6 el gen GPX (0.5 fold change)
en comparacion al testigo (Figura 2). Por lo que la combinacién de Cs a granel y estrés salino
presenté 0.8 y 1.4 fold change (genes CAT y GPX, respectivamente) menos que las plantas
tratadas tnicamente con el estrés salino. El Cs a granel induce respuestas de tolerancia frente a
estrés abidtico en plantas. Por ejemplo, en plantas de cartamo y girasol el Cs mitigd el estrés
oxidativo provocado por la salinidad a través de la reduccién de la actividad de las enzimas
catalasa y peroxidasa [44]. En plantas de trigo la combinacién de estrés salino y Cs presentd
mayor nivel de transcripcién de los genes SOD, CAT y POD en comparacién con las plantas
tratadas tnicamente con estrés salino [27]. En este sentido el Cs a granel ayuda a mitigar el estrés
salino en plantas de tomate regulando la expresion de los genes SOD, CAT y GPX.
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Figura 2. Expresion de genes antioxidantes en hojas de tomate después de 48 h
bajo estrés salino (23 dias después del trasplante). NaCl= 100 mM de NaCl;
CsNaCl= quitosdn + 100 mM de NaCl; nCu-CsNaCl= 10 mg de NPs de Cu +
100 mM de NaCl. Los datos representan la media geométrica + error estandar y
la linea de referencia representa el valor constante del control.

Los resultados de la expresion de los genes relacionados a las vias de sefalizacién del dcido
salicilico (PR1) y dcido jasménico (JA) a los 20 y 23 ddt se presentan en la Figura 3. El complejo
de NPs de Cu-Cs y el Cs a granel reprimieron el gen PRI a los 20 ddt (0.2 y 0.6 fold change,
respectivamente) y 23 ddt (0.2 y 0.5 fold change, respectivamente. Fig. 3a). En cambio, el gen JA
se reprimié con el Cs a granel y el complejo de NPs de Cu-Cs a los 20 ddt (0.9 y 0.8 fold change,
respectivamente) y se sobre expreso a los 23 ddt (1.2 y 1.1 fold change, respectivamente. Fig. 3b)
en comparacion al testigo. La resistencia inducida es una condicién mejorada de la capacidad
defensiva desarrollada por una planta cuando se estimula apropiadamente. La resistencia
sistémica adquirida (RSA) y la resistencia sistémica inducida (RSI) son dos formas de resistencia
en las que el sistema de defensa de las plantas son preacondicionadas [45]. La induccién de RSA
ocurre principalmente por la via de sefializacién del SA y la unién a proteinas de resistencia (PR)
[46], mientras que RSI es a través de la via de sefalizacién del JA y etileno (ET) [47]. Por lo
tanto, los jasmonatos y el dcido salicilico son reguladores claves del crecimiento de las plantas,
asi como en las respuestas de defensa a estrés bidtico y abidtico a través de la interaccién con
otras hormonas como el ET, auxinas, giberelinas, entre otras [48—50]. El quitosan induce genes
de respuesta de defensa a través de la via del SA en plantas bajo estrés bidtico [51] y a través de
la via del JA en condiciones de estrés abiético [52]. En plantas de Arabidopsis las NPs de ZnO
aumentaron el nivel de SA en hojas y raices, y suprimieron el nivel del JA [16]. En A. thaliana se
demostr6 también que las NPs de ZnO estimulan SA en hojas y raices y suprimen el JA [16]. En
cambio en plantas de trigo las NPs de TiO, aumentaron el contenido de JA [53]. En este estudio
el complejo de NPs de Cu-Cs y el Cs a granel reprimieron el gen PR1 a los 20 y 23 ddt y
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sobreexpresaron el gen JA tinicamente a los 23 ddt. Por lo que se sugiere que el complejo de NPs
de Cu-Cs y el Cs a granel podria ser mediado por la RSI a través de la via octadecanoide de los
jasmonatos.
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Figura 3. Expresion de los genes PR1 (a) y JA (b) en hojas de tomate a los 20 y 23 dias después del trasplante. Los datos
representan la media geométrica + error estindar y la linea de referencia representa el valor constante del control.

Por su parte, el estrés salino reprimié6 el gen PR1 (0.3 fold change) y sobreexpresé el gen JA (5.9
fold change) en comparacién al testigo (Figura 4). La combinacién de estrés salino-complejo de
NPs de Cu-Cs y estrés salino-Cs a granel reprimieron el gen PR1 (0.3 fold change,
respectivamente) y sobreexpresaron el gen JA (1.5 y 2 fold change, respectivamente) como se
muestra en la Figura 4.

El SA es fundamental para controlar la entrada de Na* en el tejido de la raiz y su subsecuente
transporte a larga distancia en los brotes, ademas previene la pérdida de potasio [54]. El JA
mejora la tolerancia a la salinidad tanto del estrés osmético como el oxidativo, por lo que el
efecto beneficioso de JA se logra a través de una alteracién fisioldgica sistémica en lugar de
simplemente controlar la homeostasis i6nica [55]. En este estudio el complejo de NPs de Cu-Cs y
el Cs a granel presentaron 4.4 y 3.9 fold change menos que las plantas tratadas tinicamente con
estrés salino en el gen JA (Figura 4). Esto sugiere que el complejo de NPs de Cu-Cs y el Cs a
granel regulan la sobreexpresion del gen JA en plantas bajo estrés salino lo cual ayuda a tolerar
los efectos de la salinidad a través de la regulacién de la homeostasis i6nica, osmética y ROS
mediante la activacion de la via del dcido jasmonico.
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Figura 4. Expresién de los genes PR1 y JA en hojas de tomate después de 48 h
bajo estrés salino (23 dias después del trasplante). NaCl= 100 mM de NaCl;
CsNaCl= quitosan + 100 mM de NaCl; nCu-CsNaCl= 10 mg de NPs de Cu + 100
mM de NaCl. Los datos representan la media geométrica * error estindar y la
linea de referencia representa el valor constante del control.

CONCLUSIONES

El complejo de NPs de Cu-Cs sobre expresé el gen SOD y reprimi6 los genes CAT, GPX y PR1
a los 20 y 23 dias después del trasplante, momento en el que se aplicaron los tratamientos. El gen
JA se sobre expresé tnicamente a los 23 dias después del trasplante. Después de 48 h de la
aplicacién del estrés salino (23 dias después del trasplante) los genes SOD y JA se sobre
expresaron y los genes CAT, GPX y PRI se reprimieron. La combinacién de estrés salino-NPs de
Cu-Cs y estrés salino-Cs a granel sobre expresaron los genes SOD y JA.

Los resultados de este estudio sugieren que el complejo de NPs de Cu-Cs (10 mg'l g por planta) y
Cs a granel (1 g por planta) causa un estrés oxidativo que activa el mecanismo de defensa
antioxidante y la via de sefializacién del 4cido jasmoénico en las plantas de tomate. Ademds,
induce tolerancia al estrés salino eliminando ROS y regulando la homeostasis i6nica y osmética a
través de la activacién de la via del dcido jasmonico.
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52

CONCLUSIONES GENERALES
Ninguna de las concentraciones de nanoparticulas de cobre en hidrogeles de quitosan-
PVA evaluadas en este estudio fue tdxica para las plantas de tomate. La concentracion
de 10 mg de nanoparticulas de cobre fue la que promovié mayor crecimiento,
aumentando el didmetro de tallo, el peso fresco y seco de las raices, el nimero de
racimos y frutos por planta.

Las nanoparticulas de cobre aumentaron la actividad de las enzimas catalasa, ascorbato
peroxidasa, glutation peroxidasa, superoxido dismutasa y fenilalanina amonio liasa, y
mayor cantidad de glutation reducido en las hojas. También aumentaron el contenido de

nitrégeno, vitamina C y licopeno en los frutos.

Las nanoparticulas de cobre y el quitosan a granel disminuyeron la acumulacion de Na*
en las hojas, mientras que el quitosdn a granel aument6 el contenido de clorofila,
carotenoides y fenoles totales en comparacién con las plantas tratadas Gnicamente con
100 mM de NaCl. Las nanoparticulas de cobre y el quitosan a granel sobre expresaron
los genes SOD y JA en comparacion al control. En combinacion con estrés salino
también sobre expresaron los genes SOD y JA.

Este estudio sugiere que las nanoparticulas de cobre-quitosan promueven el crecimiento
y desarrollo de las plantas, activan el mecanismo de defensa antioxidante de las plantas y
aumentan los compuestos nutracéuticos en los frutos. Ademas, se deduce que las
nanoparticulas de cobre-quitosan causan estrés oxidativo en las plantas que activa el
mecanismo de defensa antioxidante y la via de sefializacion del acido jasmonico en las
plantas de tomate. Inducen tolerancia al estrés salino eliminando ROS vy regulando la

homeostasis idnica y osmotica a través de la activacion de la via del acido jasmonico.
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