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1. INTRODUCCION

El constante incremento de la poblacion mundial, asi como la pérdida de
superficie cultivable debido a procesos erosivos y contaminacion de los suelos,
son factores que obligan a buscar alternativas para incrementar la produccion
de alimentos de calidad, con altos rendimientos por unidad de espacio y
mejores caracteristicas nutricionales (Raftery y Sevcikova, 2023).

Por otro lado, es bien conocido el rol que ejercen algunos micronutrientes en las
plantas, tales como zinc (Zn), hierro (Fe), cobre (Cu), entre otros, los cuales son
elementos indispensables para su desarrollo. Sin embargo, en varias regiones
del mundo existen problemas de deficiencia o baja disponibilidad de dichos
elementos en el suelo, principalmente en zonas de clima arido-semiérido, donde
predominan suelos de naturaleza calcarea (altos contenidos de CaCOs y pH>8)
(Kihara et al., 2020).

Durante los ultimos afos, la nanotecnologia ha cobrado importancia en la
agricultura debido a sus diferentes aplicaciones como plaguicidas, herbicidas,
bioestimulantes y fertilizantes (Javed et al., 2023). En este ultimo grupo, los
llamados nanofertilizantes han demostrado tener efectos positivos en los
cultivos (Benavides-Mendoza et al., 2022). Existen varios reportes en la
literatura que indican los efectos positivos del uso de nanofertilizantes
comparados con fertilizantes convencionales (Tighe-Neira et al., 2022). Sin
embargo, aun es necesaria mas informacién y la constante evaluacion de
nuevos nanomateriales (NMs) en distintas especies vegetales. Rahman et al.
(2021) compararon fertilizantes convencionales versus una formulacién de
nanofertilizantes a base de Cu, Fe y Zn en plantas de tomate, encontrando
mejores caracteristicas en los frutos y una eficiencia del uso de los fertilizantes
(EUF) 26% superior a la encontrada en las plantas con fertilizante comercial, asi
como una relacion beneficio/costo del 1.63 vs 1.30.

Thapa et al. (2023) aplicaron nanoparticulas (NPs) de ZnS y ZnO en
comparacion con el fertilizante ZnClz en plantas de Vigna radiata. Los
nanofertilizantes mostraron una mejor respuesta en variables agronomicas

como altura de planta, biomasa seca de hojas y raiz, asi como un mayor



namero de vainas y rendimiento total de grano. Por otro lado, aplicaciones de
diversas nanoparticulas (ZnO, FeO y MgO) comparadas con su forma
convencional (ZnSO4, FeSO4 y MgSOa4) favorecieron de entre un 50-93% las
caracteristicas morfologicas de las plantas como altura, asi como incrementos
de entre 30-80% en la concentracion de clorofila, donde dichas variaciones en
los aumentos fueron dependientes de la concentracion aplicada en cada tipo de
fertilizante (Khalid et al., 2022).

Adicional a su aplicacion como fertilizantes, los NMs tienen la capacidad de
inducir bioestimulacion en las células vegetales, dando como resultado una
mayor actividad en el metabolismo de las plantas en procesos como la
fotosintesis y respiracién celular, produccion de metabolitos secundarios, mejor
asimilacion de nutrientes, entre otros, lo que da como resultado final un mayor
rendimiento de los cultivos (Juarez-Maldonado et al., 2019).

A pesar de los numerosos estudios comparativos entre ambos tipos de
fertilizantes, actualmente, no se ha reportado el reemplazo completo de
fertilizantes convencionales con nanofertilizantes en sistemas de agricultura
protegida con cultivos sin suelo, por lo que el objetivo de la presente
investigacion fue realizar un estudio comparativo entre fertilizantes a base de
Zn, asi como su capacidad para cubrir las necesidades nutrimentales de
cultivos establecidos en sistemas sin suelo. La hipétesis planteada fue que los
nanofertilizantes pueden reemplazar a los fertilizantes convencionales,
cubriendo las necesidades nutrimentales de las plantas e induciendo
bioestimulacién, incrementando la productividad y la calidad de los cultivos
producidos bajo condiciones sin suelo.

El reemplazo de los fertilizantes convencionales conlleva varios beneficios a
corto y mediano plazo, ya que, al tener una mayor eficiencia, son aplicados en
cantidades menores a los cultivos, reduciendo el impacto ambiental, ademas de
lograr incrementar la productividad de los cultivos y la obtencion de alimentos

con alta calidad nutracéutica.



2. REVISION DE LITERATURA

2.1. La Nanotecnologia en la Agricultura

En los ultimos afios, la nanotecnologia ha ganado importancia en la agricultura,
principalmente debido a sus aplicaciones como plaguicidas, fertilizantes y
bioestimulantes, aunque actualmente también se reportan aplicaciones como
nanoherbicidas y nanosensores (Javed et al., 2023).

De forma general, la nanotecnologia engloba particulas con una dimensién
menor o igual a los 100 nm, sin embargo, en la literatura también se consideran
materiales por encima de dichas dimensiones (Vijayakumar et al., 2022). Para
fines practicos, en este documento se denotardn como nanomateriales (NMs) a
cualquier material con dimensiones inferiores a los 500 nm. Existe una amplia
diversidad de NMs, donde los mas comunes corresponden a (Ahmad et al.,
2022):

-Nanoparticulas (NPs) metélicas (ZnO, Fe20s3, SiO2, MgO, TiO2, CeOx).
-Nanomateriales de carbono (nanotubos de carbono, grafeno, fullereno).
-Nanoparticulas de zeolita y quitosan.

-Materiales cuanticos.

Los NMs con mayor estudio en la agricultura corresponden al primer grupo,
principalmente las NPs de Ag, ZnO y Fe20s, con los cuales se ha reportado su
uso como nanofertilizantes (Liu et al., 2022; Khan et al., 2022). Por otro lado, los
NMs de carbono han mostrado efectos favorables contra algunos fitopatégenos,
como Alternaria y Fusarium (Gonzalez-Garcia et al. 2021; Gonzélez-Garcia et
al., 2022). En el caso de los materiales cuanticos, actualmente es el grupo con
menor estudio, sin embargo, representan una tecnologia emergente con gran
potencial de desarrollo en el corto y mediano plazo (Benavides-Mendoza et al.,
2023). El uso de nanoformulaciones en los cultivos representa un menor
impacto ambiental que los productos convencionales, debido a su mayor
eficiencia y a las bajas dosis requeridas para su aplicacion (Rahman et al.,
2021).



2.2. Caracteristicas de los NMs

Los efectos que producen los NMs en las plantas se explican debido a sus
particulares caracteristicas fisicoquimicas del material. Las principales
caracteristicas son la forma, tamafio, superficie de contacto, carga eléctrica,
rugosidad, hidrofobicidad, entre otras (Juarez-Maldonado et al., 2021). Ademas
de lo anterior, las respuestas de las plantas a la aplicacion de los NMs también
dependen de la dosis, tiempo de exposicién, etapa fenolégica y forma de
aplicacion (Gonzalez-Morales et al., 2022). Con respecto a la forma, existen
particulas con distintas morfologias como esférica o semiesférica, cubicas, con
forma de estrella o particulas irregulares (Benavides-Mendoza et al., 2021). Por
otro lado, los nanotubos de carbono cuentan con formas cilindricas, los cuales
pueden tener varias capas entre si (Safdar et al., 2022), mientras que el grafeno
corresponde a hojas de hasta 500 nm de largo, con un grosor de apenas un
atomo de carbono (Zhang et al., 2022). En lo que respecta al tamafio, los NMs
de menores dimensiones tienen mayor facilidad de acceso a las plantas, asi
como una mayor superficie especifica de contacto (m? g?), lo cual representa
mayores puntos de contacto de los materiales con las células, dando como
resultado mayor capacidad de bioestimulacion (Méndez-Lépez et al., 2022).

Por otra parte, la carga eléctrica de los NMs es relevante en su interaccion con
las paredes y membranas celulares. La carga neta de los NMs dependera de la
suma entre cargas positivas y negativas, formando la llamada doble capa
eléctrica (EDL), lo cual varia dependiendo del material (Juarez-Maldonado et
al., 2019). Con respecto a la rugosidad, se refiere a la textura de las capas
externas de los NMs, donde materiales mas rugosos, con superficie especifica
mas grande, tienden a producir mayores interacciones con las superficies de las
células (Juarez-Maldonado et al., 2021).

La dosis de aplicacién de los NMs es uno de los factores de mayor importancia,
ya que las caracteristicas fisicoquimicas antes mencionadas, asi como la
amplia diversidad de los NMs, ocasionan que los niveles de aplicacion difieran
en gran medida, incluso al utilizar un mismo material. Asimismo, el tiempo en el

gue los NMs estan en contacto con las estructuras vegetales, también influye en



la respuesta de las plantas (Gonzalez-Morales et al., 2022). En lo que respecta
a las formas de aplicacion, los NMs pueden ser aplicados como pretratamiento
a las semillas (seed priming), via foliar, en drench (directo al suelo o sustrato) y
como inmersion de la raiz (Méndez-Lépez et al., 2022). La asimilacion de los
NMs por las plantas dependera de la forma y el érgano vegetativo al que son

aplicados.

2.3. Metabolismo de los NMs por las Plantas

2.3.1. Absorcion de NMs por laraiz

El proceso absorcion comienza desde el primer contacto de las NPs con las
raices para su posterior transporte a otros érganos de la planta. Uno de los
primeros factores que influencian el contacto de las NPs con las raices es su
morfologia. En este sentido, las plantas monocotiledoneas cuentan con un
sistema radicular fibroso, permitiendo un mayor volumen de exploracion en el
suelo y favoreciendo el contacto con las NPs. Por el contrario, las
dicotiledéneas tienen una raiz pivotante con menos ramificaciones (Su et al.,
2019).

Una de las principales vias de acceso del agua y nutrientes, asi como de NPs,
es a través del mecanismo de intercepcion de la raiz, lo cual ocurre cuando las
raices de las plantas se elongan lo suficiente para alcanzar las regiones que
contienen el agua y los nutrientes (Griffiths y York, 2020). El acceso a las capas
externas de la raiz puede ocurrir de forma similar que el acceso de iones, lo
cual sucede mediante difusion simple o flujo de masas, aunque también ocurre
directamente a través de los espacios existentes entre las uniones de las raices
secundarias con la raiz primaria o en las uniones de los pelos radiculares (Su et
al., 2019).

Posterior al primer contacto, las raices cuentan con varias capas de células
parenquimaticas, las cuales deben ser atravesadas por las NPs hasta llegar a
los haces vasculares como el xilema. Las principales vias utilizadas por las NPs
son la via apoplastica (a través de los espacios intercelulares) y la via

simplastica, la cual consiste en el movimiento a través del citoplasma de las



células, atravesando entre ellas por los plasmodesmos (uniones celulares) (Lv
et al., 2019). A pesar de que en la via del apoplasto el transporte se lleva a
cabo mediante los espacios existentes entre las células, llega un momento en el
que las NPs deben ingresar a las células para poder atravesar la banda de
Caspary y posteriormente alcanzar las células del xilema (Shukla et al., 2016).

El acceso de las NPs a las células de la raiz también es influenciado por las
caracteristicas del ambiente, como lo son la presencia de materia organica,
compuestos inorganicos, disponibilidad de agua, salinidad del suelo, niveles de

elementos minerales e incluso por factores bioticos (Ma et al., 2018).

2.3.2. Absorcién de los NMs por las hojas

La principal via de acceso de las NPs en las hojas es a través de las estomas.
Lo anterior debido a las dimensiones en la apertura de los mismos, ademas de
gue estos cubren un area importante de la superficie foliar, facilitando el
contacto y acceso de las NPs (Lv et al., 2019). La densidad estomética de las
hojas (n° de estomas/superficie) varia entre las especies vegetales, puede ser
alterada por factores ambientales como la intensidad de la luz, concentracion de
COg2, entre otros (Huang et al., 2022). Adicionalmente, los hidatodos presentes
en las hojas también funcionan como una via de facil acceso para las NPs,
dado que se encuentran directamente conectadas con los vasos del floema
(Avellan et al., 2021). Algo similar ocurre con los tricomas, ya que existen
evidencias de su rol como via de acceso para algunas NPs, principalmente a
través de los espacios existentes entre el tricoma y la cuticula de las hojas
(Hong et al., 2021). Las caracteristicas de la cuticula de las hojas, dependiendo
de la especie vegetal, también influye en la absorcion de las NPs, lo anterior
debido a que pueden formar reacciones de atraccién o repulsién, dependiendo
a su vez de la corona de las NPs (Read et al., 2020).

Por otro lado, ademas de los estomas, hidatodos y tricomas, algunos poros de
las hojas pueden funcionar como via de acceso para las NPs. Una vez que
ingresan a las capas externas de las hojas, las NPs avanzan a través de la via

del apoplasto y simplasto, hasta alcanzar los vasos del floema, el cual



representa el principal medio para el transporte hacia otros 6rganos de la planta
(White, 2012).

2.3.3. Transporte a larga distancia de las NPs a través del xilemay floema
El principal factor que influye en el transporte a través del xilema es su
estructura y morfologia, lo cual varia dependiendo de la especie vegetal.
Algunas de las caracteristicas importantes son los diametros internos de las
traqueidas, asi como el diametro de las uniones entre las células del xilema,
donde se encuentra la llamada “placa de tamiz” con poros que van desde los
200 nm hasta 1.5 um, donde en su interior también existen placas porosas con
diametros que abarcan desde los 43 hasta los 340 nm (Su et al., 2019). La
carga de las NPs también influye en la capacidad del transporte, donde algunos
materiales con cargas positivas pueden quedar adsorbidos en las paredes del
xilema, mientras que NPs con carga negativa tienden a la repulsion,
permitiendo el movimiento libre y facil ascenso (Spielman-Sun et al., 2019). Una
vez en el xilema, la principal forma de transporte de las NPs es mediante el fujo
de masas, donde se mueven junto con el agua, minerales y otras sustancias
absorbidas previamente por las raices. El transporte dependeréa de la velocidad
de transpiracién de las plantas, por lo que, a mayor transpiracion, mayor sera el
movimiento de sustancias en el xilema y la velocidad de movimiento de las NPs
también se incrementa (White, 2012).

Hu et al. (2020) demostraron que NPs con carga positiva mostraron mayor
capacidad de acceso por medio de las células guarda de los estomas (100 %
de acceso), donde fueron distribuidas hacia los espacios extracelulares (90 %) y
acumuladas en los cloroplastos (55 %), lo anterior fue demostrado en plantas
de Zea mays y Gossypium herbaceum con aplicaciones foliares de nanotubos
de carbono (CNT), NPs de CeO2 y NPs de SiO2. Cuando las NPs acceden a las
plantas a través de las hojas, la principal via de transporte es el floema, tejido
responsable de transportar los fotoasimilados hacia otras regiones de la planta
(White, 2012). Los factores que influyen en el transporte a través del floema son

las caracteristicas de las células que lo conforman, las cuales son conocidas



como celdas de tamiz o tubos cribosos, los cuales se encuentran unidos a
través de poros que abarcan desde los 200 nm hasta 1.5 um, lo que permite el
acceso de las NPs (Su et al., 2019). Las sustancias que contienen el xilemay el
floema (agua, azlcares, minerales, &cidos organicos) también influyen en el
transporte de las NPs, incluso en algunos casos, pueden promover la
agregacion, adsorcion o incluso su biotransformacion en formas ioénicas y otros
compuestos (Su et al., 2019). Esto ultimo fue reportado por Wang et al. (2012),
donde observaron que NPs de CuO fueron biotransformadas a Cu?* en los

tejidos del floema de Zea mays.

2.3.4. Penetracion de los NMs en las células

El acceso de los NMs a las células puede llevarse a cabo de distintas maneras,
donde las principales son a través de los poros celulares, mediante difusion,
endocitosis y fagocitosis, lo cual depende principalmente de las dimensiones de
los materiales (Gonzalez-Morales et al., 2022). Después de ingresar a las
células vegetales, las NPs tienden a acumularse entre los organelos celulares,
membrana celular o transformarse en otros compuestos (Banerjee et al. 2019).
La compartimentalizacién de las NPs puede tener efectos positivos 0 negativos
en las plantas. Por ejemplo, las NPs formadas de elementos minerales
esenciales para las plantas, como Zn, Fe y Cu, tienden a producir los efectos
positivos conocidos de cada elemento en el metabolismo vegetal, sin embargo,
NPs de elementos considerados no esenciales como el Ti, Ce y Cd, pueden
provocar toxicidad en las plantas cuando son aplicadas en altas
concentraciones (Juarez-Maldonado et al., 2019), donde dicha concentracion
depende de las caracteristicas del material, forma de aplicacién y especie
vegetal. Una vez dentro de las células, los plasmodesmos juegan un papel
importante en el transporte de las NPs hacia otras células para su posterior

distribucion en los organelos (Banerjee et al. 2019).



2.3.5. Transformacion de los NMs

Una vez que los NMs ingresan a las células, estos tienden a ser transformados
de distintas maneras, ya sea formando agregados entre si, uniones a otras
moléculas o compuestos, asi como la disolucién y formacion de iones libres,
dependiendo del material y de las condiciones del medio en el que se
encuentran (Ahmed et al., 2021), ademas de la especie vegetal a la que son
aplicadas las NPs (Zhang et al., 2019).

Algunos reportes indican que las NPs de ZnO son ingresadas a las células
vegetales mediante endocitosis, para posteriormente ser acumuladas en las
vacuolas para su transformacion, lo cual dependera de la presencia de acidos
organicos (e.g., acido citrico), concentracién de PO4* y pH (Lv et al., 2021). En
el caso del pH, se ha demostrado que las NPs de ZnO son disueltas en pH de
5.4-5.6, donde el ZnO y los iones H* presentes en el medio son transformados
en Zn?* y H20 (Lv et al., 2019). También se observé que la concentracion de
fosfatos en el citoplasma favorece la transformacion de las NPs de CeO: en
CePOs4 en plantas de Cucumis sativum (Rui et al., 2015). Es importante
mencionar que las NPs pueden ser biotransformadas incluso durante el proceso
de transporte a larga distancia a través del xilema y floema, donde la
composiciéon de dichos tejidos favorece la liberacion de los componentes de las
NPs y su posterior formacion de iones. Wang et al. (2012), demostraron que las
NPs de CuO fueron biotransformadas a Cu?* en los tejidos del floema de Zea
mays. Del mismo modo, las NPs pueden ser ionizadas en los suelos, antes de
ser absorbidas por las plantas, lo cual depende principalmente del pH (mayor
solubilidad en medios acidos), presencia de acidos organicos y concentracion
de siderdforos en la rizosfera (Ahmed et al., 2021).

Ademas de las caracteristicas del medio en el que se encuentran, las
caracteristicas fisicoquimicas de las NPs influyen en la disolucion de las
mismas, por ejemplo, se ha reportado que las NPs de menor tamafio (<10 nm)
tienen una mayor velocidad de transformacion que otros materiales de tamafio

superior, lo anterior es atribuido principalmente a que las NPs cuentan con
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mayor superficie de contacto entre menor sea sus dimensiones (Ahmed et al.,
2021).

2.4. Mecanismos de bioestimulacion de los NMs

Los mecanismos por los que las NPs inducen una respuesta positiva en el
crecimiento y desarrollo de las plantas aun se encuentran en discusion. Sin
embargo, una de las hipétesis mas aceptada es la correspondiente a las
interacciones interfaciales entre las NPs y las paredes y membranas celulares.
Un primer contacto entre las NPs y la pared-membrana celular depende de las
caracteristicas de las NPs como lo son las cargas superficiales, tamafio, forma,
hidrofobicidad, entre otros factores. Al entrar en contacto, el posible estimulo o
dafio causado o las modificaciones en las proteinas de las membranas son
rapidamente detectados por las células, desencadenando cascadas de sefiales
a través de la produccién de moléculas sefializadoras (como los derivados de
fosfolipidos, ROS, RNS y RSS), dando como resultado modificaciones
transcripcionales y postraduccionales capaces de inducir una respuesta positiva
(Juarez-Maldonado et al., 2019).

La dimensién de las NPs es uno de los factores de mayor importancia con
relacion a su capacidad de inducir bioestimulacion en los tejidos vegetales. De
forma general, entre menor sea el tamafio de las particulas, mayor sera la
superficie de contacto con las células (Juarez-Maldonado et al., 2021),
favoreciendo asi el proceso de la bioestimulacién. Lo anterior permite que las
plantas respondan favorablemente a dosis bajas de NPs, mientras que en altos
niveles es posible observar efectos de toxicidad (Juarez-Maldonado et al.,
2021). Por otro lado, la forma de las NPs también juega un rol importante,
donde materiales irregulares (e.g., con forma de estrella) pueden producir
mayores dafos a las membranas y desencadenar las respuestas de las plantas,
lo cual seria en menor medida para materiales de formas esféricas o
semiesféricas (Gonzéalez-Morales et al., 2022).

Asimismo, la carga superficial de las NPs influye en los procesos de

bioestimulacion. Generalmente, la membrana celular cuenta con una carga



11

parcial negativa, por lo que las NPs de carga positiva serian facilmente atraidas.
Para las NPs con carga negativa, ocurre lo conocido como formacion de la
corona, una capa externa formada principalmente por residuos proteicos y
compuestos organicos presentes en el medio, obteniendo al final una carga
parcial positiva que permite la union de las NPs con la membrana celular (Bing
et al., 2021). Algo similar a lo anterior ocurre con la interaccion entre las
regiones hidrofébicas e hidrofilicas de los materiales y las superficies celulares.
Una segunda fase del proceso de bioestimulacién depende de la composicién
interna de las NPs (nucleo), donde una vez transformadas, los elementos
contenidos cumplen los roles especificos en los distintos tejidos vegetales
(Juérez-Maldonado et al., 2019). En el caso especifico de NPs de ZnO, los
iones liberados de Zn?* cumplen las funciones conocidas para este elemento,
como lo son la activacion de las enzimas RNA polimerasa, superoxido
dismutasa (SOD), anhidrasa carbdnica, entre otras (Sturikova et al., 2018).
Ademas, el mismo elemento participa en el desarrollo de los cloroplastos a
través de la expresion de siete genes encargados de la estructura membranal
de los tilacoides, asi como en el metabolismo de carbohidratos, lipidos y acidos

nucleicos (Zhang et al., 2019).

2.5. NMs como nanofertilizantes

En la literatura, es posible encontrar varios reportes sobre estudios
comparativos entre fertilizantes convencionales y nanofertilizantes, donde por lo
general estos Ultimos muestran una mejor respuesta en los cultivos. La
comparacion de NPs de ZnS y ZnO versus una sal convencional de Zn (ZnClz2)
mostro que los nanofertilizantes incrementaron las variables de altura de planta,
biomasa seca de hojas y raiz, ademas de aumentos en variables relacionadas
con la productividad como numero de vainas y rendimiento total de grano, en
plantas de Vigna radiata (Thapa et al., 2023).

Khalid et al. (2022) observaron una mayor eficacia de nanofertilizantes a base
de NPs de ZnO, FeO y MgO en comparacion con fertilizantes convencionales

de los mismos elementos (ZnSO4, FeSO4 y MgSOa4), donde estos promovieron
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las caracteristicas morfoldgicas de las plantas en un rango de 50-93%, ademas
de aumentar la concentracion de clorofila en las hojas en un 30-80%, donde
todo dependi6 de la concentracion aplicada en cada tipo de fertilizante.

Mardi et al. (2022) evaluaron la aplicacién de NPs de ZnO contra su forma no
nanomeétrica en plantas de Nicotiana tabacum, encontrando una mejor
respuesta con el uso de NPs, con una mayor biomasa fresca y seca de plantas,
longitud de tallo y area foliar, ademés de incrementar la concentracién de
pigmentos fotosintéticos y hormonas como el acido indolacético (IAA) y acido
giberélico (GA). La investigacion realizada por Akmal et al. (2022) en plantas de
Oryza sativa sometidas a aplicaciones foliares, en drench e inmersién de la raiz
en soluciones de NPs de ZnO y ZnO convencional mostr6 que el
nanofertilizante favorecid el crecimiento general de las plantas, asi como
mejores caracteristicas de la panicula y mayor rendimiento de grano,
principalmente en las aplicaciones realizadas via foliar.

Aplicaciones foliares de NPs de Ca mostraron una mejor respuesta que un
fertilizante convencional de Ca en plantas de Vitis vinifera, principalmente en
variables relacionadas al crecimiento vegetativo como longitud, diametro y
biomasa de los tallos, nUmero de hojas y area foliar, asi como en caracteristicas
de los frutos como numero, diametro, peso y contenido de sdlidos solubles
totales (°Brix) (Masri et al., 2021).

Ahmed et al. (2023) evaluaron la aplicacion de Zn-EDTA versus NPs de ZnO en
un cultivo de tomate, donde se encontré que el Zn nanométrico incremento la
tasa fotosintética, conductancia estomatal y tasa de transpiracién de las plantas,
ademas de mejorar las caracteristicas morfolégicas como la altura y area foliar,
asi como variables relacionadas con el rendimiento como el nimero, peso y
dimensiones del fruto.

En general, numeras investigaciones han demostrado que los nanofertlizantes
mejoran el crecimiento, desarrollo y rendimiento de los cultivos. Sin embargo,
los efectos en las plantas dependen de numerosos factores que involucran

caracteristicas de los NMs y de las plantas, por lo que es necesario continuar
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con investigaciones para identificar las mejores formas de aplicacion y niveles

gue produzcan la mejor respuesta.
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Absrract

Manotechmology has gained importance in agrioulooral produceion sysems, with various applications
such as pesticides or fertilizers. The application of nanomarerials [NMs] as 2 prevreacment o seeds [seed
primingl has posivively affecred plant growrh and developmen, On cheocher hand, Moringa sleifers is a planc
appreciated for its multiple nucrsceurical properties. Theretore, the objective of chis study was to evaluace the
effect of precrearment of M. aleiferaseeds with £nO nanopartiches [WZn0) {0,005, 2.5.5, 7.5, and 10 mg L"),
The study was divided inco cwo experimental phases: che firsr phisse consisted of evaloaring germinarion under
laborarory conditions (23 °C) ar 15 DAS, while in che second phase, vegerative growth and bicacrive
compounds were evaluarsd ac 45 DAS under greenhouse conditions. For phase one, the percentage of
germination. lengrh, and dry weighe of the plumule and radicle were considered, and the vigor indices of seads
were determimed. In phase two. we measured the plante heighe, stem diameter, fresh and dry biomass of aerial
and root parts, and the concencration of phatosyncheric pigments, phenolic compounds, favanaoids, vicamin
C, glurachione (GSH), and ancioxidant capacity {DPPH), such as the acoivity of antiogidant enzvmes such as
ascorhare peroxidase [APX), caralase (CAT), glurachione peroxidase (GPX), and phenvlalanine ammonium
lyase [PALL The resules showed an increase in some variables relared to seed germinacion, with an increase of
berween 30 and 23% in the vigor of the seeds subjecved to 1.5 and 10 mg L' NZnO, The photosyneheric
pigments resulted in increases of berween 23 and 4%% for che 7.5-10 mg L' NZnO trearments, Regarding
Bioscrive compounds, the increase in phenols, favonoids and vicamin © stands our, mainly ar the levels of 7.5-
1 mg L' NZnY, where increasss of up to 343% were observed with respect to the controll The enzymaric
activicy showed different responses to the applicarion of NZnd), where a biphasic response (hormesis) was
abserved on the accivicy of AFX and CAT acriviries as che levels of WZnO increased, The resules show chear ic
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is possible to promeote the inivial growth and bioactive compounds of M. oleifera by precreatment of seeds
mainly with 10 mg L' N,

Keywords:antioxidants; germinarion: hormesis; nanomarerials

Introducrion

The constant increase in populacion and the loss of seils due to erosion and contaminatien forces us to
look for aleernarives to increase agriculoural produccion, wich high vields, becver narritional charscretiscics, and
less environmental impact. Success inocrop production depends mainly on the stage of sstablishment, which s
influenced by facrors such as seed quality and che method of sowing or transplanting. There is a ser of soed
precrearment technigques char promote the germinacion and initial growth of seedlings, methodologies known
as "seed priming (Wagas e al, 20097, In its origins, chis concepr inchuded only the acrion of imbibirion of
seeds and subsequent drving for sowing, increasing the vigor of the plants, In recent years, the conceps of seed
priming has included warions rechniques, such as extreme remperarures, UV radiation, growth repolators,
minerals, and microorganisms, and recencly, che use of nanomarerials (NMs) (Sher eral, 200%),

Seed priming with nanemarerials is an acrivaror of germinadon, promocing inivial groweh and
Biochemical characreristics in varions plant species (Wagas e al. 20090, NZnD ar low concentrarions
promores the production of ROS and phytohormons and the overexpression of new warer channels
{aquaporins), and the response is a more remarkable synchesis of antiozidane compounds and imprevement in
ithie absorprion of warer and nucrients, favoring che inivial groweh of seedlings (Sanvo.er al, 2021), Regarding
thie improvement in warer and nurriene sbsorprion, which is asseciared with che increase in Jengrh and biomass,
it hias been shown thar NARO induces overexpression of the Hv Tipl: 1 and HvPipl: 1 genes, both relared o
ithie generation of aquaparins in cells [ Akdemir, 2021},

MEnD favers a grearer capacicy to mobilize the reserves concained in the seeds and increases che
efficiency of using these reserves [Seyyedier al, 2015). This effect acours becanse NEnCY increases the activiry
of the enzyme sanmvylase (RaiKalal and Jajo, 20217, an enzyme responsible for the degradation of scarch and
transformation to sogars readily available For che seed embryo (Kondhare er &l 2005} The above was
wonfirmed by leroncwar e al {20200, who reported char KERO applied to Zea maysseeds accomubiced inthe
endosperm region, associated with rapid svarch degradacion char Bvored the groweh of the plumule and radicle,
incressing the final quality of the seedlings,

Om the ocher hand, seed priming wich NMs can increase the activity of enzymacic antioxidants and the
woncentration of nonenzvmaric antioxidants dwe to vwo mechanisms: one is MM corona concacs wich the cell
wall, favoring the generacion of reactive chemical species, and the ather is believed to ooour in rspense te the
incernment and metabolism of MMs, possibly by the release of jons in plant cells (Joires-Maldonado er al,
21 9). The produccien of reactive or oxidizing species, such as FOk acrivares plant defense svstems, increasing
the acrivity levels of enzymes such as CAT, APX, and GPX, as well as the concencration of nonenzymarcic
antioxidanes such as phenols and favonoids (Abdeb-Aziz e al, 2009; Buiz-Torres er al, 2021, Some studies
found thar che applicacion of NZn0 favored increased acxivicy of 500, CAT, PO, and AFX in Lapinus
cernisplanes [Abdel Lavefer al, 201 7] and increased acrivicy of CAT, APX, and POD in Cariandnam seriviem
[Ruiz-Torreseral, 20210,

The applicarion of Wi s for seed priming has been reported in different crops. For example, in Lacroca
sacivia, the wse of Cu, Zn Mun, and Fe NPs favored the germinacion of seeds (Lin er al, 20016), On che ocher
hand. Fedlx MPs increased vigor in Zea maysseeds {Neroer al, 20200, In another study, LopesYargas or al
{20200 nsed carbon and graphene nanotubes in Solanum lcopemicum seeds, increasing the concent of
chlorophylls, phenols, and toral favonoids in seedlings. £n is an indispensable element for the development of
planes, and irs use in onic () and nanomerric (WL and NEnCY) forms is sssociared with greacer vigor,
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stress tolerance, and nucricional qualicy of crops (Hussein and Abou-Baker, 2018), Seed priming with Zn(
MPs [WZni0) could be an aleernarive ro mirigare the low availabilicy of 20 in cermain regions, wich an additional
bicscimulant impace on germinacion and groweh {Adhikari ec al. 2006; Abdel-Larefer al, 2007 Irronowar er
al, 20200,

Moringa aleifers is a plane highly appreciarsd for its high conrent of bioscrive compounds and
pharmscelogical properties. such as anciproliferative, antidiaberic, anticinflammarory, and antioxidane
properries (Maeral, 20200, There are few studies on the applicacion of WMz in this plant, Juares-Maldonado
eral {2018 reporvad cha foliar applicarions of Cu NP in M. eleiferaincreased the content of photosynchecic
pipments and bioactive compounds such as phenols, flavoncids, vicamin C and antiexidant capacicy in che
leaves, To the best of our knowledge, chere is no published informacion abour che use of MARD as a seed
priming creacment for M. aleifera,

Based on the sbove, the objective of chis study was to evaluare che effect of seed priming wich MZnO on
ithie germination. initial growh, and bioacrive compounds of Maeringa aleifera, The hypothesis was thar W ZnD
inreraces with the czlls of the seeds, favoring the mobilization of the reserves char resules in a greacer inirial
growth of the sedlings, in addition o incressing che levels of enzymaric and nonenzymatic antioxidans
compounds on plant tissnes.

Marerials and Methads

Lacarion of the experiment and descriprion of the marerial

The experimental work wis carried our in the Deparoment of Horticulours in che Universidad
Anrénema Agracia Anconio Marro facilities in Salcille, México The seeds of M. aleiferawere provided by che
Cenrer for Protected Agriculoure of the Universidad Awcdnomade Mueva Ledn, The seeds were obrained fram
the same tree te ensure preater homegeneiny berween the seeds. The plant marerial corresponds te the scotvpe
known as "Vaina corta,” identified mainky by the producrion of pods wich an average lengrh of 24 cm (Meza-
Carranco er al, 20060, The germinarion percentage was =%, and the weight of 100 sseds was 45 +/- 25 ¢,
The wings of the seeds were carefully removed to ensure berrer contace of the seeds with the squesus suspension
of WM e used for priming.

Svnrhess and characrerizarion of NPy

Lnid NPswere synthesized based on the procedure reported by Pariler al (20014, In a glass reacror, 100
g of EnlCH kL 25 g of civric acid (4: 1L wav] and 100 mL of distilled warer were added. and the reaccion
mixrare wis stirred ar GO0 rpm for G0 min ac 80 "C, Subsequently, a solurion containing 30 ¢ of NaOH
dissoelved in 30 mL of distilled warer was added. and the reaction mixoure was kepr under constane stirring ar
100" for 60 min, The 200 WPs were separated by centrifugacion in an Allegra<54 R centrifuge [Beckman
Couleer Inc.. California, USAY and washed wich distilled warer and methanol. The dryving of the samples was
carried out ar 85 "C ina vacuum sven for two hours,

The marphalogy and microstucoure of the samples were examined by conventional and high-resolucion
sransmission elecrron microscopy [ TEM and HRTEM] using an FEFTTTAN 80-300 kV microscope [Fisher
Scienific, Hillshara, USA) operated ar an accelerarion veltage of 300 kY. Most of the MNPs analyzed by TEM
resuleed i a quasi-spherical shape and narrow particks size discribucion, wich an average diameter of 16,49 nm
{Figure 1-A, B}, where the HETEM image showed char chey were primarily crescalline [ Figare 1),
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Figare L. Chararterisaticin of Zn0) narmparticks by TEM (A-B) and HRTEM [C)

Feed priming and rrearments

For the preparacion of the suspensions, the corresponding amount of MZnD was placed in conrainers
with disrilled warer and sobsequently mixed by mechanical stirring in Science Med 0840-Pro (Science Med
[nc., Helsinki, Finland) ar 300 rpm for &3 min, To ensure uniform dispersion, all suspensions were sonicared
with a Q500 sonicaror (Dsoenica Mewrown, Connecticur, USA] for 25 min ac 120 % and 50 GHz, The
imbibition of the seeds was carried our by placing the seeds in different suspensions of NEn( wich discilled
warer, which were kepr under constane stirring for 24 b, The trearments used were T'1: distilled warer only
feonral), T2: 05 mg L' WA, T3 2.5 me L' MEn, Ta: 5 mg L' NEnD, T3: 7.5 mg L' NEnD and Té-
10 mg L' MEnCh Afrer che imbibition dme, the seeds were divided into cen gronps: one 1o evaloare
germination charscreristics ar 13 davs after sowing {[FAS] and anether to evaluare vegerarive prowch under
greenhouse condicions ar 45 DAS,

Crerminarion stage (15 [DAS)

The precreared seeds of che firse group were placed in Perri boxes wich fileer paper as the substrare o
maincain maisture, The experimencal unit was & Perri box with 15 seeds, and che experimental design was
complerely random, considering & creatments wich 6 reperitions, obaining a toral of 36 experimencal unirs,
The boxes were placed in & growth chamber ac a constant cemperamre of 25 “C, which corresponds oo the
oprimal germinacion of M. olafera{ Carballo- Méndez er al, 20090, The evaluarad variables ar chis sage were
germination percencage, plumiole lengeh, radicle lengeh, plomule dry weighe, and radicle dry weighe,
Addicionally, the seed vigor indices [VI] were determined. which were calolared according vo Carballo-
Méndez.er al (2009), wich regard to the following equarions:

VIl = (PL + BL} + %G (1)
VIZ = (PDW + RDW) + %G (2)
where FL= Plumule kengrh, BL: Radicle lengrh, %0G: Germinatien percentage, PDW: Plomule dry
weighe, RDW: Radicle dryweighr.

Cireenfowse seage (43 DAS)

The prereared seeds of the second gronp were placed in 2 L pots using a mixture of pear moss and perlite
{1:1 v} as substrare, The nuerivion of plancs was supplied from 10 days after sowing ([DAS) by a Seeiner
solurion {Steiner, 1961] ar & concencration of 30%, adjusting the pH o 6.5 wich sulfuric acid. This solurion
was supplicd & irvigacion warer, The plancs were kepe for 45 days in a chapebaype greenbowse wich  constant
wemperature of 2327 "C and 60-70% relarive humidity, Ar the end of the experiment (45 days), the variabls
of plant heigh, srem diamierer, fresh and dry weight of che aerial pare, and radical sustem were decermined, The
experimental design was complerely random with & trearments and & reperitions, obraining 36 experimencal
unirs, Dara were anabveed in Infostac v, 2020 sofrware using an analysis of variance, In cases where a stacistically
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significant difference (p=0.05] was found, 3 mean comparison test was performed wsing the minimum
significant difference (D351 method,

Fample preparacien forbiochemical analyses

Samiples for biochemical analysis were taken ar 45 DAS, For the leaf sample, the most recently marured
leaves were considered, while the oot was collecred in its enirery, The plane marerial was placed in a freezer ar
-20°C and chen Iyophilized in a Labeones FreeZone 4.5 [ Labconos Corp,, Kansas Ciry, USA) ac-45 °C for 7
el. Ohnce the time was complere, the samples were macerared in a porcelain morcar uncil a fine powder was

obrained for anaksis,

Phocosvncheric pigmenes
The phorosyncheric pigmencs considersd were chlerophyll a (CHLa), chlorophyll b (CHLE), toral
chloraphyll {CHLa+b), and fcarotene, which were derermined according to the methodology of Wagara and
Yamashita (1992]. For the excraction, 10 mg of sample and 2 mL of hexanesscerone (3:2] were homogenized
and cenrifuged in an Ohavs Frontier FC3515 K cenrifuge (Crhans Corpy, New lersey, UISA] ar 12000 rpm
for 10 min ac 4 "C, The sapernacant was directly read in & Unico U'V2150 specorophotomerer {Unico Inc.
Mew Jersey, USAD ar wavelengrhs of @63, 643, 453 and 505 nm to inpor che absorbances ineo the following
eqquations, and the resules were reporred as mag 100 g ' of fresh weighe (FW),
Chlorophylla = 2538 £ Agqz + 364 + dgys

(31
Chlorophyllb = 3038+ Az — 658 = Ageq
(4]
Chlorophylla +b = 18.8s A, + 34022 Ag.e
(31
E — carotene = 0L216+ ..Ilﬁ,ﬁg —1.22x ﬂu; — 0304 = dsu; + 0452 = d.gg
(&)

Monenzymanic ancioxidant compeunds and O,

Toral phenals were determined aceording vo the Singleron er &l (1999) mechad. Two hundred
milligrams of sample was raken and excracted wich 1 mL of wateracerone solucion (1:1, viv]), The mixmire was
sentrifuged inan Ohaws Frontier FC3315 B cenorifuge (Ohas Corp, Mew Jersey, USAY ar 12500 rpm for 10
min at 4 "C. Then, 30 gL of the exrract, 20001 of FolineCiocalteur regenc, 300 pl. of MaCO {20%), and 5
mL of discilled warer were added and homogenized for 30 = The mismure was placed in & warer bagh ac 43 °C
for 30 min o be read larer in a Thermo Fisher G105 specrrophotomerer (Thermo Fisher Scienrific,
Massachuseres, USA) ar a wavelengrh of 730 no. The resules were expressed inmg 100 g ' DWW,

Flavenaids were determined according to the mechodology of & rvonecfGranderal {19945, Ome hundred
milligrams of sample and 10 mL of methans] were taken and mixed for 30 s, The mixtore was fileered using
Wharman paper (Car No 10011, Then, 2 mL of the exvrace and 2 mL of ANCL2%] were mixed and placed in
rhe dark for 200 min o be read lager in a Therme Fisher G105 specrrophotomerer { Therme Fisher Scienrific,
Massachuserrs, USA) ar a wavelengrh of 415 nm, The resules were expressed in mg 100g ' DWW,

The vicamin C corcererarion was decermined chrough che Klein and Perry method (1982), For che
cxrraction, 10 mgof sample and 1 mL of FIPO, 0,36 M) were added and cencrifuged in an Ohaus Frontier
FC3315 Beencrifuge {(OHhanes Corp., New Jersey, USA] ar 38K rpm for 10 min ac 4 "C, Subsequenchy, 200 pL
of the supernatant and L8 mL of 28diclorofenolindotenal (2,6 I {0,09 M) were homagenized o be read
lacer in & Therme Fisher G108 specrophotomerer [Thermo Fisher Scientific. Massachuserts, LISA) ar a
wavelenprh of 315 nmi, The resules were expressed as mg ! W,

Glurathione (GSH] was derermined with che methodology deseribed by Xue e 2l (2001], For the
extraction, 10 mgof sample, 10 mg of palyvinvlpyreolidone [FYP), and 1.5 mL of phosphare boffer (R=FH P0G
001 MKHPOL 001 M, 1:0) were mized and centrifuged in an Ohaus Frongier FC3513 Reentrifuge (Ohaus

3
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Corp, Mew lersey, USAT st 12500 rpm fer 10 min atr 4 °C. Then, the supernacant wis collecred and filcered
with nvlon membrane filcers (045 pm). The same excract was vsed ro devermine GSH, roral proceins,
antigxidant capacity, and antioxidant enzymie acrivicy, For GSH determinarion, 480 ul of the extracr, 2.2 mL
of NaH PO 0,32 M) and 320 gL of 5.5-dichiobis-2 nirrobenzoic acid (ITNE) (1 mM |} were hemogenized
o be read lacer ina Thermo Fisher G103 specorophotomerer [ Thermio Fisher Scientific, Massachuserrs, USA)
ata wavelengrh of 412 nm, The resules were expressed in mmel 100 g' W,

The antioxidant capacity was decermined by the radical DPPH [2,2-diphenyl1-picrelhyd razyl)
according to the methodology of Brand-"Williams er al (1993}, Six microlicers of the exeracr and 234 gl of
DPPH reagent (634 mM ) were placed in a microplace 1o be read bier in 2 BioTek ElxB08 microplare reader
o BioTek Ine., Vermone, L'5A) aca wavelengrh of 630 nm. The resulrs were reported aspmiol g' DWW,

Finally, Hz0k was determined according o the methodolomy of Patrerson er al (1984), For che
extracrion, 10 mgof sample and 1 mL of rrichlorcaceric acid (0.1%) were cenrifuged in an Othaws Frongier
FC53515 R centrifuge {Ohans Corp., New |ersey, USAY ar 12000 rpm for 15 min ac 4 "C, Then, 300 pl of
supernazant, 730 gL of phosphare butfer (R0 0001 MRKHPOL GO M. 111 and 1 mL of BT M) wers
mixed and sbssquently read in & Thermo Fisher G108 specrrophoromerer (Thermo Fisher Scienrific,
Massachuseres, USA) ar a wavelength of 390 nme The results were expressed s pmol g7 W,

Toral procein and enzyvmaric activity

The toral procein concentration | TP] was determined according o Bradford's colerimerric technique
A 15760, Five microliters of the exerace and 250 gl of Bradford reagent were placad in & microplare and
incubared for 100 min ar 25 "C ro beread birer in & BioTek Elx808 microplare reader (Bio'lek Inc, Vermont,
LISA) ar a wavelengrh of 630 nm. The results were expressed in mg g’ DWW,

Caralase (CAT) activity [EC L11L1LG) was determined following che mechodalogy of Dhindsa er al
{19810, One hundred microlicers of the exeracy, 400 gL of H5Cy (3% and 1 mL of HoOx {100 mM) were
hoemogenized and subsequently read in a Thermo Fisher G105 specrrophotomerer (Thermo Fisher Scienrific,
Massachuseres, USA] ar a wavelengrh of 270 nm, After 1 min, the sksorbance was read again to derermine che
activicy of CAT ar this reaction time, The results were reported as U g' TP, where U corresponds to mM
squivalencs of HeCheoonsumed per millilicer per minure.

The activity of ascorbare perogidase (APX) (EC L11L1L11Y was quantified according ro the mechod
described by Wakano and Asada (1987), One hundred microlicers of che extrace, 300 pL. of sscorbace (10 mg L
M, 400 gl of FL500 5% ), and 1 mLof HACk{ 1080 md ) were hemogenized and subsequendy read in a Therme
Fisher G105 specrrophocomerer { Therme Fisher Scienrific, Massachuserts, USA] ar a wavelengrh of 266 nm.
Like the dererminarion of CAT, afeer 1 min, che absorbance was read again ro derermine the aceivity of APX
ar this reaction time, The resales were repormed as U g' TR, where U corresponds to gmol exidized ascorbace
per millilicer per minure,

The acrivity of phenvlalanine ammonium lvase (PAL) (EC 4.3,1.5) was determined according o che
methedelomy of Syklowska-Baranek er 2l (20012} One hundred microliters of the excrace and 960 gl of
phenylalanine (6 mM) were taken and placed in & warer bach for 30 min ac 40 °C, After this time, 250 gL of
HCL {5 M) was added o sop the reaction, and 730 gl of distilled warer was subsequently incorporared o be
read lacer ina Thermeo Fisher G105 specorophotomerer [ Thermo Fisher Scientific, Massachuserrs USA) ar a
wavelenprh of 290 nm. The resules were reported & U g' TP, where U corresponds to pM rrans-cinnamic acid
per millilicer per minure,

The acrivicy of plutachione peroxidase (GPX] {EC 1.11.1.9} was quantified following the methodology
of Flahé and Gunzler {1984). Two hundred microlizers of the exoracr, 400 p L of GSH {0, mM), and 200 L
wof B FIPOY, (0,067 M) were homopenized and placed in a warer bach ar 25 "C for 5 min, Then, 200 pl. of
FLOx (1.3 mM) was sdded for reaction for 10 min. The resction was stopped by the addition of 1 mL of
arichlorcaceric acid {1%) and subsequenchy cencrifnged inan Crhaws Frontier FC3315 K centrifuge [Ohaos
Corp,, New lersey, USA) ar 3000 rpm for 10 min ar 4 "C. To derermine GFX activity, 480 pl. of che
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supemarant, 2,2 mL of MaH PO {032 M) and 320 pl of DTHEB (1 mb) were homogenized to be read lacer
in a Thermio Fisher G105 specrrophotomerer { Therme Fisher Scienrific, Massachuserrs, USA) ara wavelength
of 412 nm, The resules were expressed as U g' TP, where U corresponds to mM of reduced glocathione
wauivalents per millilicer per minure,

Concencrationof £n by ICP-AES

The rotal concentration of Enoin leaves was derermined according to the mechadology proposed by
Adcincar and Sandoval {1999). Five hundred milligrams of dry samples were subjected o acid digestion in a
migoure of HNCsHCIO{2:1 mL) and 2 mL of Ha0:30%. The concencration of £n was read wsing an
Agilent 723-E5 coupled plasma inducrion atomic emission speccrometer [ICP-AES) [Agilent Technologies,
California, USAY The results were expressed inmg kg' DW,

Fesuls

Crerminarion seage (15 DAS)

The germinarion percentage of M. oleifera seeds was not modified by NEnOY [Figure ZA% however,
differences were found in the variables of lengrh and dry weight of plumole and radicle, Concerning plumule
lengrh, the highest values were ohserved wich che 2.5 mg L ' trearment, increasing 6% comipared rothe control,
followed by 10 mg L, for which an increase of 37%, Regarding the length of the radicle, anly che application
of 2.5 mg L' presenced a difference frem che control, showing an incresse of 20% in this variable (Figure 2-B).

Omn che other hand, che dry weighe of plumule was increased when vsing doses beoween 2.5 and 10 mg
L' WEnY, in the fellowing order: 2,55 1027523 mg L, while the level of 0,5 mg L' showed no difference
from the conerol, A similar crend was observed in the dry weighe of radicle, wich chis variable showing an
increase a5 MEnD levels increased, The increase percencages o che control were 49, 28, 26, and 21%,
corresponding to the kevels of 10, 7.5, 5, and 2.5 mg L'\ respecrively, Similar to the dryweight of the plumule,
the level of 0,5 mg L' was staristically equal to dhe coneral {Figure 2-40),
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Figure 2. Germination percentage (A) plumuleradicke lengeh (B, plumuleradicle dry weight (), and
vigar index [ D] of ML sdeifera seedlings ar 15 DAS

Dhifferent berers con tbe: hars beadicare o sigedficant difference (LSD, pa008). eve e signaficant The lines on che baes
idlicate the wasmdard ervar of che mean. n=é
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For V11, che level of 2.5 mig L' of WZnO showed an increase of 30% for che conerol, followed by 10 mg
L, which increased the vigor of the seedlings by 25% ar 15 daws, withour finding a difference from ocher
wrearments, On che other hand, in V12, applicarions of 25 vo 10 mg L' increased vigor in seedlings, wich
increments of 49, 43, 27, and 24% For crearments of 1, 2.5, 7.5, and 5 mg L', respecrively (Figure 2-00),

Careenfionse stage (43 [DAS)

The vegerarive prowth of seedlings ar 43 DAS was affecred differently for most of the evaluared variables,
Plane heighe was increased by 153% wich the concentracion of 0,5 mg L' MEnC, while 2.5 mg L' produced an
increase of 13% compared to che conerel {Figure 3-A). However, the stem diamerer was not modified by the
different rrearmiens with NEnCr {Figure 3-B), On the ocher hand, the fresh weighn of serial parms was increased
v 23% and 22% for che trearmients of 5 and 0.5 mg L' MEnY, respecrively [ Figare 3C), The samie crend was
found in dry weighe, in which the concentrarion of 3 mg L' MZnO promored a 33% increase in che dry biomass
of the seedlings, while the dose of 1,53 mg L incressed the same variable by 28% over the sontrol [ Figure 3-0)
For the fresh and dry weighes of the roots of M. oleifera, no differences were found berween che different levels
of WEnCH | Figure 3-C and [7),
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Phovosyncheric pigments

The chlorophyll and B-carotene concentration responded positively o the NZnOd trearments, For
chlorophyll 4, an incresse of 33% was found in seedlings subjected ro 7.5 mg L' WEnCy, while 10 mg L
increased 28% compared ro the conrml, The same trend was found in chlorephyll b, with the concencrarion
increasing by 30 and 23% for crearmencs of 7.5 and 10 mg L' WEnO, respecrively, The above was confirmed
with the concentrarion of roral chlorophyll, with a voral increase resulving in 32 and 26% for the same doses of
MERD (Figure A} The chlorophyll a/b racio was not different berween cresomenes (Figare 4-B), On che
aher hand, in the concencration of bcarorene, the same behavior was observed for chlorophylls & and b, for
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which only che doses of 10 and 7.5 mp L' NEWD favored an increase of 49 and 42%, respecrively, compared to
ithe concral trearment | Figore 4O,
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Figuare 4. Chlosaphyll 2. chlarophadl b, rotal chlarephodl (A, chloraphyll a/b matio (), and Bvarosene ()
af M. odeiferaleaves
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MNoncnzymaric anroxidant compannds

The nenenzymatic antioxidant compounds showed variation berween crestments, For phenolic
componnds, 7.5 and 10 mg L' NAnC promoced an increase of 13 and 11% in che leaves: in the roors 7.5 mg
L' showed an increase of 32% in phenolics, and 2,5 mg L' produced an increass of 29% compared to the contral
[Figare 5-A0 Similarly, the DPPH antioxidane capacity of leaves showed an increase of 16% and 9% for 10.and
7.5 mg L' of WA, respectively, and 8% with 7.5 mg L over the concrel, However, for the mots, no
staristically significant differences were found (Figure 5-B).

{On the orher hand, Oavonoids increased 66, 31, and 3% for levels of 5, 7.5, and 10 mg L' NEnD,
respectively (Fipore 5420, However., the mose significane increases in flavenoids were found in roocs, with the
rrearment of 10 mg L' showing an increase of 343% over the conrrol, fellowed by bevels of 7.5, 5, and 2.5 mg
L. which showed increases of 318, 304, and 257%, respecrively (Fipare 500,

Vitamin C resulted in incresses beoween different kevels of WZnOy, with dthe treacmenc of 10 mg L
showing che mest significant increase of 209, Followed by doses of 5, 73, and 0.5 mg L' wich increments of 16,
14, and 11%, respectively, compared o the control. On che acher hand, vitamin C inthe oot was increased for
all treacments with WZn 0, remaining as follows: 7,555 10> 2505 mg L' with increases of 22, 18, 17,18,
and 11%, respectively | Figure 6-A), In contrast, the GSH concentration was negartively affecred by Nantk 7.5
and 10 mg L' produced a decrease of 23 and 19%. contrasted o the conerol, while ar the roor, the same
rrearmients showed a reduction of 253%, aswwell a5 a decrease of 22% in the level of 5 mg L' of WZnO (Figure &
BY, Concerning procein concentration. anly 2.5 and 5 mg L' NZn(Y increased 7%, wich no difference for che

?
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roots | Figure 520, On the other hand, HeCk Jevels of the leaves increased wich 7.5, 10, and 2.5 mg L' NEnd,
with increases of 20, 18, and 16%, respectively. A simibar orend was found in the roor, wich levels of 10 and 7.5
mg L' of WEnChwich an increase of 37 and 32% of this compound compared rothe concrel (Figure 6-00)
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Engymaric anrioxidans componnds
The enzymaric activity in the leaves and roots of M. oleifera was modified depending on the dose of

MENCY A hormetic response was ebserved in the sctivity of APX and CAT, For APX, only 10 mg L' NZnO
promored & 3% increase in the enzymarcic activity in cheleaves, Om che other hand, che roots showed 42 and
3% miore APX scriviny for 5 and 2.5 mp L' NEnD {Figure 7- A}, Furchermaore, the leab CAT aceiviry increased
by 27% wich 0.3 mg L' N however, the enzymatic activicy decreased by 31 and 33% with 10 and 7.5 mg
L NEnC, respectively, withowr differences for the roocs {Figure =-B), Concerning GPX in leaves, decreases of
23, 19, and 17% were observed for 2.5. 005, and 7.5 mg L', respecrively, A similar orend was observed in rooas,
with decreases of 25% wich 7.5 mg L', followed by 18 and 15% with 10 and 2.5 mg L respecrively, compared
o the concrol (Figare 7-C), Finally, PAL acrivicy in leaves decreased 23% wich the concentration of 0.5 mg !
of MEnC; on che other hand, an increase of 30% in the kvelof 5 mg L' was observed for che roac {Figure =

D).
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Figare 7. AFK [A), CAT (B], GPX(C), and PAL (D) activiey of M. oleifers
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£ CONRCERTTRTTON
The concentration of £n {Figure 8 was only increasad in che 18 mg L' crearmene, wich an increase of

3.7 mg kg {12%) over the conerol, withour finding differences berween the other levels of N2nC,

Correlarion analysis

The resules of the correlation analysis showed significans relationships berween the variables relared o
the anrioxidanc syscem of M. eleifzra, For vitamin ©, 2 pasicive association was found with phocosynchecic
pigmens [chlorophyll a, chlorophydl b, chlorophyll b, and Bcarotene). The same crend was observed berween
flavonoids and photosyncheric pigments, such as Aavonoids with vieamin C. On the other hand, che
concentration of HeCk: in leaves and roors showed a positive correlation beowsen most of che ancioxidant
compounds stadied, [nthe case of enzymaric compounds, positive correlacions were found berween CAT-GEX
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and PAL-GEFX and APX with vicamin C, GSH, phenols, and flavenoids. The correlation analvsis showed some
negarive relacionships berween the variables, highlighting che concenr of Zn against GSH, with che lacrer ako
negarively relared o vicamin © and Aavoneids, The enzymacic activity of GEX and CAT showed & negative
relarionship with vizamin C. and the same was vrue for PAL-GSH, GPX-APX, GPX, and DPPH wich CAT

{ Figure 9},
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Crerminarion stage {15 DAS)

Seed priming with nanomarerials is an activaror of germinarion, promoting seedlings inizial groweh and
biochemical characreristics in varions plane species {Wagas.er al, 20090, The percencage of germination of M,
oleifers seeds was not affecved by the MEnD doses, possibly because the seeds germinared under oprimal
condivions, where the stimulus perceived by the nanoparicles was not sufficient to modify che dormancy of
the embryo in the seeds (Rao e al, 2009), However, it has been repormed char K¥s produce changes in che
permeabilicy of membranes and the levels of ssmorrepulators and can show posicive effects an germinacion
{ delajeed er al, 20197, In other studies, using higher soncentrarions of NEnC (0500 mig L' changes were
detecred in the germination of seeds of Capsicum snnum{Garcia-Lopezer al, 2018) and Cicer arierinumwich
1000 mig L' WEnC [Hajra and Komear, 2007,

O che ocher hand, che kengrh and doy weighe of plumale and radicle resulved in increases in seeds creared
with MZn(y, possibly because MMz st low concencracions promore the production of BOS and
phytohormones and the overespression of aquaporins, and the response is 2 more remarkable synchesis of
ancioxidant compounds and improvement in the sbsorprion of warer and nuerients, fGvoring che inirial groweh
of seedlings (Sanco er al, Z021), Kegarding che improvement in warer and nurrient absorprion, which is
associarsd wirh the increase in bengrh and biomass, it has been shown thar NEnO induces overexpression of
iwhie Hv Tipd: Land HvPip i genes, boch relared vo the generation of new warer channels [aquaporing] in cells
| Akdemir, 2021).

The increases found in plomule and radicle growth can alse beexplained because the nanoparticles favor

a grearer capacity to mobilize the reserves concained in the seeds and increase the efficiency of wsing chese
reserves [Seyyedier al, 201 5). This effect ocours becanse NZn (Y increasss the activity of the enzvme s-amylase
[Rai-Kalal and Jajoo, Z021), an enzvme responsible for the degradation of starch and transtormarion to sugars
readily available for the seed embryo {Kondhare er al, 20150, The above was confirmed by Lrronrwar er al
A 20200, whe repormed thar NZnOapplied 1o Zea maysseeds accumulaced in che endosperm region, sssociated
with rapid starch degradarion thar favored the growth of che plumule and radicle, incressing the final qualicy
of thie seedlings,

Regarding the vigor index, the same trend was observed as in the variables of lengeh and dry weighn of
plumule and radicle, which & explained due o the machemacical conscrucrion of chese indicarors, As no
significant difference was observed in che percenrage of geeminacion, che valoe of the vigor index depends
mainly on the length and weighe of che plomole and radicle (Carballe-Méndez er al, 2009), The concepr of
wigor refers to the abilicy of seeds to germinare and develop in s wide range of environmenes { Rajjouer al, 2012,
Seed vigor is direcely relared oo higher plane qualicy ar other scages of development {Caverzan e al 2018}, More
seed vigor partially explains some of the resules found in the second experimental phase of this research,

The responses of the lengeh and dry weighe of plunole and che vigor index did noc show a linear crend
as WEnO levels increased; instead, a biphasic response, an effect known as hormesis, was observed
{Agachokleous er al, 200190, This response is thoughe to be mainly due to aggregacion phenomena, interfacial
inceractions, and cellular responsss, resulting in a nonlinear trend (Jwires- Maldonadeer al, 2009), The effect
of hormesis has been demonserared in some works with the rechnique of seed priming, such as thar cardied our
by Mero er al {20200, where the use of NP of Fed), in Zea mays produced increassd vigor of seedlings o 40

mig L', followed by a decrease ro B0 mg L' and an incresse in ohis by incressing the dose to 160 mg L. A similar

effect was reported in seeds of Alliwm cepawith applicaions of 50 to 32K mg L' NEZnD [Tymoszuk and
Woojnarowicz, 2020}, The responses explained previously coincide wich whar was found in this experimencal
phiase, The biphasic response has also been found in other species in other stages of vegerarive growth; an
example wis presenced in the soody by Lopes-Vargas er al {20207, who applied seed priming wich carbon NMs
in romars plines and observed nonlinesr effects on vegerarive groweh and bisaccive compounds, which
coincides with the responses observed in the second experimencal stage of this research,
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Cirecnfiowse stage {45 DAS)

The application of XMs as a precreazment o seeds has been shown o favor ssedling germinacion and
imitial growch, evidenced by a more significanc accumularion of dry marrer in the cissoes of different plang
species (Abbasi er al, 20217 In chis work, theobserved increase in the vegeracive growth of seedlings from seeds
previcusly creared wich MERCY could have acoorred becanse chis macerial can increase che number of micoric
wells in prophase, metaphase, anaphase, and relophase (Hoe 2r al, 2018}, as well as decrease che number of
abnormal cells in che same phiases of cellular mitosis [Reis er al, 20018), The resules coincide wich whar was
reported by Tondey er al (2021] in £ea maysplancs, where WEAnCh increased biomass by 45% wsing a dose of
20 mig L' via seed priming, A similar effecr was also found in plans of Orvza seeiva { Lieral, 2021,

O the other hand, the increase in che concentracien of chlorophyll a and B in seedlings from seods
subjected ro the highest levels of NZnO (7.5 and 10 mg L may beassociared with the essential role of Zn in
chlorophyll biosymthesis (Sourikova ec al, 2003} through participarion in LHC proein synchesis {lighe-
harvesting complex] [ W ang and Grimm, 2021}, a family of proceins invelved in che regulacion of chlorophyll
synrhesis, in sddirion o being responsibde for che repair of PSLL by insering new pigments intoe reaction cenrers
{Eochaix and Bassi, 2019), O che other hand, £n plavs a vical rode in developing chloroplasts (Sharma e al,
20012}, miainly by parvicipatingin the expression ofax keast seven genes relaced vo che organizacion of membranes
in thylakeids [Zhang er al, 2009, For chlorophyll, B-carotene levels were increased in plants subjecred o 7.5
and 10 mg L “This response probably depends on the fancrional asseciation berween chlorophyll and
carotenoids thar aceurs in photesynchetic antennae (Rai-kalal and Jxjoo, 20210 or as a response oo the
production of reacrive species such as FeOkand Ok indoced by WO {Uarrora er al, 2008; Molnar er.al,
2020,

The resules found in rerms of photosynthedic pigments match otherworks cardied our in Lupines rermis
| Abdel-Laget er al, 2017, Cicer arietinum {Hajra and Kumar, 2007), and Trivicom sescivom {Solanki and
Lanra, 2008], all wsing the seed priming rechnigue. O che other hand, NZ2nO increased the contene of toral
carocenaids in seedlings of Solanum feapersicum (Singh er al, 20016], wich the same effect observed in this
research. O the other hand, the vicamin C content ako increased in seedlings and showed a high positive
worrelation with chlorophyll & and b and B-carotene, possibly because the vitamin C synchesis pachway
| SmirnofE Wheeler) depends mainly on the photosynrhates produced in che leaves (Suekawaer al, 2017, One
of the main functions of vitamin C is the quenching of reacrive species through che ascorbareglurachione cycle,
[r is also possible thar chis antioxidant provection pamly explains che positive correladion berween vitamin C
and photosyneheric pigments (Smirnaff, 200181

[ncreases in the activicy of enzymaric antiexidants and che concentracien of nencnzymaric antioxidants
can be arcribuced vo the interaction of B s with plant cells, which ocours in two phases. The first is riggered
by surface phenomena when the MM coronacontacts the cell wall, Bvaring che generacion of reacrive chemical
species. The second phase is believed ro oceur in response to the incernment and mecabolism of WM s posibly
by the release of A dons in planc celk [Juires-Maldonadao er af., 2019). The producrion of rescrive or
axidizing species, such as FUk acrivares plant defense symems, incraasing the activity levels of enzvmes such as
AT, APX, and GPEX, as well as the concencration of nonenevmartic antioxidants such as phenols and
Aavonoids (Abdel Azizer al, 2009 Boiz-Torreseral, 20210,

MNEND promoved an increase in HeCk: levels, which eould activace che response mechanisms of plants by
increasing enzymaric and nonenzymatic antioxidants, which coincides with whac was described above, Other
soudies abso found char che applicarion of W Zn0 favored increased activiey of SOD, CAT, PODY, and AFX in
Lupinus cernisplants [Abdek Latefer al, 200171 and increased accivity of CAT, APX, and POV in Coriandrnmm
saciviem | Ruiz- Torreseral, 2021,

The scriviey of APX coincided with the resules obrained in vitamin O, evidenced by a positive
correlation beoween these variables, since the APX enzyme uses ascorbic acid as a substrare [ Makano and Asada,
19871, The same effect was observed in GFX acrivity, where the resules sboained agree wich che content of G5H
o find a posicive correlation since this compound is the subscrace vsed o promose the acciviey of GPX [Flohe
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and Gunzler, 1984), Therefore, an increase in vicamin C and G3H levels favored a more significant acrivicy of
ithe enzymies AFX and GPX, respectively.

The reduction in GSH levels in M. oleifera rissues could have ocourred because, in the ascorbare-
glucathione cycle, the reduccien of DHA in vicamin C wses GSH as a reducing agent {Pandever al, 2003}, The
abowe seems to explain part of the resuls in chis research, finding higher levels of vicamin C and a decrease in
{35H and che consequent negarive correlarion coctficient berween the concencrations of both compounds, The
resules of chis ressarch coincide wich Dogarealo and Koleli (2007, who reported thar the application of BZEn O
at doses of 5 and 10 mg L' reduced che levels of GSH in Hordewm valgareleaves by 20%.,

[n mast of the studied ancioxidant compounds, a positive rend was observed as the concentration of
MEnCYincreased; however, some compounds showed a decrease, as was che case for CAT acrivicy, This response
probably resuleed from che increase in FEO: associared with che ereacments of 7.5 and 10 mg L' NEnvCe High
levels of HeOk require increased CAT acoivity for decomposition (Ghosh e al, 2006),

The biostimulation or roxicicy effecrs of NMs in plants depend on cheir physical characreristics, swch as
size, shape, ronghness, and composition [Jodres-Maldonado er al, 20217 The MPs used in this workwere ofa
reduced size (16,5 nm]. which makes us expect thar the surface of contace with the cells will increass
substangially [wires-Maldonado.er al, Z008), chus favoring the process of bisstimubation. Farchermore, che
MPs used in this research were hmctionalized wich citric acid to decrease cheir apgregation and incresse the
biostimulane impacr. Additionally, cirric acid is an erganic acid thac induces biostimulacion in planc species
fMallhier al, 20019); however, with the available informacion, it was nor pessible o verify whether cirric acid
wis a bisstimuolane facror,

The scimulus or stimuli perceived in the seeds of M, oleiferaduring seed priming indeed induced changes
thar manifested themselves in germinacion and ar other laver stages of developmient, possibly as priming
memary, The above scours when the induced merabolites and hormones, their conjugared forms, and proceins
subject ro posteranslagional modificarions induce rranscripromic and merabolic signatires transmicned
berween successive mitaic generations (Bose er al, 2018), This priming memary was presumably escablished
during seed contace wich MMs and maincained during subsequent groweh and development (Chen and Arora,
2013,

Fegarding the conrent of 2 in plancs, this element was only incressed ar a dose of 10 mg L' Thus, it
is likely thar che lower concentrations did nor allow a significant increase in the Znconcent in the seedlings o
manifest, presumably becavse, ar low concentracions (e, 1 mg L'L MEnO interacted mainky with the seed
wower, with licdke internalizarion roward the coryledons and the embrro (Savassa er al, 2008} This idea is
reinferced by Munir er 2l {20018), who reported thar the content of £ in the tissues of Triricom aesrivam
incrased linearly berween ranges of 25- 100 mg L' of NZnCh applied by seed priming,

Conclusions

The resules show tha it is possible to promace cthe inicial groweh and bisactive compounds of M. aleifera
by precrearment of seeds with MEnC, which represents a grearer possibilicy of success in the establishment of
this plant specics as well a5 obraining produces of higher nurracencical qualicy, A limitacion of this study is the

evaluarion of low levels of MEn(, so the response of doses higher chan 10 mg L' is seill unknown when using
the seed priming rechnique in M. oleifera
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Enmeords In is an indispensable nurient for crops thot wswally presents low bicovadlability. Different
Aaitiuaitlats technigues have been proposed to improve the bioavallablliny of Zn, including the use of nano-
Pl nutistion Iﬁdhﬂiﬂmnﬁ]mdﬁ:mﬂywumﬁdun:'d:-:upfl.tnﬂnrunfd:ﬂnmln]udfddnwj
:"M l'.nﬂn.u.rwnpnn:i'i:sI,HInﬂ]mmgu:cdmtm:nfmlch+mﬁﬂqjlnb:mtheplnmw.
T T — Great Lakes 407 was produced in pots of 4 L with perlice-peat moss (1:1) under

T condidons. The treamments consisted of NZnd applications that replaced the sotal In provided
Nanemetsl with a Steiner sohstinn, as follows: Zn® (1008&0) (control); Zn™ (50D 50%E]; NZnd (100
Manstecdmolagy OF; NEnd [50%0-+50FY NEnD (T5D); NEZnd (50360, NEnD [753%6F) and NEZnD (50%&F)L Four

applications of Zn were made with o frequency of 15 days. 75 days after transplant [DAF], the
fresh and dry bdomass, chlorophyll o, b, and pcarctens, phenolies, flavonodds, antoxidant es
pacity, vitamin C, glutathdone, Hz0s, totl procein, and enzymatc activity of PAL, CAT, AFX, and
GFY were evaluated. The mineral concentrarions (N, P, K, Ca, Mg, §, Cu, Fe, Mn, Mo, Zn, Ni, and
5{) im the leaves and roots of plants were also defermined. The results showed that, compared o
™, NinD promoted increases in biomass (14-52%), chloemphylls (32-69%), and antoxidant
compounsds such as phenolies, flavonoéds, and vitamdn C. The scrivity of enoymees like CAT and
APX, nswell as the foliar concentradon of Ca, Mg, 5, Fe, Mn, ¥n, and 5 increased with NZn. A
better response wis found in the plants for most varisbles with foliar applicarions of NindD
equivalent o 50-75% of the el Zn't applied comvertionally. These resulrs demonstrate tha
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1. Imtroduoction

The constant increment of the world’s population leads us to be more efficient in producing food with better vields and high
nutritiomal value. Zn is an esential element for plants; however, this element is deficient in the soils of various regions of the world. For
the above, an appropriate supply of this element & considersd wital to obtaining a higher vield and quality in agricultural crops [1]. Zn
it is a component of some binmolecules (lipids and prodeing), in addition to being a cofactor for auxins and playing an esential role in
nucksic acids metabalism [2]. Additicnally, this lement is a component or activator of some enzymes, such as carbonic anhydrase
[CAD, abeohal dehydrogenase (ADH), and superoxide dismutase (SOD) [2]. Purthermaore, Zn is involved in DNA transcription, RNA
processing, and KNA editing in mitechondria and chloroplasts [4]. Znis a component of cell membranses, participates in the expression
and regulation of genes and bicsynthesis af chlorophylls, in addition to participating in photosynthesis [5], mainly throwsgh the repair
of protein D] damaged by radiation during light harvesting in photosystem 11 [6].

Manotechnology in agriculture is an albermative for increasing food production due to various applications, such as nanopesticides
and nancfertilizers, The positive effects of nanomaterials (WMs) have been reported across multiple plant species, chtaining better
responsss i physiological processes, frit quality, and yield [7-9). However, NMs can also produce adverse effects, so the same
miterial could produce bicstimalation ar toxicity [10] due to the size or shape of the NM, method of application, dose, exposure time,
environmental conditions, and plant species [11].

Twa main mechanisms have been identified in biostirmdation by NMs. The first consists of the mitial inferactions of the NMs with
the cell surface, inducing signals that trigger positive responses in plants. The second mechanism is due to the intemalization of Niis,
where their content becomes available for different metabalic fanctions of the plants [1 Z). The above modifies the metabalic process of
plants, promoting vegetative growth and the production of anticxidant compounds, inducing greater tolerance or resistance ta
bintic-abiotic stresses [11].

NMs phytotoxicity (cytotaxicity, gemotoxicity) is mainly doe o time and levels of exposure of leaves, roots or seeds [14). The
primary mechanism by which some NMs produce genoloxicity is damage to chromosomes and interactions with DNA, causing plant
mustations [15]. The interaction of NMs with cell walls and membranes induoces cyfotoxicity, causing oaddative stress [17], alterations
in cell division, producing cells with malformations [16] and ol disorganization [17].

In addition to their bicstimulant impact, NMs can be used as ferfilizers, which have proven to have a higher sfficiency than their
coaventional counterparts and a redoced environmental impact [1E]. Mineral nutrition with NFs suggests greater efficiency than
coaventional fertilizer sources, which was demonstrated by applying nane-MNPK at doses of 25 and 50% for the traditionally recom-
mended valoes. As a resalt, kigher yield, starch content, harvest index, and better efficiency in using nutrients in Solomm dfserosten
cultivation were abiained [19]. Similardy, the application of nano NPK in chitosan formulations increassd the content of N (17.04%], P
(16.31%), and K (67.50%), in addition to promoting wegetative growth and chlorophyll content in Coffes erabica plants [20]. [21]
reporied the partial substitution of urea with urea-NPs in Zeq mexicana plants, observing that the combination of both sources (50%
coaventional urea-50% urea NPs) showed higher levels of vegetative growth, in addition to increasing aude protein, carbohydrates,
and detergent fber.

In anpther study by Bef. [Z2]; it was found that application of hydroxyapatite-NPs to soil compared to the ase of alcinm super-
phosphate increased the leaf area and yield of Brossica oleracen var. [alic, while the foliar application of NPs of boron oxide vs. boric
acid showed an increase in the same variables, in addition to a kigher content of vitamin C. In bath comparisons, the P and B contents
were higher in plants with nanofertilizer applications. In another study [27], compared the application effects of Cu, Zn, Mn, and Fe in
the BNPs and ionic form on germination of lettuee, fnding increases between 12 and 54% when nanofertilizers were used, demon-
strating the potential of these agents in comparison with conventional microelement sparces.

HAecently, Znh MPs (MZnd) were reported to increase antioxidant capacity and promate mineral absorption in Caoumis sanes [24];
however, the complete replacement of conventional fertilizers with Zn using namoparticle formulations has not been reported.
Nevertheless, this action could have significant benefits, such as the redoction of the use of conventional fertilizers, less environmental
impact, and the obtaining of foods with better nutraceutical quality, in addition to fadng the problems of deficiency or low availability
of #n in several regions of the world.

Based an all the above, the aim of this research was to compare different forms of application and levels of NZn() against ionic Zn
(Zn504) oo vegetative growth, photcrynthetic pigments, bioactive compounds, and mineral concentrations in lettuce produced inoa
suilless spstem, We hypothesized that MZn0 & a5 effective as Zn®t as a plant nutrient and shows more sfidency.

2. Materials and methods
2.1, Esmblichment of the experiment
The experiment was established in the Department of Horticalture - Universidad Autdnoma Agraria Antonio Narro (Saltillo,

Méxica). The plant material cormespands (o the genotypes “Great Lakes 407 of KEristenSesd, whose seeds had a germination percentage
»85%. The seeds were germinated in expanded polystyrene frays with peat moss:perlite (1210 After 28 days, the seedlings were
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transplanted in 4 L pots containing the same substrate mixture (Fig. 1-A). The substrate was subjected to a physicochemical analysis
25], where the presence of Zn was not detected.

Plant nutrition for the control treatment was supplied by a Steiner nutrient solution [26]. This solution was prepared at a con-
centration of 50% and constant pH of 6.5, containing the following quantities of each element (in mg L~k N: 131; P: 31; K: 274; Ca:
168; Mg: 49; S: 133; B: 0.43; Fe: 3.2; Qu: 0.02; Mn: 1.94; Znc 0.0227; Ma: 0.01, which was suppliad as irrigation water, applying 1 L
plant day™". Plants assigned to NZn0 treatments received Steiner solution without Zn**. The water used for irrigation was chemically
analyzed without detecting Zn concentrations. The plants were kept for 75 days after transplant (DAT) (Fig 1-B and C) in a chapel like
greenhouse with homogenesous conditions of temperature (25-27 °C) and relative humidity (60-709%).

2.2, Zn0 NPs and applied treatments

Zn NPs were synthesized based on the methodology of [27]. A complete description of the synthesis method was previously
reported [25]. The marphology and structure of NPs were analyzed by transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM), where most NPs resulted in a quasi-spherical shape (Fig. 2-A [28]), an average diameter of
16.49 nm (Fig. 2-B), and crystalline appearance (Fig. 2C). Additionally, Fourier Transform Infrared Spectrascopy (FTIR) and UV-Vis
tests were performed. The FTIR spectrum (Fig. 2:D) showed a strong peak between 492.1 cm™’, corresponding to the stretching vi-
brations of ZnO bands, which indicates that the samples are well crystallized [29]. The UV-Vis spectrum #lustrated in Fig. 2-E shows
an adsorption peak located at 356 nm, which is attributed to the intrinsic band gap of Zn0O absorption. Similar values of the absorption
band that represent ZnO NPs was also reported in previous warks in which the range of the absorption band was from 355 to 380 nm
[301.

Treatments consisted of foliar applications (F) and drench (D) of different levels of NZnQ, compared to applications of conventional
Zn** (ZnS0s). The application of Zn** at a concentration of 0.227 mg L~ was considered the control because Zn”" is the main supply
for this element in soilless production sy The total ant of Zn" calculated for alettuce crop (17 mg Zn plant™” in 75 days) was
taken as the basis for the applications of the tr s, which consisted of the two forms of application and percentages of Zn with
respect to the coatrol, as follows:

T1: Zn** (100%D) (control), equivalent to 17 mg Zn plant~'.

T2: Zn** (509604 500F), equivalent to 17 mg Zn plant™".

T3: NZnO (1009%D), equivalent to 17 mg Zn plant™".

T4: NZnO (50%D 4 50%F), equivalent to 17 mg Zn plant™ .

T5: NZnO (75%D), equivalent to 12.75 mg Zn plant™".

T6: NZnO (50%D), equivalent to 8.5 mg Zn plant~?,

T7: NZn( (75%F), equivalent to 12.75 mg Zn plant~.

T8: NZnO (50%F), equivalent to 85 mg Zn plant™".

The total number of applications of Zn was four (4.25 mg Zn~" each), with an interval of 15 days between each.

2.3. Evaluared variables

2.3.1. Fresh.dry biomass of plants

After 75 DAT, two lettuce plants from each experimental unit were harvested and separated into leaves and roots to determine fresh
biomass. Subsequently, the most recently mature leaves and a portion of the roots were taken and washed with distilled water and Later
placed in a freezer at - 20 °C for future analyses. The remaining plant material was dehydrated in a drying oven st 65°Cfor 72 h to
determine dry biomass.

Fig. 1. Letruce plants used In the experiment. A: Transplant; B: Lettuce growth at 30 DAT; C: Plant at 75 DAT.

3
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Fig. 2. TEM (A-B) and HRTEM (C) images. FTIR (D) and UV-Vis (E) sp of ZnO particles. Subfigures A-C from Ref. [22).

2.3.2. Sample processing for Wochamical analysis

The previously frozen leaf and root samples were lyophilized to avoid the denaturation of biochemical compounds. This process
was carried out in a Hophyllizer model Labconco FreeZaone 4.5 (Laboonco Inc., Kansas City, USA) at a temperature from - 45 °C during
seven days. Subsequently, the tissue was macerated for further analysis. This lyophilized tissue (LT) was used for all photasynthetic
pigments, bioactive compounds, and enzymatic activity analyses.

2.3.3. Photosynthenic pigments
The concentrations of chlorophyll a (Chia), b (Chib), total (Chla 4 b), and f-carotene (§-car) were analyzed in lyophilized leaves. A

mix of 10 mg of LT + 2 mL of hexanezacetone (3:2) was centrifuged (12000 rpm, 10 min, 4 °C). The resulted extract was read in a
spectrophotometer model Unico UV2150 (Unico Inc., New Jersey, USA) at different wavelengths (505, 453, 645, and 663 nm). The
resulted absorbances was used for later calculation with equations proposed by Ref. [31]; expressing the results in mg 100 g~' DW.
Subsequently, the Chla/Chib and Chla + b/p.car ratios were calculated.

2.3.4. Bioactive compounds and enzymatic activity

The concentration of total phenolics was obtained using a Folin-Ciocalteu reaction. First, 100 mg of LT+ 1 ml of water:acetone (1:1)
was mixed and centrifuged (12500 rpm, 10 min, 4 °C). Subsequently, 50 kL of resulted supernatant 4 200 pl of reagent Folin Ciocalten
+0.5 ml of Naz00s (20%) + 5 ml of Hz0 were homogenized and placed for 30 min in a water bath (45 °C). After this time, the sample
was read at 750 nm in a spectroph madel Th Figher G108 (Thermo Fisher Scientific, Massachusetts, USA). The same
equipment was used for the readings of flavonoids, vitamin C, glatathione, H,0., and antioxidant enzymes. The concentration of total
phenolics was reported as mg 100 g~ DW. All the above following the method describad by Ref. {22].

The concentration of total flavonoids was determined mixing 100 mg of LT + 10 mL of methanol and subsequently filtered with a
Whatman Filter (No 1001). Later, a mix of 2ml. of solution and 2 mL of AICls (2%) was incubated in dark conditions for 20 min. After
this time, the sample was read at 415 nm, reporting the results as mg 100 g~ DW. All the above following the techniques described by
Ref, [33].

Vitamin C concentration was obtained with a mix of 10 mg of LT + 1 ml of HPO, (0.36 M), which later was centrifuged (5000 rpm,
10 min, 4 °C). After this, a mix of 200 plL of supernatant + 1.8 mL of 2,6-didarfenclindofencl (2,6 D-0.09 M) was read at 515 nm,
expressing the results as mg g~ DW. All the above according with [14].

Glutathione (GSH) was quantified with a mix of 100 mg of LT 4 1.5 ml of phosphate buffer (KzHPO4 0.01 M + KH2HPO, 0.01 M)
(1:1) + 10 mg of palyvinylpyrrolidone (PVP), which later was centrifuged (12500 rpm, 10 min, 4 °C) and subsequently filtered using
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filters of nylon membrane (045 pm]. This extract was wsed for the quantification of GSH, anticxidant capacity, protein, and activity of
antioxidant enzymes. The GSH concentration was defermined wsing a mix of 80 pL of extract 4 320 pl of DTHNE reagent (1 mb) 4 2.2
mL of MagHPOy, (0032 M), which later was read at 412 nm, reporting the results as mmol 100 g7 DW. All the above following the
techniques described by Ref. [35].

Antioxidant capacity was obtained using & pL of extract 4 254 pl of DFPH radical (2, 2-diphenyl-1-picrylbydrazyl, 6.34 M). This mix
was placed and read at 630 nm in a microplate reader model BioTek Elx808 (BioTek Inc., Vermont, USA), expressing the results as pmol
g " DW, according with [26].

The concentration of HaOx was quantified by the extraction of 10 mg of LT + 1 mL of trichloroacetic acid (0.1%), which latter was
centrifuged (12000 rpm, 15 min, 4 “C). Subsequently, a mix of S0 pl of supernatant 4 750 pl of phosphate bufer (KHHPO, 0000 M 4
BoHPO, G000 M, 1:1) was read at 790 nm, expressing the resulis as pmol g=' W, All the above following the methods proposed by
Ref, [37].

The concentration of total profein (TF) was quantified with a mix of 5 pl of the extract 4 250 pl. Bradford's reagent, which was
incubated for 10 min in dark conditions. After this, the samples were read in a microplate reader at 630 nm. The results were reported
as mg g~" DW. All the above according with [18]. These TP values were ussd to calculate the enzymatic activity.

The activity of catalase (CAT) (EC 1L.11.1.6) was quantified with a mix of 100 pL of the extract + 1 mL af HoOky (100 mb) 4 400 L
of Hz80y [5%], which was directly read at 270 nm. Subsequently, a second lecture was taken after 1 min, with the objective of calculate
the activity of CAT in 1 min of reaction. This activity was expressed as U g~ TP, (U mM equivalents of H=0n consumed mL™ " min ).
All the abowe according with [39].

Ascorbate peroaddase (AFX) (EC 1101, 11 was determined with a mix of 100 pL of the extract + 1 mL of Hz0z (100 mB) 4 500 L
of ascorbate 4 400 pL of Ho50, (5%), which was directly read at 266 nm. Subsequently, a second lecturs was taken after | min, with
the abjective of calculate the activity of AFX in 1 min of reaction. This activity was expressed as U g~7 TR, (U pmol of oxidized
ascorbate mL™ " min~ ) All the above following the methodology propassd by Ref. [40].

Phenylalanine ammonivm lyase (PAL) (EC 4.5.1.5) was obtaimed with a mix of 100 pl. of the extract 4 900 pL of phenylalanine (6
mM}, which was placed in water bath (40 °C, 30 min). Subsequently, were added 250 pl. of HCL (5 N} 4 750 pl of Hz0O and directly
read at %0 nm. The PAL activity was expressed as U g~ TP, (U: pM of trans-cinnamic acid mL~" min="). All the above according with
[41].

Glutathione peroxidase (GPX) (EC 1.11.1.9) was determined through a mixtare of 200 pl. of the extract 4 200 pl of NagHPOy
(D067 M) 4 400 pl of GSH (0,01 M), which was placed in water bath (25 °C, 5 min]. After this ime, 200 pl. of HzOg (1.3 mM) was
added. Ten minutes later, one milliliter of trichlomoacetic acid (1%) was added and centrifaged {2000 rpm, 10 min, 4 “C) Finally, a mix
of 480 pl of resulted sapernatant 4 2.2 ml of Nag POy (0032 M) 4 320 pl of DTHE {1 mM) was read at 412 am. The GPX activity was
reported as U g~ TP, (U: mM glutathione equivalents reduced mL~! min~"). All the abowe according with [42].

235 Leaf-root minerm! concentration

The determination of N was carried out by the mico-Kjeldahl method following the methodology of [43). Te quantify the con-
centrations of P, K, Ca, Mg, §, Cu, Fe, Mn, Mo, Zn, N, and 5i, the previously dried samples were first subjected to acid digestion with
HMO;. Then, the sxtract obtainesd was read in a couplsd plasma emission spectrophotometer (1CP0FES) maode] Optima 8300 (Perki-
nElmer, MA, USA) according to Ref. [44]. All results were reported a5 mg kg™' DW.

2.4, Stmrshical amalysis

The experiment was #stablished under a completely randomized experimental design with eight treatments and five repetitions,
pbitaining 40 experimental units with two plants as experimental units. The Levens and Kalmogorov-Smirnov tests wers previoushy
carried aut to verify the equality of vardances and normal distribution of the data. The data were analyzed through an analysis of
variance {ANCVA), and a Fisher's least significant difference (LS0) mean comparison test was made for variables with a p < 0005,
Additionally, a correlation analysis was made befwern all the varables evaluated. All the statistical analysis were performed in the
Infostat v. 2020 software.

Table 1

Fresh and dried blomass in leaf and lertoce root.
TREATMENT LFW i) LOW ) BFW i) DWW )
T~ (L0l 402 88 - 1804 & 5114 ab EA ] n
o (S0l SWF) AR T TR b SE1E ] L] ab
WD (1T 46152 ol Ta.04 ub 53 ab 5345 b
W=l (S0l SWF) s0a1 b ot ub 409 L] B3 u
W=l (7% 40716 - .62 I 3188 d 342 €
Tl (S0l 48058 T T454 ub 45 9% T 558 b
W=l (T5%F) &2 = 554 " ST als 457 b
W=l (S0F%F) AZE 4 o X6 I 4136 < 588 ab

LFW: Leaif fresh welght; LDW: Leal dry weight; BFW: Roat fresh weslghs RDW: Roaot dry welght. Values are the neean of treameenes. Different lerters in
each column indicate a ggnificant diference (L5, p < 0.05). m=5.
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2. Resules
3.1, Freshdry biomass of planss

The application of N¥n(} favored the gain of fresh and dry matter in lettuce plants. The most significant increase in fresh leaf
‘binmass was found in the NZnQ (75%:) treatment, which was 52% higher than that in the control. Next were treatments of MZn0 (50%
[ 5098, Zn*" (G000 S0%F), and NZnC (50900, with increases over the control of 25, 23, and 21%, respectively. The KZn (100%
D) treatment showed an increase over the control of 14%. A similar response was found in dry weight of the leaves. The NEn(r (75%)
treatment fvored a 3% increase over the control, followed by NZn( {50%D0) treatment with 29%, and NZnO (100FD) and NZn(
(508D 509 F), both with ncreases of 27%.

In contrast, there was a decrease in fresh root biomass, with the NZn0O (75%D) and NZn0 (S0%F) treatments showing rechsctions of
4% and 30%%, respectively, in comparation of control. Similarly, the dry biomass of the roots was negatively affected by the NZni
(75%D) treatment, with a decrease of 51% compared to the coatrol, whille the NZnd (75% F), NZnO (100800, and NZoC) {50%d)
treatments reduced the vahses of this variable by 31, 24 and Z3%, respectively (Table 1]

3.2 Phorogynrhetic pigmmis

Chlarophylls in leaves increased with NEn( applications. Chla showed an increase with foliar application of NZn(, while the NZn0
[(75%F ) and NZn( (50%F) treatments registered increases of 37% and 32%, with respect to control. In addition, Chlb resalted in a 6599%
increase for the NZnO (75%F) treatment and a 54% increase for the NZnO (509%F) treatmient. The same trend was observed in the Chila
+ b concentration, with increases af 45 and 38% for the NZn() (75%F) and NZn0) (50%%F) treatments, respectively (Fig. Al Om the
other hand, the treatments did not affect the concentration of fecar (Fig. 3-B).

The Chla,/Chib ratio, it resulted in a slight decrease in the NZnO (50%F) treatment, with a ratio 1 5% lower compared to the control,
‘while in NZn( (50%D) and NZnd (75%F), decreases of 16% and 19% were observed. In contrast, compared with the control, the Chla
+ hy/Pecar ratio increased by 19% in plants with KZnO (50%0) and showed 28 and 33% increases with the NZnD (50%F) and NZn0
[F5%F) treatments, respectively (Fig. 5-C).

The phenolic compounds in leaves resulted in increases when making NZnO applications. The highest incresse was found in plants
of the NZn0 (10090 treatment, which promoted the concentration of these compounds by 863%, followed by NZnd (75%F), NZnD
(5%}, and NZn(» (50%F), with increases of 85, 65, and 58%, respectively (Fig. 4-A). This compounds in lettuce roots were oot
altered by the application of Zn** ar MZnd (Fig. 4-A). Similarly, the antioxidant capacity (DPPH) of the l=aves resulted in increasss of
15 and 9% compared to the contral when applying NZnd (50%F) and NZnd (75%F), respectively. There were no differences in DPFH
of the roots betwesn treatments (Fig. 4-B). Regarding the concentration of flavenoids, oo difference was found in the leaves (Fig, 4400,
However, in the case of the roots, the application of KEn( promoted an increase in these compounds, mainly in the NZn( (75%F)
treatment, where a rise of 0% was cbserved with respect to control, followed by the NZnO (5086 Dy 50%6F), NZn0 (508%d0), and NZn()
[50%F) treatments, with increases of 58, 42, and 33%, respectively (Fig. 4-D.

The vitamin C concentration increased with mast NZn(0 treatments, where NZnO (50%0) showed a 145% increase over the controd,
followed by NZn() (75%F) and NZnO (S0%F) treatments, with increases of 132% and 111%, respectively, while NZnQ (75%0) and
NZn(d (50D 505%F) treatments recorded 79% and 75% increases in vitamin C concentration (Fig. 5-A). In the case of the roots, the
NZn{) treatment (75%0D) showed a rise of 178% in vitamin C concentration compared (Fig. 5-A). The concentration of GSH in leaves
showed a 14% increass in the Zn®t (508604 50%F) treatment and a cantrasting 15% negative ffect for the MZnd (75%F) treatment.

A = . .
iZnlla Chin ] i Chigt B3 G bfloar
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P-carclone jmg 100 g°' W
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Flg: 3. Photosynthetic pigneents in ketuce leawes. &: Chila, Chib, and Chla + b. Letiers inside bars are the mean comparation for each chiorophyll
type. Capital bemters on the: bars are mean comparation of Chla + & B: pcarctens; 2 Chlabh and chla + b raring. Lo letres are
mian comparation of Chliash, and capital keners are mean comparation of chia + byP-camtene mtho. Different lecters indbeate o signdfieant difference:
(15D, p < QUO5). The kines on the bars indicate the sandard error of the mean. n— 5
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Fig. 4. Phenolics (&), andoxidant eapacity DFPH (B), leaf flavoradds (C), and roat flavanoids (D) in lemoce. Capltal lemers on the bars are the mean
comparison of the lesves. Lowercase beers on the bams are the mean comparation of roots. Different letters on the bars indbeate & significans
differenee (LED, p < 0.05). The lines on the bars indicate the standard error of the mean. n = 5.

Om the other hand, the concentration of GSH in roots was not altered (Fig. 5=B). The treatments did not alter the concentration of Ha(y
in lettuce leaves and roots (Fig. 5-C) or in the case of tatal profein in either vegetative organ (Fig. 5=D).

The snzymatic activity was positively ar negatively affected by the applied treatments. Compared to the coatrol, PAL activity in
leaves increased 1% for the In™" (50904 50%F) treatment and 28% and 24% for the NZnQ (75%F) and NZn) (50%F) treatments,
respectively (Fig. 5-A). On the other hand, PAL activity in lettuce roots increased by 44% with the application of NZnd (75%D]) but was
reduced by 38% with NZnD (S0%F) (Fiz. G-4). Regarding CAT activity in leaves, the Zn®* (50004 50%F) treatment promoted the
activity by 1708, followed by the NZn0 (S50%F) treatment, which increased the activity of this eneyme by E#% compared to the
contred {Fig. f-B). Om the other hand, the activity of CAT in roods showed an increase of 158% with the application of the NZn( (7 5%F)
treatment, followed by the NZn0 (75%0) treatment, which promoted enzymatic activity by 78% in comparison with the control
(Fig. 6B}

(On the other hand, the activity of AFX in leaves increased with most treatmenis, being as follows: MZnO (50%F) > NEnQ (50%07) -
HZn0 (50% D4 50%F) = NEZnO (L00%D) = En** (50% D4 50%F), where the increases were 43, 41, 36, 35 and 31%, respectively
(Fig. 6=C]). In the case of the roots, the activity of APYX was only increased in plants of the NZn( (75%F) and 2ot (509 D4 S0%F)
treatments, which showed increases of 56% and 38%, respectively, while the application of the NZnd) (50%F) treatment produced a
4(¥%s reduction in the activity of this enzyme (Fig. 6=C)

Unlike the enrymes mentioned above, GPX activity in leaves was adversely affected by NPS treatments, being as follows: NZn(
(508D} NZnD (75%0)> NZn( (S09%F)- NZnd (75%F)> NZnD (50%04 50%F), with reductions of 60, 56, 53, 49 and 399,
respectively, compared to contrel treatment (Fig. 6=D). In contrast, the activity of this encyme was considerably increased in the moots,
where the most significant increase was found in the NZn0 (50%F) treatment, with 681% higher activity compared to the controd,
followed by the NZn(: (75%F), NZn0 (50%0), and NZa0 (75%0) reatments, with increases over the contral of 584, 416 and 353%,
respectively. Likewise, the Znt (508604 50%F) treatment showed a 350% of increase in activity of GFX compared to the control
(Fig. &)

F.4. Leafroot mineral concentration
The application of NZnO significantly altered the concentration of minerals in letfuce leaves and roots. Inthe case of M, the AROWVA

T
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Fig. 5. Vizamin C (A), GSH (B), H:0: (C), and total proteln (D) In leaves and roots of lemuce. Gapiltal Jetters on the bars are the mean comparison of
the Jeaves. Lowercase letters on the bars are the mean comparation of roots. Different Jesters on the bars indicate 2 significant difference (LSD, p <
0.06). ns = no significant difference. The ines on the bars indicate the standard error of the mean. n = 5.

did not show a significant difference between the treatments in either leaves or roots. However, in the concentration of P in leaves, a
reduction was found for most NZnO treatments, with the most significant decrease in NZnQO (75%D) treatment with a decline of 41%
compared to control, followed by NZnO (50%D), NZnO (509D + 5006F), NZnO (100%D) and NZnO (75%F) treatments with decreases
of 36, 35, 28, and 27%, respectively, finding no difference between the Zn?* (S0%D 4 50%F) treatment and the control.

A smilar trend was found in the roots, in which the P decreased in all treatments with the application of NZnO, as follows: NZnO
(509D) > NZnO (75%D) > NZnO (509D 4 S0%F) = NZnO (50%F) > NZnO (100%D) > NZnO (75%F), with decreases of 65, 54, 53, 45,
35 and 29%, respectively, compared to the contral; Zn** (50060 + 50%F) treatment rechsced the P concentration by 309. In the case of
K in leaves, only a 33% reduction was found in the NZnO (50%F) treatment compared to the control. However, the concentration of
this element in the roots was negatively affected by NZnO applications, with a 62% reduction in the NZnO (50%D) treatment, followed
by the NZnO (75%D), NZnO (50%D+ 50%F) and NZnO (50%F) treatments with reductions of 59, 58, and 36%, respectively.

On the other hand, the concentrations of Ca, Mg, and S in the leaves increased with NZnO applications. Ca increased by 71% and
66% for the NZnO (100%D) and NZnO (509D 4 50%F) treatments, respectively. The Mg levels increased in the NZnO (50%F) and
NZnO (500D S0%F) treatments by 39% and 34%, respectively. For S, a similar trend was obtained, with increases of 30, 23, and 21%
in the NZnO (5086F), NZnO (100%D), and NZnO (75% F) treatments, respectively. In contrast, the concentrations of Ca and Mg in the
roots decreased when NZnO was applied. Ca was reduced in most treatments, remaining as follows: Zn (50%D)> NZnO(50%6D+ 50%
F) = NZnO(75%F) > NZnO(50%F) > NZnO(100%D), with decreases relative to the contral of 37, 30, 28, 26, and 17%, respectively, and
a decrease of 3% in plants of Zn™" (50%D+ 5006F) treatment. A similar effect was found for Mg, for which the NZnO (75% F) and
NZnO (50%D) treatments reduced the canc ion of this el t in the roots by 28 and 24%, respectively. For its part, the Zn™
(5090 4 S096F) treatment produced a Mg decrease of 39%. The concentration of S in the roots was not modified by NZnO applications
(Table 2).

Cancemning the leaf micronutrients, Cu was not affected by NZnO treatments; haowever, the Zn*" (5006D+ S0%F) treatment
increased the concentration of Cu by 55%. The r ining microel ts increased their concentration in NZnO-treated plants. In the
case of Fe and Mn, the treatments promoting an increment were NZnO (50904 50%F) and NZn0O (100%D), both raising the
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Table 2

Concentracion of macronutrients (mg Ig" D) in leaves and roots of leooce.
TREATHENT B P K Ca Mg g
LEAVES
T (L 00MWIH) 630 ab 304313 a FEXI2E abe 1455303 =l 200E 25 € 195 &
T " [SiFel- SORF) P00 E 0008 a 25825 Laall 1835519 el 02455 alb U948 75 €
LECE L] o ab XA b FTA125 kY 24003.13 kY SOE4T € e AR kY
N TSR SO 7551 = 2055 b 34T A b 24T E als 00460 ] 13 b
NE=OTSRI Tatg b 187219 b rrall el 15539 50 el -1 € 17080 €
NE=CHE0wI) 5000 als L b IIEIE 4 15535 63 4 IoE1R e LEUa 44 L]
NE=TSHF) IR0 kY 375 b HTEOATS ab 1832 5 el T4 b 5038 ab
NE=HE0wWF) Inai = 1135 ab IPMIATS b 1003813 b HEE 31 ] =625 =
ROOTS
T (L O0MWIH) 15550} abe XIS ES a 1¥P6 58 ab 20470 kY 19E0.51 u TFNIRA abe
Tor " [(Sarveln- SUPF) 12050 L] pL=l W b 1LE5ES abe 14427 5 | 11500 d IER65E L]
LECE L] LE5H) ab 145813 ke pc= R Laall LRE2D b 177504 e ISR080 ab
MEmCSs - SOwF) LE04 ab L=t iec] de SIT004 de 14197 35 | 188815 ub 13408 L=
NE=OTSRI 15050 abe 153738 de S B4 L] IS ab 18 O alb 44625 ab
NE=CHE0wI) LD b TS - SEENF] - 1275475 4 1ar Ty ] g L =
NE=TSHF) 172 ab 150656 b 1511313 kY 1855275 el 185150 al 4080 ab
NE=HE0wWF) {Fgte. i = 1X5288 =l o el 15000 bedl IEE004 lu: ITaE 44 =

Walues are the mean of restmeenes, Different: lecters ineach column indicate a signdficant difference (15D, p < W05 B = 5.

concentration of Fe by 209 and 26% and the concentration of Mn by 43% and 35%, with respect to control. A smilar effect was
observed in the concentration of Mo, where the NZnC (100 D) treatment promobed the concentration of this element by 30%. For Zn,
the NZn() (50%: F) and NZn() (75% F) treatments elevated the accumulation of this element by 35% and 33%, with respect to control.
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Mo significant difference was found for the remaining treatments. On the other hand, the Ni concentration increased by 55% and 34%
for the NZn0 (100%0) and Zn™" (S0%04 509F) trestments, respectively. The Si levels increased significantly in the NZnd (50%
Do 50%F), NEnD (75%0), NZn(y (509600, NZnQ (TSWF), and MZnO (50%F) treatments with increases of 194, 166, 145, 113, and
1108, respectively, compared to the control reatment.

Far the concentraiion of micronutrients in rooks, reductions in the levels of some slements were olserved in most NZn ireatments.
Compared with the control, Cu was reduced by 68% with the NZoO) (50%F) treatment, followed by the NZnO (508D, NEZnD (75%0),
NEZnCy (B840 S006F), NZnD (10090, and NZa() (75%F] treatments, which decreased the concentration of this element by 64, 61, 60,
mmmmhuy.mn’* (500 50%%F) treatment produced a reduction of 41%. A similar result was found in the con-
centration of Fe, with the level of decrease as follows: Zn®+ (S0%D4 509F): W20 (FE%F)- NEn (S0%F): NZnD (509D]1:> NZnd
(S0l 50%F ) NZnD (75%00), with an Fe decrease compared to the control of 50, 43, 38, 34, 27 and 13%, respectively. The same
effect was found for the concentration of Mn, where the NZn( treatments produeced rechections from 25 to 55%. A decrease of 23-34%
for Mo was obiained compared to the control.

Decreases in £n root concentration were alsy found, mainly in the NZndy (50%F), NZn( (758%F), and NZn( (50%0) treatments,
‘with reductions of fd, 52, and 41%, respectively. However, in the NZnd (T5%D) treatment, an increase of 170% was observed. The
concentration of Ni increassd 86% compared with the cantral in the plants treated with NZn0 (75500 In coatrast, in the NZnO (50%
D 50%F) and Zn*t (500604 S0%F) treatments, Mi was reduced by 60% and 41%, respectively. The concentration af 5 in the roots was
nal affectsd by the NEnd treatments (Table 3).

The comrelation analysis showed positive and negative relations between some of the variables shdisd. For example, the fresh
‘binmass of lettuce leaves was positivel y related to variables of the antioxidant compounds of plants, such as phenaols, favonoids, GEH,
APY, GPX, CAT, and PAL, with coefficients ranging from 0.324 to 0.414. O the other hand, a positive relationship was found betwesn
Chla and the concentration of N in leaves, with a cosfficdent of 0.382, Likewise, a correlation coefficient of 0,538 was found for GSH
concentraticn and GPX activity. On the other hand, negative relationships were chserved between vitamin C concentration and GSH
and between vitamin C and GPX activity, with coefficients of ~0.414 and - 0.563, respectively. The concentration of HaO was
pasitively related to the concentration of phenols and the activity of the enzymes GPX and APX, with correlation coefficients of (L451,
D357, and 0,360, respectively. Furthermore, the antinxidant enxymes were related to each other, where the highest coefficient was
found in the activity of APX and PAL (0.726]), followsd by CAT and PAL (0.530), APX and CAT (0. 465), GPX and PAL (0.405], and the
concentration of phenols with PAL, with a correlation coefficient of 0.317. Finally, some correlations were observed between the ions,
for example, the concentration of K with Fe (0.724), Co and Mo (L6890, N and S (0.579), and K and Mn (0.501) (Fig. 7).

4, Discussion

By definition, a plant binstimulant is “any substance or microorganism applisd to plants to enhance mutrition efficiency, abiotic
stress tolerance, and/or crop quality traits, regardless of its nutrient content™ [ 45]. Due to the pasitive effects of NMs an plants reported
in the literature [46], it is possible to consider them bipstimulants.

In general, the beneficial effects of NZn0 observed in lettuce plants #t's explained by the two phases of bioestimulation with NMs
Thee first consist in the initial contact with the cell membranes, where interactions depend of several characteristics such as size, shape,
surface charges, and hydrophabicity of the NMs. The above produces damage or modifications in cell membrane, producing cascades
of signaling metabolites, changes on the redox balance, membrans petential, protein translation, and maodifications in gens axpression.
The=se signals can travel between cells and produoce a bicstimulation response [47,48)]. Similar responss ocours when the NMs come
intn contact with the arganelles (e.g. chloroplasts, mitochondira or meclews), once the NMs enter the cell throsgh membranes pores or

Table 3

Concenmacion of micromsrients (mg kg~ DW) in beaves and roots of bemoce.
THEATHENT [ Fa Mo Bl T 1] 8
LEAVES
Ea ] 0 (5] 95 1= 12=.8 & =81 e 10157 1= 2553 [ 6778 d
Zur® " (Sl SIFHF) 4104 " .03 aly 140, 0 S &B0 als i | alx 3559 al THEE d
RO Ol i ke 1008 47 n 17047 ab 754 a 13188 ab 1% n U7 0 d
ME=OSFRD- SOHF) 404 ub 16028 56 u 180,58 i 572 ad e ak 1.7 ® 1 B4 =
=0T i E ol o = 154,25 S 4 04 d .7 € s = 1B ab
ME=OS0WL) M7 L] BIE.5S € 12597 = 4.04 edl BE.69 € 2463 de 1 A =
HWE=OTERF) M55 ol a4 ab 1185 © S el 13635 n 29031 Tl 14463 [
NE==0WF) 1H.0& d Baa.4T alb 15044 sl =38 el 138 34 ] 219 Tl 14241 &
ROOTE
o (1 GORIE o B u 115054 b G068 ' (] a g b 006 € 16269 n
T (SOl SIFHF]) a4 b ET0E r 3199 al 1L a 3658 ] 1616 L] 16028 =
RO ) 16.2% e 1400 &0 u 45308 ab [} a L] b 5188 b 1B531 n
RS- SO i15.58 ] .04 d HE 50 d ThE ] 4063 e = | e 15704 =
ME=OTERD) 15.5% ] .54 € 3EL.A1 S 8683 -] /15D u a0a & 15581 =
MRS 1415 E =5 da 24l d TAT b 54,23 € 2080 ed 14516 n
MWE=OTERE) 15 ] 4851 ol ik A4 e TAl ] 4343 e 2950 el 16703 =
HE=OSIFHF) 1.8 ] Tola4 = 3= S 831 -] I € P e 15728 =

‘Walues are the mean of restmeenes. Different lecters inmch column indicate a signdfcant difference (150, p < 0L05). n = 5.
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Fig. 7. Matrix of correlations between evaluaied variables of letruce plants. L: Leaves, R: Roots, FW: Fresh welght, DW: Dry weight, Chla: Chlo-
rophyll a, Chibe Chlorophyll b, p-car: pcarotene, Vit C: Vitamin C, GSH: Glutathione, Flav: Flavonolds, Pher: Phenols, APX: Ascorb

GPX: Glutathione peroxidase, CAT: Catalase, PAL: Phenylalanine ammontum lyase, DPPH: Antioxddant capacity, HyOx: Hydrogen peroxide, Prot:
Total protein.

active mechanisms like diffusion or endocytosis, [12].
The d phase consists in the formation (mainly ionization) of the NM core (in this case, Zn°" ions) oace the NMs are
internalized in plant cells. The free fons in the cell cytoplasm can fulfill specific functions on several metabolic process of plants [L0].
Therefore, considering the above, it is possible to explain the biostimulant impact of NZnO on growth, photasynthetic pigments,
bicactive compounds, antioxidant enzyme activity, and ion concentration in lettuce plants.

4.1. Freshdry biomass of plants

The increase in fresh and dry biomass of lettuce can be explained principally by NMs pramating the photosynthetic activity of
plants, increasing light absorption, accelerating the transport of energy between photosystems, and promoting the photolysis of water
and the evolution of axygen [49].

Dry weight gain may also be due to NPs increasing PSI and PSII activity, as well as the redox state of plastoquinol in the electron
transport chain [50). These increases in photosystem activity probably occur because NPs favor the overexpresion of
photasynthesis-related genes. Examples are psaA (Photosystem | P700 chlarophyll a apoprotein Al), petA (photosynthetic electron
transfer A), HSP90.1 (heat shock protein 1), and pshA (Photosystem [l reaction center protein A) [51]. It is also passible that NPs form
complexes with LHC proteins (light-harvesting complex) in the antennae of photosystems, improving light uptake [52]. In addition to
participating in the light dependent phase of photosynthesis, NMs also promote photosynthetic activity in light-independent reactions
by increasing COx assimilation by boosting the activity of beta carbonic anhydrase (BCA) and Rubisco enzymes [19].

Furthermore, NZnO can increase stomatal conductance, respiratary rate, internal CO, concentration, and net photosynthetic rate
[57]. For example, in lettuce [541], reported that applications of 10 mg L~? of NZnO increased net photosynthesis, favoring plant
growth. These increases in the photosynthetic activity of plants are evidenced by the more significant accumulation of photosynthates
in the leaves when applying 50-1000 mg L™ of NZn0Q in Brassica oleracea [55]. On the other hand, applications of 250-500 mg L™* of
NZnQ increase the stomatal density in the leaves, improving water balance and gas exchange, promoting the photosynthesis and
respiration of plants, and resulting in greater plant growth [56].

The decrease in root biomass can be explained because NZnO causes a rearrangement of microfilaments in the epidermal cells of the
elongation zones, reducing the growth of primary roots [57]. Likewise, ZnO NPs favor the generation of RNS, such as nitric axide and
peroxynitrite, causing axidation and rearrangement of root cells and decreasing the biomass [58]. A similar result was reported by

"
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Ref. [17]; wha ohserved that root biomass decreassd when applying 300-2000 mg L™ of NZn0 in Hordeum walpare; the authors
attrilnted these decreases to structural changes and disorganization of root cells.

4.2 Phorosynthehc pigmernis

The increases in the concentration of chlorophylls are probably related to the sscond stage of the biostimulation process with Nids,
where the core of the material is biotransformed into fons inside the optoplasm, specifically Zn® for the case of NZnO, which was
explained in previous paragraphs [10].

In this research, increases in chlorophylls were chserved in plants with foliar applications of NZn(), which can be explained by the
eagier internalization of the material through the leaves [55]. The Nhs < 2 nm can enter directly through the pores of the beaf outicle,
and MMz « 30 nm can access through the stomata [60). The NZnO wsed in this research has an average diameter of 16,49 nm; it follows
that the access of NZnl) was more efficient in the foliar application route.

Omce NZn() enters cells, Zn plays a vital role in the bicsynthesis of chlomophylls through the production of LHC proteins [61],
increasing chlorophyll content. In addition, the same slement participates in the development of chloroplasts through the expression of
seven genes respansible for the membrane structure of thylakedds [62,63].

COm the pther hand, the decrease in the Chla/ Chlb ratic can be explainesd because NPs promate the activity of the enzyme chip-
rophiyll a oxygenase (EC 1.14.13.122) [64], which & responsible for synthesizing Chlb from Chila [65]. The reduction in the ratio and
the increase af Chilb indicate a higher concentration of PSI against PSL, since Chlb is abundant in PSI[66]. More PSI implies a more
efficient capture and wse of solar radiation in the leaves. In addition to the abave, Chib fulfils essential functions, such as stabilizing
LHCx and organiring thylakoidal membranes [67]. All these findings reinforce what was previously explained regarding photosyn-
thetic efficiency and dry matter gain in plants.

The treatments did nat alter the concentration of f-car in leaves, possibly due to the low production of ROS in the photosystems,
since ane of the functions of this pigment is the neutralization of fres radicals such as 07 and OH [58]. The higher Chla 4 by'f-car
ratin shows that NPs promoéed the concentration of chlormphylls compared to fecar. The latter was not altered by the treatments,
passibly becaese the increases in fe=car are mare related o conditions of high solar radiation, where this compound fulfills the function
of protecting chlorophylls through photoprotection and energy dissipation [65].

4.3 Bipoctive compounds and moymatc ooty

The madifications of the plant antioxidant system with the application of MZn0 were probably related to the first phase of bin-
stimulation with NMs, as previously explained [47,48]. Specifically, the increase in binactive compoumds can be explaimed by the fact
that MFs modify the activity of the eleciron transport chain in mitochondria, blocking the transfer of electrons from NADH to ubi-
quinone, inducing oxidative stress and increasing levels of 0*", Hzl, and malondialdehyde (MDA}, a compound indicating lipid
peromidation of the membrane damage [50,70,71]. On the other hand, chloroplasts are one of the main ROS production sites when
plants are subjected o NMs [7Z).

[ee to the above, when exposed to NMs, plants tend to increase the produdion of antioxidant compounds as a defense mechanism,
far example, phenolic compomds and fRavonoids [73], which was evidencsd in this work by finding a positive relationship between
Hy{(y and total phenolic compounds. In addition to this response, a positive correlation was also chserved between the PAL eneyme and
tatal phenolics, where this enzyme plays an indispensable role in the biosynthesds of these compounds [74].

(Om the nther hand, the production of antioxidant enzymes is a mechanism to counteract the production of ROS and RMS [75,76],
which was proven by the positive relationships found betwesn Hz0z and enzymes such as APX and GFX. The higher activity of some
antioxidant enzymes in this research is also partially explained because NPs can interact with these eneymes to form profein com-
plexes, which was demonstrated by Ref. [77]. On the other hand, the increase in CAT and APX activity can be explained by the fact that
NZn() indwces oversxpresion of the CA Ta, CATh, and CATe genes, as well as APXa and APER [ 20]. The overexpression of the AFX gene
was also reported by Ref. [17] when applying 500-2000 mg L™ of NZnid in Hordem vulgare.

The increase in phenalic compoands in this research coincides with [7E]. They observed that applications of 160 mg L™ af HZal
promoted & rise in these compounds in Junpens procera. The increase in favoncids in lethece roots can be explained becanse WZn0
favors the overexpression of related genes like Sobro08p07210.3, Sobyc0Sp07R0E0.3, and Solycl0g07RZ20.2 in Solorm hecopersicrem
roats [62],

The increase in the concentration of witamin C can be explained because the synthesis of this compound in the Smimoff-Wheeler
pathway depends on the production of photoassimilates [104], which probably increased when making NZnd applications, as
explained im the previows section. In tum, vitamin C contributes tn newtralizing ROS in chloroplasts [105]. As in this research, an
increass in vitamin C concentration was reported by Ref. [107] in tomato fruits treated with NMs. On the other hand, the decrease in
75H lewels can be explained becanse the transformation of DHA in vitamin C depends directly of GSH in the ascorbate-glutathione
cycle [106]. A similar response was reported by Ref. [107], who observed a 20%% decrease in GSH concentration when applying
5-10 mgL" of MZnd in Hordeum wilgare, The same trend of an increase in vitamin C and a reduction in GSH was reported by Ref. [75]
when applying Fﬂ-lmmgl" NZn( to Glycine mar plants. This effect was also observed in Moringa olafea seedlings when applying
NZn(} 2.5-10 mg LY via seed priming [Z8]. The relationship between vitamin C and GSH was demonstrated in this research using
correlation analyses.

The increases in CAT and APX activity found in this work are similar to those reported by Ref. [78]; where applications of 80- 160
mgL" of NZn( in Jurdperus procera increased the activity of CAT and APY enzymes. Similardy, the application of 1000 mg L' NZn0 ta
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Oryza satfea increased the activity of CAT and other enzymes, such as superoxide dismutase (S0D) and pernaddase (POX) [53].
Similarly, PAL activity was increassd in l=ttace tissues with NZnO application, which has also been reported in Caopsicum arem leaves
and frusits where plants were subjected to applications of Se, 5, and Cu NPs [74].

(n the other hand, the decrease in GPX activity is partially explained by the low concentration of GSH found in lethuce tissises since
the above compound represents the subsirate for the synthesis of GPX [42]. In addition, a reduction in GPX enzyme activity was
reported in wheat and corn roots and leaves when applying NZnO .‘vl:l—ll'.fll:l|:|IE;L"I [71].

In general, NPs promate the production of antioxidant compounds to achisve cell bomenstasis, keeping ROS levels in balance and
mitigating damage to arganelles [B0]. This statement is reinforced by the positive comrelations found between the compounds studied
in this research,

4.4, Leafroot mineral concensmartion

MMs alter the concentrations of maoro-and micrometrients in plants to varying degrees [81]. This work found that most of the
elements studied, mainly Ca, Mg, 5 Fe, Mn, and Zn, resulted in increasss in plants treated with NZnt0), The increase in the concentration
of these elements can be explained becauss NPs favor the producticn of crganic acids exudated by the root, mainly axalic, citric, Lactic,
and fumaric acids [E2], which promate the absarption of outrients by plants.

Another possible mechanism to explain the increase in minerals in leftece is becapse NEZnd promotes aquaporins through the
owerexpression of the Tipl:1 and Pipl:! genes, which increases water and mtrient access to plant cells [83]. In addition to the pro.
duction of water channels, MPs can create new pores in oell walls [84], prompting ion diffusion. Increases in mineral concentration in
Heses may also be explained by NZn() promoting a greater abundance of root hairs [E5].

(m the other hand, it has been shown that applications of Ti0); and Si0y, NP5 in plants can redwce the pH of the rhizosphere by up to
17.4% [82], while NZn0 redoced the pH from 6.18 to 6.08 after jist 7 days of exposare [B6]. Generally, at a pH of 6-6.5, it i possible
to obtaim the highest availability of most of the essential mstrients by the roots, which partially can explain the increases in some
elements, such as Ca, Mg, Fe, and Mn.

The increase in Ca concentration can be partially sxplained by the NZnO-linked oversxpression of the cation/H artiporter 18-hike,
calcium-transparting ATPose 13, and antoimhibited Co™ dronsporting ATPase 10 genes, while the higher concentration of £ can be
explained by overexpression of the high afininy sulficte ransporter type [ gene [62].

Increased tissue Ca and Fe levels were reported with applications of NZnQ in Brassico chinensis [E7]. The concentratian of Pe was
also increased in leaves of Spinacia olerocan and Corfandrum sofam when sabjected to 100 mg L% of NZni) via drench [85].

As expected, Zn was increased in plants treated with foliar application of NZn(, which is explained by the mare significant ab-
sorption through the leaves [55], while in the mots, the access of NPy is carried out through other mechanisms, such as endocytosis
[20].

(O the other hand, some elements resulted without alterations or with specific decreases when performing MZnd applications. For
example, the N concentration in the leaves and roots of lettiuce plants subjected to NEZoQ showed no difference compared to the
application of Zn*, The same efesct was reported by Ref. [E59]; whers Zn0) NPs did not alter the concentration of M in ryegrass leaves,
even though N was increased in MZnCktreated soils. Carrently, it is unknown how NMs applications might affect the mechamisms of
absoaptian, transport, and accumulation of N in plants.

Similarly, there are no reports on the effect of NPs on the absorption and transport of P in plants; however, the decrease in this
element in leftuce plants could be related ito the inhibition of the PHT1, PHT2, PHT3, and PHTH genes [108]. In addition, it is known
that NPy can affect the expression of genes linked to other elements, such as OsLCTY and Osiromp S, which are related to the absorption
and transpart of Cd [20], a5 well as a low expression of the Oslis] and Oslic? genes, which are associated with the absorption of As
[91). Another possible explanation is the P immobilization, which has been reparted in spdls [92] and could have ocourred in the
substrate,

A derrease in the concentration of P in plants has been reported when applying a wide variety of NPs (Cell, Feally, Snlh, Ag, Co,
and Ni), with reductions from 7 to 38% in the levels of this element in tomato leaves [99]. A similar result was reparted by Ref, [94];
where Ag NPs reduced the concentration of P in the leaves by 14%, a5 well as a 34% decrease in Glycie mar roots. The same effect was
recoaded when applying 20- 200 mg L™ of NZnO in Arabidopss thalioma [95].

On the other hand, the increass in 8 and decrease in P can be partially explained by anion transpornt processes, through which plants
maintain the balance of ionic charges [109].

Despite reductions in some minerals in letfhsce leaves and roots, element concentrations were within adequate levels for this plant
species from an agronomic podint of view [96,57]. There was, therefore, no deorease in the mstritional quality of the plants.

The effects of NFs on the concentration of minerals in plant tissuwes are still poorly understpod, and a trend of increases or decrease of
these elements is not easily predictable since the responses are different depending on the environment, plant species, and the
characteristics of the nanomaterial studied [24].

5. Conclusions

The results indicate that it is possible to completely replace Zn** with NZn0 without affecting the vegetative growth of letiuce
plants, in addition to increasing aerial biomass, bivadtive compounds, and the accumulation of essential minerals, chtaiming a better
response when making foliar applications of NZnQ between 50 and 75% of the total Znt applied conventionally. Among the limi-
tations of this study, we can find a lack of analysis of important variables such as those related to photosynthesis and possibly the
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determination of the activity of other antioxidant enzymes and concentrations of ROS, NS and RSS, the above for a greater under-
standing of how lettuce plants respond to the application of NZnO.
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CONCLUSION GENERAL

1. Las nanoparticulas de ZnO aplicadas como seed priming a las semillas de
Moringa oleifera favorecieron la longitud y biomasa de plumula y radicula,
ademas de incrementar el crecimiento inicial de las plantas y una mayor

produccion de compuestos antioxidantes.

2. Las nanoparticulas de ZnO aplicadas via drench y foliar en plantas de
lechuga produjeron un mayor rendimiento de biomasa fresca, pigmentos

fotosintéticos y compuestos antioxidantes enzimaticos y no enzimaticos.

3. Las nanoparticulas de zZnO favorecieron una mayor acumulacién de

minerales en los tejidos de lechuga.

4. Es posible el reemplazo completo del fertilizante convencional (ZnSOa4) con
nanofertilizante (ZnO), encontrando una mejor respuesta al realizar aplicaciones
via drench en cantidades de entre 50-25% menores a lo recomendado para el

fertilizante convencional.
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