PUCRS

ESCOLA DE CIENCIAS DA SAUDE E DA VIDA
PROGRAMA DE POS-GRADUACAO EM BIOLOGIA CELULAR E MOLECULAR

MESTRADO EM BIOLOGIA CELULAR E MOLECULAR

ANDRESSA NEGREIROS FLORES PILATI NAVARRO
EFEITO DE NANOPARTICULAS DE SILICA EM PLANTAS DE MILHO (ZEA
MAYS L.) TRATADAS COM A RIZOBACTERIA STREPTOMYCES (CLV16)

Porto Alegre
2020

|
POS-GRADUACAO - STRICTO SENSU

e B

A

)
b 4
Epum®

Pontificia Universidade Catodlica
do Rio Grande do Sul




ANDRESSA NEGREIROS FLORES PILATI NAVARRO

Efeito de nanoparticulas de silica em plantas de milho (Zea mays L.) tratadas
com a rizobactéria Streptomyces (CLV16)

Dissertagdo apresentada ao Programa
de Poés-Graduacdo em  Biologia
Celular e Molecular da Escola de
Ciéncias da Saude e da Vida, da
Pontificia Universidade Catdlica do
Rio Grande do Sul como requisito

para obtencdo do titulo de Mestre.

ORIENTADOR: PROF. DR. LEANDRO VIEIRA ASTARITA

C0O-ORIENTADOR: PROF. DR. RICARDO MEURER PAPALEO

Porto Alegre
2020



Ficha Catalografica

N322e  Navarro, Andressa Negreiros Flores Pilati

Efeito de nanoparticulas de silica em plantas de milho (Zea mays L.)
tratadas com a rizobactéria Streptomyces (CLV16) / Andressa Negreiros
Flores Pilati Navarro . — 2020.

64.

Dissertacao (Mestrado) — Programa de Pés-Graduagao em Biologia
Celular e Molecular, PUCRS.

Orientador: Prof. Dr. Leandro Vieira Astarita.
Co-orientador: Prof Dr. Ricardo Meurer Papaleo.

1. Nanosilica. 2. Estresse oxidativo. 3. Rizobactéria. I. Astarita, Leandro
Vieira. II. Papaleo, Ricardo Meurer. I1I. Titulo.

Elaborada pelo Sistema de Geragao Automatica de Ficha Catalografica da PUCRS
com os dados fornecidos pelo(a) autor(a).
Bibliotecaria responsavel: Clarissa Jesinska Selbach CRB-10/2051




AGRADECIMENTOS

Primeiramente gostaria de agradecer aos meus pais, sem eles nada disso seria
possivel. Obrigada pela compreensdo nos momentos de estresse e a flexibilidade de

horarios possibilitando a execucdo deste trabalho.

Ao meu marido, pelo apoio de todos os dias e incentivo nos dias dificeis.

Ao pessoal do laboratério pelo carinho e acolhimento; em especial a Vitoria

Rodrigues pela ajuda nos experimentos.

Agradeco imensamente a oportunidade que me foi dada pelos professores
Leandro Astarita e Eliane Santarém ao me aceitarem como aluna, apesar do desafio
de conciliar a rotina de trabalho com a pds-graduacdo. Obrigada pelos ensinamentos,
pelo carinho e paciéncia. E pela inspiracdo como pessoas e profissionais, o brilho do

olhar de quem ama o que faz é admiravel.



RESUMO

A nanotecnologia abrange diversos campos de conhecimento e traz inimeros
avancos tecnoldgicos. Com o atual cenario de crescimento populacional e demanda
por alimentos, a utilizacdo de nanoparticulas vem sendo avaliada como uma
ferramenta inovadora para sistemas agricolas. A cultura do milho esta em terceiro
lugar na produgdo mundial de cereais, sendo considerado essencial na alimentacao
humana e animal. Grande parte dos vegetais absorvem e polimerizam o silicio
(elemento ndo-nutriente) em estruturas amorfas de silica, incorporadas na parede
celular das plantas. As nanoparticulas artificiais de silica (NPSiO2) sdo pequenas
(<100 nm), apresentam grande razdo superficie-volume e caracteristicas reativas de
superficie. As rizobactérias promotoras de crescimento influenciam positivamente o
desenvolvimento de diversas culturas agricolas através da liberacdo de substancias
que auxiliam contra patégenos ou na absor¢do mineral, o género Sreptomyces se
destaca dentre as diversas rizobactérias promotoras de crescimento. O objetivo deste
trabalho foi avaliar o potencial uso de NPSiO. em plantas de milho e sua interacéo
com o isolado CLV16 de Streptomyces. A toxicidade das NPSiO; foi determinada
através da avaliacdo da taxa de germinacdo, do crescimento das plantas e da
atividade de enzimas relacionadas ao estresse oxidativo. A interagdo com a bactéria
foi avaliada através de testes in vitro e do crescimento de plantas. Os resultados
demonstraram que as NPSiO2 ndo afetam a taxa de germinacdo de sementes de
milho. NPSiO2 63 nm e 110 nm prejudicaram o crescimento inicial das raizes das
plantulas. Contudo, este efeito prejudicial ndo foi observado em plantas apds 45 dias
de cultivo. As NPSIO, ndo prejudicaram o crescimento do isolado CLV16,
independentemente do tamanho e concentracdo. O isolado CLV16 promoveu o
crescimento de plantas de milho de forma semelhante ao observado quando se
utilizou somente NPSIO,. A associacdo de NPSiO»+CLV16 ndo apresentou
diferencas significativas quanto a promoc¢do do crescimento, comparado ao uso de
NPSiO2 ou CLV16 de forma isolada. Quando NPSiO- foram aplicadas nas sementes,
0 maior tamanho teve efeito deletério no crescimento das plantas. Sementes tratadas
com NPSiO2 110 nm apresentaram incremento na matéria fresca e seca da parte
aérea, assim como promoveram 0 crescimento das raizes. A aspersdao de NPSIO;
promoveu alteragdes nas atividades das enzimas antioxidantes, indicando que as

nanoparticulas foram agentes estressantes nas plantas. Contudo, as plantas aspergidas



com NPSiO; apresentaram um aumento no comprimento da parte aérea e no peso
fresco das raizes. Assim, as NPSiO2 modularam o crescimento de plantas de milho,
apresentando melhores respostas quando utilizadas no tratamento de sementes, em

comparagdo com a aspersao foliar.

Palavras-chave: Nanosilica; Estresse oxidativo; Rizobactéria



ABSTRACT

Nanotechnology comprehend a broad range of areas and represents an
innovative approach for food production and crop management in the modern
agriculture. Maize is in third place in the world cereal production, being considered
essential in food. Silicon (non-nutritive element) is absorbed by many plants and
polymerized in amorphous silica structures, and incorporated into biological
structures such as stem, leaves and roots. Nanoparticles present a high surface-
volume ratio, with the size <100 nm. Rhizobacteria that promote plant growth, such
as Sreptomyces, are used in the management of many agricultural crops due to their
beneficial effects by releasing of substances that help against pathogens or mineral
absorption. The aim of this work was to evaluate the NPSiO. in maize plants and its
interaction with the rhizobacteria Streptomyces (CLV16). The toxicity of NPSiO;
was determined through the evaluation of germination rate, plant growth and enzyme
activity related to oxidative stress. The interaction with the bacteria was evaluated
through in vitro tests and plant growth. According to the results, NPSiO2 does not
affect the germination rate. NPSiO2 63 nm and 110 nm impaired the initial growth of
seedling roots. However, this harmful effect was not observed in plants after 45 days
of growth. NPSIiO2 did not interfere the growth of the CLV16, regardless of
nanoparticle size and concentration. The CLV16 promoted the growth of maize
plants in a similar way to that observed when using only NPSiO,. When seeds were
exposed to NPSiO2 220 nm, plant growth was reduced. Plants germinated from seeds
treated with NPSiO2 110 nm showed an increment in root growth and fresh and dry
shoot mass. Plants sprayed with NPSiO2 showed an increase in the activities of
antioxidant enzymes, suggesting that these nanoparticles were plant stressors.
However, plants sprayed with NPSiO> presented an increment in shoot length and
fresh root mass. Thus, NPSiO, modulated the growth of maize plants, mainly when
seeds were treated rather than leaves sprayed.

Keywords: Nanosilica; Oxidative stress; Rhizobacteria.
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CAPITULO |

1 INTRODUCAO

1.1 Nanoparticulas

As nanoparticulas ou nanomateriais particulados (1) sdo estruturas com um
tamanho entre 1-100 nm, em pelo menos uma de suas dimensdes (2). As
nanoparticulas podem ser classificadas em trés tipos, dependendo da sua origem: i)
as que ocorrem naturalmente e podem estar presentes na poeira vulcanica, poeira
terrestre proveniente de tempestades, compostos minerais, entre outros; ii) as
acidentais, que podem ocorrer por processos industriais como combustdo de carvéo,
escape de gasolina, exaustdo industrial, e outros; iii) e as projetadas, que podem ser
de cinco categorias: as de carbono, metais, magnéticas, dendrimeras, e as compostas.
As compostas podem ser feitas de dois ou mais materiais, como por exemplo, silica e
um elemento inorganico (2).

Certas caracteristicas das nanoparticulas como o tamanho, estrutura e
superficie as tornam diferentes da maioria das particulas dos mesmos materiais (1).
Materiais nesta escala manifestam efeitos de limitagdo do movimento dos elétrons
(confinamento quantico), gerando diferentes propriedades fisicas na nanoestrutura. O
aumento na razdo entre a area de superficie e o volume em nanomateriais, afeta tanto
as propriedades das particulas isoladas quanto sua interacdo com outros sistemas. Os
atomos na superficie participam de todas as interacdes fisicas e quimicas do material
com o meio no qual ele esta inserido (1).

Devido a isso, intensas pesquisas vém sendo realizadas com nanotecnologia
nas areas da eletrénica, medicina (3) e energia, dentre outras (4). Na area agricola, a
nanotecnologia vem sendo aplicada no desenvolvimento de técnicas de
melhoramento genético de plantas (4), nanofertilizantes (5) e na remediacéo
ambiental (6, 7). As nanoparticulas podem ser utilizadas como carreadoras de
substancias como proteinas e DNA (8).

Devido as caracteristicas peculiares das nanoestruturas, diversos trabalhos
vém explorando o uso destas nanoparticulas na agricultura, como agentes promotores

do crescimento e da defesa vegetal. A aplicagdo de nanotubos de carbono em



lavouras de tomate (Solanum lycopersicum) promoveu 0 aumento no numero de
flores e frutos, indicando o seu uso como possivel regulador de crescimento de
plantas (9). Este efeito regulador de crescimento foi observado em nanoparticulas de
oxido de zinco aplicadas em plantas de cebola (Allium cepa), promovendo a reducéo
no tempo de crescimento e de floracdo (10). De forma semelhante, a aplicacdo de
nanoparticulas de ferro, cobre e cobalto em sementes de soja (Glycine max)
promoveu o desenvolvimento, crescimento e o aumento dos niveis de clorofila,
melhorando o rendimento das plantas (11). Nanoparticulas de zinco aspergidas em
plantas de café (Coffea arabica) e arroz (Oryza sativa) promovem um aumento da
massa seca e fresca tanto de folhas quanto de raizes (12,13). Nanoparticulas de prata
também estdo sendo amplamente testadas, apresentando acdo antifngica e
antimicrobiana (14-16). Esta acdo antimicrobiana também € observada em
nanoparticulas de 6xido de zinco (17).

As nanoparticulas também podem ter efeitos na estrutura e na funcdo das
membranas celulares, podendo levar a um aumento da formacéo de espécies reativas
de oxigénio nos tecidos (18). Nanoparticulas de zinco aspergidas em plantas de
batata (Solanum tuberosum) causaram estresse oxidativo, com 0 aumento na
atividade de enzimas antioxidantes, como a catalase e a peroxidase, além de
promover o acimulo de agUcares nos tecidos das plantas (19). Por outro lado, plantas
de gréo-de-bico (Cicer arietinum) também aspergidas com nanoparticulas de zinco
apresentaram um aumento de biomassa que foi atribuido a presenca de baixos niveis
de espécies reativas de oxigénio, consequentemente uma diminuicdo nas enzimas
antioxidantes, como a superdxido dismutase e a peroxidase (20).

O conhecimento das interacbes de nanomateriais com células vegetais é
essencial para o aproveitamento das propriedades das nanoparticulas, possibilitando
0 desenvolvimento de produtos “inteligentes” que possam servir de ferramenta para

0 manejo de culturas agricolas.
1.1.1 Silicio
O Silicio (Si) € um dos elementos mais encontrados na crosta terrestre, e

mesmo em altas concentragdes ndo apresenta toxicidade (21). Em diversas espécies

vegetais foi demonstrado que este elemento auxilia no crescimento,



desenvolvimento, rendimento e resisténcia a patégenos; contudo ndo é considerado
um elemento essencial (22), mas é utilizado amplamente na agricultura, na forma de
silicatos (23). Em ambientes salinos, o uso deste elemento melhora a tolerancia em
plantas de cevada e tomate, promovendo a atividade de enzimas antioxidantes como
a superdxido dismutase e a catalase (19, 20).

As plantas podem precipitar e acumular o silicio nas paredes celulares sob a
forma de SiO2, dependendo da capacidade de absorcdo da raiz. Espécies das familias
Poaceae e Cyperaceae sdo conhecidas por acumularem elevados niveis deste
elemento (22). O silicio atua como uma barreira fisica na planta, pois se deposita sob
a cuticula, através de ligagdes com a hemicelulose, formando uma dupla camada de
protecdo, impedindo assim a entrada de patdgenos, como fungos (22). Este acimulo
na planta também promove a reducdo da palatabilidade e da digestibilidade das

folhas, apresentando assim, uma menor frequéncia de herbivoria (26).

1.1.2 Nanoparticulas de Silica (NPSiOz2)

O uso do silicio em estruturas como as nanoparticulas representa uma nova
abordagem de uso deste elemento, pois a medida que o tamanho da particula é
reduzido, ocorre um aumento da superficie de contato, levando a alteragdes nos
padrdes de absorcao e transporte do elemento nos tecidos vegetais (27).

As nanoparticulas de silica (NPSiO2) menores que 50 nm séo absorvidas
pelas células vegetais através dos poros da parede celular, enquanto estruturas de até
300 nm podem ser absorvidas por endocitose (28). A exposicdo de sementes de
tomate e abdbora (Cucurbita pepo) as NPSiO2 com tamanho de 12 nm, promoveu 0
aumento na taxa de germinacdo (24, 25). Plantas de trigo (Triticum aestivum)
apresentaram aumento na massa seca da parte aérea e das raizes, bem como de
espigas e graos, quando foram aspergidas com NPSiOz (29). Plantas de manjericdo
(Ocimum basilicum) aspergidas com NPSIO, apresentaram um aumento tanto no
crescimento vegetativo quanto no rendimento do 6leo fresco e seus componentes
(30). Em Arabidopsis thaliana, NPSiO2> com tamanhos de 14, 50 e 200 nm néo
demonstraram efeitos fitotoxicos e foram acumuladas nas células radiculares com

translocacdo, embora minima, para outros tecidos da planta (31).



As nanoparticulas podem também reduzir danos causados por estresses.
Plantas de soja aspergidas com NPSiO (20 — 30 nm) apresentaram uma diminui¢ao
nos danos causados pelo estresse salino devido ao aumento nas atividades de
enzimas antioxidantes como a superoxido dismutase, a catalase, a peroxidase e a
ascorbato peroxidase. Entretanto, estes mesmos autores observaram que
concentragdes de 120 mg/L causaram toxicidade (32). NPSiO2 promoveram um
efeito protetor em plantas de bambu (Pleioblastus pygmaeus) expostas ao chumbo,
devido ao aumento nos niveis de enzimas antioxidantes, como a catalase (33).

As NPSiO, também podem ser utilizadas como carreadoras de fertilizantes.
Neste sentido, NPSiO; revestidas com nitrogénio, fésforo e potéssio liberam
lentamente estes nutrientes no solo, quando estas sdo encapsuladas em polimeros
superabsorventes de agua (34). Considerando os efeitos das NPSiO, em diferentes
espécies vegetais, esta nanoestrutura vem despertando o interesse para O USO
agricola. Neste sentido, é essencial compreender o seu potencial uso em plantas

comerciais, como o milho.

1.2 Milho

O milho (Zea mays) € uma espécie pertencente a familia Poaceae, originaria
da América do Norte, tendo seu espécime mais antigo proveniente do México ha
aproximadamente 6.250 anos (35). Tornou-se muito importante na alimentacédo
humana, e posteriormente nas racdes animais devido ao alto valor nutricional do
grdo, além de ter uma ampla utilizacdo industrial, podendo ser utilizado na producéo
de oleo, farinha, amido, margarina, xarope de glicose, flocos para cereais matinais,
fabricacdo de cosméticos e biocombustiveis (36). E uma das plantas mais eficientes
em questdo de armazenar energia, pois tem uma grande capacidade de acumular
fotoassimilados. Contudo, para que a planta possa expressar a0 mMAaximo este
potencial produtivo, as condigdes bidticas e abidticas devem ser adequadas para
garantir seus processos fisioldgicos e bioquimicos ao longo de todo o ciclo do cultivo
(37).

O milho é o terceiro cereal mais cultivado mundialmente. Levantamentos do
USDA (U. S. Department of Agriculture) para o ano de 2019/2020 indicam que a

safra global terd uma producdo de 1,11 bilh&o de toneladas, sendo o Brasil o terceiro



maior produtor com 101 milhdes de toneladas, depois da China com 260,8 milhdes
de toneladas e os Estados Unidos com 347,8 milhdes de toneladas. Em questdo de
consumo, o Brasil é o quarto no ranking, com 66,5 milhGes de toneladas, sendo
assim, a maior parte do que se produz ¢ utilizado para o consumo interno (38).

As plantas de milho possuem diversas fases de crescimento (fenofases),
sendo divididas em fase vegetativa (Vg, V1 a V1o, V) € fase reprodutiva (R: a Rs),
conforme Fig. 1. Na fase vegetativa, as subdivises sdo caracterizadas conforme as
folhas sdo expandidas: a primeira € representada por Ve (fase vegetativa de
emergéncia) e as subdivisdes subsequentes sdo designadas numericamente como V4,
V2, V3, até Vg, 0 qual é a ultima folha antes do pendoamento, e a Gltima subdiviséo

é representada por Vr (fase vegetativa de pendoamento) (39).
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Figura 1: Estadios morfolégicos de plantas de milho (fenofases) (40).

Vi V3

Semanas apds a emergéncia

Em condicbes favoraveis, a semente madura é dispersada, ird absorver agua
para comecgar a germinar. A radicula é a primeira a se alongar, seguida pelo
coledptilo. O estadio Ve é atingido pelo alongamento do mesocotilo que impulsiona
0 coledptilo para a superficie do solo. Assim que a emergéncia ocorre, expondo a
extremidade do coleodptilo, 0 mesocétilo para de crescer. As folhas embrionérias se

desenvolvem rapidamente através da extremidade do coleoptilo (Fig. 2) (39,41).
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Figura 2: Morfologia da plantula de milho (41).

Uma das vantagens da cultura de milho é a possibilidade de crescimento das
plantas em uma ampla faixa de ambientes. Neste sentido, o clima tropical brasileiro
apresenta vantagens se comparado ao clima temperado dos Estados Unidos. Por
exemplo, em climas tropicais o periodo de cultivo e de semeadura sdo mais longos
do que em climas temperados, embora haja desvantagem se consideradas a
imprevisibilidade das condicdes climaticas e maior variacdo das condicOes edéaficas
(42).

No Brasil, o milho € cultivado principalmente nas regides Centro-Oeste,
Sudeste e Sul (36), sendo que a regido Sul concentra 43% da producéo total (43).
Ocorrem dois plantios por ano, um no inicio do verdo, que é uma das épocas mais
chuvosas, considerado a primeira safra e um no final do verdo, considerado a
segunda safra ou também chamado de “safrinha”. A segunda safra é logo apds a
colheita da soja, tendo assim uma area plantada menor se comparada com a primeira
safra (43).

Esta cultura representa um dos principais insumos tanto na agroindustria
quanto nas pequenas propriedades, sendo tambem primordial em rotagdes de cultura
e sistema de semeadura direta. Portanto, € estratégico o investimento em tecnologias
para a otimizacdo da producdo e a reducdo de custos, garantindo a produtividade.
Dentre os principais problemas desta cultura, o0 manejo inadequado da adubacéo
representa perda de produtividade e elevacdo de custos para o produtor (44). Além
destes problemas, as influéncias dos fatores ambientais desempenham um papel

fundamental no seu crescimento e desenvolvimento. Fatores bioticos como danos
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causados por herbivoria e 0 ataque de patégenos, sdo comuns na cultura do milho
(45).

Estratégias de manejo utilizadas para proteger o milho, tais como melhorias
na nutricdo mineral, disponibilidade hidrica, praticas de rotacdo de culturas e a
utilizagdo de fungicidas, ndo tém sido muito eficientes no incremento da
produtividade. Por outro lado, a aplicacdo da silica em culturas de milho, promove o
aumento da sintese de antioxidantes (46). Da mesma forma, o uso de nanoparticulas
de silica (20 — 40 nm) tem aumentado a resisténcia de plantas de milho, devido a

sintese de compostos de defesa, como fendis e organicos volateis (47,48).

1.3 Estresse oxidativo

As plantas estdo expostas a diversos estresses ambientais que influenciam seu
crescimento, metabolismo, e consequentemente, rendimento. Estresses que podem
ser tanto de origem bidtica (ataque de patdgenos) quanto abiotica (déficit hidrico)
(49).

As respostas das plantas a estresses sdo mediadas por diferentes processos.
Agentes bioticos sdo percebidos através de receptores de reconhecimento padrdo na
membrana celular capazes de reconhecerem padrdes moleculares associados a
patdgenos, a microrganismos ou sinais enddgenos decorrentes de danos (50,51).
Apdbs a percepcdo do microrganismo, a resposta € rapida e eficiente para iniciar
processos de sinalizagdo (52). Uma das respostas de estresse é 0 aumento nos niveis
de espécies reativas de oxigénio (ROS, Reactive Oxygen Species) como 0 peroxido
de hidrogénio (H202) e o superdxido (O2) em processos metabolicos que ocorrem
nas mitocéndrias, cloroplastos e peroxissomos (53).

Por outro lado, agentes abiGticos sdo caracterizados por causarem
perturbacbes através de modificagdes significativas do  metabolismo,
desenvolvimento e rendimento da planta. Este estresse é geralmente acompanhado
por um aumento na producdo de ROS e espécies reativas de nitrogénio, que levam a
um desequilibrio entre sua producéo e eliminagdo (scavenging) (54). As espécies
reativas de oxigénio possuem papeis variados tanto no crescimento das plantas
quanto no estresse ambiental. Sob condi¢des normais, as plantas mantém o equilibrio

entre a producdo e a remocdo das ROS. Quando sob condigdes de estresse, este
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equilibrio € interrompido, e as ROS fazem o papel de moléculas sinalizadoras, como
nas respostas de defesa contra patdgenos ou nas respostas a alta luminosidade (55).
As plantas possuem mecanismos de neutralizacdo da citotoxicidade das espécies
reativas de oxigénio, através de mecanismos enzimaticos e ndo enzimaticos (53). O
mecanismo enzimatico envolve a ativagdo da superoxido dismutase (SOD), catalase
(CAT), ascorbato peroxidase (APx) e de peroxidases (POX) (56).

A SOD é uma das primeiras na linha de defesa das plantas, pois ela catalisa a
dismutacdo do superdxido em perdxido de hidrogénio e agua. Estad presente nas
mitocondrias, nos cloroplastos, no citosol e nos peroxissomos. A CAT faz a
conversdo do perdxido de hidrogénio a dgua e oxigénio. Por ndo necessitar de um
agente redutor, a CAT é uma via energeticamente eficiente para as plantas manterem
o0 status redox. A APx também age diminuindo os niveis de perdxido de hidrogénio
nas células, porém necessita de um doador de elétrons, o &cido ascérbico, para
desempenhar sua atividade. Esta enzima pode estar localizada nos cloroplastos, no
citosol e nas paredes das celulas vegetais (53). Por outro lado, a familia de enzimas
POX catalisa a reducdo do perdxido de hidrogénio utilizando diversas moléculas
como doadoras de elétrons, como precursores de lignina, auxina, metabdlitos
secundarios ou compostos fenolicos, como o guaiacol (57). As POX podem ser
encontradas principalmente na parede celular e no vacuolo das celulas vegetais (53).
Estas enzimas participam de diversos processos fisiologicos como formacéo de
lignina e suberina, metabolismo da auxina, alongamento celular, assim como defesa
contra patégenos. Apresentando atividades desde o inicio da germinacdo até a
senescéncia da planta (57).

A enzima APx possui um papel fundamental em respostas a estresses
abioticos. Plantas de A. thaliana deficientes em APx sdo mais sensiveis ao calor e a
seca, comparado a plantas selvagens, acumulando niveis elevados de perdxido de
hidrogénio (58). O aumento da atividade das enzimas SOD, CAT, APx, guaiacol-
peroxidase e glutationa redutase em plantas de amoreira (Morus alba), reduziu o
estresse causado por altas temperaturas (59). Em plantas de arroz, o pré-tratamento
térmico de plantas promove o aumento das enzimas glutationa redutase, CAT e APX,
levando a protecéo contra o estresse causado por metal pesado (60).

Em plantas de milheto (Panicum sumatrense) expostas a seca, 0 estresse

causou um aumento nas enzimas antioxidantes como a CAT e a POX; tanto na parte
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aérea como na parte radicular das plantas (61). Em plantas de soja também expostas
a seca, foi visto um aumento na quantidade e atividade de APx (62). Plantas de cana-
de-acucar (Saccharum officinarum) tratadas com metassilicato de calcio e expostas a
seca, apresentaram um aumento da atividade das enzimas antioxidantes CAT, POX e
SOD, protegendo as plantas contra o estresse, conforme as doses de silicio utilizadas
(63). O aumento das atividades das enzimas antioxidantes CAT e POX em plantas de
couve chinesa (Brassica rapa) reduziu o estresse causado pelo déficit hidrico, porém
as enzimas APx e SOD ndo apresentaram aumento de atividade (64). Da mesma
forma, plantas de canola (Brassica napus) apresentaram aumento das enzimas SOD e
guaiacol-peroxidase causado pelo estresse hidrico, ocorrendo a diminuicdo na
atividade da CAT (65).

O sistema de defesa antioxidante vegetal também desempenha um importante
papel na protecdo a estresses salinos. Neste sentido, foram estudados os niveis de
peroxido de hidrogénio e enzimas antioxidantes em plantas com alta tolerancia ao
cloreto de sodio (Chlorella sp., Najas graminea, e Suaeda maritima). Estas plantas
aumentam significativamente a atividade tanto da SOD quanto da CAT em resposta
ao tratamento salino (66). Plantas de grdo-de-bico (Cicer arietinum) submetidas a
salinidade, apresentaram um aumento na atividade da enzima SOD nos tecidos
foliares e radiculares. Contudo, as enzimas glutationa redutase e APx, aumentaram
suas atividades somente no tecido foliar desta espécie, enquanto a enzima CAT
aumentou somente no tecido radicular (67). Plantas de milho (Zea mays) tratadas
com cloreto de soédio apresentaram um aumento nas enzimas CAT e
desidroascorbato redutase em todos tecidos, enquanto as enzimas SOD e POX
aumentaram de atividade nos tecidos radiculares (68).

As plantas sdo capazes de minimizar o estresse causado por metais pesados
através do sistema antioxidante. A exposicdo de plantas de soja ao cadmio,
promoveu um aumento geral das enzimas relacionadas ao sistema antioxidante,
tendo a CAT apresentado a maior atividade nas maiores concentracbes do metal.
Contudo, a APx apresentou a maior atividade somente nos menores niveis de cadmio
(69). Da mesma forma, plantas de cani¢o (Phragmites australis) expostas ao cadmio,
apresentaram aumento nas enzimas SOD, APx e CAT tanto nos tecidos radiculares
guanto foliares (70). Diferentes cultivares de pimenta (Capsicum annuum) foram

expostos ao cadmio, onde a maior concentragcdo resultou em um aumento na
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atividade das enzimas antioxidantes glutationa redutase e guaiacol-peroxidase.
Entretanto a CAT e a SOD apresentaram uma diminuicdo (71). Plantas de A.
thaliana resistentes ao cadmio, apresentaram elevada atividade das enzimas SOD,
guaiacol-peroxidase, APx e glutationa redutase (72). Da mesma forma, plantas de
mostarda (Brassica juncea) e trigo também reduziram o estresse causado por este
metal pesado através do aumento das atividades de APx, CAT e glutationa redutase
(73,74).

O aumento na atividade da CAT e da APx em partes aéreas e raizes de
plantas de azevéem (Lolium perene) reduziu os danos causados pelo aluminio (75).
Plantas de mirtilo (Vaccinium corymbosum) expostas ao aluminio, também
apresentaram um aumento nas enzimas SOD e CAT (76). Da mesma forma, plantas
de feijdo-mungo (Vigna radiata) aumentaram as atividades das enzimas
antioxidantes CAT, POX e SOD quando expostas a este metal (77). Em Camellia
sinensis (cha verde) exposta ao aluminio, ocorreu a elevacéo das atividades da CAT
e da guaiacol-peroxidase na fase inicial de exposicdo, seguido de um decréscimo
conforme o aumento das concentracdes de aluminio. A APX e a glutationa oscilaram
com o aumento das concentragdes de aluminio, enquanto a enzima SOD se manteve
constante. Estes resultados indicam que, em concentracdes baixas de aluminio, o
sistema de defesa antioxidante vegetal é capaz de eliminar as ROS, protegendo as
plantas; porém em concentracbes mais elevadas do metal pesado, ocorre um
desequilibrio entre a formacéo e desintoxicacdo do ROS, ocasionando danos a planta
(78).

O estresse causado por radiagdes ndo ionizantes pode também modular as
respostas do sistema antioxidante vegetal. Plantas de cassia (Cassia auriculata) e de
soja expostas a radiacdo ultravioleta (UV-B) apresentaram um aumento da atividade
das enzimas SOD, CAT e POX, levando a protecdo das plantas contra este estresse
(79,80). Da mesma forma, cotilédones de girassol (Helianthus annuus) expostos a
UV-B, apresentaram um aumento de atividade das enzimas antioxidantes, como a
glutationa desidrogenase, a CAT e a guaiacol-peroxidase. Enquanto a APx e a
glutationa redutase ndo apresentaram alteracfes em seus niveis de atividade. Assim,
a ativacdo do sistema de defesa antioxidante nestas plantas permitiu a sobrevivéncia

apesar das condicdes de estresse (81).
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O uso do silicio na adubacdo mineral de plantas auxilia na diminuicdo de
estresses ambientais. Neste sentido, a aplicacdo de silicio em plantas de tomate, evita
a diminuicdo das atividades das enzimas antioxidantes SOD e CAT, quando as
plantas sdo submetidas ao déficit hidrico (82). Plantas de trigo tratadas com silicio
apresentaram uma menor absorcdo do metal pesado cddmio. Este efeito do silicio
promoveu também o aumento das enzimas CAT, APX, guaiacol-peroxidase e SOD
(83). A aplicacéo de silicio em plantas de arroz resultou na diminuicao da toxicidade
do arsénico e na promocao das atividades das enzimas SOD, CAT, POX, glutationa,
assim como &cido ascérbico (84). Quando expostas a radiacdo UV-B, as plantas de
trigo apresentaram uma diminui¢do nas enzimas SOD e APX e um aumento na CAT
e guaiacol-peroxidase. Contudo, o tratamento prévio com NPSIiO,, antes da
exposicdo a radiacdo, evitou a diminuicdo tanto da SOD quanto da APX nestas
plantas. Este resultado indica que as NPSiO desencadearam o sistema de defesa
antioxidante, protegendo as plantas contra a radiacgdo (85).

1.4 Rizobactérias promotoras de crescimento vegetal (PGPR)

A rizosfera consiste em uma complexa associacdo entre plantas e
microrganismos do solo, com propriedades de manter e promover o crescimento e a
salde vegetal (86). As PGPR (Plant Growth-Promoting Rhizobacteria) sdo bactérias
que vivem na rizosfera das plantas, apresentando capacidade de influenciar o
desenvolvimento vegetal de forma direta ou indireta. Como forma indireta, podem
atuar na supressdo de patdgenos através da liberacdo de substancias antagOnicas
como proteases ou quitinases e até mesmo induzir a resisténcia sistémica vegetal. A
forma direta pode ser caracterizada pela capacidade de fixacdo de nitrogénio, sintese
se fitormonios, solubilizacdo mineral, entre outros. Estas bactérias podem auxiliar
também na absorcdo de agua e minerais, através do crescimento e ramificacdo do
sistema radicular das plantas (86,87).

A utilizacdo de PGPR em plantas pode auxiliar no crescimento e na sanidade
vegetal. Em plantas de milho, cultivadas em solo com deficiéncia de ferro, a
aplicacdo de PGPR melhora o crescimento em altura, didmetro e peso seco nos
tecidos foliares e radiculares (87). A utilizacgdo de PGPR (Pseudomonas

plecoglossicida) em plantas de milho cultivadas em solo salino e com presenca de
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aluminio, promoveu o crescimento e 0 aumento da biomassa fresca e seca das raizes;
assim como aumento nos parametros relacionados a fotossintese, como clorofila e
carboidratos (88). Neste sentido, PGPR isoladas da rizosfera de plantas de milho,
foram capazes de produzir acido indolacético, cianeto de hidrogénio, solubilizar
fosfato e produzir sider6foros. Estas bactérias foram capazes de agir em plantas de
arroz, aumentando o peso e 0 comprimento da parte aérea e raiz (89).

Vérias espécies do género Streptomyces sdo consideradas PGPR. Este género
pertence ao filo Actinobacteria, sdo em geral bactérias Gram-positivas com
filamentos e producéo de esporos. Estas PGPR promovem o crescimento das plantas
pois tem capacidade de produzir diversos metabdlitos secundarios, como hormonios
vegetais, antibioticos e compostos organicos que agem no crescimento (90).

Diversas linhagens de Streptomyces foram descritas como eficazes em
estimular o crescimento de plantas, como em A. thaliana, arroz e tomate,
promovendo o aumento na biomassa das plantas (91-95). Além do crescimento,
estas bactérias também tém propriedades que auxiliam na defesa das plantas, como a
producdo de compostos organicos volateis com propriedade antifingica (92). Em
plantas de trigo (Triticum aestivum), bactérias Streptomyces estimularam o
crescimento e 0 aumento de biomassa vegetal através da producdo de fitase,
quitinase e &cido indolacético, bem como a absorcdo mineral pela producdo de
sideroforos e a solubilizacdo de fosfato (94).

Em relacdo ao estresse hidrico, duas linhagens de Streptomyces melhoraram o
crescimento de plantas de horteld-pimenta (Mentha piperita), assim como a
composicdo de 6leos essenciais e o teor de mentol (96). Da mesma forma, dois
isolados de Streptomyces, obtidos da rizosfera de plantas halofitas (Cucumis sativus
e Salicornia europaea), promoveram o crescimento de Stevia (Stevia rebaudiana)
mesmo sob estresse salino (97).

Isolados de Streptomyces promoveram o crescimento de plantas de alho
(Allium sativum) através da fixacdo bioldgica de nitrogénio e da sintese de acido
indolacético (98). Além da Streptomyces promover o crescimento de plantas de
pepino (Cucumis sativus), também apresentou propriedades antifingicas contra
Sclerotinia sclerotiorum devido a producdo de acido jasmoénico e acido salicilico

(99). Em plantas de tomate, desafiadas com Fusarium oxysporum, isolados de
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Streptomyces promoveram tanto a defesa vegetal quanto o crescimento, produzindo
quitinase, protease, sider6foros e o acido indolacético (100).

1.5 PGPR e nanomateriais

Os beneficios das rizobactérias na agricultura podem ser impactados pelo
aumento do uso de produtos tecnoldgicos contendo nanomateriais. Neste sentido, o
resultado das interacdes entre nanoparticulas e bactérias sdo pouco conhecidos, mas
dependem das propriedades fisico-quimicas dos materiais, grupo bacteriano e estado
fisiologico dos microrganismos (18). Nanoparticulas de prata (NPAgQ) estdo sendo
largamente utilizadas em produtos agricolas para controle de doencas devido a
propriedade bactericida. A adicdo de NPAg ao solo promoveu alteracdes na riqueza e
na estrutura da comunidade bacteriana, diminuindo a presenca de bactérias benéficas,
como as envolvidas na ciclagem de carbono, nitrogénio e fésforo, bem como nas
das plantas quanto a absor¢do de nutrientes e tolerancia a estresses (101). Em alamo
(Populus nigra) exposto a NPAg, as plantas apresentaram uma redugdo nos grupos
de bactérias e na diversidade de fungos (102).

Alem da prata, existe uma grande diversidade de elementos utilizados nas
nanoparticulas. Burke e colaboradores (103) investigaram o efeito de nanoparticulas
de ferro (FesOs4) e de titanio (TiO2) carregadas positiva e negativamente, sobre
bactérias fixadoras de nitrogénio em plantas de soja. As nanoparticulas de ferro com
carga negativa diminuiram a colonizacdo radicular, indicando que o tipo de
nanoparticula e a carga podem também influenciar na colonizacdo destas bactérias
no sistema radicular (103). O efeito de nanoparticulas de titanio (TiO2) foi também
avaliado em plantas de trigo (Triticum aestivum) com e sem a presenca de PGPR
(Bacillus thuringiensis e Paenibacillus polymyxa), em solos de turfa e areia, sob
estresse hidrico, salino e biotico (patégeno Fusarium culmorum). As nanoparticulas
auxiliaram na adesdo radicular das PGPR. As PGPR formuladas com as
nanoparticulas de titanio apresentaram um efeito positivo na biomassa das plantulas
em todas as situacdes de estresse (104). Nanoparticulas de zinco (ZnO), de titanio
(TiO2) e de cerio (Ce0O>) aplicados em solo agricola, prejudicaram o metabolismo

termogénico microbiano e reduziu a quantidade de bactérias do género Azotobacter.
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Contudo, de forma geral, nanoparticulas de silica promovem o aumento na atividade
microbiana do solo (105). Estes resultados indicam uma grande variedade de
respostas na interacdo entre planta-microrganismo-nanoparticula, sendo necessario o
entendimento desta interacdo para predizer o efeito e o destino destas nanoparticulas
no ambiente. Entretanto, poucos trabalhos quantitativos tém sido realizados nesta
area (18).
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2 JUSTIFICATIVA

O desenvolvimento sustentavel é cada vez mais urgente, visto que até 2050 a
populacdo mundial chegard em 9 bilhdes. Neste sentido, o Brasil é o terceiro maior
produtor mundial de milho (36), com 80 milhdes de hectares plantados (106). Sendo
assim, é importante novas abordagens para a melhoria da producéo desta lavoura. A
nanotecnologia tem tido um papel importante nesse aspecto, como a utilizacdo de
produtos com nanoparticulas (107). Neste contexto, a nanotecnologia tem se
mostrado como uma area ampla e promissora, gerando novas possibilidades para
transformar praticas agricolas convencionais. Contudo, ainda se conhece pouco em
relacdo ao impacto das nanoestruturas sobre 0s microrganismos autdctones que
podem ser empregados no manejo da lavoura de milho, como as bactérias
promotoras de crescimento vegetal (PGPR). Dentre os potenciais microrganismos
com caracteristicas PGPR em milho, destacamos as bactérias do género
Streptomyces. Para tanto, avaliou-se a interacdo entre nanoparticulas de silica

(NPSIO2), PGPR e o crescimento de plantas de milho.
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3 HIPOTESES

1) Nanoparticulas de silica possuem baixa fitotoxicidade em plantas de milho;

2) Nanoparticulas de silica modulam o crescimento de plantas de milho;

3) Nanoparticulas de silica ndo interferem na promoc¢do do crescimento de
plantas de milho mediado por rizobactérias Streptomyces (CLV16).

4 OBJETIVOS

4.1 Objetivo geral

Avaliar os efeitos de nanoparticulas de silica em sementes e plantas de milho,

assim como na presenca e auséncia do isolado de Streptomyces CLV16.

4.2 Objetivos especificos

> Avaliar a toxicidade de nanoparticulas de silica na germinacdo de sementes
de milho;

> Avaliar a toxicidade de nanoparticulas de silica no desenvolvimento inicial
de plantulas de milho

> Auvaliar o crescimento de plantas de milho tratadas com nanoparticulas de
silica;

> Determinar a atividade de enzimas de estresse oxidativo em plantas de milho
tratadas com nanoparticulas de silica;

> Avaliar a interacdo entre nanoparticulas de silica e bactéria Streptomyces
CLV16 no crescimento de plantas de milho;

> Avaliar o crescimento de plantas de milho tratadas com nanoparticulas de

silica e bactéria Streptomyces CLV16.
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ABSTRACT

Nanotechnology has been incorporated in numerous technological products
that represent innovative tools for food production. NPSiO2 in agriculture is still
considered a novel approach as they are more reactive than their bulk counterparts.
Plant growth promoting rhizobacteria, such as Sreptomyces, are used in the
management of many agricultural crops due to their beneficial effects. The aim of
this work was to evaluate the NPSIiO, in maize plants and its interaction to the
rhizobacteria Streptomyces (CLV16). The results showed that NPSiO> have no effect
on seed germination rate, although NPSiO, 63 nm and 110 nm impaired the initial
growth of seedling roots. When seeds were exposed to NPSiO», the 220 nm showed
a deleterious effect on plant growth at 45 days. However, plants germinated from
seeds treated with NPSiO2 110 nm showed an increment in root growth and fresh
and dry shoot mass at 45 days. NPSiO> did not interfere the growth of the CLV16,
regardless of nanoparticle size and concentrations. NPSiO, promoted growth of
maize plants in a similar way to that observed when only CLV16 was used. The
promotion of plant growth observed with NPSiO>+CLV16 treatments did not differ
from that with single NPSiO2 or CLV16. Plants sprayed with NPSiO2 showed an
initial increasing in the activities of antioxidant enzymes at 72 h, suggesting that
these nanoparticles were plant stressors. However, plants sprayed with NPSIO;
presented an increment in shoot length and fresh root mass after 45 days growth.
Thus, the short deleterious impact of NPSiO2 in maize is quickly overcome and the
NPSiO2 110 nm can act as growth promoters in maize, mainly when seeds are treated
rather than when leaves sprayed.

Keywords: Nanosilica; Oxidative stress; Rhizobacteria.

1 INTRODUCTION

Nanotechnology is rapidly showing promise to revolutionize many areas,
such as agriculture, medicine and food systems (1,2). Among various materials and
structures used in nanoparticles, the World Health Organization (WHQO) considers

amorphous silica nanoparticles (NPSiOz) safe for human consumption (3). Silica
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(SiOy) is part of the diet of most people through vegetables, whole grains, and
seafood, reaching approximately 200 mg per day for peoples whose diet is plant-
based (4). NPSiO; in agriculture is still considered a novel approach as they are more
reactive than their bulk counterparts (5).

Silica is an interesting particle to use in plant culture, as it is considered
chemically inert, therefore a potential load carrier. In many species, plant cell wall
may accumulate silica from the precipitation and polymerization of silicon
(orthosilicic acid - HsSiO4) absorbed by plant roots, but information on pathways
related to this phenomenon is still fragmented (6). The main products of Si
accumulation are the phytoliths, or silica bodies embedded in the cell wall. However,
it is unknown whether plant cells have the capability of integrating free silica into the
walls matrix, or if its dependent on pathways linked to Si (OH)4 present in the cell.
The silica bodies promote the reinforcing of cell walls, leading to the increase of
plant resistance against herbivores and pathogens (7,8). Although silicon is important
to plants, known as non-essential beneficial plant nutrient, the effect of applying
silica SiO2 directly on the plants is still a puzzle, considering that it is not supposed
plants use SiO: as silicon source (9).

It is well documented that nanoparticles exhibit toxicity to living organisms
mainly because of their small size (<100 nm), large surface-to-volume ratio and
highly reactive facets (10). Although amorphous phytolith silica are found naturally
and therefore may be relatively benign to plants (11), manufactured spherical SiO>
(NPSIiO2) ranging from 50 to 200 nm, is harmful to some plant species, such as
Arabidopsis and cotton (12,13). On the other hand, there are many reports showing
that silica nanomaterials can promote seed germination (14), increase corn and wheat
resistance to salinity stress and protect peas plants from oxidative stress (15). NPSiO-
also promotes root elongation and increase leaf chlorophyll and carotenoid content in
corn (16,17). The contrasting results observed when plants are treated with NPSiO>
may be attributed to the particle size and interactions between the cell surface and the
silica colloids formed in a saturated solution (18).

Another possibility may be the specific plant inability to absorb and
accumulate silicon. Plants of the family Poaceae, such as Zea mays, show high Si

accumulation (>4 % Si), while species from the orders Cucurbitales and Malvales



32

show intermediate Si accumulation (1- 4 % Si), and most other species demonstrate
little accumulation, such as belonging to the Brassicales order (19).

The cellular toxicity of manufactured nanoparticles is also attributed to cell
membrane disruption and ROS-mediated oxidative damage (20). When nanoparticles
cross the plant cell membrane, they can induce reactive oxygen species (ROS) via
NADPH oxidases. In plants, nanoparticles are passively absorbed by cells through
the cell wall pores with size <50 nm. However, plant cells are also able to absorb
larger particles up to 300 nm in size, such as carbon nanotubes of 500 nm in length
(21).

The disturbance promoted by nanoparticles in the cytoplasmic ROS
homeostasis affect the redox regulatory state and antioxidant system of the cell. In
order to mitigate the effects of oxidative stress, plants activate both enzymatic and
non-enzymatic antioxidant defense machinery to scavenge excess ROS (22).
Soybean plants sprayed with NPSiO2 showed an increase in the activities of the
enzymes superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) and
ascorbate peroxidase (APXx), which protect the plant against salt stress (23). The
increase of CAT and APXx activities in corn plants assisted against lipid peroxidation
induced by CeOz nanoparticle (10 nm) (24).

Wheat roots exposed to Cu nanoparticle (50 nm) showed an increment in
CAT activity, protecting cells from oxidative damage (24).In addition to plant stress,
nanoparticles may also interfere to soil microorganism community. It has been
shown that small nanoparticles (20 nm) are toxic to microorganisms, such as B.
subtilis, E. coli and P. fluorescens, however soils supplemented with NPSiO2 (9 nm)
show a slightly increase in microbial activity (25). In addition to silica, soil silicon
stimulates the growth of both aerobic and facultative anaerobic soil bacteria (26).
These results suggest that NPSiO2 may have a favorable effect on beneficial bacterial
population and nutrient value of soil (8).

This study was conducted to better understanding the effects of NPSiO2 on
seed germination and plant growth of maize. For this purpose, silica nanoparticles
were synthesized and characterized. Then, the effect of NPSiO> in seed germination
and plant growth, as well as the interaction between nanoparticles and rhizobacteria
were evaluated. The modulation of the antioxidant system as part of plant response to

the nanoparticles were also analyzed.
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2 MATERIALS AND METHODS

2.1 Synthesis and characterization of silica nanoparticles (NPSiOz2)

The NPSIO, were synthesized by the Interdisciplinary Center for
Nanoscience and Micro-Nanotechnology at PUCRS, using the method of Stober
(27). Briefly, ultrapure water, absolute ethanol and ammonium hydroxide were
mixed in the proportion of 1:1:0.1 (v/v) and shaked to form a homogeneous solution.
The compound TEOS (tetraethyl orthosilicate) in ethanol (1:15 (v/v)) was added to
the previous mixture and the system was kept under constant agitation for different
periods of time, 4 h (220 and 110 nm) and 12 h (63 nm), at room temperature. After,
NPSiO. were purified by centrifugation (14,000 rpm for 20 min) and washed with
ethanol. The NPSiIO, were characterized in terms of elemental and chemical
composition, morphology, size distribution and colloidal stability. For this, the
techniques of transmission and scanning electron microscopy, dynamic light
scattering, electrophoretic mobility, spectroscopy in the IR to UV range, atomic
absorption and thermogravimetric analysis were used (Supplementary material,
S_01).

2.2 Effect of NPSiO2 on seed germination

Maize seeds (Syngenta, VIP3) were washed in distilled water and exposed by
immersion in suspensions containing NPSiO2 (12 mL/kg seed). Treatments consisted
of NPSiO» with average sizes of 63, 110 and 220 nm, at concentrations of 100, 500
and 1,000 mg/L. For this, 40 seeds from each treatment were placed in Erlenmeyers
flasks and kept under agitation (100 rpm) for 15 min. The NPSiO, suspensions were
supplemented with 0.1% (v/v) of the commercial silicone adhesive Silwet L-77
(Momentive®). The control consisted of seeds exposed to sterile distilled water,
supplemented with 0.1% (v/v) Silwet L-77. After exposure, seeds were transferred to
Magenta boxes (10 seeds per box) with filter paper moistened with sterile distilled
water (15 mL), and at £ 25 °C with a 16 h photoperiod. Measurements were taken
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considering the parameters: seed germination rate (%) at 3 and 7 days, shoot and root
length (cm) at 7 days. Data were expressed as mean + standard error of the mean (SE).

2.3 Effect of inoculation with Streptomyces CLV16 and NPSiO:2 on plant growth

The rhizobacterium  Streptomyces spp. (CLV16, Collection of
Microorganisms from the Plant Biotechnology Laboratory, PUCRS) was previously
isolated from roots of Cortaderia selloana (Poaceae) collected at Pro-Mata (Center
for Research and Nature Conservation, PUCRS). The rhizobacterium was isolated by
cultivation in ISP2 selection medium (28,29) and stored at -80 °C in glycerol: ISP2
medium (1:1 v/v). This isolate CLV16 was chosen due to previous studies in
greenhouse and field experiments, where its ability to promote growth of maize
plants was demonstrated (30)

The isolate CLV16 was cultivated on plates with semi-solid ISP2 medium, at
28 °C for fifteen days in order to sporulation. To remove the endospores, the medium
surface was washed with 10 mL of sterile distilled water. Subsequently, the solution
was filtered using cotton wool (0.32g/cm?), to eliminate debris and pseudohyphae,
obtaining a homogeneous suspension with endospores. The concentration used for
seed inoculation was adjusted to 10" endospores. mL™.

Maize seeds (Syngenta, VIP3) were washed in distilled water and inoculated
by immersion in endospores suspension. For that, 50 seeds were placed in
Erlenmeyer with 7.5 ml of endospores suspension supplemented with 0.1% (v/v) of
the commercial silicone adhesive Silwet L-77 to increase the adhesion of the
endospores to the seed coat. The flasks were kept under agitation (100 rpm) for 30
min. Afterwards, seeds (16 per treatment) were transferred to Erlenmeyers
containing NPSiO2 with average sizes of 63, 110 and 220 nm, at a concentration of
100 mg/L (12 mL solution/Kg seed), kept under agitation (100 rpm) for 30 min. The
control treatment consisted of seeds exposed to distilled water. Seeds were sown in
plastic bags (2 L) with commercial substrate consisted in organic soil and carbonized
rice husk (2:1) and maintained in greenhouse. Irrigation was performed three times a
week.

Plant growth was evaluated at 45 days (stage Vio) post-emergence.

Measurements were taken considering the parameters: fresh weight (g), length (cm)
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and dry weight (g) of the root and aerial parts. For the dry mass determination, plants
were dry in an oven (40 °C) for 15 days. Data were expressed as mean + standard error of
the mean (SE).

1.1 Toxicity of NPSIiO: to Streptomyces CLV16

Disc-diffusion method was used to evaluate the effect of NPSiO2 on growth
of CLV16 isolate. Sterile paper-discs (7 mm diameter) were soaked with NPSiO;
suspension and placed on the surface of a semi-solid ISP2 medium in a petri dish.
Each plate received four paper-discs and each one was soaked with 20 pL of NPSiO>
suspensions. Treatments consisted of NPSiO with 63, 110 and 220 nm at 100, 500
and 1,000 mg/L. Control consisted in paper-discs soaked in sterile distilled water.
Plates were inoculated with a plug of semi-solid medium with CLV16. For this, the
CLV16 was cultivated for three days, at 28 °C in semi-solid ISP2 medium. Medium
plugs were cut from the culture using a sterile 7 mm diameter cork borer. One plug
was placed on the medium surface, surrounded by paper-discs. Plates were incubated
at 28 °C for 25 days. Measurements were taken considering the Streptomyces growth
area. Data were expressed as mean of the growth area + standard error of the mean (SE).

1.2 Effect of NPSiO2 on plant development

For the following experiments, maize plants (Syngenta, VIP3) at stage V3
(approximately 15 days post-emergence), were sprayed with NPSiO2 suspension
(500 pL/plant). After spraying, plants were kept in greenhouse for 30 days, under
irrigation. Each treatment consisted of 16 plants. Treatments consisted of
suspensions of NPSiO2 with average sizes of 63, 110 and 220 nm, at concentrations
of 100, 500 and 1,000 mg/L. The NPSiO> suspensions were supplemented with 0.1%
(v/v) of the commercial silicone adhesive Silwet L-77 (Momentive®). Spraying was
performed with the aid of an atomizer. The control treatment consisted of plants
sprayed with sterile distilled water, supplemented with 0.1% (v/v) Silwet L-77.
Plants were grown in plastic bags (2 L) with organic substrate in a greenhouse. After

30 days post-spraying, the plant shoots and roots (stage V10) were evaluated for fresh
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mass (MF) and dry mass (MS) parameters, as well as the plant length (cm). In order
to determine the dry mass, plants were kept in an oven at 40 °C for 15 days.

1.3 Oxidative stress of plants exposed to NPSiO2

In order to determine the oxidative stress in plants sprayed with NPSiOz, the
enzymatic activities of guaiacol-peroxidase (POX), catalase (CAT) and ascorbate
peroxidase (APx) were evaluated. For this propose, corn plants (Syngenta, VIP3)
were grown in organic substrate in a greenhouse. Plants at the stage V3 were sprayed
with NPSiO2 suspension (500 pL/plant) with average sizes of 63, 110 and 220 nm, at
concentrations of 100 and 500 mg/L. Control treatment consisted in plants sprayed
with sterile distilled water. Both NPSiO. and control solutions were supplemented
with 0.1% (v/v) Silwet L-77. For enzymatic analyzes, leaves were sampled at 24, 48
and 72 h after spraying. Samples were weighed and immediately frozen in liquid
nitrogen. Subsequently, they were stored at -80 °C until the analysis. Treatments
were repeated three times. Each repetition consisted in a sample. Samples comprised
in a pool of tissues taken from fully expanded leaves.

The activities of the enzymes POX (EC 1.11.17) was determined according to
Salla et al. (31). Briefly, extracts were prepared from leaves (0.5 g) ground in 2.5 mL
of 50 mM sodium phosphate buffer (pH 7) with 2% polyvinylpyrrolidone (PVP) and
centrifuged at 3,200 g for 16 min at 5 °C. The activity of guaiacol-peroxidase was
determined in a reaction mixture containing 50 mM sodium phosphate buffer (pH 6),
1% (v/v) guaiacol as substrate and 10 mM hydrogen peroxide, using the crude
extract described above. Oxidation of guaiacol was measured by the increase in
absorbance at 420 nm for 30 s at an interval of 5 s. Specific enzyme activity was
expressed as pkatal mg™? protein. Total protein concentration was determined
according to Bradford’s method (32), using bovine serum albumin as standard.

CAT (EC 1.11.1.6) and APx (EC 1.11.1.11) activities were evaluated in
leaves samples (0.5 g). Samples were homogenized in 1.8 mL of 50 mM potassium
phosphate buffer (pH 7.0) containing 1% PVP and 0.1 mM EDTA. The homogenate
was centrifuged at 3,200 g for 26 min at 5 °C and the supernatants were used for
enzyme assays. The activity of CAT was estimated by measuring the rate of

decomposition of H2O> at 240 nm (33). The reaction solution contained 50 mM



37

potassium phosphate buffer (pH 7.0), 12 mM H>O> and plant extract. Total APx
activity was estimated by monitoring the decrease in absorbance at 290 nm (34). The
reaction contained 50 mM potassium phosphate buffer (pH 7.0), 2 mM H;Og,
ascorbate (2 mM) and plant extract. One unit of APx was defined as the amount of

enzyme required to oxidize 1 umol of ascorbate. min™".

1.4 Statistical analysis

*Experiments were performed in a fully randomized design, tested for variance
homogeneity by Kolmogorov-Smirnov test (o < 0.05). A t-test was performed
separately for the early growth parameters versus the control. Variables such as seed
germination rate, plant growth parameters and enzymatic activity were transformed
by square root (Vx+0.5) in order to adjust to the normal distribution. The
measurements expressed as percentage were transformed by arcsine Vx/100. The
occurrence of univariate outliers was determined by BoxPlot and the extreme values
(more than 3 box-lengths from the edge of the box) were removed. The effect of
factors was examined by the two-way analysis of variance test (ANOVA). The
means were compared using Student’s t-test and one-way ANOVA, complemented
by Duncan’s test, with p < 0.05. Data were analyzed using the SPSS software version
22.0.

2 RESULTS AND DISCUSSION

2.1 Effect of NPSiO2 on seed germination

In order to evaluate the toxicity of NPSiO. in maize, seeds were exposed to
nanoparticles and germination rate and seedling growth were determined. Neither
speed (p=0.141) nor germination rate (p=0.189) were not affected by seed exposition
to different levels of NPSiO2 (100, 500 or 1,000 mg/L), regardless the nanoparticle
size (63, 110 or 220 nm). Germination rate ranged from 80% to 100% in the
treatments of 220 nm (1,000 mg/L) and 110 nm (500 mg/L), respectively
(Supplementary material, S_02). However, growth of seedlings was reduced seven
days after NPSiO -seed treatment (Fig. 1). Seeds treated with NPSiO2 220 nm
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(1,000 mg/L) resulted in plants with shorter shoot length when compared to the
control treatment (Fig. 1a). Moreover, root growth was reduced with the largest sizes
of NPSiO (110 and 220 nm), mainly at the concentration of 1,000 mg/L (Fig. 1b).

Negative effect of nanoparticles on seed germination and seedling early
development have been reported. In rice, for example, these parameters decreased as
the size and concentration of silver nanoparticles increased (35). Small-sized
nanoparticles (30 to 60 nm) can enter plant cells through endocytosis, while
penetration by the ones ranging from (70 to 150 nm) can cause cell disruption,
leading to tissue damage (35). Indeed, it has been shown that 18 nm zinc oxide
nanoparticles, applied to Allium cepa seeds, promoted plant growth (36). On the
other hand, an increase in the toxicity of silver nanoparticles in A. thaliana plants
was observed, as the nanostructure size increased (37). Nevertheless, NPSiO2 with
sizes of 14, 50 and 200 nm did not demonstrate phytotoxic effects in this species
(12). Nonetheless, the germination rate in tomato and squash can be increased by
treating seeds with NPSiO2 12 nm (38,39). Thus our study showed that, although
treatment with NPSiO2 had no deleterious effect on germination rate of maize seeds,
it impared seedlings growth when seeds were exposed to large sizes and high
concentrations of particles.

2.2 Toxicity of NPSIO2 to Streptomyces CLV16

Length of shoot (cm)
Length of roots (cm)

Figure 1 — Early growth of maize seedlings. Length of a) shoots and b) roots. Seedlings
were originated from seeds treated with NPSIO; (63, 110 or 220 nm) in different
concentrations (100; 500 or 1,000 mg/L). Growth parameters were evaluated 7 days after
germination. Seeds from the control were treated with water. Asterisk in the column
represents significant differences from control (* = p < 0.05, ** = p < 0.001, Student’s t-
test). Bars in the columns represent the standard error of the mean.
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2.3 Effect of inoculation with Streptomyces CLV16 and NPSiO2 on plant
growth

Inoculation of microorganisms on seeds is a procedure widely used in
agriculture to improve plant growth. The inoculation of CLV16 on maize seeds
resulted in an increment in both fresh and dry mass of shoots and roots, compared to
the control (Figs. 2a, b, d, €). Among the rhizobacteria, Streptomyces spp. are widely
recognized for their capacity to produce bioactive compounds such as streptomycin,
auxin, extracellular proteases and volatile compounds (40). This genus was also
reported to induce plant growth in Araucaria angustifolia (29). PGPR (Pseudomonas
aeruginosa, P. fluorescens and Bacillus subtilis) applied to rice increased the mass
and length of plant shoot and roots (41). Many isolates of Streptomyces have been
described as effective in stimulating plant growth, as in A. thaliana, wheat and
tomato, promoting an increase in plant biomass (42-46). Streptomyces were also able
to promote growth in garlic plants (47). Previous experiments have shown that
CLV16 inoculated in maize seeds promoted an increase in plant biomass (48).

The interaction between rhizobacterium and NPSiO. was evaluated through
cultivating bacteria in the presence of nanoparticles. Our results indicated that
nanoparticles had no effect either on growth (p = 0.402) or on morphology of CLV16
(Supplementary material, S_03), regardless of the sizes and concentrations of
nanoparticles (Fig. 3) (Supplementary material, S_04).

In order to evaluate the interaction between nanoparticles and Streptomyces
on plant growth, seeds were inoculated with the rhizobacteria and then exposed to
nanoparticle (treatment NP+CLV16). NPSiO- applied to seeds, resulted in increased
root biomass in plants at 45 days after seed treatment (Figs. 2d, e), compared to
water control. However, no significant difference was observed in root biomass
when compared to the CLV16 alone. The use of silica nanomaterials in plants has
shown promising results, such as the promotion of tomato seed germination (14),
improve the resistance of maize and wheat plants to saline stress (15,16). Silica
nanoparticles also promote growth and productivity in plants under stress (49).Our
results indicate that NPSiO2 220 nm caused a decrease in fresh mass and shoot

length of maize plants (Fig. 2a, c), although application of spherical silica (SiO2)
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nanoparticles in many plants shows little or no effects (50). There is evidence that
high concentrations of NPSiO- are toxic to some eudicots, such as A. thaliana (51)
and cotton (13). The contrasting results may be due to the specific inability of plants
on absorbing and accumulating silicon. Compared to monocots, most eudicots
cannot accumulate Si in large amounts due to differences in the Si uptake ability of
the roots (52). Promotion of growth observed when maize plants were treated with
NPSiO2 may be related to the ability of this plant to accumulate silica. These results
show that maize seeds treated with smallest sizes of NPSiO2 (63 nm and 110 nm)
show an increment in root and shoot masses.

The seed treatment with NPSiO>+CLV16 did not affect the plant growth,
compared to control CLV16 (Fig. 2). The simultaneous use of 110 nm nanoparticles
and NPSiO2+CLV16 in the seeds, led to the increment of fresh and dry shoot mass
(Fig. 2a, b), compared to the water control. This treatment was also efficient to
promote root growth (Fig. 2d, e, f). Interestingly, the effect of the single use of
NPSiO2 with 63 or 110 nm in seed treatment, did not differ from the CLV16 control
(Fig. 2b, d, e, f), suggesting that the effect of NPSiO2 was similar to the bacteria
regarding the plant growth promoting ability.

There are few quantitative studies relating the effect of nanoparticles on soil
microorganisms (53). The type and surface charge of nanoparticles can modify the
behavior of bacteria in the soil. For instance, negatively charged iron nanoparticles
(FesOa4) reduce the colonization of the root system by nitrogen fixing bacteria in
soybeans (54). However, titanium nanoparticles (TiO2) promoted the root adhesion
of bacteria B. thuringiensis and P. polymyxa in wheat plants. This nanoparticle
caused the increment in seedling biomass even under water deficit, salinity and
pathogen attack (55). Silica nanoparticles are found naturally and therefore may be
relatively benign (11). Interestingly, it has been shown that manufactured SiO;
nanoparticles (20 nm) are toxic to Bacillus subtilis, Escherichia coli and
Pseudomonas fluorescens (25). In contrast, soils supplemented with SiO;
nanoparticles (9 nm) showed a slightly boost in microbial activity (25). Our results
did not identify any deleterious effects of NPSiO. on the growth of the Streptomyces
CLV16, at least considering the evaluated concentrations. Moreover, the association
NPSiO2+CLV16 showed better results when using the smaller size nanoparticle (63
or 110 nm).
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Figure 2 — Growth of maize plants germinated from seeds treated with Streptomyces
(CLV16) and silica nanoparticles (NP). Seeds were inoculated with CLV16 (10Y
endospores/mL) and NPSiO, (63, 110 or 220 nm) at concentration of 100 mg/L. Growth
parameters were evaluated 45 days after seed germination. Seeds from the control were
treated with water. Different letters in the columns represent significant differences between
the means (¢=0.05, ANOVA, Duncan). Bars in the columns represent the standard error of
the mean.
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63 nm 1,000 mg/L 110 nm 1,000 mg/L 220 nm 1,000 mg/L Control

Figure 3 — Growth of CLV16 exposed to disc-diffusion (black arrow) impregnated with
1,000 mg/L silica nanoparticles (63, 110 or 220 nm). Control discs were soaked with
distilled water. (Supplementary material, S_02).

2.4 Effect of NPSiO2 on the plant development

The phytotoxicity of NPSiO, was assessed by spraying maize plants and
evaluating the plant growth. The spraying of NPSiO: solutions in maize plants do not
show phytotoxicity in the tested sizes and concentrations. NPSiO2 had no effect on
the fresh and dry shoot mass (Fig. 4a, b). Moreover, root dry mass and root length
were also not affected by any treatment (Fig. 4e, f). Plants sprayed with NPSIO; at a
concentration of 100 mg/L showed an increase in the shoot length, regardless the
nanoparticle size (Fig. 4c). Nanoparticles of 110 nm (1,000 mg/L) and 220 nm (100
mg/L) promoted an increase in the fresh mass of the roots, whereas the size of 63 nm
reduced this parameter, regardless the concentration tested (Fig. 4d). Coffee (Coffea
arabica) and rice plants sprayed with zinc nanoparticles showed an increase of fresh
and dry mass of roots and leaves (56,57). Promotion of growth and yield was also
obtained in wheat plants sprayed with NPSiO2 s (58). Basil plants (Ocimum
basilicum) sprayed with NPSiO. showed enhanced vegetative growth, fresh and oil
yield, stomatal resistance value and oil components, while transpiration rate was
reduced (59). In addition, the lowest concentration (100 mg / L) was efficient to

promote shoot length.
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Figure 4 — Growth of maize plants sprayed with NPSiO; (63, 110 or 220 nm) in different
concentrations (100; 500 or 1,000 mg/L). Growth parameters were evaluated 45 days after
germination. Seeds from the control were treated with distilled water. Different letters in the
columns represent significant differences between the means (a=0.05, ANOVA, Duncan).
Bars in the columns represent the standard error of the mean.

2.5 Oxidative stress of plants exposed to NPSiO2

The plant peroxidases (POX) are implicated in various vital processes of
plant growth and development throughout the plant life cycle including cell wall

metabolism, lignification, reactive oxygen species (ROS) metabolism, defense
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against pathogens etc. (60). The spraying of NPSiO; at a concentration of 100 mg/L
did not change the activity of the POX enzyme, regardless the particle size (Fig. 5a,
b, ¢). However, in 72 h, there was a decrease in POX activity when the concentration
of 500 mg/L was used, regardless of the size of the nanoparticle, compared to the

control (Fig. 5c).
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Figure 5 — Guaiacol-peroxidase (POX) activity evaluated in maize plants sprayed with
NPSiO; (63, 110 or 220 nm) at concentrations of 100 or 500 mg/L. Enzymatic activities
(uKatal/mg protein/sec) were determined in leaves sampled at 24; 48 and 72 h after spraying.
Control plants were sprayed with water. Different letters in the columns represent significant
differences between the means (a=0.05, ANOVA, Duncan). Bars in the columns represent
the standard error of the mean.

It is well known that nanoparticles can damage the structure and function of
plant cell membranes, leading to increase the ROS levels (53) and impairing the
plant growth (12,13). Catalase (CAT) is an antioxidant enzyme known to maintain
the cell redox status in plants exposed to environmental stress. Plants sprayed with

NPSIO2 showed an increase in the activity of the CAT enzyme in 24 h and 72 h,
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depending on the concentration and the nanoparticle size (Fig. 6a, ¢). NPSiO; of 63
and 110 nm stimulated CAT activity only at the highest concentration (500 mg/L)
within 24 h after spraying, whereas 220 nm NPSiO, promoted an increase in CAT at
the lowest concentration (100 mg/L) (Fig. 6a, c). There was no difference in CAT
activity at 48 h (Fig. 6b).
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Figure 6 — Catalase (CAT) activity evaluated in maize plants sprayed with NPSiO; (63, 110
or 220 nm) at concentrations of 100 or 500 mg/L. Enzymatic activities (nKatal/mg
protein/sec) were determined in leaves sampled at 24; 48 and 72 h after spraying. Control
plants were sprayed with water. Different letters in the columns represent significant
differences between the means (¢=0.05, ANOVA, Duncan). Bars in the columns represent
the standard error of the mean.

The APx enzyme plays a key role in responding to abiotic stresses,
decreasing the levels of hydrogen peroxide produced in cells. Plants sprayed with
NPSiO2 showed no difference in APx activity at 48 h, regardless of the size and
concentrations tested (Fig. 7b). However, 24 h after spraying, the highest
concentration of NPSiO. (500 mg/L) promoted a drastic reduction in APXx activity
(Fig. 7a). Nanoparticles with 220 nm induced an increase in APx activity in 72 h,

regardless of the concentration tested (Fig. 7c).
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Figure 7 — Ascorbate peroxidase (APx) activity evaluated in maize plants sprayed with
NPSIO; (63, 110 or 220 nm) at concentrations of 100 or 500 mg/L. Enzymatic activities
(uKatal/mg protein/sec) were determined in leaves sampled at 24; 48 and 72 h after spraying.
Control plants were sprayed with water. Different letters in the columns represent significant
differences between the means (¢=0.05, ANOVA, Duncan). Bars in the columns represent
the standard error of the mean.

Overall, the NPSiO2 220 nm promotes the activities of the antioxidant
enzymes CAT and APx after 72 h of spraying. However, activity was decreased
when plants were sprayed with this nanoparticle at a concentration of 500 mg/L.
Regardless of the size and concentration of NPSiO; sprayed on the plants, POX
showed no differences in activity within 24 h. Meantime, the activities of the CAT
and APx enzymes showed the highest variation 24 h after spraying. Soybean plants
sprayed with NPSiO, (20 — 30 nm) showed a reduction in the damage caused by salt
stress due to the increase in SOD, CAT, POX and APx activities (23). Nevertheless,
these same authors observed that concentrations of 120 mg/L of NPSiO: resulted in
toxicity. NPSiO, showed a protective effect on bamboo plants (Pleioblastus
pygmaeus), when exposed to lead, due to increased levels of antioxidant enzymes,
such as CAT (61). However, the effect of nanoparticles depends on the type of
material and the plant species. Zinc nanoparticles sprayed on potato plants caused

oxidative stress, with increased activity of CAT and POX, in addition to promoting
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the accumulation of sugars in plant tissues (62). On the other hand, chickpea plants
(Cicer arietinum) sprayed with zinc nanoparticles showed an increase in biomass
that was attributed to low levels of ROS, consequently a decrease in the enzymes
SOD and POX (63). In plants, the cellular level of H20, is mostly regulated by
enzymatic actions of catalases and peroxidases. Peroxidases are essential for plant
defense as they are involved in the synthesis of lignin precursors and associated to
antioxidative protection process (64). The lowest POX activity was observed at 72 h,
when plants were treated with 500 g/L of NPSiO. Similar decrease was also
observed in CAT at 72 h in plants treated with 500 g/L of NPSiO2 (63 nm and 10
nm). However, the decreasing in POX and CAT activities at 72 h did not impair the
further plant growth, evaluated at 45 days. Our results also indicate that NPSIO;
caused an increase in CAT activity and a decrease in APX activity at 24 h in the
highest nanoparticle concentration (500 mg/L). These findings suggest, at some
extension, that NPSiO; represented a stressor in maize plants. In addition, while the
activity of the APx enzyme was recover at 48 h, CAT activity reached the lowest
levels in these treatments, after 72 h of spraying. These results support the hypothesis
that the oxidative stress caused by NPSiO2 on maize plants is transient and restrict to
a short period after plant exposition. In this context, the use of low concentration
(110 nm) of NPSiO2 may minimize the plant stress, mainly when nanoparticles are
applied by spraying.

Overall, our results suggest that NPSiO> does not affect the germination rate.
However, they may impair the initial root growth (7 days) and promote a transient
oxidative stress. Despite that, NPSiO> do not appear to compromise the plant growth,
when this parameter is evaluated at 45 days. On the other hand, NPSiO can promote
an increment in the shoot and root biomass (Fig. 2). In addition, maize seeds may be
treated with NPSiO- in association to the rhizobacteria CLV16, without detrimental
effects on microorganism or plants. Indeed, there is strong evidence to suggest that
NPSIO, presented a similar effect to CLV16 for plant growth promotion. In
conclusion, manufactured spherical NPSiO2 can act as growth promoters in maize

plants, mainly treating seeds with 110 nm — nanoparticles at 100 mg/L.
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CAPITULO Il

1 CONCLUSOES

O tratamento de sementes com NPSiO; ndo afetou a taxa de germinagéo.
Contudo, o crescimento inicial (7 dias) das raizes foi prejudicado quando
nanoparticulas de tamanhos de 110 ou 220 nm nas maiores concentracdes foram
usadas. Esta inibicdo inicial ndo foi suficiente para comprometer o crescimento das
raizes apos 45 dias de cultivo. Por outro lado, a aplicagdo de NPSiO2 nas sementes
promoveu 0 aumento da biomassa das raizes em plantas com 45 dias. Plantas
aspergidas com NPSiO; apresentam alteracGes nas enzimas relacionadas ao estresse
oxidativo, indicando a producdo de ROS pela exposicdo as nanoparticulas. No
entanto, este estresse ndo foi suficiente para comprometer o crescimento das plantas.

O tratamento de sementes com o CLV16 promoveu o crescimento das
plantas, corroborando com resultados anteriores que demonstram a capacidade deste
isolado bacteriano em promover o crescimento de plantas de milho. Os experimentos
demonstram que as NPSiO2 ndo prejudicam o crescimento do isolado bacteriano
CLV16. O tratamento de sementes com a associacdo de NPSiO2 (110 nm) e a
bactéria CLV16 promoveu o incremento da matéria seca e fresca da parte aérea das
plantas de milho. Da mesma forma, 45 dias ap0s o tratamento destas sementes, as
plantas apresentaram raizes com maior biomassa (comprimento, massa seca e
fresca). O crescimento das plantas germinadas de sementes tratadas com NPSiO> de
63 ou 110 nm foi igual ao crescimento observado quando as sementes foram
inoculadas somente com o CLV16, indicando que as NPSiO, podem igualar-se a
bactéria como promotor de crescimento em milho.

Considerando os resultados, conclui-se que a melhor forma de utilizacdo das
NPSiO. em milho é no tratamento das sementes, utilizando nanoparticulas de 110
nm na concentracdo de 100 mg/L. Esta utilizacdo das NPSiO> pode promover o

aumento da massa seca e fresca nas plantas.
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2 PERSPECTIVAS

As nanoparticulas de silica ndo promoveram o incremento de biomassa de
parte aérea, quando aspergidas em plantas de milho. Considerando que néo
avaliamos o tempo de permanéncia das nanoparticulas na superficie das folhas, néo
podemos determinar o impacto de uma rapida remocao das NPSiO> das folhas nas
respostas de crescimento da parte aérea.

Seria necessario realizar a coleta de folhas aspergidas com NPSiO> de forma
periodica em plantas cultivadas em lavoura, e a avalia¢do qualitativa em microscopio
eletronico de varredura. A avaliagdo das condi¢des e do tempo para a permanéncia
das NPSiO. em folhas de milho, pode indicar a necessidade de ampliar o nimero de
aplicacdes desta nanoparticula e modificar as concentracfes. Da mesma forma, o
tempo de permanéncia pode sugerir 0 seu potencial uso como carreadoras de
nutrientes.

O aumento do estresse oxidativo observado nas plantas causado pelas
nanoparticulas poderia ser avaliado no contexto de protecdo contra estresses futuros,
como ja visto em outros estudos. Esta avaliagdo poderia ser realizada através da
exposicao de plantas previamente aspergidas com NPSiO2, ao ataque de patégenos
ou submetidas a estresses abidticos, como salinidade.

Outra questdo ainda a ser compreendida é a interacdo das nanoparticulas com
células e tecidos vegetais. Desta forma, poderia se determinar a absorcdo destes
nanomateriais em relagdo ao tamanho ou caracteristicas de superficie.

As nanoparticulas de silica ndo apresentaram toxicidade na interacdo com o
isolado CLV16. Porém, existem diversos microrganismos promotores de
crescimento de plantas utilizados em culturas agricolas, como Azospirillum spp. e
Trichoderma spp. A interacdo das NPSiO, com outros microrganismos também
poderia ser avaliada in vitro. Além de estudos da interacdo das nanoparticulas com

bactérias presentes no solo.
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3 MATERIAL SUPLEMENTAR

P Si02.1.05 |4

£ v;._’
det| HV mag = spot V —1um
ETD|20.00 kV|100 000 x 4.0 13.5 mm

/ mag
20.00 kV|100 000 x 4.0 11.7 mm

S_01 — Silica nanoparticles (NPSiO,) synthesized using the method of Stéber (220 nm
and 110 nm). Scanning Electron Microscopy. The nanoparticle of 63 nm is not
shown.

NPSiO2 CONCENTRATION  GERMINATION  GERMINATION

SIZE (mg/L) RATE (3 days) RATE (7 days)
100 75% (£ 0,05) a 93% (£ 0,05) a

63 nm 500 83% (+0,02) a 98% (+0,01) a
1,000 80% (+0,07) a 95% (+ 0,05) a

100 73% (£ 0,04) a 95% (£ 0,03) a

110 nm 500 90% (+ 0,04) a 100% (+ 0,00) a
1,000 78% (+ 0,06) a 95% (+ 0,03) a

100 78% (£ 0,06) a 95% (£ 0,03) a

220 nm 500 73% (+0,04) a 85% (+ 0,09) a
1,000 63% (+0,07) a 80% (£ 0,10) a

CONTROL 0 85% (£ 0,06) a 95% (£ 0,02) a

S_02 — Germination rate (3 and 7 days) of seed exposed to silica nanoparticles
(NPSiO2 - 63, 110 or 220 nm) in three concentrations (100 mg/L, 500 mg/L and 1,000
mg/L). Control was exposed to water. Data expressed as mean (£ standard error). Different
letters in the columns represent significant differences between the means (0=0.05, ANOVA,
Duncan).
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63 nm 100 mg/L 110 nm 100 mg/L 220 nm 100 mg/L

63 nm 500 mg/L 110 nm 500 mg/L 220 nm 500 mg/L

110 nm 1,000 mg/L 220 nm 1,000 mg/L

Control

S_03 — Growth area of CLV16 exposed to disc-diffusion (black arrow) impregnated with
silica nanoparticles (63, 110 or 220 nm) in three concentrations (100 mg/L, 500 mg/L and
1,000 mg/L). Control discs were soaked in water.
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NPSiO2 CONCENTRATION CLV16
SIZE (mg/L) GROWTH (cm?)
100 9,16 (£ 1,05) a
63 nm 500 7,94 (+3,03) a
1,000 924 (+1,1)) a
100 6,78 (+ 0,05) a
110 nm 500 8,57 (£ 1,43) a
1,000 7,79 (+ 0,86) a
100 8,19 (£0,77) a
220 nm 500 9,19 (+ 1,59) a
1,000 8,46 (£ 2,06) a
CONTROL 0 9,56 (+ 1,50) a

S 04 — Growth area (cm?) of CLV16 exposed to disc-diffusion impregnated with silica
nanoparticles (NPSIiO; - 63, 110 or 220 nm) in three concentrations (100 mg/L, 500 mg/L
and 1,000 mg/L). Control discs were impregnated with water. Data expressed as mean (
standard error). Different letters in the columns represent significant differences between the
means (0=0.05, ANOVA, Duncan).
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