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RESUMO

O selénio (Se) é essencial a saide de humanos e animais. Entretanto, uma grande parcela
da populacdo mundial sofre com a deficiéncia de Se. Nesse sentido, a biofortificacdo
agrondmica com Se tém-se mostrado uma eficiente abordagem para 0 aumento da sua ingestéo.
Apesar de ndo ser essencial ao metabolismo das plantas, o Se pode conferir beneficios ao
desenvolvimento e producdo das culturas. Porém, as plantas possuem diferentes capacidades
acumulativas e respostas aos efeitos benéficos do Se. Além disso, como anédlogo do enxofre
(S), o Se compartilha das mesmas vias de absorcao, translocacao e assimilagéo do S em plantas,
que podem afetar a concentracdo de Se nos tecidos vegetais. Assim, foram realizados dois
experimentos em condic¢des de casa de vegetacdo com 0s objetivos de: (i) avaliar o efeito da
interacdo Se x S sobre o crescimento, fotossintese, sistema antioxidante e qualidade nutricional
de plantas de rucula cultivadas sob diferentes tratamentos de Se e S aplicados via solo e foliar;
e (ii) comparar o efeito dos tratamentos de Se e S nas respostas de crescimento e bioquimicas
entre plantas acumuladoras de Se (rucula) versus plantas ndo acumuladoras (alface). Os
resultados do primeiro experimento demonstraram que a aplicacdo foliar de Se foi o método
mais eficiente para aumentar a concentracdo de Se em plantas de rucula. Apesar do efeito
regulador que o S impde sobre a absorcdo de Se tenha reduzido a concentracdo de Se na parte
aérea, a adubacdo sulfatada mostrou-se essencial para manutencdo produtiva e qualidade
nutricional, além de melhorar as defesas antioxidantes e a atividade fotossintética de plantas de
rucula enriquecidas com Se. Isso indica a importancia da manutencédo de niveis adequados de
S e Se em plantas biofortificadas. Os resultados do segundo experimento indicam que a maior
tolerancia que a rucula apresentou ao tratamento com Se em relacéo a alface pode ser devido a
maior capacidade redox no sistema antioxidante, demonstrada pela maior atividade da
ascorbato peroxidase (APX) e maior contetdo de glutationa (GSH) e ndo-proteico tiols (NPT).
Além disso, niveis superiores de Se em proteinas foram observados em plantas de rucula do
que em alface, indicando que as plantas acumuladores de Se podem ter maior tolerancia a
selenoaminoacidos em proteinas, o que presumivelmente afeta a funcdo normal de enzimas e

proteinas.

Palavras-chave: Eruca sativa; Lactuca sativa; biofortificagdo agrondmica; sulfato; interaces

idnicas; selenato de sddio; qualidade nutricional; defesas antioxidantes.



ABSTRACT

Selenium (Se) is essential to the humans and animals health. However, yet a great
fraction of the world’s population suffers from Se deficiency. In this sense, agronomic
biofortification with Se has been shown to be an efficient approach to increase Se intake.
Although not essential to plant metabolism, Se can confer benefits on crop development and
yield. However, plants have different accumulative capacities and responses to Se. In addition,
as a sulfur (S) analogue, Se shares uptake, translocation and assimilation pathways with S,
which can affects Se concentration in plants. Thus, two experiment were performed under
greenhouse conditions aimed to: (i) evaluate the effect of S x Se interactions on growth,
photosynthesis, antioxidant system and nutritional quality of rocket plants grown under
different S and Se treatments applied via soil and foliar; and (ii) compare the effect of Se and S
treatments on growth and biochemical responses between Se accumulative (rocket) versus non-
accumulative (lettuce) plants. The results of the first experiment showed that Se foliar
application was the most efficient method to increase Se concentration in rocket plants.
Although the regulatory effect that S imposes on the Se uptake has reduced shoot Se
concentration, S fertilization showed to be essential for maintaining yield and nutritional
quality, as well as to improve antioxidant defenses and photosynthetic activity of rocket plants
enriched with Se. This fact evidence the importance of maintaining adequate S and Se levels in
biofortified plants. The results of the second experiment indicate that the greater tolerance that
rocket presented to Se treatment when compared with lettuce, might be due to higher redox
capacity, demonstrated by the greater ascorbate peroxidase (APX) activity and higher
glutathione (GSH) and non-protein thiols (NPT) contents. In addition, much higher levels of Se
in proteins were observed in rocket than lettuce, indicating that Se accumulators might have
higher tolerance to selenoamino acids in proteins, which presumably affect the normal function

of enzymes and proteins.

Keywords: Eruca sativa Mill; Lactuca sativa; agronomic biofortification; sulfate; sodium

selenate; nutritional quality; antixodant defenses.
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PRIMEIRA PARTE

1 INTRODUCAO

ProjecBes apontam que até o ano de 2050 sera necessario dobrar a producéo de
alimentos para suprir a demanda da crescente populagdo mundial, estimada em 9,5
bilhdes de pessoas (ONU, 2018). Para cumprir o desafio de fornecer alimentos em
quantidades suficientes, ha tempos a agricultura vem lancando méo de tecnologias
para aumentar a produtividade das culturas, como o uso de corretivos, fertilizantes,
defensivos e cultivares mais produtivas. Entretanto, o ganho em produtividade tém
apresentado relacdo inversa ao conteldo de minerais e vitaminas nas porcoes
comestiveis das plantas (WHITE; BROADLEY, 2009; LYONS; CAKMAK, 2012).

Mudancas no paradigma da producdo de alimentos sdo necessarias, em que a
agricultura ndo se concentre em apenas produzir mais alimentos, mas também forneca
alimentos de melhor qualidade nutricional. Isso contribuira ainda mais na redugéo dos
altos indices de mortalidade e doencas relacionadas a ma-nutricdo, que atingem mais
de 2 bilhdes de pessoas pela ingestdo insuficiente de minerais e vitaminas, como ferro,
zinco, iodo, selénio e vitamina A (WELCH; GRAHAM, 2004; GRAHAM et al.,
2007).

O selénio (Se) é um micronutriente para animais e humanos. A sua atuacao no
metabolismo dos mamiferos se da pela sintese de mais de 25 selenoproteinas que
desempenham fungdes importantes nos sistemas antioxidante, imunologico,
reprodutivo e hormonal (JONES et al.,, 2017). Para humanos, a ingestdo diaria
recomendada é de 55-70 pg Se, com tolerdncia maxima de 400 pg (INSTITUTE OF
MEDICINE OF USA, 2000). Niveis de ingestdo abaixo do recomendado estdo
associados a diversas doencas e disfunc@es fisioldgicas, como cardiopatias, doenca de
Keshan-Beck (osteocondropatia crénica e degenerativa), hipertireoidismo, aumento
de infecgdes virais e desenvolvimento de cancer (RAYMAN, 2012). Estima-se que
mais de 1 bilhdo de pessoas no mundo sofram com algum grau de deficiéncia de Se
devido ao consumo de alimentos com baixa concentracdo de Se (WHITE;
BROADLEY, 2009; WINKEL et al., 2011).

A concentragdo de Se nos alimentos estd relacionado diretamente a
disponibilidade e dinamica do elemento no solo (COMBS, 2001; KABATA-
PENDIAS, 2011). Em geral, o teor disponivel de Se na maioria dos solos do mundo

sdo baixos e desuniformes, com média de 0,4 mg kg™. Por outro lado, areas seleniferas
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podem apresentar concentragdes acima de 1.200 mg kg*. A desuniformidade na
geodisponibilidade de Se esta condicionada especialmente a composi¢cdo quimica do
material de origem. Rochas igneas e metamdrficas, em geral, apresentam baixas
concentragdes de Se, enquanto em rochas sedimentares, tais como arenitos, argilitos,
siltitos e folhelhos, apresentam concentragdes mais expressivas (KABATA-
PENDIAS; MUKHERJEE, 2007). Alguns estudos em solos brasileiros evidenciam
desuniformes e baixos teores de Se. Gabos et al. (2014) e Matos et al. (2017)
verificaram que solos dos estados de Sdo Paulo e Minas Gerais apresentam,
respectivamente, faixas que variam de 0,08 a 1,61 mg dm=e 0,3 a 5,97 mg dm™ de
Se.

O selenato (Se®*) e o selenito (Se**) sdo as principais formas indrganicas de Se
encontrados no solo e predominantemente absorvidas pelas plantas (FISHBEIN, 1991,
KABATA-PENDIAS; MUKHERJEE, 2007). A dindmica das espécies quimicas de
Se no solo esta em funcgéo de fatores como o potencial redox, pH, teores de 0xidos de
Fe e Al e pelo conteddo de argila e matéria organica, as quais influenciam diretamente
sua disponibilidade para as plantas (WANG; CHEN, 2003). Assim, o selenato ¢ a
forma mais soltvel, mdvel e biodisponivel, uma vez que é fracamente adsorvido pelas
superficies das particulas do solo, especialmente em condi¢fes de solos oxidantes e
alcalinos. Por outro lado, o selenito € adsorvido mais fortemente via complexo de
esfera interna em solos argilosos e com elevadas concentracdes de 6xidos de Fe e Al,
reduzindo sua disponibilidade para as plantas (GOH; LIM, 2004; MONTEIL; LESSA
et al., 2016; ARAUJO et al., 2018).

Embora ndo seja essencial ao metabolismo das plantas, a aplicacdo de baixas
doses de Se tém demonstrado efeitos benéficos sobre o crescimento, produtividade e
qualidade das culturas (DJANAGUIRAMAN et al., 2005; RAMOS et al., 2010,
SCHIAVON et al., 2017). Acredita-se que grande parte dos benéficios do Se no
desenvolvimento vegetal decorra da sua atuacdo no sistema de defesa antioxidante.
Estudos tém observado que a aplicacdo de Se aumenta a atividade de enzimas
antioxidantes, como dismutase do superéxido (SOD), catalase (CAT), ascorbato
peroxidase (APX) e peroxidase (POD), que atuam no combate aos danos as
membranas celulares ocasionado pelas espécies reativas de oxigénio (EROs) sob
condicdes de estresse (PENNANEN; XUE; HARTIKAINEN, 2002; NAWAZ et al.,
2015).

As plantas séo classificadas por suas diferenciadas capacidades em acumular
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Se nos tecidos em: hiperacumuladoras, acumuladoras secundarias e ndo-
acumuladoras. As hiperacumuladoras acumulam mais que 1000 mg kg™ Se na materia
seca e crescem bem em solos ricos com Se, a exemplo das espécies do géneros
Astragalus, Stanleya, Morinda, Neptunia, Oonopsis e Xylorhiza (KOPSELL;
RANDLE; MILL, 2000). As acumuladoras secundarias podem acumular até 1000 mg
kg? Se na materia seca e apresentam sinais de toxidez em niveis acima disso, a
exemplo da Brassica juncea, Medicago sativa, brécolis e rucula. Entretanto, a maioria
das culturas agricolas sdo reconhecidas como ndo-acumuladoras e ndo toleram
concentracdes de Se acima de 100 mg kg™ Se na materia seca, a exemplo do arroz,
trigo, feijdo e alface (TERRY et al., 2000; DHILLON; DHILLON, 2003; WHITE et
al., 2004).

Considerando a baixa disponibilidade de Se nos solos e sua essencialidade no
metabolismo humano, a biofortificacdo das culturas alimentares é uma eficiente
estratégia para mitigar a deficiéncia de Se na saude humana (CAKMAK, 2008). A
biofortificacdo consiste no aumento dos teores de Se nas partes comestiveis das
plantas, podendo ser realizada através de abordagens genéticas, com selecdo de
cultivares com maior potencial de absorcdo e acumulo de Se, bem como por préaticas
agrondmicas pela utilizacdo de fertilizantes enriquecidos com o Se (WHITE;
BROADLEY, 2009).

Paises como a Finlandia, Nova Zelandia e Reino Unido foram pioneiros em
programas de fertilizagdo com Se no mundo, adicionando-o aos fertilizantes NPK ou
por aplicacao foliar (ARTHUR, 2003). Com essa iniciativa, esses paises conseguiram
aumentar o teor de Se no plasma sanguineo da populacdo e reduzir expressivamente a
incidéncia de doencas relacionadas a sua deficiéncia (EUROLA et al., 2003). No
Brasil, as pesquisas com a biofortificacdo com Se tém avancado e recentemente o
Ministério da Agricultura, Pecuaria e Abastecimento publicou a Instrucdo Normativa
- n° 46, a qual definiu que os fertilizantes que contenham Se devem asssegurar teor
total minimo de 30 mg kg™ de Se (BRASIL, 2016).

Nesse sentido, a biofortificacdo com Se tem sido eficiente para aumentar o teor
do elemento em diferentes culturas como arroz (BOLDRIN et al., 2012; ZHANG et
al., 2014), milho (CHILIMBA et al., 2012; LONGCHAMP et al., 2015), trigo
BROADLEY etal.,, 2010; GALINHA et al., 2014), alface (RIOS et al., 2008; RAMOS
et al., 2011), tomate (PEZZAROSSA et al., 2014; BUSINELLLI et al., 2015), brécolis
(AVILA et al, 2014; BANUELOS et al, 2015, MANH, 2017) e ricula
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(DALL’ACQUA et al., 2019).

Para além do aumento do teor de Se, a biofortificagdo das plantas tem
aumentado a qualidade dos alimentos pela maior producdo de fitoquimicos e de
metabdlitos benéficos a saide (MALAGOLI et al., 2015). Resultados de estudos
anteriores indicam que a aplicacdo de Se contribuiu para 0 aumento do contetdo de
vitamina C, sdlidos soluveis, carotenoides, antocianinas e flavonoides
(PEZZAROSSA et al., 2014; LI et al., 2018). Além disso, nas plantas as formas
monometiladas de Se, tais como Se-metilselenocisteina e y-glutamil-Se-
metilselenocisteina, atuam como agentes anticarcinogénicos (DONG et al., 2001;
AVILA et al., 2014; HATFIELD et al., 2014).

A selecdo da cultura a ser enriquecida com Se também é um fator-chave para
0 sucesso dos programas de biofortificacdo, optando-se por culturas com alto consumo
e que componham a alimentacdo basica da populacdo em geral, a exemplo do arroz,
milho e trigo (LYONS; CAKMAK, 2012). Nesse sentido, hortali¢cas, como alface e
rucula, representam uma valiosa opcao para biofortificacdo, pois além de serem ricas
em minerais, flavonoides e vitaminas A, C e E, sdo também alimentos funcionais com
importantes propriedades nutracéuticas que podem ser potencializadas com a
aplicacdo de Se (PUCCINELLI; MALORGIO; PEZZAROSSA, 2017).

O enxofre (S) desempenha papel fundamental na nutricdo e producdo das
culturas agricolas, constituindo aminoacidos, proteinas e coenzimas, que juntamente
com o nitrogénio (N), desempenha importante funcdo na composicdo do RNA e DNA,
controle hormonal e diferenciacdo celular (DROUX, 2004). Além disso, 0 S esta
associado ao sistema de defesa das plantas na resisténcia a estresses abidticos e
bidticos, especialmente na sintese de compostos de defesa que incluem o enxofre
elementar, o sulfeto de hidrogénio, a glutationa, as fitoquelatinas, glucosinolatos e
varios outros metabdlitos secundarios (CAPALDI et al., 2015).

Nas plantas, devido a grande similaridade quimica entre Se e S, o anion
selenato (SeO4%) é absorvido, translocado e assimilado pelas vias metabdlicas do
anion S (SO+%). Assim, 0 Se pode substituir o S na sintese de aminoacidos como
cisteina e metionina, formando selenocisteina e selenometionina. Dessa forma, o
sulfato presente na rizosfera pode inibir a absorcéo de Se pelas raizes por competicdo
direta por transportadores, podendo reduzir significativamente a concentragcdo de Se
na parte aérea das plantas (WHITE et al., 2004; SCHIAVON et al., 2015; LIU et al.,
2017, GUPTA; GUPTA, 2017). Por outro lado, estudos mostram que baixas
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concentragcdes de Se podem aumentar a absorcdo de S nas plantas, sugerindo que o
aumento da acumulacdo de S por tratamentos com selenato é devido sua agcdo em
mimetizar a privacdo de S para estimular a expressao de transportadores de sulfato que
séo regulados sob deficiéncia de S (BOLDRIN et al. 2016; CABANNES et al. 2011,
HARRIS et al. 2014).

Indmeros estudos sdo conduzidos em todo o mundo buscando compreender
formas mais eficientes, seguras e viaveis para biofortificacdo das plantas com Se, com
foco na avaliagéo de fontes, doses e formas de aplicacdo de Se em diferentes culturas
agricolas. Porém, o conhecimento de alguns fatores que podem influenciar
diretamente o processo de enriquecimento das plantas com Se, a exemplo da interagéo
metabolica entre Se e S e os mecanismo de tolerancia das plantas ao Se, ainda séo
escassos e pouco compreendidos. Nesse contexto, os objetivos deste trabalho foram:
(i) avaliar o efeito da interagdo Se x S sobre o crescimento, fotossintese, sistema
antioxidante e qualidade nutricional de plantas de rucula cultivadas sob diferentes
tratamentos de Se e S aplicados via solo e foliar; e (ii) comparar o efeito dos
tratamentos de Se e S nas respostas de crescimento e bioquimicas entre plantas
acumuladoras de Se (rucula) versus plantas ndo acumuladoras (alface).

A tese esta dividida em dois capitulos apresentados na forma de artigos para
publicacdo em revistas cientificas. No primeiro capitulo, intitulado Sulfur nutrition
enhances photosynthesis, antioxidant activity and nutritional quality of selenium
enriched rocket plants, foram avaliados as respostas de crescimento e bioquimicas de
plantas rdcula sob diferentes formas de aplicacdo de Se na presenca ou auséncia da
aplicacdo do S ao solo. No segundo capitulo, com o titulo Selenium biofortitication
differentially affects sulfur metabolism in rocket (Eruca sativa Mill) and lettuce
(Lactuca sativa), foram avaliados 0s mecanismos basicos de tolerancia ao Se entre

plantas de racula e alface sob tratamentos de Se e S.

15



REFERENCIAS

ARTHUR, J. R. Selenium supplementation: does soil supplementation help and why?
Proceedings of the Nutrition Society, Cambridge, v. 62, n. 2, p. 393-397, 2003.

AVILA, F. W. et al. Impact of selenium supply on Se-methylselenocysteine and
glucosinolate accumulation in selenium-biofortified Brassica sprouts. Food
Chemistry, London, v. 165, p. 578-586, 2014.

BANUELOS, G. S. et al. Selenium biofortification of broccoli and carrots grown in
soil amended with Se-enriched hyperaccumulator Stanleya pinnata. Food Chemistry,
London, v. 166, p. 603-608, 2015.

BOLDRIN, P. F. et al. Selenato e selenito na producéo e biofortificagdo agronémica
com selénio em arroz. Pesquisa Agropecudaria Brasileira, Brasilia, v. 47, n. 6, p.
831-837, 2012.

BOLDRIN, P. F. et al. Selenium promotes sulfur accumulation and plant growth in
wheat (Triticum aestivum). Physiologia Plantarum, v. 158, p. 80-91, 2016.

BRASIL. Ministério da Agricultura, Pecuaria e Abastecimento. Instrugdo Normativa
N° 46. Brasilia: MAPA, 2016. 44p.

BROADLEY, M. R. et al. Selenium biofortification of high-yielding winter wheat
(Triticum aestivum L.) by liquid or granular Se fertilisation. Plant and Soil, The
Hague, v. 332, n. 1, p. 5-18, 2010.

BUSINELLI, D. et al. Se-enrichment of cucumber (Cucumis sativus L.), lettuce
(Lactuca sativa L.) and tomato (Solanum lycopersicum L. Karst) through fortification
in pre-transplanting. Scientia Horticulturae, Amsterdam, v. 197, p. 697-704, 2015.

CABANNES, E. et al. A Comparison of sulfate and selenium accumulation in relation
to the expression of sulfate transporter genes in Astragalus species. Plant Physiology,
v. 157, p. 2227-2239, 2011.

CAPALDI, F. R. et al. Sulfur metabolism and stress defense responses in plants.
Tropical Plant Biology, v. 8, p. 60-73, 2015.

CHILIMBA, A. D. C. et al. Agronomic biofortification of maize with selenium (Se)
in Malawi. Field Crops Research, Amsterdam, v. 125, p. 118-128, 2012.

COMBS JUNIOR, G. F. Selenium in global food systems. British Journal of
Nutrition, New York, v. 85, n. 5, p. 517, 2007.

DALL’ACQUA, S. et al. Selenium biofortification differentially affects sulfur
metabolism and accumulation of phytochemicals in two Rocket species (Eruca sativa
Mill. and Diplotaxis tenuifolia) grown in hydroponics. Plants, n. 8, v. 68. p. 1-19,

16



20109.

DJANAGUIRAMAN, M. et al. Selenium — an antioxidative protectant in soybean
during senescence. Plant and Soil, The Hague, v. 272, n. 1-2, p. 77— 86, 2005.

DONG, Y.; LISK, D.; BLOCK, E. Characterization of the biological activity of y-
glutamyl-Se-methylselenocysteine: a novel, naturally occurring anticancer agent from
garlic. Cancer Research, v. 61, p. 2923-2928, 2001.

DROUX, M. Sulfur assimilation and the role of sulfur in plant metabolism: a survey.
Photosynthesis Research, v. 79, p. 331-348, 2004.

DHILLON, K. S.; DHILLON, S. K. Distribution and management of seleniferous
soils. Advances in Agronomy, New York, v. 79, n. 1, p. 119-184, 2003.

EUROLA, M. Results of the finnish selenium monitoring program 2000- 2001. In:
MTT AGRIFOOD RESEARCH FINLAND. Agrifood Research Reports 36.
Jokioinen, 2003. 42 p.

FISHBEIN, L. Selenium. In: MERIAN, E. (Ed.). Metals and their compounds in the
environment: occurrence, analysis and biological relevance. New York: VHC
Weinheim, 1991. p. 1153-1190.

GABOS, M. B.; GOLDBERG, S.; ALLEONI, L.R.F. Modeling selenium (IV and VI)
adsorption envelopes in selected tropical soils using the constant capacitance model.
Environmental Toxicology and Chemistry, Bruxelas, v. 33, p. 2197-2207, 2014.

GALINHA, C. et al. Characterization of selenium-enriched wheat by agronomic
biofortification. Journal of Food Science and Technology, New Delhi, v. 52, n. 7, p.
42364245, 2014.

GOH, K. H.; LIM, T. T. Geochemistry of inorganic arsenic and selenium in a tropical
soil: effect of reaction time, pH and competitive anions on arsenic and selenium
adsorption. Chemosphere, Oxford, v. 55, p. 849-859, 2004.

GRAHAM, R. D. et al. Nutritioous subsistence food systems. Advanced in
Agronomy, v. 92, p.1-74, 2007.

GUPTA, M.; GUPTA, S. An overview of selenium uptake, metabolism, and toxicity
in plants. Frontiers in Plant Science, v. 7, p. 1-14, 2017.

HARRIS, J., SCHNEBERG, K. A., PILON-SMITS, E. A. H. Sulfur-selenium-
molybdenum interactions distinguish selenium hyperaccumulator Stanleya pinnata
from non-hyperaccumulator Brassica juncea (Brassicaceae). Planta, v. 239, p. 479-
491, 2014.

HATFIELD, D. L. et al. Selenium and selenocysteine: roles in cancer, health, and
development. Trends Biochemistry Science, v. 39, p. 112-120, 2014.

JONES, G. D. et al. Selenium deficiency risk predicted to increase under future climate
change. Proceedings of the National Academy os Sciences of the United States of
America, v. 10, p. 1-6, 2017.

17



KABATA-PENDIAS, A. Trace elements in soils and plants. 4. ed. New York: CRC
Press, 2011.

KABATA-PENDIAS, A.; MUKHERJEE, A. B. Trace elements form soil to human.
New York: Springer, 2007. 550 p.

KOPSELL, D. A;; RANDLE, W. M.; MILLS, H. A. Nutrient accumulation in leaf
tissue of rapid-cycling Brassuca oleracea responds to increasing sodium selenate
concentrations. Journal of Plant Nutrition, New York, v. 23, n. 1, p. 927-935, 2000.

LESSA, J. H. L. et al. Adsorption-desorption reactions of selenium (V1) in tropical
cultivated and uncultivated soils under Cerrado biome. Chemosphere, Oxford, v. 164,
p. 271-277, 2016.

LI, M. et al. Effects of foliar spray of selenite or selenate at different growth stages on
selenium distribution and quality of blueberries. Journal of Science Food and
Agriculture, v. 98, p. 4700-4706, 2018.

LIU, X. et al. Effects of sulfur and sulfate on selenium uptake and quality of seeds in
rapeseed (Brassica napus L.) treated with selenite and selenate. Environmental
Experiment Botany, v. 135, p. 13-20, 2017.

LONGCHAMP, M. et al. Variations in the accumulation, localization and rate of
metabolization of selenium in mature Zea mays plants supplied with selenite or
selenate. Food Chemistry, London, v. 182, p. 128-135, 2015.

LYONS G; CAKMAK 1. Agronomic biofortification of food crops with
micronutrients. In: Bruulsema TW, Heffer P, Welch RM, Cakmak I, Moran K (eds)
Fertilizing crops to improve human health: a scientific review. International Plant
Nutrition Institute, Norcross, 2012, pp 97-122.

MALAGOLLI, M. et al. Effects of selenium biofortification on crop nutritional quality.
Frontiers in Plant Science, v. 6, n. 280, p. 1-5, 2015.

MATOS, R. P. et al. Correlation between the natural levels of selenium and soil
physicochemical characteristics from the Jequitinhonha Valley (MG), Brazil. Journal
of Geochemical Exploration, v. 172, p. 195-202, 2017.

NAWAZ, F. et al. Effect of selenium foliar spray on physiological and biochemical
processes and chemical constituents of wheat under drought stress. Ecotoxicology
and Environmental Safety, Amsterdam, v. 113, p. 191-200, 2015.

ONU - Organizacdo das Nacdes Unidas. World Population Prospects: key findings
and advance tables (2018 revision). New York: United Nations, 2018.

PEZZARQOSSA, B. et al. Effects of Se-enrichment on vyield, fruit composition and
ripening of tomato (Solanum lycopersicum) plants grown in hydroponics. Scientia
Horticulturae, Amsterdam, v. 165, p. 106-110, 2014.

PENNANEN, A.; XUE, T.; HARTIKAINEN, H. Protective role of selenium in plant
subjected to severe UV irradiation stress. Journal of Applied Botany, Berlin, v. 76,
n. 1-2, p. 66-76, 2002.

18



PUCCINELLI, M.; MALORGIO, F.; PEZZAROSSA, B. Selenium enrichment of
horticultural crops. Molecules, v. 22, p. 1-21, 2017.

RAMOS, S. J. et al. Selenato e selenito na producéo, nutricdo mineral e biofortificacdo
com selénio em cultivares de alface. Revista Brasileira de Ciencia do Solo, Vigosa,
v. 35, n. 4, p. 1347-1355, 2011.

RAMOS, S. J. et al. Selenium biofortification and antioxidant activity in lettuce plants
fed with selenate and selenite. Plant, Soil and Environment, Praha, v. 56, n. 12, p.
584-588, 2010.

RAYMAN, M. P. The argument for increasing selenium intake. The Proceedings of
the Nutrition Society, London, v. 61, n. 2, p. 203-215, 2002

RIOS, J. J. et al. Regulation of sulphur assimilation in lettuce plants in the presence of
selenium. Plant Growth Regulation, v. 56, p. 43-51, 2008.

SCHIAVON, M. et al. Exploring the importance of sulfate transporters and ATP
sulphurylases for selenium hyperaccumulation-a comparison of Stanleya pinnata and
Brassica juncea (Brassicaceae). Frontiers in Plant Science, v. 6, p. 1-13, 2015.

TERRY, N. et al. Selenium in higher plants. Annual Review of Plant Physiology and
Plant Molecular Biology, Palo Alto, v. 51, p. 401432, 2000.

WANG, M. C.; CHEN, H. M. Forms and distribution of selenium at different depths
and among particle size fractions of three taiwan soils. Chemosphere, Oxford, v. 52,
p. 585-593, 2003.

WELCH, R. M.; GRAHAM, R. D. Breeding for micronutrients in staple food 23 crops
from a human nutrition perspective. Journal of Experimental Botany, Oxford, v. 55,
n. 396, p. 353-364, 2004.

WHITE, P. J.; BROADLEY, M. R. Biofortification of crops with seven mineral
elements often lacking in humans diets — iron, zinc, copper, calcium, magnesium,
selenium and iodine. New Phytologist, v. 182, p. 49-84, 20009.

WHITE, P. J. et al. Interactions between selenium and sulphur nutrition in Arabidopsis
thaliana. Journal of Experimental Botany, v. 55, p. 1927-1937, 2004.

WINKEL, L. H. E. et al. Environmental selenium research: from microscopic
processes to global understanding. Enviromental Scientific Technolofy, v. 46, p.
571-579, 2011.

ZHANG, M. et al. Selenium uptake, dynamic changes in selenium content and its
influence on photosynthesis and chlorophyll fluorescence in rice (Oryza sativa L.).
Environmental and Experimental Botany, Oxford, v. 107, p. 39— 45, 2014.

19



20

SEGUNDA PARTE - ARTIGOS

ARTIGO 1

Sulfur nutrition enhances photosynthesis, antioxidant activity and nutritional quality of

selenium enriched rocket plants

(Formatado de acordo com as normas do periddico Journal of Plant Nutrition and Soil

Science)



21

Sulfur nutrition enhances photosynthesis, antioxidant activity and nutritional quality of

selenium enriched rocket plants

Franklin Eduardo Melo Santiago'?, Maria Ligia de Souza Silva®", Fabricio Ribeiro Andrade®,

Luiz Roberto Guimarées Guilherme?, Valdemar Faquin?, André Rodrigues dos Reis*

Federal Institute of Piaui, 64860-000, Urugui, Piaui, Brazil
2Federal University of Lavras, 37200-000, Lavras, Minas Gerais, Brazil
3Federal Institute of Mato Grosso, 78320-000, Juina, Mato Grosso, Brazil

4S80 Paulo State University, 17602-496, Tupd, S&o Paulo, Brazil

Corresponding author

Correspondence: Silva, M. L. S; e-mail: marialigia.silva@dcs.ufla.br

Abstract

Selenium (Se) is an essential element for human and animal health, and considered beneficial
to higher plants. Selenium uptake in selenate form by plants occurs through sulfur (S)
transporters. Therefore, Se accumulation in plants can be significantly affected by the S
nutrition. However, there is a lack of information about the growth and biochemical responses
of rocket plants to S x Se interaction. This study aimed to evaluate the effect of S x Se
interaction on growth, photosynthesis, antioxidant system, and nutritional quality of rocket
plants grown under different S and Se treatments applied via soil and foliar. The results showed
that Se foliar application was the most efficient method to increase Se concentration in rocket

plants. There was a significant regulatory effect of S on the shoot Se concentration. The
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combination of S and Se application increased the concentration of vitamin C, soluble solids
and reduced titratable acidity. The S x Se interaction improved the antioxidant and
photosynthetic system, by increasing the antioxidant enzymes activities that provided protective
effect against oxidative damages. Although the regulatory effect that S imposes on the Se
uptake has reduced shoot Se concentration, S fertilization showed to be essential for
maintaining yield and nutritional quality, as well as to improve antioxidant defenses and

photosynthetic activity in rocket plants enriched with Se.

Keywords: Eruca sativa Mill, fuctional foods, selenate, sulfur fertilization, ionic interaction

1 Introduction

Selenium (Se) is an essential micronutrient for human and animal health. Selenium is
recognized for its specific roles in acting on antioxidant system and in reducing the risk of some
types of cancer, such as gastrointestinal and prostate (Gandin et al., 2018; Short et al., 2018).
A large part of the world population suffers from Se nutritional deficiency, which leads to
numerous physiological dysfunctions and health problems (Lyons and Cakmak, 2012).

The low Se intake by the population is related to the consumption of foods containing
low Se levels. Selenium concentration in soils is non-uniform and strongly related to organic
matter, pH, redox potential, and soil texture (Reis et al., 2017). Brazilian tropical soils show a
great variation on Se concentration ranging from 0.08 to 1.61 mg Se kg™ (Gabos et al., 2014).
Agronomic biofortification of crops by the addition of Se fertilizes has been considered a good
strategy to mitigate the Se malnutrition in the human diet (Lyons, 2018). This technique has
been shown to increase Se levels in several foods, such as rice, corn, wheat, lettuce, carrot,
tomato, and kale (Ramos et al., 2010; Avila et al., 2014; Pezzarossa et al., 2014; Zhang et al.,

2014; Longchamp et al., 2015; Boldrin et al., 2016).
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Agronomic biofortification of crops with Se has gained interest due to the increase of
food quality (Malagoli et al., 2015; Puccinelli et al., 2017). Studies indicate that the nutritive
and organoleptic characteristics of fruits and vegetables can be positively influenced by
increases in vitamin C, soluble solids, carotenoids, anthocyanins, and flavonoids (Schiavon et
al., 2013; Avila et al., 2014; Pezzarossa et al., 2014; Li et al., 2018).

The Se uptake by plants can be influenced by the presence of others elements in the soil,
such as sulfur (S). Due to the chemical similarity between S and Se, selenate is uptake and
metabolized via sulfate transporters and assimilation pathways, replacing it in the synthesis of
amino acids such as cysteine and methionine (Chang et al., 2008; Gupta and Gupta, 2017). The
selectivity to selenate or sulfate transports depends on the species and the concentration of these
elements in soil and plant (White, 2016; White, 2018). Thus, the sulfate presents in the
rhizosphere may inhibit selenate uptake by roots (White et al., 2004; Schiavon et al., 2015; Liu
et al., 2017). In contrast, some studies indicate that Se may increase the sulfate uptake at low
concentrations (Cabannes et al., 2011; Harris et al., 2014; Boldrin et al., 2016). The metabolic
interaction between S and Se in plants still needs to be better understood, and physiological
responses are needs to elucidate how S can affect the nutritional quality of the Se-enriched
crops.

Vegetables represent a valuable option to Se-enriched foods, since they comprise a
group of functional foods with good health benefits. Rocket (Eruca sativa Mill.) is an leaf
vegetable belonging to the Brassicaceae family, which has a peculiar spicy taste, rich source of
iron, potassium, flavonoids and vitamin A and C (Kim et al., 2007; Martinez-Sanchez et al.,
2008). In addition, rocket plants have large S and Se cumulative capacity and synthesize
important phytochemicals, such as methylselenocysteine and selenoglucosinolates (Chun et al.,

2017; Wiesner-Reinhold et al., 2017).
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However, the information that guides Se biofortification and the interaction between S
and Se in rocket is still scarce. Thus, this study aimed to evaluate how S nutrition affects the
growth and biochemical responses of rocket plants biofortified with Se via soil or foliar

application.

2 Materials and Methods
2.1 Plant materials and experimental designs

The study was performed under greenhouse conditions at the Department of Soil
Science of the Federal University of Lavras, Brazil. Each experimental plot consisted of a pot
with 4 kg with Distroferric Red Latossol (Oxisol) collected in the 0-0.2 m depth.

The soil was air dried and sieved in a 4 mm mesh, being chemically and physically
characterized according to the methodology proposed by Embrapa (2009): pH (H20) = 5.0;
0.M. = 28.7 g kg'*; phosphorus (Mehlich) = 1.13 mg dm®; potassium = 54 mg dm; calcium
= 1.5 cmolc dm; magnesium = 0.2 cmolc dm3; sulfur = 9.1 mg dm, aluminum = 0.4 cmolc
dm3; H+Al = 6.3 cmolc dm™3; P-rem = 12,93 mg L™; clay = 710 g kg*; silt = 140 g kg* and
sand = 150 g kg*. The Se concentration was 0.2 mg kg™, determined from the digestion by
method USEPA 3051A (USEPA, 1998). Liming was applied to raise the base saturation to 70%,
calcine lime applied to 24.9% Ca, 8.4% Mg and PRNT of 94.5% and then incubated for 30 days
with moisture at 60% the total pore volume.

The experimental design was completely randomized, with six treatments: control
(absence of S and Se); S via soil (60 mg kg™); Se via soil (0.25 mg kg?); Se via foliar (106
umol L); S via soil (60 mg kg™?) + Se via soil (0.25 mg kg™?) and S via soil (60 mg kg™) + Se
via foliar (106 umol L), with four replications. The sources used were sodium selenate

(Sigma-Aldrich, Saint Louis, USA) and calcium sulfate. The rate of Se via soil was based on
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the studies of Ramos et al. (2012) and Santiago et al. (2018) in tropical soils, while for via foliar
12.5% the Se rate applied to the soil was considered.

Treatments with S and Se to the soil application occurred before planting, while the Se
foliar application was carried out 35 days after emergence. The foliar application volume was
15 mL per pot. The Se application via foliar did not reach the soil immediately after spraying.
Untreated plants with Se solution via foliar application were sprayed with distilled water. Base
fertilization consisted of the application of 100 mg of N, 400 mg of P2Os, 150 mg of K20, 0.5
mg of B, 1.5 mg of Cu, 0.1 mg of Mo e 5.0 mg of Zn per kg™ of soil.

Rocket (Eruca sativa Mill.) seeds of commercial variety (Giant Lead Broad) were
obtained from Isla Seeds (Poda, Brazil, 100% purity) and used in this study. Seeds were
germinated in each pot, at 15 days after emergence (DAE), 12 plants with uniform size were
kept. Cover fertilizer was performed with 200 mg of N and 200 mg of K,O kg™ of soil, divided
into three applications. Irrigations of the pots were carried out to keep soil moisture close to
field capacity.

Fifty days after the emergency, growth parameters and gas exchange were recorded.

The leaves for the chemical, physiological and nutritional analysis were collected.

2.2 Shoot and root biomass analysis

The plants were separated into shoots and roots, and nine plants were individually
weighed for their fresh weights. The leaf area were measured by using a scanner (modelo LI-
3100C, LICOR, Nebraska, USA). The roots were washed until completely detached from the
soil. Thereafter, shoots and roots of the plants were dried in an oven at 55°C to a constant mass,

and weighed to determine dry mass.
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2.3 Photosynthetic pigments and SPAD index

Photosynthetic pigments (chlorophylls and carotenoids) from plant tissues were
extracted in 80% acetone solution and analyzed according to the method described by Arnon
(1949) and Duke and Kenyon (1986). SPAD index was determined on three leaves per pot using

a portable chlorophyll meter (SPAD-502, MINOLTA).

2.4 Gas exchange

Gas exchange was evaluated analyses using a portable infra-red gas exchange analyzer
(model IRGA - LICOR 6400, LICOR, Nebraska, USA). The following parameters were
determined: the CO> assimilation rate as expressed by area (A - pmol CO, m2 s1), transpiration
(E - mmol H20 m? s1), stomatal conductance (gs - mol H.0 m? s?), and the internal CO;
concentration in the substomatal chamber (Ci- umol CO, mol air?). The conditions imposed
for the measurements were 1.000 umol m? s of photosynthetically active radiation (PAR),
which was provided by LED lamps, 380 ppm of CO.. The mean relative humidity was 65% and
room temperature was 24°C at the time of the evaluations. The readings were performed on
cloudy day, between 9 and 11 o’clock in the morning, taking the last fully expanded leaf by

default.

2.5 Determination of minerals elements

The shoot dry mass was ground in a Wiley mill, and then 11 elements (nitrogen,
phosphorus, potassium, calcium, magnesium, sulfur, boron, iron, zinc, cooper and manganese)
were determined according to Embrapa (2009). The Se concentration was determined by the
USEPA method 3051A (USEPA, 1998). For quality analytical control, the analyses were

certified using BCR 402 standard (White Clover) (Sigma-Aldrich, Saint Louis, USA), which
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presented a minimum of 90% recovery, quantified by atomic absorption spectroscopy with

electrothermal atomization in graphite furnace.

2.6 Hydrogen peroxide and lipid peroxidation concentration

Five leaves per pot were collected, immediately frozen in liquid nitrogen and stored in
a freezer at -80°C until use.

Hydrogen peroxide (H20-) concentration was determined by measuring the absorbance
at 390 nm, where aliquots of the supernatant were added to reaction medium containing 2.5
mM potassium phosphate buffer (pH 7.0) and 500 mM potassium iodide (Velikova et al., 2000).
Leaf H>O> concentrations were calculated based on a standard curve, and the results expressed
in nmol g* FW (fresh weight). Lipid peroxidation was determined by the production of
thiobarbituric acid (TBA), especially malondialdehyde (MDA), according to Buege and Aust

(1978), and the results were expressed in nmol g™ FW.

2.7 Antioxidant enzymes activity

To quantify the activity of the antioxidant enzymes superoxide dismutase (SOD),
catalase (CAT) and ascorbate peroxidase (APX) in the leaves, the extract was obtained from
liquid N2 maceration of 0.2 g of leaves and addition of the buffer (pH 7.8), 0.1 mM EDTA (pH
7.0), 0.01 M ascorbic acid and 10% polyvinylpyrrolidone —PVVPP (Biemelt et al., 1998).

SOD (EC.1.15.1.1) activity was determined by the ability of the enzyme to inhibit the
photoreduction of nitrotetrazolium blue (NBT) (Giannopolitis and Ries, 1977). Thus, an aliquot
of the supernatant was added to the incubation medium composed of 50 mM potassium
phosphate (pH 7.8), 14 mM methionine, 0.1 uM EDTA, 75 uM NBT and 2 uM riboflavin. The
tubes with the reaction medium and samples were illuminated for 7 minutes with a 20 W

fluorescent lamp. For the control, the same reaction medium without illumination was
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performed. The analysis were carried out at 560 nm, and a unit of SOD corresponded to the
ability to inhibit 50% the NBT photoreduction.

CAT (EC 1.11.1.6) was evaluated according to Havir and McHale (1987). An aliquot
of the enzyme extract was added to the incubation medium containing 100 mM potassium
phosphate (pH 7.0) previously incubated at 30 °C. Immediately prior to readings, 12.5 mM
hydrogen peroxide was added to start the reaction. The activity of this enzyme was determined
by the decrease in absorbance at 240 nm for 3 minutes, monitored by the consumption of
hydrogen peroxide, and the molar extinction coefficient used was 36 mM™ cm™,

APX (EC 1.11.1.11) activity was determined by monitoring the oxidation rate of
ascorbate at 290 nm for 3 minutes. First, an aliquot of the enzyme extract was added to the
incubation buffer, composed of 100 mM potassium phosphate (pH 7.0) and 0.5 mM ascorbic
acid, previously incubated at 30 °C. Prior to the analysis, 0.1 mM hydrogen peroxide (H20>)
was added (Nakano and Asada, 1981). The molar extinction coefficient used was of 2.8 mM*

cm™.

2.8 Vitamin C, brix and titratable acidity measurements

The vitamin C concentration was obtained by colorimetric method using 2,4-
dinitrophenylhydrazine according to the method reported (Strohecher and Henning, 1967). The
results was expressed as mg of ascorbic acid 100 g*. Soluble solids were obtained by directing
analysis in the homogenized pulp juice and with digital bench refractometer (Optech model
RMT), at room temperature, obtaining °Brix values. The titratable acidity was determined by
the titration method, as described by the Adolfo Lutz Institute (IAL, 2008). For the ratio between

soluble solids (SS) and titratable acidity (TA) content, the SS/AT ratio was calculated.
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2.9 Statistical analysis

Data were submitted to variance analysis (P<0.05) and the mean values were compared
by the Scott-Knott test, using the statistical software R 3.2.3 (R Core Team, 2018). Pearson
correlation analysis (p < 0.05) was also performed to identify any dependent variables that are
correlated directly under the proposed treatments. The "corrplot™ package was used to create
the heat map, with the "cor" and "cor.mtest™ functions to create coefficient and p-value matrices,
respectively. To facilitate the visualization of significant correlations, asterisks were inserted

into the heat map cells.

3 Results
3.1 Shoot and root biomass production

The both shoot and root biomass were increased with the S and Se application,
regardless of the Se application form (Fig. 1). It was also observed that the plants submitted
only to the Se soil or foliar application in the absence of S did not reduce their shoot and root

biomass production in comparison with the control.

3.2 Photosynthetic pigments and SPAD index

The chlorophyll total concentration was increased with Se application in the presence
of S. Both forms of Se application resulted in about 3.5 times higher than the control (Fig. 2A).
However, the highest carotenoid concentrations were observed with individual application of S
or Se. With the addition of S, the foliar Se application was greater than via soil (Fig. 2B).

In the presence of S, the foliar Se application showed higher SPAD index soil Se
application (Fig. 2C). However, when Se was applied via foliar without S supplementation, it
observed a reduction of 1.2 times in the SPAD index in relation to the same treatment in the

presence of S.



30

3.3 Gas exchange

The Se application in the presence of S significantly increased the net photosynthetic
rate (A), stomatal conductance (gs) and the transpiration rate (E) in the leaves. However, Se
fertilization via soil and foliar in the absence of S did not improve these parameters, matching
the control (Fig. 3A, B, C). Likewise, the S and Se application increased the intercellular

concentration of CO> (Ci) in relation to only Se application (Fig. 3D).

3.4 Minerals elements

Se application via soil and foliar both in absence and presence of S resulted in higher Se
concentration in shoot, which was 11 times higher in comparison to the untreated plants (Fig.
4A). Selenium concentration in plants cultivated with only foliar Se application was 2.2 times
higher than those received only the Se via soil or combined with the S (Fig. 4A).

Shoot S concentration was higher in the treatments that received the element via soil,
regardless of the Se application (Fig. 4B). Consequently, the highest Se/S ratio was obtained in
the treatment with Se via foliar in the absence of S, being 1.9 times higher than the application
via soil (Fig. 4C). In the treatments with S, the Se application via soil and foliar showed no
statistical difference for Se/S ratio, and was on average 9 times lower in comparison to the
treatment of Se via foliar (Fig. 4C).

The S and Se application also affected foliar concentration of N, P, K, B, Fe and Zn, but
did not influence the uptake of Ca, Mg, Cu, and Mn (Table 1). The S and Se application via
foliar increased N accumulation. The only Se application, independently of the form applied,
reduced the P accumulate. The K and B accumulation were increased in treatments with only
S. Se application, by itself or combined with S, reduced the uptake of Fe in relation to the
treatments with S and control. The Zn accumulation was reduced when Se was applied via soil

or combined with S.
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3.5 Hydrogen peroxide and lipid peroxidation concentration

Hydrogen peroxide (H-O2) and lipid peroxidation (MDA) concentrations decreased with
Se application (Fig. 5A, B). However, the lowest H.O. and MDA concentrations were observed
with the foliar Se application in the absence of S, representing a reduction of 2.7 and 2.0 times
in comparison to treatments with only S and control, respectively. In the presence of S, both
forms Se application produced H>O, and MDA concentration similar to plants that received

only Se via soil.

3.6 Antioxidant enzymes activity
The application of Se and S affected the activity of the antioxidant enzymes SOD and
APX (Fig. 6), but did not influence the CAT activity. In the presence of S, the application of Se
via soil and foliar increased the activity of SOD being similar to treatments with individual
application of Se via foliar (Fig. 6A). On the other hand, when S was applied via soil, the SOD
activity was similar to the control and the treatment with only S.
APX activity was 2.1 times higher when Se was applied via foliar in the absence of S in
relation to the control and application of only S (Fig. 6B). While in the presence of S there was
no difference between the forms of Se application for APX activity, matching the results found

for the treatment of Se via soil.

3.7 Nutritionals parameters

Application of S and Se increased the nutritional characteristics of rocket. The highest
concentrations of vitamin C and total soluble solids were found in the plants submitted to S
supplementation only or when associated with the Se addition, independent of the Se
application form (Fig. 7A, B).

In the presence of S and Se, in both forms of Se application, there was a 1.3-fold
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reduction of the titratable acidity as compared to only the addition of Se and control (Fig. 7C).
Likewise, the total soluble solids/titratable acidity ratio was increased in the treatments with S
supplementation to the soil and Se via foliar, being higher in 1.2 times in relation to Se via soil,
showing similar values to the treatment with S alone. Plants that received only Se soil and foliar
obtained total soluble solids/titratable acidity ratio similar to the control (Fig. 7D).

In order to show the relationship among the growth and biochemistry parameters
assayed in response to S and Se treatment, a heatmap was performed (Fig. 8). The application
of S and Se clearly showed an augmented relationship with biomass production (SFW, SDW,
LA and RDW), photosynthetic parameters (A, E, gs, Ci, Chl and SPAD), nutritional quality
(Vit. C, SS and TA), and increased SOD and APX activity, and decrease H20, and MDA, as

illustrated in Fig. 8.

4 Discussion

Selenium biofortification should be achieved without damage crop growth and yield,
but ideally increasing its production parameters. In this sense, it was verified that the Se rates
used in the present study was sufficiently adequate to promote nutritional enrichment with Se
without causing toxicity and reducing the shoot and root biomass production (Fig. 1). On the
other hand, it was observed that the S natural levels in the soil (9 mg dm) were low and limiting
to maintain the biomass production in such a way as to present great responsiveness to S
fertilization, especially when there was the application of Se via soil or foliar.

The increase in photosynthetic parameters (A, gs, E and Ci), chlorophyll content and
SPAD index in the plants that received S and Se correlated with the higher accumulation of N
(Table 1), which, like S, is directly linked to synthesis of chlorophyll and other pigments
(Droux, 2004), thus providing greater photosynthetic efficiency (Fig. 2). In addition, it is

suggested that the action of S and Se in the antioxidant system provides protection against the
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oxidative damage caused by reactive oxygen species (ROS) on chlorophyll biosynthesis (Jiang
etal., 2017; Yin et al., 2019).

In presence of S, there was an effective action of Se on antioxidant system, reflected by
the increase in the activity of SOD and APX enzymes and reduction in concentration of H.O>
and MDA (Fig. 5 and 6). The results showed the important roles of Se and S in plant resistance
to oxidative stress by stimulating the activity of antioxidant enzymes that scavenge ROS and to
mitigate oxidative damage to cell membranes (Capaldi et al., 2018). Cheng et al. (2016) found
that S and Se application were important to increase the activity of glutathione peroxidase and
catalase and to reduce lipid peroxidation in garlic plants. Rios et al. (2008) and Ramos et al.
(2010) verified that low levels of Se were effective in combating ROS by increasing SOD and
CAT activity in lettuce.

The positive response of rocket plants to Se application (both soil and foliar) shows the
benefit effect of Se. In addition, rocket plants showed good ability to accumulate Se in their
tissues (Fig. 4A). However, the results showed an intense regulatory effect on the Se uptake
and accumulation imposed by S, with a significant reduction of shoot Se concentration,
independent of the Se application form. Sulfur and Se share the same pathways of uptake,
translocation and metabolization in the plants. Selenate uptake through sulfate transporters can
be inhibited by the sulfate present in the rhizosphere, and reduced Se concentration in the plant
tissues (White et al., 2004; Cabannes et al., 2011; Schiavon et al., 2013; Gupta and Gupta,
2017). In this way, maintaining satisfactory levels of Se in biofortified plants is directly related
to the need to ensure the proper balance of S:Se in plant nutrition.

Notably the foliar Se application was more efficient than via soil on shoot Se
concentration (Fig. 4A). This result was expected, since the good mobility of selenate when
applied to the leaves of the plants (Ros et al., 2016). Foliar fertilization has been shown to be

more effective, safe and viable to promote Se enrichment in cereal crops and vegetables than
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via soil (Deng et al., 2017; Lyons, 2018). In addition to the dynamics of Se with soil
constituents, factors such as mineralogy, texture, pH, organic matter and oxy-reduction
reactions can greatly affect the availability of Se to plants (Stroud et al., 2010; Liu et al., 2015;
Lessa et al., 2016). The soil of the present study, which presents a very clayey texture (71%
clay) and high Fe and Al oxides contents (237 and 262 g kg™, respectively), may have increased
Se adsorption on the oxide surfaces, making it less available to plants in treatments with Se
application via soil.

Application of S in the soil resulted in satisfactory levels of S in rocket shoot (Fig. 4B).
However, the results did not indicate an increase in the concentration of S stimulated by Se, as
verified in previous studies in broccoli (White et al., 2004; Tian et al., 2017), lettuce (Ramos et
al., 2011) and strawberry (Santiago et al., 2018). Sulfur plays an important role in the
metabolism and development of Brassicaceae, since important phytochemicals are generated
from the S pathway, in particular glucosinolates, which are S rich secondary metabolites that
act in the defense of plants and have a chemopreventive value for human health (Aghajanzadeh
et al., 2014).

Fertilization with S and Se improved the nutritional quality of rocket plants (Fig. 7),
suggesting that balanced nutrition with S and Se may have a positive influence on the nutrition
and flavor, increasing their nutraceutical and taste properties. The beneficial effects of Se on
plant quality is mainly due to its antioxidant action and regulation of carbohydrate metabolism
and ethylene biosynthesis (Malik et al., 2011; Pezzarossa et al., 2014; Zhu et al., 2018). Zhu et
al. (2018) demonstrated that Se application was important to increase the sugar content, vitamin
C, amino acids and bioactive substances in tomato fruits.

The use of Se accumulating species in biofortification programs, such as rocket, ensures
a greater capacity to transfer the element to human health. The recommended minimum daily

intake of Se in adults according to the Institute of Medicine (2000) of USA is 55 pg day™, with
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a maximum tolerance of 400 g day™. Considering that the average Se concentration for foliar
treatment in the absence and presence of S supplementation was 16.2 and 7.8 ng g?,
respectively, and the dry mass content of 10%, the results showed that the consumption of 34 g
of rocket leaves provide approximately 55 and 26 ug Se day?, respectively. Thus, the daily
intake of up to 34 g of fresh leaves of rocket Se-biofortified would be within the recommended
intake standards, contributing to a safe intake of Se in human health. It is noteworthy that, S
fertilization induces a lower Se accumulation in the leaves, the consumption of rocket can be
higher in this case, without risk of toxicity.

Finally, the results indicate that although regulatory effect that S imposes on the Se
uptake, reduced shoot Se concentration, S fertilization showed to be essential for productive
maintenance and nutritional quality, as well as to improve antioxidant defenses and
photosynthetic activity of rocket plants enriched with Se. Therefore, adequate levels of S and
Se in the plant should be sought as a key factor for the success and efficiency in crops
biofortification programs with Se. In this sense, future studies are needed to better understand

the relationships between S and Se on the qualitative and nutraceutical properties of foods.

5 Conclusions

The application of Se via foliar was the most efficient method to increase Se
concentration to food safety levels in rocket. On the other hand, there was a significant
regulatory effect on the Se concentration with S fertilization, emphasizing the importance of
maintaining adequate levels of S in Se-biofortified plants.

The application of S and Se enhanced the nutritional quality of rocket plants by

increasing vitamin C, soluble solids and decreasing the titratable acidity concentration.
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Improvements in the antioxidant and photosynthetic systems were achieved with
application of S and Se, especially by the increased activity of antioxidant enzymes (SOD and

APX) that provided protective effect against oxidative damages.
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Table 1: Accumulation of nutrients in rocket as a function of the application of Se in the

presence and absence of S.

Treatments N P K B Fe Zn
mg kg* ug kg*
control 67.31+3.75b  5.58+0.53a 64.74+3.51d 61.05+2.92b  2285.65+93.03a  141.12+7.24a
soil S 83.13+2.66a  7.26+0.13a 132.78+3.86 a  75.28+3.06a 1789.76+114.78b  149.27+2.44a
soil Se 83.74+3.73a  2.74+0.55b 86.87+1.07¢c 26.55+1.76¢ 306.35+10.76¢ 128.13+4.63b
foliar Se 82.87+1.32a  3.85%0.32b 96.76+2.64b 65.11+0.99b 364.26+75.12¢c 135.30+1.68a
soil S + soil Se 75.31£3.88b  5.90+0.15a 110.98+5.11b 33.48+6.12¢ 412.12+46.07c 122.5145.40b
soil S + foliar Se  89.65+7.57a  6.87+0.91a 101.0645.82b  64.46+4.25b  521.37+136.72c  117.13+9.49b
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Figure 1: Shoot fresh (A) and dry weight (B), leaf area (C) and root dry weight (D) of rocket
as a function of the application of Se in the presence and absence of S. Means followed by the
same letter do not differ (P<0.05) by Scott-Knott test. Bars indicate the standard error of the

mean (n = 4).
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Figure 2: Chlorophyll (A), carotenoid concentration (B) and SPAD index (C) in rocket plants
as a function of the application of Se in the presence and absence of S. Means followed by the

same letter do not differ (P<0.05) by Scott-Knott test. Bars indicate the standard error of the

mean (n = 4).
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by Scott-Knott test. Bars indicate the standard error of the mean (n = 4).
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Figure 5: Hydrogen peroxide - H.O2 (A) and lipid peroxidation concentration - MDA (B) in
rocket plants as a function of the application of Se in the presence and absence of S. Means

followed by the same letter do not differ (P<0.05) by Scott-Knott test. Bars indicate the standard

error of the mean (n = 4).
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Figure 6: Superoxide dismutase - SOD (A) and ascorbate peroxidase activity - APX (B) in
rocket plants as a function of the application of Se in the presence and absence of S. Means

followed by the same letter do not differ (P<0.05) by Scott-Knott test. Bars indicate the standard

error of the mean (n = 4).
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Figure 7: Vitamin C (A), soluble solids (B), titratable acidity concentration (C) and soluble
solids/titratable acidity (D) in rocket plants as a function of the application of Se in the presence
and absence of S. Means followed by the same letter do not differ (P<0.05) by Scott-Knott test.

Bars indicate the standard error of the mean (n = 4).
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ccc

Figure 8: Heatmap showing the Pearson correlations among the growth and biochemistry
parameters analyzed in this study in response the S and Se application. * indicates significant
relationship (P<0.05). Abbreviations: shoot fresh weight (SFW), shoot dry weight (SDW), root
dry weight (RDW), leaf area (LA), chlorophyll (Chl), carotenoid (Car), SPAD index (SPAD),
net photosynthetic rate (A), stomatal conductance (gs), transpiration rate (E), intercellular CO>
concentration (Ci), hydrogen peroxide (H202), malondialdehyde (MDA), superoxide dismutase

(SOD), ascorbate peroxidase (APX), vitamin C (Vit. C), soluble solids (SS), titratable acidity
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(TA), selenium (Se), sulfur (S), nitrogen (N), phosphorus (P), potassium (K), boron (B), iron

(Fe) and zinc (Zn).
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Abstract

Selenium (Se) is a micronutrient for human health. Plants biofortification is an important
strategy for increasing Se intake. However, Se concentration in plants is affected both by the
presence of other elements in the growth medium, such as sulfur (S), and by the different Se
accumulative capacities. Here, we compared the effect of Se and S treatments on growth and
biochemical responses between rocket and lettuce plants seeking to understand the basic
mechanisms of greater tolerance to Se of accumulators (rocket) versus non-accumulators
(lettuce) plants. We found that under the same Se treatment, rocket obtained higher biomass
production, accumulated three-times more Se and S and presented higher antioxidant activity
than lettuce plants. We discovery that the higher Se tolerance of rocket compared to lettuce
plants is related to higher redox capacity, demonstrated by higher ascorbate peroxidase (APX)

activity and higher glutathione (GSH) and non-protein thiols (NPT) content. In addition, our
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data also showed that much higher levels of Se in proteins were observed in rocket than lettuce,
indicating that Se accumulators might have higher tolerance to selenoamino acids in proteins,

which presumably affect the normal function of enzymes and proteins.

Keywords: Eruca sativa Mill, Lactuca sativa, selenium tolerance, redox capacity, sulfur

compounds.

1. Introduction

Worldwide more than 2 billion people suffer from low daily intake of vitamins and
minerals like iron, zinc, iodine, selenium and vitamin A (Lyons and Cakmak, 2012). Selenium
(Se) performs essential functions in the immune and antioxidant system of humans and animals.
Selenium daily intakes below 50 pg may cause numerous Se deficiency-related health problems
such as hyperthyroidism, increased viral infection and cancer development (Jones et al., 2017;
Rayman, 2012).

Plants are the primary dietary source for Se intake. However, most crops have low Se
concentration in the edible portion due to low and non-uniform Se levels in the soil (Reis et al.,
2017). Thus Se biofortification in crops is an important and efficient strategy to mitigate Se
deficiency as well as provide bioactive Se compounds with beneficial properties for human
health (Lyons, 2018).

Although not essential to plant metabolism, Se is recognized for its beneficial effects on
plant growth and quality (Malagoli et al., 2015). Plants have different capacities to accumulate
and metabolize Se. Most crops are non-accumulative and do not tolerate Se tissue
concentrations higher than 100 pg g* dry weight, such as rice, wheat and lettuce. However,

species belonging to Brassicaceae (Cruciferae) are typically good Se accumulators and able to
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tolerate Se concentrations up to 1000 pg g dry weight, such as broccoli and rocket (Gupta and
Gupta, 2017).

Selenium uptake by plants is preferably in selenate form. Selenium as a sulfur (S)
analogue shares the sulfate uptake, translocation and assimilation pathways (Liu et al., 2017,
Schiavon et al., 2015; White et al., 2004). Thus selenate competes with sulfate for transporters
as well as replacing in amino acids synthesis, using a number of key enzymes in S assimilation
pathway, such as ATP-sulfurylase (ATPS), APS reductase (APR), serine acetyltransferase
(SAT) and O-acetylserine (OAS) (White, 2018).

Crop selection is crucial to the success of Se biofortification programs. In addition to
opting for high consumption crops, it should be taken into consideration the nutraceutical
properties that can be enhanced with Se enrichment. In this sense, vegetables have great
potential for functional foods production when biofortified with Se (Puccinelli et al., 2017).
Rocket and lettuce are vegetables widely consumed in many parts of the world. Besides their
distinct ability to accumulate S/Se, they are foods rich in minerals such as iron and potassium,
flavonoids and vitamins A, C and E (Chun et al., 2017; Ramos et al., 2011; Wiesner-Reinhold
et al., 2017).

In this study, we compared the effect of Se and S treatments on growth and biochemical
responses between rocket and lettuce plants seeking to understand the basic mechanisms of

greater tolerance to Se of accumulators (rocket) versus non-accumulators (lettuce) plants.

2. Material and Methods
2.1. Plant materials and experiment designs

Seeds of two commercial varieties of rocket (Rocket I and Il) and lettuce (Bibb and
Parris) were obtained from Harris Seeds (Rochester, NY, United States) and used in this study.
Seeds were germinated in trays with soil mix (Metro-Mix 360, Sun Gro Horticulture) for 10

days in a greenhouse at 23-25°C with a 14-h light and 10-h dark photoperiod. The young
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seedlings were then transferred into a container with Hoagland solution (Hoagland and Arnon,
1938) for conditioning under constant aeration. After conditioning for 7 days, uniform seedlings
were transferred into 2.2 L black pots containing the Hoagland solution with five treatments
containing increased levels of selenate (Na2SeO4) and sulfate (MgSOs) in nutrient solution (O,
10/2, 20/2, 0/5 and 20/5 (UM Se/ mM S) and grown in the same greenhouse. The nutrient
solutions were changed twice every week. After 2 weeks of treatments, 60 plants (2 species x
2 varieties x 5 treatments x 3 biological repeats) were harvested individually and separated into
shoots and roots. After recording the fresh weight, the samples were either dried for mineral
analysis or immediately frozen in liquid nitrogen and stored at —80-C for RNA extraction and

enzyme activity analysis.

2.2. Total Se and S level analysis

The ionomics of rocket and lettuce leaf tissues containing a total 26 elements including
Se and S were determined using an inductively coupled plasma (ICP) trace analyzer emission
spectrometer (model ICAP 61E trace analyzer, Thermo Electron, San Jose, CA, United States)
essentially as described previously (Tian et al., 2017). Briefly, the dried tissues (approximately
100 mg) were weighed into borosilicate glass tubes, acid- digested in 2.0 mL of H3NOs with
2.0 mL of HCIO4 at 120°C for 1 h, and then at 220°C until HCIO4 fumes were observed. The
digested samples were solubilized with 20 mL of 18 MQ water before analysis. Three biological

replicates were analyzed.

2.3. ATPS and OASTL activity assays
ATP sulfurylase (ATPS, EC 2.7.7.4) activity was measured using molybdate dependent
formation of pyrophosphate as described by Lappartient and Touraine (2016). Samples (100

mg) were ground in a mortar at 4 °C with 20 mM Tris-HCI (pH8.0) containing 10 mM EDTA,
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2 mM DTT, and 0.01g/mL polyvinylpyrrolidone (PVP).The homogenate was centrifuged at
20,000 g for 10 min at 4 °C. The supernatant was used for ATPS assays. The reaction was
initiated by adding 0.1 mL of crude extract to 0.5 mL of the reaction mixture containing 7 mM
MgClk, 5 mM NaMoOs4, 2 mM NaATP, and 0.032 U/mL of sulfate-free inorganic
pyrophosphatase (Sigma) in 80 mM Tris-HC1 buffer (pH8.0). Another aliquot from the same
extract was added to the same reaction mixture without Na2MoQO4. The mixture was incubated
side by side at 37°C for 15 min, and phosphate was then determined colorimetrically. The
ATPS-dependent formation of pyrophosphate was determined from the difference between the
two measurements.

O-acetylserine(thiol)lyase (OASTL, EC 4.2.99.8) activity was measured according to
the method by Riemenschneider et al. (2005). Samples (100 mg) were ground in 1 mL of ice-
cold 20 mM Tris-HCI (pH8.0). The extract was then centrifuged at 13,000 g for 10 min at 4°C.
The reaction mixture contained a total volume of 1mL of 5 mM OAS, 5 mM NazS, 33.4 mM
DTT, 100 mM Tris-HCI (pH7.5) and 50 mL of the enzyme extract. The reaction was initiated
by adding Na>S and incubated for 30 min at 37°C. The reaction was then terminated by adding
1 mL of acidic ninhydrin reagent (0.8% ninhydrin [w/v] in 1:4 concentrated HCI:HOAC) to
determine Cys concentration. The samples were heated at 100°C for 10 min for color
development and then cooled on ice. The color complex was stabilized by adding 900 mL of

70% ethanol to 100 mL of the samples. Absorbance was determined at 560 nm.

2.4. Analysis of free amino acids

Levels of free amino acids were analyzed according to a method described previously
with some modifications Ramos et al. (2011). Free amino acids were extracted overnight from
freeze-dried tissues (25 mg) at 4°C in 50 mM HCI (20:1, v/w). The mixtures were centrifuged

at 12,000g for 15 min, and the extracted amino acids in the supernatants were tagged using the
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AccQ-Tag Ultra UPLC derivatization kit according to the manufacturer’s instruction (Waters).
Derivatized amino acids were analyzed on an Acquity UPLC system (Waters) using an
AccQ-Tag Ultra column (100 x 2.1 mm). Free amino acids were identified on the basis of
coelution with Pierce Amino Acid Standard H (Thermo Scientific). The total contents were
calculated on the basis of peak areas and calibration curves generated with commercial

standards.

2.5. Analysis of Se levels in proteins

Selenium in proteins was extracted and analyzed following the method as described by
Wau et al. (2014). Frozen fresh tissues (0.1 g) were ground into powder and extracted using 0.5
mL of cold (—20°C) trichloroacetic acid (TCA)/acetone (0.1 g mL ). The homogenized samples
were centrifuged at 12,000 g for 5 min at 4°C to collect the precipitated proteins. The
supernatant was discarded and the pellets were resuspended in 0.1 mL of cold TCA/acetone
(—20°C) followed by centrifugation again. This step was repeated one more time. The final
pellets were resuspended in 1.5 mL 1% SDS, and incubated between 60 and 70°C for 1-2 h. Se
levels in proteins were analyzed by ICP. The experiment was repeated with three biological

replicates for all samples.

2.6. Analysis of antioxidant enzyme activities

To quantify the activity of the antioxidant enzymes superoxide dismutase (SOD) and
ascorbate peroxidase (APX) in the leaves, the extract was obtained from liquid N> maceration
of 0.2 g of leaves and addition of the extraction buffer containing 100 mM KH2PO4 (pH 7.8),
0.1 mM ethylenediaminetetraacetic acid (EDTA), 0.01 M ascorbic acid and 10%

polyvinylpyrrolidone (PVPP) (Biemelt et al., 1998). The mixture was kept on ice for 10 min,



61

followed by centrifugation at 12,000 g for 10 min at 4°C. The supernatant was used immediately
for enzyme activity assays.

SOD (EC.1.15.1.1) activity was determined by the ability of the enzyme to inhibit the
photoreduction of nitrobluetetrazolium (NBT) (Giannopolitis and Ries, 1977). Thus, an aliquot
of the supernatant was added to the incubation medium composed of 50 mM potassium
phosphate (pH 7.8), 14 mM methionine, 0.1 uM EDTA, 75 uM NBT and 2 uM riboflavin. The
tubes with the reaction medium and samples were illuminated for 7 minutes with a 20 W
fluorescent lamp. For the control, the same reaction medium without illumination was
performed. The readings were carried out at 560 nm, and a unit of SOD corresponded to the
ability to inhibit 50% the NBT photoreduction.

APX (EC 1.11.1.11) activity was determined by monitoring the oxidation rate of
ascorbate. First, an aliquot of the enzyme extract was added to the incubation buffer, composed
of 100 mM potassium phosphate (pH 7.0) and 0.5 mM ascorbic acid, previously incubated at
30 °C (Nakano and Asada, 1981). The reaction was initiated by adding 0.1 mM hydrogen
peroxide (H20z), and the decrease in absorbance at 290 nm for 3 minutes was recorded. The

enzyme activity was calculated using the extinction coefficient of 2.8 mM~! cm™.

2.7. Determination of non-enzymatic antioxidants

Glutathione (GSH) was determined by the method described previously Rahman et al.
(2007). Briefly, leaves tissues (150 mg) were homogenized in 5ml 5% (v/v) TCA and
immediately centrifuged at 11,000 rpm for 20 min at 4°C. Then 0.1 ml supernatant was mixed
with 0.9 ml 150 mM phosphate buffer (pH 7.8), 2ml 1 mM 5,5’-dithiobis-2-nitrobenzoic acid
(DNTB) thoroughly. The reaction was terminated after 10 min and the absorbance was analyzed

at 412 nm. Standard curve was used to calculate the GSH concentration.
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Non-protein thilols (NPT) content was measured following the method of Ellman
(1959). Shoot material (700 mg) was homogenized in 3 ml of 6.67% 50-sulfosalicylic acid and
centrifuged at 13,000 g for 10 min at 4°C. NPT content was measured in the supernatant by
diluting it with Ellman reagent (1:9) (containing 5 mM EDTA, 0.6 mM DTNB in 120 mM
phosphate buffer; pH 7.5). After 15 min, absorbance was recorded at 412 nm. NPT content was

calculated using GSH as standard.

2.8. Statistical analysis
The dates were submitted to variance analysis (p<0.05) and the mean values were

compared by the Scott-Knott test, using the statistical software R 3.2.3 (R Core Team, 2018).

3. Results

3.1. Effect of Se and S treatments on plant growth

Se treatments affect biomass production in plants but this response is quite different
between accumulators and non-accumulators. To examine rocket and lettuce growth response
to different Se and S treatments, two cultivars for each species were grown in Hoagland nutrient
solution and treated with increased levels of Na2SeO4 and MgSO4. As shown in Figure 1A and
1B, the biomass production of both species varied in response to Se and S treatments. Rocket
plants increased the shoot biomass production when treated with up to 20 UM Se. However,
there was great reduction in growth for the same Se dose (20 uM) when 5 mM S was added in
nutrient solution (Figure 1A). Lettuce plants increased biomass production up to 10 uM Se, and
higher Se levels in nutrient solution was associated with a decline in shoot biomass (Figure 1B).
These results evidenced a higher tolerance of rocket plants to higher Se levels in growth solution

than lettuce plants.

3.2. Se and S concentration in response to Se and S treatments
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Selenium/sulfur accumulators and non-accumulators have different capacities to
accumulate Se and S in tissues. As expected, rocket plants showed over 3.5-fold more S
concentration compared to lettuce (Figure 2A and 2B). The S concentration in shoots of both
species was enhanced with increased level of Se application. Over 2-fold increase in total S
concentration was observed with the addition of 20 uM Se for the two species in comparison
with the control. Additional S supplement significantly increased Rocket Il S contents but
caused no significant changes in the other rocket variety and in lettuce, indicating genotypic
variation in rocket varieties and a saturated S concentration in the nutrition solution for lettuce.

The total Se concentration in shoots of both species increased with increased Se doses
(Figure 2C and 2D). Noticeably, the two species present a great difference in the Se
accumulation capacity, with the rocket accumulating 3-fold more Se than lettuce when treated
with the same Se doses. However, when S was applied at higher levels in nutrient solution,
there were dramatic reductions of the total Se concentration for both species. Furthermore, in
presence of high S treatments lettuce reduced the Se concentration by 6-fold while the rocket
reduced only 3-fold. The Se/S ratio consequently reflected the same trend for both species
(Figure 2E and 2F). The highest Se/S ratio was observed with application of 20 uM Se, with

significant reduction when high S levels were added in nutrient solution.

3.3. Effect of Se and S treatments on key enzyme activities of S assimilation

Selenium can affect S metabolism in plants since it shares S uptake, translocation and
assimilation pathways (White, 2018). To investigate differences in S assimilation between
rocket and lettuce plants under Se and S treatments in nutrient solution, the key enzyme activity
of S assimilation was examined. As shown in Figure 3A and 3B, ATPS activity showed varied
responses to Se treatments between the rocket cultivars. Rocket | showed significantly reduced
ATPS activity with increasing Se doses, while Rocket 1l exhibited increased activity at 20 uM

Se (Figure 3A). The enzyme activity was enhanced in Rocket | when higher S levels were added
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and when combined with 20 uM Se. The results indicate great genotype variation. For lettuce
plants, ATPS activity remained similar when treated with increased doses of Se for both
cultivars (Figure 3B). Much higher ATPS activity were observed when treated with only higher
S levels, but the presence of Se treatments significantly reduced ATPS activity.

OASTL activity for Rocket I was higher in treatments with addition of 10 uM Se and 5
mM S. On the other side, the Rocket Il increased OASTL activity with increasing Se doses and
when combined with high S levels in nutrient solution (Figure 3C). For lettuce plants, the
application of 10 uM Se and the combination of 20 UM Se and 5 mM S enhanced the enzyme
activity for Bibb cultivar. The Parris cultivar was not affected by Se and S treatments (Figure

3D).

3.4. Effect of Se and S treatments on total free amino acids concentration

Selenium and S treatments affected the total amino acids concentration more in lettuce
than rocket (Figure 4A and 4B). With application of higher S levels and when combined with
20 uM Se, the Rocket | cultivar enhanced the total amino acid content. However, the Rocket 11
not was affected by Se and S treatments (Figure 4A). The amino acids accumulation in lettuce
plants were reduced with addition of 20 uM Se as well as with the combination of high Se and

S levels in nutrient solution, except Parris cultivar which increased with 10 uM Se (Figure 4B).

3.5. Effect of Se and S treatments on Se in proteins

The non-specific integration of the selenoamino acid selenocysteine (SeCys) and
selenomethionine (SeMet) into proteins is believed to be the major contributor of Se toxicity in
plants and the Se accumulators have the ability to synthesize non-proteinogenic amino acids to
avoid the accumulation of SeCys/SeMet to cause toxicity (Sors et al., 2005). Thus, we examined

the capacity of Se accumulation in proteins in rocket and lettuce plants in response to different
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Se and S treatments. Under the same Se dose, rocket showed 4.5-fold more Se accumulation in
proteins than lettuce (Figure 5A and 5B). This result is unexpected and suggests that rocket

plants can tolerate higher levels of selenoamino acids in proteins than lettuce for Se toxicity.

3.6. Effect of Se and S treatments on antioxidant enzyme activity

The main benefit of Se in plant growth is believed to be its action on the antioxidant
system against oxidative stress (Rios et al., 2008). We examined the APX and SOD enzymes
activity to evaluate the influence of Se and S treatments on antioxidant defense system.
Different responses were observed for cultivars of both species when exposed to various levels
of Se and S treatments (Figure 6). Noticeably, Rocket showed 6-fold more APX activity than
lettuce (Figure 6A and 6B), while no great difference between the two species was observed

for SOD activity (Figure 6C and 6D).

3.7. Effect of Se and S treatments on non-enzymatic antioxidants

Glutathione (GSH) and non-protein thiols (NPT) are important thiols compounds that
can scavenge ROS and alleviate oxidative stress damage (Hasanuzzaman et al., 2017). To
further examine the basis underlying higher tolerance of rocket to Se than lettuce, we examined
the non-enzymatic antioxidant production. As shown in Figure 7A and 7B, rocket have about
5-fold more GSH than lettuce. The rocket and lettuce cultivar showed different response to Se
and S treatments (Figure 7A). While Rocket | decreased GSH content, the Rocket 1 increased
with the addition of 20 uM Se in nutrition solution. However, both rocket cultivar and Bibb
lettuce cultivar decreased GSH production when grown under high Se and S levels (Figure 7B).
The Parris lettuce cultivar was not significantly affected by Se and S treatments.

Notably the NPT content also differs dramatically between the two species, with rocket

having 5-fold more NPT than lettuce (Figure 7C and 7D). The rocket decreased NPT content
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with increased Se doses and when combined with high S levels in growth solution (Figure 7C).
But in the absence of Se supplementation, high S levels increased the NPT content with values
similar to the control. Lettuce cultivars showed differential response to Se and S treatments for
NPT content (Figure 7D). The cultivar Bibb tended increased with combination of high S and
Se levels, while the Parris reduced. Taken together, these results suggest that higher GSH and

NPT content may partly explain the higher Se tolerance of rocket than lettuce.

4. Discussion

Plants biofortification with Se is an important strategy to mitigate the nutritional Se-
deficiency in human health. However, plants have different capacities to accumulate Se in
tissues, their uptake and assimilation may also be affected by other elements in the growth
medium, such as S. In this study, we evaluated the differences in growth, nutrition, and
metabolism of two rocket and lettuce cultivars in response to different Se and S treatments in
nutrient solution to understand the differentially mechanism to Se tolerance between
accumulators and non-accumulators plants.

The benefit effects of Se on plant growth is directly related to its concentration in the
growth medium and Se accumulative capacity by plants (Pilon-Smits et al., 2017). Our results
showed that both species responded positively to Se supplement (Figure 1A and B). But
significant differences in biomass production were observed as a function the Se treatments
between the two species. Rocket showed higher tolerance with better growth than lettuce when
they were exposed to 20 UM Se treatment.

Total S concentration was increased with the Se treatments. In general, application up
to 20 uM Se more than doubled the S content in both species (Figure 2A and 2B). The
synergistic interaction between Se and S observed in the present study is consistent with

previously reported studies with rocket, Arabidopsis, lettuce and wheat (Boldrin et al., 2016;
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Dall’Acqua et al., 2019; Ramos et al., 2011; White et al., 2004). As selenate is uptaken through
sulfate transporters, it is suggested that low selenate levels increase the expression of high
affinity sulfate transporters by mimicking S deficiency to stimulate S uptake (Boldrin et al.,
2016).

The large difference in total Se/S content observed between rocket and lettuce plants
reflects their distinct ability to accumulate Se/S. Se concentration in rocket was 3-fold higher
than lettuce (Figure 2C and 2D). A dramatic reduction in Se content with high S dose in growth
solution was observed for both species. We also observed that the magnitude of S inhibition on
Se uptake was 2-fold higher in lettuce than rocket. This result is partially explained by
antagonistic effect imposed by S on Se uptake as a result of selenate competition by S
transporters and assimilation pathway in plants (Cabannes et al., 2011; Schiavon et al., 2015;
White et al., 2004).

ATPS is the metabolic entry point into the S assimilation pathway, which catalyzes the
formation of adenosine phosphosulfate from ATP and sulfate. The final step of S assimilation
is catalyzed by OASTL to form Cys from OAS and H.S (Gigolashvili and Kopriva, 2014).
Rocket and lettuce plants presented different responses between cultivars and to Se and S
treatments for ATPS and OASTL activity, but in general no dramatic differences between
species and in response to Se and S treatment were observed for the activity of these enzymes
(Figure 3A and 3B).

Amino acid content is an important parameter of plant nutritional quality. In the present
study, we can see that treatments with Se and S appeared to affect lettuce plants more
consistently than rocket (Figure 4A and 4B). In addition, genotype variation in response to Se
treatment was observed. The result of the present study is in contrast to that observed by Ramos

et al. (2011) who found no dramatic differences in Se-treated lettuce plants.
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Non-specific integration of acids SeCys and SeMet in proteins leads to damage
structure and function of protein, which is believed as a major cause of Se toxicity in plants
(Terry et al., 2000; Tian et al., 2017). Our results showed that rocket have higher Se
accumulation capacity in proteins than lettuce, which indicates a great tolerance of rocket to
selenoamino acids SeCys and SeMet in proteins than lettuce (Figure 5A and 5B).

To protect against oxidative damage, plants have a sophisticated and complex
antioxidant system involving enzymes and non-enzymatic antioxidant. APX and SOD are
important antioxidant system enzymes that catalyze the conversion of anion superoxides to
H20; and O, (Czarnocka and Karpinski, 2018). Here, we show that both species increased APX
and SOD activity at different Se and S levels in the growth solution (Figure 6A and 6B). In
addition, rocket showed higher APX activity than lettuce under Se and S treatments, which
might provide higher Se tolerance (Figure 6). The increased in APX activity in rocket plants
might be associated with higher GSH concentration, since APX is an integral component of the
Ascorbate-Glutathione cycle (AsA-GSH) which promotes hydrogen peroxide decomposition
(Sharma et al., 2012). Furthermore, previous studies have demonstrated that Se and S can
stimulate the antioxidant enzymes activity protecting plants against abiotic stress (Ramos et al.,
2011; Rios et al., 2008; Zhang et al., 2010).

The greater capacity of rocket to tolerate higher Se levels than lettuce plants is most
likely associated with an efficient antioxidant defense mechanism. Rocket plants presented
GSH and NPT accumulation fivefold more than lettuce plants, suggesting that the non-
enzymatic antioxidants play a greater role in the Se tolerance (Figure 7A and 7B). Previous
results indicate that non-enzymatic antioxidants action like GSH and NPT are crucial to
antioxidant system of plants against various abiotic stresses, especially against metal toxicity
(Luo et al. 2011; Zagorchev et al., 2013; Zhang et al., 2013; Zeng et al., 2011). GSH is the

major thiol compound responsible for maintenance of cellular redox homeostasis, as well as is
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part of the AsA-GSH cycle, which eliminates H-O2 (Noctor et al., 2002; Hasanuzzaman et al.
2017). In addition, NPT, such as phytochelatins, act in the sequestration and homeostasis of
different metals as the main detoxification strategy in plant cells through chelation and

subsequent vacuolar compartmentalization (Zheng et al., 2011, Zagorchev et al., 2013).

5. Conclusions

In conclusion, our data showed that rocket has higher tolerance to Se treatment than
lettuce, which might be due to higher redox capacity, demonstrated by the greater APX activity
and higher GSH and NPT concentration. In addition, our data also showed that much higher
levels of Se in proteins were observed in rocket than lettuce, indicating that Se accumulators
might have higher tolerance to selenoamino acids in proteins, which presumably affect the

normal function of enzymes and proteins.
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Figure 1. Shoot biomass of two cultivars of rocket (A) and lettuce (B) subjected to different
Se/S treatments. Data represent means from three independent biological replicates. Bars
indicate standard error. Different letters above the columns indicate significant differences at p

< 0.05 by Scott-Knot test.
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Figure 2. Total S (A and B) and Se (C and D) concentration and Se/S ratio (E and F) of two
cultivars of rocket and lettuce subjected to different Se/S treatments. Data represents means
three independent biological replicates. Bars indicate standard error. Different letters above the

columns indicate significant differences at p < 0.05 by Scott-Knot test.
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of two cultivars of rocket and lettuce subjected to different Se/S treatments. Data represents
means from three independent biological replicates. Bars indicate standard error. Different

letters above the columns indicate significant differences at p < 0.05 by Scott-Knot test.
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Figure 4. Total amino acids content of two cultivars of rocket (A) and lettuce (B) subjected to

different Se/S treatments. Data represents means from three independent biological replicates.

Bars indicate standard error. Different letters above the columns indicate significant differences

at p < 0.05 by Scott-Knot test.
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Se/S treatments. Data represents means from three independent biological replicates. Bars
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Figure 6. Ascorbate peroxidase — APX (A and B) and superoxide dismutase — SOD (C and D)

of two cultivars of rocket and lettuce subjected to different Se/S treatments. Data represents

means from three independent biological replicates. Bars indicate standard error. Different

letters above the columns indicate significant differences at p < 0.05 by Scott-Knot test.
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Figure 7. Glutathione — GSH (A and B) and non-protein thiols — NPT (C and D) of two cultivars
of rocket and lettuce subjected to different Se/S treatments. Data represents means from three
independent biological replicates. Bars indicate standard error. Different letters above the

columns indicate significant differences at p < 0.05 by Scott-Knot test.



