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AGRONOMIC BIOFORTIFICATION OF BROCCOLI WITH SELENIUM 
 

ABSTRACT - The increase in the selenium (Se) content in plants via 
fertilization has been adopted in biofortification programs aimed at reducing important 
nutritional deficiencies in human food, since this micronutrient can contribute to the 
lower incidence of a range of diseases, including cancer, hyperthyroidism, and heart 
disease. Se is considered an essential micronutrient for humans and animals, 
however, its essentiality has not yet been considered for plants, although research 
shows that it plays a beneficial role in plants, especially when they are under biotic 
and/or abiotic stresses conditions. In this context, this study aimed to investigate the 
agronomic biofortification of broccoli with Se, and the effect of Se on growth, nutritional 
status, physiology, and production of broccoli plants, besides the effects of two 
cooking methods (boiled and steamed) on Se content. Five Se concentrations (0, 5, 
10, 20, and 40 µM) were applied as sodium selenate in two phenological growth stages 
of broccoli (Experiment I - seven days after transplanting the seedlings; Experiment II 
– at the beginning of floret development). Broccoli plants exposed to 40 µM of Se for 
84 days (Experiment I) exhibited a decrease of 20.04% in the florets’ dry biomass. In 
experiment II, the application of 20 µM of Se led to an increase of 47.71% in the floret’s 
fresh biomass when compared to untreated plants. Broccoli plants achieved the 
highest productivity at 20 μM of Se. The results revealed that regardless of the Se 
application time, Se content in the leaf and florets increased linearly in response to Se 
concentrations, showing to be an effective agricultural management to biofortify 
broccoli plants and reduce widespread Se malnutrition. The cooking process had a 
negative effect on broccoli quality since boiling and steaming promoted Se losses. 
Boiling caused a decrease of 39 and 40% whilst steaming reduced 13 and 17 % of 
florets Se content in biofortified broccoli plants treated with 20 μM of Se, in 
experiments I and II, respectively.   

.  
 
Keywords: Brassica oleracea var. italica, biofortified food, cooking process, mineral 
nutrition, sodium selenate. 
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SELÊNIO NA BIOFORTIFICAÇÃO AGRONÔMICA DE BRÓCOLIS 
 

RESUMO - O aumento do teor de selênio (Se) nas plantas via fertilização tem 
sido adotado em programas de biofortificação que visam reduzir importantes 
deficiências nutricionais na alimentação humana, uma vez que, este micronutriente 
pode contribuir para a menor incidência de uma série de doenças, incluindo câncer, 
hipertireoidismo e doenças cardíacas. O Se é considerado um micronutriente 
essencial para humanos e animais, porém, sua essencialidade ainda não foi 
considerada para as plantas, embora pesquisas mostrem que ele desempenha um 
papel benéfico nas plantas, principalmente quando estas estão sob condições de 
estresse biótico e / ou abiótico. Neste contexto, este estudo teve como objetivo 
investigar a biofortificação agronômica do brócolis com Se, e o efeito do Se no 
crescimento, estado nutricional, fisiologia e produção de plantas de brócolis, além dos 
efeitos de dois métodos de cozimento (cozido na água e cozido no vapor) sobre o teor 
de Se. Cinco concentrações de Se (0, 5, 10, 20 e 40 µM) foram aplicadas por meio 
de selenato de sódio, em dois estádios fenológicos do brócolis (Experimento I - sete 
dias após o transplante das mudas; Experimento II - no início do desenvolvimento dos 
floretes). Plantas de brócolis expostas a 40 µM de Se por 84 dias (Experimento I) 
apresentaram redução de 20,04% na massa seca dos floretes. No experimento II, a 
aplicação de 20 µM de Se ocasionou um aumento de 47,71% na massa fresca dos 
floretes em relação às plantas não tratadas. Máxima produtividade de brócolis foi 
obtida com a aplicação de 20 μM de Se. Os resultados revelaram que independente 
da época de aplicação do Se, houve um aumento linear do teor de Se nas folhas e 
floretes em resposta às concentrações de Se na solução nutritiva, mostrando ser um 
manejo agrícola eficaz para biofortificar plantas de brócolis e reduzir a desnutrição 
generalizada desse elemento. O processo de cocção teve efeito negativo na 
qualidade do brócolis, uma vez que, os métodos de cozimento na água e a vapor 
promoveram perdas de Se. O cozimento na água ocasionou um decréscimo de 39 e 
40%, enquanto o cozimento a vapor reduziu em 13 e 17% o teor de Se nos floretes 
de plantas de brócolis biofortificadas com 20 μM de Se, nos experimentos I e II, 
respectivamente. 
 
 
Palavras-chave: Brassica oleracea var. italica, alimento biofortificado, processos de 
cocção, nutrição mineral, selenato de sódio. 
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1. INTRODUCTION 

 

 

Food security has been the main concern on this planet for the last few 

decades, however, currently, countries are also turning their attention to nutrition 

security, which means providing nutrient-rich foods and beverages for all the 

population. Poor nutrition can lead to a “hidden hunger” and cause several diet-related 

diseases since micronutrients and vitamins are essential for human development. 

Therefore, developing strategies, such as biofortification of foods is an excellent 

strategy to improve the content of these elements in foods, promote a healthy diet, 

and mitigate malnutrition around the world. (Lal et al., 2020). 

Selenium (Se) is an essential micronutrient for humans and animals, it is part 

of about twenty-five selenoproteins that participate in several physiological and 

biochemical processes (Schiavon et al., 2020). A diet deficient in this micronutrient 

can cause great harm to health. Several diseases are associated with Se deficiency, 

including osteochondropathy, poor immune function, cardiovascular disease, cancer, 

liver disease, and hyperthyroidism (Michalke, 2018; Natasha et al., 2018; Newman et 

al., 2019), however, the level between beneficial and toxic contents are narrow. Daily 

intake should not exceed 400 µg (Liu et al., 2021), since high Se intake can be toxic 

and causes hair and nail losses, liver injury, and damage to the central nervous system 

and gastrointestinal tract. (Reis et al., 2020; Loomba et al., 2020). 

Populations residing in regions with low levels of Se in the soil may suffer from 

disturbances caused by its deficiency since Se is incorporated into human nutrition 

mainly via agricultural products. According to the World Health Organization (WHO), 

the recommended daily intake of Se is 55μg/day for healthy adults (Wesselink et al., 

2019; USDA – ARS 2012; WHO 2009), however, it is observed that about 15% of the 

world's population are deficient in this mineral (Zhou et al., 2020), with the vast majority 

in underdeveloped countries. This occurs due to the food restriction resulting from 

scarce financial resources in these regions that make it almost impossible to have a 

diversified daily diet, which includes the consumption of vegetables, fruits, cereals, 

and animal protein that guarantee an adequate nutrient intake (Fairweather et al., 

2011). Thus, for the reduction of these indices, techniques such as food biofortification 

have been increasingly used. 
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Plant biofortification is a viable and efficient means of providing micronutrients 

to populations that have limited access to a diversified diet. Since 2003, HarvestPlus 

and its partners have demonstrated that biofortification is a promising tool in improving 

global nutrition. Through its use, it is possible to insert and enrich agricultural products 

with micronutrients, vitamins, and minerals (Bouis and Saltzman, 2018). 

This process can be carried out through agronomic biofortification, in which 

occurs soil and foliar application of fertilizers containing the desired mineral or through 

genetic biofortification, in which plant improvement is carried out to develop cultivars 

with the ability to accumulate higher levels of the desired mineral, which can be 

realized by conventional genetic improvement methods and/or 

transgenic/biotechnology methods (Lidon, 2018). 

Agronomic biofortification is an efficient, sustainable, and low-cost technique 

used to combat nutritional deficiency in developed and underdeveloped countries to 

satisfactorily guarantee that a greater number of people have access to biofortified 

foods, reducing health problems related to nutrient deficiencies (Reis et al., 2013; Ávila 

et al., 2014; Alfthan et al., 2015).  

Alongside the positive effect on human health, numerous studies have shown 

that Se is also important in plant development. When present in adequate levels, Se 

acts beneficially on the growth and tolerance of plants to biotic and abiotic stresses, 

positively influencing biochemical and physiological processes of great importance for 

plant development, quality, and productivity (Mengel et al., 2001; Silva et al., 2018). 

Several aspects from the food production system to cooking methods can 

influence the Se content in the edible parts of food crops. At home, most foods are 

usually processed before being consumed, having as objective improve taste and 

palatability, however, these processes can lead to major changes in the chemical 

composition, thereby affecting the content and bioavailability of bioactive compounds 

in foods.  

Due to the importance of agronomic biofortification of plants with Se and the 

lack of information on the effect of cooking process on Se content, this study aimed to 

better understand the effect of Se on the growth, physiology, nutritional status, 

productivity, and quality of broccoli plants biofortified with Se. 
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2 LITERATURE REVIEW 

 

 

2.1 The culture of broccoli 

Broccoli (Brassica oleracea var. itálica) is an annual herbaceous plant, with an 

erect stem, pivoting root system, with large, simple, alternating, and spiral ordering 

leaves (Trevisan, 2013). 

Broccoli plants are allogamous and have a sporophytic self-incompatibility 

system. The crop presents a less compact central inflorescence, with color that can 

vary from green to bluish, emitting numerous shoots in the leaf axils, which end in 

imperfect flower heads. The plant has floral apexes consisting of buds with yellow 

petals, separated into four. Stamens are distributed into six long segments. The pistil 

is elongated with a spherical stigma and the fruit is a silique with an elongated shape 

(Embrapa, 2015). 

Broccoli has multiple inflorescences (branch) and single inflorescence 

(popularly known as ninja broccoli or head broccoli) varieties. Cultivars that fall into 

the branching group have lateral shoots and are characterized by having multiple 

inflorescences of reduced size and coarse-graining. It is possible to harvest the 

inflorescences several times throughout its cycle. Its commercialization is carried out 

through the joining of several stalks forming bundles. Single inflorescence cultivars 

are characterized by the formation of a central inflorescence with fine grain and large 

dimensions. The harvest is carried out only once and its commercialization can be 

carried out through the entire inflorescence in its natural form or industrially processed 

in the form of frozen florets (Filgueira, 2013). The cultivars that fit into the single 

inflorescence group have been gaining prominence in the Brazilian market (Velho and 

Dal Magro, 2015), especially due to the great development of the frozen food market. 

Broccoli is characterized by its high nutritional value, being rich in nutrients such 

as calcium (Ca), vitamins A and B2, iron (Fe), Se, and fiber (Cecílio Filho et al., 2012). 

Furthermore, it, like other brassicas, belongs to the group of Se accumulators, that is, 

it can accumulate expressive Se contents when cultivated in a medium containing the 

element. In addition, among the Brassicaceae, broccoli is currently one of the most 

valued crops for having high levels of glucosinolates, a group of compounds highly 
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beneficial to human health, being scientifically recognized for having anti-cancer 

properties (Sarvan et al., 2018).  

 

2.2 Selenium plant-soil 

Plants are the main sources of nutrients for humans and animals, however, due 

to the mineral imbalance existing in soils around the world, many of these foods do 

not have adequate levels of essential elements, such Se (Preciado-Rangel et al., 

2021). While some regions exhibited Se deficiency, others have excessive amounts 

causing Se poisoning problems (El-Ramady et al., 2020).  

The concentration of Se in the soil is usually between 0.01 and 2.0 mg kg-1, 

whereas soils considered to be seleniferous usually contain more than 5 mg kg-1 (Saha 

et al., 2017), which demonstrates its great variability. This variation can be related to 

several factors, such as the parent materials of the soil, atmospheric deposition of 

volcanic plumes, anthropogenic sources (irrigation, fertilizer use, farmyard manure 

applications, waste incineration, among others (Liu et al., 2021; Reynolds and Pilon-

Smits, 2018). 

The accumulation of Se by plants depends not only on the total Se content in 

the soil but also on its availability (Wang et al., 2019a, 2019b). The availability can be 

affected by several factors, including soil physicochemical properties, such as pH, 

organic matter (OM) content, Fe/Al oxides content, and soil mineral composition (Xue 

et al., 2020). According to Xiao et al. (2020) and Ghosh and Singh (2005), as soil pH 

decreases, there is also a decrease in Se availability. In the case of OM, its content 

and composition play a decisive role in the binding speciation with Se, thus resulting 

in an increase or decrease in the availability of Se in the soil. Fe/Al oxides and minerals 

have a strong adsorption capacity and large surface area, which make them have an 

important piece in the adsorption and fixation of Se in the soil (Muller et al., 2012), 

directly affecting its availability. For all these reasons, many parts of the world, such 

as the United Kingdom, Finland, New Zealand, and especially China, are Se deficient 

(Xu et al., 2012) while other countries like Ireland, India, and the USA have 

seleniferous soils (Saha et al., 2017). 

Plant species have different abilities to accumulate Se in their biomass. Plants 

can be divided into three classes: sensitive to Se (they cannot tolerate concentrations 

greater than 10 mg kg-1 of dry biomass (DW), Se indicators (can tolerate Se 

concentrations between 100-1000 mg kg-1 DW), and Se accumulators (tolerate 
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concentrations > 1000 mg kg-1 DW) (Sarwar et al., 2020) such as garlic (Allium 

sativum L.), onion (Allium cepa L.) and broccoli (Brassica oleracea L.) 

(Hasanuzzaman et al., 2010). Only a few organisms can uptake high amounts of Se 

without negative biological consequences. Se hyperaccumulators can tolerate high 

concentrations because they are able to accumulate, immobilize, transform, and 

volatilize high concentrations of Se (Amos et al., 2012). Thus, establishing adequate 

doses to be used in agronomic biofortification programs becomes extremely important, 

since Se can be considered a beneficial or toxic element, depending on the 

concentration present in the culture medium and the plant species in question 

(Natasha et al., 2018). 

 

2.3 Se transport in plants 

The sources of Se exhibit considerable differences concerning absorption, 

translocation, and metabolism by plants, making agronomic biofortification programs 

aim to develop research to better understand the behavior of each source for the 

proper establishment of doses and times of application. The main sources studied by 

biofortification programs are sodium selenate and sodium selenite.  

According to Pyrzynska (2009) selenite is transported by a symplastic 

mechanism while selenate is transported by the apoplastic mechanism. The 

translocation of sodium selenate from the root system to the aerial part is easily 

accomplished. Its absorption occurs directly by sulfate transporters and this source is 

translocated especially in inorganic form (Longchamp et al., 2015). Selenate is more 

easily absorbed by plants since it is weakly adsorbed to the solid phase by electrostatic 

traction. Most plants involuntarily absorb selenate because it is similar to sulfate and 

then it is metabolized via the sulfur (S) assimilation pathway in the chloroplast (Terry 

et al., 2000). 

Most of selenium's harmful effects are due to its chemical similarity to S. As 

most enzymes have a comparable affinity for S and Se, Se is also metabolized via the 

S assimilation pathway. When excess Se is available, excess selenoamino acids are 

synthesized and then erroneously incorporated into non-selenoproteins with toxic 

consequences (Amos et al., 2012). 

The transport of selenite is carried out by phosphate transporters, considered 

to be less efficient and, thus, tends to present a greater accumulation in the roots, due 

to the difficulty of translocation within the plant (Ríos et al., 2008; Malagoli et al., 2015). 
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Selenite is a source easily converted into selenoamino acids in the roots (Souza et al., 

1998; Zayed et al., 1998) and translocated to the aerial part in organic form, this form 

is quickly incorporated into proteins in substitution for S, being able of causing a toxic 

effect on the plant, even when applied in low concentrations (Hopper and Parker, 

1999; Galinha et al., 2015). Selenite has a high affinity with Fe and Al 

oxides/hydroxides, clay minerals, and MO, so that, in the presence of any of these 

factors, its bioavailability is reduced (Yang et al., 2021). 

According to Terry et al. (2000), Se is first transported to leaves before 

accumulating in seeds or fruits in accumulating plants, whereas, in non-accumulating 

plants, the accumulation is the same in roots, seeds, or grains. 

 

2.4 Selenium and its toxicity to plants 

High levels of Se can lead to symptoms of toxicity, influencing negatively in 

biochemical and physiological processes, causing reductions in the development, 

quality, and productivity of the plant (Hasanuzzaman et al., 2020). Se toxicity is the 

result of excess accumulation in plant cells and competition between Se and S due to 

their similarity in chemical structure, which can result in the addition of Se to structural 

components or participation in biochemical reactions, which can negatively affect plant 

development. The Se uptake/transport pathways are like those adopted by sulfate, as 

a result, S may eventually be replaced by Se at the cellular level to synthesize 

meaningful macromolecules, which include, specific structural and functional proteins, 

potentially toxic non-specific proteins, and other seleno-compounds. Toxic 

compounds and non-specific proteins can cause severe cell toxicity, through the 

alteration of the function and structure of important biomolecules (proteins and 

enzymes) and/or through the production of ROS (Sarwar et al., 2020). High 

concentrations of Se can result in growth alterations, leaf chlorosis, branch dwarfism, 

necrosis, wilt, and dryness. In some plant species, Se toxicity is also related to the 

increased accumulation of anthocyanins in leaves. Se can result in plant toxicity due 

to the substitution of the amino acids cysteine and methionine by selenomethionine 

(SeMet) and selenomethylcysteine (SeMeSeCys) in proteins, which can destroy 

protein functions and lead to Se poisoning (Reynolds et al., 2020). Another mechanism 

of Se toxicity to plants is oxidative stress caused by inorganic selenate and selenite 

(Van Hoewyk, 2013), also it is believed that Se can cause a dysfunction in 
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photosynthesis which results in increased reactive oxygen species (ROS) 

accumulation and oxidative stress (Hasanuzzaman et al., 2020).  

Research has shown that Se can interact with minerals, affecting plant 

metabolism. The presence of high levels of Se can result in a lack of macronutrients 

and micronutrient uptake, which are essential for the maintenance of vital processes 

for the plant (Hawrylak-Nowak, 2008). This occurs, because Se ions interact with 

nutrients in plant tissues, resulting in the alteration of important physiological 

processes regulated by these nutrients. These interactions will depend on the 

concentrations of Se in the cultivation medium, which may cause antagonistic and/or 

synergistic effects (Hawrylak-Nowak, 2008). According to Nawaz et al. (2015), the 

permeability coefficient of some ions in biomembranes can be affected by the 

presence of Se, thus affecting its transport. 

Researches demonstrate that the toxicity of Se depends on the age of the plant 

and the Se chemical form. For example, seedlings are more sensitive than mature 

plants and selenite (SeO3
2-) is much more toxic than selenate (SeO4

2-) 

(Hasanuzzaman et al., 2020). 

 

2.5 Selenium beneficial effects in plants 

When present in adequate levels in the plant, Se acts beneficially on the growth, 

development, and tolerance to biotic and abiotic stresses (Li et al., 2020, Alves et al., 

2020). Studies have shown that the application of Se increases plant protection 

against oxidative damage since it raises the activity of antioxidant defense systems 

(SOD, APX, CAT, GSH-Px, among others.), which helps in the elimination of ROS and 

lipid peroxides, improving the resistance of plants to stress and aging (Andrade et al., 

2018; Sarwar et al., 2020; Yang et al., 2021). Besides that, Se improves crop quality 

and productivity, since Porphyrin biosynthesis can be regulated by its presence. 

Porphyrin is related to the formation of chlorophyll, so the addition of Se can promote 

the formation of this photosynthetic pigment (Lidon et al., 2018), increasing the 

photosynthetic activity of plants which reflects in an increase in the growth and 

production of biomass (Sharma et al., 2017).  

According to Gargouri et al. (2013), Se can increase the activity of nitrate 

reductase, increasing protein synthesis (Sager, 2006). Possibly Se is directly involved 

in protein synthesis through Se-amino acids such as Se2Cys and Se2Met, increasing 

the plasma content in plants (Yang et al., 2021).  
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3. MATERIAL AND METHODS 

 

 
3.1 Experimental site 

Two experiments were carried out in a greenhouse at São Paulo State 

University (UNESP), campus of Jaboticabal, São Paulo, Brazil, (21°15'22” S, 

48°18'58” W and 575 m above sea level) using the hydroponic system NFT (Nutrient 

Film Technique). The mean minimum, mean maximum, and average temperature 

during the experimental period were 20 °C, 42.4 °C, and 34.8 °C, respectively. 

 

3.2 Experimental design and treatments 

The experiments differed in terms of Se application timing. In experiment I, Se 

was applied seven days after transferring the seedlings to the definitive channels while 

in experiment II it was applied at the beginning of the florets development. 

The experiments were designed in a complete randomized block with four 

replications. The treatments consisted of five concentrations of Se (0, 5, 10, 20, and 

40 µmol L-1) applied as sodium selenate via nutritive solution. The experimental unit 

in both experiments consisted of five broccoli plants grown in 2.0 m long and 0.20 m 

diameter PVC channel, a tank of 150 L, and a submerged pump (model Power Head 

CX-300) with a flow rate of 1000 L h-1, used for circulating the nutrient solution. The 

useful area was represented by the three central broccoli plants; a plant at each end 

was not considered to obtain data. 

 

3.3 Experimental setup 

The pump activation was controlled through a timer. The circulation started at 

6:30 am and ended at 7:00 pm uninterrupted. The complete nutrient solution 

recommended by Hoagland and Arnon (1950) was used, but with changes in the 

concentrations of N, K, and Ca to 170, 211, and 150 mg L-1, respectively.  

The Hybrid broccoli 'Avenger' (Sakata®) was seeded in a 5 × 5 × 3 cm phenolic 

foam block. The phenolic foams were irrigated with water and kept in a greenhouse 

during the germination period. When the seedlings presented expanded cotyledons, 

they were transferred to the initial growth PVC channels (5 cm in diameter) in a NFT 

hydroponic system, receiving during this period a complete nutrient solution 

recommended by Hoagland and Arnon (1950). 
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As soon as the plants had three leaves, they were transferred to the final growth 

channel. The spacing of 1.0 × 0.4 m was used in this phase. The nutrient solution was 

monitored daily using a potentiometer and a digital conductivity meter. Nitric acid and 

sodium hydroxide were used to maintain the nutrient solution between pH 5.5 and 6.5. 

Water replacement was performed daily to restore the initial volume of the tank. The 

nutrient solution was renewed when there was a 40% reduction in the initial electrical 

conductivity (EC). 

The broccoli florets in both experiments were harvested at 104 days after 

sowing (DAS) when the heads were fully formed and exhibited market harvest maturity 

(before flowers started to open).  

 

3.4 Characteristics evaluated 

 

3.4.1 Plant growth and production:  

The parameters were evaluated at the end of both experiments were as follows. 

 

3.4.2 Leaf area (cm2 per plant) 

 At the end of the experiment 15 leaves were collected and leaf area was 

measured using a Licor 3100 electronic meter.  

 

3.4.3 Fresh biomass of florets (g per plant) 

At the end of the experiment broccoli florets present in the useful area were 

collected and immediately weighed. 

 

3.4.4 Dry biomass of florets (g per plant) 

At the end of the experiment broccoli florets were harvested, washed, and dried 

in an oven with forced air circulation at 40ºC until the samples had constant masses, 

then weighing was carried out to obtain the dry biomass. 

 
3.4.5 Nutritional analysis 

 The first newly developed leaf was collected, as recommended by Trani and 

Raij (1997), washed, dried, ground, and prepared for the determination of 

macronutrients and micronutrients contents, according to the methodology proposed 

by Miyazawa et al. (2009). The same procedure was performed for the florets. 
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3.4.6 Absorption efficiencies (AEse) 

It was obtained using the equation proposed by Hammond et al. (2009). 

AESe = 
(Se𝑡𝑟𝑎𝑡) 𝑥 (MS𝑡𝑟𝑎𝑡)−(Se𝑐𝑜𝑛 𝑥 MS𝑐𝑜𝑛)

∆𝑄𝑆𝑒
 

 

AESe = absorption efficiency of Se (µg g-1 of Se applied); 

Setrat = Se content in the florets from the treatments with Se application (μg g-1 DW); 

MStrat = dry biomass of florets from the treatment with Se application (g plant-1); 

TSecon = Se content in the florets from the control treatment (μg g-1 DW); 

MScon = dry biomass of florets from the control treatment (g plant-1); 

ΔQSe = difference between the amount of Se applied in the Se treatment to the control 

treatment. 

 
3.4.7 Carotenoids and chlorophyll contents 

 At the end of the experiment, leaf discs with defined areas were collected in 

the central region of the newly developed leaf. The material was inserted into 

Eppendorf tubes wrapped in aluminum foil with 80% acetone solution. Contents 

of carotenoids (470 nm), chlorophyll a (662 nm), and chlorophyll b (645 nm) were 

determined in a spectrophotometer at the indicated wavelengths. Calculations were 

performed using the method proposed by Lichtenthaler (1987). 

 
3.4.8 Lipid peroxidation 

At the end of the experiment, newly developed leaves were collected from each 

plot. The material was snap-frozen in liquid nitrogen and stored at -80 °C. The lipid 

peroxidation was determined based on the content of thiobarbituric acid reactive 

substances, according to the method described by Heath and Packer (1968). 

The malondialdehyde content was obtained by spectrophotometry in 

wavelength between 535 and 600nm. 

 
3.4.9 Hydrogen peroxide (H2O2) 

 Obtained through the methodology proposed by Alexieva et al. (2001). Fresh 

plant tissue was homogenized with thiobarbituric acid (0.1%) and centrifuged at 

10,000 rpm for 10 min. The supernatant obtained was inserted into a medium 

containing 100 mM potassium phosphate buffer (pH 7.5) and 1 M potassium iodide, 
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then remained in a container with ice for 1 h. The reading was carried out at 390 nm. 

The concentration of H2O2 was determined by a standard curve of H2O2. 

 
3.4.10 Protein concentration (mg g -1 FW) 

 Protein was determined according to Bradford (1976), a bovine serum albumin 

calibration curve was used. 

 
3.4.11 Enzymes activity analysis 

 At the end of the experiment, for enzymatic analysis, newly developed leaves 

were collected from each plot. The material was snap-frozen in liquid nitrogen and 

stored at -80 °C. Extraction for enzyme determination was performed using 0.1 M 

potassium phosphate buffer (pH 7.5), 3 mM dithiothreitol, 1 mM 

ethylenediaminetetraacetic acid and 5% polyvinylpolypyrrolidone. The mixture was 

centrifuged at 10,000 rpm for 30 min at 4 °C, the supernatant was collected and stored 

at -80 °C. 

 

3.4.12 Superoxide dismutase (SOD, E.C. 1.15.1.1) 

 SOD activity (U mg-1 protein) was determined according to Giannopolitis and 

Ries (1977).  

 

3.4.13 Catalase (CAT, E.C. 1.11.1.6) 

CAT activity (μmol min-1 mg-1 of protein) was determined according to Azevedo 

et al. (1998) by monitoring the decomposition of H2O2 at 240 nm for 1 min. 

 

3.4.14 Ascorbate peroxidase (APX, E.C. 1.11.1.11) 

APX determination (nmol/min/mg of protein) was obtained through a reaction 

containing plant extract, 80 mM potassium phosphate buffer (pH 7.0), 5 mM ascorbate, 

1 mM EDTA and 1 mM L-1 H2O2 (Gratão et al., 2012). The APX activity was obtained 

by monitoring the oxidation rate of ascorbate at 290 nm, 30 ºC for 1 min.  

 
3.4.15 Gas exchange parameters  

Determination of gas exchange parameters was carried out at 100 DAS with 

the aid of a portable infrared gas analyzer (LC-PRO+, ADC Bioscientific Ltda Herts 

England), with artificial radiation of 1200 µmol m-2 s-1. The following parameters have 
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been determined: Internal concentration of CO2 (Ci) (µmol m-2 s-1 CO2), stomatal 

conductance (gs) (mmol m-2 s-1 H2O), transpiration rate (E) (mmol m-2 s-1 H2O), and 

photosynthesis rate (A) (µmol m-2 s-1 CO2). The analysis was carried out between 8:00 

am and 12:00 pm on the first newly developed leaf of two plants from each 

experimental unit. 

 

3.4.16 Se content in the leaf and florets (µg kg-1 DW)  

 The dry biomass (DW) of leaf and florets was used to determine Se. The extract 

to perform this analysis was obtained through acid digestion, using nitric acid. The Se 

was analyzed by atomic absorption spectrophotometry with atomization by graphite 

furnace (GFAAS), following method 3051A of the United States Environmental 

Protection Agency (USEPA, 1998). 

  

3.4.17 Post-harvest analysis: Cooking process  

At the end of the experiment, the effect of two cooking processes of broccoli 

(boiling and steaming) on the Se content was evaluated. 100 grams of homogeneous 

florets were used for each method. In the boiling method, the florets were immersed 

in 400 mL of deionized boiling water for 4 minutes while in the steaming method the 

florets remained 15 cm above 600 mL of deionized boiling water for 6 min in a 

vaporizer with a lid. Shortly after finishing each broccoli cooking process, the florets 

were immediately immersed in 500 mL of deionized water and ice for 5 minutes to stop 

the cooking process. Afterward, the samples were dried in an oven with forced air 

circulation at 40 ºC until they reached constant masses and prepared for the 

determination of Se. 

 

 

3.5 Statistical analysis 

The statistical analysis of the dataset was performed using the Agroestat 

software (Barbosa and Maldonado Júnior, 2015). Individual analyses of variance were 

conducted for Se concentration, and a joint analysis was conducted for Se application 

times. Multiple comparisons between treatment means were conducted using the 

Tukey test at 5%. 
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4. RESULTS  
 

 

4.1 Plant growth and production 

 

The leaf area, fresh and dry biomass of florets were significantly affected by the 

interaction between Se doses and Se application time (Table 1). 

 

Table 1 Mean values of the number of leaves per plant, fresh biomass, and dry 

biomass of broccoli as a function of doses of Selenium applied seven days after 

transferring the seedlings to the definitive channels and at the beginning of the 

development of florets 

 

* Different letters indicate the difference between means according to a Tukey test (p ≤ 0.05). Uppercase 

letters correspond to Selenium time application, and lowercase letters correspond to Se application 

doses. 
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In both experiments, fresh and dry biomass of florets were influenced by Se 

concentrations, whereas leaf area differed only in experiment II (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Florets fresh biomass (A), florets dry biomass (B), and leaf area (C) of 

broccoli plants in response to Se application in experiments I and II. The error bar 

indicates the standard error of the mean (n = 4 replications). Different letters indicate 

the difference between means according to a Tukey test (p ≤ 0.05).     

 

In experiment I, broccoli plants exhibited a decrease of 20.04% in the florets 

dry biomass with the supply of 40 µM Se when compared with control plants (without 

Se). In experiment II, plants at 20 µM Se showed an increase of 47.71% and 39.89% 

in the florets fresh and dry biomass, respectively when compared to untreated plants. 

A 
B 

C 
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Broccoli plants at 20 µM Se had fresh biomass of florets 14.9% higher in experiment 

II than experiment I (Table 1). 

For leaf area, plants with 5 µM Se showed an increase of 45.44% when 

compared to the control treatment.  

 

    

4.2 Foliar nutrition analysis 

 

In experiment I, N, P, K, Ca, Cu, Fe, Mn, and Zn foliar contents were not 

affected by Se supply, regardless of Se concentration (Table 2). Foliar Mg content was 

31.77% higher in plants that received 40 µM Se than those which received only 5 µM 

Se. 

In experiment II, the application of Se concentrations did not generate a 

significant alteration in S, N, Mg, Cu, and Fe in the foliar contents, when compared 

with control plants (Table 2). The highest foliar P and K contents were observed in 

plants that received 20 µM Se, representing an increase of 36.81% and 29.08%, 

respectively, when compared to the control treatment. The application of 5 µM Se 

caused an increase of 63.46% in the Zn content when compared to the control 

treatment. 

S, P, K, Ca, Mn, and Zn were influenced by Se application time (Table 2). 
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Table 2. Mean values of foliar sulfur (S), phosphorus (P), nitrogen (N), potassium (K), 

calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) 

foliar contents as a function of doses of Selenium applied seven days after transferring 

the seedlings to the definitive channels and at the beginning of the development of 

florets. 

 

* Different letters indicate the difference between means according to a Tukey test (p ≤ 0.05). Uppercase 

letters correspond to Selenium time application, and lowercase letters correspond to Se application 

doses. 
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With exception of Cu, the application of different Se concentrations had no 

effect on macronutrient and micronutrient contents in broccoli florets when compared 

with control plants in either experiment. The S and Fe contents were influenced by the 

interaction between Se application time and Se doses (Table 3). 

 

Table 3. Mean values of sulfur (S), phosphorus (P), nitrogen (N), potassium (K), 

calcium (Ca), magnesium (Mg) and copper (Cu), iron (Fe), manganese (Mn), and zinc 

(Zn) contents in the inflorescences a function of doses of Selenium applied seven days 

after transferring the seedlings to the definitive channels and at the beginning of the 

development of the florets 

 

* Different letters indicate the difference between means according to a Tukey test (p ≤ 0.05). Uppercase 

letters correspond to Selenium time application, and lowercase letters correspond to Se application 

doses. 
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4.3 Se absorption efficiency  

The Se absorption efficiency in both experiments was influenced by Se 

concentrations (Figure 2). In experiments I and II, the highest Se absorption efficiency 

was obtained with the application of 20 µM Se, representing an increase of 47.95% 

and 57.39% respectively when compared to plants that received 5 µM Se. Broccoli 

plants fertilized with 20 µM Se had higher Se absorption efficiency at experiment II 

than experiment I. 

 

Figure 2. Se absorption efficiency of broccoli plants in response to Se application in 

experiments I and II. The error bar indicates the standard error of the mean (n = 4 

replications). * Different letters indicate the difference between means according to a 

Tukey test (p ≤ 0.05). Uppercase letters correspond to Selenium time application, and 

lowercase letters correspond to Se application doses. 

 

4.4 Gas exchange parameters 

With exception of gs, in experiment I, Se application had no effect in the Ci, E, 

and A in either experiment (Figure 3). The application of 40 µM Se, caused a decrease 

of 11.76% in the gs when compared to the control treatment. 
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Figure 3. Stomatal conductance (gs) (mmol m-2 H2O) in response to Se application in 

experiments I and II. The error bar indicates the standard error of the mean (n = 4 

replications). * Different letters indicate the difference between means according to a 

Tukey test (p ≤ 0.05). Uppercase letters correspond to Selenium time application, and 

lowercase letters correspond to Se application doses. 

 

4.5 Carotenoids and chlorophyll contents 

In experiment I, chlorophyll a, b, total chlorophyll, and total carotenoids were 

not affected by Se supply, regardless of Se concentration applied. In experiment II, 

the application of 20 µM Se decreased 28.43%, 25.93%, 27.64%, and 29.64% of 

chlorophyll a, chlorophyll b, total chlorophyll, and total carotenoids respectively when 

compared to untreated plants. (Figure 4 A - D). Photosynthetic pigments were not 

affected by Se application timing. 
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Figure 4. Effects of Se on, chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), 

and total carotenoids concentration (D) in response to Se application in experiments 

I and II. The error bar indicates the standard error of the mean (n = 4 replications).  

* Different letters indicate the difference between means according to a Tukey test (p 

≤ 0.05). Uppercase letters correspond to Selenium time application, and lowercase 

letters correspond to Se application doses. 

 

 

4.6 Enzymes activity 

In experiment I, MDA, SOD, and CAT were affected by Se supply (Figure 5). 

The application of 20 µM Se, caused an increase of 21.55% in MDA when compared 

to the control treatment. The SOD and CAT activity at 40 µM Se concentration were 

19.45% and 31.35% lower than untreated plants, respectively. In experiment II, APX 

activity was 31.54% higher in the 40 µM Se concentration when compared to the 

A B 

C D 
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control treatment (Figure 5E). The CAT activity at 5 µM Se was 37.51% lower when 

compared to untreated plants (Figure 5D). 

 

 

 

 

 

 

 
 

Figure 5. Effects of Se on lipid peroxidation essayed by MDA concentration (A), 

hydrogen peroxide (B), superoxide dismutase (C), catalase (D), and ascorbate 

peroxidase (E) in response to Se application in experiments I and II. The error bar 

indicates the standard error of the mean (n = 4 replications). Different letters indicate 

the difference between means according to a Tukey test (p ≤ 0.05). 

 

A B 

C D 

E 
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4.7 Se content 

In both experiments, Se content in broccoli leaf and florets increased with increasing 

concentrations of Se applications. The highest Se content in both experiments was 

obtained with 40 µM Se, which was 3472.26 and 3158.96 times higher in the leaf and 

3542.76 and 3805.30 times higher in the raw florets than that obtained in the untreated 

plants, in experiment I and II, respectively (Figure 6). 

Cooking methods significantly influence Se content in broccoli florets (Figure 

6). All cooking procedures lead to a considerable loss of Se. The Se loss increased in 

the following order: Fresh raw florets> Steamed Florets > Boiled florets.  At an 

application rate of 40 µM Se, broccoli florets showed 41% and 43% times less Se after 

boiling and 13% and 15% less Se after steaming when compared with fresh raw 

florets, in experiment I and II, respectively.  
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Figure 6. Se concentration in the fresh raw florets (A), boiled florets (B), steamed 

florets (C) and leaf (D) of broccoli in response to Se application in the T1 - experiment 

I (A) and T2 – experiment II (B). The error bar indicates the standard error of the mean 

(n = 4 replications). For each condition, different letters indicate difference between 

means according to Tukey test (p ≤ 0.05). * Different letters indicate the difference 

between means according to a Tukey test (p ≤ 0.05). Uppercase letters correspond to 

Selenium time application, and lowercase letters correspond to Se application doses. 

 

A 

C D 

B 
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4.8 Productivity 

The application rate of 20 μM Se in experiment II provided the highest 

productivity (Figure 7). It was observed an increase of 47.89% when compared to the 

control treatment. 

 

Figure 7. Productivity in response to Se application in the T1 - experiment I (A) and 

T2 – experiment II (B). The error bar indicates the standard error of the mean (n = 4 

replications). For each condition, different letters indicate difference between means 

according to Tukey test (p ≤ 0.05). * Different letters indicate the difference between 

means according to a Tukey test (p ≤ 0.05). Uppercase letters correspond to Selenium 

time application, and lowercase letters correspond to Se application doses. 
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5. DISCUSSION  

 

Se is an important trace element that has been used in agriculture as a 

promising strategy to reduce Se-malnutrition and improve plant development (Rios et 

al., 2013; Reis et al., 2020). The beneficial effect of Se to plants is dependent on the 

concentration applied, being higher concentrations harmful to plant development. So, 

defining the appropriate dose for each crop is fundamental (Alves et al., 2020).  

In this study, broccoli plants exposed to 40 µM Se for 84 days (Experiment I) 

exhibited a decrease of 20.04% in the florets' dry biomass when compared with the 

control treatment. The toxic effect of Se at this concentration may be due to the 

overproduction of ROS, causing oxidative stress and by the excessive presence of 

malformed selenoproteins caused by the misincorporation of cysteine and methionine 

in the proteins chain by selenomethylcysteine and selenomethionine, negatively 

affecting the growth and development of plants (Gupta and Gupta, 2017; Mitller, 2017).  

Plants exposed to Se for 24 days (Experiment II) showed the highest fresh and 

dry biomass of florets at 20 µM Se. The beneficial effect observed with low Se 

concentration may be due to the short supply period of Se and the mitigation of the 

ROS effects. Studies show that Se at low concentrations is beneficial for the plant 

since increases the activity of antioxidant enzymes and the synthesis of antioxidant 

metabolites, decreasing the electrolytic leakage, and promoting the recovery of cell 

integrity when plants are grown under stress conditions (Schiavon et al., 2020).  

In  experiment I, broccoli plants when exposed to 20 µM Se had an increase in 

the lipid peroxidation concentration, indicating stress in the plants. A factor that may 

have contributed to this result was the long period of exposure to Se. In experiment II, 

at 40 µM Se was observed higher activity of APX enzyme. APX is an enzyme that 

uses ascorbate as an electron donor to reduce H2O2 to H2O (Caverzan et al., 2012), 

the increase in the enzymatic activity may have contributed to maintaining the 

concentration of MDA and H2O2 at the same levels of the control treatment. 

The enzymes SOD, CAT, and APX have activity variations at different Se 

concentrations, indicating that this element can stimulate or inhibit different enzymes, 

depending on their concentration. 

The content of ROS, like hydroxyl radicals (OH), superoxide (O2
-), singlet 

oxygen (1O2), hydrogen peroxide (H2O2) and lipid peroxide radicals, created by plants 

when not under stress conditions are low, however when the plant is under biotic 
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and/or abiotic stress these levels increase rapidly. It is observed that the presence of 

Se at low concentrations acts as a stress regulator and inhibits the accumulation of 

ROS during stress, operating as an inhibitor and antioxidant of ROS (Feng et al., 

2013). 

In experiment II, plants with 20 µM Se showed an increase of 47.71% in the 

florets fresh biomass, while florets dry biomass increased 39.89% when compared to 

untreated plants. For leaf area, plants with 5 µM Se showed an increase of 45.44% 

when compared to the control treatment. As observed in this experiment, plants 

subjected to low concentrations and short period of exposure to Se had beneficial 

results. This factor can be explained because Se can regulate the production and 

accumulation of ROS in stressed plants through methods such as (1) boost the 

spontaneous dismutation of O2 into H2O2; (2) regulate the antioxidants enzymes and 

non-enzymatic systems; (3) directly eliminating ROS through Se species. Another way 

is related to the positive effect of Se on the integrity of the photosynthetic complex and 

on the photosynthesis mechanism, which in turn will lead to a reduction in ROS 

production (Feng et al., 2013; Chauhan et al., 2019). 

In experiment II, the Se applied at 20 µM Se provided a decrease in pigment 

concentrations, as observed in chlorophyll a and b, total chlorophyll, and carotenoids 

contents. The concentration of photosynthetic pigment is very sensitive to variation in 

the concentration of ROS, thus it can be used as an indicator of the cellular metabolic 

state (Chutipaijit et al., 2011) and indicative of stress.  

For biofortification, the Se supply should not cause an imbalance in nutrients 

uptake by plants or cause a productivity reduction (Longchamp et al., 2016). The 

results in both experiments demonstrate that the Se application did not influence the 

florets' nutrient content (Table 2 and 3), except for the micronutrient Cu. On the other 

hand, the Se supply affects the foliar nutrient content. The changes observed in the 

foliar mineral content in this study may be due to a redox phenomenon in the cell 

membrane that causes an alteration in cell transport and metabolism processes. The 

presence of Se can alter the permeability of the cell membrane to certain cations, thus 

affecting transport in plant cells. 

In experiment I, the 31.53% increase in Mg content, observed at a concentration 

of 40 µM Se when compared to plants fertilized with 5 µM Se, agrees with the results 

obtained by Nawaz et al. (2015), who reported that the application of Se in the 40 mg 

content L-1 in leaves can increase the transpiration rate and stomatal conductance of 
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wheat. These physiological processes are related to the absorption and translocation 

of elements moved by mass flow, which may partially explain the positive correlation 

between the Se content and the Mg content. (Narváez-Ortiz et al., 2018). 

The effect of Se, observed in experiment II, at concentration 20 µM Se, which 

resulted in an increase in K, may have contributed to better control of water loss by 

this vegetable, favoring metabolism even under high-temperature conditions, 

observed during the conduct of this experiment. Table 1 shows the appropriate foliar 

nutrient contents (Raij et al., 1997) and the observed contents. 

The biofortification of the florets was observed in both experiments. This 

research allowed us to observe that the application of Selenium can occur later and 

still provide satisfactory results as we can see in experiment II. The results obtained 

in these experiments provide important information about the ideal time for the 

beginning of the application of Se. In biofortification programs, the later application of 

Se can result in numerous advantages, such as the reduction of costs and mitigation 

of toxicity due to prolonged contact with the nutrient. 

The increasing Se concentration in broccoli florets with the increase in Se 

concentrations applied showed the high efficiency of using the agronomic 

biofortification method to increase Se concentration in edible parts of broccoli. 

Brassicas are known for their high capacity to accumulate Se, this ability is because 

these plants have a high concentration of sulfur (S) compounds (Puccinelli et al., 

2017). S and Se show chemical and physical similarities, which allows Se as an analog 

of S to utilize S uptake and assimilation routes in plants, enabling plants to accumulate 

high levels of Se when cultivated in Se-rich environments (Schiavon; Pilon-Smits, 

2017).  

The feature of broccoli accumulates high rates of Se associated with its health 

benefit phytonutrients making this vegetable an exceptional functional food (D’Amato 

et al., 2020;  Duan et al., 2021). However, studies about the influence of the cooking 

process on total Se content are scarce. Broccoli usually is cooked before consumption 

to improve its palatability, affecting the bioavailability of nutrients, chemical 

composition, and physical characteristics.  

 

 

 

https://www.sciencedirect.com/science/article/pii/S0308814620318598#!
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This study showed that steaming, but mainly boiling led to a considerable loss 

of Se concentration when compared with raw florets. This loss can be due to thermal 

degradation, absorption of Se into the utensil wall, volatilization, but mainly by the 

leaching of Se into the cooking water (Lu et al., 2018). The cooking process results in 

the softening and breakdown of cellular components, consequently in the release of 

molecules in the boiling water (Miglio et.al., 2008). 

Zhang et al. (2021) observed similar results in an experiment with potatoes, the 

authors have a Se loss of 28.64% and 42.44%, during steaming and boiling methods, 

respectively. According to the authors, a probable reason for obtaining these results 

is that the water when in contact with the vegetable dissolves the nutrients, including 

selenium, the dissolved nutrients are eventually retained in the decoction. A study by 

Thavarajah et al. (2008) with lentils showed a loss of approximately 50% of Se after 

the boiling method.  

The application rate of 20 μM Se in experiment II provided the highest 

productivity (Figure 3). Considering this concentration for both experiments, it was 

observed for raw, steamed, and boiled florets 429.2, 372.6, and 263.7 μg g-1 DW (dry 

weight) of Se in experiment I, and 448.1, 369.8, and 270.0 μg g-1 of Se in experiment 

II, respectively. The broccoli florets contain 92% of water. Assuming that the average 

consumption of broccoli for an adult is 7.7 g per day, this Se-biofortified broccoli 

provides 264, 229, and 162 μg of Se per day in experiment I and 276, 228, and 166 

μg of Se per day in experiment II, respectively. In all the cases we can assume that 

the recommended daily intake of Se, which ranges within 55 to 400 μg will be attended 

(Tóth; Csapó, 2018).  
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6. CONCLUSION 

 

The results demonstrated that the greater Se concentration to enhance 

agronomic traits of broccoli was the supply of 20 µM Se applied at the beginning of 

the development of florets. The results of this study provided solid evidence that 

agronomic biofortification with Se is a successful strategy to increase the contents of 

Se in broccoli plants grown in NFT hydroponic system, contributing to alleviating 

human deficiency in this element. It also evidence that cooking procedures can 

dramatically decrease Se content in broccoli florets, since boiled decreased Se 

content in 39 and 40% and steamed decreased Se content in 13 and 17 % in 

biofortified florets treated with 20 μM of Se, in experiments I and II, respectively, 

providing valuable information to optimize cooking procedures to minimize Se losses 

in broccoli and delivery optimal concentrations of Se for human consumption. 
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