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Highlights

There was no effect of water irrigation levels and Si application on wheat yield.

There was no effect of Si on the germination of wheat seeds.

Wheat seeds of Si-fertilized plants produce more vigorous seedlings.

Abstract

Water availability is one of the main factors responsible for wheat productivity, as well as the quality of the 

produced seeds. Silicon (Si) has an important role in mitigating the effects of various biotic and abiotic 

stresses. Thus, Si application can be used to mitigate the effects of different irrigation depths on the 

production and quality of wheat seeds. The work aimed to evaluate the yield and physiological quality of 

wheat seeds produced from plants fertilized with leaf Si and grown under different irrigation depths. The 

experiment was laid out in a split-plot randomized block design, with four replications. The plots consisted 

of three irrigation depths (0, 50, and 100% of the total irrigation requirement [TIR]). Si treatments were 

allocated (without application [0 mM] and 5 mM SiO2, applied at the tillering stage) in the subplots. The 

following parameters were evaluated: water balance of the system; soil moisture; yield; thousand seed 

weight; germination; electrical conductivity; accelerated aging; seedling length and emergence. The water 

balance of the system was negative for the 0% TIN irrigation depth after anthesis and there was less soil 

moisture in this irrigation depth. There was no effect of irrigation depths and Si application on plant yield. 

The smaller irrigation depths imposed reduced the thousand seed weight and increased the electrical 

conductivity of the seeds produced. Plants fertilized with Si did not differ in germination, but they produced 
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Introduction

Wheat (Triticum aestivum L.) belongs 
to the Poaceae family and is one of the most 
important grain cultures in the world. Wheat 
crops are cultivated in the most diverse 
environments and geographic regions, which 
extend from temperate to tropical climate 
zones. Due to the amount and quality of 
proteins contained in wheat, this cereal plays 
a strong role as a staple food for about one-
third of the world population (Mori, 2015; Arif 
et al., 2021). Global wheat production is over 
700 million tons (United States Department 
of Agriculture [USDA], 2020). Currently, 21.4 
million hectares are cultivated with wheat 

more vigorous seedlings with greater growth and uniformity.

Key words: Abiotic stress. Physiological potential. Foliar fertilizers. Triticum aestivum L. Seed vigor. 

Resumo

A disponibilidade de água é um dos principais fatores responsáveis pela produtividade do trigo, bem como 

da qualidade das sementes produzidas. O silício (Si) possui importante papel na atenuação dos efeitos 

de diversos estresses bióticos e abióticos. Desta forma, a aplicação de Si pode ser uma ferramenta para 

mitigar os efeitos de diferentes lâminas de irrigação na produção e qualidade de sementes de trigo. O 

objetivo do trabalho foi avaliar a produtividade e a qualidade fisiológica de sementes de trigo produzidas a 

partir de plantas fertilizadas com Si foliar e cultivadas sob diferentes lâminas de irrigação. O delineamento 

experimental foi blocos casualizados, em esquema de parcelas subdividas, com quatro repetições. As 

parcelas foram constituídas por três lâminas de irrigação (0, 50 e 100% da irrigação total necessária [ITN]). 

Nas subparcelas foram alocados os tratamentos de silício (sem aplicação [0 mM] e 5 mM de SiO2, aplicado 

na fase de perfilhamento). Foram avaliados: balanço hídrico do sistema; umidade do solo; produtividade; 

massa de mil sementes; germinação; condutividade elétrica; envelhecimento acelerado; comprimento 

e emergência de plântulas. O balanço hídrico do sistema foi negativo para a lâmina de 0% da ITN após 

a antese e houve menor umidade do solo nesta lâmina. Não houve efeito das lâminas de irrigação e 

da aplicação de Si na produtividade das plantas. As menores lâminas de irrigação impostas reduziram 

a massa de mil sementes e aumentaram a condutividade elétrica das sementes produzidas. Sementes 

produzidas em plantas fertilizadas com Si não diferiram quanto a germinação, porém originam plântulas 

mais vigorosas com maior crescimento e uniformidade.

Palavras-chave: Estresse abiótico. Potencial fisiológico. Fertilizante foliar. Triticum aestivum L. Vigor de 

sementes.

in the world, the European Union being the 
biggest world producer, accounting for 154 
million tons (USDA, 2020).    

This and other crops are continuously 
exposed to climate changes related to factors 
such as CO2 concentration, temperature, 
and water resources, which directly affect 
the production of cereal plants globally 
(Hatfield & Prueger, 2015; Van der Sleen et al., 
2015; Y. Yang et al., 2016; Zhao et al., 2019). 
Among others, water is considered the main 
environmental factor, being responsible 
for several metabolic processes related 
to plant growth and development, such as 
transpiration, photosynthesis, assimilation of 
carbonated compounds, and others (Jia et al., 
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2015; Perdomo, Capó-Bauçà, Carmo-Silva, & 
Galmés, 2017). 

For wheat, flowering and seed filling 
are considered the most water-demanding 
stages, because water shortage may affect 
yields (Farooq, Hussain, & Siddique, 2014), 
cause oxidative damages (Farooq, Wahid, 
Kobayashi, Fujita, & Basra, 2009), increase 
foliar senescence (Yang, Zhang, Wang, Zhu, 
& Liu, 2003), reduce carbon fixation and 
assimilation (Asada, 2006), cause pollen 
sterility (Cattivelli et al., 2008), among other 
harmful effects. Thus, lack of water during the 
reproduction stage can diminish crop yields, 
the quantity, and quality of seeds produced, 
and is therefore considered an essential input 
for the achievement of vigorous and uniform 
plants (Crusciol, Arf, Zucareli, Sá, & Nakagawa, 
2001; Farooq, Irfan, Aziz, Ahmad, & Cheema, 
2013; Finch-Savage & Bassel, 2016; Zhang et 
al., 2016; Abid et al., 2018). 

Another key factor related to the quality 
of seeds produced is adequate plant nutrition, 
responsible for good embryo formation and 
reserve accumulation (Sá, 1994; Toledo et al., 
2012). In this context, silicon (Si) is considered 
a beneficial micronutrient, with a major role 
against biotic and abiotic stresses. 

In wheat, Si is accumulated at rates 
higher than 4% (Hodson, White, Mead, & 
Broadley, 2005) It acts mainly due to its 
physical-mechanical role, and is deposited in 
the form of silicon dioxide (SiO2) mainly on the 
leaf cell walls, inhibiting excessive water loss 
by transpiration (Meena et al., 2014; Luyckx, 
Hausman, Lutts, & Guerriero, 2017). Si also 
promotes beneficial metabolic alterations 
under water stress conditions. Kim, Khan, 
Waqas and Lee (2017) cite that Si has the 
potential of inhibiting the formation of oxygen 

reactive species, which are formed on a larger 
scale in stress conditions, and can potentialize 
the action of enzymes of the antioxidant 
system.  Applications of Si on wheat leaves are 
effective in alleviating the negative effects of 
water shortage, stimulating the plant growth 
and photosynthetic attributes, water relations, 
transpiration rate, and chlorophyll contents 
(Sattar et al., 2019).  

The beneficial effect of Si on 
physiological seed quality has already been 
described for wheat cultures. Toledo et 
al. (2012) report that leaf application of Si 
increased the wheat seed mass without 
affecting germination and vigor. However, 
information on the effect of Si on the quality 
of seeds produced as well as its interaction 
with different water irrigation depths during 
the crop cycle (especially at the reproduction 
stage) is scarce and could bring about 
important responses about wheat plant 
tolerance to water restriction. Furthermore, 
Si application can be used as a strategy to 
mitigate the harmful effects caused by drought 
on the physiological quality of the seeds and, 
therefore, is an important tool to be used in 
plant breeding programs and seed production. 

In this context, this study aimed to 
assess the yield and physiological quality of 
wheat seeds produced by plants fertilized 
with foliar application of Si and cultivated with 
different irrigation depths. 

Material and Methods

The experiment was carried out in 
the Department of Agronomy of the Federal 
University of Viçosa, in Viçosa - MG (20° 45’S, 
42° 15’W, at 650 m of altitude) from April 
to August 2017. The soil at the crop site is 
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classified as dystrophic Red-Yellow Argisol 
(Santos et al., 2013), with a clay-loam texture, 
Cwa subtropical climate, and annual average 
precipitation of 1200 mm. 

Wheat seeds of cultivar BRS 264 were 
used, which were supplied by the company 
Lagoa Bonita Sementes, produced in the 
municipality of Itaberá - SP. This is an early-
cycle cultivar, with good seed yields, classified 
as bread wheat, and an average hectoliter 
weight of 80 kg hl-1 (Albrecht et al., 2006). The 
field experiment was installed by mechanical 

sowing on April 19, 2017, with an initial stand 
adjusted for 89 plants per meter. Management 
practices followed usual recommendations for 
wheat cultivation (Borém & Scheeren, 2015).

The soil in the experiment area was 
analyzed chemically and physically (Tables 
1 and 2) and conventionally tilled. Acidity 
regulation and fertilization were performed 
based on the soil analysis, and the amount of 
acidity regulator and fertilizer as recommended 
by Ribeiro (1999).

The experimental design consisted 
of a split-plot randomized block design with 
four replications. The plots consisted of five 
rows of plants, spaced 0.20, ten meters in 
length. The subplots were assigned to the 
plots, which were divided in half. The net area 

Table 1
Chemical analysis of the soil in the wheat crop area. Viçosa – MG, 2017

pH P K Ca2+ Mg2+ Al3+ Si

H2O mg/dm3 cmol/dm3 mg/kg

6.3 54.5 210 2.7 1.0 0 9.27

H + AL SB CEC (t) CEC (T) V M

cmol/dm3 %

3.0 4.2 4.2 7.2 59 0

Table 2
Granulometry and texture classification of the soil in the wheat crop area. Viçosa – MG, 2017

Clay (%) Silt (%) Sand (%) Texture classification Soil type

34 21 45 Clay-loam Average texture 

pH in water, KCl and CaCl – 1:2.5 ratio. P - K - Mehlich 1 Extractant. Ca - Mg - Al - Extraction: KCl - 1 mol/L. Si – Extraction: 
0.01mol/L. H + Al – 0.5 mol/L calcium acetate extractant - pH 7.0; SB = Sum of Exchangeable Bases. CEC (t) – Effective 
Cation Exchange Capacity; CEC (T) – Cation Exchange Capacity at pH 7.0. V = Base saturation index. m = Aluminum 
saturation index.

considered for application of the treatments 
comprised the total area occupied by plants 
in the three central lines minus 0.20 m at the 
ends. The plots consisted of three irrigation 
depths, and the subplots two treatments with 
Si application.
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The drip irrigation system was used 
to deliver water at a flow rate previously 
measured at each irrigation time by using 
the average water volume collected from the 
number of drippers during one minute. With 
this input data, the irrigation intensity in mm 
hour-1 was calculated. The irrigation method 
was based on the FAO-56 Penman-Monteith 
standard method (Allen, Pereira, Raes, & 
Smith, 1998), by estimating the reference 
evapotranspiration (ET0). To calculate the ET0, 
we used the data recorded by the automatic 
meteorological station installed at the campus 
of the University of Viçosa. Real irrigation 
demand (RID) was calculated by the Water 
Balance of the system (Figure 1A), which 
was determined by subtracting the inputs 
(irrigation + effective rainfall) from the water 
outputs (evapotranspiration of the crop - ETc). 
To calculate the ETc, the equation proposed by 
Allen et al. (1998) was used:

ETc=ET0*Kc

Where: ETc – evapotranspiration of the 
crop, in mm day-1; 

ET0 – reference evapotranspiration, in 
mm day-1; 

Kc - coefficient of the crop, 
dimensionless.

To calculate the irrigation depth to be 
applied, the total irrigation requirement (TIR) 
was quantified for the crop, which is based on 
the ratio between the RID and the efficiency 
of application of the irrigation system used, 
which in the present study was 93.7%.

During the entire period of the 
experiment, the plants were irrigated in four-
day shifts. Until anthesis (51 days after sowing 
[DAS]), when 50% of the plants exhibited 
anthers releasing pollen, all plants were 

irrigated with 100% of TIR. From anthesis, the 
plants were subjected to the following irrigation 
treatments: 100% of TIR (control), 50% of TIR, 
and 0% of TIR. The Kc values, as obtained by 
Libardi & Costa (1997), used for each plant 
stage were: germination/seedling: 0.29; 
tillering: 0.36; booting: 0.79; flowering: 1.11; 
seed filling: 1.16; and ripening/maturation: 0.45. 
In addition to the water balance (Figure 1A), 
after anthesis, data of temperature (maximum, 
medium, and minimum) and precipitation were 
also collected (Figure 1B). 

The Si treatments consisted of one 
application with 5 mM of Si and control 
treatment, without application of the element. 
The foliar application with Si was performed in 
half of the plants of each plot (subplots), when 
the plants were at the tillering stage, which 
was identified according to the Feekes growth 
stages 4 and 5 (Large, 1954). The commercial 
product Supa Sílica® (potassium silicate - 
K2SiO2) was used as a source of Si, with 25.7% 
SiO2 and 12.23% K2O.

The plots were separated by an 
acrylic protective divider placed between 
the subplots to avoid spray drift during the 
Si application. At the time of applications, 
the environmental conditions such as wind 
speed and air humidity were monitored to 
avoid any influence at this stage. The product 
was sprayed on the leaves using a system 
consisting of a CO2 pressurized cylinder and 
a boom with two TT 11002 nozzles, providing 
constant pressure of 3 bar and a spray rate of 
260 L ha-1.

During the period of application of the 
different irrigation levels (from anthesis to 
maturity), the soil moisture was monitored in 
samples collected from the plots moistened 
with different water volumes (Figure 2A). The 
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soil moisture content was determined using 
the standard gravimetric method, in an oven 
at 105-110 ºC, for 24 hours, through the water 
mass/dry soil mass ratio (Klein, 2008). 

 Seeds were harvested manually, at 
the point identified by the yellow color of the 
spikes, leaves, and stem of the plants, typical of 
the senescence stage (110 days after sowing 
[DAS]). At this point, the seed moisture ranged 
from 14 to 16%. The spikes were threshed 
using experimental combined equipment 
(harvesting + threshing operations). The seeds 
were dried naturally under room condition up 
to 12% of moisture, and then the following 
parameters were determined: 

Yield: determined by weighing the 
seeds harvested from the three central lines 
of each experimental unit, in kg ha-1.

Thousand seed weight: for this 
purpose, eight subsamples of 100 seeds 
were weighed on a 0.001 g precision scale. 
The calculations were made according to the 
methodology described by the Rules for Seed 
Testing (Ministério da Agricultura, Pecuária e 
Desenvolvimento [MAPA], 2009). The results 
were expressed in milligrams.

Germination: Four replications were 
carried out with 50 seeds, which were 
uniformly distributed on two sheets of paper 
towel and covered by an additional one. The 
paper sheets were moistened at the rate of 2.5 
times the weight of dry paper. They were kept 
in paper rolls in a “Mangelsdorf” germinator at 
20 ºC. Evaluations consisted of counting the 
number of normal seedlings at the 4th (first 
count) and 8th day (final count) after the test 
was set up (MAPA, 2009). The results were 
expressed in percentage of normal seedlings. 
The first germination count consisted of the 
percentage of normal seedlings on the fourth 

day after the beginning of the test (MAPA, 
2009).

Electrical conductivity: it was carried 
out with four replications of 50 seeds 
previously weighed and placed in plastic cups 
containing 75 mL of distilled water, and kept in 
a germinator at 25 °C for eight hours. During 
this period, no root protrusion in the imbibed 
seeds was observed, a fact that was observed 
in a preliminary test. After this period, the 
electrical conductivity (EC) of the solution was 
measured by a Digimed DM32 conductivity 
meter. The results were expressed in μS cm-1 

g-1 of seed (Vieira & Marcos, 2020).

Accelerated aging: the accelerated 
aging test was carried out with four replications 
of 50 seeds placed on a metal sheet inserted 
in a plastic container containing 40 ml of 
distilled water. The containers were placed 
in a Biological Organism Development (BOD) 
chamber, at 43 ºC, for 48 hours (Fanan, Medina, 
Lima, & Marcos, 2006). Then, seed germination 
was assessed, according to the methodology 
described above, and the count of normal 
seedlings occurred at the 4th day after the test 
was set up (MAPA, 2009).

Shoot length and root length of the 
seedling: it was determined through four 
replications with ten seeds each, which were 
put to germinate according to the methodology 
described for the germination test. On the 
8th day after the beginning of the test, the 
shoot and root lengths of the seedlings were 
measured, using a graduated ruler. The results 
were expressed in cm seedling-1 (Krzyzanowski, 
França-Neto, Gomes & Nakagawa, 2020). 
Using the length data obtained, the statistical 
software program SeedCalc (Silva, Medeiros, 
& Oliveira., 2019) was used to determine the 
following: total length (TL) of the seedlings; 
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root-to-shoot ratio (RSR) (Benincasa, 2003); 
growth index (GI) (Sako, McDonald Fujimura, 
Evans, & Bennett, 2001); vigor index (VI) 
(Sako et al., 2001); corrected vigor index (CVI) 
(Medeiros & Pereira, 2018). 

Dry matter of shoots and roots: The 
shoots and roots of the seedlings were 
separated and placed in an oven at 65 °C, 
where they remained for 72 hours. Afterward, 
the material was weighed in an analytical 
balance, with a precision of 0.001g, and the 
dry matter was determined and expressed in 
mg seedling-1 (Krzyzanowski et al., 2020).

Seedling emergence:  four replications 
with 50 seeds were conducted, which were 
distributed at a depth of 1 cm in Styrofoam 
trays (35 x 25 x 5 cm) containing moistened 
sand and soil (70% of water holding capacity) 
(Krzyzanowski et al., 2020). Daily counts of 
the number of emerged seedlings (higher 
than 5 mm) were performed until stabilization 
and determination of the percentage of 
emergence. 

The data were subjected to analysis 
of variance, and afterward, the normality of 
errors and homogeneity of variances were 
verified using the Shapiro-Wilk and Bartlett 
tests, respectively. The mean values of each 
irrigation depth were compared by the Tukey’s 
test (P < 0.05), and the means obtained for the 
Si treatments were compared by the F test (P 
< 0.05). Data were also subjected to principal 
components analysis (PCA) for all evaluations 
performed. A “n x p” matrix was obtained, 
where “n” corresponds to the number of 
treatments (n = 6) and “p” the number of 
variables analyzed (p = 15). The eigenvalues 
and eigenvectors were calculated based 
on the covariance matrices and plotted on 
two-dimensional graphs (category ordering 

diagram and correlation circle), generated 
by the Factoextra package (Kassambara & 
Mundt, 2017).  Data were analyzed using the 
R statistical software (R Core Team [R], 2019).

Results and Discussion

The water balance of the system 
during the period of application of different 
irrigation depths was negative for the 0% of 
TIR treatment, or absence of irrigation after 
anthesis. Otherwise, irrigation depths of 100 
and 50% of TIR provided a positive water 
balance during this period. The positive water 
balance indicates that water inflows in the 
irrigation system and rainfall were higher than 
the outflows (evapotranspiration and draining), 
which configures a higher water supply applied 
in the 100 and 50% TIR treatments. Higher 
precipitation occurred at the beginning of the 
treatment application period, which raised the 
0% depth of TIR and generated a positive water 
balance, comparable to the other treatments. 
The influence of these rains occurred up 
to approximately seven days after anthesis 
(DAA), and, afterward, the water balance for 
this treatment (0% of TIR) remained negative. 
Thus, we can see that the plants remained 
under water restriction until being harvested 
(Figure 1A and 1B).

The soil moisture decreased slowly 
until 54 DAA, and harvesting occurred at 
60 DAA. Similar soil moisture values were 
found for the three treatments with irrigation 
depths up to 25 DAA, which were 20.9, 20.7, 
and 19.8% for the 100, 50, and 0% of TIR 
treatments, respectively (Figure 2). The similar 
values observed for the treatments are 
probably due to the higher precipitation that 
occurred at the beginning of the period of the 
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water restriction treatments (4 and 6 DAA). The 
physical properties of the soil in the crop area, 
classified as of medium texture (34% of clay), 
probably accounted for the high water-holding 
rate, which, added to the initial rainfall occurred 
(Figure 1B), can explain the values obtained for 
soil moisture by 25 DAA in the treatments. On 

the other hand, concerning the water balance 
(Figure 1A), it was found a difference in soil 
moisture for all treatments during the rest of 
the days of the water restriction period. At 
54 DAA, the soil moisture values were 21.1, 
19.8, and 17.4%, for 100, 50, and 0% of TIR, 
respectively (Figure 2).

Figure 1. Water balance (A) and daily precipitation, maximum, mean, and minimum temperature (B) 
during application of 0; 50 and 100% of total irrigation requirement (TIR). Viçosa-MG, 2017.
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The analysis of variance did not 
indicate a significant interaction between the 
factors studied. Thus, the study of the main 
factors was carried out separately. Seed yield 
was not affected by the irrigation depths 
and foliar application of Si. The average 
yield was 4,263 kg ha-1. Concerning seed 
quality, it was found a significant effect of 
the irrigation depths only for the 1000-seed 
weight and electrical conductivity (Table 3). 
The irrigation depth corresponding to 100% 
of TIR provided the highest 1000-seed weight 
compared with the other irrigation regimes. 
A similar result was observed by Li, Zhang, 
Li, Chang and Jing (2015), who evaluated the 
contribution of favorable alleles for water-
soluble carbohydrates to wheat grain weight 
under drought conditions. According to these 
authors, the grain filling efficiency under 
drought conditions was lower than that without 
water restriction. Drought stress induces 
translocation of carbon reserves from wheat 
tillers to the main stem spike, which makes 

Figure 2. Soil moisture (%) after anthesis, according to the 0, 50 and 100% of total irrigation 
requirement (TIR). Viçosa-MG, 2017.
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the study of the main factors was carried out separately. Seed yield was not affected by the irrigation depths 

and foliar application of Si. The average yield was 4,263 kg ha-1. Concerning seed quality, it was found a 

significant effect of the irrigation depths only for the 1000-seed weight and electrical conductivity (Table 3). 

The irrigation depth corresponding to 100% of TIR provided the highest 1000-seed weight compared with 

the other irrigation regimes. A similar result was observed by Li, Zhang, Li, Chang and Jing (2015), who 

evaluated the contribution of favorable alleles for water-soluble carbohydrates to wheat grain weight under 

drought conditions. According to these authors, the grain filling efficiency under drought conditions was 

lower than that without water restriction. Drought stress induces translocation of carbon reserves from wheat 

tillers to the main stem spike, which makes that this photosynthesis reserve is almost sufficient to ensure 

good grain performance of the main spike (Blum, 1998; Lawlor, Day, Johnston, Legg, & Parkinson, 1981; 

Li, Zhang, Li, Chang, & Jing, 2015). As observed in this study, the water restrictions imposed on the plants 

were responsible for reducing the 1000-seed weight (Table 3). T. F. Oliveira et al. (2020) observed that 

soybean seeds under drought had a higher consumption and lower translocation of reserves to the embryo, 

reducing the seedling vigor. Therefore, the results found can be related to the efficiency of reserve 

translocation from the wheat plants to the seeds, without, however, affecting yield. 

For electrical conductivity, a higher value was found for 0% of TIR. This indicates a lower seed 

vigor in this treatment, where the permeability of the plasma membrane of the seed cells was affected due to 

the water shortage imposed on the plants after anthesis. It has been reported that water stress causes 

increased ABA levels and decreased cytokinin, leading to early senescence (Yang et al., 2003). To protect 

themselves against environmental stresses during maturation, seeds have mechanisms of tolerance to 

desiccation such as the accumulation of sugars, which stabilize the plasma membranes, liposomes, and 

proteins (Buitink et al., 2006; Battaglia & Covarrubias, 2013; Ishibashi, Yuasa, & Iwaya-Inoue, 2018). These 

mechanisms are triggered at the end of the maturation stage and, possibly, the early senescence rate of the 

plants in this treatment (visually observed) did not allow that the mechanisms of tolerance to desiccation 

that this photosynthesis reserve is almost 
sufficient to ensure good grain performance 
of the main spike (Blum, 1998; Lawlor, Day, 
Johnston, Legg, & Parkinson, 1981; Li, Zhang, 
Li, Chang, & Jing, 2015). As observed in this 
study, the water restrictions imposed on the 
plants were responsible for reducing the 
1000-seed weight (Table 3). Oliveira et al. 
(2020) observed that soybean seeds under 
drought had a higher consumption and lower 
translocation of reserves to the embryo, 
reducing the seedling vigor. Therefore, the 
results found can be related to the efficiency 
of reserve translocation from the wheat plants 
to the seeds, without, however, affecting yield.

For electrical conductivity, a higher 
value was found for 0% of TIR. This indicates 
a lower seed vigor in this treatment, where 
the permeability of the plasma membrane of 
the seed cells was affected due to the water 
shortage imposed on the plants after anthesis. 
It has been reported that water stress causes 
increased ABA levels and decreased cytokinin, 
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leading to early senescence (Yang et al., 2003). 
To protect themselves against environmental 
stresses during maturation, seeds have 
mechanisms of tolerance to desiccation 
such as the accumulation of sugars, which 
stabilize the plasma membranes, liposomes, 
and proteins (Buitink et al., 2006; Battaglia & 
Covarrubias, 2013; Ishibashi, Yuasa, & Iwaya-
Inoue, 2018). These mechanisms are triggered 
at the end of the maturation stage and, possibly, 
the early senescence rate of the plants in this 
treatment (visually observed) did not allow that 
the mechanisms of tolerance to desiccation 
appeared in the seeds produced by the plants 
cultivated under lower irrigation depths. So, 
this fact explains the higher ion leaching 
from the interior of the cell to the solution. 

Increased electrical conductivity in wheat 
seeds was also observed by Eskandari and 
Alizadeh-Amraie (2017) when they examined 
the effect of water restriction imposed on 
plants on the physiological quality of the seeds 
produced. Even with the negative effects of 
the lower irrigation depths observed for the 
1000-seed weight and electrical conductivity 
of the seeds obtained with 0 and 50% of TIR, 
germination was not affected by the water 
limitation imposed on irrigation levels (Table 3). 
In all treatments, seed germination was over 
90%, a value that is higher than the minimum 
required for commercialization of wheat basic 
seeds (70%) and other seed categories (80%) 
(MAPA, 2013).

Table 3
Mean values of germination and vigor index of wheat seeds produced at different irrigation depths and 
foliar application of Si. Viçosa – MG, 2017

Irrigation depth G FGC TSW AA EC EM

0% TIR 96 93 41.44 c 91 20.98 a 97

50% TIR 97 92 42.47 b 88 19.80 b 96

100% TIR 96 91 43.55 a 86 19.44 b 94

Tukey0.05 6.35 7.81 0.69 11.84 0.89 4.85

F0.05 0.06 0.31 43.56* 0.67 15.46* 1.40

CV (%) 4.30 5.53 1.06 8.77 2.89 3.31

Silicon

0 mM 96 91 42.58 87 20.05 96

5 mM 96 93 42.39 89 20.10 95

F0.05 0.00 2.95 0.51 0.49 0.01 0.17

CV (%) 3.11 2.83 1.53 6.59 5.28 4.07

G – Germination (%); FGC – First germination count (%); TSW – Thousand seed weight (g); AA – Accelerated aging (%); 
EC – Electrical conductivity (µS cm-1 g-1); EM – Emergence (%). Means followed by different letter in column, for each 
irrigation depth, differ from each other by the Tukey’s test (P ≤ 0.05). For the silicon treatments, the means followed by 
different letters differ from each other by the F test (P ≤ 0.05). * significant by the F test (P ≤ 0.05). 
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The soil at the site of the experiment 
exhibited a Si content of 9.27 mg kg-1 (Table 
1). According to Marafon (2011), soils with Si 
levels below 20 mg kg-1 are considered poor 
for this nutrient. According to Wang and Galleta 
(1998), small amounts of leaf application with 
Si can be an alternative to soil absorption and 
can then stimulate the beneficial effects of this 
element. In this study, leaf application of Si (5 
mM) at the tillering stage contributed to better 
and more uniform growth of wheat seedlings. 

It was found a significant effect on root 
length (RL), RSR, GI, VI, and CVI. Si applications 
provided higher mean values compared with 

Table 4
Mean values of the development variables (vigor) or wheat seedlings grown from seeds produced with 
three different irrigation depths, with and without foliar application of silicon. Viçosa -MG, 2017

Irrigation depth SL RL TL SDM RDM RSR GI VI CVI

0% TIR 9.0 7.13 16.11 7.00 5.22 0.79 731.48 812.0 779.5

50% TIR 8.9 7.42 16.36 6.69 5.33 0.83 756.95 829.8 800.5

100% TIR 8.6 7.88 16.52 6.88 5.90 0.92 795.80 857.0 827.2

Tukey0,05 1.14 2.16 3.06 0.8 1.61 0.19 203.12 142.18 136.92

F0,05 0.49 0.57 0.08 0.67 0.98 2.03 0.47 0.47 0.57

CV (%) 8.40 18.90 12.23 7.68 19.17 14.78 17.38 11.12 11.12

Silicon

0 mM 8.9 6.91 b 15.80 6.96 5.22 0.78 b 711.13 b 797.7 b 768.4 b

5 mM 8.8 8.04 a 16.86 6.75 5.75 0.91 a 811.68 a 868.1 a 836.4 a

F0,05 0.08 8.94* 4.13 2.10 4.39 11.93* 8.32* 8.32* 8.35*

CV (%) 6.71 12.32 7.78 4.94 11.15 11.36 11.21 7.17 7.17

SL – Shoot length (cm seedling-1); RL- Root length (cm seedling-1); TL – Total length (cm seedling-1); SDM – Shoot dry 
matter (mg seedling-1); RDM – Root dry matter (mg seedling-1); RSR – Root/shoot ratio; GI – Growth index; VI – Vigor 
index; CVI – Corrected vigor index. Means followed by different letters in column, for each irrigation depth, differ from 
each other by the Tukey’s test (P ≤ 0.05). For the treatments with silicon, means followed by different letters differ from 
each other by the F test (P ≤ 0.05). * significant by the F test (P ≤ 0.05).

the control plants (Table 4). However, the 
irrigation levels did not influence the seedling 
growth. The GI, VI indexes (Sako et al., 2001) 
and CVI (Medeiros & Pereira, 2018) had higher 
values for the treatment with foliar application 
of Si on the plants. These indexes are based 
on the shoot length and root length of the 
seedlings, to classify seed lots according to 
their vigor. Therefore, seed lots that produce 
larger and more uniform seedlings have higher 
values for these indexes. Thus, the results 
found show the importance of leaf application 
of Si for the physiological quality of wheat 
seeds. 
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The Si role on plant growth is largely 
reported in the literature. This micronutrient 
can change the properties of the cell wall, 
providing cell elongation and, consequently, 
plant growth (Toledo et al., 2012). Furthermore, 
Si is involved with water attributes in plants 
and its presence helps maintain higher turgor 
pressure, contributing to supporting higher 
leaf and root expansion rates (Hajiboland, 
Moradtalab, Eshaghi, & Feizy, 2018). In this 
context, these hypotheses support the 
findings of this study concerning the growth 
and development of wheat seedlings grown 
from seeds produced with leaf application of Si.  
Leaf application of Si and its effect on seedling 
development was also reported by Toledo et 
al. (2012) for a white oat crop, who observed 
an increased root growth of the seedlings. 
Wu, Mock, Giehl, Pitann and Mühling (2019) 
observed that Si supplementation in wheat 
mitigates cadmium (Cd) toxicity by modulating 
the deposits of suberin on the cell walls, which 
can also be related with greater development 
of wheat seedlings.  

The greater initial growth of the wheat 
plants in the treatment where the plants 
were fertilized with Si indicates the better 
physiological quality of the seeds produced in 
this treatment. According to Oliveira, Lemes, 
Meneghello, Tavares and Barros (2015), 
because they have higher initial growth, they 
consequently are more productive due to the 
larger leaf area, which allows a higher rate of 
photosynthesis. Moreover, these authors cite 
advantages in using environmental resources 
due to the higher growth speed at the early 
stage of plant development. Toledo et al. 
(2012) report that wheat seed quality can be 
positively influenced by an indirect supply 
of Si, which provides good conditions for 
the development of the mother plant. These 
same authors mention the contribution of 

this nutrient to lignin synthesis, which acts 
by strengthening the seed coating, reducing 
metabolite leaching. 

The effects of the irrigation depths 
and leaf application of Si on the plants for 
physiological seed quality and development 
of the wheat plants can be seen with more 
precise details in the principal components 
analysis (PCA). The sum of the two first principal 
components (PC1 and PC2) explained 74.1% 
of the total data variation (PC1 = 51.4% and 
PC2 = 22.7%) (Figure 3). This value is higher 
than 70% and can be considered suitable to 
provide a good image of the data structure 
(Varmuza & Filzmoser, 2009). It can also be 
observed that the treatment with 0% of TIR, 
with Si application, was displayed in PC1-/
PC2+, close to the vectors of variables AA, 
FGC, SL, EC, and SE. The treatment with 100% 
of TIR, without foliar application of Si, in PC1+/
PC2-, was displayed close to the vectors G and 
TSW. These treatments were positioned close 
to the vectors with the highest contribution to 
PC2, which indicates higher values of these 
variables. 

The most pronounced effects of the 
irrigation depths were found for the variables 
TSW and EC, and the highest TSW and lowest 
EC were observed for the treatment with 
100% of TIR (Table 3). It can be seen, in the 
plotted PCA, that the irrigation depths of 0% 
of TIR, regardless of the application or not of 
silicon, were positioned close to the vector of 
the EC variable, indicating a higher correlation 
with this variable and higher EC values for 
this treatment. However, the treatments with 
irrigation depths of 100% of TIR, regardless of 
foliar application of Si, were displayed close to 
the TSW vector, indicating a higher correlation 
with this variable. This result points to higher 
vigor of the seeds produced with an irrigation 
depth of 100% of TIR.
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The irrigation treatments with 0 and 
50% of TIR, without foliar application of Si, 
were arranged in PC1-/PC2+ and PC1-/PC2- 
respectively (Figure 3). These treatments 
occupied opposite positions to the vectors of 
variables with the highest contribution to PC1. 
These vectors refer to the plant development 
variables (TL, GI, VI, CVI, RL, RDW, and RSR), 
showing that in these treatments, lower values 
were achieved. Thus, lower irrigation levels, 
when not combined with foliar application of Si, 
resulted in less growth of the seedlings grown 
from seeds produced in these conditions. On 

Figure 3. Biplot obtained from the linear combination of the variables related to the physiological 
and growth characteristics of wheat seedlings, grown from seeds produced at three irrigation 
depths (0; 50 and 100% of total irrigation requirement [TIR]), with and without leaf application of 
Si. PC1 – Principal component 1; PC2 – Principal component 2; G – Germination (%); FGC – First 
germination count (%); TSW – 1000-seed weight (g); AA – Accelerated aging (%); EC – Electrical 
conductivity (µS cm-1 g-1); SE – seedling emergence (%); SL – Shoot length (cm seedling-1); RL- Root 
length (cm seedling-1); TL – Total length (cm seedling-1); SDW – Shoot dry weight (mg seedling-1); 
RDW – Root dry weight (mg seedling-1); RSR – Root/shoot ratio; GI – Growth index; VI – Vigor index; 
CVI – Corrected vigor index.

the other hand, an opposite arrangement was 
observed for the treatments with irrigation 
depths of 50% and 100% of TIR, with foliar 
application of Si, positioned, respectively, in 
PC1+/PC2+ and PC1+/PC2-. Similar to what 
occurred with the vectors of the variables 
with the highest contribution to PC2, these 
treatments were also displayed close to the 
vectors of variables of the highest contribution 
now for PC1. Thus, these treatments provided 
higher seed quality, which, in turn, produced 
higher and more uniform seedlings. 
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Therefore, the treatments with 100% 
of TIR, irrespective of Si application, and 
50% of TIR associated with foliar application 
of Si are the treatments that provided better 
physiological seed quality. These treatments 
were displayed in the positive scores of PC1, 
corresponding to the direction of the plant 
germination and growth vectors (Figure 3).

Briefly, a higher 1000-seed weight and 
lower electrical conductivity were observed for 
the seeds produced with the highest irrigation 
level (100% of TIR) (Table 3). However, foliar 
application of Si was effective in producing 
seeds with higher physiological quality. In 
this regard, they produced more vigorous 
seedlings (Table 4), in optimal production 
conditions (irrigation level of 100% TIR) and 
under moderate water shortage (irrigation 
level of 50% TIR) (Figure 3).

Conclusions

Different irrigation depths beginning at 
anthesis do not affect yield and germination 
of wheat seeds, but less water irrigation (50% 
of TIR) and absence of irrigation (0% of TIR) 
reduces the seed vigor.  

Leaf application of 5 mM of Silicon on 
wheat plants provides more vigorous seeds. 

Acknowledgements

The authors gratefully acknowledge 
the financial support received from the 
Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq), Coordenação 
de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES) (Financing Code 001), 
and the Fundação de Amparo à Pesquisa do 
Estado de Minas Gerais (FAPEMIG).  

References

Abid, M., Hakeem, A., Shao, Y., Liu, Y., Zahoor, 
R., Fan, Y.,… Dai, T. (2018).  (2018). Seed 
osmopriming invokes stress memory 
against post-germinative drought 
stress in wheat (Triticum aestivum L.). 
Environmental and Experimental Botany, 
145, 12-20. doi: 10.1016/j.envexpbot. 
2017.10.002

Albrecht, J. C., Silva, M. S., Andrade, J. M. V., 
Scheeren, P. L., Trindade, M. G., Soares 
Sobrinho, J.,... & Yamanaka, C. H. (2006). 
Trigo BRS 264: Cultivar precoce com 
alto rendimento de grãos indicada para 
o Cerrado do Brasil Central. (Documento 
174). Planaltina: EMBRAPA Cerrados. 

Allen, R. G., Pereira, L. S., Raes, D., & Smith, 
J. (1998). Crop evapotranspiration: 
guidelines for computing crop water 
requirements. Rome: FAO. Irrigation and 
Drainage Paper. 

Arif, M., Atta, S., Bashir, M. A., Khan, M. I., 
Hussain, A., Shahjahan, M., Alwahibi, M. 
S., &  Elshikh, M. S. (2021). The impact of 
Fosetyl-Aluminium application timing on 
Karnal bunt suppression and economic 
returns of bread wheat (Triticum aestivum 
L.). Plos One, 16(1), 1-15. doi: 10.1371/
journal.pone.0244931

Asada, K. (2006). Production and scavenging 
of reactive oxygen species in chloroplasts 
and their functions. Plant Physiology, 
141(2), 391-396. doi: 10.1104/pp.106.08 
2040

Battaglia, M., & Covarrubias, A. A. (2013). Late 
embryogenesis abundant (LEA) proteins 
in legumes. Frontiers in Plant Science, 
4(190), 1-8. doi: 10.3389/fpls.2013.00190



Yield and physiological quality of wheat seeds produced...

2247Semina: Ciênc. Agrár. Londrina, v. 42, n. 4, p. 2233-2252, jul./ago. 2021

Benincasa, M. M. P. (2003). Análise de 
crescimento de plantas: noções básicas. 
Jaboticabal: FUNEP.

Blum, A. (1998). Improving wheat grain 
filling under stress by stem reserve 
mobilisation. Euphytica, 100(1-3), 77-83. 
doi: 10.1023/A:1018303922482

Borém, A., & Scheeren, P. L. (2015). Trigo: do 
plantio à colheita. Viçosa, MG: Ed. UFV.

Buitink, J., Leger, J. J., Guisle, I., Vu, B. L., 
Wuillème, S., Lamirault, G.,... Leprince, O. 
(2006). Transcriptome profiling uncovers 
metabolic and regulatory processes 
occurring during the transition from 
desiccations ensitive to desiccation 
tolerant stages in Medicago truncatula 
seeds. The Plant Journal, 47(5), 735-750. 
doi: 10.1111/j.1365-313X.2006.02822.x

Cattivelli, L., Rizza, F., Badeck, F. W., 
Mazzucotelli, E., Mastrangelo, A. M., 
Francia, E.,... Stanca, A.M. (2008). Drought 
tolerance improvement in crop plants: 
an integrated view from breeding to 
genomics. Field Crops Research, 105(1-
2), 1-14. doi: 10.1016/j.fcr.2007.07.004

Crusciol, C. A. C., Arf, O., Zucareli, C., Sá, M. E., & 
Nakagawa, J. (2001). Produção e qualidade 
fisiológica de sementes de arroz de 
terras altas em função da disponibilidade 
hídrica. Revista Brasileira de Sementes, 
23(2), 287-293. doi: 10.17801/0101-31 
22/rbs.v23n2p287-293

Eskandari, H., & Alizadeh-Amraie, A. (2017). 
Evaluation of seed quality of wheat 
(Triticum aestivum) under water limitation 
induced by a partial root-zone irrigation 
regime. Seed Science and Technology, 
45(1), 248-251. doi: 10.15258/sst.2017. 
45.1.10

Fanan, S., Medina, P. F., Lima, T. C., & Marcos, J., 
Fº. (2006). Avaliação do vigor de sementes 
de trigo pelos testes de envelhecimento 
acelerado e de frio. Revista Brasileira de 
Sementes, 28(2), 152-158. doi: 10.1590/
S0101-31222006000200021 

Farooq, M., Hussain, M., & Siddique, K. H. (2014). 
Drought stress in wheat during flowering 
and grain-filling periods. Critical Reviews 
in Plant Sciences, 33(4), 331-349. doi: 
10.1080/07352689.2014.875291

Farooq, M., Irfan, M., Aziz, T., Ahmad, I., & 
Cheema, S. A. (2013). Seed priming 
with ascorbic acid improves drought 
resistance of wheat. Journal of Agronomy 
and Crop Science, 199(1), 12-22. doi: 10. 
1111/j.1439-037X.2012.00521.x

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D. 
B. S. M. A., & Basra, S. M. A. (2009). Plant 
drought stress: effects, mechanisms 
and management. In E. Lichtfouse., M. 
Navarrete., P. Debaeke., S. Véronique & 
C. Alberola (Eds.), Sustainable agriculture 
(pp. 153-188). Dordrecht: Springer. 
Retrieved from https:// link.springer.com/
article/10.1051/agro:2008021

Finch-Savage, W. E., & Bassel, G. W. (2016). Seed 
vigour and crop establishment: extending 
performance beyond adaptation. Journal 
of Experimental Botany, 67(3), 567-591. 
doi: 10.1093/jxb/erv490

Hajiboland, R., Moradtalab, N., Eshaghi, Z., & Feizy, 
J. (2018). Effect of silicon supplementation 
on growth and metabolism of strawberry 
plants at three developmental stages. 
New Zealand Journal of Crop and 
Horticultural Science, 46(2), 144-161. doi: 
10.1080/01140671.2017.1373680



Gama, G. F. V. et al.

2248 Semina: Ciênc. Agrár. Londrina, v. 42, n. 4, p. 2233-2252, jul./ago. 2021

Hatfield, J. L., & Prueger, J. H. (2015). 
Temperature extremes: effect on plant 
growth and development. Weather and 
Climate Extremes, 10, 4-10. doi: 10.1016/j.
wace.2015.08.001

Hodson, M. J., White, P. J., Mead, A., & Broadley, 
M. R. (2005). Phylogenetic variation in the 
silicon composition of plants. Annals of 
Botany, 96(6), 1027-1046. doi: 10.1093/
aob/mci255

Ishibashi, Y., Yuasa, T., & Iwaya-Inoue, M. 
(2018). Mechanisms of maturation and 
germination in crop seeds exposed to 
environmental stresses with a focus 
on nutrients, water status, and reactive 
oxygen species. In M. Iwaya-Inoue., M. 
Sakurai & M. Uemura (Eds.), Survival 
strategies in extreme cold and desiccation 
(pp. 233-257). Singapore: Springer. 
Retrieved from https://link.springer.com/
chapter/10.1007/978-981-13-1244-1_13

Jia, S., Lv, J., Jiang, S., Liang, T., Liu, C., & 
Jing, Z. (2015). Response of wheat ear 
photosynthesis and photosynthate 
carbon distribution to water deficit. 
Photosynthetica, 53(1), 95-109. doi: 10.10 
07/s11099-015-0087-4

Kassambara, A., & Mundt, F. (2017). Factoextra: 
extract and visualize the results of 
multivariate data analyses. R Package 
Version, 1(5), 337-354.

Kim, Y. H., Khan, A. L., Waqas, M., & Lee, I. 
J. (2017). Silicon regulates antioxidant 
activities of crop plants under abiotic-
induced oxidative stress: a review. 
Frontiers in Plant Science, 8(510), 1-7. doi: 
10.3389/fpls.2017.00510

Klein, V. A. (2008). Física do solo. Passo Fundo: 
Ed. da UPF. 

Krzyzanowski, F. C., França-Neto, J. B., Gomes, 
F. G., Jr., & Nakagawa, J. (2020). Testes 
de vigor baseados em desempenho de 
plântulas. In F. C. Krzyzanowski., R. D. 
Vieira., J. Marcos Fo. & J. B. França-Neto 
(Eds.), Vigor de sementes: conceitos 
e testes (pp. 79-140). Londrina, PR: 
ABRATES.  

Large, E. C. (1954). Growth stages in cereals. 
Illustration of the Feekes scale. Plant 
Pathology, 3(4), 128-129. doi: 10.1111/j. 
1365-3059.1954.tb00716.x

Lawlor, D. W., Day, W., Johnston, A. E., Legg, B. J., 
& Parkinson, K. J. (1981). Growth of spring 
barley under drought: crop development, 
photosynthesis, dry-matter accumulation 
and nutrient content. The Journal of 
Agricultural Science, 96(1), 167-186. doi: 
10.1017/S002185960003197X

Li, W., Zhang, B., Li, R., Chang, X., & Jing, R. 
(2015). Favorable alleles for stem water-
soluble carbohydrates identified by 
association analysis contribute to grain 
weight under drought stress conditions 
in wheat. Plos One, 10(3), 1-15. doi: 10. 
1371/journal.pone.0119438

Libardi, V. C. M., & Costa, M. B. (1997). Consumo 
d’água da cultura do trigo (Tricutum 
aestivum, L.). Revista da Faculdade de 
Zootecnia Veterinária e Agronomia, 
4(1), 17-22. Recuperado de http:// 
revistaseletronicas.pucrs.br/ojs/index.
php/fzva/article/view/1962

Luyckx, M., Hausman, J. F., Lutts, S., & 
Guerriero, G. (2017). Silicon and plants: 
current knowledge and technological 
perspectives. Frontiers in Plant Science, 
8(411), 1-8 . doi: 10.3389/fpls.2017.00411



Yield and physiological quality of wheat seeds produced...

2249Semina: Ciênc. Agrár. Londrina, v. 42, n. 4, p. 2233-2252, jul./ago. 2021

Marafon, A. C. (2011). Adubação silicatada 
em cana-de-açúcar é alvo de estudo 
da EMBRAPA. Aracaju, SE: EMBRAPA 
Tabuleiros Costeiros-Artigo de divulgação 
na mídia (INFOTECA-E). Recuperado de 
http://www.infoteca.cnptia.embrapa.br/
infoteca/handle/doc/1014580

Medeiros, A. D. D., & Pereira, M. D. (2018). 
SAPL®: a free software for determining 
the physiological potential in soybean 
seeds1. Pesquisa Agropecuária Tropical, 
48(3), 222-228. doi: 10.1590/1983-4063 
2018v4852340

Meena, V. D., Dotaniya, M. L., Coumar, V., 
Rajendiran, S., Kundu, S., & Rao, A. S. 
(2014). A case for silicon fertilization 
to improve crop yields in tropical soils. 
Proceedings of the National Academy 
of Sciences, India Section B: Biological 
Sciences, 84(3), 505-518. doi: 10.1007/
s40011-013-0270-y 

Ministério da Agricultura, Pecuária e 
Abastecimento (2009). Regras para 
análise de sementes. Brasília: MAPA/
ACS. Recuperado de https://www.gov.br/
agricultura/pt-br/assuntos/laboratorios/
arquivos-publ icacoes-laborator io/
regras-para-analise-de-sementes.pdf/
view

Ministério da Agricultura, Pecuária e 
Abastecimento (2013). Padrões para 
produção e comercialização de sementes 
de trigo. Instrução Normativa no 45, de 
17 de Setembro de 2013. Brasília: MAPA.. 
Recuperado de http://www.abrasem.
com.br/wp-content/uploads/2012/10/
Instru%C3%A7%C3%A3o-Normativa-
n%C2%BA-45-de-17-de-Setembro-de-
2013-Padr%C3%B5es-deIdentidade-

e - Q u a l i i d a d e - P r o d - e - C o m e r c -
deSementes-Grandes-Culturas-Republic
a%C3%A7%C3%A3oDOU-20.09.13.pdf

Mori, D. C. (2015). Aspectos econômicos da 
produção e utilização. In A. Borém & P. 
L. Scheeren (Eds.), Trigo: do plantio à 
colheita (pp. 11-33). Viçosa, MG: UFV.

Oliveira, S., Lemes, E. S., Meneghello, G. E., 
Tavares, L. C., & Barros, A. C. A. (2015). 
Silicon application to the soil on soybean 
yield and seed physiological quality. 
Semina: Ciências Agrárias, 36(5), 3029-
3042. doi: 10.5433/1679-0359.2015v36
n5p3029

Oliveira, T. F., Santos, H. O. D., Carvalho, R. A. D., 
Silva, H. W. D., Pires, R. M. D. O., & Carvalho, 
E. R. (2020). Reserve mobilization in 
soybean seeds under water restriction 
after storage. Journal of Seed Science, 
42, e202042024. doi: 10.1590/2317-15 
45v42231384

Perdomo, J. A., Capó-Bauçà, S., Carmo-
Silva, E., & Galmés, J. (2017). Rubisco 
and rubisco activase play an important 
role in the biochemical limitations of 
photosynthesis in rice, wheat, and maize 
under high temperature and water deficit. 
Frontiers in Plant Science, 8(490), 1-15. 
doi: 10.3389/fpls.2017.00490

R Core Team (2019). R: a language and 
environment for statistical computing. 
Vienna: R Foundation for Statistical 
Computing. Retrieved from http://www.R-
project.org/

Ribeiro, A. C. (1999). Recomendação para 
o uso de corretivos e fertilizantes em 
Minas Gerais (5a. aproximação). Viçosa, 
MG: Comissão de Fertilidade do Solo do 
Estado de Minas Gerais.



Sá, M. E. (1994). Importância da adubação na 
qualidade de sementes. In M. E. Sá & S. 
Buzzeti (Eds.), Importância da adubação 
na qualidade dos produtos agrícolas (pp. 
65-98). São Paulo: Ícone.

Sako, Y., McDonald, M. B., Fujimura, K., Evans, 
A. F., & Bennett, M. A. (2001). A system for 
automated seed vigour assessment. Seed 
Science and Technology, 29(3), 625-636. 
Retrieved from https://www.eurofinsus.
com/media/162083/seed-vigor-imaging-
system.pdf

Santos, H. G., Jacomine, P. K. T., Anjos, L. H. 
C., Oliveira, V. A., Lumbreras, J. F., Coelho, 
M. R.,... Oliveira, J. B. (2013). Sistema 
brasileiro de classificação de solos (3a 
ed. rev. ampl.). Brasília: EMBRAPA.

Sattar, A., Cheema, M. A., Sher, A., Ijaz, M., Ul-
Allah, S., Nawaz, A., Abbas, T., & Ali, Q. 
(2019). Physiological and biochemical 
attributes of bread wheat (Triticum 
aestivum L.) seedlings are influenced by 
foliar application of silicon and selenium 
under water deficit. Acta Physiologiae 
Plantarum, 41(8), 146. doi: 10.1007/s11 
738-019-2938-2

Silva, L. J. D., Medeiros, A. D. D., & Oliveira, A. 
M. S. (2019). SeedCalc, a new automated 
R software tool for germination and 
seedling length data processing. Journal 
of Seed Science, 41(2), 250-257. doi: 10. 
1590/2317-1545v42n2217267

Toledo, M. Z., Amaral Castro, G. S., Costa 
Crusciol, C. A., Soratto, R. P., Cavariani, C., 
Ishizuka, M. S., & Picoli, L. B. (2012). Silicon 
leaf application and physiological quality 
of white oat and wheat seeds. Semina: 
Ciências Agrárias, 33(5), 1693-1701. doi: 
10.5433/1679-0359.2012v33n5p1693 

United States Department of Agriculture 
(2020). World wheat production, 
consumption, and stocks. Washington, 
DC: USDA. Retrieved from https://apps.
fas.usda.gov/psdonline/app/index.html#/
app/ downloads

Van Der Sleen, P., Groenendijk, P., Vlam, 
M., Anten, N. P., Boom, A., Bongers, 
F…., Zuidema, P. A. (2015). No growth 
stimulation of tropical trees by 150 
years of CO2 fertilization but water-use 
efficiency increased. Nature Geoscience, 
8(1), 24-28. doi: 10.1038/ngeo2313

Varmuza, K., & Filzmoser, P. (2009). Introduction 
to multivariate statistical analysis in 
chemometrics. Boca Raton, FL: CRC 
Press. 

Vieira, R. D., & Marcos, J. Fo. (2020). Teste 
de condutividade elétrica. In F. C. 
Krzyzanowski., R. D. Vieira., J. Marcos 
Fo. & J. B. França-Neto (Eds.), Vigor de 
sementes: conceitos e testes (pp. 333-
388). Londrina, PR: ABRATES. 

Wang, S. Y., & Galletta, G. J. (1998). Foliar 
application of potassium silicate induces 
metabolic changes in strawberry plants. 
Journal of Plant Nutrition, 21(1), 157-167. 
doi: 10.1080/01904169809365390

Wu, J., Mock, H. P., Giehl, R. F., Pitann, B., & 
Mühling, K. H. (2019). Silicon decreases 
cadmium concentrations by modulating 
root endodermal suberin development 
in wheat plants. Journal of Hazardous 
Materials, 364, 581-590. doi: 10.1016/j.
jhazmat.2018.10.052

Yang, J. C., Zhang, J. H., Wang, Z. Q., Zhu, 
Q. S., & Liu, L. J. (2003). Involvement 
of abscisic acid and cytokinins in the 



Yield and physiological quality of wheat seeds produced...

2251Semina: Ciênc. Agrár. Londrina, v. 42, n. 4, p. 2233-2252, jul./ago. 2021

senescence and remobilization of carbon 
reserves in wheat subjected to water 
stress during grain filling. Plant, Cell & 
Environment, 26(10), 1621-1631. doi: 10. 
1046/j.13653040.2003.010 81.x

Yang, Y., Guan, H., Batelaan, O., McVicar, T. 
R., Long, D., Piao, S.,… Simmons, C. T. 
(2016). Contrasting responses of water 
use efficiency to drought across global 
terrestrial ecosystems. Scientific Reports, 
6(1), 1-8. doi: 10.1038/srep23284  

Zhang, X., Wang, X., Zhong, J., Zhou, Q., Wang, 
X., Cai, J.,... Jiang, D. (2016). Drought 
priming induces thermo-tolerance to 
post-anthesis high-temperature in 
offspring of winter wheat. Environmental 
and Experimental Botany, 127, 26-36. doi: 
10.1016/j.envexpbot.2016.03.004

Zhao, H., Qu, S., Guo, S., Zhao, H., Liang, S., & 
Xu, M. (2019). Virtual water scarcity risk 
to global trade under climate change. 
Journal of Cleaner Production, 230, 1013-
1026. doi: 10.1016/j.jclepro.2019.05.114




