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Abstract

The present study evaluated whether manganese (Mn) combined with silicon (Si) added to the foliar spray solution favors the
physiological aspects, productivity, and protein content of grains in Mn-deficient soybean crops. The experiment was carried
out to test four concentrations of Mn (0.00, 0.29, 0.58, and 0.87 g LY as chelate with added Si (0.48 g LY as potassium
silicate and without Si (control), following a 4 X 2 factorial scheme, arranged as randomized block design with five replica-
tions. The treatments were applied via foliar in the V6, V8, R1, and R2 phenological stages of the soybean crop. Soybean
plants in the control group demonstrated deficiency symptoms such as physiological damage. The beneficials effects of Si
on soybean crops it was due by reduction of oxidative stress, due to the increase in the content of the compound antioxidant
phenol (9%), causing a decrease in the rate of cell leakage. This mechanism increased the relative chlorophyll index (6%) and
the Fv/Fm, thus increasing leaf area, shoot dry mass, productivity (7%), and protein content (7%) in optimal concentration
of Mn. The foliar spraying of optimal concentrations of Mn associated with Si is a promising way to improve the efficiency
of soybean crops and to meet the nutritional demand for Mn.
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1 Introduction

Manganese (Mn) deficiency in soybean crops is frequent
and intensified in natural alkaline soils or weathered acidic
soils, being induced by the anthropogenic action caused by
high doses of limestone (Mousavi et al. 2011). The high pH
of the soil either decreases the Mn availability or increases
complexation caused by the increasing microbial activity
and greater adsorption due to the increasing ionic exchange
capacity of minerals in the clay fraction of the soil (Kahle
et al., 2004). Additionally, in the cultivation of transgenic
soy (Roundup Ready®), the application of the herbicide
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induces a deficiency of the micronutrient in the plant (Nava
et al. 2012).

In this scenario of Mn deficiency, the biological func-
tions of this nutrient in the plant are compromised, causing
low enzymatic activity and biosynthesis of primary metabo-
lites (Alejandro et al. 2020) and decreasing the content of
phenolic compounds, as previously reported for Tanacetum
parthenium (Farzadfar et al., 2017). This deficiency aggra-
vates biological damage due to the destabilization and dis-
integration of photosystem II complexes, which induces a
disorderly growth of reactive oxygen species (Kim et al.
2017), consequently causing oxidative stress (Schmidt
et al. 2015). Photosynthesis decreases (Schmidt et al. 2016)
due to the decrease of leaf chlorophyll content (Papadakis
et al., 2007), and the quantum efficiency of photosystem II
(Lichtenthaler et al., 2005) also decreases, inducing symp-
toms such as internerval chlorosis in new leaves (Marschner
2011), consequently decreasing crop yield as well. Addi-
tionally, Mn deficiency impairs the nutritional value of the
grains, decreasing their protein content (Mann et al. 2002)
and compromising quality.
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Foliar spraying has been widely used to meet the
demand for micronutrients in soybean plants grown in
deficient soils, benefiting growth and yield. However, there
is a lack of research on the foliar application of micronu-
trients (Niu et al. 2020), especially regarding the optimal
concentration of Mn in the spray solution. To supply Mn
to the plant, the most used sources would be manganese
sulfate or chelate, having similar agronomic efficiency
(Coutinho Neto et al., 2020).

A strategy to reduce the harmful effects of nutritional
deficiency would be the use of silicon (Si) applied via
a nutrient solution, as previously observed in forages
(Buchelt et al., 2020), quinoa (Sales et al. 2021), and sug-
arcane (Oliveira et al. 2021). In a study of Poaceae, Si
was applied through foliar application and reduced the Mn
deficiency (Oliveira et al. 2020). It is believed that Si can
improve the response of the plant submitted to the foliar
application of Mn. This is likely to happen, as one study
indicated that isolated foliar applications of Si increased
the quantum efficiency of photosystem II and the leaf
chlorophyll content of non-Mn deficient plants (Hussain
et al. 2021a, b). In addition, Si acts indirectly by increas-
ing the antioxidant defense capacity of the soybean crop
(Hussain et al. 2021a, b) and decreasing the production of
reactive oxygen species (ROS) (Miao et al. 2010) through
the increase in the content of phenolic compounds, as
observed for barley (Vega et al. 2019) and arugula crops
(Silva et al. 2021).

In this scenario, it is relevant to explore the possible
interaction between Mn and Si supplied in the same solu-
tion for foliar spraying. A pioneer study with Poaceae using
a mixture of Mn in the form of chelate (Mn-EDTA) and
potassium silicate stabilized in solution for foliar spraying
indicated synergy, improving the response of these plants
to Mn supply (Oliveira et al. 2020). This study was carried
out on Si-accumulating species (foliar content of Si> 1%),
with no reports for non-accumulating species (foliar content
of Si<0.5%) (Mitani and Ma, 2005), including the soybean
crop.

Given the importance of Mn foliar spraying in soybean
crops and the possible synergy with Si observed in Poaceae
but still unknown in plants that do not accumulate the ben-
eficial element, further research is needed to answer the fol-
lowing two hypotheses: i) whether supplying Si via foliar
spray associated with manganese supplied as chelate ensures
adequate absorption of both elements by soybean plants,
indicating possible chemical compatibility, which is a per-
tinent question due to the risk of the polymerization of Si
in solution in the presence of cations (Lindsay 1979), thus
hindering their foliar absorption; ii) whether foliar Mn at
different concentrations and with or without Si benefits grain
quality and crop yield by reducing the stress due to reduced
leaf-electrolyte-leakage, thus increasing the chlorophyll

content and the quantum efficiency of photosystem II due
to the production of antioxidant total phenols.

If both hypotheses are accepted, the addition of Si in the
solution should emerge as a new strategy to enhance the
effects of foliar fertilization with Mn in soybean cultiva-
tion, having wide application, as there are many tropical
and subtropical regions with Mn- and Si-deficient soils. To
answer these questions, this research aimed at evaluating
whether Mn combined with Si in the solution applied via
foliar spraying favors the physiological aspects, yield, and
protein content of the Mn-deficient soybean grain.

1.1 Material and methods

2 Growth condition and treatments studied

The experiment was carried out in a greenhouse at the Sao
Paulo State University “Jalio de Mesquita Filho,” in Jaboti-
cabal, Brazil. The treatments consisted of four manganese
concentrations (0.0, 0.29, 0.58 and 0.87 g L‘l) as a che-
late (Mn-EDTA: 13%), without Si (control) or with Si con-
centration of 0.48 g L™!, as potassium silicate (137 g L™!
Si, 164.4 g L™! K,0), with additives for silicon stability.
Mn concentrations were chosen based on literature values
(350 ¢g ha™' of Mn) (Staut, 2007). The Si concentration was
determined based on preliminary tests of Mn with Si with-
out visible Si polymerization. The experimental design used
was randomized blocks in a 4 X 2 factorial scheme, with five
replications. For treatments without addition of Si, foliar
spraying with K in the form of KCl was carried out to adjust
the concentration of this element since the source of Si con-
tains K. The experimental unit was a 7.0 dm> polypropylene
pot (upper diameter: 16 cm; lower diameter: 11 cm, height:
33 cm) filled with 6 dm® of sand, previously washed with
HCI solution (0.3%, v:v) and deionized water. The soybean
Glycine max L. Merrill, cultivar NS 7709, characterized by
an early cycle and indeterminate growth habit, was sown in
the planting pots, and ten days after emergence (DAE), thin-
ning was performed, keeping three plants per pot.

Deionized water was applied. Ten days after emergence
(DAE), nutrient solution by Hoagland and Arnon (1950)
was used, modified to Fe concentration (180 umol L_l)
for the Fe-EDDHA source and without addition of Mn to
induce Mn deficiency in plants. The pH value of the nutrient
solution was adjusted to 5.5 +0.5 using HCI (1.0 mol L)
or NaOH (1.0 mol L™1). The ionic strength of the nutrient
solution supplied to the plant was initially set at 15%, but
increased to 75% at 20 DAE and maintained until the end
of the experiment.

The treatments were applied via foliar spraying to all
leaves present on the plants in four defined phenological
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stages: V6 (five fully developed leaves—plants to 32 DAE);
V8 (seven fully developed sheets—plants to 42 DAE); R1
(beginning of flowering, having an open flower at any node
of the main stem—plants to 51 DAE) and R2 (beginning of
pod formation—plants to 68 DAE), corresponding to the
volumes of sprayed solution equal to 5, 12, 18 and 30 mL
in the plant grown in the pot, respectively. To ensure only
foliar application, the surface of the pot was covered with
a layer of cotton and absorbent paper to avoid drift in the
substrate and absorption of chemical elements by the roots.
The pH value of the solution used for foliar spray was kept
at 7.0 for all treatments using HCI (1.0 mol L™') or NaOH
(1.0 mol L71).

Relative humidity and air temperature were recorded dur-
ing the experimental period (Fig. 1). During foliar spraying,
the air relative humidity was 86, 98, 82 and 85%, in the first,
second, third and fourth foliar application, respectively, for
providing optimal foliar absorption of Mn and Si.

3 Analyzed Variables
3.1 Siand Mn accumulation

To determine Si and Mn accumulation, the collected plant
material was washed in a detergent solution (0.1%, v:v),
hydrochloric acid (0.3%, v:v), and deionized water (Prado
2021).

After drying, the samples were ground in a Willey-type
mill, using a 20 mesh sieve, for further chemical analysis.
The silicon content was determined by wet digestion, using
hydrogen peroxide (H,0,) and sodium hydroxide (NaOH),
raising the temperature in an air circulation oven at 120 °C
for 4 h to induce the reaction according to the methodol-
ogy of Kraska and Breitenbeck (2010). The extract was read
using a spectrophotometer at 410 nm, by the colorimetry
method with hydrochloric acid, oxalic acid and ammonium
molybdate (Korndorfer et al. 2004).

Fig.1 Temperature (°C) maxi- . H min
mum (T max) and minimum (T
min) and relative humidity (%)

maximum (H max) and mini- 70 -

l 3rd application 4th application

The total manganese content was determined following
the method described by Bataglia et al. (1983). The Si and
Mn accumulations were calculated as the product of dry
mass times the element content and expressed as milligrams
per plant.

3.2 Relative chlorophyll index

The relative chlorophyll index (IRC) was obtained at
96 DAE, evaluating fully developed younger leaves that
received the last foliar spray that were marked when spray-
ing occurred. The estimate of IRC was performed with the
aid of the indirect chlorophyll measuring device Opti-sci-
ences® CCM—200 with an average of five readings per
plant, in which the indirect values of chlorophyll A and B
were obtained, and by the sum, the values of relative index
of total chlorophyll.

3.3 Quantum efficiency of photosystem Il

The quantum efficiency of photosystem II (Fv / Fm) was
obtained, at 99 DAE, from the measurement of chlorophyll
fluorescence using a fluorometer (Opti-sciences—Os30P).
For this, the sampled region was left in the dark for at least
30 min before the excitation of the one-second red light
pulse (Saturation light source: array of red LEDs 660 nm).
The following readings FO (minimum fluorescence for chlo-
rophyll excitation) and Fm (maximal fluorescence for chlo-
rophyll excitation) were obtained. From these parameters,
Fv (fluorescence variation was calculated from FO and Fm),
Fv / Fm (variable fluorescence and maximum fluorescence
ratio) and Fv / FO (variable fluorescence and minimum fluo-
rescence ratio) were also obtained. The readings were taken
between 6:30 am and 7:30 am on the fourth fully developed
leaf of the plant counted from the apex and that received the
last foliar application of the treatments.
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3.4 Total phenol content

The total phenol content was extracted from 0.1 g of fresh
leaves collected at 100 DAE that were transferred to 15 mL
falcon tubes covered with aluminum foil, diluted in concen-
trated methanol in a water bath at 25 °C for 3 h, following
the methodology of Singleton and Rossi (1965).

For the colorimetric reaction, 1 mL of the filtered extract
was transferred to another 15 mL falcon tube covered with
aluminum foil and the volume was made up with 10 mL of
water and 0.5 mL of Folin-Ciocauteau 2 N, left to stand for
3 min. After this time, 1.5 ml of 20% sodium carbonate was
added and again allowed to react for 2 h. Subsequently, the
sample absorbance readings were performed with the aid of
a spectrophotometer (765 nm). Control samples were pre-
pared following all mentioned procedures, with the excep-
tion of fresh material.

3.5 Relative Cell Leakage Index

Five leaf discs were removed from the fourth fully devel-
oped leaf counted from the apex that received the last foliar
application at 100 DAE. Subsequently, the leaf discs were
submerged in 20 mL of deionized water in a beaker at room
temperature for 2 h, as indicated by Dionisio-Sese and Sci-
ence (1998).

The solution electrical conductivity (EC,) was read using
a benchtop conductivity meter (digital meter TDS—3). Soon
after measurement, the samples were autoclaved at 121°C for
20 min, and after cooling, a new reading was performed to
obtain the final electrical conductivity (EC,). Cell leakage
index was determined as EC,/EC, x 100.

3.6 Leaf area and dry mass production

The plant shoots (leaves and stems) were harvested and the
evaluations were performed 103 DAE. The leaf area was
quantified by the LICOR 3100 leaf area integrator device.
Then, all plant material (leaves and stems) was washed in a
detergent solution (0.1%, v:v), hydrochloric acid (0.3%, v:v),
and deionized water (Prado 2021). Subsequently, the plant
material was placed in paper bags, properly identified, and
dried in an oven with forced ventilation, at 65°C 2, until
they presented a constant mass. Then, the plant material was
weighed on a precision analytical balance and the dry mass
of the aboveground part of the plant was determined.

All physiological and growth analyzes were performed
before the senescence period.

3.7 Grain quantity, yield, and protein content

At physiological maturity (133 DAE), soybean pods were
collected, manually threshed, and the number of grains per

plant counted. Also, grain yield (g per plant) was obtained
from mass, with moisture corrected to 13%.

Subsequently, the grains were washed in a detergent solu-
tion (0.1%, v:v), hydrochloric acid (0.3%, v:v) and deionized
water (Prado 2021) to determine the protein content. The
samples were dried, ground, in a Willey type mill, using
a 20 mesh sieve, and stored for further chemical analysis.
Nitrogen (N) was determined from the sample digestion in
a sulfuric acid solution, distillation with a Kjeldahl distiller,
and titration with a sulfuric acid solution (Bataglia et al.
1983). The protein content in the grain was calculated by
the product of the nitrogen content of the sample and the
correction factor (FC=6.25), as proposed by Quast (1966).

3.8 Statistical analysis

After testing normality (Kolmogorov—Smirnov test) and
homogeneity of variance (Shapiro—Wilk test), all data were
subjected to analysis of variance by the F test at 1% and 5%
probability. Means of fertilization with Mn via the leaves,
with and without Si, were compared by Tukey test at 5%
probability.

The effects of Mn concentrations were evaluated from the
polynomial regression study, and the models were chosen
with a significant F test at 5% probability and with the high-
est values of the coefficients of determination. For statistical
analysis, SAS software version 9.1 (Cary, NC, USA) was
used. Values were obtained using the SigmaPlot version 14.0
program.

4 Results

Leaf spraying with increased Mn concentration in the solu-
tion, in the absence or presence of Si, increased the accu-
mulation of Si in the leaves of soybean plants. The addition
of Si to the solution, in relation to its absence, promoted an
increase in the accumulation of Si in the leaves of soybean
plants at all concentrations of Mn used (Fig. 2a).

The accumulation of Mn in plants depends on the concen-
trations of Mn and Si in the solution sprayed on the leaves
(Fig. 2b). Leaf spraying with increased concentration of Mn
in the solution, with or without Si, increased the accumu-
lated Mn in soybean leaves. The Si added to the foliar spray
solution promoted a greater accumulation of Mn in soybean
leaves at all concentrations used (Fig. 2b).

Foliar spraying with increased Mn concentration in the
solution increased the relative index of total soybean chlo-
rophyll, reaching the maximum value for Mn concentrations
equal to 0.53 and 0.56 g L™! with and without Si, respec-
tively (Fig. 3a). Furthermore, the Si added to the solution
increased the relative chlorophyll index of soybean when
sprayed at Mn concentrations of 0, 0.29, 0.58 and 0.87 g L™!
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Fig.2 Accumulation of Si (a)
and Mn (b) in the aerial part

of soybean plants in relation to
the increase in manganese (Mn)
concentrations in the presence
(+ Si) and absence of silicon
(-Si). ** p<0.01; * p<0.05 and
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(Fig. 3a). In addition, Mn applied via the leaves increased
the quantum yield of photosystem II (Fv / Fm) of the soy-
bean plant, reaching maximum values with the use of Mn
concentrations equal to 0.59 and 0.64 g L~! with and with-
out Si, respectively (Fig. 3b). The Si added to the solution
promoted an increase in the quantum yield of photosystem
II (Fv / Fm), especially in foliar sprays at Mn concentra-
tions equal to 0, 0.29, 0.58 and 0.87 g L' (Fig. 3b). The
Mn applied via the leaves increased the total phenol con-
tent of the soybean plant, reaching the maximum for Mn
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concentrations equal to 0.49 and 0.74 g L™! with and with-
out Si, respectively (Fig. 3c). The Si added to the solution
increased the total phenol content only for foliar sprays at
Mn concentrations equal to 0, 0.29 and 0.58 g L™! (Fig. 3c).
Furthermore, increasing Mn concentrations in the sprayed
solution on plants decreased electrolyte leakage from con-
centrations of 0.08 and 0.04 g L~! with and without Si,
respectively (Fig. 3d). The effect of Si added to the foliar
spray solution reduced cellular electrolyte leakage only for
concentrations of 0 and 0.29 g L™! Mn (Fig. 3d).
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Leaf spraying with increased Mn concentration without
adding Si to the solution increased the leaf area of soybean
plants with linear adjustment, but in the presence of Si in the
solution this increase reached a maximum value at the Mn
concentration equal to 0.88 g L™! (Fig. 4a). The addition of
Si to the solution resulted in an increase in leaf area at all
Mn concentrations studied (0.29 to 0.87 g L™!) (Fig. 4a).
The Mn added to the solution increased the shoot dry mass
of soybean independently of the Si added to the solution,
reaching the maximum value in the foliar spray with Mn
concentrations equal to 0.71 and 0.89 g L™" with and without
Si, respectively (Fig. 4b). Furthermore, the addition of Si
in the solution increased the shoot dry mass of the soybean
plant in the foliar sprays with Mn concentrations equal to 0,
0.29 and 0.58 g L™! (Fig. 4b).

Leaf-applied Mn increased soybean grain yield inde-
pendently of added Si, reaching the maximum for Mn con-
centrations of 0.63 and 0.65 g L~!, with and without Si,
respectively (Fig. 5a). The Si added to the solution increased
soybean grain yield with foliar sprays at Mn concentrations
equal to 0.58 and 0.87 g L™! (Fig. 5a).

Foliar spraying on the soybean plant with increasing con-
centrations of Mn without adding Si to the solution promoted
a linear increase in the protein content of the grain, but with

the addition of Si to the solution this increase reached a
maximum value at the concentration equal to 0.65 g L™ of
Mn (Fig. 5b). There was an increase in the protein content
of the grain with the addition of Si in the solution, mainly
for foliar spraying with Mn at concentrations equal to O to
0.58 g L~! (Fig. 5b).

5 Discussion

Biological damage caused by Mn deficiency was clearly
observed in soybean plants in the control treatment, which
did not receive Mn, and also in the treatment that received
foliar spraying with Si. Manganese is important for activat-
ing the enzyme RNA polymerase, which is involved in the
synthesis of lipids and proteins and in cell multiplication
(Prado 2021), affecting the formation of pigmented mem-
branes (Gong et al. 2010) and decreasing the relative chloro-
phyll content (Fig. 3a). This nutritional disorder also induced
energy loss during electron transfer, as evidenced by the low
quantum efficiency of photosystem II (Fig. 3b) due to chlo-
roplast damage. These micronutrient functions are linked
to the integrity of the membranes of this organelle due to

Fig.4 Leaf area (a) and shoot a) = +Si y=1336.55+1570.166x - 889.6849x> ) ® +Si y=20.69+13.105x - 9.1967x
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Mn composing specific proteins of PSII and the enzymatic
complex of photo-oxidation of water (Schmidt et al. 2016).

In this scenario, the lack of Mn caused stress to the plant,
given the low content of antioxidants, such as phenolic
compounds (Fig. 3c), as the biosynthesis of this secondary
metabolite is compromised, which may have contributed to
increase the rate of electrolyte leakage in the cells (Fig. 3d).
This fact is caused by the inhibition of the Hill reaction,
which can lead to the formation of reactive oxygen species
that should be eliminated by the action of the enzyme super-
oxide dismutase, which can have low activity in Mn defi-
ciency (Reddi et al., 2009) compromising the detoxification
of cells. These failing mechanisms hamper the subsequent
reactions, such as photophosphorylation and CO, fixation
(Kirkby and Rémheld, 2004), thus impairing plant growth
by decreasing the leaf area index (Fig. 4a), shoot dry mass
(Fig. 4b) and, consequently, the grain yield of the soybean
crop (Fig. 5). These results in the control plants indicate that
Mn-deficient soybean plants are sensitive to oxidative stress
that induces physiological damage (Farzadfar et al., 2017).

The biological damage caused by Mn deficiency with-
out added Si induced symptoms in the soybean leaves such
as sprouts with a light green color and more accentuated
chlorosis between the midrib, a fact already highlighted by
other authors (Epstein and Bloom 2004; Marschner 2011;
Prado 2021). The presence of Mn-deficient leaf tips (Con-
trol: 0 Mn + Si and -Si) (Fig. 6a) is rarely reported and may
be indicative of toxic urea accumulation, probably due to
low urease activity (Park and Hausinger 1996). This symp-
tom can occur during the main process of N re-assimilation
where arginine is hydrolyzed by arginase, forming urea (Sid-
dappa and Marathe 2020). According to the authors, the urea
cycle contains Mn-dependent enzymes responsible for the
reaction that produces ammonia, which is quickly incorpo-
rated into carbon skeletons, forming new amino acids. Thus,
it is evident that, by decreasing urease activity, the lack of
Mn (Park and Hausinger 1996) increases the biological dam-
age to the plant. In addition, we can see the benefits of apply-
ing Mn to soybean plants (Fig. 6b).

We showed for the first time that Mn foliar spraying
together with Si increased the accumulation of Mn in the

Fig. 6 Illustration of the leaf
harvested at 103 days after

emergence with detail of the
necrosis at the apex of the leaf 4
with Mn deficiency (a) and all )

of treatments (b) 0.00gL"Mn-Si

0.00gL"Mn +Si
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plant, indicating a promising practice to improve the nutri-
tional status of the soybean crop (Fig. 2a). Given this result,
it is possible to increase the efficiency of foliar fertilization
with Mn in soybean crop due to synergy with Si in the solu-
tion. An important practical implication is the possibility of
decreasing the concentration of Mn applied via the leaves
while maintaining the benefits of Mn in the physiology and
production of the soybean crop. This may reflect on the cost
of Mn foliar nutrition in soybean crops and on sustainability,
as the extra benefits of Si in mitigating abiotic and biotic
stresses that can occur in the crop, especially in field condi-
tions are known. In view of the feasibility of using Mn and
Si in soybean crops, the use of Si in agriculture should be
increased. In areas with commercial cultivation and research
studies predominate with the use of Si in Si-accumulating
species (poaceae) and with our promising results in non-
accumulating plants (soybeans), further research is needed
in this group of plants to fundamentalize its use.

Although this species is classified as non-accumulative
(foliar content of Si<0.5%) (Ma and Takahashi 2002;
Mitani and Ma 2005), given the low absorption efficiency
of Si transporters (Lsi 1 and Lsi 2) (Ma and Yamaji 2015).
Optimum Si uptake via foliar spray on non-accumulating
plants is known, but only when Si is supplied alone, seen
in soybean (Felisberto et al. 2020) and peanut (Fernandes
et al. 2021) plants.

The excellent foliar uptake of Si by the soybean plant
may have resulted from the quality of the sprayed solution
since no unwanted reactions (polymerization) were observed
for Si and Mn in solution (Fig. 2). This finding is probably
due to the source of Mn-EDTA chelate used, where pairs of
electrons from the Mn ion present coordinated bonds to form
a complex with the hexadentate EDTA organic ligand, thus
avoiding a reaction that could promote the polymerization
of Si. The chelated Si-Mn source is efficient and frequently
used in foliar sprays on annual crops (Neocleous et al. 2020).
Mn applied together with Si was also efficient for provid-
ing both elements to Poaceae (Oliveira et al. 2020). There-
fore, the first hypothesis can be accepted, as Si associated
with Mn applied via foliar spray ensured that both elements
were adequately absorbed by soybean leaves, indicating

!

0.29gL"Mn 0.58gL"Mn 0.87gL"Mn
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compatibility considering the concentrations and sources
of the elements studied.

This feasibility of mixing Si and Mn is scientifically
robust, as it was proven that the increased Mn absorp-
tion, with or without Si in the solution, effectively induced
physiological improvements by decreasing oxidative stress
and increasing the quantum efficiency of photosystem
II (Fig. 3a), caused by the decreased electrolyte leakage
(Fig. 3d) while favoring biometric variables such as leaf
area (Fig. 4a), shoot dry matter production (Fig. 4b), and
grain yield (Fig. 5a).

We evidenced that Si and Mn added in the solution clearly
improved grain yield and protein content of the soybean crop
due to the increasing relative chlorophyll index and quan-
tum efficiency of photosystem II, for all Mn concentrations
studied. Therefore, two inferences are possible: one would
be the effect of Si on control plants and the other on plants
that received Mn via foliar. Thus, Si supply benefited plants
severely affected by Mn deficiency (control). This fact was
also observed by other authors, as Si increases compromised
photosynthetic efficiency (Ali et al. 2020) and improves the
homogeneous distribution of the micronutrient in the leaf
(Hernandez-Apaolaza 2014).

Furthermore, by reducing the apoplastic concentration of
Mn in cowpea, Si modifies, decreasing the binding capacity
to cell wall cations (Horst et al. 1999) increasing the cell
availability of Mn for use in plant metabolism. The second
finding indicates that the Si added to the solution enhances
the plant's response, favoring production and quality due to
the physiological improvements mentioned above, especially
when the plant receives Mn via foliar spray. Therefore, this
synergistic relationship Mn and Si in foliar spraying of soy-
bean crop has a physiological effect of adding the benefits of
both elements, which is still little explored in the literature.
This lack of research involving the two elements possibly
occurred due to the risks of polymerization of this mixture in
the same solution, but which was overcome in this research,
as discussed above.

Another important effect of Si rarely reported is the
increase in the production of antioxidants, such as phe-
nolic compounds, which stand out mainly in plants with
Mn deficiency or insufficient foliar spray (0.29 g L™! Mn).
This was probably because Si promotes an increase in the
activity of the enzymes peroxidases, polyphenol oxidases
and phenylalanine ammonia-lyase, acting in the metabolic
route for the synthesis of phenolic compounds (Mendonga
et al. 2013). This increase in antioxidant compounds evi-
denced the benefit of Mn and Si applied via the foliar,
as they were responsible for reducing electrolyte leakage
(Fig. 3d), especially in a more severe situation of Mn defi-
ciency and, consequently, favoring the growth of plants.
Given this evidence, this research revealed that the main
strategic mechanism of the soybean plant cultivated with

some degree of Mn deficiency was to use Si to strengthen
the culture's antioxidant defense system.

The importance of Mn foliar spraying for soybean crop
has been confirmed by other authors who have investigated
isolated Mn application and reported an increase in crop
grain yield (Alt et al. 2018, Gettier et al. 1985, Ohki et al.
1985, Ohki et al. 1987) and grain quality due to increased
protein content (Mann et al. 2002). In this research, we
discovered the possibility of expanding this soybean
response by adding Si to the Mn solution, an important
fact for this crop that uses a lot of foliar fertilization with
Mn in commercial crops.

We observed that the maximum grain yield of the oil-
seed occurred for a concentration of Mn close to 0.64 g
L~! with or without Si, in four sprays along the soybean
crop cycle. These optimal values for the Mn concentration
in the solution are close to the results reported by Gettier
et al. (1985) (0.56 g L™! of Mn), using two sprays, and
lower than the value of Mann et al. (2002) (1 g L' of
Mn), with three sprays on soybean plants. This difference
for defining the optimal Mn concentration for the soybean
crop may be due to the spraying frequency and timing,
as Mann et al. (2002) concentrated the foliar applications
in the vegetative phase (V4, V8 and V10) whereas this
research favored the vegetative and reproductive phases
(V6, V8, R1, R2). It is possible that the higher spraying
frequency in different phenological stages may be more
efficient in correcting the deficiency (Ohki et al. 1987)
given the low phloem mobility of the micronutrient in the
soybean crop (Prado 2021).

Another relevant aspect is the quality of soybean crops
production, which is defined by the protein content, as part
of the production of this oilseed is destined for animal feed
to meet the needs of the animal diet and favor the produc-
tion of animal protein (Marques 2018). This research indi-
cated that Mn applied via foliar spray helped to increase the
protein content in soybeans (Fig. 5b), which corroborates
the results obtained by Mann et al. (2002) who highlighted
the importance of adequate protein contents in grains. This
research demonstrated that it is possible to improve the qual-
ity of soybean grains by using Mn foliar spray at a concen-
tration of 0.58 g L~!, with addition of Si in solution. The
effect of Si in increasing the protein content of the grain it
is probably due in part to the favoring of photosynthesis,
as there was an increase in the chlorophyll content and in
the quantum efficiency of photosystem II and, according to
Tcherkez et al. (2020), it is known that protein synthesis
increases with photosynthesis through stimulation of trans-
lation initiation.

It was very clear from the culture's responses that the results
discussed allow us to accept the second hypothesis as well.
Thus, the synergism of Mn and Si in foliar spray observed in
Poaceae by Oliveira et al. (2020) is confirmed for the first time
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in an oilseed (non-Si-accumulating) that is, it absorbs Si but in
a relatively low amount.

This research proposes a new strategy to meet the demand
for Mn in soybean crop, based on foliar fertilization with
Mn concentration that can be enhanced with the addition
of Si to the solution, favoring the sustainability of the crop
caused by the better use of Mn by the plants, to achieve high
productivity and grain quality. Such practices can be carried
out in crops that are grown in different regions of the world
due to their sensitivity to Mn deficiency, especially in soils
with low available Mn content.

The future perspective is promising and more research is
expected to explore the synergy of Mn and Si via the foliar
using new sources of Mn chelate, such as EDDHA or inno-
vative organic complexes and other species with different
abilities to uptake Si to maximize productivity associated
with quality.

6 Conclusion

Our finding proposes a new strategy to meet the demand
for manganese in soybean crops from foliar fertilization at
a concentration of 0.68 g L™ of manganese, which can be
enhanced with the addition of silicon (0.48 g L™ b,

We showed that the synergy of manganese and silicon
via foliar spray benefits the soybean crop by increasing the
antioxidant defense system.

The exploration of this interaction should expand the use
of silicon in agriculture and at the same time improve the
nutritional efficiency of manganese.
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