Open Agriculture. 2018; 3: 510-523

DE GRUYTER

Research Article

Fernando Shintate Galindo, Marcelo Carvalho Minhoto Teixeira Filho*, Salatiér Buzetti,
Willian Lima Rodrigues, Guilherme Carlos Fernandes, Eduardo Henrique Marcandalli Boleta,
Mauricio Barco Neto, Antonio Leonardo Campos Biagini, Eduardo Bianchi Baratella,

Jeferson Silva de Souza

Nitrogen rates associated with the inoculation
of Azospirillum brasilense and application

of Si: Effects on micronutrients and silicon
concentration in irrigated corn

https://doi.org/10.1515/0pag-2018-0056
received June 30, 2018; accepted October 8, 2018

Abstract: The aim of this study was to analyze whether there
are differences between the inoculation with Azospirillum
brasilense and the silicon application, thus enabling
a higher efficiency of nitrogen fertilization, evaluating
micronutrients and silicon concentration in shoots and
roots of irrigated corn (Zea mays). The experiment was
conducted in Selviria, Brazil, under a no-till system, on
a Typic Rhodic Hapludox. The experiment was set up
as a randomized block design with four replications,
in a 2 x 5 x 2 factorial arrangement consisting of two
soil corrective sources (dolomitic limestone and Ca and
Mg silicate as source of Si); five N rates (0, 50, 100, 150
and 200 kg ha'); with and without inoculation with A.
brasilense. N rates increased B, Cu and Fe concentrations
in shoots and B, Cu, Fe, Mn, Zn and Si in roots. Inoculation
provided greater concentrations of B and Fe in shoots,
and B in roots. Although inoculation with A. brasilense
favored micronutrient uptake, it negatively affected Si
concentration in shoots in 2015/16 crop. The use of Si in
the form of Ca and Mg silicate promotes an increase in Mn,
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Si and Zn uptake in shoots and Mn and Si concentration
in roots.
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1 Introduction

In order to achieve better plant nutrition and high corn
grain yield, it is necessary to apply nitrogenous fertilizer,
because soils, in general, do not supply the demand of the
crop during its cycle (Teixeira Filho et al. 2014; Galindo
et al. 2016; Galindo et al. 2017). In general, tropical soils
are highly weathered and therefore are unable to supply
macro and micronutrients, especially boron (B) and zinc
(Zn), appropriately to the development of cereal crops
(Galindo et al. 2018).

Corn is one of the oldest and most widespread crops
in the world (Galindo et al. 2016). However, despite the
technological advances available, the average Brazilian
yield (e.g. 6,013kg ha'in the Savannah region) is still low in
terms of productive potential (Conab 2018, Follow-up of the
Brazilian crop: fifth survey — February/2018, http://www.
conab.gov.br/conteudos.php?a=1253). Consequently,
nitrogen (N) fertilization is one of the highest costs of the
production process of non-leguminous crops (Nunes et al.
2015). Wheat, corn, and rice crops utilize approximately
60% of all N fertilizer produced in the world (Espindula
et al. 2014). Also, both nitrogen fertilizer production and
application contribute to the emission of gases (CO, and
NO,) that contribute to the increase of the greenhouse
effect on earth (Xu et al. 2012).
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Due to high cost of fertilizers and awareness of
sustainable and pollution free agricultural practices, one
strategy to increase nitrogen fertilization efficiency, is
the use of inoculants containing bacteria that promote
growth and increase plant nutrition and productivity.
The technology of inoculation of non-legumes with non-
symbiotic plant growth-promoting bacteria (PGPB),
whose main representative is Azospirillum spp., is also
being increasingly adopted in several countries, mainly
in Latin America, especially for crops such as corn and
wheat (Hartmann and Bashan 2009; Marks et al. 2015).
The analysis of results from a large number of field trials
with various non-legume crops, conducted worldwide
over 20 years under different soil and weather conditions,
has demonstrated that yield increases of up to 30% could
be obtained 70% of the time (Fukami et al. 2016; Fukami
et al. 2017) in response to inoculation with Azospirillum.

They are believed to stimulate plant growth by an
array of mechanisms including, but not restricted to,
production and secretion of phytohormones such as
indole-3- acetic acid (IAA), cytokinins, and gibberellins
(Bashan and de-Bashan 2010; Meza et al. 2015), nitric
oxide (Fibach-Paldi et al. 2012), increase of nutrient
availability (Hungria et al. 2010), and biological nitrogen
fixation (BNF) (Pankievicz et al., 2015). Due to the wide
array of mechanisms proposed for stimulation of plant
growth by Azospirillum spp., Bashan and de-Bashan
(2010) proposed a theory of multiple mechanisms that
might act either in a cumulative or sequential pattern.

The use of silicon (Si) in agriculture is another practice
that exerts numerous benefits on grasses, especially when
the plants are submitted to biotic and abiotic stresses, for
example drought and salt stress (Crusciol et al. 2013a,
2013b), pathogens and insects (Bakhat et al. 2018) or
strong wind and rain (Guntzer et al. 2012), which are
common in adverse edaphoclimatic conditions such as
in the Brazilian Cerrado (Savannah region). In addition,
calcium (Ca) and magnesium (Mg) silicate, besides
correcting soil acidity (Sarto et al. 2015), raise the levels
of soluble phosphorus, calcium, magnesium and silicon
and, consequently, bases saturation, reducing the toxic
effects of iron, manganese, zinc, aluminum and cadmium
(Reis et al. 2008; Guntzer et al. 2012; Camargo et al. 2014a,
2014b). Silicon can also stimulate plant growth and yield
through the formation of upright leaves and better plant
architecture which increase the photosynthetic rate (Ma
and Yamaji 2008; Gong and Chen 2012), with consequent
reduction of bedding due to the greater structural rigidity
of the tissues, and still presents another important benefit
related to reduction in the transpiration rate (Reis et al.
2008; Camargo et al. 2014a, 2014b). When accumulating
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in the cells of the epidermal layer, the Si can be a stable
physical barrier in the penetration of some types of fungi
(Guntzer et al. 2012; Bakhat et al. 2018).

Although one or more of these benefits are observed
when seed inoculation with Azospirillum spp. and
application of Si in the form of Ca and Mg silicate takes
place, increased corn plant nutrition is not always
observed. More experiments testing Azospirillum
spp. associated with silicon application are needed
to determine how to maximize its influence on plant
nutrition and maximize plant development. Moreover,
studies are still lacking to define how much N mineral
needs to be applied in combination with A. brasilense and
Si to achieve a better nutrient uptake. In addition, it would
also be valuable to determine if Si application has any
negative or positive interactions when corn is inoculated
with A. brasilense.

Based on the above, we believe that there may be a
synergetic effect between inoculation with A. brasilense
and silicon application, thus allowing a higher efficiency
of nitrogen fertilization and micronutrient uptake.
Therefore, the objective of this study was to evaluate the
effect of different nitrogen application rates associated
with the inoculation of A. brasilense and application of Si,
as a corrective acidity, on concentrations of micronutrients
and silicon in shoots and roots of irrigated corn in Brazilian
Cerrado (Savannah region).

2 Methods

2.1 Sites description

Field experiments were conducted during the cropping
years of 2015/16 and 2016/17, in Selviria, Mato Grosso do
Sul (MS) state, Brazil (335 m above sea level) (Figure 1). The
soil of the experimental area is classified as a Latossolo
Vermelho distro6fico of clayey texture, according to
Embrapa (2013), and as Typic Rhodic Hapludox, according
to the USDA (2010), which had been cultivated with annual
crops for over 28 years, with the last 11 years under the
no-till system, and the crops prior to corn were corn and
wheat, respectively. Rainfall, air relative humidity, and
maximum, mean, and minimum temperatures recorded
during the experimental period are shown in Figure 2.

2.2 Experimental design

In both crops, a randomized-block design with four
replicates was set up in a 2 x 5 x 2 factorial arrangement
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Figure 1. Study area at the Selviria, Mato Grosso do Sul state, Brazil (20°22’S, 51°22W, altitude of 335 m).
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Figure 2. Rainfall, air relative humidity and maximum, average and minimum temperatures obtained from the weather station located in the
Education and Research Farm of FE / UNESP during the corn cultivation in the period November 2015 to April 2016 (A) and November 2016 to
April 2017 (B).
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consisting of two soil corrective sources (dolomitic
limestone with effective neutralizing power (ENP) = 80%,
Ca0 = 28% and MgO = 20%; and Ca and Mg silicate as
source of Si with ENP = 88%, Ca = 25%, Mg = 6% and Si
total = 10%); five N application rates (0, 50, 100, 150 and
200 kg ha?, in the form of urea) applied as topdressing
(fertilizer application without incorporation in the soil
and between the crop lines); and with and without
inoculation of the seeds with A. brasilense. The plots of
the corn experiment were 5 m long with six lines spaced
by 0.45 m, the plot area being the four central rows, with a
0.5 m margin from the extremities.

2.3 Trial establishment and management

The soil chemical properties of the top layer were
determined before the start of the study in 2015, following
the methodology proposed by Raij et al. (2001). The
following results were obtained: the 0-0.20 m layer
contained 1.04 g kg! Total N (determined by the regular
Kjeldahl method using a block digester (Bremner 1996),
followed by diffusion with NaOH (Stevens et al. 2000)
and 9.4 mg dm? Si (Ca chloride 0.01 mol L") according to
methodology proposed by Korndérfer et al. (2004), 19 mg
dm? P (resin); 10 mg dm? of S-SO,; 21 g dm? organic matter;
5.0 pH (CaCl,); K, Ca, Mg, H + Al and Al = 2.1; 19.0; 13.0; 28.0
and 1.0 mmol_dm?, respectively; Cu, Fe, Mn, Zn (DTPA) =
3.1; 20.0; 27.2 and 0.8 mg dm?, respectively; 0.17 mg dm> B
(hot water) and 55% base saturation; and in the 0.20-0.40
m layer: 0.81 g kg? Total N, 10.2 mg dm? Si (Ca chloride 0.01
mol L), 17 mg dm? P (resin); 30 mg dm? of S-SO,; 16 g dm?
organic matter; 4.8 pH (CaCl,); K, Ca, Mg, H + Al and Al =
1.2; 11.0; 8.0; 28.0 and 2.0 mmol_dm?, respectively; Cu, Fe,
Mn, Zn (DTPA) = 2.1; 10.0; 10.7 and 0.2 mg dm?, respectively;
0.11 mg dm? B (hot water) and 42% base saturation.

The granulometric analysis presented following
results: 433, 471 and 90 g kg! of clay, sand and silt, and
447, 471 and 82 g kg? of clay, sand and silt, respectively on
depth of 0-0.20 and 0-0.40 m.

The desiccation of the agricultural area was performed
by the application of herbicides glyphosate (1800 g ha™ of
the active ingredient [a.i.]) and 2,4-D (670 g ha™ of the a.i.).
The corn straw (predecessor crop) was collected at sowing
occasion to characterize and estimate the accumulation of
nutrients: 78.2; 7.2; 68.8; 23.3; 21.1; 16.3 and 13.1 kg ha’ of N,
P, K, Ca, Mg, S and Si, respectively, and 260.4; 74.0; 1018.1;
709.6 and 185.1 g ha' of B, Cu, Fe, Mn and Zn, respectively
and C/N ratio of 38.3.

With the aim of increasing the saturation by bases to
80% and based on the soil analysis and, the dose of 1.94

Nitrogen rates associated with the inoculation of Azospirillum brasilense and application of Si == 513

t ha?! of dolomitic limestone and 1.76 t ha? of calcium and
magnesium silicate was applied 30 days before sowing
of corn, as top-dressing and without incorporation.
During fertilization at planting, for both crop years of
the experiment, 375 kg ha? of the 08-28-16 formulation
was used, corresponding to 30 kg ha™ N, 105 kg ha™' P,0,,
and 60 kg ha? K,0, based on the soil analysis and the
requirements of the corn crop.

Corn seeds inoculation with the bacterium
Azospirillum brasilense strains Ab-V5 Ab-V6 (guaranteee
of 2x108 CFU mL? - Inoculants consisted of a mixture of
strains CNPSo 2083 (=Ab-V5) and CNPSo 2084 (=Ab-V6)
of A. brasilense from the Collection of Diazotrophic and
Plant Growth- Promoting Bacteria of Embrapa Soja, WFCC
# 1213, WDCM # 1054) was carried out at the dose of 300
mL of inoculant (liquid) per hectare of planted seeds, with
the aid of a clean mixer for incorporation in the seeds and
was carried out one hour before sowing the crop and after
treatment of the seeds with insecticide and fungicide.
For seed treatment, the fungicides pyraclostrobin +
thiophanate-methyl (6 g + 56 g of a.i. per 100 kg of seed)
and the insecticide fipronil (62 g of a.i. per 100 kg of seed)
were used.

The mechanical sowing of the simple hybrid DOW
2B710 PW was carried out on 11/13/15 for the 2015/16 crop
and 11/11/16 for the 2016/17 crop, being sown 3.3 seeds per
meter and emergence of seedlings five days after sowing,
on 11/18/2015 and 11/16/2016, respectively. The corn crop
was irrigated using a center pivot sprinkling system, with
a mean water depth of 14 mm and an irrigation interval of
approximately 72 h. The herbicide tembotrione (84 g ha
of a.i.) and atrazine (1000 g ha' of a.i.) were applied for the
control of post-emergence weeds, plus the addition of an
adjuvant in the herbicide syrup, oil (720 g ha? of a.i.), on
12/04/2015 and 12/02/2016, respectively. Insect control was
performed with methomyl (215 g ha? a.i.) and triflumurom
(24 g ha'a.i.), on 12/20/2015 and 12/17/2016, respectively.

Nitrogen topdressing fertilization (treatments) was
applied on hauls and without soil incorporation, between
the corn lines, on 12/13/15 and 12/10/16 when the plants
were with six leaves completely unfolded (V6 corn stage).
The application was done manually, distributing the
fertilizer on the soil surface (without incorporation), to
the side and approximately 10 cm of the rows, in order
to avoid the contact of the fertilizer with the plants. After
cover fertilization, the area was irrigated by sprinkling
(depth of 14 mm) to minimize losses by volatilization of
ammonia, by dissolving the fertilizer, followed by the
infiltration of the ammonia with the water in the soil. The
harvest was carried out on 03/15/2016 and 03/21/2017, that
is, at 117 and 125 days after corn emergence, respectively.
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2.4 Evaluations

The following evaluations were performed: a) B, Cu,
Fe, Mn, Zn and Si concentration in corn shoot and root,
collecting the aerial part and roots of five corn plants
per plot, in the female flowering (R1 corn stage). The
micronutrients determination followed methodology
described in Malavolta et al. (1997) and Si was determinate
following methodology described by da Silva (2009).

2.5 Statistical analysis

All data were initially tested for normality using the
Shapiro and Wilk (1965) test. All data were distributed
normally (W=0.90). Data were submitted to analysis of
variance (F test). When a significant result was verified
by the F test (p<0.01 and p<0.05), the Tukey test (p<0.05)
was used for comparison of means of acidity correctives
sources and with or without A. brasilense inoculation, and
adjusted to polynomial regression for the N rates using
SAS program (SAS Inst. Inc., Cary, NC, 2015).

Ethical approval: The conducted research is not related
to either human or animal use.

3 Results

The increment of N rates positively influenced B
concentration in 2015/16 crop and Cu and Fe in shoot in
2016/2017 crop (Table 1). There was adjustment to the
increasing linear function for both micronutrients (Figures
3a, b and c). There was also a positive influence on B and
Cu concentrations in both crops, Fe in 2016/17 and Mn,
Zn and Si in 2015/2016 crop in the roots, with adjustment
to the linear function increasing for the aforementioned
micronutrients and Si, except for the concentrations of
B and Fe in 2016/17 crop that adjusted to the quadratic
function with maximum point up to 144 and 152 kg ha? of
N, respectively (Table 2 and Figures 3d, e and f and Figures
4a, b, c,d and e).

Regarding the sources of soil acidity correctives, the
use of Ca and Mg silicate provided higher concentrations
of Mn and Si in 2016/17 and Zn in 2015/16 crops in shoot, Si
in both crops and Mn in 2016/17 crop in roots, however, the
limestone application provided a higher concentration of
B in roots in 2016/17 crop (Tables 1 and 2).

Concerning the seed inoculation with Azospirillum
brasilense, there was increased B concentration in 2015/16
crop and Fe in both crops in corn shoot, B in both crops
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in roots, however, reduced Mn concentration in roots in
2016/17 crop (Tables 1 and 2).

The interaction between sources of acidity correctives
and inoculation with A. brasilense was significant for the
concentrations of B in 2016/17 crop, Si in 2015/16 crop in
shoot and Cu in 2016/17 crop in roots (Figures 5a, b and c).

With the inoculation with A. brasilense, the Ca and
Mg silicate increased the B concentration compared
to the application of limestone. The use of Ca and Mg
silicate when inoculated with A. brasilense increased B
concentration when compared to the treatments without
inoculation (Figure 5a).

Only in the absence of inoculation with A. brasilense,
the Ca and Mg silicate application increased Si
concentration compared to the application of limestone
(Figure 5b).

In relation to the Cu concentration in roots, in the
absence of inoculation with A. brasilense, the use of
Ca and Mg silicate increased the concentration of this
micronutrient compared to the application of limestone.
The application of Ca and Mg silicate without seed
inoculation increased Cu concentration when compared
to treatments inoculated with A. brasilense (Figure 5c).

4 Discussion

The increment in N rates increased micronutrients
absorption, with increase in B (2015/16 crop), Cu and Fe
(2016/17) concentrations in shoot and B and Cu (both
crops), and Fe (2016/17) and Mn, Zn and Si (2015/16)
concentrations in roots and greater Si absorption, with
numerically increase in Si concentration in 2.16 and
16.18% in shoot and 18.4 and 4.66% in root in 2015/16
and 2016/17 crops respectively. N is the nutrient that most
interferes in the development and productivity of crops,
especially grasses. This mineral nutrient is found in higher
concentrations in vegetative tissues and grains, which
characterizes it has been the element most demanded
by the corn plant. Thus, the higher availability of this
nutrient to the plants favored the development of the
root system, which, by exploiting a larger volume of soil,
may have uptake a greater number of micronutrients and
water, reflecting the removal in roots and aerial part. Since
N is involved in the synthesis of proteins, chlorophyll,
coenzymes, phytohormones, nucleic acids and secondary
metabolites (Marschner 2012).

The micronutrients and Si concentrations average
in the corn shoot and root in descending order was
Si>Fe>Mn>Zn>B>Cu in shoot and Si>Fe>Mn>B>Cu>Zn in
root, considering the two years of cultivation. Increasing
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concentrations of B, Cu, Fe, Mn and Zn as a function of the
N rates is very interesting for corn nutrition, since Boron
is an essential element to plant growth, participating in
several processes, such as sugar transport, lignification,
cell wall structure, carbohydrate metabolism, RNA
metabolism, respiration, indole acetic acid (IAA)
metabolism, phenolic metabolism, ascorbate metabolism,
besides have function in cell wall synthesis and plasma
membrane integrity (Galindo et al., 2018), influences the
germination of the pollen grain and pollen tube growth,
increases flower glue and granulation and causes less
male sterility and less grain puffiness (Metwally et al.

2017). Cu in the plant is fundamental for the formation
of pollen and for the biosynthesis of chlorophyll and the
cell wall (lignification) of the plant. The deficiency of this
micronutrient causes sterility of pollen in the ear, which
leads to poor grain formation and loss of productivity
(Barker and Pilbeam 2015). The Fe essentiality to plants
is proven by action on the metabolism of proteins of heme
and non-heme structure or in the coordination of protein
structures, and these compounds act as enzymes (for
example, catalases, peroxidases) or as electron carriers
in the process of photosynthesis (ferredoxin, cytochrome)
and in the metabolic routes of assimilation of other
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nutrients (N and S) in the plant (Barker and Pilbeam 2015).
Mn is an essential element in plants and participates in
the structure of phosphorylating proteins and enzymes.
Its deficiency causes damage to chloroplasts, affecting
the photolysis of water in photosystem II (Santos et
al. 2017a), which provides the electrons necessary for
photosynthesis (Fernando and Lynch 2015). In cereals,
such as corn, Mn deficiency affects grain quality and yield,
because the deficiency of this nutrient causes a reduction
in the number and mass of the grains produced, possibly
associated to the combination of low fertility pollen
grains and decreased carbohydrate supply for the grain
filling process (Marschner 2012). Zinc is one of the most
important micronutrients for growth and development
of higher plants. It is involved in completing many vital
physiological functions such as protein synthesis, energy
production and maintenance of membrane integrity
(Hansch and Mendel 2009; Drissi et al. 2017). One of
the most important functions of Zn in the plant is to
participate as a component of a large number of enzymes
such as dehydrogenases, proteinases, peptidases, and
phosphohydrolases, and the basic functions in the plant
are related to the metabolism of carbohydrates, proteins,
and phosphates and in the formation of the structure of
auxins, RNA, and ribosomes (Marschner 2012; Ojeda-
Barrios et al. 2014). Zn is also related to the metabolism
of phenols, formation of starch, increase in cell size
and cell multiplication, and fertility of the pollen grains
(Marschner 2012; Davarpanah et al. 2016).

The application of Ca and Mg silicate as a source of
Si was effective in the availability of this element for corn
crop as a function of the increase of Si concentration in
shoot and root, mainly in 2016/17 crop, with higher Si
uptake and concentration. This source of Si was also
more effective in promote the absorption of Mn (2016/17
crop) and Zn (2015/16) in shoot and Mn (2016/17) in root,
increasing their concentration.

In general, solutions of soils show liquid-phase Si
levels varying between 2.8 and 16.8 mg dm?, and the
dynamic balance of the element in the soil depends on
the pH (Epstein 2009). In addition, the main sources of Si
in soil solutions are the decomposition of plant residues,
dissociation of polymeric H,SiO,, release of Si from Fe and
Al oxides and hydroxides, dissolution of non-crystalline
and crystalline minerals and addition of Si fertilizers
and irrigation water (Korndorfer et al. 2004; Marafon
and Endres 2013). The pH increases after application
of the Ca and Mg silicate and together with corn straw
decomposition in the first crop and wheat in second crop
(predecessor to the corn), provided a higher amount of
Si in the second year, justifying greater absorption and
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concentration of the element in 2016/17 crop. Most of
the absorbed Si was concentrated in root. The Si root/Si
shoot ratio was, in average, 11.2 and 3.8, for the two crops
respectively.

Plants uptake Si directly from soil solution. It
is transported up to the roots mainly via mass flow
(Korndorfer et al. 2004), and its absorption in grass occurs
quickly, however, translocation varies among species,
being able to be retained in the roots and little translocated
in aerial part (Isa et al. 2010; Agostinho et al. 2017). Si is
transported by xylem and deposited on the cell wall in the
form of hydrated amorphous silica or biogenic opals, also
known as silica bodies or silica phytoliths (SiO,.nH,0).
Once deposited, it becomes virtually immobile and no
longer redistributes to the plant (Guntzer et al. 2012). The
transport of monosilicic acid inside the plant takes place
in the same direction as the mass flow (transpiration).
Thus, Si deposits occur more frequently in regions where
water is lost in large amounts (Isa et al. 2010), which
explains the high concentration of Si in shoot and root.

Among plant species, rice (Oryza sativa L.) contains
silicic acid at about 10% of above-ground dry weight (Isa
et al. 2010). Rice accumulates Si as silica opal and silica
bodies in the shoots, and the roots and can absorb several
times more Si than common nutritional minerals such as
N, P, and K mainly because silicon uptake through rice
roots is mediated by specific transporters (Ma et al. 2006;
Isa et al. 2010; Agostinho et al. 2017). These transporters
were characterized and identified as low-Si genes (Lsil
and Lsi2), and are responsible for transporting Si from the
soil solution to the root cells (influx, Lsil) and from inside
to the outside of the root cells (efflux, Lsi2) (Ma et al.,
2006, 2007). Recently, three Si transporters (Lsi2, Lsi3 and
Lsi6) were also identified in the rice node (Yamaiji et al.
2015). While Si transporters in the roots facilitate uptake
of the element by the plant, Si transporters in the node
are involved in intervascular transfer, which is required
for the preferential distribution of Si to the leaves and
grains (Yamaji et al. 2015; Agostinho et al. 2017), which
may justify how some species of accumulating grasses
such as corn can absorb and translocate large amounts of
Si in shoot part.

The inoculation with A. brasilense provided greater B
and Fe concentrations in shoot with increase in 2015/16
crop and B in roots in both crops, but it reduced the
concentration of Mn in the roots in 2016/17 crop. Besides
that, when associated with Si in the form of Ca and Mg
silicate provided greater B concentration in shoot in
2016/17 crop.

Plant and soil bacteria participate in several molecular
signaling events that establish specific symbiotic,
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endophytic, or associative relationships (Santos et al.
2017b). Such relationships differ according to plant
genotypes, soil types, bacterial strains and abilities to
improve plant growth (Philippot et al. 2013). Azospirillum
sp. is one of the most studied genera of plant growth-
promoting bacteria (PGPB) at present due its capacity
to colonize many plant species (Cassan and Diaz-Zorita
2016). The plant growth-promotion by Azospirillum is
mainly associated with its ability to fix nitrogen in grasses
(Pankievicz et al. 2015; Santos et al. 2017b) but apparently,
nitrogen fixation does not play a major role in plant growth
promotion in most systems evaluated so far (Fibach-Paldi
et al. 2012). On the other hand, Azospirillum are able to
produce and secrete phytohormones (indole-3- acetic acid,
cytokinins, and gibberellins), nitric oxide (Fibach- Paldi et
al. 2012) which likely are key signals and components of
plant growth promotion effects (Bashan and de-Bashan
2010), and with higher rates of absorption of water and
nutrients by the plant (Dardanelli et al. 2008), higher
tolerance to abiotic stresses, such as drought and salinity
(Zawonski et al. 2011), that will promote greater uptake of
micronutrients and water in corn crop, with a reflection
on crop development.

The results obtained demonstrate benefits in corn
nutrition, elucidating the need for new research related
to the beneficial effects of inoculation with A. brasilense
associated with nitrogen fertilization and calling
attention to the possibility of wide use of this technology
in the field due to low economic cost, non-toxic and with
high potential of response of corn crop, even with the
application of N rates considered high for BNF. For this
reason, this technique is likely increasingly adopted by
rural farmers.

The use of silicon (Si) in agriculture exerts numerous
benefits on grasses, especially when the plants are
submitted to biotic and abiotic stresses, common in adverse
edaphoclimatic conditions such as in the Brazilian Cerrado
(Reis et al. 2008), but as ponder Camargo et al. (2014a,
2014b), this element will provide benefits mainly to the
plants considered as hiperaccumulators, which include
some grasses such as rice and sugar cane and contains
concentration of Si0, above 4% (Lima et al. 2011), and that
some factors will influence the uptake of Si by plants, such
as genotype, type of soil and plant species, which could
explain the slight response of the use of Si in the form of Ca
and Mg silicate in corn crop in the present study, even with
a high absorption of Si, further elucidating the importance
of new silicon studies in potentially accumulating crops
such as corn in Brazilian Cerrado.

Besides that, according to Korndorfer et al. (2010)
and Sarto et al. (2015), when the levels of soil available
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Si are greater than 10.0 mg kg! increased grain yield of
grass species to the Si supply is unlikely. Although the soil
content in the 0-0.20 m layer was slightly below this range
(9.4 mg kg?) the 0.20-0.40 m layer provided 10.2 mg kg', in
addition to the potentially available amount of Si over the
corn crop as a function of straw decomposition (13.1 kg ha'
Si and C/N ratio 38.3).

Tropical and subtropical soils generally have low
levels of Si because of de-silication due to leaching
and weathering processes (Epstein 2009). In addition,
intensive cultivation removes Si from the soil, as it is
estimated that annually 210224 million tons of Si is taken
out from the world’s arable soils (Meena et al. 2014). In
cultivated areas, the Si removal of crops does not allow
the recycling of Si by plants, and the biogeochemical
cycle of Si is disturbed (Bakhat et al. 2018). In this way the
decrease of bioavailable Si may have significant impacts
on cereal yields if not properly restored (Guntzer et al.
2012). Besides that, silicon may affect the global carbon
turnover by changing the plant cellulose, lignin and
phenol content in biomes with grasses as main vegetation.
Resulting from this, the effect of silicon on the terrestrial
and semiterrestrial part of the global carbon turnover
is a neglected research field and has to be investigated
(Schaller et al. 2012).

In conclusion, the increment of N rates increased B,
Cu and Fe concentrations in shoot and B, Cu, Fe, Mn, Zn
and Si in roots.

The inoculation with A. brasilense alone provided
greater concentrations of B and Fe in shoot, and B in
roots. Besides that, when associated with Si in the form
of Ca and Mg silicate favored B concentration in shoot in
2016/17 crop. Although it favored micronutrients uptake,
the inoculation with Azospirillum brasilense negatively
affected Si concentration in shoot in 2015/16 crop.

The use of Si in the form of Ca and Mg silicate promote
an increase in Mn, Si and Zn uptake in shoot and Mn and
Si uptake in root, being necessary new researches seeking
the better understanding of the Si use associated to growth
promoting bacteria aiming to improve the management
of nitrogen fertilization and micronutrients uptake in
potentially Si accumulating crops such as corn.
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