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Agricultural practices that allow a productive increase in a sustainable manner are

becoming increasingly necessary to feed an ever-growing global population. The

inoculation with Azospirillum brasilense has the potential to reduce the use of synthetic

mineral fertilizers with efficient capacity to promote plant growth and increase nutrition.

Therefore, this research was developed to investigate the potential use of A. brasilense

to increase the accumulation of macro- and micronutrients and its influence on grain

yield, plant height, and spike population in two wheat cultivars (CD1104 and CD150),

under irrigated conditions in the Brazilian Cerrado. The study was carried out in a Rhodic

Hapludox under a no-tillage system. The experiment was designed in randomized blocks

with six replications, arranged in a 2 × 2 factorial scheme: two cultivars (CD150 and

CD1104) and two levels of inoculation (control and with A. brasilense). The inoculation

with A. brasilense provided greater accumulation of micronutrients in the aerial part of the

wheat. In the cultivar CD1104, B and Cu had an accumulation 27.7 and 57.4% higher

compared with those of the control without bacteria. In the cultivar CD150, Azospirillum

increased the accumulation of B, Fe, and Mn by 43.8, 49.9, and 22%, respectively,

and reduced Cu by 21.9%, compared with those of the control. The cultivar CD150

has greater efficiency to accumulate N (+35.5 kg N ha−1) as compared with the cultivar

CD1104. Interactions between inoculation and cultivars resulted in greater accumulation

of S and K in the shoot of the wheat cultivar CD150, as well greater accumulation of Cu

in CD1104. In growth assessments, inoculation or cultivars did not statistically influence

wheat grain yield and spike population. Howevere, for plant height, the CD1104 genotype

has 13.1% bigger plant height on average than that of the CD150 genotype. Inoculation

can contribute more sustainably to wheat nutrition.

Keywords: cereal, no-tillage system, Triticum aestivum L., crop nutrition, plant-growth-promotion,
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INTRODUCTION

Wheat (Triticum aestivum L.) stands and ranks second in world
cereal production with volume of around 760 million tons
(CONAB, 2019). It is an annual cycle plant, being considered
a winter and spring cereal with great economic importance
(Galindo et al., 2019a). The world average wheat consumption as
food was 98.7 kg person−1 year−1 in 2019 (USDA – United States
Department of Agriculture, 2020). The climatic extremes and
food security predicted and estimated that the agriculture sector
will face the challenge of expanding food production by 70% in
the year 2050 to meet the increased demand without significant
price impacts and shortages in the world (FAO, 2019; ONU,
2019).

Nitrogen (N) is one of the most necessary nutrients in
high doses to meet the nutrient limitation and current wheat
productivity demands (Teixeira Filho et al., 2012; Galindo et al.,
2016). The complex nature of N dynamics in the soil and
the use of non-ideal management practices in several crops
(Abalos et al., 2014) lead to a large amount of N losses from
leaching and volatilization that can affect water bodies and
pollute the environment (Bindraban et al., 2015). Given its high
cost in the production process and the need for agriculture that
maintains ecosystems and biodiversity, the search for solutions
that combine production increases and increasingly sustainable
agricultural practices is necessary.

In this sense, inoculation and application of plant growth-
promoting bacteria (PGPB) especially Azospirillum brasilense is
an important strategy in cereal cultivation. Researches about
A. brasilense report enhanced plant growth by a number of
mechanisms, including but not limited to the synthesis and
secretion of hormones that increase the root system (Pankievicz
et al., 2015). Greater accumulation and availability of nutrients
(Galindo et al., 2016; Rosa et al., 2020) and greater tolerance to
stresses (such as drought, salinity), plant vigor (Forni et al., 2017),
chlorophyll content, and stomatal conductance (Bulegon et al.,
2017), as well as increases in grain productivity (Munareto, 2016;
Galindo et al., 2019a), were also reported.

The triticulture countries like Brazil and United States have
the potential to reduce N fertilizers by 30–40 kg ha−1 through
inoculation with A. brasilense (Fukami et al., 2016, 2017). This is
due to the capability of inoculation to develop a well-penetrated
root system, thus exploring more soil volume and resulting in
higher nutrient absorption (Galindo et al., 2018). Ardakani et al.
(2011) reported a synergistic effect between inoculation and
nutrient absorption, increasing the absorption efficiency of N, P,
and K in wheat by inoculation with A. brasilense. Nevertheless,
Teixeira Filho et al. (2017) observed that inoculation with A.
brasilense strains AbV5 and AbV6 increased the concentrations
of Ca, Mg, Mn, and Zn in wheat grains. The authors also
concluded that inoculation is a low-cost, easy-to-apply, and
pollutant-free technique that fits the desired sustainable context
in reality.

The most frequent technique of inoculation is via seeds;
however, spraying during sowing has also demonstrated similar
possible results (Munareto, 2016). Several studies indicated
positive impacts on crop productivity via seed inoculation

(Teixeira Filho et al., 2017), as in the sowing furrow
(Morais et al., 2016), or via the leaf (Ferreira et al., 2014;
Munareto, 2016). Munareto (2016) highlighted that inoculation
with A. brasilense via the leaf is an efficient strategy to increase
productivity of wheat cultivars in the Brazilian Cerrado region.
It should also be noted that the efficiency of inoculation
via seeds can be affected by the use of chemicals during
treatment, such as fungicides and insecticides, which reinforces
the importance of researches and analysis to use supplementary
forms of inoculation.

Inoculation with A. brasilense can take place in three
ways as also described above (Teixeira Filho and Galindo,
2019); however, few studies have evaluated the effectiveness of
application via the leaf, and using this method as an alternative
to increase the uptake of N and other nutrients in wheat
crop is more ecological and less costly, reducing the risks or
incompatibilities with chemical seed treatments and enabling
even greater productivity. Although one or more benefits in the
literature have been found, increased accumulation of nutrients
and increased productivity of wheat have not always been
observed, highlighting the need for further studies. Based on the
above discussion, this study was aimed to evaluate the efficiency
of inoculation with A. brasilense via the leaf in wheat crop in
an irrigated area, verifying its effect on biometrics, grain yield,
and nutritional accumulation of wheat cultivars and studying the
effect of PGBP on crop nutrient uptake.

MATERIALS AND METHODS

Location of the Experimental Design
The study was carried out under field conditions at the Teaching,
Research and Extension Farm of São Paulo State University
(UNESP) in the city of Selvíria, state of Mato Grosso do Sul,

Brazil (20◦20
′
43

′′
S; 51◦24

′
7
′′
W, at 355m above sea level), in 2016.

The soil of the experimental area is classified as Dystrophic Red
Latosol, clay texture (EMBRAPA, 2018), and was classified as
clayey Oxisol (Rhodic Hapludox) according to the Soil Survey
Staff (2014). The experimental area was cultivated with annual
crops (cereals and legumes) for more than 30 years, with the last
12 years using the no-till system (direct planting system). The last
harvest sequence was corn before wheat sowing.

The climatic classification of the region is Aw-Köppen
(Alvares et al., 2013) with an average annual rainfall of 1,232mm
and average annual temperature of 24.5◦C (Hernandez et al.,
1995). The maximum and minimum temperatures and relative
humidity of the air and rain indexes were all verified during
the study and summarized in Figure 1. The experimental area
has a sprinkler irrigation system via a central pivot with 14mm
application layer for 72-h watering shifts.

Twenty soil samples were collected randomly before the
beginning of the field trial and mixed well, forming a subsample,
which was used to determine the chemical attributes according to
Raij et al. (2001). The results are shown in Table 1.

Experimental Setup
Wheat cultivars CD150 and CD11104 (Coodetec R©) are the most
used wheat varieties in Latin America (especially in Brazil and
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FIGURE 1 | Rainfall and maximum, average, and minimum temperatures

obtained from the weather station located at the Education and Research Farm

of UNESP during wheat cultivation in the period May 2016 to October 2016.

TABLE 1 | Soil chemical attributes in 0–0.20m layer before the beginning of the

wheat field trial.

Soil chemical atributes 0–0.20m layer

P (resin) 41mg dm−3

S (SO4) 2.9mg dm−3

Organic matter 32 g dm−3

pH (CaCl2) 5.51

K 3.30 mmolc dm−3

Ca 41.3 mmolc dm−3

Mg 25.6 mmolc dm−3

H+Al 34.5 mmolc dm−3

B (hot water) 0.24mg dm−3

Cu (DTPA) 5.9mg dm−3

Fe (DTPA) 28.2mg dm−3

Mn (DTPA) 83.9mg dm−3

Zn (DTPA) 1.6mg dm−3

Base saturation 66%

DTPA = chelating solution diethylene triamine penta acetic acid. n = 20.

Paraguay) with good performance aptitude for the experimental
region. Wheat sowing was carried out on 16th May 2016
and harvest on 5th September 2016 (totaling 116 days cycle)
with sowing density of 400 viable seeds m−2 (99% purity
and 93% germination) in both varieties. The planting furrows
were fertilized with formulated NPK (08-28-16) at the dose
of 275 kg ha−1. Chemical seed treatment occurred 24 h before
sowing, using fungicide and insecticide [thiophanate-methyl +
pyraclostrobin fungicide (56 g + 6 g active ingredient—ai—per
100 kg seeds) and insecticide fipronil (62 g ai per 100 kg seeds)]
in both cultivars.

The experiment was designed in completely randomized
blocks with six replications, arranged in a 2× 2 factorial scheme.
The treatment combination was composed of two wheat cultivars
(CD150 and CD1104) and inoculation with PGPB (control—
without inoculation and inoculation with A. brasilense via the
leaf). Each experimental plot was composed of 12 lines of 5m

in length spaced 0.17m between the lines. The useful area of each
plot was eight central lines with the exclusion of 0.5m from each
end. The size of each plot was 10.2 m2.

Plant emergence occurred 6 days after sowing, on 22nd May
2016. The inoculation with A. brasilense (strains Abv5 and Abv6,
with a guarantee of 2 × 108 CFU ml−1) was carried out via leaf
spray at 9 days after crop emergence (DAE). The spray was done
in the early morning under a clear sky (no cloudiness) using a
CO2-type pump sprayer with a full cone nozzle at a dose of 200ml
ha−1 of the commercial inoculant in a solution volume of 120 L
ha−1. Nitrogen fertilization in coverage was carried out at 28 and
43 DAE, using 70 kg N ha−1 (applied as urea) in each stage. A
total of 140 kg N ha−1 in coverage was applied and incorporated
by central pivot irrigation on the same day.

In crop management, weed control was carried out in the
total area by applying Pendimentalina (4 L ha−1) right after
sowing, methyl methulfuron (3.3 g ai ha−1) at 20 DAE and 2,4-
dichlorophenoxy (1.2 L ha−1) at 35 DAE. To prevent disease
in the spike, trifloxystrobin + tebuconazole (0.1 L ha−1) was
sprayed at 75 and 90 DAE, respectively. There was no need of
insecticide application in the experimental area.

Assessments
The evaluation of nutritional accumulation in wheat shoot was
carried out at the full flowering stage (50% wheat plants with
fully expanded spike) by collecting the aerial part (aboveground)
of the wheat plants (1 × 0.17m) from the central lines of each
experimental unit. The collectedmaterials were placed in a forced
air ventilation oven at 65◦C until uniformmass (72 h) is obtained
and weighed with an analytical precision balance (0.001 g) to
obtain the dry mass of the plants. Afterwards, the samples were
ground in a Wiley mill with a 1-mm (20 mesh) sieve, and the
nutrients were determined as described byMalavolta et al. (1997).
Using the concentrations of these nutrients and the dry matter of
the collected plants, we calculated the accumulation of nutrients
in wheat shoot and extrapolated the data into kg ha−1.

At the end of the wheat crop cycle, at the time of harvest, the
following attributes were determined: (a) plant height: as being
the distance (m) from the ground level to the apex in a cluster of
15 plants plot−1; (b) spike population: determined by the spikes
counted in 0.51 m2 (0.17 × 3m of the line) in the central rows
of each plot; and (c) grain yield: by manual harvesting of all
plants in the useful area of each plot [eight central lines, excluding
0.5m at the ends being calculated after mechanical threshing and
data obtained were corrected to 13% humidity (wet basis) and
transformed into 60 kg bags per ha−1].

Statistical Analysis
The Shapiro–Wilk normality test was used to analyze the data set,
followed by the variance and covariance test (F test, p < 0.05).
The comparison of treatment means was performed by Tukey
test (p < 0.05). Statistical calculations were performed using the
Minitab v17.0 software and graphics were made using SigmaPlot
v12.5 software.
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RESULTS

Interactions between wheat cultivars and inoculation with
A. brasilense were observed in the accumulation of K in the shoot
of the wheat crop (Supplementary Table 1; p < 0.05). Regarding
the nutritional accumulation of primary macronutrients (N,
P, and K), with the exception of P, positive responses were
verified for accumulations of N and K (Figures 2A–C). The
wheat genotype CD150 resulted in greater N accumulation
in wheat shoot with an average difference of 33.1% in
relation to the CD1104 genotype. Higher accumulation of
K in the shoot was observed by analyzing the interaction
between cultivars and inoculation with A. brasilense, where
the control (without) resulted in greater accumulation of
K by 36% in the genotype CD150 in relation to CD1104
(Table 2, Figure 2C).

Interactions between wheat cultivars and inoculation with
A. brasilense were observed for the accumulation of S in
the shoot (Supplementary Table 1; p < 0.01). Responses in
the accumulation of secondary macronutrients such as Ca
and Mg were observed to be not significant among both
genotypes and inoculation with A. brasilense (Figures 3A,B;
Supplementary Table 1). Significant responses in the
accumulation of S were observed by the interaction between
cultivars and inoculation. The inoculation with A. brasilense
efficiently increased the accumulation of S in the wheat genotype
CD150 in relation to genotype CD1104. This corresponds to a
difference of 23.1% (Table 2, Figure 3C).

The inoculation with A. brasilense also influenced
the accumulation of micronutrients in the wheat shoot
(Supplementary Table 2; p < 0.01). With the exception
of Zn, greater accumulation of B and Cu in response to
inoculation with A. brasilense for the CD1104 genotype, in
the order of 73.1 and 158.1%, respectively, was observed, in
comparison with the control (without inoculation). Meanwhile,
for CD150, A. brasilense increased the accumulation of B, Fe,
and Mn in the order of 43.8, 49.9, and 22%, respectively, while
reducing the accumulation of Cu in the order of 21.9%, for
this genotype, in comparison with the control (Figures 4, 5A,
Supplementary Table 2).

We also observed that the wheat cultivars differed
on the accumulation of micronutrients in the shoot
(Figures 4, 5, Supplementary Table 2). The cultivars
influenced the accumulation of B and Mn in the shoot
(Supplementary Table 2). The results of the CD1104 genotype
demonstrated greater accumulation capacity of B with an
average of 65.16 g accumulated B ha−1, whereas genotype CD150
resulted in the accumualtion of 41.37 g B ha−1 in the wheat shoot
(Figure 4A), with a difference of 57.5% greater accumulation of
B in the CD1104 genotype. Inverse behavior was observed for
the accumualtion of Mn, where the CD150 genotype resulted in
higher Mn accumulation (737.42 g Mn ha−1) with 13.3% greater
accumulation than the CD1104 genotype (650.57 g Mn ha−1)
(Figure 5A). With respect to Cu accumulation, inoculation
with A. brasilense promoted the accumulation of Cu in the
wheat genotype CD1104 by 57.5% in relation to the control
(Figure 4B). It was also interesting that inoculation with A.

FIGURE 2 | Effects of inoculation with Azospirillum brasilense on the shoot of

the wheat cultivars CD1104 and CD150 in the nutritional accumulation of N

(A), P (B), and K (C). Different letters indicate difference between means

according to a Tukey test (p ≤ 0.05). Lowercase letters correspond to cultivars

within each inoculation level, and uppercase letters correspond to inoculations

within each cultivar level. Identical letters do not differ from each other

according to a Tukey test (p ≤ 0.05). CV (%) = 17.9 (A), 16.2 (B), and 18.8

(C). Error bars indicate the standard error of the mean (n = 6 replications).
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TABLE 2 | Interaction between wheat cultivars and inoculation with Azospirillum brasilense for K, S, and Cu shoot accumulation.

Shoot accumulation(kg ha−1) K S Cu

CD1104 CD150 CD1104 CD150 CD1104 CD150

Control 118.57 bA 161.25 aA 12.86 aA 12.33 aA 100.71 bB 133.69 aA

With A. brasilense 119.56 aA 128.30 aA 11.13 bA 13.70 aA 158.56 aA 109.66 bB

Standard error 12.42 0.53 0.74

Lowercase letters correspond to cultivars within each inoculation level, and uppercase letters correspond to inoculations within each cultivar level.

brasilense decreased the accumulation of Cu in genotype CD150
by 18% in relation to its control. Interactions between cultivars
and inoculation were observed for the accumulation of Cu in the
wheat shoot (Supplementary Table 2, p < 0.01).

The wheat grain yield (Figure 6A) and spike population
(Figure 6B) were not significantly influenced by wheat genotypes
or by the A. brasilense inoculation in the present study.
Analyzing the wheat genotypes, significant differences were
observed in the height of the wheat genotypes (Figure 6C;
Supplementary Table 3). The CD1104 genotype has 13.1%
bigger plant height on average than the CD150 genotype
(Figure 6C). This behavior was also visually characterized
in the field which can be observed in the records of
Supplementary Figure 1.

DISCUSSION

Interestingly, the CD150 genotype, despite being a predecessor of
CD1104 in the wheat cultivar released line (COODETEC, 2017),
was reported to have a higher capacity of N uptake and input
in the wheat shoot (Figure 2A). Being a constituent of amino
acids, proteins, chlorophyll, and several secondary metabolites,
N is the most interfering nutrient in the productivity of crops,
especially non-atmospheric N2 fixers (Marschner, 2012). It is
among the mineral nutrients that has been noted to have higher
concentrations in plant tissues and grains and makes it the most
required nutrient in wheat crop productivity (Galindo et al.,
2019b). The average accumulation of nutrients in the shoot at the
wheat flowering stage of both cultivars resulted in a decreasing
trend of K > N > P > Ca > S > Mg. Phosphorous (P) has
several important functions in plants, is a constituent element of
the ATP molecule, and has a role in the supply and storage of
energy in metabolic processes, such as the synthesis of organic
compounds and the absorption of nutrients, in addition to being
involved in the phosphorylation and electron transport reactions
of photosynthesis (Hawkesford et al., 2012). Calcium (Ca) is an
important enzyme activator having an indispensable role in the
formation of pollen grains and growth of the pollen tube, and it
is also a constituent of cell wall together with Mg. Being a central
ion of the chlorophyll molecule, Mg is involved in the activation
of Rubisco in the Calvin cycle (Taiz et al., 2017).

Potassium (K) is a non-structural component that participates
in more than 60 enzymatic reactions in plants, such as playing an
important function in the osmotic potential of cells, regulating
stomata opening and closing, and helping in the transport of

carbohydrates (Marschner, 2012). Teixeira Filho et al. (2017)
evaluated A. brasilense strains (AbV5–AbV6) in wheat and
observed its response in the higher contents of Ca and Mg
exported by grains leading to high grain productivity, although
accumulation of K was not influenced. The data obtained
for K in the present study (Table 2, Figure 2C) demonstrates
that the response patterns of this particular bacterium–PGPB
association are not only dependent on the ideal conditions,
such as temperature, viable CFUs, and PGPB affinity, for
establishing inoculation, but also on physiological–molecular
interrelationships, intrinsic to plant genetic material (cultivars).
Thus, cultivars are able to respond in different ways to the same
bacterial strain in the same environment (climate and soil) under
the same experimental conditions.

Bacteria of the genus Azospirillum are free-living gram-
negative species (Galindo et al., 2016), native to the soil, and
its association with plants has a series of beneficial responses
such as increasing the synthesis of photosynthetic pigments
(chlorophyll) (Bulegon et al., 2017), increasing the content
of ascorbic acid (Fasciglione et al., 2015), providing greater
tolerance to stress (Forni et al., 2017) and greater accumulation
and availability of nutrients (Hungria et al., 2010; Galindo
et al., 2016), and finally, helping to achieve a higher grain yield
(Munareto, 2016; Galindo et al., 2019a).

The accumulation of S followed a similar trend as that of
K under cultivar–inoculation interaction (Figure 3B, Table 2).
Involved in structural andmetabolic functions, S has a synergistic
relationship and a triple bond with N in the synthesis of
proteins, in addition to being involved in the metabolism of
carbohydrates and lipids and decarboxylation reactions (Astolfi,
2009). Similar results were found by Teixeira Filho et al. (2017),
where the wheat inoculated with A. brasilense was observed with
higher accumulation of S in the straw as compared to the non-
inoculated. This is probably due to the greater development
of the root system of the inoculated wheat, which allowed
greater absorption of S-SO4

− in the depth of 0.20–0.40m, where
normally we find higher sulfur contents in the soil.

Evaluating the performance of wheat cultivars in the
accumulation of micronutrients, responses to boron were
observed in both cultivars (Figure 4A; Supplementary Table 2).
Boron participates in the development of pollen grains and pollen
tube, promoting cell wall deposition. Therefore, it participates in
cell division, increasing cell size and transporting carbohydrates
in plants (Marschner, 2012). Manganese is an important enzyme
activator, especially in redox reactions of the Krebs cycle, and acts
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FIGURE 3 | Effects of inoculation with A. brasilense on the shoot of the wheat

cultivars CD1104 and CD150 in the nutritional accumulation of Ca (A), Mg (B),

and S (C). Different letters indicate difference between means according to a

Tukey test (p ≤ 0.05). Lowercase letters correspond to cultivars within each

inoculation level, and uppercase letters correspond to inoculations within each

cultivar level. Identical letters do not differ from each other according to a

Tukey test (p ≤ 0.05). CV (%) = 20.1 (A), 18.2 (B), and 11.9 (C). Error bars

indicate the standard error of the mean (n = 6 replications).

FIGURE 4 | Effects of inoculation with A. brasilense on the shoot of the wheat

cultivars CD1104 and CD150 in the nutritional accumulation of B (A), Cu (B),

and Fe (C). Different letters indicate difference between means according to a

Tukey test (p ≤ 0.05). Lowercase letters correspond to cultivars within each

inoculation level, and uppercase letters correspond to inoculations within each

cultivar level. Identical letters do not differ from each other according to a

Tukey test (p ≤ 0.05). CV (%) = 8.7 (A), 9.3 (B), and 13.9 (C). Error bars

indicate the standard error of the mean (n = 6 replications).
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FIGURE 5 | Effects of inoculation with A. brasilense on the shoot of the wheat

cultivars CD1104 and CD150 in the nutritional accumulation of Mn (A) and Zn

(B). Different letters indicate difference between means according to a Tukey

test (p ≤ 0.05). Lowercase letters correspond to cultivars within each

inoculation level, and uppercase letters correspond to inoculations within each

cultivar level. Identical letters do not differ from each other according to a

Tukey test (p ≤ 0.05). CV (%) = 9.8 (A) and 10.8 (B). Error bars indicate the

standard error of the mean (n = 6 replications).

as a co-factor in the the process of photosystem II (Hawkesford
et al., 2012).

Regarding the greater absorption of micronutrients due
to inoculation with A. brasilense (Figures 4, 5A), Teixeira
Filho et al. (2017) also reported positive responses of A.
brasilense in the nutrition of irrigated wheat in the Brazilian
Cerrado. These findings demonstrated the importance
and response of PGPBs not only in fixing atmospheric
N2, but it is also involved in several other mechanisms
such as production of sidophores, low molecular organic
compounds that boost iron uptake from the soil, solubilizing
and transporting it to plant (Banik et al., 2016), synthesis
of abscisic acid (ABA) and zeatin, tolerance to pathogens

FIGURE 6 | Grain yield (A), spike population (B), and plant height (C) of the

wheat cultivars CD1104 and CD150 subjected to inoculation with A.

brasilense. Different letters indicate difference between means according to a

Tukey test (p ≤ 0.05). Lowercase letters correspond to cultivars within each

inoculation level, and uppercase letters correspond to inoculations within each

cultivar level. Identical letters do not differ from each other according to a

Tukey test (p ≤ 0.05). CV (%) = 10.6 (A), 12.86 (B), 12.9 (C). Error bars

indicate the standard error of the mean (n = 6 replications).

Frontiers in Sustainable Food Systems | www.frontiersin.org 7 December 2020 | Volume 4 | Article 607262

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Boleta et al. Azospirillum brasilense in Wheat Cultivars

(Tortora et al., 2011; Sahoo et al., 2013), production
of kinetin (Patel and Saraf, 2017), and cytokinin that
promotes growth.

According to Galindo et al. (2017), A. brasilense is a bacterium
with high mobility in plants and assists in several metabolic
processes of plant tissues to better use available water in the
soil (Shakir et al., 2012); to increase soluble sugar, amino acid,
and proline contents (Bano et al., 2013); and to absorb and
assimilate nutrients (Galindo et al., 2017). It has also improved
the assimilation of P (Rosa et al., 2020) by solubilization of non-
available P in the soil rhizosphere (Rodriguez et al., 2004) to
increase its availability.

Regarding the absorption and accumulation of copper
builders in different cultivars (Figure 4B, Table 2), this behavior
of A. brasilense in CD150 may be related to greater absorption
of other cationic micronutrients such as B, Fe, and Mn, which
were promoted with the inoculation with A. brasilense in the
same cultivar, by 44, 49.9, and 21.9% (Figures 4A–C, 5A). The
cationic micronutrients compete for the same sites of absorption
in the cell of the plant root (Marschner, 2012), which may justify
the accumulation in CD150. Furthermore, when analyzing the
contents of these nutrients in the soil (Table 1), all micronutrients
were at a high level for the cultivation of wheat and other
cereals (Raij, 2011). These findings support the hypothesis of
multiple researches triggered by A. brasilense in cereal which go
far beyond the capacity of biological nitrogen fixation (Pankievicz
et al., 2015) and synthesis of phytohormones (Bashan and De-
Bashan, 2010). The inoculation withA. brasilense signals intrinsic
absorption processes (Fukami et al., 2017) and solubilization
(Rodriguez et al., 2004; Arzanesh et al., 2011; Banik et al., 2016),
promoting better use of micronutrients (Galindo et al., 2019b),
which, therefore, highlights the need for more specific studies to
understand these mechanisms and metabolic pathways of plants.

Regarding the influence of A. brasilense, wheat genotypes
and their effect on biometric evaluations (height and spike
population) were studied at harvest time and resulted in taller
plants (Figures 6B,C). This characteristic was clearly observed
in the current experimental stand, which can be observed in
Supplementary Figure 1. The attributes regarding plant height
and size were consistently high in the technical data of each
genetic material (COODETEC, 2017). However, regions with
a high incidence of wind blow can damage the cultivation of
CD1104, as taller wheat plants are more prone to lodging which
may lead to more losses in the harvest (Nascimento et al., 2016).

In contrast to plant height, grain yield in the present study
was not influenced by wheat genotypes or inoculation with A.
brasilense during the harvest (Figure 6A). It was studied by
Tabassum et al. (2017) and Ferreira et al. (2019) in an extensive
review on PGPB-induced capacity of plant tolerance to stress,
and they highlighted that inoculation with A. brasilense does
not always increase productivity. The authors postulated that
inoculation responses are most strongly expressed in plants in
adverse situations such as water deficit (Shakir et al., 2012),
pathogen attack, and plant–weed competition, and light, water,
and nutrient deficiencies are among the other abiotic factors
(Forni et al., 2017).

In the present study, the climatic situations were normal, and
no adverse situations occurred, coinciding with the explanations
proposed by Tabassum et al. (2017) and Ferreira et al. (2019) for
the none increasing productivity (Figure 6). Climatic values can
be consulted from the temperature and exclusion graphs during
the experimental period (Figure 1). In addition, it is important
to note that the experimental area has a central pivot irrigation
system, grown with cereals (cereals and legumes for over 30
years), the last 12 years being under the no-tillage system with
straw conservation and minimal soil turnover aiming at the
conservation of the soil–plant–microorganism system.

CONCLUSIONS

The inoculation with A. brasilense increases the accumulation
of B and Cu in the aerial part of wheat, by 27.7 and
57.4%, respectively, for the cultivar CD150. A. brasilense
increased the accumulation of B, Fe, and Mn by 43.8, 49.9,
and 22%, respectively, and reduced Cu by 21.9% in the
cultivar CD1104.

The wheat cultivar CD150 has greater efficiency of N shoot
accumulation of +35.5 kg N ha−1 in comparison with cultivar
CD1104. However, the grain yield of the wheat cultivars
was similar.

Interactions between A. brasilense inoculation and cultivars
resulted in greater accumulation of S and K in the wheat
shoot for cultivar CD150, as well as Cu shoot accumulation
in the CD1104 genotype. A. brasilense has more sustainable
contribution to wheat nutrition with no significant increase in
crop productivity.
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