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The use of plant growth-promoting bacteria combined with Integrated Agricultural

Production Systems (IAPS) has resulted in productivity increases in the Brazilian Cerrado

region. Thus, the objective was to evaluate the effect of inoculating or not inoculating

Azospirillum brasilense on corn and palisade grass seeds (Urochloa brizantha cv.

Marandu) on growth, yield components, and dry matter yield of the aerial part and

grains in an Oxisol cropped in ICLS and under a no-tillage system for 12 years in

an irrigated area. The experimental design was a randomized block design with four

replications. The treatments were composed of corn (monoculture) with inoculated

seed, corn (monoculture) without inoculated seed, corn + palisade grass (intercropping)

without inoculation, corn + palisade grass (intercropping) with inoculation in both seeds,

corn+ palisade grass (intercropping) with inoculation of corn seeds, and corn+ palisade

grass (intercropping) with inoculation of grass seeds. At the end of each production cycle,

the yield and components of corn, corn straw biomass, and dry matter of palisade

grass were evaluated. Considering the optimal conditions of soil provided by liming

and fertilization at sowing and nitrogen applied in topdressing, the application of A.

brasilense in corn seeds did not show its potential. Intercropped systems inoculated or

not with A. brasilense on corn seeds increase grain yield, dry matter production of grass,

and nutrient accumulation in the straw, providing greater sustainability to the Cerrado

no-tillage system.

Keywords: intercropping, no-tillage system, plant growth-promoting bacteria, Urochloa brizantha, Zea mays

INTRODUCTION

The intensification of land use for agricultural practices in the Cerrado region is increasing.
However, inadequate soil management in this region has led to land degradation, with a consequent
reduction in crop yields (Costa et al., 2015). In addition to degradation, the use of species not
fitted to local conditions, low plant establishment before grazing, and soil fertility losses due to
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excessive nutrient extraction by the animal, among other factors,
contribute to the degradation of the pastures (Hungria et al.,
2016).

Incrementing competitiveness in the agricultural sector
through the use of intensive crops as a means of supplying the
food demand of developing countries has resulted in the need to
replace the extensive traditional production model with systems
that enable the maximization of land use as a no-tillage system
(NTS) and integrated crop-livestock system (ICLS) (Pariz et al.,
2020), as issues related to mitigation of CO2 emissions, water
consumption, and overuse of fertilizers have become a worldwide
concern (Hu et al., 2016).

However, the accumulation and maintenance of the straw in
tropical regions such as the Cerrado are complicated practices
due to the high temperatures and dry winter (Cavalli et al.,
2018), which favor the rapid decomposition of these residues.
However, mulching practices are especially important in these
regions. The use of species such as palisade grass and guinea grass
intercropping with grains cultures did not cause reductions in
kernels’ attributes and yield. Instead of this, these grass species
have deep root systems that can maintain soil moisture, cycle
nutrients, produce biomass, and forage for animal grazing in the
off-season (Costa et al., 2020; Mateus et al., 2020). In addition,
this system can reduce water losses due to evapotranspiration, as
the soil is more protected against the incidence of sun and wind.

With the growing concern for maintaining natural resources
and reducing possible losses of fertilizers, especially nitrogen,
which are the most demanded by plants, there is a need to
search for alternatives that aim to increase their efficiency or meet
their need via biological N2 fixation (Yan et al., 2014), aiming at
agricultural and environmental sustainability.

In this sense, studies using plant growth-promoting bacteria
(PGPB), such as those of the genus Azospirillum, aimed at
reducing or even suppressing mineral fertilizers without
impairing production, are necessary. Inoculation with certain
strains of Azospirillum sp. fitted to edaphoclimatic conditions
under field conditions provides greater root development,
resulting in greater soil exploitation for water and nutrient
absorption. Furthermore, inoculation with these PGPB
provides a direct contribution to increase crop yields and
enhances the effectiveness of resource production with extensive
environmental benefits (Santos et al., 2019).

The genus Azospirillum is the most utilized for corn
crop worldwide and comprises 21 species (DSMZ–Deutsche
Sammiung von Mikroorganismen und Zellkulturen GmbH,
2019). The strains of A. brasilense Ab-V5 and AB-V6 were
released for use in commercial inoculants in maize and wheat in
Brazil in 2009 since those strains resulted in increases in grain
yield and greater absorption of nutrients (Hungria et al., 2010;
Santos et al., 2019). In addition to its ability, PGPB can promote
other strategies such as osmotic adjustment, maintenance of roots
viability, membrane stability, and accumulation of protein and
othermetabolites such as proline, which helps in themaintenance
of plantmetabolism under drought stress (Ngumbi andKloepper,
2016; Fukami et al., 2018).

However, it is noteworthy that this management does not
always replace the use of nitrogen fertilizers and, in some cases,

does not allow the reduction of doses to obtain the highest grain
yield (Silva et al., 2015). In this context, it was hypothesized
that the corn-palisade grass intercropping and the use of PGPB
applied in seeds increase grain yield in corn and grass dry matter
productivity under irrigated conditions in the low-land Cerrado
without reducing the yield of the main crop.

The objective of this study was to evaluate the effect of
inoculating or not with Azospirillum brasilense on corn and
grass seeds under monoculture or intercropping with palisade
grass (Urochloa brizantha cv Marandu) on growth, production
components, and yield of dry matter of the aerial part and grains.

MATERIALS AND METHODS

Site Description
The study was composed of two experiments, repeated by two
growing seasons (2014/2015 and 2015/2016), carried out in the
same area irrigated by a sprinkler (center-pivot) in Central-West
Brazil (20

◦

20’S and “51◦24’26” W, 370m above sea level). The
climate in this region is Aw, characterized as humid tropical
with a rainy season in summer and dry winter, according
to Koppen (Unicamp—Centro de Pesquisa Meteorológicas e
Climáticas Aplicadas à Agricultura, 2016). The long-term (1956–
2013) average annual maximum and minimum temperatures are
31.3 and 18.4◦C, respectively. The precipitation rate, maximum
and minimum temperatures, and photoperiod of the area of this
study were measured (Table 1).

The soil in the experimental area was classified as Oxisol
(FAO—Food and Agriculture Organization of the United
Nations, 2006), clayey, and had a history of 12 years under the
NTS, establishment phase, with annual and semi-perennial crops,
where soybean was the previous crop.

Before initiating the study in each year, chemical and
physical attributes were determined. For physical attributes,
the methods described by EMBRAPA–Empresa Brasileira de
Pesquisa Agropecuária (1997) were followed, and for chemical
attributes, the methodology of van Raij et al. (2001) was followed.
The values in the 0.00- to 0.10-m and 0.10- to 0.20-m layers are
shown in Table 2.

The area was irrigated by a sprinkler (center-pivot),
considering the optimal water range for the crops under study.
The following equation was used to establish available water
capacity (AWC):

AWC(mm) = [(FC−−PWP)/100]×SD× ERZD,

where FC is the field capacity (%); PWM, permanent wilting
point (%); SD, the soil density (kg dm−3); and ERZD, the effective
root zone depth (m).

Those data were obtained from the soil water retention curve,
where FC = 20.25%; PWM = 14.58%; SD = 1.48 and 0.93 kg
dm−3 (2014/2015 and 2015/2016 crops, respectively); and ERZD
= 0.20m. Therefore, the evaluated soil AWC was 16.78 and
11.54mm for the 2014/2015 and 2015/2016 crops, respectively.

The water supply was transmitted with a flow of 3.3mm
h−1. Irrigation was applied every time the maximum crop
evapotranspiration (ETm) reached 7.43 and 5.11mm for the
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TABLE 1 | Rainfall, maximum and minimum temperatures, and photoperiod during the study period.

Climate

characteristics

Month

2014–2015

Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct.

Montly rain mm 129.1 70.4 79.4 170.7 183.4 42.8 98.3 33.3 42.1 21.8 398.7 122.5

Mean max. temp., ◦C 31.4 32.8 35.5 31.3 31.6 32.4 28.1 27.9 33 33.2 34.3 33.2

Mean min. Temp., ◦C 20.2 21.4 21.8 20.0 20.4 21.1 17.5 16.3 16.2 17.9 19.7 21.5

Photoperiod, h d−1 12.9 13.2 13.1 12.7 12.1 11.5 11.0 10.8 10.9 11.4 11.9 12.5

2015–2016

Montly rain mm 304.7 194.2 211.3 116.0 244.1 94.8 134.9 62.5 3.8 139.7 57.1 100.8

Mean max. temp., ◦C 33.2 33.1 32.8 34.1 33.1 26.8 28.8 27.1 30.2 31.2 30.3 29.7

Mean min. temp., ◦C 22.9 22.6 23.1 23.3 21.7 16.0 17.1 14.6 14.5 16.3 16.6 15.9

Photoperiod, h d−1 12.9 13.2 13.1 12.7 12.1 11.5 11.0 10.8 10.9 11.4 11.9 12.5

Long-term (50-years) average

Montly rain mm 146 211 226 178 135 81 59 30 23 23 73 125

Mean max. temp., ◦C 33.0 33.0 32.0 32.1 32.0 31.1 29.3 28.4 28.8 31.6 31.0 33.0

Mean min. temp., ◦C 22.0 22.0 20.4 20.5 22.0 17.4 14.9 13.7 13.1 14.8 19.0 21.0

Photoperiod, h d−1 12.9 13.2 13.1 12.7 12.1 11.5 11.0 10.8 10.9 11.4 11.9 12.5

TABLE 2 | Soil physical and chemical attributes at 0.00–0.10 and 0.10–0.20m

depths in 2014/2015 and 2015/2016 crops.

Attributes Crop

2014/2015 2015/2016

Depth (m)

0.00–0.10 0.10–0.20 0.00–0.10 0.10–0.20

Soil density (kg dm−3 ) 1.47 1.49 0.92 0.94

Macroporosity (m3 m−3) 0.08 0.07 0.10 0.12

Microporosity (m3 m−3) 0.34 0.34 0.35 0.34

Total porosity (m3 m−3) 0.43 0.41 0.45 0,.46

pH (CaCl2) 4.90 4.81 4.05 4.53

Organic matter (g dm−3) 20.05 20.56 26.33 21.08

Presine (mg dm−3) 25.63 18.76 33.73 24.03

H+Al (mmolc dm−3) 35.00 43.96 32.63 44.53

K+ (mmolc dm−3) 4.41 3.21 4.28 3.04

Ca+2 (mmolc dm−3) 30.46 13.88 39.50 19.30

Mg+2 (mmolc dm−3) 24.45 11.75 35.83 18.30

V (%) 62.13 39.81 70.83 48.03

respective crop years (<44.3% AWC). The ETm was estimated
through the following equation:

ETm(mmday−1) = Kc× ETo,

where Kc is the crop coefficient and ETo is the
reference evapotranspiration.

ETo was calculated through the following equation:

ETo(mmday−1) = Kp× ECA,

where Kp is the Class A tank coefficient and ECA is the Class A
tank evaporation (mm day−1). Water evaporation measurement
(mm) was obtained daily from a Class A tank. The Kp was
calculated as proposed by Doorenbos and Pruitt (1977) based on
the surrounding area, wind speed, and relative air humidity.

Experimental Design and Treatments
The experimental design was a randomized block with
four replications, and six treatments consisted of different
combinations of intercropping and monoculture corn and
palisade grass, as follows: corn (monoculture) with inoculated
seed, corn (monoculture) without inoculated seed, corn +

palisade grass (intercropping) without inoculation, corn +

palisade grass (intercropping) with inoculation in both seeds,
corn + palisade grass (intercropping) with inoculation of corn
seeds, and corn+ palisade grass (intercropping) with inoculation
of grass seeds. Each plot consisted of 3.4m in width and 20m
in length, totaling 68 m2. The usable area in each plot consisted
of four central rows, which did not include 1m at the ends
of each plot and two external rows near the edge. In the
second year, the plots were allocated at the same location as the
first year.

Prior to the implementation of the experiment (October
2014), diazotrophic microorganisms were counted to determine
the bacterial population in the number of cells per milliliter,
performed by estimating the “Most Likely Number” (MPN) using
the MacCrady table in NFB (A. brasilense) semi-solid medium
according to the methodology described by Döbereiner et al.
(1995), obtaining a value of 9.0× 108 g−1 cells.

Corn and Palisade Grass
On October 10 of 2014 and 2015, desiccation of the plants
in the experimental area was carried out, aiming the
eradication of weed and mulching for continuity of the
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NTS, using the herbicide glyphosate [isopropylamine salt of
N–(phosphonomethyl) glycine] (1.44 g acid-equivalent ha−1)
at a spray volume of 200 L ha−1. On November 1 of 2015 and
2016, plants were cut with mechanical management using a plant
residue crusher.

Simple hybrid DKB 390 YG corn [Zea mays (L.)] was used
on the first growing season (2014/15). On the second growing
season (2015/16), there was no availability for the same hybrid.
Triple hybrid DKB 350 YG was the option for this year. The grass
used for this study, in both years, was palisade grass [Urochoa
brizantha (A. Rich.) Stapf Marandu].

To ameliorate soil acidity and according to the soil analysis,
30 days prior to sowing, dolomite limestone (40% CaO and 12%
MgO) with an 85% effective calcium carbonate equivalence (85%
PRNT) Dolomitic limestone was applied over the soil surface
without incorporation, aiming to increase base saturation to 70%
(0.00–0.20m) as described by Cantarella and Raij (1997).

At sowing of the respective growing season, 2014/15 and
2015/16, the seeds of corn and palisade grass were inoculated or
not with the diazotrophic bacterium A. brasilense (strains Ab-
V5 and Ab-V6). The bacteria come from EMBRAPA Soybeam
program, selected on Brazil initially for corn and wheat crops
(Hungria et al., 2010) at a dose recommended from this
mentioned author of 100 ml/25 kg seeds. Inoculation occurred
before sowing and in the shade.

The first growing season was sown on November 11, and the
second one was sown on November 17. For both years, the corn
crop was mechanically sown using a no-till drill at a depth of
∼0.05m in 0.45m spacing with 3.0 seeds m−1, aiming to reach
a final stand close to 60,000 plants ha−1.

In both cropping years, palisade grass was sown on the
same day as corn, with another type of seeder-fertilizer, with
an alternating double-disc mechanism compatible with NTS, in
which the seeds were placed in the fertilizer compartment in
the seeder and deposited at a depth of 0.06m, at a spacing of
0.17m, using ∼7 kg ha−1 of viable pure seeds (CV = 70%) for
palisade grass. Thus, the grass seeds were below the corn seeds,
following the recommendations of Kluthcouski et al. (2000), with
the objective of delaying the emergence of grass in relation to the
grain-producing crop and reducing the likely competition among
the species in the initial period of the crop development.

Due to the corn crop sowing, in both crops, respectively, the
sowing mineral fertilization was performed in the furrow of the
grain crop, according to the results obtained in the sampling for
initial soil characterization, where 300 kg ha−1 of formulated 08-
28-16 (24 kg ha−1 N, 84 kg ha−1 P2O5, and 48 kg ha−1 K2O,
respectively) was applied.

At the V6 phenological stage (six fully developed corn
leaves), following the recommendations of Cantarella (2007), the
topdressing fertilization was carried out by manually applying
120 kg ha−1 N–ammonium sulfate to the corn lines.

Sampling and Analyses
Proline

During the corn flowering period, in both crop years,
after the emission of female inflorescence, that is, when
more than 50% of the plants were clogged, and with the

presence of stigmas style (hair), the middle-thirds of 15
leaves were collected per plot for free proline quantification
(01/30/2015 and 01/17/2016); 0.5 g of fresh leaf limb tissue
was used, which was immediately frozen in liquid nitrogen
to cease leaf metabolism. After collection, the material was
properly stored in a freezer at temperatures below −20◦C
and analyzed using the methodology described by Bates et al.
(1973).

Corn Agronomic Characteristics and Yield
Corn crop cycles for grain production were 140 and 120 days,
respectively, after emergence (DAE), in the first and second
year, respectively.

One day before the harvest of the 2014/2015 and 2015/2016
sowing seasons, the following morphological components were
determined: basal stem diameter (BSD), plant height (PH), and
height of ear insertion (HEI). Then, the number of plants and the
number of ears contained in the useful area of each experimental
unit (two 20-m-long central lines, excluding 1m from each side
row in each plot) were counted to determine the final plant
stand (FPS).

Before harvesting (03/07/2015 and 04/01/2016, respectively),
to determine the corn yield and yield components, all ears
contained in the plot useful area were manually harvested.
The following yield components were evaluated: principal main
length (EL), principal ear diameter (ED), number of grains/ear
(NGE), and 100-seed weight (W100) (130 g kg−1 wet basis) were
determined for 10 plants per plot that were randomly chosen
from the usable area. Subsequently, the ears were mechanically
threshed, and the grains were weighted, so the plot yield was
calculated, extrapolated to kg ha−1, and corrected for 130
g kg−1.

Following corn harvesting in the respective harvests, the
straw yield resulting from corn and grass dry matter cultivation
was evaluated per plot. Therefore, the residues of corn
plants were collected in a 2-m line/plot. The grass was
collected with a metal square (1.0 × 1.0m) at a cutting
height of 0.30m, and in each sample, the cut material
was dried under forced air circulation at 65◦C for 72 h
to quantify the total dry matter production of grass and
corn straw, both extrapolated to Mg ha−1. Subsequently,
the material was ground (Willey-type) and sent to the
laboratory where contents of N, P, K, Ca, Mg, and S were
determined (Malavolta et al., 1997). Nutrient accumulations per
hectare were calculated based on dry matter production and
nutritional contents.

Statistical Analyses
Data were normally distributed (W > 0.90) according to the
Shapiro-Wilk test, with the results indicating that all data were
distributed normally (W > 0.9). Means of the treatment were
compared using the LSD test. The effects were considered
statistically significant at p ≤ 0.05. Statistical analyses were
performed using the “R” software (2020).
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RESULTS

Corn Agronomic Characteristics
Production Attributes and Proline
The agronomics characteristics PH, HEI, and SBD were
significant for both growing seasons (p < 0.05) (Table 3). In the
first year, treatments inoculated with A. brasilense in both seeds
(corn and palisade grass) were also significant. They obtained
higher growth, whereas SBD had higher results for intercropped
inoculated only in corn.

At the second growing season, PH and HEI showed better
values for all treatments except for the intercropped corn
inoculated on corn seeds. Otherwise, for SBD, the monoculture
corn inoculated showed a higher diameter. The production
attributes EL, ED, NGE, and W100 were not significant for
cropping systems or inoculation (p > 0.05), showing that these
features are no responses to those systems.

The PP attribute was significant for both growing seasons. In
the first season (p = 0.02), PP was higher for corn inoculates
in monoculture or intercropped inoculate in both seeds. In the
second season (p= 0.002), the only treatment that presents lower
PP was the intercropped inoculated in both seeds. On the other
hand, PP reached the established amount of 60,000 plants ha−1.

Grain yield was not significant for both seasons (p > 0.05).
However, it presents higher GY in the second year. This is related
to the fact that in this year, the PP was higher than the first year,
resulting in higher productivity.

Proline was significant (p < 0.001) at the first growing season
with high levels for monoculture corn without inoculation,
whereas in the second growing season, proline was also
significant (p = 0.015) with lower levels only for monoculture
corn without inoculation.

Corn Straw Yield
Corn straw yield was significant for both growing seasons
(p < 0.05) (Table 4), although showing different values between
years, the system that provided the highest straw production was
corn intercropped with palisade grass and inoculated in corn
seeds (Table 4).

There was a significant effect of intercropping corn and
palisade grass for both growing seasons (p = 0.004 and
p= 0.0005), respectively. Intercropping withA. brasilense in corn
seeds inoculated promotes higher corn straw yield.

Accumulation of Macronutrients on Corn
Straw
The macronutrient accumulation in corn straw was significant
for the crop systems evaluated (N, P, K, Ca, Mg, and S) for
both years (Table 4). It was observed that in the first season,
due to the lower MSY and yield production, the nutrient
export by plants was not much, showing on average 50% more
nutrients accumulated for this year. Themacronutrients were not
influenced by local inoculation (corn or grass seed).

In the first season, the corn monoculture presented a higher
N accumulation. P and K present higher values for intercropped
systems with palisade grass inoculated. Ca content was higher
for corn inoculated, independent of monoculture or intercropped

system. Mg and S found better values for intercropped inoculated
in corn seeds.

In the second season, corn intercropped was higher for P, K,
Mg, and S, demonstrating higher values for both intercropping
and monoculture, independent of the local inoculation.

Palisade Grass
Dry Matter

Palisade grass dry matter yield showed significant results at the
first growing season (p < 0.05) (Table 5). However, the effect of
the inoculation with PGPB was independent of crop systems. For
the next season, because of the better growth of corn, palisade
grass shows lower values and not significant results.

DISCUSSION

Corn Agronomic Characteristics
Production Attributes and Proline
On the first growing season, PH and HEI (Table 3) were higher
when intercropping was inoculated in both seeds. Some reports
found that inoculating with this genus of PGBP guaranteed
greater plant height and root mass, especially in dry conditions
influencing the absorption of nutrients and water from the soil
(Fukami et al., 2018; Leite et al., 2018) positively. These results are
lower than the results found in the second season. The reduction
in PH and consequent HEI is due to the already mentioned fact
that the high temperatures lasted throughout the vegetative phase
(V8), a period of intense growth of the plant in height (Silva et al.,
2015), which will reflect in the lower yield of corn straw.

Plant height is a morphological variable that is directly related
to the population density of the crop. Smaller plants tolerate
higher densities, while higher plants tolerate lower densities
(Matos et al., 2017). It is also known that well-nourished nitrogen
plants have a greater ability to assimilate CO2 and synthesize
carbohydrates during photosynthesis, resulting in higher growth
(Vogel et al., 2013).

As observed at the end of the second season, chemical
characteristics of soil improved intercropped systems such
as grasses associated with A. brasilense that present a root
structure capable of absorbing a larger amount of nutrients
and water (Bashan and de-Bashan, 2010) and also improve
physical characteristics by way of the capacity of the root system
promoting aeration as seen in Table 2.

The more favorable climate conditions in the second year
resulted in better conditions of plant development, which justifies
the larger plant growth. It is noteworthy that the greater plant
height provides a greater productive potential of fresh and dry
matter and, consequently, higher straw production for the next
crop. However, above-average plant heights may result in greater
ease of lodging by wind, rain, and machine traffic, causing
productivity losses, a fact not found in this study.

Still, regarding the morphological characteristics, the crop and
inoculation systems did not influence the BSD in both years
(Table 3). Even at higher densities such as those of the second
season, the crop did not show any problems such as lodging and
breaking of the plants, a fact common in larger populations, as
plants etiolate in search of light.
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TABLE 3 | Means of plant height (PH), height of ear insertion (HEI), basal steam diameter (BSD), ear diameter (DE), ear length (EL), number of grains per ear (NGE),

100-seed weight (W100), plant population (PP) grain yield (GY) and proline content in intercropped or single corn, A. brasilense (irrigated area) inoculated or not in the

seeds in 2014/15 and 2015/16 crops.

Cropping

system

PH* HEI* BSD* EL* ED NGE* W100 PP* GY Proline*

(m) (cm) (cm) (ear) (g kg−1) (ha−1) (Mg ha−1) µmol g−1

FM

2014/15 Sowing season

Corn 2.09b 1.12b 2.4ab 19.27 5.40 628a 28.75 46.295b 5.6 1.18a

Corn+ PG 2.11b 1.11b 2.22bc 18.55 5.34 607ab 27.11 49.999b 5.3 0.93b

Corn + PG (I) 2.10b 1.09b 2.30bc 18.70 5.27 625ab 30.34 49.999b 5.2 0.87b

Corn (I) + PG 2.21b 1.13b 2.53a 18.67 5.26 605ab 27.69 46.295b 5.3 0.89b

Corn (I) 2.12b 1.13b 2.38ab 17.82 5.33 592ab 27.20 62.962a 4.9 0.76c

Corn (I) + PG

(I)

2.66a 1.71a 2.06c 18.32 5.22 585b 28.40 64.814a 5.0 0.89b

Pr > Fc >0.0001 0.005 >0.0001 0.560 0.444 0.242 0.372 0.020 0.426 >0.0001

CV (%) 4.65 5.96 6.01 5.70 2.47 4.59 7.90 12.21 8.92 7.01

2015/16 Sowing season

Corn 2.82a 1.87a 2.16b 18.92b 4.70 547 28.41 74.073a 7.3 0.84b

Corn + PG 2.84a 1.84a 2.38ab 18.85b 4.97 570 26.44 77.777a 6.7 1.22a

Corn + PG (I) 2.90a 1.89a 2.48ab 18.95 4.87 540 26.95 82.406a 6.3 1.16a

Corn (I) + PG 2.44b 1.20b 2.26ab 18.75b 4.78 525 24.05 74.999a 7.4 1.33a

Corn (I) 2.84a 1.95a 2.52a 19.77ab 4.85 564 30.64 81.480a 6.2 1.47a

Corn (I) + PG

(I)

2.88a 1.93a 2.44ab 20.85a 4.87 557 25.78 60.184b 6.0 1.23a

Pr > Fc 0.001 <0.0001 0.022 0.029 0.143 0.238 0.094 0.002 0.060 0.015

CV (%) 4.53 5.07 9.31 4.58 2.69 4.90 11.01 8.39 10.42 17.11

*Means followed by different letters in the columns are different by “LSD” test at 5% probability.

In stress conditions like the first year, intercropped systems
inoculated in corn seeds can promote a higher BSD that
works as a reservation of nutrients. In systems with good
edaphoclimatic conditions, corn monoculture shows higher
PP, in dense crops, the development of plants saved nutrient
reservation for its development.

These results corroborate those found by Silva et al. (2015),
in that when evaluating intercropping and monoculture corn
cultivation systems, at different spacing, and in the Cerrado
area, they did not find differences for BSD between the
systems. In addition to providing increased breakage and lodging
resistance, BSD stores essential soluble solids for photoassimilate
translocation and grain formation.

Opposite results for EL and ED were reported by Mumbach
et al. (2017) using doses of mineral fertilizer (sowing and
mulching) and inoculation with A. brasilense, and for the EL in
a study by Moreira et al. (2019) when evaluating the economic
performance of corn as a function of inoculant application
forms and nitrogen fertilizer doses. This lack of responses to
cropping systems may be associated with plant genotype and
edaphoclimatic conditions.

The absence of significant results for NGE andW100 (Table 3)
can be explained by the uniformity of data from EL and ED.
Those results for W100 corroborated with the study of Silva
et al. (2015), who also did not observe any significance for
this production component when evaluating inoculation with A.

brasilense and nitrogen doses in the Cerrado. However, in the
second year, results found for exclusive and inoculated corn were
better. This is an important component for grain yield and may
be altered by any type of stress occurring in the grain filling
phase, in which the external factors are the most limiting to
plant development (Freitas et al., 2013). In addition, Pariz et al.
(2009) reported that the intercropping system of corn with other
forages might compromise the translocation of photoassimilates
to grains, producing lighter grains.

In that year, PP was better when inoculates in monoculture
or intercropped with inoculations in both seeds (2015/16). The
average plant ha−1 was lower than the PP established for this
study, which was 60,000 plants ha−1. This result is due to
the influence of the high temperature on that year when the
experiment was conducted (Table 1). The higher temperature,
the faster the metabolic process, which leads to early leaf
senescence. The ideal temperature for crop development from
emergence to flowering is between 24 and 30◦C (Cruz et al.,
2010).

It can be observed from the evaluation of simultaneous sowing
of corn and palisade grass, regardless of the cropping system,
that there was no negative influence (Table 3) of competition
between species. Corroborating the results of Araújo et al. (2018)
and Garcia et al. (2013), both evaluating corn yield in association
with palisade grasses, also found that intercropping systems did
not influence the final plant stand. Corn PP has direct effects on
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TABLE 4 | Remaining corn straw production (RMSP) and nutrient accumulation in corn straw in 2014/15 and 2015/16 sowing seasons.

2014/15 sowing season

Crop systema RMSP* N* P* K* Ca* Mg* S*

kg ha−1

Corn 4105c 102b 12.6b 78bc 20.8b 18.0b 13.3b

Corn + PG 4738ab 100b 11.5b 54d 17.5bc 19.5b 14.5ab

Corn + PG (I) 4708ab 121ab 23.5a 101a 13.2c 18.0b 13.3b

Corn (I) + PG 6043a 109b 13.2b 87ab 31.9a 31.1a 17.5a

Corn (I) 4645ab 144a 14.0b 65cd 30.2a 20.5b 13.0b

Corn (I) + PG (I) 4787b 54c 4.9c 75bc 14.2c 12.0c 7.8c

PR > Fc 0,0004 <0.0001 <0.0001 0.002 <0.0001 <0.0001 0.0007

CV (%) 8.83 15.75 19.98 17.16 13.73 13.64 16.91

2015/16 sowing season

Corn 9478b 54bc 6.6c 20.5a 8.2c 7.6b 4.0b

Corn + PG 8626b 58b 8.6b 23.7a 8.7bc 11.5a 4.3b

Corn + PG (I) 9061b 44d 11.0a 23.5a 5.5d 8.0b 4.0b

Corn (I) + PG 11.982a 73a 8.5b 15.1b 14.7a 11.3a 5.8a

Corn (I) 9754b 46cd 5.9d 15.6b 9.7b 11.9a 5.5a

Corn (I) + PG (I) 6692c 56b 7.7bc 23.9a 9.3bc 9.3b 4.5b

Overall mean 0,0005 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

CV (%) 12,57 10.28 11.45 14.62 10.64 11.21 7.49

*Means followed by different letters in the columns are different by “LSD” test at 5% probability.

aPG, Palisade grass; I, Inoculated.

crop yield and also forage production (Crusciol et al., 2010). This
component is related to SBD, and it is expected that the greater
supply of water and nutrients will provide a larger plant size and,
consequently, a higher PP.

In addition, the larger number of plants ha−1 (75,000 plants
ha−1) promotes greater plant growth in height (Calonego et al.,
2011; Freitas et al., 2013), with a consequent increase in HEI,
corroborating the results of the second year, when PP was over
60,000 plants ha−1. Another factor contributing to the larger
PP is that a larger plant population can provide greater height
growth, reducing evapotranspiration losses (Queiroz et al., 2016).

On the first growing season, GY has lower values because
of the lower PP, a consequence of high temperatures that year,
which promotes low germination. Otherwise, production showed
satisfactory results, with an average of over 4.9Mg ha−1 and
7.0Mg ha−1 in the second season, and more than 116 bags
ha−1. In corn, the strains of A. brasilense Ab-V5 and Ab-
V6 resulted in an increase in grain yield that reached 27%
compared with the non-inoculated control (Hungria et al., 2010).
This was not observed in this study because of the different
edaphoclimatic conditions.

Although Silva et al. (2015) reported that simultaneous sowing
between corn and palisade grass could influence the final grain
yield through competition between crops, especially after corn
flowering, it was found in this study that the inoculation of
corn seeds becomes viable in NTSs with correct input from
plant material derived from previous crops because even with
the coexistence with forage, higher results for the intercropped
systems without any inoculation were achieved.

TABLE 5 | Dry matter yield of Palisade grass in an irrigated area after intercropped

with corn in 2014/15 and 2015/16 crops.

Crop system Palisade grass after intercropping (kg ha−1)

2014/2015* 2015/2016

Corn + Palisade grass 5440a 3523

Corn + Palisade grass (I) 3487b 3758

Corn (I) + Palisade grass 5962a 4285

Corn (I) + Palisade grass (I) 6381a 3761

PR > Fc 0.0052 0.530

CV (%) 16.40 18.96

*Means followed by different letters in the columns are different by “LSD” test at

5% probability.

The most important contribution of the use of A. brasilense
is the possibility of increasing dry matter accumulation
rate, resulting in an incremented biomass and plant height,
accelerating germination and benefiting the root system, and as
a consequence, there may be an increase in grain yield due to
greater nutrient translocation to grain and reduced competition
with grass (Hungria et al., 2010).

Proline is known as an important plant osmoregulator, and
its transport is assumed to influence tolerance against stress
conditions. In both years, the results of free proline quantification
in corn leaves had different levels (Table 2).

Proline metabolism is regulated by the balance between its
anabolism and catabolism. Its deposition in parts of the plant
may not occur due to an increase in biosynthesis but rather
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due to its transport and utilization rate (Per et al., 2017). Under
normal conditions, proline biosynthesis occurs in the cytosol,
while under stress conditions, it may occur in chloroplasts (Rejeb
et al., 2014). In agreement with the results observed between the
evaluated years, in the first year, the greater evapotranspiration
caused the stomata to close so that there was no excessive
water loss.

No losses in the utilization rate and transport of the proline
contents occurred in the second year as the climatic conditions
were more favorable to the development of the crop, thus without
stress conditions. Also, the corn cropped in a single system
without inoculation showed lower levels of proline; therefore, less
deposition and higher utilization rates were found.

Studies show that phytohormones such as auxins, gibberellins,
cytokines, ethylene, ABA, and salicylic acid are related to plant
growth, development, metabolism, and response to different
stress conditions, but these results are still scarce (Iqbal et al.,
2009). However, the benefits of phytohormones produced by the
action of inoculation withA. brasilense throughout this study can
be observed.

Remaining Corn Straw and Nutrient
Accumulation
The remaining corn straw in NTS on the first growing season
was lower compared to the second season. Otherwise, the
system that promotes the high straw production was corn
intercropped with palisade grass and inoculated in corn seeds
(Table 4). The lower remaining corn straw in NTS in the first
growing season compared with the second one was expected.
The higher temperatures in January 2015 (Table 1) in the
flowering phase promotes the aborting of flowers, making the
germination infeasible. It is known that moisture shortage
affects stomatal functions, reducing the leaf CO2/O2 ratio
and inhibiting photosynthesis with concomitant reduction of
biomass production (Lopes et al., 2011).

Otherwise, the crop system with corn intercropped with
palisade grass inoculated in corn seeds promoted the
higher remaining straw, once again indicating the benefits
of plant growth-promoting bacteria (PGPB) in that system.
This symbiosis between PGPB and plants provided yield
productivity gains of grain and forage crops, resulting in a higher
accumulation of dry matter after harvest, providing enough
straw to maintain NTS.

Another factor that should be taken into account in the
implementation of the crop in ICLS is the spatial arrangement
and sowing type, which must be defined according to the
objective of the system (Borghi et al., 2012) or some water
restriction. High densities are recommended only when there is
no water restriction (Freitas et al., 2013). The spacing used in this
study was 0.45m, with simultaneous sowing of corn and grass,
providing high densities and sufficient dry matter production to
maintain the NTS recommended by Kluthcouski et al. (2000),
which is >6.0 Mg ha−1.

It was observed that, in the first year, due to lower MRS
and GY, the nutrient exportation by plants was lower, showing,
on average, 50% more nutrients accumulated for this year. The

largest accumulation of N and K stands out, confirming that
this nutrient is the most absorbed and accumulated in plant
tissues, corroborating the results found by Pariz et al. (2011),
Costa et al. (2014), Mendonça et al. (2015), under the same
edaphoclimatic conditions.

The soil in the experimental area has been cultivated in SPD
for over 12 years when the immobilization of N approaches
mineralization (Anghinoni, 2007). Therefore, the accumulation
of O.M. and mulch started on the surface, which, combined with
corn topdressing fertilization, provided a higher accumulation of
this nutrient, especially when inoculated with A. brasilense.

The higher K extraction in intercropping systems is due to
the greater competition with palisade grass, which extracts more
of this nutrient from the soil. The intercropped system corn +

palisade grass is unique in providing K because of the greater
amount of exchangeable K in soil (Mateus et al., 2020). However,
because it has no structural function in plants, K has a short half-
life. Therefore, it is important for the supply of this nutrient in
subsurface soil layers for succession crops (Cavalli et al., 2018).

Cropping systems and inoculation with A. brasilense did not
influence Ca, Mg, and S. Therefore, the adoption of practices,
such as intercropping and use of PGPBs, provides a higher quality
of NTS, providing a greater return of nutrients to the soil through
greater input of residual biomass. In addition, when the grain-
producing crop is intercropped with summer forage grasses,
such as Uroclhoas, it is possible to reduce the cost of pasture
formation, as a food supply to ruminants in the off-season, where
the availability of forage is limited (Costa et al., 2014).

Palisade Grass
On the first growing season, the effect of inoculation with the
recommended doses and strains for corn crop was independent
of the inoculated species (corn or grass) (Table 5). Because
palisade grass has a vigorous and deep root system, the growth-
promoting effects of A. brasilense inoculation on root growth
and biomass growth may not have manifested, especially because
the crop is irrigated, determining that the plants do not need to
deepen the root system in the search for water and nutrients.
Similar results were observed by Barducci et al. (2009), in
that upon evaluating the inoculation of species of the genera
Urochloa and Megathyrsus, they reported that the greater root
development of these species makes them more tolerant to water
and nutrient deficits and may interfere with the hormonal effects
of Azospirillum.

Otherwise, it is important to consider that strains of
Azospirillum may differ in their properties to confer tolerance
in drought and gains in yield (García et al., 2017). The variation
between years is attributed to the overgrowth of corn plants in
that year, providing greater shading of the grass, leading to its
low metabolic and growth activity. These results are reinforced
by Table 1, where corn straw dry matter production was higher
in the second year.

When corn straw is added to grass straw production, means
of 10.1 and 13.1 kg ha−1 are observed for the first and second
year, respectively. In Cerrado regions, where high temperatures
and dry winter predominate, these values can supply the balance
needed tomaintain soil cover and nutrient cycling in this climate,
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results close to those found by Sá et al. (2015), which ranged from
11.7 to 13.3 kg ha−1 under the same soil and climate conditions.

In that year, when corn was intercropped with palisade grass,
regardless of whether or not it is inoculated with A. brasilense,
Modesto et al. (2019) observed a greater profitability index as
well as operating profit; the positive results found in intercropped
systems in the first year and in the second year were 25.6 and
59.77%, respectively, with the average difference of 34.21% due
to the variables in the climatic conditions between the years that
resulted in higher corn production in the second harvest. These
results show that intercropping corn with palisade grass could
amortize the production costs of the system and provide grass
input to subsequent silage.

CONCLUSION

Considering the optimal conditions of soil provided by liming
and fertilization at sowing and nitrogen applied in topdressing,
the application of A. brasilense in corn seeds did not show
its potential. Otherwise, in the current study, intercropped
systems increase grain yield, dry matter production, and nutrient
accumulation in the straw, producing more biomass and
providing greater sustainability to NTS in the low-land Cerrado.
These results of intercropped systems have great importance,
specifically in these tropical regions.
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