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Abstract
Background and aims The inoculation of cereal crops
with plant growth-promoting bacteria (PGPB) is a poten-
tial strategy to improve fertilizer-N acquisition by crops in
soils with low capacity to supply N. A study was con-
ducted to assess the impact of three inoculants on grain
yield, protein content, and urea-15 N recovery in maize
(Zea mays L.) under Cerrado soil and climate conditions.
Methods The main treatments included inoculants con-
taining (i) Azospirillum brasilense strain Sp245, (ii)
A. brasilense strains AbV5 + AbV6, (iii)Herbaspirillum
seropedicae strain ZAE94, and (iv) a non-inoculated
control. The subtreatments were (i) urea-N fertilization
(100 kg N ha−1) at 30 days after sowing and (ii) no N
addition at the stage. To determine fertilizer-N recovery,
15N–labelled urea was applied in microplots.
Results Inoculants carrying A. brasilense improved
urea-15 N acquisition efficiency in maize and also im-
proved grain yield compared to the non-inoculated

control, while urea-N fertilization enhanced grain qual-
ity by providing higher protein content.
Conclusion Our results suggest that the inoculation of
maize grains with PGPB represents a strategy to im-
prove fertilizer-N recovery and maize yield in Cerrado
soil with a low capacity to supply N.

Keywords Inoculants . Diazotrophic bacteria .
15N–fertilizer . Poaceae .Herbaspirillum . Rhizobacteria

Abbreviations
DM Dry mass
Ndff N in the plant derived from 15N–labelled

fertilizer
PGPB Plant growth-promoting bacteria

Introduction

Approximately 70 million Mg of maize (Zea mays L.)
were produced in Brazil in 2016 from a cropped area of
15.9 Mha and this amount represents more than one-
third of the total grain production in the country
(CONAB 2016). However, maize is commonly grown
in low-fertility soils and thus requires high fertilizer-N
inputs. For example, at the beginning of this decade,
maize crops consumed 25% of the total commercial
fertilizer-N used in Brazil (Heffer 2013). A significant
amount of this fertilizer-N is used on soils with poor
fertility with low levels of potentially mineralizable N,
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such as sandy Oxisols in the Cerrado region (Alves et al.
2016). The use of biological techniques to improve
fertilizer-N use efficiency can represent a sustainable
alternative for cereal-growing in these tropical areas. It
is also important to consider the frequent occurrence of
dry spells in the Cerrado region (Martins et al. 2015),
which are commonly associated to inefficient N use by
plants (Hu and Schmidhalter 2005) since reduction in
the transpiration rate induced by drought stress reduces
the crop N uptake by lowering the transportation of this
nutrient from roots to shoots (Tanguilig et al. 1987).
Therefore, the inoculation of cereal crops with PGPB
is a potential strategy for improving N acquisition from
fertilizers and reducing environmental risks associated
with fertilization (Owen et al. 2015; Herrera et al. 2016).

The fact that the use of bacterial inoculants in agri-
culture has a tremendous positive impact on world food
production and the preservation of environmental re-
sources is indisputable (e.g., Alves et al. 2003). Specif-
ically, the benefits of diazotrophic PGPB on grasses
have been studied over the last six decades
(Döbereiner 1953, 1959), enabling the development of
specific inoculants that have been commercially applied
worldwide in the most important cereals, including
maize (Zea mays L.), rice (Oryza sativa L.), and wheat
(Triticum aestivum L.) (Cassan et al. 2015). However,
even in countries that have engaged in pioneering PGPB
research, such as Brazil, the large-scale application of
bacterial inoculants to grasses in agricultural areas is
incipient and remains challenging. It is estimated that
less than 10% of the areas cropped with grasses in Brazil
use bacterial inoculants, which represents only 7% of
the total amount of bacterial inoculants commercialized
in Brazil in 2015; more than 90% of the inoculants are
applied to soybean (Urquiaga et al. 2015).

Many in-depth studies have been conducted to im-
prove knowledge on the bacteria-plant association,
employing techniques involving genomics, proteomics,
and metabolomics (Mukherjee et al. 2016; Spaepen and
Vanderleyden 2015) as well as co-inoculation
(Yegorenkova et al. 2016) and the industrial production
of inoculants (Bashan and Bashan 2015). However,
there is still a lack of information regarding the magni-
tude and exact mechanisms involved in the positive
effects of bacterial inoculants on N nutrition in plants
under field conditions, including the role played by
PGPB in the recovery of N derived from fertilizer. To
this end, isotope techniques can generate reliable results
regarding the potential for biological techniques to

improve fertilizer use efficiency. The use of isotope
techniques are particularly important in studies of plant
N nutrition, taking into account the complexity of its
biogeochemical cycle having three main sources: bio-
logical N2 fixation, soil organic matter mineralization,
and fertilizer-N. In addition to the known role of
diazotrophic bacteria on biological N2 fixation in
grasses (Urquiaga et al. 2012; Alves et al. 2015), these
microorganisms indirectly affect plants by stimulating
growth through the production of regulators, such as
auxins, as demonstrated in previous studies (e.g.,
Spaepen and Vanderleyden 2015). The impact of this
hypothesized positive effect of diazotrophic bacteria on
N uptake through growth promotion (Spaepen and
Vanderleyden 2011; Hungria et al. 2016) can be mea-
sured through isotope-aided balance studies, which may
contribute to demonstrating an important additional
benefit of inoculant application to cereals under field
conditions (improvement of fertilizer-N recovery) and
provide further scientific support for the large-scale
application of bacterial inoculants to these crops, espe-
cially maize.

Among the diazotrophic bacteria that may have a
growth-promoting effect, Azospirillum brasilense is a
rhizobacteria that has been used in the field inoculation
of grasses with great success (Ferreira et al. 2013;
Wisniewski-Dye et al. 2013; Hungria et al. 2016). Other
diazotrophic bacteria have also been investigated for
possible use as inoculants for grasses such as
Herbaspirillum seropedicae, which has been associated
with maize and other grasses (Baldani et al. 2000;
Monteiro et al. 2012; Alves et al. 2015). Selecting PGPB
strains adapted for a specific soil condition can enhance
the success of large-scale inoculant applications and
thus improve grain yield.

Specifically, field studies examining the role of
PGPB in the improvement of fertilizer-N recovery under
Cerrado region conditions are especially important for
agriculture in Brazil, considering that this is the most
significant region in that country legally apt for agricul-
ture expansion (Coelho 2011). However, there is a pau-
city of research regarding the role of PGPB in maize
production in this important agricultural region. There-
fore, the objective of this study was to assess the impact
of inoculation with A. brasilense (strains Sp245 and
AbV5 + AbV6) and H. seropedicae (strain ZAE94) on
grain yield, protein content, and urea-N recovery by
maize in a Cerrado Oxisol with a low capacity to supply
N.
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Materials and methods

The experiment was conducted in the 2012–2013 sum-
mer cropping season in Luis Eduardo Magalhães, in
western Bahia State, Brazil. The experimental area is
located in the tropical megathermal zone, or Köppen’s
Aw (a tropical climate with a dry winter and an average
temperature in the coldest month >18 °C) and is located
within the Cerrado biome (12°06’S, 46°02’W and an
altitude of 837 m). Rainfall during the cropping season
(July 2012–June 2013) was 1187 mm with an annual
distribution that peaks between October and March and
a severe dry season from April to September. The cu-
mulative precipitation from maize sowing to harvest
was 895 mm with dry spells that are typical of the
Cerrado region, such as that observed from 17 to 30 days
after maize sowing (Fig. 1).

The soil in the experimental area was a sandy Oxisol
(Xanthic Hapludox), based on U.S. Soil Taxonomy (Soil
Survey Staff 2010). Physical, chemical andmineralogical
soil properties are shown in Table 1. Cerrado Oxisols are
characterized by a relatively high content of iron and
aluminum oxides in the clay fraction with low Ruxton
ratio (SiO2:Al2O3) values, that indicate an intense
weathering process (Table 1). This area has been used
for commercial production of maize for twenty years, i.e.,
since the Cerrado vegetation was replaced by agriculture.
No-tillage cultivation had been in use for several years
before the field experiment, but conventional tillage
(ploughing and disking) was reinstated in the 2010/
2011 crop season.

A three-way hybrid of maize (Z. mays L. ATL300)
was mechanically sown on November 27, 2012, with a
row spacing of 0.50 m and 3.3 plants m−1. NPK 4–14–8
was applied as a banded starter fertilizer (18 kg N ha−1)
below and to the side of the seed position. Potassium

(125 kg K ha−1) was broadcast 15 days after sowing as
potassium chloride. The treatments were applied in a
split-plot arrangement in a randomized complete block
design with 4 replicates. The main treatments were three
inoculants applied to the maize grains just before sowing
operation and a non-inoculated control. The inoculants
were (i) A. brasilense strain Sp245, (ii) A. brasilense
strains AbV5 + AbV6, and (iii) H. seropedicae strain
ZAE94. The Herbaspirillum inoculant was prepared in
sterile peat at a concentration of 108 cells g−1 of substrate
and applied at a rate of 25 g kg−1 of seeds. The two
Azospirillum inoculants were prepared in liquid formula-
tion at a concentration of 5 × 108 cells mL−1 and applied
at a rate of 5 mL kg−1 of seeds. To increase adhesion of
the three inoculants to the seeds, a 100 g L−1 sucrose
solution was added at a rate of 5 mL kg−1 seeds. The
sucrose solution was mixed with 2 kg of maize seeds in a
plastic bag and the inoculant was carefully mixed and
allowed to air-dry in the shade for 30 min.

The treatments (seed inoculants) were applied in
plots consisting of 5 maize rows, and each row was
20.0 m long for a total area of 50 m2. These main plots
were further split into two 10.0-m long subplots (25 m2)
that received the sub-treatments: in one urea was broad-
cast on the soil surface 30 days after sowing and in other
noNwas added at this stage.Ureawas broadcast 27 days
after sowing at a rate of 100 kg N ha−1. The two outer
rows and 1.5 m at the ends of each row were considered
the borders of each subplot. To determine the recovery
of urea-N by maize, 15N–labelled urea (1.0 atom% 15N
in excess) was applied in a microplot within each fertil-
ized subplot. One microplot was established in an 3.0-
m2 area (1.0 m of width × 3.0 m of length) in the center
of each fertilized subplot (each replicate). At harvest,
169 days after sowing, the 5 maize plants occupying the
middle 1.5 m of the central row of the 15N–labelled
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Fig. 1 Amount of precipitation
during the crop cycle at the
experimental site in Luis Eduardo
Magalhães, Bahia State, Brazil
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microplot were collected and their grain was separated
and weighed. The remaining material (straw) was also
weighed and finely chopped and subsamples of the
grain and straw were dried in a forced-air oven at
65 °C for 48 h, reweighed, and ground (Wiley
mill, 2 mm sieve). The dry plant material was
then powder-milled and analyzed for total N and
15N (Arnold and Schepers 2004), following the
procedures described by Ramos et al. (2001). The
remainder of the subplot was also harvested and
weighted to obtain a more precise estimate of
maize yield.

The percentage of N in the plant derived from the
15N–labelled fertilizer (%Ndff) was calculated as de-
scribed by the IAEA (2001) as follows:

%Ndff ¼ atom%15Nexcessplant sample

"tom%15Nexcessfertilizer
� 100

With %Ndff value, the N content in plant material
(%N) and the dry matter (DM) yield in kg ha−1, it was

Table 1 Physical and chemical properties of sandy Xanthic Hapludox from Bahia State, Brazil

Property Soil depth Unit

0–10 cm 10–20 cm 20–40 cm 40–60 cm

Clay a 100 104 149 171 g kg−1

Silt a 14 28 13 7 g kg−1

Sand a 885 868 837 822 g kg−1

Bulk density b 1.43 1.62 nd l nd g cm−3

pH c 6.15 6.19 5.52 5.27 -

Organic C d 4.5 4.5 1.7 3.2 g kg−1

Total N e 0.2 0.2 0.2 0.2 g kg−1

Available P f 24 17 5 0.7 mg kg−1

Available K f 26 43 34 20 mg kg−1

Exchangeable Ca2+ g 2.1 0.5 0.3 0.1 cmolc kg
−1

Exchangeable Mg2+ g 0.8 0.7 0.2 0.1 cmolc kg
−1

Exchangeable Al3+ g 0.03 0.00 0.20 0.09 cmolc kg
−1

Potential acidity h 0.9 1.0 1.1 1.5 cmolc kg
−1

CEC i 3.7 3.2 1.6 1.8 cmolc kg
−1

Base saturation 76 70 35 17 %

Fe2O3/clay ratio j 0.13 0.14 0.14 0.14 -

Al2O3/clay ratio j 0.35 0.37 0.35 0.36 -

SiO2/clay ratio j 0.33 0.35 0.29 0.35 -

Ruxton ratio (SiO2:Al2O3)
k 0.93 0.95 0.82 0.96 -

a Pipette method
b core cutter method (87 cm3 )
c soil:H2O = 1:2.5; d Walkley-Black method
eKjeldahl method; f Mehlich-1 solution
g determined by 1.0 mol L−1 KCl
h determined by 0.5 mol L−1 Ca(OAc)2, pH 7.0
i cation exchange capacity = sum of bases and potential acidity
j the contents of Fe2O3, Al2O3, SiO2 in the clay fraction were determined by sulfuric attack (9.0 mol L−1 H2SO4) (EMBRAPA 1997)
k Ruxton ratio < 2 indicates intense weathering
l not determined
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possible to calculate the amount of N in the plants
derived from fertilizer as follows:

Amount of N in the plants derived from the fertilizer kg ha−1
� � ¼ DM� %N

100
� %Ndff

100

Therefore, the urea-N recovery by plants as a per-
centage (%N recovery) was calculated using to the
following equation:

%Nrecovery ¼ Amount of N in the plants derived from the fertilizer kg ha−1
� �

Amount of Nappliedas fertilizer kg ha−1
� � � 100

The grain moisture content was adjusted to 130 g
kg−1 before the statistical analyses and the protein con-
tent in the grains was obtained by multiplying the grain
N content by 5.68 (Sriperm et al. 2011). The data of
yield, N uptake, protein content, and 15N recovery data
were submitted to analysis of variance (ANOVA), and
the means were compared using Tukey’s HSD test
(α = 0.05). ANOVA was performed after determining
the normality of errors (Shapiro-Wilk’s test) and the
homogeneity of variance (Bartlett’s test) of the data.

Statistical analyses were performed using R software
(R Development Core Team 2014).

Results

A significant inoculation effect was observed in both
the maize straw and grain yields of maize (Tables 2
and 3). Both inoculants carrying A. brasilense im-
proved grain yield compared to the H. seropedicae

Table 2 Summary of analysis of variance (ANOVA) results of the maize grain yield, protein content, N accumulation, fraction of N derived
from fertilizer and N-fertilizer recovery as affected by bacterial inoculants and N-fertilization

Parameter a Inoculants (I) N-urea (N) I × N interaction CV (%) Mean
F-test F-test F-test

Grain yield 22.49*** 36.49*** 0.57ns 9 3669 kg ha−1

Straw yield 55.21*** 27.63*** 9.98*** 8 4738 kg ha−1

Grain protein content 1.35ns 49.91*** 1.01ns 7 84 g kg−1

N accumulation in grain 26.87*** 118.87*** 1.57ns 10 54 kg ha−1

N accumulation in straw 9.13 *** 9.56** 4.49* 26 33 kg ha−1

Total N accumulation 24.88*** 62.30*** 5.25** 12 87 kg ha−1

Ndff in straw 0.09ns - - 10 50%

Ndff in grain 2.43ns - - 11 46%

N-recovery in grain 5.51* - - 19 30%

N-recovery in straw 20.03*** - - 15 15%

Total N-recovery 10.79** - - 15 45%

CV coefficient of variation
* ,** and *** : significant at α = 0.05, α = 0.01 and α = 0.001, respectively
a Ndff: nitrogen derived from fertilizer
ns not significant
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inoculant and to the non-inoculated control (Table 3).
Independent of the strain and urea-N fertilization, the
net increase in grain yield resulting from inoculation
with A. brasilense, that is, the difference between the
yield of the non-inoculated control and that of inoc-
ulated treatments, was generally higher than 1000 kg
ha−1 of grain. The improvement in grain yield asso-
ciated with A. brasilense was very similar for strains
Sp245 and AbV5 + AbV6 (Table 3) and, with or
without the application of urea-N, the increases of
grain yield attributed to inoculation with these strains
resulted in a greater than 30% increase in grain yield
(Table 3). On the other hand, the inoculant carrying
H. seropedicae did not have a significant effect on
maize yield (straw or grains) (Table 3). The improve-
ment in grain yield attributed to A. brasilense inocu-
lation compared to the non-inoculated control
(>1000 kg ha−1) was even greater than the improve-
ment induced by urea-N fertilization compared to the
unfertilized treatments (475 to 876 kg ha−1).

The effects of the inoculants on straw and grain yield
were similar (Table 3). Inoculants with A. brasilense
(both strains Sp245 and AbV5 + AbV6) increased straw
yield relative to the non-inoculated control, with or
without urea-N fertilization (Table 3). Similarly to the
grain yield results, inoculation with A. brasilense (both
strains) increased straw yield more than urea-N fertili-
zation. From the results presented in Table 3, it is

possible to calculate the maize harvest index, namely,
the weight of the maize grains as a percentage of the sum
of the straw and grain weights, which ranged from 41%
to 47% in present study.

The parameter in this study indicating the quality of
maize grains was the protein content, which was affect-
ed by urea-N fertilization without being significantly
influenced by inoculation (Tables 2 and 4). On average,
the urea-N fertilization increased the grain protein con-
tent by 20% compared to the unfertilized treatments
(Table 4) and although the effect of the inoculants on
grain protein content was not statistically significant
(Table 2), there was a trend of higher protein content
in grain of inoculated maize (84 to 85 g kg−1), compared
to the non-inoculated control (80 g kg−1).

The uptake of N in grains and straw was affected by
both inoculation and urea-N fertilization (Tables 2 and
5) and the effects of inoculants on the uptake of N in
grains was similar to the effects on grain yield (Tables 3
and 5). The N uptake by grain of maize inoculated with
A. brasilense amounted to 61–63 kg N ha−1, which was
higher than with H. seropedicae (50 kg N ha−1) and in
the non-inoculated control (43 kg N ha−1) (Table 5). The
N uptake by the straw of the unfertilized maize was not
influenced by inoculation, but inoculation with strains
ofA. brasilense had a significant positive effect on the N
uptake by the straw of the maize fertilized with urea. In
general, as observed for grain yield, the total N uptake

Table 3 Maize yield (straw and grains) as affected by inoculants and fertilization (no added N or 100 kg N ha−1)

Treatment Urea (100 kg N ha−1) a Mean

Without With

Grains (kg ha−1)

Non-inoculated control 2580 ± 280 3456 ± 169 3018 ± 64 B

H. seropedicae strain ZAE 94 3130 ± 210 3605 ± 138 3368 ± 105 B

A. brasilense strains AbV5 + AbV6 3815 ± 158 4523 ± 101 4169 ± 117 A

A. brasilense strain Sp 245 3702 ± 133 4538 ± 207 4120 ± 167 A

Mean 3307 ± 177 b 4031 ± 154 a

Straw (kg ha−1)

Non-inoculated control 3656 ± 141 C a 3944 ± 152 B a 3800 ± 142 B

H. seropedicae strain ZAE 94 3993 ± 103 BC a 4012 ± 228 B a 4003 ± 153 B

A. brasilense strains AbV5 + AbV6 4651 ± 255 AB b 6530 ± 343 A a 5591 ± 285 A

A. brasilense strain Sp 245 5280 ± 282 A b 5840 ± 233 A a 5560 ± 219 A

Mean 4395 ± 155 b 5082 ± 160 a

a Values (±standard error) followed by the same uppercase letters for inoculants (rows) and lowercase letters for urea-N fertilization
(columns) are not significantly different based on a Tukey’s test (α = 0.05, n = 4)
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(straw + grains) was affected more by inoculation than
urea-N fertilization. Compared to the non-inoculated
control, the A. brasilense Sp245 and AbV5 + AbV6
strains increased, on average, the total N uptake by
maize by 51% and 59%, respectively, while urea-N
fertilization the increased total N uptake by 41%, on
average, compared to the unfertilized treatments
(Table 5).

The results of 15N in the grains and straw indicated
that the percentage of N in the plant derived from the
labelled urea (%Ndff) was not significantly affected by
the inoculants, and there was even a trend toward higher
values in the inoculated treatments (Tables 2 and 6).
Considering the values of %Ndff as well as the %N
and the yield of grain and straw, it was possible to obtain
the recovery percentage of urea-N by maize and its

Table 5 Total N accumulation in maize (kg N ha−1) as affected by different inoculants and fertilization (no added N or 100 kg N ha−1)

Treatment Urea (100 kg N ha−1) a Mean

Without With

Grains (kg N ha−1)

Non-inoculated control 33 ± 2 53 ± 3 43 ± 2 B

H. seropedicae strain ZAE 94 43 ± 2 58 ± 1 50 ± 1 B

A. brasilense strains AbV5 + AbV6 50 ± 3 76 ± 2 63 ± 2 A

A. brasilense strain Sp 245 51 ± 3 72 ± 4 61 ± 3 A

Mean 44 ± 1 b 64 ± 1 a

Straw (kg N ha−1)

Non-inoculated control 23 ± 1 A a 24 ± 2 B a 23 ± 1 C

H. seropedicae strain ZAE 94 27 ± 2 A a 26 ± 2 B a 27 ± 1 BC

A. brasilense strains AbV5 + AbV6 29 ± 2 A b 56 ± 11 A a 43 ± 5 A

A. brasilense strain Sp 245 33 ± 4 A b 44 ± 2 A a 38 ± 3 AB

Mean 28 ± 2 b 37 ± 3 a

Grains + straw (kg N ha−1)

Non-inoculated control 56 ± 1 B b 77 ± 4 B a 66 ± 2 B

H. seropedicae strain ZAE 94 71 ± 3 AB b 84 ± 2 B a 77 ± 1 B

A. brasilense strains AbV5 + AbV6 79 ± 4 A b 132 ± 12 A a 105 ± 7 A

A. brasilense strain Sp 245 84 ± 6 A b 115 ± 6 A a 100 ± 5 A

Mean 72 ± 2 b 102 ± 4 a

a Values (±standard error) followed by same uppercase letters for inoculants (rows) and lowercase letters for urea-N fertilization (columns)
are not significantly different based on Tukey’s test (α = 0.05, n = 4)

Table 4 Grain protein content (g kg−1) as affected by different inoculants and fertilization (no added N or 100 kg N ha−1)

Treatment Urea (100 kg N ha−1) a Mean

Without With

Non-inoculated control 73 ± 2 87 ± 5 80 ± 3

H. seropedicae strain ZAE 94 79 ± 2 91 ± 4 85 ± 2

A. brasilense strains AbV5 + AbV6 75 ± 3 96 ± 2 85 ± 2

A. brasilense strain Sp 245 79 ± 2 90 ± 3 84 ± 2

Mean 76 ± 1 b 91 ± 3 a

aValues (±standard error) followed by different lowercase letters for urea-N fertilization (columns) are significantly different based on
Tukey’s test (α = 0.05, n = 4)
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distribution in the two components (Fig. 2). It is impor-
tant to note that the inoculants had a significant effect on
the urea-N recovery by maize and on its distribution in
the grain and straw. The recovery of urea-N by maize
shoots (grains + straw) was 58% following inoculation
with A. brasilense strains AbV5 + AbV6, 50% with
A. brasilense strain Sp245, and only 34% in the non-
inoculated maize (Fig. 2) . Inoculat ion with
H. seropedicae strain ZAE94 did not significantly

increase urea-N recovery by maize plants (Fig. 2), and
the urea-N recovery in grains was very similar in the two
A. brasilense treatments, i.e., 36% of the applied urea-N,
which was markedly higher than the 23% recovery of
urea-N in the grains of non-inoculated maize (Fig. 2).
Conversely, considering the impact of inoculants on the
recovery of urea-N by maize straw, there were no sig-
nificant differences among the A. brasilense strain
Sp245 (14%), H. seropedicae strain ZAE94 (13%),
and the non-inoculated maize (11%). However, the in-
oculation of maize with A. brasilense strains AbV5 +
AbV6 doubled the urea-N recovery in straw compared
to the 11% observed in the non-inoculated control
(Fig. 2). Overall, an increase in grain yield was closely
associated with higher urea-N recovery by maize inoc-
ulated with A. brasilense compared to non-inoculated
maize (Table 3 and Fig. 2).

Discussion

The results of the present study, it was shown that
inoculants with PGPB had a significant positive impact
on N plant nutrition and on maize grain yield, and the
impact was even higher than that of urea-N fertilization,
which had more pronounced effects on grain protein
content. These results showed that the inoculants quan-
titatively improved maize production, whereas the qual-
itative aspect maize production, as measured by grain
protein content, was affected more by urea-N fertiliza-
tion. Our results indicated that inoculants carrying
A. brasilense markedly improved nutrient acquisition
efficiency, as revealed by a significantly higher recovery
of 15N derived from urea (+71%), which resulted in

Table 6 Percentage of N in the plant derived from the labelled urea (%Ndff) as affected by different inoculants

Treatment %Ndff a Weighted meanb

Grain Straw

Grains (kg N ha−1)

Non-inoculated control 41 ± 1 49 ± 3 43 ± 1

H. seropedicae strain ZAE 94 48 ± 2 50 ± 2 48 ± 3

A. brasilense strains AbV5 + AbV6 50 ± 4 50 ± 1 50 ± 2

A. brasilense strain Sp 245 47 ± 4 51 ± 3 49 ± 2

Mean 46 ± 2 50 ± 2

a These values (±standard error) are not significantly different based on Tukey’s test (α = 0.05, n = 4)
b The mean was calculated by weighing the amount of N accumulation in grains and straw
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higher grain yield (Fig. 2 and Table 3). This result
indicates that PGPB can be used to improve the conver-
sion of an expensive agricultural input (fertilizer-N) into
the final product (maize grains), thus mitigating eco-
nomic and environmental problems caused by the inef-
ficient use of synthetic fertilizer-N by maize. The
PGPB-induced increase in maize grain yield in our
study is consistent with results obtained by Hungria
et al. (2010), who performed experiments in other re-
gions of Brazil with inoculants carrying A. brasilense
strains AbV5 + AbV6. In a sandy Oxisol (732 g kg−1 of
sand) from Ponta Grossa in Parana State, these authors
found that an inoculant carrying those A. brasilense
strains increased grain yields by a range from 591 to
787 kg ha−1.

Although the exact mechanisms underlying the
PGPB effect on N acquisition by maize was not evalu-
ated in the present study, it is very likely that the im-
provement in urea-15 N recovery by maize inoculated
with A. brasilense is associated with its well-known
ability to produce plant growth regulators (Tien et al.
1979; Cohen et al. 2009; Spaepen and Vanderleyden
2015). Specifically, it was previously demonstrated that
the strains Sp245 and AbV5 of A. brasilense, which
were tested in the present study, have the ability to
produce indoles (Dobbelaere et al. 1999; Ona et al.
2005; Ferreira et al. 2015), which can be one of the most
important factors affecting plant growth. For example,
this putative mechanism of growth promotion might
have improved the ability of the plants to more efficient-
ly explore the soil, as indicated in previous studies using
A. brasilense (Cohen et al. 2015; Ambrosini et al. 2016),
but it has also beenwell documented also that PGPB can
help plants tolerate drought stress (Nadeem et al. 2015;
Ngumbi and Kloepper 2016). Therefore, it is important
to consider that the impact of PGPB on the nutrient use
efficiency, including N from urea as revealed by 15N–
recovery (Fig. 2), cannot be separated from the role of
these bacteria in the possible alleviation of drought
stress (Hu and Schmidhalter 2005). Casanovas et al.
(2002) showed that drought stress tolerance in maize
seedlings was improved by inoculating seeds with
A. brasilense Sp245, which is one of the strains tested
in the present study. This mechanism can contribute to
the effect of A. brasilense on the fertilizer-N acquisition
(Fig. 2), since the reduction in the transpiration rate of
the plant caused by drought stress reduces N uptake by
lowering the transportation of this nutrient from the
roots to the shoots (Tanguilig et al. 1987). For example,

this might have been particularly important during the
dry spells that occurred two weeks before and one week
after urea-N sidedressing, which corresponded to the
maize growth stages V3 to V7 (Fig. 1). Dry spells,
which normally occur from one to three weeks during
the peak rainy season, are a characteristic of the Cerrado
biome, where they are called Bveranico^ (Kornelius
et al. 1979). In general, the role of PGPB in the allevi-
ation of drought stress as well other abiotic stressors,
such as low nutrient levels (Ferreira et al. 2013), is
gaining attention as a strategy to increase food produc-
tion (Ngumbi and Kloepper 2016). Therefore, the use of
PGPB can play a special role in cereal crops cultivated
in soils commonly subjected to abiotic stresses, such as
the highly weathered Cerrado soils with low capacity to
supply N and frequent of dry spells.

Factors explaining the different responses of maize to
inoculants carrying different PGPB (strains of
A. brasilense compared to H. seropedicae) include the
ability of these bacteria to fix N2 from the atmosphere
(Alves et al. 2015; Ambrosini et al. 2016) and produce
plant regulators (Radwan et al. 2004) as well as the
bacteria-genotype interaction (Garcia de Salamone
et al. 1996; Alexandre 2015; Pereg et al. 2016; Scharf
et al. 2016). In addition, previous studies have indicated
that Azospirillum develop better in soils with lower
contents of organic matter (Fallik et al. 1988) and clay
(Ferreira et al. 2013) and these two factors might have
maximized the effects of the A. brasilense inoculants in
the sandy Oxisol of the present study (Table 4 and
Fig. 2), which has low clay (~10%) and soil organic
matter contents, as indicated by its low C and N contents
(Table 1). A possible explanation for the lack of an effect
by H. seropedicae ZAE94 on maize yield in the present
study is a bacteria strain-maize genotype interaction that
suppressed the effect of inoculation. Many studies in the
literature suggest that the positive effect of PGPB is
dependent on plant genotype (Garcia de Salamone
et al. 1996; Baldani et al. 2000; Monteiro et al. 2012),
and it is important to consider that, although inoculation
of maize with H. seropedicae ZAE94 did not have a
positive effect on the yield and N nutrition of maize in
the present study (Tables 3 and 5), this bacterium has
previously been shown to have positive effects. For
instance, Alves et al. (2015) found that this PGPB
played a significant role in the improvement of BNF in
maize. In the present study, we attempted to quantify
BNF using the 15N natural abundance technique, but the
poor 15N signature of the soil available N (δ15N < 5‰),
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as measured by an analysis of non-N2-fixing reference
plants, did not permit an accurate and precise estimate
with this methodology. Nonetheless, the analysis of
unfertilized maize showed a tendency toward a decrease
in the abundance of 15N in maize with inoculation, but
the effect was not statistically significant (data not
shown). The δ15N values were 5.3 ± 0.8‰ in the non-
inoculated control, 4.2 ± 0.4‰ in maize inoculated with
A. brasilense strain Sp245, 3.5 ± 0.1‰ with
A. brasilense strain AbV5 + AbV6 and 3.5 ± 0.4‰with
H. seropedicae ZAE94. The use of other techniques to
quantify of N2 fixation, such as isotope dilution
(Boddey et al. 1995; IAEA 2001), would be necessary
reliably estimate the N in maize derived from BNF in
the type of the soil in the present study.

Additional studies that consider roles of the other
agronomic factors in the inoculation success (e.g., geno-
type, supplying of irrigation) and a deeper mechanistic
understanding of the role of PGPB in alleviating the
abiotic stresses commonly found in Cerrado are needed.
Such studies may help support a recommendation for the
large-scale agronomic use of inoculants in the production
of maize and other non-leguminous crops in the Cerrado
region, which is one of the most important regions in the
world that are apt for agricultural expansion.

Conclusions

The results of the present study indicated that the inoc-
ulation of maize seeds with PGPB represents a strategy
for improving fertilizer-N recovery and maize yield in a
highly weathered Cerrado soil with low capacity to
supply N. The grain quality, measured by protein con-
tent, was affected more by urea-N fertilization, whereas
the quantitative parameter of grain production (grain
yield) was more affected by inoculation with PGPB.
The Azospirillum-induced increase in maize grain yield
was higher than the urea-N fertilization effect. The
inoculation of maize with PGPB to improve urea-N
use efficiency can be considered an economically and
environmentally sound strategy for cereal production, as
urea is the most commonly used N-fertilizer, especially
in tropical soils with very low contents of this nutrient,
such as weathered Oxisols in the Cerrado region.
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