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Abstract
Purpose Brazil has 180 Mha of pastures, 86 Mha occu-
pied with Urochloa spp. (syn. Brachiaria), and 70% in
some level of degradation. Inoculation with plant-
growth-promoting bacteria (PGPR) may represent an
economic and environmental feasible strategy to im-
prove pasture production.

Methods Two greenhouse and seven field trials were
performed to verify the effects of seed inoculation at
sowing or leaf-spray inoculation in established pastures
ofUrochloawith elite strains of Azospirillum brasilense
and Pseudomonas fluorescens. All plants received nu-
trients including 40 kg ha−1 of N at sowing, and half of
the treatments a supply of 40 kg ha−1 of N 30 days after
emergence.
Results A. brasilense increased shoot biomass by an
average of 16.8% with both seed and leaf-spray inocu-
lation, whereas P. fluorescens increased by 15.2 and
14.2%, respectively, always higher with the extra supply
of N. Seed and leaf-spray inoculation with A. brasilense
increased N content by an average of 11.7 and 20.7%,
and K by 9.9 and 11.3%, respectively; for P. fluorescens
average increases were of 33.3 and 36.6% for P, and of
10.6 and 13.6% for K, respectively. Benefits were main-
ly attributed to improvements in root architecture by the
synthesis of phytohormones. Biological nitrogen fixa-
tion in A. brasilense, P acquisition (solubilization of
phosphates and siderophores synthesis) and ACC-
deaminase in P. fluorescens also contributed to plant
growth and nutrient status.
Conclusion Inoculation with elite PGPR strains trans-
lated into more fodder and improved nutritional value of
feed for livestock, representing a promising and
environmentally-friendly strategy for tropical pastures.
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Introduction

The most recent projections of the United Nations pre-
dict that the world population will reach 8.5 billion by
2030, and 9.7 billion by 2050 (United Nations 2019),
bringing along the aggravation of food and energy
shortage, and limitation of drinking water. The supply
of animal protein is expected to be critical, and to
achieve the increasing demand it would be necessary
to occupy more land with crops to be transformed into
feeds, or to clear more land to grow pastures for live-
stock. However, increasing land occupation with pas-
tures presses the land use planetary boundary (Steffen
et al. 2015), which is already at risk.

The Brazilian cattle herd was estimated as the second
largest worldwide, with about 244 million head in 2020
(USDA 2020), fed predominantly by free grazing on
pastures (probably more than 95%), the most econom-
ical and practical way to provide food for herds (Jank
et al. 2014). Extensive livestock has occupied large
pasture areas in the country, with 21.2% of the territory,
whereas 7.8% is used for grain production (Embrapa
2018). However, live weight gains and pasture carrying
capacity depend on the quality and yield potential of the
pastures (Santos et al. 2004).

Nowadays, there are about 180 million hectares
(Mha) of land occupied by pastures in Brazil, with a
total 120 Mha of cultivated pastures, 86 Mha of which
with species of Urochloa (syn. Brachiaria). However,
about 70% of the areas are at some level of degradation
(Zimmer et al. 2012; Dias-Filho 2014; Unipasto, unpub-
lished data, personal communication), resulting in poor
quality of forage and, consequently, unfavorable condi-
tions for livestock production and performance in terms
of protein production. The increasing demand on animal
protein to sustain the growth of the world’s population
requires that either more land is cleared for pastures,
contributing to threaten the fragile planetary boundaries
(Steffen et al. 2015), or that other beneficial approaches
are employed to improve the quality of the existing
pasturelands.

One such approach is the utilization of inoculants
composed of plant-growth-promoting bacteria (PGPB),
which comprise a group of beneficial soil bacteria that
associate with plants, contributing to the overall fitness
of the crops, improving root development, water and
nutrient uptake, and tolerance to biotic and abiotic
stresses (e.g. Hungria and Mendes 2015; Souza et al.
2015; Goswami et al. 2016; Fukami et al. 2018b; Santos

et al. 2019). Bacterial species such as Azospirillum
brasilense, Gluconacetobacter diazotrophicus, Bacillus
subtilis, and Pseudomonas fluorescens, among others,
have been shown to act as PGPB in association with an
array of crops (Bashan et al. 2014); however, the great
majority of the studies have been performed with grain
crops, with few results on pastures.

A. brasilense strains CNPSo 2083 (=Ab-V5), and
CNPSo 2084 (=Ab-V6) have been selected in Brazil
initially for the maize (ZeamaysL.) and wheat (Triticum
aestivum L.) crops (Hungria et al. 2010), and in less than
a decade the inoculant market of these two strains has
grown exponentially, reaching 10.5 million doses in the
2019/20 (Santos et al. 2019, 2021). More recently, both
strains have been successfully employed as seed inocu-
lants in the establishment of pastures of two species of
brachiaria, Urochloa brizantha and Urochloa
ruziziensis, resulting in 15% and 25% increases in for-
age biomass production and nitrogen content, respec-
tively (Hungria et al. 2016). In addition to the impres-
sive increases in shoot biomass and protein production,
the environmental impact should be highlighted, as
inoculation with both strains implicated in C sequestra-
tion estimated at 0.309 Mg ha−1 per cut, representing
plants growing for an average of three months, and
equivalence to an additional application of 40 kg ha−1

of N (Hungria et al. 2016).
Further studies confirmed the benefits of seed inocu-

lation of these two A. brasilense strains in genotypes of
U. ruziziensis and U. brizantha (Leite et al. 2019b;
Duarte et al. 2020), Mavuno grass (Urochloa ruziziensis
× U. brizantha cv. Marandu × U. brizantha apomictic)
(Sá et al. 2019a), and Megathyrsus maximus (Jacq.)
B.K.Simon & Jacobs (syn. Panicum maximum) geno-
types Zuri Guinea (Sá et al. 2019b) and Mombassa
(Leite et al. 2019a). However, the great majority of the
pastures in Brazil and worldwide is already established,
and nothing is known on the feasibility of inoculation of
PGPB to boost plant growth and forage biomass pro-
duction under these conditions. In implanted pastures,
there is also the limitation of inoculant application, as
the only viable method would be via leaf-spray. How-
ever, it is worth mentioning that there are positive indi-
cations of success of leaf-spray of A. brasilense in maize
(Fukami et al. 2016; Barbosa et al. 2021), encouraging
to verify the feasibility on pastures.

Here we report the results of inoculation with
A. brasilense strains CNPSo 2083 and CNPSo 2084,
and of P. fluorescens strain CNPSo 2719, either on the
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seeds at sowing of new pastures, or via leaf-spray in
established pastures without previous seed inoculation.
We hypothesized that both strategies of inoculation
would improve plant development, nutrient uptake,
and forage biomass production by Urochloa,
representing a key environmentally friendly and eco-
nomically viable technology for pastures.

Materials and methods

Bacterial strains and inoculants

The strains of Azospirillum brasilense CNPSo 2083
(=Ab-V5) and CNPSo 2084 (=Ab-V6), and Pseudomo-
nas fluorescens CNPSo 2719 (=CCTB 03) are currently
deposited at the “Diazotrophic and Plant Growth Pro-
moting Bacteria Culture Collection of Embrapa Soja”
(World Federation Culture Collection, WFCC # 1213,
World Data Centre for Microorganisms, WDCM
#1054), in Londrina, State of Paraná, Brazil.

For the greenhouse experiments, inocula were pre-
pared in the laboratory, at Embrapa Soja, by growing
A. brasilense strains CNPSo 2083 and CNPSo 2084
separately in DYGS broth (Santos et al. 2020), at
28 °C, on a rotary shaker at 180 rpm. The growth curves
of both strains with the correspondence of CFU (colony
forming units) with O.D. (optical density) are available
and currently used in the laboratory. After 5 days of
growth the strains reached the stationary phase and
based on the concentration (O.D.) of each strain, the
inoculants were adjusted to 2 × 105 CFU mL−1 with
DYGS broth. Following, the two inoculants were mixed
to compose one inoculant carrying strains CNPSo 2083
and 2084. Strains were mixed because almost 100% of
the 10.5 million doses of A. brasilense commercialized
in Brazil in 2019/2020 carry both strains (Santos et al.
2021).

P. fluorescens strain CNPSo 2719 was grown in
30 g L−1 TSB (Tryptic Soy Broth, Acumedia™), at
28 °C, on a rotary shaker at 180 rpm. As for
A. brasilense, the growth curve of CFU X O.D. for
strain CNPSo 2719 is available and currently used in
the laboratory. After 5 days of growth, corresponding to
the stationary phase, cell concentration was adjusted to
2 × 105 CFUmL−1 based on the O.D. In laboratory tests
we verified that P. fluorescens CNPSo 2719 inhibits the
growth of the two A. brasilense strains, and for this
reason they were not combined in one inoculant.

For the field experiments, the inoculants were pre-
pared in the laboratory of Total Biotecnologia Indústria
e Comércio S.A. (Curitiba, State of Paraná, Brazil)
containing A. brasilense strains CNPSo 2083 and
CNPSo 2084 at the final concentration of 2 ×
108 CFU mL−1, and P. fluorescens strain CNPSo
2719 at 1 × 108 CFU mL−1.

The RC (Rojo Congo) (Santos et al. 2020) and King
B (King et al. 1954) media were used to confirm the
concentrations of A. brasilense and P. fluorescens, re-
spectively, in the inoculants used in every crop season.
The identity of the strains in the inoculants was also
confirmed in all experiments by verifying the DNA
profiles of each strain by BOX-PCR analysis, as de-
scribed by Chibeba et al. (2017).

Greenhouse experiments

Two greenhouse experiments were carried out under
axenic conditions at the Experimental Station of
Embrapa Soja, Londrina, Paraná State, southern Brazil
(23°11’S, 51°11’W). Plants were grown in modified
Leonard jars (Yates et al. 2016), with 500 cm3 capacity,
filled with a sterile mix composed of 3:1 coarse sand and
ground coal, respectively. Nutrients were supplied in a
sterile Hoagland’s nutrient solution with 50% of N
concentration and pH 6.5–7.0 (Hoagland and Arnon
1950), whenever necessary.

Urochloa brizantha (A.Rich.) R.D.Webster cultivar
BRS Piatã and Urochloa decumbens (Stapf)
R.D.Webster (syn. Urochloa eminii (Mez) Davidse)
(Kewscience 2021) cultivar Basilisk were grown in
one experiment each. Seeds were surface-disinfested
by immersion in 70% ethanol for 1 min, followed by
3% sodium hypochlorite for 3 min, and six consecutive
rinses in sterile distilled water. Six seeds were sown per
jar. Five days after emergence, seedlingswere thinned to
one plant per jar. For both species, treatments consisted
of a non-inoculated control (Control), seed inoculation
with A. brasilense (SI Azo), leaf-spray inoculation with
A. brasilense (LSI Azo), seed inoculation with
P. fluorescens (SI Pf), and leaf-spray inoculation with
P. fluorescens (LSI Pf). For seed inoculation, 1 mL (2 ×
105 CFU seed−1) of the appropriate inoculumwas added
to the planting hole immediately after sowing. Leaf-
spray inoculation was performed at the V3 growth stage
(third leaf collared) (Moore et al. 1991), about 12 days
after emergence (DAE). Spraying was performed with
the aid of an aerograph atomizer previously calibrated,
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as described by Fukami et al. (2016), delivering 1 mL of
inoculum per plant. For leaf-spray, the surface of the jars
was covered with aluminum foil to avoid inoculum
runoff from the leaves to the substrate. Both experi-
ments had a completely randomized design with six
replicates.

Plants were removed from jars 35 DAE, and roots
and shoots were separated. Shoots were oven-dried at
50 °C until constant weight, and shoot biomass produc-
tion was determined. Roots were washed in tap water
and the root system volume was estimated by water
displacement after immersion in a graduated cylinder.
Total root length was assessed in fresh roots by the
modified intersection method (Tennant 1975). Basical-
ly, fresh roots were randomly arranged on plates with
1 × 1 cm grid squares and the intercepts of the roots with
the vertical and horizontal grid lines were counted; total
root length (TRL) was calculated by the formula TRL =
N × 0.7857, where N is the number of intercepts and
0.7857 is the length conversion factor (Tennant 1975).
Average root diameter was determined by the formula
2(V/Lπ)0.5, where V and L correspond to the root sys-
tem volume and total root length, respectively (Rondina
et al. 2020).

Subsamples of approximately 0.3 g fresh fine roots
(≤ 2.0 mm diameter) were taken from each root system,
stored in FAA solution (5% formaldehyde, 5% acetic
acid, 90% ethyl alcohol-70%, v:v:v). The number of
root branches was then estimated by counting under a
stereomicroscope at 20 ×magnification (Rondina et al.
2020). Root-hair incidence was determined by the pres-
ence or absence of root hairs on 100 fine root intersec-
tions by the gridlinemethod (Zangaro et al. 2005), under
a microscope, at 100 ×magnification.

The root systems were then oven-dried at 50 °C until
constant weight. Specific root length was determined by
the ratio between total root length and root dry weight.
Root tissue density was calculated by the ratio between
root dry weight and root volume.

Field experiments

Field experiments were carried out in two regions with
distinct edaphoclimatic conditions in Brazil. In
Londrina, Paraná State, at the Embrapa Soja Experimen-
tal Station (23°11’S, 51°11’W), altitude of 620 m, the
experiments were conducted in four cropping seasons
(2012/2013, 2013/2014, 2014/2015 and 2015/2016) in a
Rhodic Eutrudox (Soil Survey Staff 2014). The climate

is classified as humid, sub-tropical (Cfa, according to
Köppen), with average minimum and maximum tem-
peratures of 13.3 and 28.5 °C, respectively, and average
annual rainfall of 1651 mm. In Ponta Grossa, Paraná
State, the experiments were conducted at the Experi-
mental Station of Embrapa (25°13’S, 50°1’W), altitude
of 880 m, during the first three cropping seasons
(2012/2013, 2013/2014, 2014/2015), in a Typic
Acrudox (Soil Survey Staff 2014). The climate is clas-
sified as temperate with mild summer (Cfb, according to
Köppen), with average minimum and maximum tem-
peratures of 8.4 and 25.9 °C, respectively, and annual
rainfall of 1507 mm. As the sites were located in exper-
imental stations of Embrapa the soils were not degraded,
and during the whole period of the experiments no other
crop was grown in the sites.

Twenty subsamples were collected two months prior
to sowing at the 0–20 cm soil layer and pooled to obtain
a composite sample from each site, for chemical and
granulometric analyses. Soil samples were dried at
45 °C for 72 h, sieved (2 mm) and analyzed according
to Donagema et al. (2011). In the following years, each
September, new soil samples were taken for chemical
analysis. Results from chemical and granulometric anal-
yses are presented in Table 1.

The main soil properties in Londrina were the high
clay content (>70%) and good fertility, with high con-
tents of P, K, Ca +Mg, no Al and base saturation rang-
ing from 60 to 74% in the four-year period of the
experiments. The soil of Ponta Grossa had contrasting
properties of high sand content (>70%), very low P in
comparison to Londrina, Al content although not high,
and base saturation ranging from 44 to 52% in the three-
year period of the experiments (Table 1).

Whenever necessary, according to the soil analyses,
lime was applied 40 days before sowing to correct soil
acidity and attain a 70% base saturation. The amount of
lime necessary was estimated after Embrapa Soja (2020).

At sowing and in September of each year, soil samples
were taken at the 0–10 cm of soil layer for estimation of
the population of diazotrophic microorganisms by the
most probable number (MPN) method in semi-solid
NFb medium, according to Döbereiner et al. (1976),
and the results are presented in Table 1. The field exper-
iments were conducted with Urochloa ruziziensis R.
Germ. & C.M. Evrard (syn. Urochloa eminii (Mez)
Davidse (Kewscience 2021) cultivar Comum. It is worth
mentioning that many changes in the taxonomy of
Urochloa took place, and according to the Kewscience
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(2021) both U. ruziziensis and U. decumbens, this last
one used in one of the greenhouse experiments are syn-
onyms ofUrochloa eminii. Seeds were sown at a density
of 8 kg ha−1 of seeds, with approximately 60% of cultural
value. In each site and each year, two experiments were
conducted side by side to verify both the effects of seed
inoculation at pasture implantation, and of leaf-spray
inoculation as a tool to promote growth and biomass
production in pastures that had been established previ-
ously without any inoculation.

Field plots measured 4 m × 5 m, with planting rows
spaced 0.5 m apart. All plots received basal fertilization
with 400 kg ha−1 of 00–20-20 formula (NPK, 80 kg ha−1

of P2O5 and 80 kg ha
−1 of K2O), and 40 kg ha

−1 of N as
urea. The negative control consisted of the non-
inoculated treatment receiving 40 kg ha−1 of N as urea
at sowing. A further non-inoculated control, considered
as the positive control, received 40 kg ha−1 of N at
sowing and supplementary 40 kg ha−1 of N, also as
urea, 30 days after seedling emergence. In addition, for
all inoculated treatments, an extra treatment that re-
ceived supplementary 40 kg ha−1 of N as urea 30 days
after seedling emergence was included. All plots were
sown at the same time. In summary, in each site and
each year, two experiments were conducted side by side,
one to verify the effects of seed inoculation in newly
established pastures and the other one of leaf-spray
inoculation in already established pastures that received
no seed inoculation In Londrina, the experiments were
conducted for four years and in Ponta Grossa for three
years, but every year the experiments started from sow-
ing. Every year all treatments received 40 kg ha−1 of N
as urea at sowing and each experiment consisted of the
following treatments: (i) negative control, with no inoc-
ulation and no supplementary N; (ii) positive control,
with no inoculation, and receiving supplementary
40 kg ha−1 of N 30 days after emergence (DAE); (iii)
inoculation with A. brasilense, with no supplementary
N; (iv) inoculation with A. brasilense, receiving supple-
mentary 40 kg ha−1 of N 30 DAE; (v) inoculation with
P. fluorescens, with no supplementary N; and (vi) inoc-
ulation with P. fluorescens, receiving supplementary
40 kg ha−1 of N 30 DAE. Every crop season all plots
were established at the same time and the same param-
eters were evaluated in all experiments and crop sea-
sons. All experiments were set in a completely random-
ized block design, with four replicates. The minimum
dose of 40 kg ha−1 of Nwas applied because there are no
bacteria able to fully supply the N needs of non-legume

plants, and the extra supply of 40 kg ha−1 of N in half of
the treatments aimed to verify possible positive or neg-
ative interactions with the bacteria.

When plots were designed to study the effects of seed
inoculation, seed treatment was performed at sowing, at
a rate of 20 mL kg−1 of seeds using inoculants with
concentration adjusted to 2 × 108 CFU mL−1 of
A. brasilense and 1 × 108 CFU mL−1 of P. fluorescens;
as described before, sowing consisted of 8 kg ha−1 of
seeds. When plots were designed to study the effects of
leaf inoculation, plants were allowed to grow for 30 days
after seedling emergence and then sprayed with
300 mL ha−1 of each inoculant, with the aid of a back-
pack sprayer. Spray inoculation always requires more
inoculant, as there are losses due to irradiation and lower
effectiveness to reach the roots.

Samples were taken 75 DAE, when the plants were
with approximately 30 cm height. All plants within a
2.0 m × 0.5 m central area of each plot were harvested
for further analysis. Shoots were then separated and oven-
dried at 50 °C until constant weight for approximately
72 h. Plant dry weight was employed to estimate shoot
biomass production in g m−2. After weighing, dry shoots
were ground (20 mesh) and the concentrations of N, P,
and K were determined according to Carmo et al. (2000).

Statistical analyses

Data from greenhouse and field experiments were sub-
jected to normality and variance homogeneity tests.
Root hair incidence data from the greenhouse experi-
ments were transformed into arcsine (x/100)0.5 before
analysis. The dataset was submitted to ANOVA and,
and when significant differences were detected
(p < 0.05), means were compared with Tukey’s (green-
house experiments) and Duncan’s (field experiments)
tests. The statistical analysis used in the filed experi-
ments aimed to attend to the Brazilian legislation for the
registration of inoculants (MAPA 2011). All statistical
analyses were performed in STATISTICA v. 12.0
(StatSoft Inc., Tulsa, OK, USA).

Results

Greenhouse experiments

It is important to comment that the greenhouse experi-
ment was critical to evaluate root parameters. Under

Plant Soil (2021) 463:171–186 175



field conditions, wewere visualizing great differences in
root growth, but it is not feasible to properly conduct a
series of evaluations, especially in soils with high clay
content, such as in Londrina. Under greenhouse condi-
tions, for U. brizantha, one or more inoculation treat-
ments improved root and shoot traits compared to the
non-inoculated control, except for the specific root
length and root mean diameter parameters (Table 2).
Both seed and leaf-spray inoculation with both
A. brasilense and P. fluorescens increased shoot and
root biomass, root volume, and root tissue density. Seed
inoculation with both bacteria and leaf inoculation with
P. fluorescens increased root length, but only seed in-
oculation with A. brasilense increased root-hair inci-
dence. Outstanding increases of up to 3-fold in the
number of root branches per plant were observed due
to seed inoculation with A. brasilense and seed and leaf-
spray with P. fluorescens (Table 2).

In the case of U. decumbens, all inoculation treat-
ments significantly increased the total and specific root
length, whereas only seed inoculation with A. brasilense
increased the formation of root hairs (Table 2). Interest-
ingly, both types of inoculation with A. brasilense re-
sulted in thinner roots compared with the control. Root
and shoot biomass, as well as root volume and root
tissue density were not significantly affected by any
inoculation treatment, despite a tendency towards in-
creased shoot biomass. Again, outstanding increases of
up to 2.7-fold in the number of root branches per plant

were verified for all treatments, except for leaf-spray
with A. brasilense (Table 2).

Field experiments

Seed inoculation

It is worth remembering that all treatments received
40 kg ha−1 of N-fertilizer at sowing, and that two non-
inoculated controls were included, one without further
N fertilization (C) and the other receiving a supplemen-
tary dose of 40 kg ha−1 of N-fertilizer 30 DAE (C +N).
Differences in shoot biomass yield from year to year
were mainly attributed to different climatic conditions.
When compared with the C +N treatment, seed inocu-
lation with A. brasilense resulted in statistically signifi-
cant increases in shoot biomass yield in six out of seven
exper iments , whereas the inocula t ion with
P. fluorescens resulted in increases in five out of seven
experiments (Table 3).

Considering the average shoot biomass yield of all
field trials performed in Londrina and Ponta Grossa,
lower magnitude effects of seed inoculation with either
bacterial species were observed when N-fertilizer was
applied only at sowing (Fig. 1). At both sites, seed
inoculation with A. brasilense +N resulted in significant
increases in shoot biomass over the C +N control. Across
all experiments of seed inoculation, the supplementary
40 kg ha−1 of N increased shoot biomass, although not

Table 1 Chemical properties (0–20 cm), granulometrya and population of diazotrophic bacteria (0–10 cm) in soils where the experiments
were performed

Site pH P C H+Al Al K Ca+Mg CEC b BS b DBc

CaCl2 mg dm−3 cmolc dm
−3 % no g−1 sol

2012/2013

Londrina 5.44 23.5 13.1 4.22 0.00 0.76 5.65 10.63 60 9.5×105

Ponta Grossa 4.76 1.11 21.5 6.22 0.00 0.31 4.67 11.2 44 7.0×106

2013/2014

Londrina 5.20 22.11 12.2 4.00 0.00 0.68 5.23 9.91 60 1.5×105

Ponta Grossa 4.90 2.8 25.7 4.75 0.17 0.23 4.85 9.83 52 2.5×106

2014/2015

Londrina 5.59 21.00 13.80 3.28 0.00 1.13 7.51 11.92 72 9.5×105

Ponta Grossa 5.50 2.55 17.90 4.90 0.07 0.44 4.01 9.35 48 2.5×105

2015/2016

Londrina 5.40 19.4 11.80 2.70 0.00 0.86 6.69 10.25 74 1.5×106

a Granulometry evaluated in the first year (g kg−1 ): In Londrina, clay (710), silt (82), sand (208); in Ponta Grossa, clay (238), silt (30), sand
(732)
b CEC=Cation Exchange Capacity (H +Al + K +Ca +Mg); Base Saturation (K + Ca +Mg/CEC) × 100; DB (diazotrophic bacteria)
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statistically different, by only 3.1% relative to the C
treatment, in contrast to 22.1% and 21.6%, statistically
different, obtained with seed inoculation with
A. brasilense or P. fluorescens with the same amount of
supplementary N, respectively (Fig. 1, Table 3).

Foliar analyses revealed that seed inoculation with
A. brasilense significantly increased the N and K con-
centrations in tissues, in comparison with both C and
C + N controls, at both locations, but no effects were
observed on P concentration (Table 4). Seed inoculation
with P. fluorescens significantly increased P and K
concentrations in tissues, in comparison with both C
and C +N controls, but no effects on N concentrations
were observed (Table 4).

Leaf-spray inoculation

In the case of pastures that had not received inoculants at
sowing, when compared with the C treatment, leaf-
spray inoculation with A. brasilense significantly in-
creased the shoot biomass in three out of seven experi-
ments , whereas leaf-spray inoculat ion with

P. fluorescens promoted positive responses in four out
of seven experiments (Table 5).

Just as observed with seed inoculation, the benefits of
leaf-spray inoculation were more pronounced when
plants had also received a supplementary dose of N
fertilizer. On average, leaf-spray inoculation with
A. brasilense or P. fluorescens on grown plants that
received a supply of 40 kg ha−1 of N 30 days after
emergence resulted in 20.8% and 14.3% increases in
shoot biomass, respectively (Fig. 1, Table 5).

At both locations, leaf-spray inoculation with
A. brasilense significantly increased N and K concen-
trations in leaf tissues, but no effects were observed on P
concentration (Table 4). Once again, on the other hand,
leaf-spray inoculation with P. fluorescens increased P
and K, but not N concentrations, at both locations
(Table 4).

Overall results

In summary, considering the average of seven field trials
performed in four crop seasons, seed inoculation with

Table 2 Shoot biomass and root morphological traits in plants of
Urochloa brizantha and Urochloa decumbens receiving different
inoculation treatments with Azospirillum brasilense or

Pseudomonas fluorescens via seeds or leaf-spray. Plants grown
under greenhouse conditions and harvested 35 days after
emergence

Treatments
a

Shoot dry
weight

Root dry
weight

Root
volume

Total root
length

Specific root
length

Root tissue
density

Root mean
diameter

Root-hair
incidence

Root branches
per plant

g plant−1 g plant−1 cm3

plant−1
m plant−1 m g−1 mg cm−3 μm %

Urochloa brizantha

Control 2.03 b b 1.47 c 5.17 c 92 c 62.3 n.s. 262 b 266 n.s. 59.6 b 15,874 b

SI Azo 3.38 a 2.84 b 9.64 b 168 b 59.3 294 a 274 75.6 a 36,913 a

LSI Azo 3.49 a 2.64 b 8.99 b 139 bc 52.5 292 a 294 70.0 ab 33,229 ab

SI Pf 4.01 a 3.86 a 13.3 a 231 a 57.1 297 a 277 64.4 ab 48,831 a

LSI Pf 3.77 a 3.42 ab 11.5 ab 159 b 47.8 300 a 301 63.2 b 38,719 a

CV (%) 30.0 33.0 27.7 30.2 18.2 3.98 9.87 14.9 32.7

Urochloa decumbens

Control 2.81 n.s. 1.43 n.s. 8.13 n.s. 88 b 77.3 b 167 n.s. 310 a 42.8 b 16,767 c

SI Azo 3.47 1.20 8.64 153 a 125 a 140 274 b 60.1 a 38,048 ab

LSI Azo 3.24 1.16 8.89 155 a 134 a 139 270 b 37.6 b 32,241 b

SI Pf 3.55 1.38 10.6 156 a 114 a 121 308 a 41.6 b 44,339 a

LSI Pf 3.62 1.44 11.0 191 a 116 a 126 289 ab 45.2 b 45,262 a

CV (%) 27.8 31.8 26.9 29.3 25.7 18.4 8.49 13.5 22.1

a Control = non-inoculated; SI Azo = seed inoculation with A. brasilense; LSI Azo = leaf-spray inoculation with A. brasilense at plant V3
growth stage; SI Pf = seed inoculation with P. fluorescens; LSI Pf = leaf-spray inoculation with P. fluorescens at plant V3 growth stage
bData represent the means of six replicates, and when followed by different letters differ from each other by Tukey’s test at p ≤ 0.05; n.s.
statistically non-significant
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A. brasilense or P. fluorescens in brachiarias receiving
the basal level of 40 kg ha−1 of N fertilizer increased
shoot biomass yield by 11.4% and 8.8%, respectively,
and by 22.1% and 21.6% when receiving extra N-
fertilizer 30 DAE, respectively (Fig. 1). Impacting in-
creases were also found with leaf-spray inoculation, of
12.7% and 14.0%withA. brasilense or P. fluorescens in
the basal level of N-fertilizer, increasing to 20.8% and
14.3%, respectively, with the extra supply of N-fertilizer
(Fig. 1).

Discussion

Modern agriculture demands improvement in the effi-
ciency of food production, without threatening the frag-
ile planet equilibrium. Several biotechnological tools
have been developed and employed to make agriculture

more efficient (Mannion and Morse 2012; Zhao et al.
2020). For example, the utilization of PGPB (Bishnoi
2015) that stimulates plant growth and crop yield by an
array of mechanisms (Hungria andMendes 2015; Souza
et al. 2015; Goswami et al. 2016; Fukami et al. 2018b;
Santos et al. 2019). In this study, we report the results of
experiments performed under greenhouse conditions
and in four years of field experiments to evaluate the
effects PGPB on growth, biomass production and nutri-
ent concentration in Urochloa spp. The experiments
were carried out under two situations: seeds inoculated
with PGPB (A. brasilense or P. fluorescens) at the time
of pasture sowing, and leaf-spray with the same strains
in pastures that were already established from non-
inoculated seeds.

In relation to the microorganisms used in this study,
A. brasilense strains CNPSo 2083 and CNPSo 2084
were isolated in southern Brazil and first released in

Table 3 Shoot biomass (g m−2) of Urochloa ruziziensis in re-
sponse to seed inoculation with Azospirillum brasilense or Pseu-
domonas fluorescens in field trials performed at two sites in
southern Brazil. All treatments received 40 kg ha−1 of N at sowing,

and half of the treatments supplementary N-fertilizer (40 kg ha−1

of N) 30 days after emergence. Harvest performed 75 days after
emergence

Treatment Supplementary
N-fertilizer

2012/
2013

2013/
2014

2014/
2015

2015/
2016

Average a Increase b Increase c

Londrina

Control No 214 b d 212 b 132 b 146 b 176 c

Control Yes 212 b 213 b 156 b 141 b 181 c + 2.8

Azospirillum brasilense No 221 b 250 a 142 b 183 a 199 b +13.1

Azospirillum brasilense Yes 302 a 258 a 188 a 186 a 234 a +29.3

Pseudomonas fluorescens No 233 b 240 ab 215 a 151 b 210 b +19.3

Pseudomonas fluorescens Yes 297 a 243 ab 203 a 181 a 231 a +27.6

CV (%) 11.2 10.1 15.7 9.8 12.5

Ponta Grossa

Control No 123 a 327 b 195 b 215 b

Control Yes 122 a 328 b 219 b 223 b + 3.7

Azospirillum brasilense No 113 a 327 b 270 a 237 ab +10.2

Azospirillum brasilense Yes 129 a 380 a 261 a 257 a +15.2

Pseudomonas fluorescens No 114 a 321 b 198 b 211 b - 1.9

Pseudomonas fluorescens Yes 104 a 377 a 289 a 257 a +15.2

CV (%) 16.8 9.9 10.3 11.8

a Average values considering all years
b Increase (%) in comparison to the Control treatment
c Increase (%) in comparison to the Control treatment + supplementary N
dMeans of four replicates and when followed by different letters denote statistical differences for each parameter in each site (Duncan, p ≤
0.05)
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commercial inoculants in 2009 for the maize and wheat
crops (Hungria et al. 2010), following recommendations
for rice (Oryza sativa L.), brachiarias (seeds) and co-
inoculation of the legumes soybean [Glycine max (L.)
Merr.] and common bean (Phaseolus vulgaris L.)
(Hungria et al. 2013, 2016; Santos et al. 2021). In ten
years, more than 200 studies have been published with
strains CNPSo 2083 and CNPSo 2084 (Barbosa et al.
2021; Santos et al. 2021) and plant-growth promotion
has been associated mainly with the high levels of
phytohormones synthesized by the strains, with an em-
phasis on indole-3-acetic acid (IAA) (Fukami et al.
2017), greatly improving root growth and the uptake
of water and nutrients. The strains also contribute via the
biological nitrogen fixation process, and induction of
mechanisms of resistance to abiotic and biotic stresses
(Fukami et al. 2018b; Santos et al. 2021), and the genes
for such properties were confirmed in their genomes

(Hungria et al. 2018). The selection of P. fluorescens
strain CNPSo 2719 is more recent, with less information
available. The strain was isolated in a soil of Paraná
State, southern Brazil, selected as a PGPB for the maize
crop and used in commercial inoculants for this crop
since 2019 (Sandini et al. 2019). In six field experiments
performed with maize, the strain improved growth and
yield parameters and allowed a reduction of 25% of N-
fertilizer (Sandini et al. 2019). In addition, unpublished
resul ts f rom our laboratory confi rmed that
P. fluorescens CNPSo 2719 is highly positive in the
synthesis of siderophores, phosphate solubilization
(CaHPO4 2H2O), and of 1-aminocyclopropane-1-
carboxylate (ACC) deaminase, properties that were not
detected in the two A. brasilense strains; the
P. fluorescens strain also synthesizes IAA, although in
lower quantities than the two A. brasilense strains (data
not shown).
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Fig. 1 Average results of shoot biomass (g m−2) of seven field
experiments performed in two sites of southern Brazil with
Urochloa ruziziensis inoculated with Azospirillum brasilense or
Pseudomonas fluorescens via seeds or leaf-spray. Plants receiving
a basal level of 40 kg ha−1 of N, without or with (+N) a

supplementary dose of 40 kg ha−1 of N-fertilizer 30 days after
emergence. Data represent the means of seven field trials, each
with four replicates, and when followed by different letters differ
from each other by Tukey’s test at p ≤ 0.05
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In the greenhouse experiments under axenic condi-
tions, seed inoculation with both PGPB increased total
length of the root system and the number of root
branches ofU. brizantha andU. decumbens. The ability
of some A. brasilense strains to produce and secrete
auxins that stimulate the activity of root apexes, cell
elongation, and root branching has been documented
(Barbieri and Galli 1993; Duca et al. 2014;
Maheshwari et al. 2015; Cassán et al. 2020; Rondina
et al. 2020), and our results confirm previous reports in
other grasses (Fukami et al. 2017, 2018a) showing that
the strains CNPSo 2083 and CNPSo 2084 may exert the
same activity. In addition, A. brasilense produces and
releases nitric oxide, which acts as a signaling molecule
in the pathway that induces root branching (Molina-
Favero et al. 2008).

Root growth and branching were positively influ-
enced by P. fluorescens, a species of PGPB that also
produces auxins (Kochar et al. 2011; Maheshwari et al.
2015), besides cytokinin and the enzyme ACC-
deaminase in the rhizosphere (Pallai et al. 2012), all

involved in the regulation of root and plant growth
mechanisms. Ortiz-Castro et al. (2020) have demon-
strated that P. fluorescens produces cyclopeptides that
regulate auxin-responsive genes in roots, and the au-
thors have proposed this as the key mechanism by
which this PGPB modulates plant root morphology. In
the case of strain CNPSo 2719, we detected synthesis of
IAA and also ACC-deaminase (data not shown) con-
tributing to improve root architecture.

Longer and more branched roots can explore more
efficiently larger volumes of soil, resulting in improved
water and nutrient uptake by plants (Hodge 2004; York
et al. 2013). In addition, increased root proliferation may
help seedlings to establish faster and survive under
nutrient and water limitations (York et al. 2013; White
2019). This is significant for forage grasses that are
commonly established in degraded, low-fertility and
organic matter-poor soils in the tropics (Oliveira et al.
2004; Dias-Filho 2014). In our experiments, inoculation
with either species improved the root system architec-
ture, thus corroborating their importance as PGPB.

Table 4 N, P e K concentrations (g kg−1) in shoot biomass of
Urochloa ruziziensis in response to seed or leaf-spray inoculation
with Azospirillum brasilense or Pseudomonas fluorescens in field
trials performed at two sites in southern Brazil. All treatments

received 40 kg ha−1 of N at sowing and half of the treatments
supplementary N-fertilizer (40 kg ha−1 of N) 30 days after emer-
gence. Harvest performed 75 days after emergence

Treatment Supplementary N-fertilizer N P K N P K
——————— Seed
inoculation—————

————————— Leaf-spray inocula-
tion——————

Londrina

Control No 17.8 c a 2.2 b 29.1 b 16.7 d 2.0 c 28.3 d

Control Yes 20.2 b 2.3 b 29.5 b 19.3 c 2.1 c 29.4 c

Azospirillum brasilense No 20.3 b 2.2 b 31.9 a 20.5 b 2.2 c 32.0 b

Azospirillum brasilense Yes 22.1 a 2.3 b 32.5 a 22.9 a 2.2 c 32.2 ab

Pseudomonas fluorescens No 17.5 c 2.9 a 32.1 a 17.0 d 2.7 b 32.7 a

Pseudomonas fluorescens Yes 17.8 c 3.1 a 32.7 a 17.1 d 2.9 a 32.8 a

CV (%) 7.3 5.9 7.1 7.5 5.3 6.8

Ponta Grossa

Control No 10.9 c 1.9 c 24.1 c 11.1 d 2.0 b 23.8 b

Control Yes 11.5 b 2.0 bc 25.8 b 11.9 bc 2.1 b 24.0 b

Azospirillum brasilense No 11.9 b 1.9 c 26.2 b 12.3 b 2.0 b 27.9 a

Azospirillum brasilense Yes 13.0 a 2.1 b 28.7 a 13.3 a 2.0 b 28.0 a

Pseudomonas fluorescens No 11.0 c 2.2 ab 26.1 b 11.5 cd 2.5 a 27.6 a

Pseudomonas fluorescens Yes 11.2 bc 2.4 a 28.6 a 12.0 bc 2.7 a 28.3 a

CV (%) 8.1 4.8 6.8 7.4 5.7 6.5

a Data represent the means four field trials performed in Londrina and three in Ponta Grossa, each with four replicates, with seed or leaf-spray
(at the V3 growth stage) inoculation, and when followed by different letters denote statistical differences for each nutrient in each site
(Duncan, p ≤ 0.05)
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In general, inoculation with both PGPB improved
root system architecture, with greater potential for soil
exploitation to support plants able to produce larger
amounts of forage biomass. Improvements in root ar-
chitecture parameters by inoculation with A. brasilense
(e.g. root hair incidence by seed inoculation),
P. fluorescens (e.g. root volume by seed or leaf-spray
inoculation), or both genera and inoculation methods
(e.g. total root length) are key to improve water and
nutrients uptake (Haling et al. 2013, 2016) that frequent-
ly limit forage biomass production in tropical soils
(Garcia-Montiel et al. 2000; Dias-Filho 2014). In addi-
tion, the greater root hair incidence results in the expan-
sion of the rhizosphere, favoring root interaction with
other beneficial soil microorganisms (Lynch 2019).

The effects of leaf-spray inoculation with either
PGPB, especially on the traits related to root

morphology, were similar to those obtained with seed
inoculation. It is worth remembering that under green-
house conditions the soils were covered with aluminum
foil, such that the effects should come from shoots.
Systemic signaling pathways from shoots to roots in
response to the inoculation with A. brasilense have been
previously shown in maize (Fukami et al. 2017, 2018b),
and soybean (Puente et al. 2018, 2019), demonstrating
that inoculation with A. brasilense in established plants
may still stimulate the root system, benefiting plant
establishment and shoot biomass production. In addi-
tion, in previous studies, when both strains of
A. brasilensewere applied via foliar spray in maize, cell
recovery in leaves was very low and promotion of plant
growth was confirmed with spray of both cells and cell-
free metabolites (Fukami et al. 2017). Altogether, our
results strongly suggest that also in Urochloa, the

Table 5 Shoot biomass (g m−2) of Urochloa ruziziensis in re-
sponse to leaf-spray inoculation at the V3 growth stage with
Azospirillum brasilense or Pseudomonas fluorescens in field trials
performed at two sites in southern Brazil. All treatments received

40 kg ha−1 of N at sowing and half of the treatments supplemen-
tary N-fertilizer (40 kg ha−1 of N) 30 days after emergence.
Harvest performed 75 days after emergence and 45 days after leaf
spraying

Tratamento Supplementary N-
fertilizer

2012/
2013

2013/
2014

2014/
2015

2015/
2016

Average a Increase b Increase c

Londrina

Control No 267 bc d 213 b 274 b 237 b 248 b

Control Yes 293 b 206 b 275 b 236 b 253 b +2.0

Azospirillum brasilense No 226 c 238 ab 358 a 289 a 278 ab +12.1

Azospirillum brasilense Yes 342 a 255 a 339 a 295 a 308 a +21.7

Pseudomonas
fluorescens

No 234 c 283 a 325 ab 285 a 282 ab +13.7

Pseudomonas
fluorescens

Yes 341 a 270 a 280 b 282 a 293 a +15.8

CV (%) 12.3 10.8 13.1 10.1 12.0

Ponta Grossa

Control No 139 c 243 b 222 b 201 a

Control Yes 134 c 245 b 227 b 202 a +0.5

Azospirillum brasilense No 141 bc 220 b 294 a 218 a +8.5

Azospirillum brasilense Yes 164 ab 282 a 277 a 241 a +19.3

Pseudomonas
fluorescens

No 167 ab 226 b 273 a 222 a +10.4

Pseudomonas
fluorescens

Yes 182 a 221 b 271 a 225 a +11.4

CV (%) 11.9 11.5 10.6 11.6

a Average values considering all years
b Increase (%) in comparison to the Control treatment
c Increase (%) in comparison to the Control treatment + supplementary N
dMeans of four replicates and when followed by different letters denote statistical differences for each nutrient in each site (Duncan, p ≤
0.05)
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mechanisms related to foliar spray may be related main-
ly to systemic signaling from shoots to roots.

In the field, both strategies of inoculation, via seeds
or leaf-spray, with both PGPB increased shoot biomass
yield of U. ruziziensis at the two locations, confirming
that PGPB can also be employed in forage crops, be-
sides grain crops such as soybean, maize, wheat, among
others (Hungria et al. 2016; Santos et al. 2019). Soil
fertility conditions were different, with an emphasis on
the higher content of P and clay in Londrina (Table 1),
but benefits were confirmed in both sites. Positive re-
sults of forage inoculation with PGPB have been previ-
ously reported, e.g. for Bermuda grass (Cynodon
dactylon L.) (Aguirre et al. 2018), fescue (Festuca
arundinacea Schreb) (Monk et al. 2009), and kikuio
grass (Pennisetum clandestinum Hochst) (Criollo et al.
2012).

Seed inoculation of tropical forages such as
Urochloa spp. and Megathyrsus. maximus with the
same strains of A. brasilense (Pedreira et al. 2017;
Leite et al. 2019a, b), with A. brasilense and Rhizobium
tropici CIAT 899 (Sá et al. 2019a, b), and with
A. brasilense and P. fluorescens (Duarte et al. 2020)
stimulated plant height, tillering, root biomass, shoot
elongation, relative chlorophyll index, N concentrations
in leaves, and plant biomass. In addition, seed inocula-
tion with both strains of A. brasilense promoted in-
creases in the N concentration of Urochloa sp., equiva-
lent to an application of 40 kg ha−1 of N (Hungria et al.
2016). The stimulus of plant growth and biomass yield
resulting from inoculation may help a faster forage
recovery after livestock grazing, making possible to
enter the pasture with livestock earlier and more times
during the season. This is a significant gain in terms of
the efficiency of forage production, opening an avenue
to increase animal protein production without having to
clear more land for pasture implantation.

There was no information about the benefits of leaf-
spray inoculation in pastures that have been sown with
non-inoculated seeds. Previous studies (Fukami et al.
2016, 2017; Puente et al. 2018) have demonstrated a
systemic action of leaf-spray of A. brasilense on maize
and wheat. Rondina et al. (2020) postulated that such
systemic action resulted in improved plant root growth.
Our greenhouse experiments have clearly demonstrated
that leaf spray with both PGPB has the same effect on
Urochloa spp., and we have observed that, in the field,
U. ruziziensis responded significantly to leaf-spray in-
oculation, both in terms of shoot biomass production,

and as concentrations of N, P, and K in leaves. Howev-
er, under field conditions, some contribution of bacteria
reaching the rhizosphere must also take place.

The increased efficiency of nutrient uptake, especial-
ly N and P, are of utmost importance for the sustainabil-
ity of agricultural systems. According to the planetary
boundaries model proposed by Steffen et al. (2015), the
biochemical flows of N and P have been exploited
beyond the zone of uncertainty, and are now at high
risk. Any mechanism that increases the use efficiency of
these nutrients by crops is particularly relevant.

In our experiments, inoculation with A. brasilense
significantly increased N and K leaf concentrations,
whereas inoculation with P. fluorescens significantly
increased P and K leaf concentrations. This might cer-
tainly be highly attributed to the improvement in root
architecture promoted by both bacteria due to the syn-
thesis of phytohormones, with an emphasis on IAA,
improving the ability of plants to explore their environ-
ment for water and nutrients. This improved efficiency
is ultimately translated into forage biomass production
which, in turn, makes possible to increase the support
capacity of the pastures to the animals. P. fluorescens
CNPSo 2017 may help the P nutrition via solubilization
of phosphates and siderophores synthesis. In addition,
growth promotion by P. fluorescens is also favored by
the synthesis of ACC-deaminase, that cleaves the pre-
cursor of ethylene in higher plants. Also important,
ACC-deaminase in P. fluorescens (Santoyo et al.
2016) and other mechanisms in A. brasilense (Fukami
et al. 2017, 2018b) improve tolerance to abiotic and
biotic stresses.

Considering the inoculation with and without supple-
mentary dose of N-fertilizer, seed inoculation with
A. brasilense or P. fluorescens significantly increased
forage production by 16.8% and 15.2%, respectively,
representing an excellent opportunity for areas undergo-
ing pasture renovation. Outstanding results were also
observed for leaf-spray inoculation, on average 16.8%
and 14.2%, respectively. In relation to nutrient concen-
trations, statistically significant enrichment was also
achieved. Again, considering the treatments with and
without N-fertilizer, the average gains with seed or leaf-
spray inoculation with A. brasilense were of 11.7% and
20.7% for N and of 9.9% and 11.3% for K, respectively.
For inoculation with P. fluorescens, the average in-
creases for seed and leaf-spray inoculation were, respec-
tively, 33.3% and 36.6% for P, and 10.6% and 13.6%
for K. Noteworthy, the highest gains for nutrients
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concentration were observed with the supplementary
level of N-fertilizer. These results translate not only into
more feed, but feed of improved nutritional value for
livestock. As in our previous study (Hungria et al.
2016), we also consider important to estimate the con-
tribution of PGPR to the C sequestration in pastures.
Considering the average of all inoculated treatments, via
seed or leaf-spray, with and without extra N supply, the
average shoot biomass production was 246.25 g m−2,
whereas the C and C + N controls averaged
212.75 g m−2; therefore, the inoculation with PGPR
resulted in an average increase of 0.335 Mg ha−1. Con-
sidering the average C content in theUrochloa biomass,
443 g kg−1 (Sá et al. 2015), estimates are of
0.147 Mg ha−1 of C sequestration, or 0.539 Mg CO2-
eq ha−1 with the brachiarias per cut, representing plants
growing for an average of three months. With the adop-
tion of PGPR in 20 million ha, this would imply in
sequestration of 2.94 Tg of C, or 10.78 Tg CO2-eq per
growing cycle. Although these are important estimates,
we must consider that the gains in plant biomass are
translated in higher stocking rates or animal protein, and
the main expected mitigation should rely on the reduc-
tion of emission intensity, both due to the reduction in
the addition of N-fertilizer and in the lower emission of
methane by the cattle, due to the nutrition with forage of
better quality. However, it is important to highlight that
our results refer to small-scale field trials in comparison
to the areas under pastures in Brazil, pointing out the
need for future research on multilocational trials on
pastures under grazing across different agroecosystems
at the country level to validate the proposed technology.

Conclusion

Our results demonstrate that it is viable to boost plant
growth, forage biomass production and plant nutrient
status by inoculation with PGPR either of newly im-
planted pastures of Urochloa or those that have already
been implanted. Results of inoculation with
A. brasilense and P. fluorescens were highly attributed
to improvement in root architecture due to the synthesis
of phytohormones. In addition, P. fluorescens contrib-
utes with the synthesis of ACC-deaminase, lowering the
ethylene levels in plants and to P nutrition by the solu-
bilization of phosphates and the synthesis of
siderophores, while A. brasilense contributes to the N
nutrition via biological nitrogen fixation. Root growth

improvement by both A. brasilense and P. fluorescens
also increased K uptake. The benefits were confirmed by
seed and leaf-spray inoculation and in this last case might
be related mainly to systemic signaling from shoots to
roots. Taking into account the extension of land occupied
with pastures in Brazil (180 Mha), our results demon-
strate that a simple biotechnological tool based on PGPB
may help to increase the efficiency of forage and animal
protein production in the country, thus helping to increase
food production with reduced environmental impacts.
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