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Azospirillum inoculation of ‘Marandu’ palisade grass seeds: effects
on forage production and nutritional status

Inoculacao do Azospirillum em sementes de capim Marandu: efeitos
na producao de forragem e estado nutricional

Reges Heinrichs'; Guilherme Constantino Meirelles?; Luiz Felipe de Melo
Santos®*; Maikon Vinicius da Silva Lira*; Allan de Marcos Lapaz’; Marco Antonio
Nogueira®; Carolina dos Santos Batista Bonini'; Cecilio Viega Soares Filho’;
Adonis Moreira®

Highlights:

Seed inoculation increased root and shoot dry mass.

Nitrogen fertilization altered nutrient concentrations in shoot dry mass.
Nitrogen fertilization increased tiller numbers.

Abstract

Plant-growth-promoting bacteria can be used for sustainable forage grass production while increasing
nutrition and biomass. Most of the soils under pasture in the tropics have a degradation level that impairs
the forage yield potential, especially because of mismanagement and lack of fertilization. The objective
of this work was to evaluate the seed inoculation effects of Azospirillum brasilense on the shoot and root
dry mass production and nutritional status of Urochloa brizantha cv. ‘Marandu’ under field conditions
for two years in a low-fertility soil. The experimental design was a randomized block design with four
replications, arranged in a 2 x 3 factorial scheme, comprised of two doses of A. brasilense (0 and 200 mL
ha') in combination with three doses of N (0, 25 and 50 kg ha™'). Seed inoculation increased shoot dry
mass by 13% in the first year and by 6% in the second year, whereas N application increased dry mass
by 27% and 35% in the first and second year, respectively. The concentration of nutrients in the shoots
did not change due to the inoculation, but N fertilization affected P, Mg, Fe, Mn, and Zn in the first year
and N, P and Cu in the second year. Root dry mass increased 36% with fertilization of 25 kg N ha™! plus
inoculation in relation to the other treatments in the first year. In the second year, the inoculation of 4.
brasilense increased by 17%. Therefore, seed inoculation of Urochloa brizantha cv. ‘Marandu’ with
Azospirillum brasilense increased root and shoot dry mass production in some cuts without influencing
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tiller numbers. Nitrogen fertilization altered N, Mg, P, Fe, Mn, Zn, and Cu concentrations in shoot dry
mass.
Key words: Diazotrophic bacteria. Nitrogen. Growth promoting. Pasture. Urochloa brizantha.

Resumo

As bactérias promotoras de crescimento de plantas podem ser usadas para a produgdo sustentavel de
gramineas forrageiras, aumentando a nutri¢do e a biomassa. A maioria dos solos sob pastagem nos
tropicos apresenta um certo nivel de degradagdo que prejudica o potencial de produgdo de forragem,
principalmente por causa de ma gestdo e falta de fertilizagdo. O objetivo deste trabalho foi avaliar os
efeitos da inoculac@o de sementes de Azospirillum brasilense na producdo de massa seca da parte aérea e
daraiz e o estado nutricional do Urochloa brizantha cv. Marandu sob condigdes de campo por dois anos
em um solo de baixa fertilidade. O delineamento experimental foi em blocos casualizados com quatro
repetigdes, dispostos em esquema fatorial 2 x 3, composto por duas doses de 4. brasilense (0 e 200 mL
ha') em combinagdo com trés doses de N (0, 25 e 50 kg ha'). A inocula¢do das sementes aumentou a
massa seca da parte aérea em 13% no primeiro ano ¢ em 6% no segundo ano, enquanto a aplicacdo de
N aumentou 27% ¢ 35% no primeiro e segundo ano, respectivamente. A concentragdo de nutrientes na
parte aérea ndo foi alterada devido a inoculagdo, porém a adubagdo nitrogenada afetou P, Mg, Fe, Mn ¢
Zn no primeiro ano ¢ N, P ¢ Cu no segundo ano. A massa seca da raiz aumentou 36% com a adubagdo
de 25 kg N ha! combinado com a inoculag¢do em relagdo aos demais tratamentos, no primeiro ano. No
segundo ano, a inoculag@o de A. brasilense aumentou em 17%. Portanto, a inoculagdo de sementes de
Urochloa brizantha cv. ‘Marandu’ com o Azospirillum brasilense aumentou a producdo de massa seca
daraiz e da parte aérea em alguns cortes sem influenciar o nimero de perfilhos. A adubagdo nitrogenada
alterou as concentragdes de N, Mg, P, Fe, Mn, Zn ¢ Cu da massa seca da parte aérea.

Palavras-chave: Bactérias diazotroficas. Nitrogénio. Promotor de crescimento. Pastagem. Urochloa

brizantha.

Introduction

Forage grass is the most economical and practical
way for feeding cattle in the tropical regions, as
climatic conditions favor the maximum potential for
forage production (Hungria, Nogueira, & Araujo,
2016; Morais et al., 2014). The genus Urochloa
(Brachiaria) is distributed throughout the tropical
zones, and has a high potential for forage production,
with high rusticity and adaptation to acid, low-fertility
soils, and it shows high responsiveness to fertilizer
application (Cezario, Ribeiro, Santos, Valadares, &
Pereira, 2015; Medica, Reis, & Santos, 2017).

Most of the soils under pasture in the tropics have
a degradation level that impairs the forage yield
potential, especially because of mismanagement
and lack of fertilization (Nesper et al., 2015). The
area with pastures in Brazil is estimated to be
about 180 million ha, with about 70% under some
level of degradation (Dias, 2014). This scenario is

aggravated because naturally low-fertility soils are
used extensively for pastures. In addition, the natural
decline of soil fertility, especially of phosphorus
and nitrogen, and increases of acidity and toxic
aluminum (Lopes & Guilherme, 2016) are limiting
for forage growth and the capacity to feed animals.

Nutrition with nitrogen is a key feature to
maintain or increase the potential yields of forage
grasses due to its influence on plant biomass
(Chinnadurai, Gopalaswamy, & Balachandar, 2014;
Fagundes et al., 2006), especially leaf size, stem
morphology, and the development of tillers (Taiz,
Zeiger, Moller, & Murphy, 2017). However, its
high price limits its broad use in extensive pastures.
On the other hand, its excessive use may cause
contamination of surface- and ground waters with
nitrate and increase greenhouse gas emissions (De
Salamone et al., 2010). Therefore, the use of plant-
growth-promoting bacteria, especially diazotrophs,
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could increase the effectiveness of N use by grasses
(Piccinin et al., 2013), especially in low-fertility
soils (Carvalhais et al., 2013; Hungria, Campo,
Souza, & Pedrosa, 2010; Hungria et al., 2016).

Plant-growth-promoting bacteria increase root
growth, favoring the uptake of water and nutrients
(El Zemrany et al., 2007; Huang et al., 2017;
Shaharoona, Jamro, Zahir, Arshad, & Memon,
2007). Several mechanisms are usually involved,
especially phytohormone production, including
auxins, gibberellins, cytokinins, and ethylene, as
well as P solubilization and biological nitrogen
fixation, which may result in increased plant growth
and tolerance to stresses like drought, salinity,
and metal toxicity (Bashan & de-Bashan, 2005;
Delaporte-Quintana et al., 2017).

Azospirillum is one of the most well-studied
plant-growth-promoting rhizobacteria that has
been shown to increase yields of grasses like corn
(Zea mays), wheat (Triticum aestivum) (Hungria
et al., 2010; Kazi, Deaker, Wilson, Muhammad,
& Trethowan, 2016), rice (Oryza sativa) (De
Salamone et al., 2010), Brachiaria spp. (Hungria
et al., 2016), and sugarcane (Saccharum) (Moutia,
Saumtally, Spaepen, & Vanderleyden, 2010), as
well as legumes like soybean and common-beans

(Hungria, Nogueira, & Araujo, 2013).
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Based on the hypothesis that the presence
of Azospirillum brasilense may supply part of
the nitrogen demand in Urochloa brizantha cv.
‘Marandu’, this research was conducted in order to
evaluate the seed inoculation effect in Azospirillum
brasilense on the shoot and root dry mass production
and nutritional status under field conditions in a
natural low-fertility soil.

Material and Methods
Experimental sites

The experimentwas carried outinthe experimental
area of College of Agricultural and Technological
Sciences, Sao Paulo State University (UNESP), Sao
Paulo State, Brazil (21° 29’ S; 51° 32° W; 396 m
above sea level), during two years (November 2014
to February 2015 and November 2015 to February
2016), at two different sites. The climate, according
to Kdppen, is Aw, characterized by hot and humid
summers and warm and dry winters, with most of the
rainfall distributed between November and March.
The average annual temperature and rainfall are,
respectively, 24 °C and 1,300 mm, with an average
maximum temperature of 31 °C and an average
minimum of 19 °C. Details on the climatic events
during the experiment are in Figure 1.
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Figure 1. Monthly average temperature (°C), precipitation, and evapotranspiration (mm) during the two crop seasons

(2014/2015 and 2015/2016).

Semina: Ciéncias Agrdrias, Londrina, v. 41, n. 2, p. 465-478, mar./abr. 2020

467



468

Heinrichs, R. et al.

The soil was classified as an Ultisol (Santos et
al., 2018) and sampled at a 0-20 cm depth before
the experiment installation for analysis of chemical
properties and granulometric fractions (Table 1).
The need for liming was determined from the base
saturation method to reach 60% of CEC (Quaggio,
Van Raij, & Malavolta, 1985). The limestone was

Table 1

distributed homogeneously on the soil surface and
incorporated by plowing at a 20 cm depth. The native
diazotrophic bacteria population in the experimental
soil at the 0-10 cm layer was determined by the most
probable number (MPN) method in N-free NFb
semisolid culture medium (Baldani, Reis, Videira,
Boddey, & Baldani, 2014), as described in table 2.

Chemical attributes and granulometric fractions at 0-20 cm of an Ultisol in two cropping seasons at the

beginning of the experiment

Season pH OM P K Ca Mg H+Al Al SB CEC
gdm?® mgdm? mmol  dm?
2014/15 5.0 14 8 2.6 9 6 18 0 18 36
2015/16 4.7 5 4 3.0 8 5 20 2 16 36
Season A% m S B Cu Fe Mn Zn Clay Silt Sand
7 mg dm™ gkg!
2014/15 49 0 7 0.18 29 25 19 1.2 123 27 850
2015/16 44 11 4 0.19 0.8 24 15 1.2 120 30 850

pH in 0.01 mol L CaCl,; P, Ca, Mg and K (ion-exchanging resin); S (calcium phosphate); B (hot water); SB (sum of bases = K +
Ca + Mg); Cu, Fe, Mn, and Zn (DTPA at pH 7.3); OM: organic matter; CEC: cation exchangeable capacity; V: % of CEC occupied

by bases; m: % of CEC occupied by Al

Table 2

Population of native diazotrophic bacteria in the soil at the beginning of the experiment

MPN ¢!
Sample
2014/2015 2015/2016
1 2.5 x10° 9.5x10°
2 9.5 x 10° 4.5 %106
3 9.5 x 10° 9.5 x 103
Method: Most probable number (MPN) in multiple vials with semi-solid NFb medium.
Experimental design and treatments inoculant  (Masterfix ~ Gramineas™,  Soller,

The experiment was installed in 2014/15 and
sowing was repeated in the seasons of 2015/16, in
plots of 3 x 4 m. The experiment was arranged in
a randomized block design with four replications
in a 2 X 3 factorial scheme. The treatments were
seeds of Urochloa brizantha (syn. Brachiaria
brizantha) cv. ‘Marandu’ that had been inoculated
with Azospirillum brasilense or not inoculated. The
inoculant was a liquid formulation of a commercial

Cosmopolis, Brazil) containing the strains Ab-V5
and Ab-V6 at the concentration of 2 x 10¥ CFU
mL-!. It is currently registered, recommended, and
available in the Brazilian market as a commercial
product containing PGPB for wheat, maize, and
rice. 12 kg ha'! of viable pure seeds were used. The
inoculant was diluted in deionized water to assure
a uniform distribution on the seeds, at a proportion
of 100 mL of solution (water + inoculant) per kg
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of seeds. In the controls (non-inoculated), only
water was added to assure the same pre-seeding
procedure. Seeds were allowed to dry under shade
and manually distributed on the plots. These
treatments were combined with three N doses (0, 25
and 50 kg ha' as NH,NO,), applied at sowing and
as topdressing after each cutting.

Phosphate fertilization consisted of 60 kg P,O
ha" and 80 kg P,O, ha™ as triple superphosphate in
2014/15 and in 2015/16 season, respectively. The
fertilizer was distributed manually and incorporated
at a 0-10 cm depth. Potassium was suppressed in
both seasons because the available K in soil as
considered sufficient to the crop (Table 1).

Samplings and analysis

In the first year, the experimental cuts were
performed 09/01/2015, 09/02/2015,
07/03/2015. In the second year, the cuts were on
18/01/2016, 29/02/2016, and 31/03/2016. For yield
determination, only the useful area of the plot was

on and

considered, the 0.5 m around it was disregarded.
The tiller number was counted the day before the
forage was cut, in an area of 0.25 % 1 m at the center
of each plot. Cuttings were performed three times
during the rainy season to determine the plant dry
mass when the best treatment reached 28 cm in
height, corresponding to 95% of light interception
(Pedreira, Pedreira, & Silva, 2007). The samples
for shoot dry mass estimation were taken with
a sampler device delimiting a 0.5 x 1 m area and
cutting the plants at 15 cm height above the soil
with the aid of a 60 cm blade slip on the sampler
support to standardize the samplings.

After the third cut, root samples were also
collected. A cylindrical sampler 10 cm in height
and with a volume of 151.09 c¢cm® was used for
taking three core soil samples per plot next to
the plants, and then it was washed to remove the
adhering soil. Shoots and roots were oven-dried
at 65 °C to a constant weight. After weighing, the
samples were ground in a Wiley mill and the macro

and micronutrient concentrations were analyzed
(Malavolta, Vitti, & Oliveira, 1997).

Statistical analysis

Data were tested for normality and homogeneity
of variance previously to ANOVA, followed by
Tukey multiple comparison tests at P < 0.05 using
SAS (Statistical Analysis System, version 8.2)
(Pimentel-Gomes & Garcia, 2002).

Results

The inoculation with Azospirillum brasilense
did not affect the tiller numbers in both seasons. On
the other hand, nitrogen fertilization increased the
tillering in the first cut, without differing between
the 25 and 50 kg ha'! of N treatments (Table 3).
There was no interaction between inoculation with
Azospirillum and nitrogen fertilization.

Isolated inoculation with Azospirillum or N
fertilization effects were observed for shoot dry
mass (Table 4). In the first year, a significant effect
of Azospirillum brasilense was observed in the
third cutting and in the accumulated cuttings, with
increased by 22% and 13%, respectively, on the non-
inoculated control. In the second year, there was
a significant response to Azospirillum brasilense
(+15%) only in the first cutting (Table 4).

In the first year, the 50 kg ha! of N application
increased the shoot dry mass in the third cut and
in the accumulated cuttings, by 40% and 27%,
respectively, compared with the N control, whereas
25 kg ha! of N did not provide significant effect, as
also observed for tillering. In the second year, 50
kg ha' of N significantly increased the shoot dry
mass production in the first and third cuttings, and
the cumulative cuttings by 78%, 18% and 35%,
respectively, over the control (Table 4). The 25 kg
ha! of N dose did not differ from the control in the
second and third cuts, but provided significantly
higher shoot dry mass in the first cutting and the
accumulated cuttings.
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Table 3
Effects of Azospirillum brasilense and nitrogen doses on the number of tillers of Urochloa brizantha cv. ‘Marandu’
during each of three cuttings and the total of three cuttings, in the seasons 2014/2015 and 2015/2016

It Cut (# m?) 2" Cut (# m?) 34 Cut (# m?) Total (# m?)
Treatments
2014/2015
No Inoculation 592 786 845 2223
Inoculation 547 760 811 2119
MSD (5%) 114 173 190 394
Nitrogen Dose
0 kg ha'! 464 b 673 751 1913
25 kg ha' 625 a 859 956 2441
50 kg ha'! 620 a 787 775 2160
MSD (5%) 152 257 283 587
F Test
Inoculation (I) 0.68 ™ 0.10 ™ 0.14 0.31™
Nitrogen Dose (N) 377" 1.73 2.03 2.64
I xN 0.26 0.38 0.21 0.25m™
CV (%) 23.37 26.08 26.85 21.19
2015/2016
No Inoculation 464 690 881 2037
Inoculation 485 670 965 2121
MSD (5%) 50 134 212 315
Nitrogen Dose
0 kg ha'! 430b 640 880 1950
25 kg ha'! 489 ab 746 948 2183
50 kg ha'! 505 a 655 941 2103
MSD (5%) 75 199 315 469
F Test
Inoculation (I) 0.75 0.10 ™ 0.68 ™ 0.31 s
Nitrogen Dose (N) 3.64" 1.06 ™ 0.19 0.83 ™
IxN 240 0.46 0.69 ™ 0.79 ™
CV (%) 12.42 23.01 26.73 17.69

MSD: minimal significant difference. Means followed by the same letter do not differ statistically from each other by the Tukey’s
test at P <0.05. 7, significant at P < 0.05; ™ not significant.

For nutrient concentration in shoots, N treatments without N application. Mg, Fe, Mn and

470

fertilization affected only some elements (Table 5),
whereas the inoculation with Azospirillum did not
cause any effect (not shown). The N doses increased
the shoot N concentration only in the second year,
in the first and third cuttings. The P concentration
in both years in the third cut was higher in the

Zn in the first cutting of the first year and Cu in the
third cutting of the second year increased with 50 kg
ha'! of N (Table 5).

The root dry mass (RDM) production in the first
year showed an interaction between inoculation
and N doses (Figure 2). The maximum RDM yield
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was obtained with 25 N kg ha! in conjunction
with inoculation, and was significantly higher by
82%, 25%, and 32% in comparison to 25 kg N ha’!
treatments without inoculation as well as 0 kg N
ha'! and 50 kg N ha' treatments plus inoculation.
In relation to the treatments that did not receive
inoculation, the fertilization with 0 kg ha' and 50

Table 4

kg N ha'! were statistically superior to 25 kg N ha'!
(Figure 2). In the second year, the RDM production
had a significant effect only for inoculation with
Azospirillum. The inoculation promoted an increase
of 17% when compared to non-inoculated plants
(Figure 3).

Effects of Azospirillum brasilense or nitrogen doses on the shoot mass production of Urochloa brizantha cv.
‘Marandu’ during tree cuttings and total of three cuttings, in the seasons 2014/2015 and 2015/2016

15t Cut (kg ha'')

2" Cut (kg ha'')

34 Cut (kg ha) Total (kg ha'')

Treatments
2014/2015
No Inoculation 2290 2084 2396 b 6769 b
Inoculation 2530 2177 2933 a 7639 a
MSD (5%) 394 700 418 853
Nitrogen Dose
0 kg ha'! 2314 1702 2274 b 6290 b
25 kg ha'! 2555 2242 2528 b 7324 ab
50 kg ha'! 2361 2448 3190 a 7999 a
MSD (5%) 585 1042 621 1418
F Test
Inoculation (I) 1.65™ 0.08 730" 3.68°
Nitrogen Dose (N) 0.62 1.78x 7.54" 0.02*
IxN 0.34 0.00™ 0.11m 0.88 ™
CV (%) 19.04 21.19 15.72 21.69
2015/2016
No Inoculation 3037 b 3331 4059 10427
Inoculation 3528 a 3341 4192 11060
MSD (5%) 409 580 428 804
Nitrogen Dose
0 kg ha'! 2282b 2998 3861 b 9142 ¢
25 kg ha'! 3497 a 3316 3964 ab 10778 b
50 kg ha! 4069 a 3693 4550 a 12312 a
MSD (5%) 608 864 637 1196
Teste F
Inoculation (I) 6.36" 0.00 ™ 0.43 s 2.73 s
Nitrogen Dose (N) 29.35" 211 443" 22.87"
IxN 0.64 0.21 2.86 ™ 1.90
CV (%) 14.50 20.28 12.10 8.72

MSD: minimal significant difference. Means followed by the same letter do not differ statistically from each other by the Tukey’s

test at P <0.05. 7, significant at P < 0.05; ™ not significant.
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Table 5
Effects of nitrogen doses on nutrient concentrations in the shoot dry mass of Urochloa brizantha cv. ‘Marandu’

during tree cuttings, in the seasons 2014/2015 and 2015/2016

Nitrogen doses (kg ha™)

Nutrients Cuttings 0 25 50
2014/2015
P(gkg") 3 2.16 A 2.07A 1.70 B
Mg (g kg™) I+ 3.6l B 473 A 438 A
Fe (mg kg™") s 61.00 B 58.75B 83.25A
Fe (mg kg™) 3ud 13275 A 116.63 AB 98.88 B
Mn (mg kg™) 1 84.75 AB 77.63 B 102.88 A
Zn (mg kg™) I+ 28.87 B 3438 AB 39.25A
2015/2016
N (g kg I+ 1521B 16.34 AB 18.10 A
N (g kg™ 3 19.48 B 20.98 B 24.69 A
P(gkg") 3 2.68 A 2.36 AB 2.04 B
Cu (mg kg) 3w 6.12B 7.25A 775 A
Means followed by the same letter do not differ statistically from each other by the Tukey’s test at 7 < 0.05. Only significant effects
are shown.

5000 A I No inoculation
I lati
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‘<
=
2 4000
& B 3588 Aa
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E? 3000 A
=)
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(=]
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oA - - e -
0.0 25.0 50.0

Nitrogen levels in soil (kg ha™)

Figure 2. Effect of interaction between doses of N and inoculation with Azospirillum b. for the production of dry
mass of roots of Urochloa brizantha cv. ‘Marandu’ at the end of the seasons 2014/2015. With respect to the Tukey test
results, uppercase letters compare the doses of N under inoculation and non-inoculation conditions, while lowercase
letters compare the same doses of N between inoculation and non-inoculation conditions. Vertical bars represent the

standard deviation.
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Figure 3. Isolated effect for inoculation with Azospirillum b. for the production of dry mass of roots of Urochloa
brizantha cv. ‘Marandu’ at the end of the seasons 2015/2016. With respect to the Tukey test results, lowercase letters
compare the conditions of inoculation and non-inoculation, regardless of doses of N.

Discussion

The climatic conditions and soil after fertilization
were in the ideal range for the ‘Marandu’ palisade
grass production and development (Pedreira et
al., 2017), but the inoculation with Azospirillum
brasiliense strains Ab-V5 and Ab-V6 did not result
in increased tiller numbers (Table 1). However,
several studies have reported that complex plant-
microbe-environment interactions cause variations
in the level of agronomic response to A. brasilense
inoculation (Cassan & Diaz-Zorita, 2016; Di
Salvo, Ferrando, Fernandez-Scavino, & Salamone,
2018), including plant and bacterial genotypes (De
Salamone et al., 2012).

Tiller response to N fertilization was only
verified in the first cut in both years, while shoot dry
mass increased only in the first cut of the second
year. The number of tillers was within the range
of 430 m? in the treatment without mineral N in
the first cutting, and 965 m™ in the treatment with
Azospirillum in the third cutting, both in the second
year. Similar results have been verified in studies
testing N fertilization in ‘Marandu’ palisade grass
during the summer (Pedreira et al., 2017; Silva,
Costa, Faquin, Oliveira, & Bernardes, 2013). The

lack of tiller number response to N fertilization
in the second and third cuttings, and accumulated
cuttings as well, may be associated with sufficient
N supply from the mineralization of soil organic
matter. The soil tillage system based on plowing
and harrowing before the pasture sowing stimulates
the mineralization of SOM and nutrient supply, thus
improving the plant nutrition, especially later on
in the second and third cuts, because of more time
elapsed for mineralization compared to the first cut
(Zhu et al., 2014).

In addition, the number of tillers may not
represent the shoot dry mass, since the tillers
may have different sizes and weights in response
to the inserted environment and may not being
representative when expressed as number instead
of total mass. An increase in the shoot dry mass of
Brachiaria spp. in response to the increase in the
number of tillers has been observed (Fagundes et
al., 2006; Matthew, Assuero, Black, & Hamilton,
2000). In the present research, however, the tiller
formation was stimulated in some cases, but the
increase did not correspond to a higher shoot
dry mass yield, except in the first cuts of the two
years, in which an increase in the tiller numbers
in response to N fertilization resulted in increased
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shoot dry mass yield. Increase in the tiller numbers
is especially induced in environments that are
limited in N, because this nutrient is involved in
cell division processes, and it is directly associated
with vegetative production (Fagundes et al., 2006;
Marschner, 2011).

The lack of response of tillers to N in the
following cuttings suggests that this nutrient was not
limiting for plant development in that environment
in the second and third cuttings. At those sampling
times, because the tussocks were already established
as well as the root system, some N in the remaining
plant biomass could have been enough to allow
the development of further tillers and constrain
the response to the N applied as topdressing. The
inoculation with Azospirillum also did not cause
any change in the tiller numbers. However, other
studies have shown the positive effects of PGPR
on grasses, especially shoot and root dry mass, by
means of several mechanisms (Araujo, Guaberto, &
Silva, 2012; Shaharoona et al., 2007).

The plant response to inoculation with plant
growth promotion depends on the interaction
with the environment, and sometimes an expected
response may not occur. Over the two years, the
Azospirillum inoculation in seeds of ‘Marandu’
palisade grass significantly increased the dry mass
production in two out of six cuttings, and in the first
year, the effect was observed in the accumulated
cuttings. These results are promising for the use of
inoculation with PGPR during pasture installation.
Martinez, Crowley, Mora and Jorquera (2015)
also observed an increase by 29% in the dry mass
production with the Azospirillum inoculation in
grasses, especially oats (Avena sativa).

The overall increase in shoot dry mass due to
inoculation was 13% and 6% in the first and second
years, respectively, compared with the control.
Positive results of inoculation are associated with
several  plant-growth-promoting  mechanisms,
including biological nitrogen fixation and changes

in root morphology and architecture resulting

from the phytohormone production, which directly
increases the lateral root branching and the
incidence and length of root hairs (El Zemrany et
al., 2007; Kazi et al., 2016). Because of the changes
in root morphological traits, the absorptive surface
increases and the nutrients applied to the system,
including N, are more effectively acquired, and
there is a more effective water uptake from soil
(Steenhoudt & Vanderleyden, 2000). As a general
improvement of the performance of Azospirillum-
inoculated plants, this can be an effective strategy
to increase the survival of forages like Brachiaria,
minimizing stresses imposed by water restrictions
and animal defoliation (Pedreira et al., 2017).

Hungria et al. (2016) found positive effects
from Azospirillum inoculated in seeds on the
development of two genotypes of Brachiaria
spp. in different geographic regions of Brazil.
The N fertilization alone and in association with
inoculation by Azospirillum promoted increases
in the shoot dry mass between 5.4% and 22.1%,
in addition to a general increase by 10% in the
concentration of proteins. This means that the
inoculation with Azospirillum increased the forage
not only quantitatively, but also qualitatively,
resulting in a total increase of proteins per area by
25%. Other authors have also observed increases
in shoot dry mass yield in plants inoculated plant-
growth-promoting bacteria (De Salamone et al.,
2010; Diaz-Zorita & Fernandez-Canigia, 2009;
Kazi et al., 2016), demonstrating its general, non-
specific potential as plant-growth-promoter.

However, converse results obtained by Hanisch,
Balbinot and Vogt (2017) showed no effects of
Azospirillum brasilense inoculation on ‘Marandu’
seeds associated to N doses on shoot dry mass over
two years of evaluation. Divergent results with
the use of plant-growth-promoting bacteria can be
explained by factors influencing the host plant and
the bacterial survival and activity in the rhizosphere,
such as soil chemical properties and especially
rainfall, which differentially affect the efficiency of
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the bacteria as well as the fertilization with mineral
N (Kazi et al., 2016).

Regarding the nutrient concentrations, leaf N
increased with fertilizer application in the second
year in the first and in the third cuttings, while P
concentration decreased with N application in
the third cut in both years (Table 5). Magnesium
and Cu increased with the N doses. On the other
hand, Fe had contrasting behavior in the first year,
depending on the cutting. Nutrient decreases with
increase of N can be associated with the dilution
effect of higher dry mass production (Marschner,
2011). However, increases in the other nutrient
concentrations might be related to the improvement
of plant effectiveness in nutrient uptake, since there
is a physical response to the increase of the root
absorptive surface, including an increase of specific
uptake mechanisms via transporters, which are
mainly proteins depending on N to be formed. The
concentrations of all nutrients were within the range
considered adequate for this forage species (Reuter
& Robinson, 1997).

The root dry mass production showed a distinct
behavior over the two years. In the first year, the
fertilization of 25 kg N ha'! plus the inoculation
resulted in higher root production, about 36%
higher than the average of the other treatments. In
the second year, the inoculation of Azospirillum
increased the development of the root system by
17%. A lower RDM production was observed
when applying 50 N kg ha! mineral fertilizer plus
inoculation with Azospirillum, indicating that higher
N dosages have a detrimental effect on the activity
of these microorganisms (Figure 2).

These results confirm previous reports on the
increases in roots in response to inoculation with
Azospirillum because of hormonal mechanisms
stimulating root growth, especially IAA-related
compounds (Cassan & Diaz-Zorita, 2016; El
Zemrany et al., 2007; Kazi et al., 2016; Piccinin et
al., 2013). In the second year, however, no effect
of inoculation was observed on roots, confirming

that the action of the bacteria is subject to variation
depending on the soil and climatic conditions
(Pedreira et al., 2017). Again, the Azospirillum
effects on roots seem to be highlighted when
the plants are subjected to some environmental
limitation, within certain limits, like drought at the
beginning of the plant establishment. In this case, the
increase of roots is not only related to the increase
of plant capacity to uptake water and nutrients, but
it is also an important way of C immobilization
in the soil (Hungria et al., 2016). In April 2015,
evapotranspiration was higher than precipitation
(Figure 1), and this may have contributed to higher
root production with the presence of Azospirillum
(Figure 2), acting as a plant physiological defense
mechanism due to stress conditions (Cassan &
Diaz-Zorita, 2016; Kazi et al., 2016), especially in
the inoculation and application of 25 kg N ha™'.

Considering the potential for increasing
biomass production by ‘Marandu’ palisade grass,
Azospirillum is a promising treatment to increase
the effectiveness of mineral fertilizers during
the pasture formation, notably N fertilizers. For
example, Azospirillum inoculation associated with
40 kg ha! of N as topdressing 30 days after sowing
corresponded to an extra application of 40 kg ha’!
of mineral N (Hungria et al., 2013). This is an
important issue to be considered for the reduction of
the environmental impacts of mineral N fertilizers
because of more efficient use. Besides being
converted into proteins in plant biomass, the more
efficient use of mineral N by plants inoculated with
Azospirillum reduces nitrate losses to groundwater
by leaching or greenhouse gas emissions to the
atmosphere via denitrification. Thus, the use of
more environmentally-friendly tools for pasture
establishment is important for maintaining the
sustainability of livestock activities, as it improves
the land efficiency and nutrient use, helps soil
and water conservation and contributes for the
sequestration of C in either plant shoot biomass
(Hungria et al., 2016) or in the soil as roots.
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Conclusion

Seed inoculation of Urochloa brizantha cv.
‘Marandu’ with Azospirillum brasilense increased
root and shoot dry mass production in some cuts,
without influencing tiller numbers. Nitrogen
fertilization altered N, Mg, P, Fe, Mn, Zn, and Cu
concentrations in shoot dry mass.
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