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Abstract

The objective of this study was to evaluate the effects of strains of Azospirillum brasilense, Pseudomonas
fluorescens and Rhizobium tropici on biomass yield and nutrients uptake of shoots and roots of
Megathyrsus (syn. Panicum) maximus cultivar BRS Zuri (Zuri Guinea grass) inoculated with plant growth-
promoting bacteria (PGPB). Treatments consisted of inoculation and re-inoculation with A. brasilense
strains Ab-V5 and Ab-V6, P. fluorescens strain CCTB 03 and of co-inoculation with R. tropici strain CIAT 899
+ A. brasilense Ab-V6, with or without N-fertilizer (100 mg dm3). Evaluations were performed on three
cuts for the determination of root and shoot dry weight yield, morphological compositions, tiller mass,
number of tillers, and nutrient uptake. Inoculation with bacteria in association with N-fertilizer increased
N, NH4*, Ca, Fe, Mn and Zn accumulation in shoots and P and K uptake in roots. P. fluorescens and co-
inoculation with R. tropici CIAT 899 + A. brasilense Ab-V6 increased the relative chlorophyll index in relation
to the non-inoculated control. As expected, PGPB were not able to fully replace N-fertilization. However,
when combined with N-fertilizer, the PGPB increased yield, the relative chlorophyll index, and the uptake
of N, NH4s*, Ca, Zn, Mn and Fe of Zuri Guinea grass. The results indicate that PGPB can represent a
sustainable alternative for reducing the use of N-fertilizers. There were no effects of re-inoculation with
PGPB on the nutrition or yield of Zuri Guinea grass, demonstrating that the determination of the method
of application and periodicity of inoculation still require investigation.
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1.INTRODUCTION

The areas devoted to pasture cultivation in Brazil have increased over the last few decades, given that
they constitute the basis for ruminant production in the country [1]. Brazil has 160 million hectares of
pasture, under different edaphoclimatic conditions. The area supports 226 million head of cattle,

representing 33% of the global number of heads, occupying the second position after India [2]. In the genus
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Megathyrsus (syn. Panicum), the M. maximus species has been broadly cultivated in both tropical and
subtropical regions, mainly due to its tolerance and adaptability to diverse edaphoclimatic conditions [3].
The Zuri Guinea grass (M. maximus cv. BRS Zuri) is one of the most important cultivars because of its
agronomic and nutritional qualities. In addition to a rapid growth and high biomass yield, this forage grass
uses its extensive root system to regrow over successive cycles.

Nitrogen (N) is often a limiting factor in plant growth and yield, especially in tropical forage grasses
[4]. Fertilization represents an alternative to potentially reduce seasonal variations in warm-season grass
quantities and may increase their quality; however, commercial fertilizers are the costliest input for warm-
season grass forage yields. Fertilizer costs, with an emphasis on N-fertilizers, have increased over the last
few decades, mainly in response to the increased costs of fossil fuels. Nitrogen is routinely the first nutrient
applied to warm-season grass pastures because of its effect on forage production and its nutritional value.
However, repeated fertilizations or high amounts of N alone may cause nutrient unbalances in soil and can
ultimately have negative effects on forage production and on the nutritional value [5]. In addition, growing
concerns about the development of more sustainable and less polluting agriculture have led to the search
for alternatives to reduce the environmental impact of mineral fertilizers [6] without causing losses in
productivity [7]; [8].

In this sense, the beneficial use of bacterial inoculants stands out as a viable alternative, especially
under conditions of low soil fertility [9]; [10]; [11]; [12]. Some bacteria, known as plant growth-promoting
bacteria (PGPB), can highly contribute to plant growth, by means of several processes, that can act in a
single, cumulative or cascading manner [13], including biological nitrogen fixation [14], increased nutrient
and water uptake [15]; the production and secretion of phytohormones and other signaling molecules, such
as auxins [16], cytokinins [17], gibberellins [ 18] and salicylic acid [19]; [20]; phosphate solubilization [21],
among others.

Priority should be given to the use of alternative strategies that promote improvements in animal
production, especially management strategies that associate sustainability with profitability. Thus, the use
of PGPB in forage grasses may represent an important management alternative for improved pasture
production and quality, consequently, animal production. The objective of this study was to evaluate the
effects of different species and inoculation procedures with Azospirillum brasilense, Pseudomona
fluorescens and Rhizobium tropici previously identified as elite PGPB in other crops [22]; [23]; [10]; [12];
[24]; [25], on the nutrient uptake of shoots and roots and the shoot and root dry weight yields of Zuri Guinea

grasses.

2. MATERIALS AND METHODS

Growth conditions and experimental design

The experiments were conducted with forage species Megathyrsus (syn. Panicum) maximus cv. BRS
Zuri during spring and summer (November to March of 2017/2018) under greenhouse conditions (average
temperature of 22°C and photoperiod of 14/10 h, day/night) in 8-L plastic pots, at Sdo Paulo State
University (UNESP) in Aracatuba County, Sao Paulo State, Brazil (21°8' LS, 50°25' LW, 415 m.

The pots were filled with ultisol [26] collected at a depth of 0-0.2 m with the following chemical

International Educative Research Foundation and Publisher © 2020 pg. 104


http://www.ijier.net/

International Journal for Innovation Education and Research www.ijier.net Vol:-8 No-04, 2020

attributes: 23 mg dm™ P (resin); 26 g dm™ O.M.; 5.2 pH (CaCl,); K = 2.9 mmol. dm™; Ca = 25 mmol, dm™
3; Mg = 17 mmol, dm?>; H + Al = 28 mmol. dm™; base sum (SB) = 44.9 mmol. dm™; cation exchange
capacity (CEC) = 72.9 mmol. dm™; base saturation (V) = 62% according to [27]. Using an NFb (N-free
broth) culture medium in a semi-solid form we estimated the total population of diazotrophic
microorganisms in the soil to be 9.5x10* bacteria g! of soil by the technique of the largest probable number,
according to [28]; [29].

The experimental design was a randomized complete block design with five replicates with repeated
measures over time (three growth cycles). The main plots consisted of different treatments. The treatments
were determined based on the inoculation of plant growth promoting bacterial (PGPB) strains, including
(1) Azospirillum brasilense strains Ab-V5 (=CNPSo 2083) and Ab-V6 (=CNPSo 2084), (2) Pseudomonas
fluorescens CCTB 03 (=CNPSo 2719) and (3) co-inoculation with Rhizobium tropici CIAT 899 (=CNPSo
103, =SEMIA 4077), and Azospirillum brasilense Ab-V6, each with or without the application of N. All
strains result from selection programs performed in Brazil and are used in commercial inoculants. A.
brasilense Ab-V5 and Ab-V6 are used as inoculant for maize (Zea mays L.) [10], wheat (Triticum aestivum
L.) [10], Brachiaria (Urochloa spp.) [24] and co-inoculation of soybean (Glycine max) [12] and common
bean (Phaseolus vulgaris L.) [12]; P. fluorescens is used in maize [25], R. tropici in common bean [12]. In
addition to the three treatments, we evaluated the effect of re-inoculation after each round of cutting, as
well as two control treatments, one without inoculation and with the application of N (positive control) and
one without N fertilization and without inoculation (negative control), totaling eleven treatments. All strains
used are deposited in the “Diazotrophic and Plant Growth Promoting Bacteria Culture Collection of
Embrapa Soja” (WFCC Collection # 1213, WDCM Collection # 1054). The inoculants were produced at
the Laboratory of Soil Biotechnology of Embrapa Soja (Londrina, Parana State, Brazil). at sowing. A4.
brasilense was prepared in DYGS medium [30], P. fluorescens in TSB medium [29], while R. tropici
inoculum was produced in YM medium [29]. At sowing, the concentration of each bacterial inoculant was
adjusted to 2 x 10® cells per mL. The soil from each pot following nutrient addition consisted of the
following: Ca(H2POs4)2, 200 mg dm™ P; K»SO4, 150 mg dm™ K and 61.53 mg dm™ S; H3BOs3, 0.5 mg dm’
3 B; CuSO04 1.0 mg dm™ Cu; HoM0Os4, 0.1 mg dm™ Mo; MnSO4, 5 mg dm™> Mn; ZnSOs, 2.0 mg dm™ Zn.
After four days, the Zuri Guinea grass was sowed.

Fifteen mL of each inoculant (2 x 10° UFC mL) were used for each kg of seed before, resulting in the
supply of 3 x 10° CFU kg'! of seed, as recommended for brachiarias [24]. Considering that 1 g of seeds
corresponds to approximately 660 seeds, the concentration of bacteria was of about 4.5 x 10° cells seed™'.
Seeds were soaked with the inoculants for 1 h, then dried for approximately 30 min in a cool and sun-
sheltered location, after which they were seeded at 15 seeds per pot (experimental units). This is the usual
inoculation procedure adopted by the farmers for all crops and pastures. According to the Brazilian
legislation, experiments aiming at identifying elite microbial strains must include two non-inoculated
controls, with and without chemical fertilizers. Therefore, these two controls were included, in our case
with and without N-fertilizers [10]; [12]; [24].

The plants were thinned when they presented three fully expanded leaves, with five uniform plants
maintained per pot. Only one inoculant treatments strains were reinoculated by spraying a known volume

(300 mL) after the first and second cuts, at which time the leaves began to develop again. The same
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concentration of 3 x 10° CFU plant! was diluted to complete 300 mL with distilled water for spraying, that
was performed directly onto the plant leaves. Re-inoculation was applied by foliar application because
when the pasture grows, it covers completely the soil, and the only way of reintroducing the strains is by
foliar spray. N-fertilization occurred only one via a solution from a graduated pipette four days before the
forage was sown, for a total of 100 mg dm™ of N (NH4NO3).

Plant harvest and measurements of productive and nutritional parameters

Two weeks after the emergence of Zuri Guinea grass, thinning was performed to keep five uniform
plants per pot. Deionized water was used for irrigation. Evaluations were performed when the plants
reached an average height of 0.6 m (four-week intervals), when shoots were harvested down to 0.1 m above
the surface of the ground. Three growth cycles with four-week intervals were evaluated. After each harvest,
the shoots were identified, weighed and oven dried at approximately 65°C until they reached a constant
mass. Shoots were subsequently weighed on a precision balance to quantify the shoot dry weight yield
(SDWY). After drying, the samples were ground to pass a I mm screen in a Wiley type mill and the foliar
nutrient concentrations (N, P, K, Ca, Mg, S, B, Fe, Mn and Zn) were determined according to [31].

One day before each cutting took place, plant height readings were taken with a millimeter ruler.
Relative chlorophyll indexes (RCI) were taken using a digital chlorophyllometer (Clorofilog). Plant height
and RCI readings were carried out on two blades of newly expanded leaves from the five plants in each
pot. The number of tillers per pot was also counted. The collected plant material was first separated into
tillers and main plants, and later the tiller mass per pot was determined. The material was then collected,
and a second separation was performed on the grass leaves and stems to determine the mass of each
component.

The roots were collected at the end of the experiment and washed in running water using 2 mm mesh
sieves until all soil was removed. To determine the root dry weight yield (RDWY) the samples were
properly identified, bagged, and the material was dried as described above. After drying in forced
ventilation at approximately 65°C to a constant mass, all root material collected was weighed on a precision
balance to quantify the RDWY. The samples were ground to pass a 1 mm screen in a Wiley-type mill to
determine the nutrient concentrations (N, P and K) in the roots according to [31].

Statistical analysis

For each response variable, the following linear mixed model was fitted to the data:
y=Xb+Zu+e

where y is the 7 x 1 vector of records for the response variable, b is the p x 1 vector of unobserved fixed
effects, X is a r x p design matrix relating observations in y to fixed effects in b, u is the n x 1 vector of
unobserved random effects, Z is a » x n incidence matrix relating observations in y to random effects in u,
and e is the 7 x 1 vector of random residual effects. Fixed effects included the overall mean (i.e., intercept),
cutting order, treatment and block. Random effects accounted for repeated measurements taken from the

same plot, and were assumed u ~ MVN(0, Is?,) where s, is the variance component attributed to the plots.
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Residual effects were assumed e ~ MVN(O0, Is?.) where s% is the residual variance. The model was fitted
with the Agim v2.2-0 package [32] in R v.3.5.3 [33]. All treatments were contrasted with the negative control,
and significant differences were evaluated with a Wald t-test considering a = 0.05. The results were
summarized using marginal means (i.e., average within a level of a factor corrected for all remaining effects
in the model, analogous to least squares means in fixed effects regression), which were computed from the
linear combination Lb, where L is a matrix containing contrasts between levels of a tested factor (e.g.,
treatment) and average values for levels of other factors (e.g., cutting and block). Standard errors for
marginal means were computed as the square root of the diagonal elements of L(XTV'X) LT for V = Is%,
+ Is%.

The data of shoot accumulation, roots dry weight, N root uptake, P root uptake and K root uptake
were assessed using analysis of variance (ANOVA) with the F test (p <0.05) and compared using the Scott-
Knott test with a 5% probability.

3. RESULTS

It is worth mentioning that all inoculated treatments receiving the same amount of N-fertilizer than the
positive control, as rhizospheric diazotrophic bacteria cannot supply all plant’s N demands, while the

negative control is represented by non-inoculated non-fertilized plants.

Shoot and roots dry weight yields

In the analysis of variance for shoot dry weight yields (SDWY), and the SDWY accumulation, root
dry weight yields (RDWY), relative chlorophyll index (RCI), tillers units and tillers dry mass was highly
significant, indicating higher yields in the treatments receiving N-fertilizer (p <0.05) (Figure 1 and Table
1). The values of SDWY ranged from 23.2 to 46.3 g pot-1, RDWY from 6.6 to 9.6 g pot-1, for the RCI of
the Zuri Guinea grass, values ranged from 17.6 to 22.9, tillers units from 8.0 to 14.1 and tillers dry mass
from 3.0 to 10.4 g pot-1. None of the inoculated treatments differed statistically from the positive control
receiving N-fertilizer, and three of them had decreased SDWY (Table 1).
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Figure 1. Relative chlorophyll index (a), shoot dry weight yield (g pot™!) (b), tiller dry mass (g pot™) (c),
number of tillers (units) (d) in Zuri Guinea grass inoculated with strains Azospirillum brasilense,
Pseudomonas fluorescens and Rhizobium tropici. T1= Negative control (without N and inoculation), T2=
Positive control (with N and without inoculation), T3= A4. brasilense Ab-V5+Ab-V6 — N, T4= A. brasilense
Ab-V5+Ab-V6 + N, T5= A. brasilense Ab-V5+Ab-V6 + N + re-inoculation, T6= P. fluorescens CCTB 03
— N, T7= P, fluorescens CCTB 03 + N, T8= P, fluorescens CCTB 03 + N + re-inoculation, T9= R. tropici
CIAT899 + A. brasilense Ab-V6 — N, T10= R. tropici CIAT899 + A. brasilense Ab-V6 + N and T11=R.
tropici CIAT899 + A. brasilense Ab-V6 + N + re-inoculation. Per-treatment marginal means estimated
from mixed models for all response variables investigated in the present study. Error bars represent the
standard errors of the means. All marginal means followed by asterisks (¥) differed significantly (p <0.05)

from the negative control (treatment 1).

Table 1 Shoot dry weight yield (SDWY) accumulation (g pot™!) and root dry weight yield (RDWY) (g pot
1) in Zuri Guinea grass inoculated with strains Azospirillum brasilense, Pseudomonas fluorescens and

Rhizobium tropici.

Treatments SDWY accumulation RDWY
(g pot™) (g pot™)
Negative control (without N and inoculation) 23.24b 7.03c
Positive control (with N and without inoculation) 4550 a 9.55a
A. brasilense Ab-V5+Ab-V6 - N 23.68b 6.77 c
A. brasilense Ab-V5+Ab-V6 + N 45.62 a 9.18 a
A. brasilense Ab-V5+Ab-V6 + N + re-inoculation 45.50a 8.37a
P. fluorescens CCTB 03 - N 24.10b 7.23c
P. fluorescens CCTB 03 + N 45.90 a 7.90b
P. fluorescens CCTB 03 + N + re-inoculation 45.06 a 9.11a
R. tropici CIAT899 + A. brasilense Ab-V6 - N 24.20b 6.64 c
R. tropici CIAT899 + A. brasilense Ab-V6 + N 46.26 a 7.99b
R. tropici CIAT899 + A. brasilense Ab-V6 + N + re-inoculation 45.40 a 9.47 a
P value <0.01 <0.01

Means followed by lowercase letters differ for treatments as determined by the Scott-Knott test (P <0.05).
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Statistically significance differences in the -ammonium, nitrate, P, K, S, Ca and Mg accumulations in

the shoots of Zuri Guinea grass were observed in the experiment (Figure 2).
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Figure 2. Uptake N (mg pot™') (a), uptake NH4" (mg pot™) (b), uptake NO3™ (mg pot™!) (c), uptake P (mg
pot™!) (d), uptake K (mg pot™!) (e), uptake S (mg pot™) (f), uptake Ca (mg pot™) (g), uptake Mg (mg pot™)
(h) in Zuri Guinea grass inoculated with strains Azospirillum brasilense, Pseudomonas fluorescens and
Rhizobium tropici. T1= Negative control (without N and inoculation), T2= Positive control (with N and
without inoculation), T3= A. brasilense Ab-V5+Ab-V6 — N, T4= A. brasilense Ab-V5+Ab-V6 + N, T5= A.
brasilense Ab-V5+Ab-V6 + N +re-inoculation, T6= P, fluorescens CCTB 03 — N, T7= P. fluorescens CCTB
03 + N, T8= P. fluorescens CCTB 03 + N + re-inoculation, T9= R. tropici CIAT899 + A. brasilense Ab-V6
— N, T10= R. tropici CIAT899 + A. brasilense Ab-V6 + N and T11= R. tropici CIAT899 + A. brasilense
Ab-V6 + N + re-inoculation. Per-treatment marginal means estimated from mixed models for all response
variables investigated in the present study. Error bars represent the standard errors of the means. All
marginal means followed by asterisks (*) differed significantly (p < 0.05) from the negative control

(treatment 1).

Plants inoculated with A. brasilense Ab-V5 + Ab-V6 and P. fluorescens CCTB 03 at sowing and then
reinoculated after the first and second cuttings had the best performance in terms of N accumulation, with
418 and 416 mg pot! of N, respectively. Additionally, plants that were inoculated with A. brasilense Ab-
V5 + Ab-V6 together with N fertilization accumulated 2.72 mg pot™ of NH4*, and for both variables, N
fertilization together with inoculation was statistically higher than the the positive control (2.44 mg pot™).
Although not significantly different from the negative control treatment, the plants inoculated with 4.
brasilense Ab-V5 + Ab-V6, P. fluorescens CCTB 03 or R. tropici CIAT 899 + A. brasilense Ab-V6 had
17.2%, 9.7% and 13.9% increased N accumulation, respectively (Figure 2).

In relation to the NOs™ accumulations, plants fertilized with N and inoculated with A. brasilense Ab-
V5 + Ab-V6 at sowing and re-inoculated after the first and second cuttings presented the highest value, of
5.06 mg pot™!, however, not differing statistically from the positive control. The unfertilized treatments
were statistically lower than the other treatments

The accumulations of P, K, S, Ca and Mg in the shoots of the Zuri Guinea grass in all inoculated

treatments receiving N-fertilizer, as well as in the positive control were statistically higher to those not
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fertilized and similar to each other (Figure 2).

For the K accumulations in the shoots again the control without N-fertilizer was statistically lower.
The positive control and plants inoculated with 4. brasilense with N presented the highest accumulation of
K (p<0.05), with 480 and 490 mg pot™!, respectively (Figure 2).

The accumulation of Ca was higher in the treatment re-inoculated with strains of P. fluorescens CCTB
03 after the first and second cuttings, of 70 mg pot’!. However, plants that were inoculated with 4.
brasilense or R. tropici CIAT 899 + A. brasilense Ab-V6 had a 12.5% increase in Ca accumulation relative
to the positive control.

For the Mg accumulation it should be noted that the treatment without N fertilization were lower than
the other treatments. The treatments in which the plants were inoculated with P. fluorescens showed the
highest accumulation of Mg at 80 mg pot™!, which was a 4.8% increase in accumulation relative to the
positive control.

For the accumulation of B the plants fertilized with N were statistically higher to those not fertilized
and similar to each other, and there were no significant differences between the unfertilized treatments
(Figure 3). The treatments in which the plants were inoculated with R. tropici CIAT 899 and A. brasilense
Ab-V6 N showed the highest accumulation of B, with 220 mg pot!, which was a 6.3% increase in

accumulation relative to the positive control.
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Figure 3. Uptake B (mg pot™) (a), uptake Zn (mg pot™) (b), uptake Mn (mg pot™) (c), uptake Cu (mg pot’
1 (d), uptake Fe (mg pot') (e) in Zuri Guinea grass inoculated with strains Azospirillum brasilense,
Pseudomonas fluorescens and Rhizobium tropici. T1= Negative control (without N and inoculation), T2=
Positive control (with N and without inoculation), T3= A4. brasilense Ab-V5+Ab-V6 — N, T4= A. brasilense
Ab-V5+Ab-V6 + N, T5= A. brasilense Ab-V5+Ab-V6 + N + re-inoculation, T6= P. fluorescens CCTB 03
— N, T7= P, fluorescens CCTB 03 + N, T8= P, fluorescens CCTB 03 + N + re-inoculation, T9= R. tropici
CIAT899 + A. brasilense Ab-V6 — N, T10= R. tropici CIAT899 + A. brasilense Ab-V6 + N and T11=R.
tropici CIAT899 + A. brasilense Ab-V6 + N + re-inoculation. Per-treatment marginal means estimated
from mixed models for all response variables investigated in the present study. Error bars represent the
standard errors of the means. All marginal means followed by asterisks (¥) differed significantly (p <0.05)
from the negative control (treatment 1).

For the accumulation of Zn the plants inoculated with P fluorescens presented the highest
accumulation of Zn, 0.35 mg pot™!, representing a statistically significant increase of 13.7% relative to the
positive control. The Cu accumulation of the plants inoculated with A. brasilense Ab-V5 + Ab-V6 standed
out at 0.12 mg pot!, representing an increase of 40.0%, although not statistically different, compared to the
N-fertilized control treatment (Figure 3d).

The Mn accumulation in the plants inoculated with PGPB were statistically higher than the others,
including the positive control. The Mn accumulation in the plants inoculated with 4. brasilense Ab-V5 +
Ab-V6, P. fluorescens CCTB 03 or R. tropici CIAT 899 + A. brasilense Ab-V6 was of 2.7, 2.8 and 2.6 mg
pot’!, respectively, representing increases of 17.5%, 23.5% and 19.5%, respectively, relative to the positive
control (Figure 3c¢).

For the Fe uptake the plants inoculated with P. fluorescens presented the highest accumulation of

Fe,1.6 mg pot!, which was statistically higher and represented an increase of 14.3% relative to the positive
control (Figure 3e).
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Nutrient accumulation in roots

The P and K uptake (or accumulation), but N in roots were significantly affected by the treatments as
(Table 2). Although not statistically different, R. tropici CIAT 899 + A. brasilense Ab-V6 accumulated 147
mg pot! of N, an increase of 34.9% relative to the positive control; the same was verified for the P content
(22 versus 14 mg pot?). As for the K in roots, the inoculation with 4. brasilense Ab-V5 + Ab-V6

accumulated 40.4% more K than the positive control.

Table 2. Uptake N root (mg pot™'), uptake P root (mg pot™') and uptake K root (mg pot™') in Zuri Guinea

grass inoculated with strains Azospirillum brasilense, Pseudomonas fluorescens and Rhizobium tropici.

Treatments N root P root K root
(mg pot) (mg pot?) (mg pot)
Negative control (without N and inoculation) 109.00 18.00 b 70.00 a
Positive control (with N and without inoculation) 109.00 14.00 b 47.00 b
A. brasilense Ab-V5+Ab-V6 - N 121.00 21.00a 66.00 a
A. brasilense Ab-V5+Ab-V6 + N 113.00 15.00 b 47.00 b
A. brasilense Ab-V5+Ab-V6 + N + re-inoculation 114.00 17.00 b 54.00 b
P. fluorescens CCTB 03 - N 114.00 20.00 a 61.00a
P. fluorescens CCTB 03 + N 128.00 15.00 b 64.00 a
P. fluorescens CCTB 03 + N + re-inoculation 138.00 15.00 b 51.00b
R. tropici CIAT899 + A. brasilense Ab-V6 - N 118.00 21.00a 56.00 b
R. tropici CIAT899 + A. brasilense Ab-V6 + N 123.00 16.00 b 48.00 b
R. tropici CIAT899 + A. brasilense Ab-V6 + N + re-inoculation 147.00 22.00 a 49.00 b
P value 0.152 0.036 0.004

Means followed by lowercase letters differ for treatments as determined by the Scott-Knott test (P <0.05)

The Supplementary Material shows the soil means chemical properties at the beginning and end of the
experiment. The data show that there was a decrease in the chemical properties of the organic matter soil,
K, Mg, H + Al, S, cation exchange capacity, base saturation, B, Cu, Fe, Mn and Zn (Table 3 and Table 4).

4. DISCUSSION

For most of the evaluated parameters, the treatments in which the plants were inoculated exclusively
with plant growth-promoting bacteria (PGPB) had a lower performance than those that received a
combination of PGPB + N fertilizer Therefore, and as expected for PGPB with grasses, the results showed
that the bacteria alone cannot replace N fertilizers, but that they do promote greater uptake and utilization
of the available N in the soil [34], resulting in a synergistic effect between PGPB inoculation and N
fertilization [35].

In general, there was no significant difference between inoculation with bacteria and control positive
treatments for most of the variables analyzed, what can be attributed to soil chemical conditions that were

decreased at the end of the experiment (Table 3). However, PGPB promoted increases in yields when
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compared to the non-inoculated control without N-fertilizer, since we observed positive effects of PGPB
inoculation on SDWY, tillers dry mass and RCI of Zuri grass.

For many PGPB, one main benefit results from the synthesis of phytohormones such as auxins as
indoleacetic acid (IAA) and giberellins. IAA has an important effect on root growth, resulting in increases
in the absorption of water and also of nutrients, ensuring the efficient use of these resources [10]. Auxins
and gibberellins act on the growth and elongation of stalks, leaves and roots, and induce changes in the
expansion, division and cellular stretching of the meristematic regions, where plant growth occurs [36];
[37]. In this study, some of the strains have been reported as able to synthesize phytohormones. The
inoculant strains A. brasilense strains Ab-V5 and Ab-V6 are well known by the synthesis of IAA [22], and
the same for R. tropici CIAT 899 [38].

Increases in leaf and stem production of forage plants results in higher SDWYs and, consequently,
higher amounts of carbon (C) are hijacked to increase the productivity and for storage in the soil via the
roots. Well-managed forage plants with high biomass production can sequester a considerable amount of
C [39]. Reported by [24] the sequestration of 9.27 Mt e-CO» in pasture areas inoculated with 4. brasilense
strains Ab-V5 and Ab-V6 and destined for forage biomass yields.

The main reported mechanisms of action of the genus Pseudomonas improving plant growth are the
solubilization of phosphate, and the promotion of phytohormones (including IAA) [40]. In the case of P,
fluorescens CCTB 03, we have identified that the strain possesses the capacity of synthesis of IAA and of
P solubilization in vitro (unpublished data). By evaluating the effects of inoculation with P. fluorescens on
Pennisetum clandestinum during the winter, [41] verified higher dry and green mass productions by the
plant compared to plants receiving only N fertilization and emphasized that such increases were the result
of the release of phytohormones.

The co-inoculation of Azospirillum Ab-V6 and R. tropici CIAT 899 has been successfully used in Brazil
for the common bean crop [12], and also promoted growth of maize, and a main driven effect could be the
induction of plant systemic resistance to tolerance of abiotic stresses [23]. The approach of co-inoculation
consists on the combination of microorganisms that can contribute with different biological processes,
resulting in a synergistic effect, tending to surpass the productive results obtained when these organisms
are used in an isolated form [42]; [43]. In Gramineae, strains of Azospirillum (Ab-V5 and Ab-V6) contribute
as plant growth promoters [12] mainly by the synthesis of (IAA) [37]; [44]; [22], while Rhizobium could
also participate phytohormone in non-legumes [45]; [46]; [38]. For example, [47] found that the inoculation
of Azospirillum spp. in natural pastures had a beneficial potential, especially in regions with hydric deficits
and low soil fertility, due to the larger root biomasses that increases the soil exploration capacity [48].

The results obtained in this study agree with those obtained by [49], in which, when evaluating the
production of Coastcross-1 grass inoculated with Azospirillum Ab-V5 and Ab-V6 and fertilized with 100
kg N ha'! observed increased shoot production in comparison to non-inoculated plants. [24] also observed
beneficial effects of PGPB on biomass yield when evaluating 26 cuts of Brachiaria (Urochloa) spp., with
mean increase of 5.4% with the application of 40 kg N ha™!, and of 22.1% when combining the same dose
of N with inoculation with 4. brasilense Ab-V5 and Ab-V6. In general, rhizobia are broadly used in
microbial inoculants for legumes, but not for grasses. However, there are rhizobial strains that can also be

effective PGPB for grasses. [23] evaluated the effects of co-inoculation of R. tropici and Ab-V6 in maize,
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and reported increases in in plant growth relative to the control treatments without inoculation; in addition,
an important effect on the increase in salinity tolerance was observed. In addition, the combination of A.
brasilense and R. tropici in this study resulted in a further 2% SDWY over the positive control. The
treatments in which plants were inoculated with PGPB and fertilized with N had higher RCI values relative
to the unfertilized plants. According to [50], the photosynthetic capacity is optimized with a higher
availability of N, as this nutrient is the main constituent of the chlorophyll molecule. Thus, the RCI can be
used to predict the nutritional status of N in plants by reading the amount of green pigments in the forage
leaves, and RCI values over 20 can be considered a good nutritional status of grass. [51], using a chlorophyll
apparatus for RCI readings in Brachiaria brizantha cv. Marandu inoculated with 4. brasilense (Ab-V5 and
Ab-V6) obtained similar results than in this study, with an average value for the P. fluorescens CCTB 03
inoculated treatment group of 22.5 RCI.

It is worth mentioning that the inoculated treatments fertilized with N tended to have no significant
effect after the first cut, demonstrating that the effects of bacteria and N fertilization were more pronounced
at the plant establishment stage. There were also effects of grass exposure during periods of low light
intensity in the rainy summer. All these factors could be related to the addition of N-fertilizer only at the
beginning of the experiment.

Re-inoculation of PGPB in permanent pastures is a difficult task. The effects of re-inoculation are not
well defined yet, as well as the method of re-introducing the strains, as PGPB are rhizospheric bacteria,
and the soil is covered by the grass, such that foliar application would represent practically the only viable
strategy. In this study, re-inoculation did not result in improve SDWY and RDWY. These results agree with
[49], who concluded that the re-inoculation of A. brasilense in Coastcross-1 grass after the first year of
cultivation was not necessary. [52] also concluded that the re-inoculation of Mavuno grass with PGPB did
not present significant results for shoot and roots yields. In general, nutrient accumulation in the shoots and
roots of Zuri Guinea grass was positively affected by inoculation with PGPB. The nutrients with the greatest
accumulation were N and K, important nutrients for forages [53]; [54]. The increases in nitrogen
accumulation, as well as N, nitrate and ammonium compounds, benefited mainly by the inoculation with
the Azospirillum and Pseudomonas, might be attributed mainly to the synthesis of phytohormones,
improving root biomass and, in the case of Azospirillum, and also by a contribution of biological nitrogen
fixation [20]; [55]. In addition, Azospirillum may influence the activity of glutamine synthetase in grass
roots, impacting plant N nutrition and growth [56]; [57]. The present study demonstrated (in absolute values)
a greater nitrate accumulation relative to ammonium. These are important values because the use of
absorbed N can vary according to the proportion of NO3/NH4". To be used, nitrate needs to be reduced in
an energy-dependent process that is mediated by nitrate reductase and nitrite reductase enzymes, whereas
ammonium does not require this step to be assimilated [37]. Despite this high energy demand for nitrate
utilization, plant growth is better when supplied with nitrate compared to ammonium [58].

Although the differences were not significant relative to the other bacteria or to the positive control
treatment, inoculation with P. fluorescens had the highest P accumulation in the first cuttings, which was
higher than the other treatments. These data might be attributed to the reports that P. fluorescens may
increase the available P through the mineralization of organic phosphates from phosphatases or the

solubilization of inorganic phosphates and organic acids [59]. [60] reported that each strain of P. fluorescens
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secretes different amounts of organic acid, which directly influences phosphate solubilization and promotes
plant growth. As we mentioned before, P. fluorescens CCTB 03 has the capacity of phosphate solubilization
in vitro (unpublished data).

In general, the accumulation of micronutrients was positively affected when the plants were inoculated
with PGPB. The bacteria significantly increased the accumulation of Mn, Fe and Zn relative to the control
treatment with N. The higher accumulation of these nutrients might be attributed to increases in root
biomass, allowing higher uptake to these nutrients. Other reported microbial mechanisms could also be
involved, such as the synthesis of siderophores, but they have not been investigated yet in the strains used
in this study. For example, Pseudomonas can produce siderophores, that bind to Fe with a high affinity [61];
[62], allowing the utilization of this nutrient for its growth, and also conferring competitiveness advantage
in relation to other microorganisms [63]. Some plants can take advantage of the bacterial Fe-siderophore
complex, making it available to plant growth [64]. Zn is one of the most limiting micronutrients to forage
grass yields, participating in important processes as photosynthesis, synthesis of tryptophan, and processes
to maintain the integrity of bio membranes [65]. Increases in Zn content of inoculated plants P. fluorescens
CCTB 03 could also result from higher root biomass.

As expected PGPB were not able to replace N fertilization. However, when combined N-fertilizer, the
PGPB increased yield, the relative chlorophyll index, and the uptake of N, NH4*, Ca, Zn, Mn and Fe of
Zuri Guinea grass. This result indicates that PGPB can be a sustainable alternative for reducing the use of
N-fertilizers. There were no effects of re-inoculation with PGPB on the nutrition or yield of Zuri Guinea
grass, demonstrating that the determination of the method of application and periodicity of inoculation still

require investigation.
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APPENDIX
P - 0. Base
resin M. pH K Ca Mg H+Al  Sum
mg/d g/d CaC mmolc mmolc mmolc mmolc mmolc
Treatments m* m 12 /dm?* /dm* /dm® /dm?® @ /dm?
23.0 26. 5.20 2.90 25.0 17.0 28.0 44.9
First Soil Analysis 0
Negative control (without N and 29.2 19. 548 0.86a 23.8 18.2 200b 428
inoculation) 4 a
Positive control (with N and without 41.8 20. 544 0.64b 28.0 20.2 20.8b 48.8
inoculation) 4 a
A. brasilense Ab-V5+Ab-V6 - N 30.8 20. 548 092a 24.8 18.8 204b 445
0 a
A. brasilense Ab-V5+Ab-V6 + N 356 20. 536 0.72b 242 16.6 23.6a 41.5
2 b
A. brasilense Ab-V5+Ab-V6 + N + 358 21. 542 0.70b 24.6 17.4 21.2b 427
reinoculation 0 a
P. fluorescens CCTB 03 - N 382 22. 544 1.00a 24.8 18.2 212b 44.0
0 a
P, fluorescens CCTB 03 + N 344 21. 532 0.62b 24.0 16.2 21.6b 40.8
4 b
P fluorescens CCTB 03 + N + 422 20. 528 0.68b 26.0 16.2 23.4a 428
reinoculation 2 b
R. tropici CIAT899 + A. brasilense Ab- 33.8 19. 542 0.94a 24.6 18.0 204b 435
V6 -N 8 a
R. tropici CIAT899 + A. brasilense Ab- 43.6 20. 5.4a 0.68b 25.6 17.2 21.6b 434
V6 +N 4
R. tropici CIAT899 + A. brasilense Ab- 37.6 20. 542 0.60b 25.4 16.4 20.8b 424
V6 + N + reinoculation 2 a
0.6 0.00
P value 0.727 84 7 0.001 0.333 0.157 0.042 0.409

Table 3 - Soil chemical attributes at the start and last of the experiment.
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Means followed by lowercase letters differ for treatments as determined by the Scott-Knott test (P <0.05).

Table 4 - Soil chemical attributes at the start and last of the experiment.

Base
S CTC  Saturation B Cu Fe Mn Zn
mg/d mmolc/ mg/d mg/d mg/d mg/d mg/d
Treatments m*  dm? % m m m m m’
19.0 72.9 62.0 055 1.2 111. 99 35
First Soil Analysis 0
Negative control (without N and 9.8 62.8 68.0 a 024 1.0 60.0 3.6c 1.7b
inoculation) b
Positive control (with N and without 9.6  69.6 70.2 a 030 1.0 642 41c 23a
inoculation) a
A. brasilense Ab-V5+Ab-V6 - N 7.0 649 68.4a 025 1.0 60.0 38c 1.8b
b
A. brasilense Ab-V5+Ab-V6 + N 52  65.1 64.0b 028 1.1 632 4.0c 23a
a
A. brasilense Ab-V5+Ab-V6 + N + 54 639 66.8 a 026 1.1 694 49b 24a
reinoculation b
P, fluorescens CCTB 03 - N 9.8 652 67.6a 027 1.1 63.6 40c 20b
a
P. fluorescens CCTB 03 + N 52 624 65.0b 025 1.1 614 41c 22a
b
P fluorescens CCTB 03 + N + 54 66.2 64.0b 029 1.1 710 42c 25a
reinoculation a
R. tropici CIAT899 + A. brasilense Ab-V6 6.0  63.9 68.2a 027 1.1 632 40c 19b
-N a
R. tropici CIAT899 + A. brasilense Ab-V6 3.8  65.0 66.6 a 029 1.1 678 52a 24a
+N a
R. tropici CIAT899 + A. brasilense Ab-V6 6.6  63.2 66.8 a 028 1.0 754 63a 23a
+ N + reinoculation a
0.57 0.02 0.71 0.27 0.00 0.04
Pvalue 4 0.629 0.019 0 8 0 1 3

Means followed by lowercase letters differ for treatments as determined by the Scott-Knott test (P <0.05).
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