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Sugarcane holds the prominent position in global economy. Extensive research is needed to enhance the efficiency of phosphorous fertilizers which increase the cost of sugarcane production more specifically in the less fertile soils which are weathered and phosphorous deficit as tropical region soils. We are currently living in a transitional period called the “Green Micro-revolution,” in which the use of plant growth-promoting bacteria (PGPB) is justified and although bacteria such as Azospirillum brasilense, Bacillus, and Pseudomonas fluorescens in other crops are recognized for increasing production however, little is known about the effects of these microorganisms on sugarcane. The current study aimed to evaluate the effect of inoculation with three species of plant growth promoting bacteria (A. brasilense, Bacillus subtilis, and P. fluorescens) without or with combine application of reduced doses of phosphate fertilizer, in the P soil available, P leaf concentration, shoot yield and P accumulation in sugarcane (cane-plant) at the end of the cycle. The experiment was carried out with a sugarcane crop in a Hapludox Rhodic with low available P content, in a randomized block design with 8 × 5 factorial scheme, being eight inoculations and five P doses (0, 45, 90, 135, and 180 kg ha−1 P2O5) as triple superphosphate. The bacterial inoculations influenced the leaf P content, so that inoculation with B. subtilis + P. fluorescens provided the highest concentration of phosphorus in the sugarcane leaf. Both the layers of the soil were differently influenced by inoculation and P doses whereas inoculation with A. brasilense + P. fluorescens at 135 kg P2O5 ha−1 provided the highest soil P content in the soil layer of 0–0.25 m. Although, maximum stalk yield was obtained with inoculation of B. subtilis + P. fluorescens at the dose of 135 kg ha−1 P2O5. The inoculation of A. brasilense + B. subtilis with application of 45 kg P2O5 ha−1 improved dry matter, total P accumulation and stalk production by 38% in sugarcane variety (RB92579) and reduced P fertilization by 75% for the same variety grown in low-P soil.
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INTRODUCTION

Brazil has the title of world's largest producer of sugarcane, followed by India and China and accounts for 28% of ethanol and 16% of sugar consumed worldwide (RFA, 2019; USDA, 2019). This follow-up only drives the country's agribusiness forward, as the global demand for ethanol is growing every day and the soil and climatic conditions of the region are very favorable to the cultivation of this of cane crop, along with the availability of extensive agricultural areas (CONAB, 2019). In the last harvest of sugarcane (2018/2019) with cultivated of 8.5 million hectare, the country hit production of 633.3 million tons with an average yield of 72.2 t ha−1. The state of São Paulo was occupying 51% of the sugarcane cultivated area and is responsible for 53% of national production (CONAB, 2019).

One of the main limitations is the poor and inadequate fertile soils which fail to meet the nutritional and growth requirements and hence unable to achieve high production. Phosphorus (P) is the most critical element with high interaction with soil (Raij, 2011), required in a small quantity by sugarcane in comparison of N and K but still plays an essential role in the development of tillering and root system (Kingston, 2014) and greatly influence the longevity. Most of Brazilian soils (tropical and weathered) are highly deficient in phosphorus. Even though the soils are efficient with total P but still a tiny fraction of P is available to plants (Sampaio, 2011). The low availability of phosphorus is due to low P in the source material, clay adsorption and its precipitation with oxides and hydroxides of Fe and Al (Caione et al., 2015). Therefore, a huge quantity of P fertilizers is applied which significantly adds to the cost of production of cane crop. In addition, phosphate fertilizers are produced by phosphate rock and therefore, Morocco being responsible for 85% of the known active mining reserves (Campos et al., 2018) and it is estimated that it will be diminish among 200 to 300 years (Sattari et al., 2012). Around 10 to 30% of the phosphorus fertilizer applied in the first year is absorbed by roots of cane crop whereas an extensive amount accumulates in the soil as fixed P, not available to plants (Syers et al., 2008). It is necessary to find alternatives to reduce the use of phosphate fertilizers. Since every day looking to a more sustainable agriculture combined with increase in productivity and economically viable.

The use of plant growth promoting bacteria (PGPB) is a promising alternative with low environmental impact to increase the efficiency of use of mineral fertilizers, including phosphate, providing high cost-effective yields (Spolaor et al., 2016). The PGPB promote plant growth due to various mechanisms such as biosynthesis of phytohormones and secondary metabolites (Duca et al., 2014; Tahir et al., 2017), biological nitrogen fixation (Li et al., 2017), induction of resistance to biotic stresses (phytopathogen biocontrol) and abiotic stresses (drought and salinity) (Yan et al., 2016; Takishita et al., 2018) production of siderophores metal accumulator (Ali et al., 2014) and soil nutrient solubilization such as phosphorus and potassium (Gupta et al., 2015; Shen et al., 2016; Patel and Archana, 2017). Bacteria with combination of these mechanisms, promote and increase the productivity of several crops (Kumar et al., 2014; Smith et al., 2015; Galindo et al., 2016).

Some of these microorganisms are being studied together to enhance P utilization which is unavailable/immobilized in the soil. Hereby theses microbes try to make P available to the plants and reduce the application of P which certainly decrease the hazardous environmental impact caused by the application of these fertilizers. Phosphate solubilization or increased inorganic P availability by PGBP in vitro is observed by proton production, organic acid binders and phytate (organic P) mobilization probably due to phytase production mobilization phytate (organic P) probably by the production of phytase (Jorquera et al., 2008; Hinsinger et al., 2011) provided by these microorganisms.

Several field and greenhouse researches with phosphate fertilizer in sugar cane (Calheiros et al., 2012; Caione et al., 2015; Albuquerque et al., 2016; Borges et al., 2019) however, they did not work with inoculation of phosphate-solubilizing bacteria (alone or in combination). Plant growth-promoting bacteria (PGPB) are playing a key role in plant health and growth and can be promisingly applied in agricultural production to reduce the use of chemical fertilizers. This manuscript evaluated the effect of inoculation with three PGPB species and five P doses in sugarcane. Inoculation can play a fundamental role in cultivation, generating great benefits to the crop and saving fertilizers cost for the producers. The results revealed a combination of Azospirillum brasilense and Bacillus subtilis allied to the low dose of P2O5 was the best fertilizer management in the sugarcane, which is meaningful for production practice of sugarcane. Seeking for further study with PGPB and its ability to solubilize inorganic phosphate, this study aimed to assess the effect of inoculation with three species of plant growth-promoting or phosphate solubilizing bacteria associated with or without reduced phosphate fertilizer application on soil P content, leaf P concentration, stalk yield (kg ha−1), dry matter and P accumulation in sugarcane at the end of cycle.



MATERIALS AND METHODS


Location of the Experimental Area

The research was conducted in the field with sugar cane crop (crop year 2017/18) in Ilha Solteira in area belonging to one of sugar and ethanol industry, located at the northwest state of São Paulo—Brazil. Geographically, the area is located at the latitude 20° 21′ S, longitude 51° 04′ W and an altitude of 371 meters. The area was being cultivated with Urochloa brizantha for the last 10 years which was grazed and pasture degraded. The soil of the area is a Dystrophic Red Latosol with a medium to coarse texture, classified according to criteria established by Brazilian Society of Soil Science (Santos et al., 2018), and as a Rhodic Hapludox according to the Soil Survey Staff (2014), with a particle size of 777, 98, 125 and 747, 88, 165 g kg−1 of sand, silt and clay at depths of 0.25-0.50 m and from 0.00 to 0.25, respectively. The soil was chemically analyzed before experiment implantation according to the methodology proposed by van Raij et al. (2001) and described in Table 1.


Table 1. Pre-experiment soil chemical characterizations in the soil layers of 0.00–0.25 and 0.25–0.50 m.
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According to Koppen, the climate type of the region is classified as Aw which was defined as humid tropical with the rainy season in summer and dry in winter. Climatological data were recorded throughout the experimental period (Figure 1).
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FIGURE 1. Monthly averages of precipitation (mm), maximum, average, and minimum temperatures recorded during the period in which the experiment was conducted. Ilha Solteira, state of São Paulo, Brazil, 2017/2018.




Experimental Design and Treatments

The experimental design was a randomized block with three replicates, arranged in 8 × 5 factorial scheme, comprised of eight inoculations (1) Without inoculation—control (W.I.), (2) Inoculation with Azospirillum brasilense (Azo), (3) Inoculation with Bacillus subtilis (Bac), (4) Inoculation with Pseudomonas fluorescens (Pseud), (5) Inoculation with A. brasilense + B. subtilis (Azo + Bac), (6) Inoculation with A. brasilense + P. fluorescens (Azo + Pseud), (7) Inoculation with B. subtilis + P. fluorescens (Bac + Pseud), (8) Inoculation with A. brasilense + B. subtilis + P. fluorescens (Azo + Bac + Pseud), and five phosphorus doses at planting (0, 45, 90, 135, and 180 kg ha−1 P2O5) as a source of triple superphosphate, corresponding to 0, 25, 50, 75, and 100% of the recommended dose for sugarcane crop according to Raij and Cantarella (1997).



Establishment and Management of the Experiment

After pre-experiment soil chemical characterization and 15 days before planting, soil profile prepared with application of 1 t ha−1 of limestone (PRNT 85%) in order to obtain 60% saturation of bases and 1 t ha−1 of gypsum to increase the sulfur (S), as recommended by Raij and Cantarella (1997) for sugarcane crop. Three gradings and subsoiling were carried out, after which the soil was furrowed at 0.40 m depth and insecticide fipronil (180 g ha−1 of the active ingredient—ai) + fungicide pyraclostrobin (125 g ha−1 of ai) were applied in the planting furrow. The sugarcane variety RB92579 was grown on 11th July, 2017 by adapting manual planting system. One-meter long channel of cane was having around 22 buds, cut and placed within the planting furrows. The plots were 5 m long with five rows, spaced 1.5 m, whereas central three rows were used for data collection.

The following doses of liquid inoculants were used for bacterial inoculations: A. brasilense [strains Ab-V5 and Ab-V6 with guarantee of 2 × 108 colony forming units (CFU) ml−1] was applied at the dose of 1.0 L ha−1; B. subtilis (strain CCTB04, with guarantee of 1 × 108 CFU ml−1) and P. fluorescens (strain CCTB03, with guarantee of 2 × 108 CFU mL−1) were applied at the dose of 0.5 L ha−1, based on the manufacturer's recommendation. The spray volume was 200 L ha−1 (for three bacterial inoculations) applied by backpack sprayer pump spraying in the furrow of sugarcane plant. The spray was applied in the late afternoon to prolong the influence of bacterial inoculation with lower temperature.

The recommended doses of nitrogen and potassium was applied to all the treatment beyond the levels of phosphorus at the time of sowing. Nitrogen was applied at the rate of 30 kg N ha−1 from a source of ammonium nitrate and potassium was applied at the rate of 120 kg K2O ha−1 from the source of potassium chloride based on soil analysis and utilization of fertilizer by the plant. The experiment was irrigated with sprinkler irrigation system (30 mm slide) soon after 5 days of sugarcane sowing due to low precipitation period. The plots were applied with 5 kg Zn ha−1 from zinc sulfate at the time of tillering. This application was done due to the reasons that experimental soil was deficient with micronutrients and phosphate was used as main factor which in excess can lead to zinc deficiency due to antagonistic effect, in which phosphate react with Zn and make it less soluble for absorption by plants.

Throughout cane life cycle different chemicals were applied for the control weeds, pests, and diseases: pre-emergence (24 days after planting—DAP) the hexazinone herbicide (320 g ai ha−1) + 2.4 D (967 g ai ha−1) + tebuthiuron (1,000 g ai ha−1). At 110 DAP, in the lion breaking 2.4 D (967 g ai ha−1) + Amicarbazone (840 g ai ha−1) + S-metolachlor (2,400 g ai ha−1) were applied. At 101 and 199 DAP, insecticides chlorantraniliprole (10 g ai ha−1) + lambda-cyhalothrin (5 g ai ha−1) were applied. Biological control of the sugarcane borer (Diatraea saccharalis) was used through the release of Trichogramma galloi (at 142, 148, 213, and 220 DAP, respectively) and Cotesia flavipes (at 192 DAP).

In order to induce the sugarcane to accumulate sucrose, application of maturing agent, trinexapaque-ethyl (275 g ai ha−1) was performed at 301 DAP. The crop was manually harvested after 349 days of planting on 25th June, 2018.



Assessments

To determine the leaf P concentration (Malavolta et al., 1997), at the stage of higher vegetative development of the crop, at 195 DAP, were collected in the morning, the middle third 15 flag leaves (leaf diagnose- highest with visible leaf collar) per share, excluding the central rib, as recommended by Raij and Cantarella (1997).

Five representative plants from each plot were harvested 349 DAP. Its parts were properly separated into stalks s and leaves, dried in air forced desiccator at 65°C until obtaining a constant weight. Each sample was then quantified for dry mass of stalks, leaves, and total dry mass (entire plant), which were converted into kg ha−1.

Then, the same samples were crushed and grinded separately and subjected to analysis for the determination of P concentration, according to the methodology proposed by Malavolta et al. (1997). For subsequent calculation of this macronutrient accumulation in leaves, stalks s and total (entire plant) at the end of the cycle, in kg ha−1.

At the time of harvest (349 DAP), the stalks collected from all the treatment of five lines were weighed for the calculation of sugarcane yield (kg ha−1).

The soil available P content for each treatment in two layers (0–0.25 and 0.25–0.50 m) of the soil was determined after harvesting of sugarcane. The soil was collected from four different planting locations and forming a composite sample, which was subsequently sent to the laboratory for analysis according to the methodology described by van Raij et al. (2001).



Statistical Analysis

The results were submitted to analysis of variance (F test) and Scott-Knott test with probability (p ≤ 0.05) for means comparison of inoculation treatments. Regression equations were adjusted for the effect of P2O5 doses. The collected data were subjected to SISVAR statistical software for analysis interpretation and Sigma-Plot 12.5 software for plotting the graphics.




RESULTS


Phosphorus Content in Soil and Cane Leaf

The overall average available soil P concentrations were 8.11 and 3.70 mg dm−3 in the layers of 0–0.25 and 0.25–0.50 m, respectively (Table 2) which were obviously higher than that of P content obtained in pre-experiment analysis (Table 1). There were significant interactions between phosphorus doses and inoculations with PGPB for available P content in the two soil layers analyzed (Table 2). The highest P available contents in both soil layers were observed with inoculation of A. brasilense + P. fluorescens at a dose of 135 kg P2O5 ha−1 of in the layer of 0–0.25m and A. brasilense inoculation with 180 kg P2O5 ha−1 in the 0.25–0.50 m layer (Table 3).


Table 2. Available P contents in soil after cane harvest as influenced by inoculation of PGPB and P doses in sugarcane.
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Table 3. Interaction between bacterial inoculations and P2O5 doses for soil available P in the layers of 0-0.25 m and 0.25-0.50 m.
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In the 0–0.25 m soil layer, the highest P available contents were observed with lowest soil applied phosphate (45 kg P2O5 ha−1), which was statistically similar to that of the highest applied dose (180 kg P2O5 ha−1 of P2O5 dose commonly used by plant). However, in the 0–0.25 m soil layer, the combined inoculation of A. brasilense + B. subtilis resulted in highest available P contents with the lowest doses of phosphate applied fertilizer (45 and 90 kg ha−1 P2O5) (Figure 2A).


[image: Figure 2]
FIGURE 2. Interactions between bacterial inoculations and P2O5 doses for soil available P in the 0–0.25 m (A) and 0.25–0.50 m layers (B). (Mean values ± standard deviation). ** and ns: significant at 1% at p < 0.01 and not significant, respectively. W.I., without inoculation; Azo, Azospirillum brasilense; Bac, Bacillus subtilis; Pseud, Pseudomonas fluorescens; Azo + Bac, A. brasilense + B. subtilis; Azo + Pseud, A. brasilense + P. fluorescens; Bac + Pseud, B. subtilis + P. fluorescens; Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.


In case of interaction PGPB and phosphorus doses available P content in soil layer of 0–0.25 m, the graph trend indicated a linear increase for no-inoculation, A. brasilense, B. subtilis, B. subtilis + P. fluorescens, and A. brasilense + B. subtilis + P. fluorescens (Figure 2A). Quadratic regression for the treatments described that available P contents were improved with inoculation of A. brasilense + B. subtilis up to the dose of 91 kg P2O5 ha−1 and inoculation of A. brasilense + P. fluorescens up to the dose of 134 kg P2O5 ha−1. Similarly, the graph trend for 0.25–0.50 m soil layer indicated that there an increasing linear trend for no-inoculation, A. brasilense, B. subtilis, and P. fluorescens and quadratic adjustments for A. brasilense + P. fluorescens, and A. brasilense + B. subtilis + P. fluorescens up to the dose of 104 kg ha−1 P2O5 (Figure 2B). For leaf P concentration, there was a unique influence of inoculation on leaf P concentrations regardless of applied phosphorus doses. Inoculation with P. fluorescens and other bacteria in combination (except A. brasilense + P. fluorescens) resulted in higher cane leaf P concentration during nutrient analysis whereas the interaction between inoculations and phosphorus doses was non-significant (Table 4).


Table 4. Leaf P contents as influenced by different P2O5 doses and bacterial inoculations.
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Dry Matter Partitioning

Different phosphorus (P) doses and bacterial inoculations significantly influenced leaf, stalk and total plant dry matter. Stalk and total dry mass were significantly increased with inoculation of A. brasilense + P. fluorescens and soil applied P doses (90 and 135 kg P2O5 ha−1) which were statistically similar. Leaf dry mass was also increased with A. brasilense + P. fluorescens inoculation P application at the rate of 135 kg P2O5 ha−1 (Table 6).

The inoculation of A. brasilense + B. subtilis combined with the dose of 45 kg P2O5 ha−1 increased the stalk and total dry mass in sugarcane in comparison to other inoculations at the same P dose (Table 6). Inoculation of B. subtilis + P. fluorescens resulted in maximum dry mass for different parts of cane plant in the absence of phosphate fertilizer (Table 6). In general, the influence of P doses (45 and 90 kg ha−1 P2O5) along with inoculation of PGPB were observed more prominent in dry weight of the sugarcane (Table 6).

The interactions between different P doses and bacterial inoculations for leaf, stalk and total dry mass were also found significant (Table 5). The graph trend for leaf dry mass set increasing linear functions in A. brasilense and A. brasilense + P. fluorescens inoculations and a decreasing linear function in inoculations of A. brasilense + B. subtilis and B. subtilis + P. fluorescens whereas the quadratic adjustment in un-inoculated treatments up to the dose of 105 kg P2O5 ha−1 (Figure 3A). Similarly, the stalks dry mass set a decreasing linear function for B. subtilis, P. fluorescens and B. subtilis + P. fluorescens (Figure 3B). The stalks dry mass was set to quadratic functions for A. brasilense and A. brasilense + P. fluorescens up to 120 and 113 kg P2O5 ha−1, respectively, whereas for no-inoculation up to the dose of 115 kg P2O5 ha−1. Hence, by utilizing the above P doses, the estimated stalk dry mass yield could be 60,709, 87,406, and 60,811 kg ha−1 respectively. Furthermore, the graph trend of total dry mass also set decreasing functions for B. subtilis, P. fluorescens and B. subtilis + P. fluorescens (Figure 3C). The graph trend of quadratic functions was set for A. brasilense up to P dose of 128 kg P2O5 ha−1, A. brasilense + P. fluorescens up to the dose of 122 kg P2O5 ha−1 and no-inoculation up to a dose of 111 kg P2O5 ha−1.


Table 5. Leaf dry mass, stalk dry mass and total dry mass (entire plant) of sugarcane as influenced by different bacterial inoculations and P2O5 doses.
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Table 6. Interactions between different bacterial inoculations and P2O5 doses for leaf dry mass, stalk dry mass and total dry mass in sugarcane crop.
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FIGURE 3. Interactions between different bacterial inoculations and P2O5 doses for leaf dry mass (A), stalk dry mass (B), and total dry mass (C) at the end of the plant-cane cycle, RB92579 variety (Mean values ± standard deviation). ** and ns: significant at 1% at p < 0.01 and not significant, respectively. W.I., without inoculation; Azo, Azospirillum brasilense; Bac, Bacillus subtilis; Pseud, Pseudomonas fluorescens; Azo + Bac, A. brasilense + B. subtilis; Azo + Pseud, A. brasilense + P. fluorescens; Bac + Pseud, B. subtilis + P. fluorescens; Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.




Phosphorus Accumulation in Leaf, Stalk, and Entire Plant

The leaf phosphorus (P) accumulation was enhanced with inoculation of B. subtilis + P. fluorescens with soil applied phosphate at the doses of 0.0, 45, 90, and 135 kg P2O5 ha−1.The inoculation of P. fluorescens with at 45 P2O5 kg ha−1 whereas A. brasilense + B. subtilis + P. fluorescens in the absence of phosphate fertilizer improved leaf P accumulation (Table 8). The highest P accumulation in leaves of cane variety (RB92579) was observed at a dose of 180 kg P2O5 ha−1 with inoculation of P. fluorescens. The interaction of inoculation and P doses was also found significant for P accumulation in the cane leaves (Table 7). The graph trend set a linear increment for P leaf accumulation with inoculation of A. brasilense, B. subtilis, A. brasilense + B. subtilis, and A. brasilense + P. fluorescens (Figure 4A) whereas non-inoculated treatments set to a quadratic function up to a dose of 105 kg P2O5 ha−1.


Table 7. Phosphorus (P) accumulation in leaf, stalk, and total plant as influenced by different bacterial inoculations and P2O5 doses in sugarcane crop.
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Table 8. Interactions between bacterial inoculations and P2O5 doses for leaf P accumulation, stalk P accumulation and total P accumulation in sugarcane crop.
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FIGURE 4. Interactions between different bacterial inoculations and P2O5 doses for leaf P accumulation (A), stalk P accumulation (B) and total P accumulation (C), at the end cycle of the plant-cane, RB92579 variety (Mean values ± standard deviation). **, * and ns: significant at 1 and 5% at p < 0.01, 0.01 < p < 0.05, and not significant, respectively. W.I., without inoculation; Azo, Azospirillum brasilense; Bac, Bacillus subtilis; Pseud, Pseudomonas fluorescens; Azo + Bac, A. brasilense + B. subtilis; Azo + Pseud, A. brasilense + P. fluorescens; Bac + Pseud, B. subtilis + P. fluorescens; Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.


The accumulation of P in the stalks of the sugarcane was significantly influenced by the higher doses of soil applied P (135 and 180 kg P2O5 ha−1) (Table 8). However, it was improved with inoculation of A. brasilense + P. fluorescens at a dose of 90 kg P2O5 ha−1 and B. subtilis + P. fluorescens inoculation without phosphorus application. The highest accumulation of P in the stalks was recorded with A. brasilense + B. subtilis inoculation in combination with a dose of 45 kg P2O5 ha−1. The interaction of inoculation and P doses was also found significant for P accumulation in the cane stalks (Table 7). The graph trend indicated that P content in stalks was improved and set a linear function for no-inoculation, A. brasilense and B. subtilis whereas inoculation of B. subtilis + P. fluorescens was set to a decreasing linear function (Figure 4B). Quadratic functions were set by inoculation with Pseud up to the dose of 61 kg ha−1 P2O5 and inoculation with A. brasilense + P. fluorescens up to the dose of 102 kg ha−1 P2O5.

The total P accumulation in the entire plant was also positively influenced by bacterial inoculations and phosphate doses. The inoculation of B. subtilis + P. fluorescens at 0 kg P2O5 ha−1 increased P total in cane plant in comparison to other treatments for the same P dose whereas the highest P total accumulation was observed with inoculation of A. brasilense + B. subtilis treated with 45 kg P2O5 ha−1 (Table 8). Similarly, total P accumulation was prominently influenced by all the inoculations at 135 kg P2O5 ha−1 in comparison to non-inoculated plots whereas inoculation of A. brasilense and triple (A. brasilense + B. subtilis + P. fluorescens) were statistically similar to that of control. The interaction of inoculation and P doses was also found significant for P accumulation in the cane stalks (Table 7). The total P accumulation in the entire plant set an increasing linear function for A. brasilense and B. subtilis inoculations and decreasing linear function for B. subtilis + P. fluorescens (Figure 4C). A. brasilense + P. fluorescens and no-inoculation were set up to quadratic functions for the doses of 112 and 125 kg P2O5 ha−1, respectively.



Sugarcane Yield

The cane yield was positively influenced by inoculations and phosphorus (P) doses (Table 9). Among P doses, the highest stalk yield was observed at 135 kg P2O5 ha−1 with inoculation of B. subtilis + P. fluorescens whereas P applied at the dose of 45 kg P2O5 ha−1 with inoculation of A. brasilense + B. subtilis also resulted in high stalk yield (Table 10). The lower and higher applied doses did not significantly influence stalk yield. P applied at the rates of 45, 90 and 135 kg ha−1 P2O5 with triple inoculation (A. brasilense + B. subtilis + P. fluorescens) resulted in statistically similar yield to control (no-inoculation) (Table 10).


Table 9. Stalks yield of sugarcane as influenced by different bacterial inoculations and P2O5 doses.
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Table 10. Interactions between different bacterial inoculations and P2O5 doses for stalks yield in sugarcane crop.
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Interaction between P2O5 doses and inoculation with PGPB was observed for the yield of sugarcane stalks (Table 9). The treatments with no-inoculation, P. fluorescens and B. subtilis + P. fluorescens inoculations set to increasing linear functions (Figure 5). The inoculation of B. subtilis up to a dose of 97 kg P2O5 ha−1 was set to quadratic functions, therefore using this dose, the estimated maximum stalk yield would be 188,502 kg ha−1. The inoculation of A. brasilense + P. fluorescens to the dose of 110 kg P2O5 ha−1 estimated with maximum stalk yield of 202,126 kg ha−1.
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FIGURE 5. Interactions between different bacterial inoculations and P2O5 doses for stalks yield at the end of the plant-cane, RB92579 variety (Mean values ± standard deviation). **, * and ns: significant at 1 and 5% at p < 0.01, 0.01 < p < 0.05, and not significant, respectively. W.I., without inoculation; Azo, Azospirillum brasilense; Bac, Bacillus subtilis; Pseud, Pseudomonas fluorescens; Azo + Bac, A. brasilense + B. subtilis; Azo + Pseud, A. brasilense + P. fluorescens; Bac + Pseud, B. subtilis + P. fluorescens; Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.





DISCUSSION


Phosphorus Content in Soil and Cane Leaf

Agricultural soil holds huge phosphorus reserves but all this phosphorus is not readily available to the plants, especially in acidic and highly weathered soils. In case of application of fertilizer containing phosphate can bind to Fe and Al oxides forming insoluble compounds. Phosphate in alkaline soils can bind with Ca and Mg making it unavailable for the plants to accumulate due to the high reactivity (Santos et al., 2012). Thus, a tiny fraction of P is available to plants for absorption.

The P available content in the soil of experimental area was improved with P fertilization however, there were no much differences among the un-inoculated treatments undergo different P doses (0, 45, and 90 kg P2O5 ha−1) (Table 3). The inoculation of PGPB with different P doses reflected higher variation for available P content. It might indicate that these microorganisms through their mechanisms of solubilizing inorganic P and making it available for the use of plants (Granada et al., 2018).

The soil layer of 0–0.25 m was analyzed after the inoculation of B. subtilis + A. brasilense along with application of 45 kg P2O5 ha−1 resulted in 17 mg dm−3 P. therefore, it was observed that this inoculation improved available P soil content more than four times in comparison of un-inoculated treatments. Thus, in both of soil depths, it is possible to observe that this inoculation increased the available soil P contents more than 4 times in comparison to control treatments. Caione et al. (2015) analyzed a Dystrophic Red Latosol soil submitted to the application of 360 kg P2O5 ha−1 from superphosphate and cultivated with sugarcane for six months cycle. It was reported that the P available content increased to 57 mg dm−3 in 0–0.20 m layer of soil. The P content can be vary depending on the amount of clay and organic matter present in each soil. The phosphorus dynamics in the soil is complex, especially in tropical soils. The lower availability of this nutrient in the soil may be due to the low content of organic matter in the soil. It is also known that soils with low clay content tend to have low levels of organic matter, and consequently, the available phosphorus content is altered by these soil attributes. Which also interfere with the activity of the enzyme phosphatase and microorganisms involved in the solubilization of unavailable phosphate.

Granada et al. (2018) utilized efficient P solubilizing bacterial strains that resulted in an average reduction of 33% P fertilization during the crop cycle. There must be considered an interaction between plant and bacteria, especially the relevance of these microorganisms with studied genotype. Lira-Cadete et al. (2012) studied three sugarcane varieties (RB92579, RB867515, and RB863129) and observed that RB92579 indicated positive interaction with PGPB (high phosphate solubilization rate in the laboratory). Borges et al. (2019) reported that the P use efficiency and dry matter production of sugarcane may increase in weathered soils when organic and inorganic P sources combinedly applied to the soil to meet the demand for this nutrient.

Leaf is the key to the development of the plant. Phosphorous plays an important role in the synthesis of different compounds of cells, phosphate-sugar catalyzes, photosynthesis and respiration, as well as help in the synthesis of cell membrane components (phospholipids), nucleotides (ATP), DNA and RNA (Taiz et al., 2017). Leaf analysis is one of the most commonly used methods to evaluate the demand of nutrients in sugarcane crop and contribution in fertilizers management (Moura Filho et al., 2014). The leaf P concentrations of all treatments (Table 4) are within the range (1.5–3.0 g kg−1), considered appropriate P content for the crop growth according to Raij and Cantarella (1997). Caione et al. (2015) studied P doses from different sources including triple superphosphate and indicated that cane leaf P content after 4 and 8 months of sprouting was significantly influenced by P doses. Hence, regardless of P sources, the obtained leaf P contents (1.4 to 1.8 g kg−1) were slightly lower than present research. Lima (2011) investigated an average P concentration of 1.7 g kg−1 in leaf analysis of sugarcane (variety RB867515) after five-month cycle. Cane variety (SP92 4221) was evaluated after 4 months of plantation resulted in foliar P contents ranging between 0.4 and 0.8 g kg−1 (Nobile et al., 2010). These differences may occur due to the characteristic of each variety and sampling time of each study.

Nobile et al. (2010) conducted a study with medium texture dystrophic Red Latossol soil and indicated that increasing P content in the soil enhances the absorption capacity of the plant and high P content was accumulated in leaf. The results of the present study were not inline to that of the previous studies and indicated that the P content in soil (Table 2) didn't correlate with the P content in leaf (Table 4). The treatments with higher levels of P in soil were not correlated to those with the highest concentration of P in leaf. The bacterial inoculation had differently functioned in the soil phosphate solubilization and hence, inoculation (B. subtilis + P. fluorescens) with the highest P content in leaf had the lowest content of P in soil. Here is the fact that combinations of certain microbes are activated and enabled in result of metabolites and phytohormones production that help in expanding the sugarcane root system and allowing them to achieve greater volume of soil and reach the more distant P, as it is a poorly mobile nutrient (Granada et al., 2018). Solubilization of soil fixed P through microbes making it available for increased plants absorption and its greater expression in leaf concentration.

The plants under soluble phosphate limiting conditions are when inoculated P. fluorescens fluorescens strains producing high amounts of gluconic acid and improving growth capacity due to uptake of solubilized P (Oteino et al., 2015). The primary mechanism for mineral P solubilization is the production of organic acids and acid phosphatases (Illmer and Schinner, 1995). Gluconic acid appears to be the most frequent acid in inorganic phosphate solubilization (Rodriguez et al., 2006). According to some authors, the inoculation with Bacillus sp. (Vardharajula et al., 2011) or A. brasilense (García et al., 2017) improved proline content in plants and make them more resistant to drought stress. The Arabidopsis plants when inoculated with A. brasilense resulted in the production of high level of abscisic acid. This abscisic acid positively influenced Arabidopsis growth by modulating their root architecture with lateral increment, stimulating photosynthetic pigments and reducing water loss through slow stomatal conductance during the drought stress (Cohen et al., 2015).



Dry Matter Partitioning

To satisfy the environmental, agronomic, social and economic issues, manual harvest of sugarcane crop with previous burning was replaced by mechanical harvesting and hereby the leaves and pointers (meristem / apex in development) are currently left on soil surface with amount of 10 to 20 tons ha−1 y−1 of dry biomass (Trivelin et al., 2013). The green sugarcane harvesting system in association with other precise farming equipment and management practices changed the nutritional requirements of the most modern sugarcane varieties due to large amount of straw remaining on the soil of cultivated area (Leite et al., 2016).

Leite et al. (2016) studied three varieties of sugarcane at three different locations and obtained an average leaf dry mass of 9,000 kg ha−1 and stalk dry mass of 37,000 kg ha−1. The present experiment resulted in more leaf dry mass of 15,213 kg ha−1 and stalk dry mass of 58,381 kg ha−1 (Table 5) which are far better than previous experiment. Calheiros et al. (2012) studied the same variety (RB92579) of the present study and found a mean shoot (leaves + stem) dry mass of 35,253 kg ha−1 however the present study resulted in an average shoot dry mass of 73,595 kg ha−1 (Table 5).

The combined dry mass of cane leaf and stalk resulted in maximum total dry mass (entire plant) and likewise happened in most of the inoculated treatments (Table 6). This might be due to the reason that these microorganisms utilize and adapt certain mechanisms which directly contribute and improve plant growth and yield. Inoculatin Vicia faba plants with phosphate solubilizing bacteria, Khalafallah et al. (1982) indicated that phosphorus fertilization was reduced by 50% with inoculation. The plants applied with half dose of fertilizer resulted in similar dry mass to that plant applied with 100% of fertilizers. The combined inoculation of B. subtilis + P. fluorescens with no phosphorus application increased leaf, stalk and total dry masses by 164, 71, and 87% (2.6, 1.7, and 1.9 times) respectively (Table 6). The combined inoculation may result in synergistic effect which had described in the present study for double inoculation. The double bacterial inoculation had distinctive influence than that of individual or triple inoculations in dry mass of sugarcane. Khan and Zaidi (2007) indicated that combine inoculation of Bacillus sp. and Azotobacter chroococcum with arbuscular mycorrhizal fungi (Glomus fasciculatum) significantly increased dry mass by about 2.6 times in comparison to control treatments (uninoculated).

Díaz-Zorita et al. (2012) reported that combine inoculation of A. brasilense with Sinorhizobium meliloti resulted in double dry mass of alfalfa pasture (94% increment). Park et al. (2015) investigated that the effect of volatile compounds produced by P. fluorescens in tobacco plants increased the dry mass up to 9.5 times. Tahir et al. (2017) documented that inoculation of Bacillus subtilis increased the dry mass of tomato by 3.3 times and root-shoot length by 1.4 times each. The authors also reported that the rate of photosynthetic and auxin contents was also enhanced which may promote and assist plant growth. Oliver and Silva (2018) conducted a research on the combined inoculation of PGPB (containing A. brasilense) with N doses in ratoon sugarcane variety (RB92579) and observed that stalk and total dry mass were negatively influenced by bacterial inoculation associated with a maximum N dose (120 kg N ha−1) However, the inoculation associated with intermediate doses of N (60 and 90 kg ha−1) increased stalk and total dry mass reflecting that higher N doses may inhibit the activities of the microorganisms. The same results were observed in the present study for phosphorus application in association with inoculations of B. subtilis and B. subtilis + P. fluorescens (Figures 3B,C).

Analyzing several studies published in the literature, Cassán and Díaz-Zorita (2016) claimed that maize inoculated with A. brasilense in rainfed regions of South America resulted in greater vegetative growth with higher shoot dry mass (8%). However, the same results for wheat and barley crops were reported under different environmental conditions. Although these authors also conducted two experiments at semi-arid and sub-humid regions on Rye crop inoculated with A. brasilense and reported that plant dry matter was increase by 13% (500 kg ha−1) in comparison of non-inoculated treatments. They also reported that such increase inn dry matter was only possible due to the association of microorganisms with N fertilizer and emphasizing the complementary need for both practices (inoculation and fertilization). Naiman et al. (2009) studied N with combined inoculation of A. brasilense or P. fluorescens fluorescens in wheat crop and observed that shoot dry mass did not increase with urea application however, it had positively influenced with bacterial inoculation. Santos et al. (2019) studied the rooting system and growth of pre-germinated seedlings in sugarcane variety (IACSP95-5000) inoculated with PGPB and reported that shoot dry biomass for all the tested strains including A. brasilense was improved.

Inoculation of A. brasilense + B. subtilis at the dose of 45 kg P2O5 ha−1 resulted an increment of 40 and 36% in the stalk and total dry mass, respectively, in comparison to non-inoculated (Table 6). The dry masses were also significantly increased with inoculation of A. brasilense + P. fluorescens in combination with 90 and 135 kg P2O5 ha−1. The increments in dry mass were 31% for leaf, 27% for stalk dry mass and 28% for total dry mass of the sugarcane variety RB92579. This might be due to the reason that plant hormone is responsible for cell division, stomatal conductance and may control the amount of the apical meristem and leaf chlorophyll content in the leaves. Azospirillum brasilense has a role in the synthesis of cytokines which had positive influence on vegetative growth of the plant (Vacheron et al., 2013). Bacillus subtilis under dry soil conditions producing cytokinin which may increase shoot dry mass in lettuce and decreased its root / shoot ratio (Arkhipova et al., 2007). The corn inoculated with B. subtilis and P. fluorescens resulting in production of indole acetic acid (IAA) which in turn increased shoot-root biomass along with water uptake and hereby, ensuring the survival and development of plants during drought (Marulanda et al., 2009).



Phosphorus Accumulation in Leaf, Stalk, and Entire Plant

The mean P accumulation observed at the end of sugarcane cycle in leaves, stalks and total (entire plant) was 15.68, 19.06, and 34.74 kg ha−1 respectively (Table 7). Leite et al. (2016) reported that mean P accumulation in shoot (stalks + leaves) was 32 kg ha−1 which is very similar to that found in the present study. Oliveira et al. (2010) reported that P accumulation in shoot of several sugarcane varieties is ranging from 19 and 30 kg ha−1. The range of P accumulation in shoot for the present study was 13.17 to 54.52 kg ha−1 (Table 8). In another study, Oliveira et al. (2010) studied a cane variety RB92579 and observed an average of 25 kg P ha−1 accumulation in shoots of sugarcane. Calheiros et al. (2012) also studied the same cane variety RB92579 for P accumulation in shoot dry mass and found an average P accumulation of 24.66 kg ha−1.

Caione et al. (2015) studied a cane variety CTC 15 under the application of triple superphosphate and observed that P accumulated in stalks was 25.4 kg ha−1 and straw (leaf + pointer) was 15.3 kg ha−1 which therefore, resulting in total P accumulation of 40.7 kg ha−1. Thus, it was observed that 38% of the plant P was accumulated in straw and 62% was accumulated in the stalks. It was also observed that 30% of P accumulated in the leaves of sugarcane (Trivelin et al., 2013). In case of present study, an average P accumulated in the leaves was 45% and in stalk was 55%.

The P accumulation in the sugarcane aerial parts was positively influenced by bacterial inoculations and P doses. Inoculation of B. subtilis + P. fluorescens had possible positive interaction with P doses (0, 45, 90, and 135 kg P2O5 ha−1) and improved leaf P accumulation. The leaf P accumulation was increased by 15 to 232% (1.2 to 3.3 times) when compared to non-inoculated (control) (Table 8). The same combination (B. subtilis + P. fluorescens) also increased P accumulation in the cane stalks with dose 1 kg P2O5 ha−1 which consequently resulted in the increment of total P accumulation (entire plant) by 231% (3.3 times) for both leaves and stalks in relation to non-inoculated treatment (Table 8). Inoculation of A. brasilense + P. fluorescens with the application of 90 kg P2O5 ha−1 increased P accumulation in the cane stalks by 62% (1.6 times) in comparison to non-inoculated (Table 8). A. brasilense + B. subtilis inoculation associated with 45 kg P2O5 ha−1 increased the P accumulation in the stalks by 261% (3.6 times) and the total P accumulation (entire plant) by 157% (2.6 times) in comparison to control (non-inoculated) (Table 8).

An interesting feature was evaluated that both stalk and total P accumulation was decreased with inoculation of B. subtilis + P. fluorescens and increasing doses of applied phosphate fertilizer (Figure 4B). It indicated that this combination of bacterial inoculation may solubilize the soil attached P because P applied from fertilizer wasn't available for the plant accumulation. As the supply of phosphorus via input increased, bacteria were stagnating P solubilization and may have been harmed by high P doses. The ecto-rhizospheric strains (colonize outside of the roots) and rhizobium endosymbiotic strains (colonize interior of the plants) of P. fluorescens and B. subtilis have been described as the most effective phosphate solubilizers among soil bacterial communities (Igual et al., 2001). Inoculation of PGPB with phosphate solubilization capability directly to the soil may increase P availability to the plants by 15 times in the soil (Seneviratne and Jayasinghearachchi, 2005).

Soil bacteria increase the solubility of calcium phosphate because majority of these microorganisms have the ability to secrete organic acids (carboxylic acid) which help in the reduction of rhizosphere pH by decoupling the connection between calcium and phosphate (Jayakumar et al., 2019). Solubilizing bacteria may also assist in solubilization of aluminum and iron-bound phosphate and release carboxylic acids which promote direct dissolution of Al and Fe bound P by chelating ions associated with phosphate through a linker exchange mechanism (Tomar, 1998).



Sugarcane Yield

Sugarcane yield was prominently improved by phosphorus doses and bacterial inoculation. Mean comparison indicated that stalk yield (180,831 kg ha−1) of cane variety (RB92579) was obtained with P doses (Table 9). Several studies have been conducted to highlight the role of phosphorous in improved production of sugarcane (Tsado et al., 2013; Caione et al., 2015). Albuquerque et al. (2016) described that application of P as triple superphosphate up to 100 kg P2O5 ha−1 in the furrow increases the yield of cane variety RB92579. Application of P in the furrow as triple superphosphate (at the rate of 100 kg P2O5 ha−1) increased the yield of sugarcane by 34% in comparison of control (Caione et al., 2013). Calheiros et al. (2012) performed experiment with same variety (RB92579) under different phosphate fertilizer and observed that greater stalk yield (133,000 kg ha−1) was recorded with application of 90 kg P2O5 ha−1. Stalk yield of 232,000 kg ha−1 was obtained with application of 180 kg P2O5 ha−1 in cane variety CTC 15 (Caione et al., 2015).

Inoculation of B. subtilis + P. fluorescens with application of 135 kg P2O5 ha−1 increased cane yield by 51,163 kg ha−1(31%) in comparison to non-inoculated treatments (Table 10). This might be due to the reason that this combination of bacteria and phosphorus also stood with highest leaf P concentration which possibly contribute to the most of cane yield for all treatments. Inoculation of different PGPB strains resulted an average stalk yield of 101,800 and 108,300 kg ha−1 for the sugarcane varieties RB72454 and RB867515 respectively (Schultz et al., 2014).

A. brasilense + B. subtilis in combination with 45 kg P2O5 ha−1 increased stalk yield by 58,152 kg ha−1 (38%). This combination of bacteria and P demonstrated that it is possible to decrease the amount of phosphate applied fertilizer. Certainly, this treatment resulted in highest stalk and total dry mass, highest stalk and total P accumulation for all treatments and also increase available P content in both soil layers (0–0.25 and 0.25–0.50 m) which in turn resulting into high stalk yield of sugarcane variety RB92579.

The activity of microorganisms may be harmful in combination with a high or with no dose of P. In case of present study, inoculation of PGPB with P doses of 0 and 180 kg P2O5 ha−1 were statistically similar to that of non-inoculated (Table 10). Oliver and Silva (2018) performed an experiment with certain diazotrophic bacteria including A. brasilense and observed that inoculation with combined application of N doses (60 and 90 kg N ha−1) resulted in higher stalk yield in sugarcane variety (RB92579). Oliveira et al. (2017) efficiently inoculated crops (mainly cereals) with A. brasilense and reduced fertilizer application which may not have any negative influence on crop yield. They indicated that inoculation with combination of N fertilizers in wheat crop had greatly influenced the yield which was not statistically different than without N fertilization. Azospirillum brasilense was applied to corn in furrow planting at a dose of 200 ml h−1 in Cerrado region of Brazil resulted in higher grain yield (Morais et al., 2016).

According to Naiman et al. (2009) application of 45 kg ha−1 N with inoculation of A. brasilense and P. fluorescens fluorescens to wheat seeds resulted in an increment of 9 and 10% in the yield of wheat grain, respectively, in comparison to uninoculated treatments. The authors also claimed that farmers could use PGPB to achieve the same increase in wheat yield as achieved with application of 45 kg N ha−1 of urea. Sahandi et al. (2019) performed two field experiments with peppermint (Mentha piperita L.) using phosphorus doses in association with inoculation of phosphate solubilizing bacteria (PSB). They reported that PSB inoculation increased the efficiency of phosphate fertilizers which leads to reduce the consumption of phosphate fertilizers and also increased plant biomass and yield of essential oils. Several studies demonstrated that crop seed inoculation with phosphate solubilizing microorganisms have the potential to reduce phosphate fertilizer application up to 50% without significant changes in yields (Jilani et al., 2007; Yazdani et al., 2009).

Hussain et al. (2013) investigated some strains of Bacillus sp. (PS-12) and P. fluorescens sp. (PS-32 and PS-51) and observed that corn grain yield was increased by 11, 42, and 33%, respectively, in comparison to non-inoculated treatments. Rudresh et al. (2005) reported that chickpea inoculated with Bacillus sp. improved grain yield by twice and also improved grain P concentration.

Lavakush et al. (2014) reported that rice raised in greenhouse inoculated with P solubilizing bacteria (A. brasilense and Pseudomonas spp.) potentially reduced P fertilization by 50%. The inoculated plants showed statistically similar performance in plant height, panicle length, grains panicle−1 and grain yield to the plants fertilized with 30 and 60 kg P2O5 ha−1. Similar results were observed in the present study, the stalk yield obtained with inoculation of P. fluorescens, A. brasilense + P. fluorescens, and B. subtilis + P. fluorescens and P dose (90 kg P2O5 ha−1) was statistically similar to the yield obtained at 180 kg P2O5 ha−1 without inoculation. It was demonstrated that this inoculation combination if applied in planting furrow of sugarcane variety RB92579 could save half of the phosphorus applied in the current study.

Hassan et al. (2010) indicated that Bacillus strains (B. subtillus NH-100 and Bacillus sp. NH-217) had antagonistic interaction with fungus Colletotrichum falcatum to control red rot from sugarcane. The antagonistic strains of Bacillus sp. stand relatively efficient than other biocontrol agents because of their excessive sporulation, prolonged life, improved plant nutrition and potential in controlling plant diseases (Hassan et al., 2010; Patel et al., 2019). Zarei et al. (2019) studied P. fluorescens strains and different irrigation levels in sweet corn. It was reported that P. fluorescens inoculation increased growth and grain yield as well-mitigated the adverse impact of drought stress. It was exhibited that these strains have the ability to solubilize phosphate, increased siderophores production and availability of nutrients such as P and Fe to plants. Schultz et al. (2014) studied sugarcane varieties with five strains of PGPB (including A. brasilense) and observed that the productivity of sugarcane variety RB72454 in the first cane plant and ratoon cane was improved with bacterial inoculation which was statistically similar to the yield obtained with 120 kg N ha−1. It is once again demonstrated that fertilizers could be reduced by utilization of PGPB inoculation.

According to Taulé et al. (2012), potentially N fixing bacteria were more effective in promoting sugarcane growth when they were also phosphate solubilizers and indole acetic acid producers. Phosphate solubilizing and indole acetic acid producing bacteria in sugarcane provided beneficial effect on plant-bacteria interaction (Beneduzi et al., 2013). The appearance of specific features of PGPB indicated that these organisms can promote plant growth by more than one mechanism. Thus, it is critical to characterize bacterial strains that adapted to sugarcane cultivation and are able to excrete substances that promote plant growth (Beneduzi et al., 2013). Hence, further field studies are needed which are carried out over long periods (five or six harvests) with existing strains to confirm whether or not the behavior obtained in this study, contribution of these bacteria in reducing application of phosphate fertilizers in sugarcane crop.




CONCLUSIONS

The bacterial inoculation and P doses prominently improved nutrient accumulation, dry matter and yield of sugarcane crop. Bacteria influenced P leaf concentration and higher values were obtained with B. subtilis + P. fluorescens inoculation. The inoculation with Azospirillum brasilense + Pseudomonas fluorescens at the dose 135 kg P2O5 ha−1 stood for the highest available P content in the 0–0.25 m soil layer.

The highest stalks yield, stalk and total dry matter, P accumulation in stalks and P total was obtained with inoculation of A. brasilense + B. subtilis allied to the dose of 45 kg P2O5 ha−1. In addition, the P content available in the soil surface layer after the plant-cane harvesting in this treatment was still within the P average range recommended by the literature, indicating that such a bacterial combination solubilized unavailable part of phosphate in the soil and allowing plant to use it. Thus, the combination of these two bacteria associated with such a dose is recommended in the sugarcane planting in soil with low available P with an increase of 38% in stalk yield and providing 75% of reduction in the phosphate fertilization, enabling the producer to minimize the production costs of sugarcane.
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Inoculation () b = B
Axl - - -
Overall Average 15.68 19.06 3474
Standard error 035 075 0.79
oV (%) 7.02 12.52 7.22

*, * and ns: significant at 1% and 5% at p <0.01, p < 001 <0.05, and not
significant respectively.

CV: coeffiient of variation.

WL, Without inoculation.

Azo, Azospiillum brasikense.

Bac, Bacilus sublils.

Pseud, Pseudomones fluorescens.

Az0 + Bac, A. brasilense + B. sublils.

Azo + Pseud, A. brasiense + P. fliorescens.

Bac + Pseud, B. subtilis + P fiorescens.

Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fuorescens.
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Standard error 11,852

Means followed by the same letter in the column are not statistcaly different by the
Soott-Knott test at 5% probabilty.
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Azo, Azospirilum brasilense.

Bac, Bacilus subtils.

Pseud, Pseudomonas fluorescens.

Az0 + Bac, A. brasilense + B sublis.

Azo + Pseud, A. brasiense + P. fiorescens.

Bac + Pseud, B subtilis + P. fluorescens
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* and ns: significant at 1 and 5% at p <0.01, p < 0.01 <0.05, and not
significant respectively.

CV, coeffcient of variation.
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Azo, Azospirilum brasilense.

Bac, Bacills subtils.

Pseud, Pseudomonas fluorescens.

Az0 + Bac, A. brasilense + B. subils.

Az0 + Pseud, A. brasiense + P fluorescens.
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Standard error 729
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P05 rates (kg ha~")

Inoculation o a5 90 135 180
W 43270e 51,564d 65,142b 55978c 66208b
Azo 44,157e 52,768d 58764c 62,795b 55312b
Bac 59,663¢c 55796c 54918c 54,144c 46,113d
Pseud 66,306 b 59,762c 57,667c 60,468b 57,994b
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Standard error 1,499
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Means followed by the same letter in the column are not statistically different by the
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WL, Without inoculation.
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F test
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Rxl - N .
Overall average 15,213 58,381 73,595
Standard error 326,18 670.52 766.64
oV (%) 678 363 329

, * and ns: significant at 1% and 5% at p <0.01, p < 0.01 <0.05, and not
significant respectively.

CV: coefiiient of variation.

WL, Without inoculation.

Azo, Azospirilum brasilense.

Bac, Bacilus sublils.

Pseud, Pseudomonas fluorescers.

Az0 + Bac, A. brasilense + B. subils.

Az0 + Pseud, A. brasilense + P fuiorescens.

Bac + Pseud, B. subtilis + P fuorescens.

Azo + Bac + Pseud, A. brasilense + B. subtilis + P, fluorescens.
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*, * and ns: significant at 1 and 5% at p <0.01, p < 0.01 < 0.05, and not significant
respectively. Means followed by the same letter in the column are not sttistically diferent
by the Scott-Knott test at 5% probabilty.

CV, coefcient of variation.

WL, Without inoculation.

Azo, Azospirilum brasiense.

Bac, Bacilus subtils.

Pseud, Pseudomonas fluorescens.

Azo + Bac, A. brasilense + B. sublils.

Az0 + Pseud, A. brasilense + P. fiorescens.

Bac + Pseud, B. subtils + P fuorescers.

Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.
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Rxl - -
Overall average 811 3.70
Standard error 020 023
oV (%) 932 23.94

, * and ns: significant at 1 and 5% at p < 0.01, p < 0.01, < 0.05, and ot
significant, respectively.

CV, coefficient of variation.

WL, Without inoculation.

Azo, Azospirlum brasilense.

Bac, Bacilus subtils.

Pseud, Pseudomonas fluorescens.

Az0 + Bac, A. brasilnse + B sublils.

Az0 + Pseud, A. brasiense + P fiorescens.

Bac + Pseud, B. subtilis + P fuorescens.

Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fuorescens.
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Averages followed by the same letter in the column do not differ stetisticelly by the
Scott-Knott test at 5% probabilty.

W.I., Without inoculation.

Azo, Azospiilum brasilense.

Bac, Bacilus subtilis.

Pseud, Pseudomonas fluorescens.

Az0 + Bac, A. brasilense + B. subtilis.
Azo0 + Pseud, A. brasilense + P. fluorescens.
Bac + Pseud, B. subtilis + P fluorescens.

Azo + Bac + Pseud, A. brasilense + B. subtilis + P. fluorescens.
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