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ABSTRACT: Corn (Zea mays L.) is a very sensitive crop to phosphorus (P) deficiency during the early development
phase, which may be a limiting factor for the sustainable production of this crop in P-deficient tropical soils. However,
scientific evidence indicates that inoculation with phosphate-solubilizing bacteria can improve the development,
uptake, and P-use efficiency of corn plants. In the present study, two contrasting corn hybrids were investigated for their
responsiveness to multiple inoculations of Bacillus subtilis, B. megaterium, B. velezencis, and Pseudomonas fluorescens
and application of phosphate fertilizer rates in the sandy soil of the Brazilian Cerrado. Plants from stable (DKB 360
PRO3) and responsive (DKB 255 PRO3) corn hybrids were inoculated with 0 and 2 mL of inoculant containing
multiple phosphate-solubilizing bacteria and fertilized with low (0 mg P⋅kg−1), medium (40 mg P⋅kg−1) and high (80
mg P⋅kg−1) levels of phosphate fertilizer using triple superphosphate (46% of P2O5). Treatments were distributed in
a randomized block design using 2 × 2 × 3 factorial scheme, with four replicates. Plants were grown in 8-L pots
for 70 days under greenhouse conditions. Morphological characteristics, leaf P concentration, and P use efficiency
of corn plants were evaluated. Our results showed that the multiple inoculations of Bacillus subtilis, B. megaterium,
B. velezencis, and Pseudomonas fluorescens are a promising sustainable agricultural practice to be recommended for
corn cultivation, especially because it improves the development and P use efficiency of plants fertilized with medium
P levels, which reduces the costs associated with mineral phosphate fertilization, a non-renewable fertilizer source. In
sandy tropical soil with low P availability, applying intermediate rates of highly soluble phosphate fertilizer, such as triple
superphosphate, is sufficient to maximize plant development and the nutritional status of corn crops for sustainable
production with low environmental impact.
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1 Introduction
Corn (Zea mays L.) is the world’s main cereal crop. Brazil is currently the world’s third largest corn

producer, with total production estimated at 122.8 million tons of grains for the 2024/2025 harvest. Corn
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production is important in Brazilian agribusiness, and approximately two-thirds of national production has
been produced in the Cerrado tropical soils [1]. However, Cerrado soils are generally acidic and deficient in
many essential plant nutrients, such as phosphorus (P) [2–4], which has limited the increase in yield of this
crop in the Brazilian Cerrado region.

P deficiency in tropical soils is one of the main factors limiting crop development and productivity
[4–6]. P is an essential element for the growth and development of corn plants, playing an important
role in signal transduction, water absorption, photosynthesis, respiration, root development, flowering, and
seed production [7–9]. P is also a structural component of many biomolecules, including phospholipids,
nucleic acids (DNA and RNA), and adenosine triphosphate (ATP), which guide protein synthesis and corn
development [8]. Therefore, P deficiency results in corn growth retardation and young plants are dwarfed
and thin, with dark green leaves and the leaf margins, veins, and stems showing purple tints which may
spread over the whole leaf blade [10,11]. In short, corn is susceptible to P at the early seedling stage, and the
application of this nutrient is indispensable to maximize the growth and yield potential of the crop.

In soil, P is in the form of inorganic P or organic P. Although many tropical soils contain large amounts
of total P (50 to 1800 mg⋅kg−1 P), only a minimal portion (<1%) is available to plants [12,13]. This is because in
acidic soils (soil pH < 7.0), phosphate ions in the form of H2PO4

– and HPO4
2– have high reactivity and high

adsorption rate to soil colloids, especially to iron (Fe) and aluminum (Al) oxides and hydroxides associated
with 1:1 clays (kaolinite) and 2:1 clays (montmorillonite) [14,15]. Nonetheless, plants of intense and short-cycle
development, such as corn, require high levels of P in soil solution and faster replenishment of adsorbed-P
compared to perennial crops [5,16].

Consequently, to satisfy the elevated P requirements of corn crops, substantial quantities of phosphate
fertilizers have been utilized in agricultural production systems inside the Brazilian Cerrado region, which
has been increasing production costs and decreasing the profitability of Brazilian farmers [5,17]. However,
most of the phosphate fertilizer used in crop fertilization is lost in the environment due to the low P-
use efficiency in cereal crops [18]. Furthermore, phosphate ore is a nonrenewable resource. Half of the
world’s existing P reserves are predicted to be depleted within 50–100 years [19]. Therefore, improving soil P
utilization efficiency is crucial for promoting plant growth, reducing environmental pollution, and improving
resource management [13].

Over the last decade, some agroecological alternatives have been suggested to increase P use efficiency,
increase grain yield, and reduce corn production costs in tropical agriculture. Among these agroecological
and sustainable practices, the use of plant growth-promoting bacteria with the ability to solubilize phosphate
has stood out [5,20]. The main phosphate-solubilizing bacteria used in tropical agriculture belong to the
genera Azospirillum sp., Bacillus sp., and Pseudomonas sp. [20–23].

These bacteria can stimulate plant growth through a series of phosphate solubilization mechanisms,
including especially the excretion of organic acids and the production of siderophores and indolic com-
pounds [24,25]. The excretion of organic acids into the soil, such as malic, oxalic, and glutamic acid, can
complex the Al3+ (accompanying ion) of aluminum phosphate (AlPO4), releasing the phosphate ion (PO4

–3)
into the soil solution, while siderophores are chelating agents with high affinity for metals such as aluminum
(Al3+) and iron (Fe2+) present in insoluble Al and Fe oxides in the soil [26].

Some research has demonstrated the effectiveness of inoculation with phosphate-solubilizing bacteria,
including Azospirillum sp., Bacillus sp., and Pseudomonas sp. in improving the development and yield
of cereal crops [5,20]. Zarei et al. [27] reported that inoculation with Pseudomonas fluorescens (strains
P1, P3, P8, and P14) improved plant growth and yield in corn due to its ability to solubilize phosphate
and produce siderophores. Pereira et al. [5] showed that inoculation with Bacillus subtilis or Azospirillum



Phyton-Int J Exp Bot. 2025;94(8) 2349

brasilense resulted in higher P uptake efficiency in corn plants, which improved P nutritional status and
grain yield. Galindo et al. [20] also reported positive effects of A. brasilense inoculation on corn development
and yield. However, the effects of how the inoculation of multiple phosphate-solubilizing bacteria interacts
with the application of soluble phosphate fertilizer rates to improve corn plant growth are still incipient
and inconclusive. In this research, we tested the hypothesis that the combination of multiple phosphate-
solubilizing bacteria and soluble phosphate fertilization could lead to a synergistic effect, resulting in higher
P availability and higher plant biomass production compared to the use of phosphate-solubilizing bacteria
or fertilizer alone. Additionally, we examined the interaction between varying rates of soluble phosphate
fertilizer and specific strains of phosphate-solubilizing bacteria to optimize plant development and reduce
environmental effects.

This study investigated the effect of multiple inoculations of Bacillus subtilis, B. megaterium, B. velezencis,
and Pseudomonas fluorescens and mineral phosphate fertilization on the early development and P use
efficiency of contrasting corn hybrids grown in a sandy soil of the Brazilian Cerrado.

2 Materials and Methods

2.1 Plant Growth Conditions
The trial was conducted under greenhouse conditions in Cassilândia, Mato Grosso do Sul, Brazil

(19○05′20 S, 51○48′50′′ W, and an altitude of 540 m), from February to May 2024, in 8-L plastic pots. The
minimum and maximum temperatures during the trial were 20.8○C and 31.2○C, respectively, and the average
relative humidity was 76% (±7%).

The soil used in the trial was a P-deficient typical Quartzipsamment (sandy Entisol), collected from a
Cerrado agricultural area, with 120 g⋅kg−1 of clay and 850 g⋅kg−1 of sand. The collected soil was initially acidic
with a pH value of 4.5. Before starting the experiment, soil acidity was corrected by applying 0.85 g⋅kg−1

of limestone [30% CaO, 18% MgO, and 85% calcium carbonate equivalent (CCE)]. At 50 days after liming
application, the soil had the following chemical properties: pH (water) of 6.4, 8.0 g⋅kg−1 organic matter,
6.8 mg kg−1⋅P (Mellich-1), 2.9 cmolc⋅kg−1 Ca2+, 0.8 cmolc⋅kg−1 Mg2+, 0.2 cmolc⋅kg−1 K+, 1.0 cmolc⋅kg−1 H +
Al, 0.5 mg⋅kg−1 Cu2+, 1.0 mg⋅kg−1 Zn2+, 49 mg⋅kg−1 Fe2+, 8.7 mg⋅kg−1 Mn2+, 3.9 cmolc⋅kg−1 of CEC, 80% of
soil base saturation. Tropical sandy soils with an availability of less than 12 mg⋅kg−1 P are considered deficient
in this nutrient [28]. All the soil chemical properties were analyzed according to standard procedures.

The soil was fertilized with 30 mg⋅kg−1 N (urea), 100 mg⋅kg−1 K (potassium chloride), 10 mg⋅kg−1 S
(gypsum), 1.3 mg⋅kg−1 Cu (copper sulfate), 1.3 mg⋅kg−1 Zn (zinc sulfate), and 0.7 mg⋅kg−1 B (boric acid). The
pots were filled with 12 kg of soil (±8 dm3) sieved in a 5.0-mm mesh. The fertilizers were incorporated into
the entire soil volume of the pots two days before planting the corn hybrids. At 30 and 50 days after corn
planting, 30 mg⋅kg−1 of N was also applied using urea (45% N) previously diluted in pure water.

2.2 Corn Hybrids, Fertilization, Inoculation, and Experiment Management
The treatments were distributed in a randomized completely block design (RCBD), using two corn

hybrids [one hybrid stable to the growing environment (DKB 360 PRO3) and another hybrid-responsive to
the growing environment (DKB 255 PRO3), two inoculation treatments with phosphate-solubilizing bacteria
[control (non-inoculated plants) and plants inoculated with Bacillus subtilis, B. megaterium, B. velezencis
and Pseudomonas fluorescens] and three phosphate fertilization levels [0 mg⋅kg−1 P (low level), 40 mg⋅kg−1

P (medium level), and 80 mg⋅kg−1 P (high level)], in a factorial arrangement (2 × 2 × 3) with four replicates.
Each experimental unit consisted of an 8-L pot containing two corn plants, totaling 48 pots in the experiment.
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2.3 Experimental Design and Treatments
Corn seeds from two high-yielding single-hybrids (Table 1) widely cultivated in the Brazilian Cerrado

region were purchased in the municipality of Chapadão do Sul, Mato Grosso do Sul, Brazil. The DKB
360 PRO3 is a stable hybrid with high stability and adaptability to various production environments. The
DKB 255 PRO3 is a responsive hybrid with high production yields and excellent response to the best
production environments.

Table 1: Characteristics of two corn hybrids (Zea mays L.) used in this study

Corn hybrid Origin Maturation
(Days)

Required soil
fertility

Yield
potential

Production
stability

DKB 255 PRO3 Dekalb
R©

Seeds 136 High High Medium
DKB 360 PRO3 Dekalb

R©
Seeds 135 Medium High High

Source: DeKalb Genetics Corporation (DeKalb, IL, USA).

P levels were applied using triple superphosphate (46% of P2O5), and phosphate fertilizer amounts
were incorporated into the entire soil volume of the pot two days before corn planting. Inoculation of
multiple phosphate-solubilizing bacteria was performed in the sowing furrow using a pipette graduated in
millimeters. A 2.0 mL aliquot of the commercial inoculant Acta Force

R©
(Acta Bio, Jaboticabal, São Paulo,

Brazil) containing strains of Bacillus subtilis, Bacillus megaterium, Bacillus velezencis, and Pseudomonas
fluorescens was inoculated in each pot in 3.0 cm deep seeding furrows. All bacterial strains were at a
minimum concentration of 1 × 109 colony-forming units per milliliter of product. The bacterial inoculant
was kept refrigerated at 18○C until used in the experiment. The temperature range between 12○C and 25○C is
considered adequate to maintain the viability of bacterial inoculants.

Two plants from the two corn hybrids were grown in individual pots and randomly distributed in the
greenhouse. Soil moisture content was maintained close to the field capacity with daily irrigations using
an automated micro-sprinkler system. The pest and disease control during the experiment was carried out
according to need and the technical recommendations for the corn crops.

2.4 Determination of P Concentration
At 70 days after planting, corn leaves were collected from all pots. In the laboratory, the leaves were

washed to remove any surface impurities, oven-dried at 65○C for 72 h, and finely ground in a Willey mill.
A 500 mg sample was digested in a digestion block, with a nitric acid (HNO3) and perchloric acid (HClO4)
mixture (3:1; v:v) in Pyrex tubes. After cooling, they were diluted to a final volume of 25 mL with deionized
water. P concentration was analyzed by colorimetry method at 725 nm wavelength using a UV-visible
spectrophotometer (Perkin Elmer-Lambda 3B, PerkinElmer, Shelton, CT, USA), as previously described by
Malavolta et al. [29]. All analyses were processed in triplicate. Subsequently, the amount of accumulated P
(g/plant) in the aboveground biomass was calculated.

2.5 Determination of Plant Morphological Traits
At 70 days after planting, the plants were harvested, and plant height (PH), stalk diameter (SD), leaf

area (LA), root length (RL), root volume (RV), shoot dry matter (SDM), root dry matter (RDM), and total
dry matter (TDM). Plants were divided into leaves, stalks, and roots, oven-dried for three days at 65○C,
and then weighed. The SDM was obtained from the sum of the dry matter of the leaves and stalks. Total
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dry matter (TDM) was obtained from the sum of all the plant parts (leaves, stalks, and roots). The PH was
determined using a metal tape measure, considering the distance from the soil surface to the +1 leaf. The
SD was measured at 5 cm from the stalk collar using a digital caliper. The RL was determined using a metal
tape measure, considering the length of the longest root. The RV was determined by the water displacement
method using a 1000 mL graduated cylinder.

2.6 Determination of P Use Efficiency
The P-use efficiency (PUE) of corn hybrids at each P fertilizer level (medium or high) was calculated

according to Eq. (1), adapted from Craswell and Godwin [30]:

PUE = (TDMFERTILIZED − TDMUNFERTILIZED)/PAPPLIED (1)

where TDMFERTILIZED is the total dry matter production (in g/pot) of corn plants fertilized with medium or
high levels of phosphate fertilizer; TDMUNFERTILIZED is the total dry matter production (in g/pot) of non-
fertilized plants with soluble phosphate (low P level); and PAPPLIED is the amount of phosphate fertilizer
applied at medium and high P levels (in g/pot) compared to low P level (not fertilized with phosphate
fertilizer).

2.7 Statistical Analysis
The data were previously tested for homoscedasticity of variances (Levene test; p = 0.05) and normality

of residues (Kolmogorov–Smirnov test; p = 0.05). Data were submitted to analysis of variance (ANOVA),
and the means were compared by the Tukey test at the 0.05 level of confidence. The analyses were performed
using Sisvar

R©
software (version 5.9) for Windows (Statistical Analysis Software, UFLA, Lavras, Minas Gerais,

Brazil).

3 Results
The results of the analysis of variance showed significant effects (p ≤ 0.05) for the main effects of hybrids,

phosphate fertilization levels, and inoculation of phosphate-solubilizing bacteria, as well as for the triple
interaction, for all morphological traits of corn plants (Table 2). This significant interaction for all plant
morphological traits indicates that corn hybrids (stable or responsive) have distinct responses when exposed
to phosphate fertilization levels or inoculated with phosphate-solubilizing bacteria. Therefore, the results
of the statistical analyses were unfolded, and the morphological responses of each corn hybrid (stable or
responsive) were presented individually and independently.

Table 2: Summary of analysis of variance for the measurements of morphological traits and P concentration of corn
hybrids (Zea mays L.) grown under phosphate fertilizer levels and inoculated with phosphate-solubilizing bacteria

Sources of variation Probability > F

PH SD LA RL RV SDM RDM TDM P
Block 0.81 0.62 0.16 0.43 0.85 0.61 0.41 0.34 0.27

Hybrid (H) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Inoculation (I) <0.01 <0.01 <0.01 0.08 <0.01 <0.01 <0.01 <0.01 <0.01

P fertilization (P) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
H × I 0.03 0.04 0.02 0.04 0.04 0.03 0.04 0.02 <0.01
H × P <0.01 <0.01 0.02 0.04 0.01 0.01 0.01 0.03 <0.01

(Continued)
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Table 2 (continued)

Sources of variation Probability > F

PH SD LA RL RV SDM RDM TDM P
I × P <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

H × I × P 0.04 0.06 0.03 0.04 0.02 0.03 0.01 0.04 <0.01
CV (%) 8.75 7.34 9.21 14.78 11.95 11.01 14.58 12.56 8.26

PH: plant height. SD: stalk diameter. LA: leaf area. RL: root length. RV: root volume. SDM: shoot dry matter. RDM:
root dry matter. TDM: total dry matter. P: leaf P concentration.

The coefficient of variation (CV) values obtained in the experimental trial were less than 15% for all
morphological characteristics of corn plants, a value considered low for agricultural experiments (Table 2).
The CV is a measure of dispersion used to estimate the precision of the experimental trial, and when the
values are less than 20% it indicates that the results of the experiment have excellent precision.

Phosphate fertilization levels and inoculation of phosphate-solubilizing bacteria significantly affected
(p < 0.05) plant height, stalk diameter, and leaf area of stable and responsive corn hybrids (Fig. 1). Both
corn hybrids responded positively to phosphate fertilizer application; however, the greatest shoot growth
response was observed in the responsive hybrid. Plants of the stable hybrid inoculated with phosphate-
solubilizing bacteria have greater shoot height when fertilized with medium P levels (Fig. 1A). In contrast, in
the responsive hybrid, inoculation with phosphate-solubilizing bacteria resulted in greater plant height with
the application of low and medium P levels (Fig. 1B).

The stable corn hybrid inoculated with phosphate-solubilizing bacteria has a larger stalk diameter when
fertilized with medium and high P levels (Fig. 1C). In turn, the stalk diameter of the responsive hybrid was
significantly larger with the inoculation of phosphate-solubilizing bacteria only with the application of the
medium P level (Fig. 1D). In the stable hybrid, inoculation of phosphate-solubilizing bacteria resulted in
the largest leaf area of plants only at the low P level (Fig. 1E). In contrast, plants of the responsive hybrid
inoculated with phosphate-solubilizing bacteria have greater leaf area when fertilized with low and medium
P levels (Fig. 1F). In general, the results presented here show that the positive response of corn to inoculation
with phosphate-solubilizing bacteria is dependent on the level of phosphate fertilization, with the greatest
responses being obtained when corn was exposed to low and medium P levels.

Phosphate fertilization levels and inoculation of phosphate-solubilizing bacteria significantly affected
(p < 0.05) root length and root volume of stable and responsive corn hybrids (Fig. 2).

Increasing phosphate fertilizer levels resulted in a progressive increase in root length and root volume of
plants of both corn hybrids. In both corn hybrids, inoculation of phosphate-solubilizing bacteria increased
root length when plants were grown under low and medium P levels (Fig. 2A,B). In the stable hybrid, plants
inoculated with phosphate-solubilizing bacteria had greater root volume when fertilized with a medium
P level (Fig. 2C). In contrast, in the responsive hybrid, inoculation with phosphate-solubilizing bacteria
resulted in greater root volume with the application of low and medium P levels (Fig. 2D). In plants fertilized
with a high level of P fertilizer, inoculation of phosphate-solubilizing bacteria has no significant effect on the
root length and root volume of corn plants.
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Figure 1: Effect of phosphate fertilizer level and inoculation of phosphate-solubilizing bacteria on shoot height (A,B),
stalk diameter (C,D), and leaf area (E,F) of corn plants from the stable hybrid DKB 360 PRO3 (A,C,D) and the
responsive hybrid DKB 255 PRO3 (B,D,E). Bars followed by distinct lowercase letters (a, b) for the inoculation of
phosphate-solubilizing bacteria or distinct uppercase letters (A, B, C) for the phosphate fertilization levels show
significant differences by the Tukey test (p = 0.05). Data refers to mean values (n = 4) ± standard error of the mean
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Figure 2: Effect of phosphate fertilizer level and inoculation of phosphate-solubilizing bacteria on root length (A,B)
and root volume (C,D) of corn plants from the stable hybrid DKB 360 PRO3 (A,C) and the responsive hybrid DKB 255
PRO3 (B,D). Bars followed by distinct lowercase letters (a, b) for the inoculation of phosphate-solubilizing bacteria or
distinct uppercase letters (A, B, C) for the phosphate fertilization levels show significant differences by the Tukey test
(p = 0.05). Data refers to mean values (n = 4) ± standard error of the mean

Phosphate fertilization levels and inoculation of phosphate-solubilizing bacteria significantly (p < 0.05)
affected the shoot, root, and total dry matter production of corn plants, especially the responsive corn hybrid
(Fig. 3). Medium and high levels of phosphate fertilizer application resulted in higher shoot, root, and total
dry matter production of stable and responsive corn hybrids. Plants of stable and responsive corn hybrids
fertilized with high P levels have an average increase of 205% and 670% in shoot dry matter production and
an average increase of 80% and 140% in root dry matter production when compared to plants grown under
low levels of phosphate fertilizer, respectively (Fig. 3).
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Figure 3: Effect of phosphate fertilizer level and inoculation of phosphate-solubilizing bacteria on shoot dry matter
(A,B), root dry matter (C,D), and total dry matter (E,F) of corn plants from the stable hybrid DKB 360 PRO3 (A,C,E)
and the responsive hybrid DKB 255 PRO3 (B,D,F). Bars followed by distinct lowercase letters (a, b) for the inoculation of
phosphate-solubilizing bacteria or distinct uppercase letters (A, B) for the phosphate fertilization levels show significant
differences by the Tukey test (p = 0.05). Data refers to mean values (n = 4) ± standard error of the mean

Inoculation of phosphate-solubilizing bacteria resulted in higher shoot dry matter production of the
stable corn hybrid only when fertilized with medium P level (Fig. 3A). In the responsive hybrid, inoculation
of phosphate-solubilizing bacteria resulted in greater shoot dry matter production with the application
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of medium to high P levels (Fig. 3B). Stable and responsive corn hybrids have greater root dry matter
accumulation when grown under low P (Fig. 3C,D). Furthermore, root dry matter accumulation of stable
corn hybrid is also enhanced by inoculation of phosphate-solubilizing bacteria (Fig. 3C). Finally, plants of
both corn hybrids have higher total dry matter when inoculated with phosphate-solubilizing bacteria and
grown under medium P levels (Fig. 3E,F).

Leaf P concentration under low P levels was 2.0 to 2.2 g P⋅kg−1 in the stable hybrid (Fig. 4A) and 1.4
to 1.9 g P⋅kg−1 in the responsive corn hybrid (Fig. 4B). These values are lower than the leaf P concentration
considered optimal for adequate corn crop growth, which is between 2.5 and 3.5 g P⋅kg−1. However, under
medium and high levels of P fertilization, leaf P concentration ranged from 2.9 to 3.6 g P⋅kg−1, with an average
value of 3.2 g P⋅kg−1 in the stable hybrid (Fig. 4A) and 3.5 g P⋅kg−1 in the respective corn hybrid (Fig. 4B).
These values indicate that the P concentration in the leaf tissue of corn plants was within the range considered
adequate for the crop. Inoculation with phosphate-solubilizing bacteria increased the foliar P concentration
of stable and responsive corn hybrids fertilized with medium and low levels of P, respectively (Fig. 4A,B).

Figure 4: Effect of phosphate fertilizer level and inoculation of phosphate-solubilizing bacteria on leaf P concentration
(A,B) and amount of P accumulated of biomass (C,D) of corn plants from the stable hybrid DKB 360 PRO3 (A,C)
and the responsive hybrid DKB 255 PRO3 (B,D). Bars followed by distinct lowercase letters (a, b) for the inoculation
of phosphate-solubilizing bacteria or distinct uppercase letters (A, B, C) for the phosphate fertilization levels show
significant differences by the Tukey test (p = 0.05). Data refers to mean values (n = 4) ± standard error of the mean
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The amount of P accumulated in the aboveground biomass was significantly higher in plants fertilized
with medium and high levels of P in both corn hybrids. Furthermore, inoculation with phosphate-
solubilizing bacteria resulted in greater P accumulation in the biomass of both corn hybrids grown under
medium and high levels of P fertilizer (Fig. 4C,D). Responsive corn hybrids have a greater potential for P
accumulation in biomass when fertilized with medium and high levels of P fertilization. However, under low
P levels, the stable hybrid has greater adaptation to this nutrient-restrictive condition and a greater potential
for P accumulation in plant biomass (Fig. 4C,D).

P use efficiency (PUE) ranged from 19.2 to 40.7 kg⋅kg−1 and from 9.9 to 19.6 kg⋅kg−1 with the application
of medium and high levels of phosphate fertilizer, respectively (Fig. 5). Inoculation with phosphate-
solubilizing bacteria improved PUE only in the responsive corn hybrid fertilized with a medium level of
phosphate fertilizer. In addition, the responsive corn hybrid has higher PUE when compared to the stable
hybrid (Fig. 5). These results show that the responsive hybrid has a greater absorption capacity and greater
P-use efficiency when compared to the stable corn hybrid.

Figure 5: Effect of phosphate fertilizer level and inoculation of phosphate-solubilizing bacteria on P-use efficiency of
stable (DKB 360 PRO3) and responsive (DKB 255 PRO3) corn hybrids. Bars followed by distinct lowercase letters (a, b)
for the inoculation of phosphate-solubilizing bacteria or distinct uppercase letters (A, B, C) for the phosphate fertilizer
levels and corn hybrids show significant differences by the Tukey test (p = 0.05). Data refers to mean values (n = 4) ±
standard error of the mean

4 Discussion
The application of medium and high levels of phosphate fertilizer improved shoot and root growth,

P acquisition, and P accumulation of both corn hybrids (Figs. 1–4). These results highlight the importance
of an adequate supply of phosphate fertilizer to enhance the development and P acquisition of corn plants
grown in tropical soils of the Cerrado. The greater development and greater P uptake of plants fertilized with
medium or high rates of phosphate fertilizer is associated with the low initial concentration of P available
in the soil (6.8 mg⋅kg−1 P), which was not sufficient to meet all the requirements of this nutrient by plants
grown under low P level (i.e., unfertilized plants with P). Indeed, the minimum concentration (critical level)
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of P in the sandy soils of the Cerrado to ensure agricultural production with maximum economic efficiency
is 12 to 14 mg kg−1 P (P Melhich-1) [28]. The low availability of P in tropical Cerrado soils caused by the high
reactivity and high adsorption capacity of phosphate ions (H2PO4

– and HPO4
2–) to soil colloids, especially

Fe and Al oxides and hydroxides [14,15], has been one of the main abiotic factors limiting the development
of corn plants [5,17]. Therefore, high rates of phosphate fertilizers have been recommended and applied to
obtain high levels of grain yield, which increases production costs and reduces farmers’ profitability.

Plant height (Fig. 1A,B), stalk diameter (Fig. 1C,D), root volume (Fig. 2C,D), shoot dry matter
(Fig. 3A,B) and root dry matter (Fig. 3C,D) were the morphological traits of corn plants most impacted
by the application of high rates of phosphate fertilizer. Pereira et al. [5] documented an enhancement in
plant height, stem diameter, and shoot dry matter of corn plants fertilized with phosphate fertilizer rates.
Similarly, Li et al. [18] showed that the application of P rates increased root volume and root dry matter
production. P plays an important role in the corn plant’s growth and physiological metabolism, acting in the
processes of signal transduction, respiration, photosynthesis, water uptake, and root development [7–9]. P
is also a structural component of many biomolecules, including phospholipids, nucleic acids, and adenosine
triphosphate (ATP), which guide plant development and protein synthesis [8]. Therefore, P deficiency results
in corn growth retardation, young plants are dwarfed and thin, with dark green leaves, and the leaf margins,
veins, and stems show purple tints which may spread over the whole leaf blade [10,11].

Plants of the responsive corn hybrid have a higher response potential to phosphate fertilization when
compared to the stable hybrid (Figs. 1–3). For example, plants of the responsive hybrid grown under high
P fertilization had an average increase in plant height (140%), stalk diameter (240%), leaf area (78%), root
length (48%), root volume (288%), shoot dry matter (670%), root dry matter (139%), and leaf P concentration
(120%) when compared to plants under low P fertilization. In turn, the average increase in plants of the stable
hybrid grown under high P fertilization was 81% in plant height, 107% in stalk diameter, 46% in leaf area,
36% in root length, 118% in root volume, 205% in shoot dry matter, 80% in root dry matter, and 45% in
leaf P concentration compared to plants grown under low P fertilization. The greater response to phosphate
fertilization of the responsive hybrid is due to the plants of this hybrid having a high capacity to respond
positively to the application of fertilizer rates. In turn, the stable hybrid has greater adaptability and greater
development potential in conditions of low soil P availability, being an efficient hybrid in the use of nutrients,
such as P. Therefore, the responsive hybrid should be recommended for cultivation by farmers who use high
levels of phosphate fertilization, while the stable hybrid, which is efficient and non-responsive to phosphate
fertilization, should be recommended for cultivation in agricultural areas with low soil P availability or, in
situations where farmers only have conditions to apply low levels of phosphate fertilizer. These results are
relevant and highlight the importance of studies that aim to provide information about new corn hybrids
that can be increasingly productive and highly stable, to make them available to farmers in the Brazilian
Cerrado region, confirming the findings of Lima et al. [31]. Kendal et al. [32] emphasized that a perfect
corn hybrid should demonstrate consistent performance and reliability across various growing conditions
to secure substantial grain output in diverse, difficult, and unfavorable farming situations.

Multiple inoculations of Bacillus subtilis, B. megaterium, B. velezencis, and Pseudomonas
fluorescens improved shoot and root development of corn hybrids, especially under medium levels of
phosphate fertilization (Figs. 1–3). Under low levels of phosphate fertilization, the inoculation of these
phosphate-solubilizing bacteria had a greater beneficial effect on the plant development of the responsive
corn hybrid. Other studies have also demonstrated the effectiveness of inoculating bacteria of the Bacillus
and Pseudomonas genus in cereal crops, resulting in greater plant development, greater P use efficiency, and
higher grain yield [5,27]. Zarei et al. [27] reported that inoculation of Pseudomonas fluorescens improved the
development and yield of corn crops. Pereira et al. [5] showed that inoculation of B. subtilis, P. fluorescens,
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and Azospirillum brasilense improved the development and P acquisition of corn plants. Ahmad et al. [33]
also showed that inoculation of B. aryabhattai S10 and B. subtilis ZM63 increased the growth and P uptake
of corn plants. Rodrigues et al. [34] reported that inoculation with B. megaterium BRM 119 and B. subtilus
BMF 2484 improved plant development due to the high P solubilization and mineralization capacity of
these bacterial strains. Therefore, these results highlight the importance of inoculation with phosphate-
solubilizing bacteria, especially Bacillus sp., in enhancing the early development and P acquisition of
corn plants.

Based on previous research, the potential of these bacteria to solubilize inorganic phosphate and
mineralize organic phosphate from the soil and stimulate plant growth is related to the mechanisms of
excretion of organic acids and production of siderophores adopted by these microorganisms [24–26]. Indeed,
studies by Velloso et al. [35] and Silva et al. [22] showed that some Bacillus species, including B. megaterium,
B. subtilis, and B cereus, can solubilize phosphate (via the release of organic and inorganic acid and proton
extrusion), mineralize phosphate (via phosphatase production) and produce chelating agents with high
affinity for aluminum (Al3+) and iron (Fe2+) metals present in insoluble Al and Fe oxides in tropical soils (via
siderophore production). Similarly, Oliveira-Paiva et al. [36] showed that strains of B. megaterium B119 and B.
subtilis B2084 have relevant properties to improving soil P dynamics, including phosphate solubilization and
mineralization, production of indole-3-acetic acid (IAA)-like molecules, siderophores, exopolysaccharides
(EPS), biofilms, and phosphatases.

The greater P accumulation in plants inoculated with multiple phosphate-solubilizing bacteria and
grown under medium and high rates of phosphate fertilizer indicates that the use of these bacteria improved
the P acquisition from the soil by both corn hybrids (Fig. 4C,D). Pereira et al. [5] also reported that the
inoculation of B. subtilis resulted in higher P uptake by corn plants. Similarly, Oliveira-Paiva et al. [36]
showed that inoculation with B. megaterium and B. subtilis improved P acquisition by corn plants. Zarei
et al. [27] also showed that corn plants inoculated with Pseudomonas fluorescens have a greater P uptake
capacity compared to non-inoculated plants. These previous studies show that bacteria of the Bacillus and
Pseudomonas genera have a high potential to solubilize and mineralize soil phosphate, and, therefore, have
potential for use as biofertilizers in tropical soils. For example, these bacteria can produce and excrete organic
acids into the soil, such as malic, oxalic, and glutamic acids, which can complex the Al3+ (accompanying
ion) of aluminum phosphate (AlPO4), releasing the phosphate ion (PO4

–3) into the soil solution, which can
be absorbed by plant roots [26,36,37]. Therefore, the use of phosphate-solubilizing bacteria (Bacillus sp. and
Pseudomonas fluorescens) allows Brazilian farmers to adopt a sustainable and low-cost technology and thus
obtain an increase in the development and acquisition of P by corn plants in Cerrado soils.

Inoculation with multiple phosphate-solubilizing bacteria improved P use efficiency (PUE) only in the
responsive corn hybrid grown under medium P fertilizer application (Fig. 5). Our results showed that the
PUE of responsive hybrid plants inoculated with multiple phosphate-solubilizing bacteria increased by 20%
when compared to uninoculated plants grown under a medium P rate (Fig. 1). Pereira et al. [5] also reported
that inoculation of B. subtilis improved PUE in corn plants, which resulted in greater P acquisition, crop
development, and grain yield. The greater PUE of plants inoculated with multiple phosphate-solubilizing
bacteria is associated with the multifunctional mechanisms of these bacteria, especially those related to soil
phosphate solubilization and mineralization [36,37], which play a crucial role in increasing P uptake and use
efficiency, especially in soils with high P adsorption capacity [24,25].

Indeed, many studies have demonstrated the effectiveness of several mechanisms of phosphate solu-
bilization, and mineralization exhibited by strains of Bacillus and Pseudomonas in mitigating P adsorption
in tropical soils, where soluble P reacts with clay minerals and metal ions (Ca, Fe, Al) to form poorly
soluble complexes that are unavailable to plants [12,25,36,37]. However, our results showed that these
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mechanisms of phosphate solubilization and mineralization by these bacteria are still inefficient when high
rates of phosphate mineral fertilizers are applied to the soil. Therefore, future research should be conducted
to elucidate how the various physicochemical and molecular mechanisms (e.g., root exudates, extracel-
lular polysaccharides, organic acids, phosphatases, and phosphate-specific transport systems) utilized by
phosphate-solubilizing bacteria are impacted when high rates of mineral phosphate fertilizers are applied to
the soil.

The lower PUE with the application of high rates of phosphate fertilizer is related to Mitscherlich’s law of
diminishing returns. Mitscherlich’s law of diminishing returns states that when increasing rates of nutrients
are added, the greatest increase in development and productivity is obtained with the lowest rate applied, and
with successive applications of nutrients, the productivity increases, and the nutrient use efficiency will be
gradually lower [29]. Therefore, the application of high rates of phosphate fertilizer (80 mg P⋅kg−1) resulted
in lower PUE when compared with the medium rate of phosphate fertilizer (40 mg P⋅kg−1) (Fig. 5).

Overall, our results reinforce the importance of using these multiple phosphate-solubilizing bacteria
(Bacillus subtilis, B. megaterium, B. velezencis, and Pseudomonas fluorescens) to stimulate plant development
and improve P use efficiency in corn hybrids grown in tropical soils, which reduces the costs associated with
mineral P fertilization and increases the farmer’s profitability. In conclusion, we firmly believe that phosphate
solubilizing bacteria represent a highly significant biotechnological tool to improve the development and
grain yield of corn crops, as well as to promote the development of modern and sustainable agriculture
for future generations. However, further research must be conducted under field conditions to prove the
beneficial effects of these phosphate-solubilizing bacteria, when inoculated alone or in combination, in
corn crops.

5 Conclusions
Multiple inoculation of Bacillus subtilis, B. megaterium, B. velezencis, and Pseudomonas fluorescens is

a promising sustainable agricultural practice to be recommended for corn cultivation, especially because
it improves the development and P use efficiency of plants fertilized with medium P levels, which reduces
the costs associated with mineral phosphate fertilization, a non-renewable fertilizer source. However, these
effects should be validated in field trials conducted in future agricultural research.

In sandy tropical soil with low P availability, applying intermediate rates of highly soluble phosphate
fertilizer, such as triple superphosphate, is sufficient to maximize plant development and the nutritional
status of corn crops for sustainable production with low environmental impact.
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