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The biotechnological manipulation of phosphate-solubilizing bacteria (PSB) is gaining

prominence to improve the poor phosphorus (P) availability in the soil and maintain

crop yields. In this study, we investigated how Rhizobium sp. B02 inoculation influences

maize crop development and whether its use reduces phosphate fertilizer rates. We

conducted growth promotion assays using P fertilizer doses in two maize genotypes

under greenhouse conditions. Morphometric, physiological, and productivity parameters

were assessed in three phenological stages: tillering (V5), tassel (VT), and maturity (R6).

Maize response was significantly influenced by both inoculation and plant genotype,

showing that the plant-promoting effect of inoculation is substantially more prominent in

the white endosperm than in the yellow endosperm maize genotype. The development

of maize in all phenological stages was promoted by inoculation with Rhizobium sp. B02.

The most significant influence of inoculation was observed on shoot dry weight, relative

chlorophyll content, shoot P concentration, leaf area, photosynthetic rate, 1,000-grain

weight, and grain yield. A 17% gain in grain yield, representing 20 g plant−1, was obtained

by inoculation with 50% diammonium phosphate (DAP) compared with the control

treatment at the same dose. The complete fertilization control was phenocopied by the

white endosperm inoculated at 50% DAP in all productivity parameters. Therefore, half

of the P fertilization in white endosperm was replaced by inoculation with Rhizobium

sp. B02. Herein, we report the potential of a Rhizobium strain in a non-legume crop to

improve P management.

Keywords: fertilization, corn, plant growth-promoting bacteria, phosphate-solubilizing bacteria, biofertilizer,
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INTRODUCTION

Maize (Zea mays L.) is a crucial agricultural crop in food
security (Tanumihardjo et al., 2020). It is one of the cereals
with the most substantial production, consumption, export, and
rotation worldwide (Poole et al., 2021). This crop occupies the
third largest production area in Colombia, after coffee and rice
(Fenalce, 2022a). The two most commercialized maize genotypes
are the yellow and white endosperm, with 1,017,989 and 586,802
tons in 2020, respectively (Fenalce, 2022a). Nevertheless, the
production is not self-sufficient, leading to the importation of
4,829,654 and 296,526 tons of yellow and white endosperms,
respectively (Fenalce, 2022b). Other countries are experiencing
this critical issue, which is becoming a challenge that crosses
borders. In this sense, researchers, decision-makers, and public
managers highlight the relevance of changing to sustainable
production where farmers can increase maize planting, preserve
biodiversity, and optimize fertilization management (Erenstein
et al., 2021).

Maize productivity is severely affected by low phosphorus
(P) soil availability (Morel et al., 2021). P exists in soils in
organic and inorganic forms controlled by geochemical and
biological processes. Its deficiency in inceptisol soil, one of
the most abundant soils for maize production in Colombia, is
mainly due to the strong P adsorption caused by crystalline
and amorphous oxides and hydroxides of iron and aluminum
(Chen et al., 2015; Vargas et al., 2019). Consequently, more
than 80% of the added P in soluble mineral fertilizers becomes
unavailable for plant uptake, demanding higher application rates
and increasing production costs (Morel et al., 2021). Root
morphology is affected, and leaf biomass and P content are
reduced by P deficiency, particularly in leaves closer to the
cob, limiting maize yield (Zhang et al., 2021). However, P
availability is primarily affected by biological activity. Therefore,
manipulating soil microorganisms is critical for developing
biotechnological solutions.

Microorganisms involved in P solubilization and
mineralization of its inorganic (IP) and organic forms (OP)
have the potential to reduce P loss from cropping systems. This
group of microorganisms includes fungi, actinomycetes, algae,
and bacteria, the most predominant and so-called phosphate-
solubilizing bacteria (PSB). PSB belongs to a functional subgroup
of plant growth-promoting bacteria (PGPB) (Alori et al., 2017).
Lowering soil pH is one of the most significant metabolic
mechanisms of PSB to solubilize IP through the production of
organic acids or the release of protons. The most-reported low
molecular weight organic acids are formic, acetic, propionic,
lactic, glycolic, fumaric, and succinic acids. Chelation process is
another solubilization mechanism that acts through the hydroxy
and carboxyl groups of the acids produced by PSB on the cations
attached to the insoluble phosphate (Bargaz et al., 2021). At the
same time, the synthesis of phosphomonoesterases, phytases,
phosphoesterases, phosphodiesterases, and phospholipases
mineralize OP by hydrolysis of organic forms of phosphate
compounds (Richardson and Simpson, 2011).

Although there is much to explore in the complex PSB–
soil–plant system (Raymond et al., 2021), it has been found in

recent research that crop plant morphometric, physiological, and
productivity parameters are promoted by PSB inoculation. In
maize, shoot length, root dry weight, total P uptake, and grain
yield have been increased by the inoculation of Pantoea cypripedii
(PSB-3) and Pseudomonas plecoglossicida (PSB-5) (Gurdeep and
Reddy, 2015). Azospirillum brasilense is another PSB that exerts
beneficial effects on maize, representing increases (∼27%) in
grain yield (Li et al., 2017). Reports of the Rhizobium genus
as a PSB in maize are scarce. The combined application of
Rhizobium strains and biochar caused significant improvement
in the growth and physiological attributes of maize plants
(Ahmad et al., 2015). Rhizobium endophytes strains have been
isolated from maize roots, which shows the potential role of this
genus in rhizospheric metabolic activity and their interaction
with non-legume plants (Gao et al., 2017). Surprisingly, most PSB
studies in maize have been carried out on a single plant genotype,
especially on a few phenological phases, mainly the early and
harvest phases. This opens the need to deepen the interaction
between PSB inoculation and maize genotype responses.

Rhizobium sp. B02 is a PSB with multiple plant growth-
promoting activities, such as symbiotic nitrogen fixation,
solubilization of several phosphate sources, indolic compounds
synthesis, and siderophore production. This strain has been
investigated for its ability to significantly promote growth in
cotton crops in low P soil (Romero-Perdomo et al., 2021).
Rhizobium sp. B02 has also been studied as an inoculant to
increase the biomass of perennial ryegrass and red clover under
P-deficient conditions (Santos-Torres et al., 2021). Based on the
potential of the B02 strain observed in our previous studies,
we conducted this investigation to ascertain whether maize
growth of two genotypes under reduced rates of P fertilizer
may be promoted by Rhizobium sp. B02 inoculation, assessing
the response over three phenological stages. We proposed two
hypotheses: first, different plant responses in maize genotypes are
triggered by the maize growth promotion of this strain, showing
some specificity. Second, the inoculation with Rhizobium sp. B02
allows optimization of the phosphate fertilizer applied.

MATERIALS AND METHODS

Bacterial Strains
The PSB strain Rhizobium sp. B02, with the accession
number SAMN16969919 of its complete genome in the NCBI
database, was used in this study. This microorganism was
provided by the Colombian Corporation for Agricultural
Research (AGROSAVIA) microorganism collection. The strain
was isolated from nodules of Vigna unguiculata (Mendoza
and Bonilla, 2014). The strain was selected for its ability,
together with the application of rock phosphate, to improve
growth, P nutrition, and physiological parameters on several
crops in soil with low P availability (Romero-Perdomo et al.,
2021; Santos-Torres et al., 2021). For all assays, bacterial cells
were obtained from cultures in yeast–mannitol agar plates
(Vincent, 1970) and were grown in yeast-mannitol broth for
24 h at 30◦C and 150 rpm. After incubation, the bacterial
concentration was standardized by spectrophotometry to an
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optical density of 0.5 at 600 nm (∼108 colony-forming
units mL−1).

Growth Promotion Study With Reduced P
Fertilization in Maize
The experiment was carried out under greenhouse conditions
at the Nataima research center of AGROSAVIA in Espinal,
Tolima, Colombia (4◦11

′

28.39
′′

N latitude and 74◦57
′

38.69
′′

W
longitude). The experimental design was a randomized complete
block factorial arrangement of 12 treatments, consisting of three
factors with their respective levels: hybrid maize genotypes
(white endosperm DK-370VTPRO and yellow endosperm
30F35VYHR), the dose of P fertilizer (0, 25, and 50% of
recommended P), and PSB inoculation (uninoculated and
inoculated with Rhizobium sp. B02). A fertilization dose of 100%
was considered positive complete fertilization. The treatments
were: (i) 100% DAP without inoculation, (ii) 50% DAP
without inoculation, (iii) 25% DAP without inoculation, (iv)
0% DAP without inoculation, (v) 50% DAP with inoculation,
(vi) 25% DAP with inoculation, and (vii) 0% DAP with
inoculation. The experiment was repeated independently three
times using three replicates for each experiment. Thereby,
each treatment had nine experimental units. The soil type
used was a sieved airdried Inceptisol soil (Soil Science
Division Staff, 2017) typical of the region where maize, cotton,
and rice crops are cultivated as rotational systems. A total
of 24 kg of unsterile soil with low P content (pH: 6.12,
organic matter: 1.69mg kg−1, P: 12.28mg kg−1, effective
cation exchange coefficient: 6.90 cmol kg−1, Ca: 4.79 cmol
kg−1, Mg: 1.74 cmol kg−1, K: 0.23 cmol kg−1, Na: < 0.14
cmol kg−1) was placed in polyethylene bags of size 35 ×

45 cm.
Based on the previous characterization of the soil, the

nutrient requirements for maize cultivation, and the rates of P
fertilizer per treatment, the fertilization was split: Pre-sowing,
100% phosphorus (P), 18% nitrogen (N), 30% potassium (K),
and 100% minor and secondary elements; phenological stage
V2 (two true leaves), 30% N, and 30% K; phenological stage
V5 (five true leaves), 30% N, and 30% K; phenological stage
V8 (true leaves), 22% N, and 10% K. The sources and total
concentration of N, P, and K were amide fertilizer (129.8mg
Kg−1 soil), diammonium phosphate (DAP) (157.9mg Kg−1 soil),
and KCl (158.75mg Kg−1 soil), respectively. These amounts of
fertilizers were determined according to García and Correndo
(2016). Four maize seeds were sown per bag, and later, thinning
was conducted in phenological stage V2, leaving one plant
per bag.

The inoculation of Rhizobium sp. B02 was performed 30min
before sowing by immersing the seeds in the bacterial inoculum
(∼108 CFUmL−1). Subsequently, 10ml of the bacterial inoculum
were added per bag during the phenological stage V5 (Ibrahim
and El-Sawah, 2022). For water irrigation, a system was installed
with self-compensated drippers discharging 4 L h−1 in each bag,
applying an irrigation sheet when the volumetric water content
was below the field capacity (∼80%). The pests and diseases were
managed following the recommendations for conventional maize

crops. The environmental conditions during the experiment were
18–38◦C and∼55% humidity.

Analysis of Plant Tissue and Data
Collection
Different plant parameters were measured in three phenological
stages: vegetative stage of the tillering (V5) at 12 days after
emergence (DAE), vegetative stage of the tassel (VT) at 52
DAE, and reproductive stage of physiological maturity (R6)
at 118 DAE. In the V5 stage, we measured shoot length,
shoot dry weight, leaf area, relative chlorophyll content, and
shoot P content. The relative chlorophyll content was measured
using a SPAD-502 chlorophyll meter (Konica Minolta, Tokyo,
Japan). In addition to the parameters measured at V5, net
photosynthesis rate and transpiration rate were taken at the
VT stage. The photosynthetic and transpiration rates were
measured by gas exchange measurements between 09:00 and
11:00 with the infrared gas analyzer LI-6400 XT (Lincoln,
NE, USA). Finally, we measured the number of lines per cob,
number of grains per line, 1,000-grain weight, and grain yield in
R6. Three replicates per independent repetition were measured
in all parameters for nine measurements, except for relative
chlorophyll content and shoot P content. The replicates of
each independent experiment were mixed by repetition in this
parameter, generating three measurements.

Data Analyses
The data obtained were subjected to a multivariate analysis of
variance (MANOVA) and a Tukey test to examine whether there
were significant differences at a 95% confidence level (p < 0.05)
using the SPSS 22.0 program (SPSS Inc., Chicago, IL, USA).
The data were also analyzed through a principal component
analysis with a biplot using RStudio software version 4.0.2.4
(RStudio Inc., Boston, MA, USA) to determine the correlation
between parameters. The correlation between parameters was
observed in this model in a more integrated way and was based
on both the statistical summary and the angle included between
the arrows pointing at two variables as follows: sharp angles
indicated positive correlations, squared angles indicated a null
correlation, and obtuse angles indicated negative correlations
(de Almeida Carvalho-Estrada et al., 2020). Graphics were
made using GraphPad Prism 8 software (Graphpad, San Diego,
CA, USA).

RESULTS

We conducted a growth promotion assay in two plant genotypes
under greenhouse conditions to assess the potential of Rhizobium
sp. B02 for maize development during three phenological stages.
Overall, we found that inoculation had a significant effect
(p < 0.05) on maize and that its influence was dependent on
the P fertilization dose (Supplementary Table 1). A significant
influence on maize, regardless of the maize genotypes, was
exerted by P fertilization. A significant effect on maize growth
was not triggered by the interaction between plant genotype and
inoculation, showing that the plant growth-promoting potential
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FIGURE 1 | Influence of inoculation with Rhizobium sp. B02 on shoot length (A), shoot dry weight (B), leaf area (C), relative chlorophyll content (D), and shoot P

content (E) of the white endosperm genotype of maize at the vegetative stage of tillering (V5). Except for shoot P content (three measurements), the means and

standard errors resulted from three replicates and three independent repetitions (nine measurements). Different letters indicate significant differences according to

Tukey’s test (p < 0.05).

of inoculation with Rhizobium sp. B02 was strongly influenced
by genotype.

Biofertilizing Potential in the White
Endosperm
Vegetative Stage of Tillering (V5)
The plant parameters gradually increased with the P fertilization
rate without inoculation in the white endosperm genotype of
maize (Figure 1). Inoculation had a significant influence on
the V5 stage (p < 0.05; Supplementary Table 2). We observed
that its use slightly increased shoot length, while more marked
increases were found in shoot dry weight (Figures 1A,B). Leaf
area was also influenced by inoculation when 25 and 50% DAP
were applied, but more notably at 0% DAP (Figure 1C). The
relative content of chlorophyll was improved by inoculation in all
doses, mainly at 0 and 50% DAP (Figure 1D). Regarding shoot P
content, the influence of inoculation was subtle (Figure 1E).

Vegetative Stage of the Tassel (VT)
Next, we evaluated the influence of inoculation with Rhizobium
sp. B02 in the phenological stage of VT. Interestingly,

the effect of inoculation was pronounced in the VT stage
(Figure 2). Inoculation significantly increased shoot length and
shoot dry weight at all DAP doses than the uninoculated
controls (Figures 2A,B). The leaf area increased in plants
inoculated using the 50% DAP dose (Figure 2C). The relative
chlorophyll content was improved in the inoculated treatment
independent of the DAP dose by ∼12% (Figure 2E). The
photosynthetic rate had the same trend as the relative chlorophyll
content (Figure 2F). Finally, the transpiration rate increased
with the inoculation by ∼17 and ∼29% at 0 and 50%
DAP, respectively (Figure 2G). Therefore, inoculation had a
significant effect on maize plants at this stage (p < 0.05;
Supplementary Table 3).

Reproductive Stage of Physiological Maturity (R6)
Next, we sought to determine whether the productivity of
the white endosperm maize was improved by the potential
of Rhizobium sp. B02 (Figure 3). The number of lines
per cob and the number of grains per line increased
by inoculation with 25 and 50% DAP rates, respectively
(Figures 3A,B). The 1,000-grain weight parameter increased
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FIGURE 2 | Influence of inoculation with Rhizobium sp. B02 on shoot length (A), shoot dry weight (B), leaf area (C), relative chlorophyll content (D), shoot P content

(E), photosynthetic rate (F), and transpiration rate (G) of the white endosperm genotype of maize at the vegetative stage of the tassel (VT). Except for relative

chlorophyll and shoot P contents (three measurements), means and standard errors result from three replicates and three independent repetitions (nine

measurements). Different letters are indicators of significant differences according to Tukey’s test (p < 0.05).

in the range of 6–10% when inoculation was performed
(Figure 3C). Interestingly, inoculation led to increases in
grain yield at all reduced DAP doses (Figure 3D). The most
significant increase was ∼17% at 50% DAP, in which the
100% DAP control was phenocopied. Therefore, a significant
influence on maize was triggered by inoculation in the
R6 stage, representing physiological maturity (p < 0.05;
Supplementary Table 4).

Association Among Morphometric,
Physiological, and Productivity Parameters
We conducted a principal component analysis to address the
correlations among the parameters promoted by inoculation
over the three phenological stages. Of the 16 plant parameters
measured, 14 were promoted by inoculation, as described above,

and were included in this analysis. These parameters were
shoot dry weight, leaf area, and relative chlorophyll content
at V5; shoot length, shoot dry weight, leaf area, shoot P
content, photosynthetic rate, relative chlorophyll content, and
transpiration rate at VT; and number of lines per cob, number
of grains per line, 1,000-grain weight, and grain yield at R6.
We noted that 38% of the data variation was explained by
the principal component analysis. From the total variance,
25% was accounted for by principal component 1 and 15%
by principal component 2 (Figure 4). We also found that the
stage with the largest positive correlation between its parameters
was V5. Shoot dry weight was the morphometric parameter
most closely correlated between vegetative stages V5 and VT.
The relative chlorophyll content in V5 showed a positive
correlation with the shoot P content in the VT stage. The
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FIGURE 3 | Influence of inoculation with Rhizobium sp. B02 on the number of lines per cob (A), number of grains per line (B), 1,000-grain weight (C), and grain yield

(D) of the white endosperm genotype of maize at the reproductive stage of physiological maturity. Means and standard errors result from three replicates and three

independent repetitions. Different letters are indicators of significant differences according to Tukey’s test (p < 0.05).

photosynthetic rate, transpiration rate, and relative chlorophyll
content of the VT stage were positively correlated. Likewise, these
three parameters have a strong positive correlation with shoot
length and a slight positive correlation with shoot P content
in the same phenological stage. The 1,000-grain weight was
the productivity parameter most positively correlated with the
morphometric and physiological parameters from other stages
(e.g., shoot dry weight, shoot P content, leaf area, and relative
chlorophyll content). The parameters that reflected a strong
positive correlation with grain yield were the number of grains
per line and the number of lines per cob in the R6 stage and the
leaf area of VT. Additionally, the grain yield had less pronounced
positive correlations with the shoot dry weight of both stages, the
leaf area, and the relative chlorophyll content of V5; the shoot P
content of VT; and, finally, the 1,000-grain weight of R6.

Biofertilizing Potential in Yellow
Endosperm
Vegetative Stage of Tillering (V5)
As for the yellow endosperm genotype, we found a similar trend
in the uninoculated treatments concerning the white endosperm

genotype since the plant parameters gradually increased with
the DAP fertilization rate (Figure 5). The shoot length did not
improve significantly in the inoculated treatments (Figure 5A).
Both shoot dry weight and leaf area increased with inoculation
at 50% DAP (Figures 5B,C). The relative chlorophyll content
slightly improved at 0% DAP with inoculation (Figure 5D). The
last parameter measured in this stage was shoot P content. No
significant differences were found with inoculation (Figure 5E).
Consequently, inoculation had no significant effect on stage V5
(p < 0.05; Supplementary Table 5).

Vegetative State of the Tassel (VT)
We found that inoculation also had no significant growth-
promoting effect on the VT of the yellow endosperm genotype
(p < 0.05; Supplementary Table 6). The plant parameters
responded differently to the inoculation of Rhizobium sp.
B02 concerning the white endosperm (Figure 6). For instance,
shoot length was markedly more promoted by inoculation
than shoot dry weight (Figures 6A,B). The leaf area showed
improvement again with inoculation at 25 and 50% DAP
(Figure 6C), while the relative chlorophyll content did not have
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FIGURE 4 | Principal component analysis plot correlating morphometric, physiological, and productivity parameters promoted by inoculation with Rhizobium sp. B02

in the white endosperm genotype of maize. SDW, shoot dry weight; LA, leaf area; RCC, relative chlorophyll content; SL, shoot length; P, shoot P content; PH,

photosynthetic rate; TR, transpiration rate; NLC, number of lines per cob; NGL, number of grains per line; 1,000 GW, 1,000-grain weight; GY, grain yield; V5,

vegetative stage of the tillering; VT, vegetative state of the tassel; R6, reproductive stage of physiological maturity.

significant differences in any treatment (Figure 6D). Shoot P
content increased slightly in the inoculated treatments when 25
and 50% DAP were applied (Figure 6E). The photosynthetic
rate had the same trend as the relative chlorophyll content
since there were no significant differences in any treatment
(Figure 6F). Finally, the transpiration rate only improved
significantly with inoculation at 0% DAP, registering an increase
of∼24% (Figure 6G).

Reproductive Stage of Physiological Maturity (R6)
We noted no significant differences in any treatment in
physiological maturity (Figure 7), either in the number of lines
per cob or in the number of grains per line (Figures 7A,B).
The 1,000-grain weight significantly increased at 25 and
50% DAP in the inoculated treatments (Figure 7C). Finally,
grain yield was not significantly increased by inoculation
with Rhizobium sp. B02, as the best yield was obtained
in 100% DAP treatment (Figure 7D). Therefore, inoculation
did not significantly impact maize productivity (p < 0.05;
Supplementary Table 7).

Association Among Morphometric,
Physiological, and Productivity Parameters
With the same purpose as the previous principal components
analysis conducted on the white endosperm, we performed the
analysis on the yellow endosperm. Of the 16 plant parameters
raised, seven were promoted by inoculation and, therefore,
were included in this analysis. These parameters were shoot
dry weight, leaf area, relative chlorophyll content at V5, shoot
length, leaf area, transpiration rate at VT, and 1,000-grain
weight at R6. A total of 60% of the original data variation was
explained by principal component analysis, where 33% of the
total variance was accounted for by principal component 1 and
27% by principal component 2 (Figure 8). Again, we observed
that V5 was the stage with the largest positive correlation with
the parameters. The relative chlorophyll content of V5 was
positively correlated with the leaf area of VT, which was positively
correlated with the shoot length of VT. The transpiration
rate of the VT stage was not positively correlated with any
parameters. Finally, we also found that the 1,000-grain weight
was positively correlated with morphometric and physiological
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FIGURE 5 | Influence of the inoculation with Rhizobium sp. B02 on shoot length (A), shoot dry weight (B), leaf area (C), relative chlorophyll content (D), and shoot P

content (E) of the yellow endosperm genotype of maize at the vegetative stage of tillering (V5). Except for shoot P content (three measurements), the means and

standard errors resulted from three replicates and three independent repetitions (nine measurements). Different letters indicate significant differences according to

Tukey’s test (p < 0.05).

parameters of other stages (e.g., plant length, leaf area, and
relative chlorophyll content).

DISCUSSION

Maize is one of the crops facing a P crisis (Langhans et al., 2021).
In response to this situation, research on microbial inoculants
that improve sustainable P management in agriculture has been
promoted (Nagpal et al., 2021; Singh and Brar, 2022). Here,
we reported the biofertilizing potential of Rhizobium sp. B02 to
improve P fertilization in maize crop, addressing whether the
potential varies based on the plant genotype.

The development of maize in all phenological stages was
improved by inoculation with Rhizobium sp. B02. VT was the
phenological stage with the plant parameters most significantly
influenced by inoculation. The VT stage has a pivotal role
in the growth of maize, given the high concentration of
nutrients that the plant accumulates in its tissues before its
reproductive stage. This is one of the most sampled phenological
stages for optimizing nutrient management (Pavinato et al.,

2017). However, the three phenological stages were significantly
promoted by inoculation solely in the white endosperm, as well as
the morphometric, physiological, and productivity parameters of
the maize. Therefore, the growth-promoting effect was markedly
more prominent in the white endosperm than in the yellow
endosperm maize genotype, corroborating that the inoculation
was strongly influenced by the genotype. This finding was an
indicator that the potential of Rhizobium sp. B02 was specific to
the maize genotype.

Several studies have reported that the plant growth-
promoting effect of a strain depends on the plant genotype.
For instance, Vanissa et al. (2020) found that maize growth
depended on genotype by inoculating Arthrobacter and
Bacillus in salinity-affected and P-deficient soils. In studies
with Azospirillum brasilense, Burkholderia tropica, and
Herbaspirillum frisingense in different wheat, sorghum,
and rice genotypes, it has been reported that the growth-
promoting effect depends on the plant genotype (Schlemper
et al., 2018; Vidotti et al., 2019). However, it is unclear
how the potential of promising strains is influenced by the
differences between genotypes of the same crop. Unraveling
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FIGURE 6 | Influence of inoculation with Rhizobium sp. B02 on shoot length (A), shoot dry weight (B), leaf area (C), relative chlorophyll content (D), shoot P content

(E), photosynthetic rate (F), and transpiration rate (G) of the yellow endosperm genotype of maize at the vegetative stage of the tassel (VT). Except for relative

chlorophyll and shoot P contents (three measurements), means and standard errors result from three replicates and three independent repetitions (nine

measurements). Different letters are indicators of significant differences according to Tukey’s test (p < 0.05).

these interactions will lead to the improved effectiveness of the
microbial inoculants.

Phosphorus management can be optimized if shoot P
concentration, leaf area, and photosynthetic rate are improved
to attain high shoot weights and, consequently, high grain
yields (Zhang et al., 2018). We found that these five parameters
were improved by inoculation in the white endosperm,
generating positive correlations between them. We also found
that inoculation potential was larger when 50% DAP was
applied to white endosperms compared to 25% and 0% DAP.
Interestingly, complete fertilization control in all productivity
parameters in the white endosperm was phenocopied by the
potential of inoculation at a 50% DAP rate. This finding
is an indicator that Rhizobium sp. B02 allows P fertilizer
application rates to be reduced. In previous studies, PSB

has been shown to have some potential, allowing a 33–
75% reduction in the rate of P mineral fertilizers in several
crops (Sahandi et al., 2019; Rosa et al., 2020; Lopes et al.,
2021).

The role of the Rhizobium genus in the P cycle for plant
nutrition has been limitedly explored. Some investigations
have reported the presence of Rhizobium in the rhizosphere,
endosphere, and phyllosphere of non-legume crops (Díez-
Méndez and Menéndez, 2021). The Rhizobium genus is also
capable of carrying out other plant growth-promoting features,
such as solubilizing and mineralizing P, synthesizing indole
compounds, and producing siderophores (Iyer and Rajkumar,
2018; Verma et al., 2020). The potential of Rhizobium sp. B02
is likely to be a direct consequence of stimulating plant growth
or an indirect result of interacting synergistically with native
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FIGURE 7 | Influence of inoculation with Rhizobium sp. B02 on the number of lines per cob (A), number of grains per line (B), 1,000-grain weight (C), and grain yield

(D) of the yellow endosperm genotype of maize at the reproductive stage of physiological maturity. Means and standard errors result from three replicates and three

independent repetitions. Different letters are indicators of significant differences according to Tukey’s test (p < 0.05).

microbiota (Romero-Perdomo et al., 2019; Amaya-Gómez et al.,
2020). Transcriptomic studies with mutant strains are needed
to understand in detail which plant genes are involved in the
recognition and growth promotion by Rhizobium sp. B02.

Few studies have shown whether the sole application
of Rhizobium has a beneficial impact on the development
of crops in phosphorus-deficient soils. This was a relevant
condition of this study provided by the soil used, low P
availability (12.28mg kg−1), and reduced doses of P fertilizer
applied. Abiotic stresses in plants (e.g., nutritional, saline, or
drought stress) have been reported in research developments
to strongly influence the potential of these microbes to
promote growth (Moreno-Galván et al., 2020; Cortés-Patiño
et al., 2021; Mendoza-Labrador et al., 2021; Pardo-Diaz et al.,
2021).

This study is a step toward optimizing the efficient use of
P in maize cultivation through the inoculation of Rhizobium
sp. B02. Therefore, field efficacy tests need to be conducted.
Although Rhizobium is a bacterial genus mainly associated with
the nitrogen nutrition of legume crops, our findings represent

insights into the potential of Rhizobium sp. B02 in conditions of
nutritional limitation of P.

CONCLUSIONS

Inoculation with Rhizobium sp. B02 has a significant effect on
growth, physiological traits, and yield of maize, yet its plant-
promoting effect is markedly larger on the white endosperm than
on the yellow endosperm maize genotype. The development of
maize was promoted by inoculation in all phenological stages,
wherein the largest increase occurred in the vegetative stage of
the tassel. Shoot P concentration, leaf area, photosynthetic rate,
shoot dry weight, 1,000-grain weight, and grain yield in white
endosperm were promoted by the influence of Rhizobium sp.
B02. A plant response similar to 100% DAP was generated by
the productivity parameters in the white endosperm with the
inoculation at 50% DAP, suggesting an equivalent reduction of
∼85 kg of the DAP fertilizer ha−1. Rhizobium sp. B02 represents
a promising strain for use as an inoculum in white endosperm
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FIGURE 8 | Principal component analysis plot correlating morphometric, physiological, and productivity parameters promoted by inoculation with Rhizobium sp. B02

in the yellow endosperm genotype of maize. SDW, shoot dry weight; LA, leaf area; RCC, relative chlorophyll content; SL, shoot length; TR, transpiration rate; 1,000

GW, 1,000-grain weight; GY, grain yield; V5, vegetative stage of the tillering; VT, vegetative state of the tassel; R6, reproductive stage of physiological maturity.

maize to reduce rates of P fertilizer application. Examining the
use of strains as microbial inoculants in various plant genotypes
is necessary to report their potential specifically and, thus,
strengthen their implementation as sustainable biotechnology.
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