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Abstract
Despite the lower reactivity of natural phosphates compared to soluble fertilizers, their P bioavailability can increase over 
the cultivation years, due to the physicochemical processes and the activity of soil microbiota. Therefore, this work aimed to 
evaluate the α and β diversity of the rhizosphere microbiota of maize and sorghum genotypes grown under different sources 
and doses of phosphate fertilizers. Four commercial maize and four sorghum genotypes were grown under field conditions 
with three levels of triple superphosphate (TSP) and two types of rock phosphate sources: phosphorite (RockP) and bayóvar 
(RP) during two seasons. Maize and sorghum presented a significant difference on the genetic β diversity of both rhizosferic 
bacterial and arbuscular mycorrhizal fungi. Moreover, P doses within each phosphate source formed two distinct groups for 
maize and sorghum, and six bacterial phyla were identified in both crops with significant difference in the relative abundance 
of Firmicutes and Proteobacteria. It was observed that RockP fertilization increased Firmicutes population while Proteobac-
teria was the most abundant phylum after TSP fertilization in maize. In sorghum, a significant impact of fertilization was 
observed on the Acidobacteria and Proteobacteria phyla. TSP fertilization increased the Acidobacteria population compared 
to no fertilized (P0) and RockP while Proteobacteria abundance in RockP was reduced compared to P0 and TSP, indicating a 
shift toward a more copiotrophic community. Our results suggested that the reactivity of P source is the predominant factor in 
bacterial community’ structures in the maize and sorghum rhizosphere from the evaluated genotypes, followed by P source.
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Introduction

The Green Revolution allowed a significant increase of crop 
production, based on the introduction of hybrids and adop-
tion of modern technologies, such as synthetic fertilizers 
[1]. In Brazilian agriculture, the use of synthetic phosphate 
fertilizers, such as the triple superphosphate (TSP), mono-
ammonium phosphate (MAP), and diammonium phosphate 
(DAP) normally obtained from inorganic acid treatment of 
natural rock phosphates, is predominant. However, most 

of the applied fertilizers are not absorbed immediately by 
crops, and in excess can raise production costs and cause 
negative environmental effects [2, 3]. Thus, it is fundamental 
to use alternative methods to improve crop yield stability 
and sustainability. An alternative is a direct use of natural 
rock phosphates as fertilizer, which have low phosphorus 
(P) solubility, especially in the year of application. However, 
along the cultivation, the P availability can be increased by 
physicochemical processes and the activity of soil micro-
biota [4–6].

The diversity and composition of microbial taxa in the 
rhizosphere can be affected by several factors, including 
plant species, soil type, nutrient availability, soil manage-
ment practices, and microbial interactions [7]. To under-
stand the structure and function of microbial communities 
in different environments, several authors use techniques 
based on fingerprinting of conserved DNA regions [8–11]. 
The Terminal Restriction Fragment Length Polymorphism 
(T-RFLP) aproach has been extensively used to study 
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structural changes in the rhizosphere of microbial commu-
nity under different conditions, including phosphate fertili-
zation, long-term tillage, and short-term nutrient addition, 
monitoring members of stress-tolerant bacterial inocula and 
determining the effects of P fertilizer enriched with ben-
eficial bacterias strains (biofertilizer) on the microbiome 
[7, 12–17]. Although several high-throughput sequencing 
(HTS) techniques arose in the last years, T-RFLP is still 
widely used [7–10, 15–17]. Data juxtaposing results from 
T-RFLP with those generated using HTS showed that the 
T-RFLP analysis gave results with similar resolution levels, 
but with a fraction of the cost, indicating that T-RFLP is use-
ful for screening samples before their use in more sensitive 
and expensive approaches [18, 19].

The study of the relationship between phosphate sources, 
considering different soil potential reactivity, associated 
with P use efficiency mechanisms of maize and sorghum 
genotypes and microbial communities can contribute signifi-
cantly to increase the use of alternatives sources of P sup-
porting a more sustainable agriculture. However, few studies 
demonstrate this impact on crops of economic importance 
under differente phosphate fertilization conditions in tropical 
regions with very clayey soils. In these soils, typical of Cer-
rado and other Savannah areas worldwide, phosphate ferti-
lizers are often rapidly complexed via adsorption to iron and 
aluminum oxides, reducing P bioavailability to plants [20]. 
Moreover, P can also be complexed to or within organic 
compounds that may represent as much as 80% of the total 
P in no-till soils [21].

Although several factors influence the rhizospheric 
microbial communities, some microorganisms are predomi-
nant in fertilized soil samples compared to non-fertilized. 
Microorganisms of the P cycle can suffer direct impact on its 
richness and abundance by the amount of this nutrient avail-
able in the soil and the fertilizer type applied [13, 22–24]. 
Previous studies of our group indicated that the soil P level 
was the major driver of microbiome structure in the rhizo-
sphere of two maize genotypes grown under contrasting P 
conditions and there was a modulation on the structure of 
oligotrophic to copiotrophic microorganisms when fertiliza-
ted with TSP [24]. There was an increase in the rhizosphere 
population of Proteobacteria, Actinobacteria, and Firmicutes 
when P dosages were increased. These microorganisms usu-
ally show rapid growth when sources of nutrients are more 
available in the soil [22–24]. In Phaseolus vulgaris, there 
was also an increase in copiotrophic bacteria at high P level 
whereas oligotrophic ones increased with rock phosphate 
application at low P levels [13].

In this work, we tested the hypothesis that the rhizos-
pheric microbial community could be affected by maize 
and sorghum genotypes. In addition, the use of TSP, due 
to its reactivity, would result in a shift of microbial taxons 
from oligotrophic to copiotrophic compared to natural rock 

phosphates. Thus, the objective of this work was to evaluate 
the genetic distance, α and β diversity, and the composition 
of the rhizospheric microbial communities of maize and 
sorghum genotypes grown under field conditions with three 
different types and three doses of phosphate fertilizers.

Material and methods

Site background and soil preparation

The experiments were performed at Embrapa Maize and 
Sorghum Experimental Station in Sete Lagoas, MG, Brazil 
(19° 28′S, 44° 15′W, altitude of 732 m). The soil is classi-
fied as a Latossolo Vermelho Distroférrico (Oxisol), with 
a clayey texture (64% of clay), under savannah vegetation 
[25]. Prior to establishment of the experiment, between 2007 
and 2017, the area was fallow, under spontaneous pasture of 
brachiaria (Urochloa sp.).

For chemical soil analysis, sampling was done before 
planting in the cropped areas for maize and sorghum. Each 
area was divided in 10 blocks measuring 20 m wide × 18 m 
long, and five subsamples were collected to a depth of 20 cm 
for each block to form a composite sample in August of 2017. 
Measured soil parameters, according to [26] were as follows: 
pHwater = 5.90; potential acidity (H + Al) = 7.36 cmolc dm−3; 
calcium (Ca) = 3.03 cmolc dm−3; magnesium (Mg) = 0.47 
cmolc dm−3; cation exchange capacity (CEC-pH7) = 10.99 
cmolc dm−3; extractable P (Mehlich1) = 5.16 mg  dm−3; 
potassium (K) = 53.80 mg dm−3; base saturation = 33.40% 
and organic matter (OM) = 36.90 g kg−1.

Four commercial maize genotypes (BRS1055, 1M1752, 
DKB390, and AG8088) and four commercial sorghum geno-
types (BRS330, BRS373, 1G100, and DKB540) were used 
in this experiment. The soluble source used was the triple 
superphosphate (TSP) contend 45% total P2O5 (granulated). 
The rock phosphates were phosphorite (RockP) (Campos 
Belos, GO, Brazil) contend 18% total P2O5 of which 4.8% 
soluble in citric acid 2% (powder) and reactive rock phos-
phate bayóvar (RP) (Sechura Desert, Peru) contend 28% total 
P2O5 of which 13% soluble in citric acid 2% (branny). The 
field experiment consisted of seven fertilizer treatments: (1) 
plots without addition of fertilizer P (P0); (2) plots receiving 
RockP at a rate of 50 kg of P2O5 ha−1; (3) plots receiving 
RockP at a rate of 100 kg of P2O5 ha−1; (4) plots receiving 
RP at a rate of 50 kg of P2O5 ha−1; (5) plots receiving RP at a 
rate of 100 kg of P2O5 ha−1; (6) plots receiving TSP at a rate 
of 50 kg of P2O5 ha−1 year−1; (7) plots receiving TSP at a 
rate of 100 kg of P2O5 ha−1 year−1. Soil was sampled in two 
growing seasons 2016/2017 and 2017/2018, after fertilized 
plots had received about 44 kg-P ha−1 year−1 or a cumula-
tive 88 kg-P ha−1. Crops were fertilized at sowing time with 
40 kg of N ha−1 and 60 kg of K2O ha−1 and then again as a 
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side dress 30–35 days after planting with 120 kg of N ha−1 
and 60 kg of K2O ha−1. The experiment was under no-till 
soil management with irrigation, when necessary. Micro-
nutrients were not applied because soil analyses indicated 
that they were sufficients, with values above of the critical 
levels. The experimental design was a randomized complete 
block with three replications with a factorial of 4 × 3 × 3. The 
seasons were analyzed separately.

During the flowering stage, roots were collected from four 
maize plants and four sorghum plants from each plot. After 
the removal of the poorly adhered soil by manual agitation, 
5 g of thin roots with rhizospheric soil were weighed and 
separated. The samples were transferred to conical tubes 
containing 35 mL of 0.1% (w/v) sodium pyrophosphate solu-
tion and shaken for 30 min in a horizontal homogenizer at a 
speed of 130 rpm. The roots were removed, and the samples 
centrifuged at 14,000 g for 30 min. The supernatant was 
discarded, and the soil was resuspended in 1.8 mL of sterile 
ultrapure water. Later, the soil was centrifuged at 14,000 × g 
for 4 min and the supernatant was discarded. The soil sam-
ples were frozen in liquid nitrogen and stored at − 80 °C until 
the total DNA was extracted from the microbial community.

DNA extraction from soil samples

Total DNA extraction from 0.45 g of rhizospheric soil sam-
ples was performed with the PowerSoil® DNA Isolation Kit 
(MoBio Laboratories, Inc. USA), according to the manufac-
turer’s recommendations. The DNA was then suspended in 
50 µL of Solution C6 buffer and quantified in a Nanodrop® 
spectrophotometer (Thermo Fisher Scientific, USA) and 
diluted to a concentration of 1.0 ng μL−1.

16S and 28S rRNA gene amplification

Fragments of the 16S rRNA gene were amplified using the 
8F-FAM 5′AGA​GTT​TGA​TCC​TGG​CTC​AG-3′ primer 
fluorescence-labeled at 5′ [27] and 1492R, 5′-GGT​TAC​
CTT​GTT​ACG​ACT​T-3' [28]. The PCR reaction consisted 
of 2.5 ng of DNA, each primer at 0.25 mM, reaction buffer 
1X, MgCl2 3.12 mM, dNTPs 0.125 mM each, 1.25 U of Taq 
DNA polymerase (Invitrogen, UK) in a final volume of 50 
μL. Amplification was performed with initial denaturation 
at 94 °C for 3 min, followed by 25 cycles at 94 °C for 45 s, 
55 °C for 45 s, 72 °C for 2 min, and final extension at 72 °C 
for 5 min.

For the amplification of the 28S rRNA gene from arbus-
cular mycorrhizal fungi (AMF), we used a nested-PCR from 
a reaction with primers LR1, 5′- GCA​TAT​CAA​TAA​GCG​
GAG​GA-3′ [29] and FLR2, 5′-GTC​GTT​TAA​AGC​CAT​
TAC​GTC-3′ [29]. The initial reaction consisted of 2.5 ng 
of DNA, each primer at 0.2 mM, reaction buffer 1X, MgCl2 
2.5 mM, dNTPs 0.125 mM, 1.5 U of Taq DNA polymerase 

(Invitrogen Paisley, UK), betaine 1 mM, in a total volume 
of 50 μL. For the second PCR, 2.5 μL of the product of the 
first reaction was used and the primer FLR3 was marked 
with FAM 5′-TTG​AAA​GGG​AAA​CGA​TTG​AAGT-3′ [31] 
and FLR4 was marked with HEX 5′-TAC​GTC​AAC​ATC​CTT​
AAC​GAA-3′ [31] at a final concentration of 0.2 mM each, 
1 × reaction buffer, MgCl2 2.5 mM, dNTPs 0.125 mM, and 
1.5 U of Taq DNA polymerase (Invitrogen, UK), in 50 μL. 
The amplifications for AMF were performed with initial 
denaturation at 95 °C for 5 min, followed by 35 cycles at 
94 °C for 1 min, 60 °C for 1 min, 72 °C for 1 min, and 72 °C 
for 10 min. An aliquot of 1 μL of the PCR products was 
stained with GelRed (Biotium, Hayward, California, USA) 
and analyzed in 1% (w/v) agarose gel electrophoresis using 
1 Kb Plus DNA Ladder (Life Technologies, USA). The 
amplified DNA was confirmed in a transilluminator under 
ultraviolet light and photographed in the L-PIX Image EX 
equipment (Loccus Biotecnologia, Brazil).

T‑RFLP analysis

The amplified fragments were digested with the restriction 
enzymes AluI, TaqI, and HaeIII (Invitrogen, USA), accord-
ing to [13, 30, 31]. To evaluate DNA fragments, 2 μL of the 
digestion product were added to 9.8 μL of deionized forma-
mide (Applied Biosystems, USA) and 0.2 μL of ROX500 
standard (Applied Biosystems). PCR digested products were 
resolved by capillary electrophoresis on Genetic Analyzer 
3500XL (Applied Biosystems, USA) with the GeneMap-
per 5.0 software (Applied Biosystems, USA). The Terminal 
Restriction Fragment (T-RF) peaks with a fragment between 
30 and 500 bp and fluorescence intensities higher than 40 
fluorescence units (peak height) were considered for pro-
file analysis. The T-REX program [32] was applied for the 
alignment of different samples and consensus profiles of two 
parallel runs of each sample. For creating data, matrices 
T-RFs with ≥ 1% relative abundance (individual peak area 
divided by the sum of all peak areas) were applied [33]. The 
relative abundances of the applied microbial species were 
determined by the average T-RF size values of digestions 
with the restriction enzymes.

Bacterial community identification

Based on the initial T-RFLP results, we analyzed the bacte-
rial phylogenetic β diversity of maize genotype BRS1055 
and sorghum genotype BRS373 under the treatments: (1) 
plots without addition of fertilizer P [P0]; (2) plots receiving 
rock phosphate (Itafós) [RockP] at a rate of 100 kg of P2O5 
ha−1, and (3) plots receiving triple superphosphate [TSP] 
at a rate of 100 kg of P2O5 ha−1 year−1. The T-RFs were 
compared with predicted fragment length by confronting 
the results from three enzymes using Microbial Community 
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Analysis III- MiCA 3 (http://​mica.​ibest.​uidaho.​edu/) and ref-
erence soil database based on RDP r12u10 [34]. The taxo-
nomic classification was retrieved from NCBI using the 
taxonomy status tool (https://​www.​ncbi.​nlm.​nih.​gov/​Taxon​
omy/​TaxId​entif​ier/​tax_​ident​ifier.​cgi).

Data statistical analysis

The effect of crop and fertilization on the genetic β 
diversity profile of bacteria and AMF was evaluated by 
multidimensional non-metric scaling (NMDS) based on 
Bray–Curtis distance matrix and ANOSIM test (p ≤ 0.05) 
using the software Past v.3.25 [35]. The effect of the crop 
and fertilization on the abundance of bacterial taxon was 
verify by analysis of variance (ANOVA) two-way and 
under the crop type was used ANOVA one-way followed 
by Tukey test at 5% probability. In addition, the Simpson 
α diversity index were calculated and tested by ANOVA 
and Tukey test at 5% probability. Simper analysis from 
Bray–Curtis distance matrix after Hellinger’s transfor-
mation was used to evaluate the percentage contribution 

of each taxon identified among the crops. The families/
classes taxons found were used to construct the micro-
bial interaction network. The microbial networks were 
based on Pearson’s correlation with p ≤ 0.05. These anal-
yses were conducted for the Tidyverse package [36] and 
“qgraph” package [37] in the software R, version 4 [38].

Results

Crop type influcences bacterial and AMF 
composition

Maize and sorghum presented a significant difference on 
the β diversity composition of both bacterial and AMF, 
independently of the fertilization condition based on the 
non-metric multidimensional scaling analysis (NMDS) 
using the Bray–Curtis distance matrix for both seasons 
(Fig. 1).

Fig. 1   Non-metric multidimen-
sional scaling analysis (NMDS) 
using the Bray–Curtis distance 
matrix for the genetic β diver-
sity of the maize and sorghum 
bacterial (a, c) and mycorrhizal 
arbuscular fungi (b, d) commu-
nities in the 2016/17 (a, b) and 
2017/18 (c, d) seasons
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Plant genotype, P fertilizer and P dose affect the β 
diversity of bacterial but not AMF communities.

A significant impact (ANOSIM ≤ 0.05) of the plant geno-
type, P fertilizer type and P dose was observed on the genetic 
β diversity of rhizosphere bacterial communities in the 
2016/2017 (Fig. 2) and 2017/2018 seasons in both maize and 
sorghum (Fig. 3). However, there was no significant impact 
of these factors on the AMF community in each crop in the 
two seasons studied (Figs. S1 and S2). Due to the absence 
of significant effect of the plant genotype, fertilizer, and P 
dose on the AMF community, only the rhizospheric bacterial 
community was selected for depper analysis. Between the 
maize and sorghum genotypes, only the genotypes BRS1055 
(maize) and BRS373 (sorghum) were significantly affected 
by at least one factor (P fertilizer type and/or P dose) in 

both seasons (Table S1). Based on this, these two geno-
types cultived in the 2017/2018 season were selected for 
the analysis of the genetic β diversity of rhizosphere bacte-
rial community.

Composition and genetic α and β diversities 
of rhizospheric bacterial communities of maize 
and sorghum cultived in different P fertilizer and P 
dose

The results obtained by NMDS of maize and sorghum 
genotypes indicated that the P fertilizer source and P dose 
significantly affected the structure of the bacterial com-
munity in both seasons (Fig. 4). The P dose within each P 
source formed two distinct groups for maize and sorghum: 
(I) 0 kg P2O5 ha−1 and (II) 50 and 100 kg P2O5 ha−1. Based 

Fig. 2   Non-metric multidimensional scaling analysis (NMDS) using the Bray–Curtis distance matrix for the bacterial β diversity of different 
maize (a, b, c) and sorghum (d, e, f) genotypes grown under different fertilizers and P2O5 doses in 2016/17 season. Stress and ANOSIM p ≤ 0.05
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on this result, the composition of the bacterial commu-
nity was evaluated in the absence (P0) and presence of the 
two P fertilizers (RockP and TSP), both in the dosage of 
100 kg of P2O5 ha−1 for maize (BRS1055) and sorghum 
(BRS373). The general evaluation of the bacterial com-
position of rhizospheric soil in maize and sorghum treat-
ments showed five phyla with an abundance greater than 
0.5%, Firmicutes, Proteobacteria, Actinobacteria, Bacte-
rioidetes, and Acidobacteria (1%) (Table 1 and Table 2).

The influence of the crop type on the bacterial rhizos-
pheric community analysis showed a significant effect 
for Firmicutes (p = 0.003) and Proteobacteria (p = 0.002) 
phyla (Table 1). Relative percentage of Firmicutes was 
higher in sorghum (53.6%) than maize (45.3%), and the 
opposite was observed for Proteobacteria, with 33.4% in 
maize and 26.5% in sorghum. There was no significant 

impact of the microbial phyla on the interaction between 
crops.

P-fertilization type significantly impacted the bacterial 
rhizospheric community of maize and sorghum (Table 2). 
Maize fertilized with RockP showed higher relative abun-
dance of Firmicutes. However, Proteobacteria was the most 
abundant phyla in maize fertilized with TSP. In sorghum, we 
identified a significant impact of the P-fertilization on the 
Proteobacteria and Acidobacteria. The sorghum fertilized 
with TSP showed higher relative abundance of Acidobacte-
ria than P0 and RockP. On the other side, sorghum fertilized 
with TSP and P0 presented greater relative abundances of 
Proteobacteria compared to RockP.

Families and classes were identified with an abundance 
greater than 5% in the rhizospheric soil of maize and sor-
ghum genotypes (Fig. 5). According to Simper’s analysis, 

Fig. 3   Non-metric multidimensional scaling analysis (NMDS) using the Bray–Curtis distance matrix for the bacterial β diversity of differente 
maize (a, b, c) and sorghum (d, e, f) genotypes grown under different fertilizers and P2O5 doses in 2017/18 season. Stress and ANOSIM p ≤ 0.05

1376 Brazilian Journal of Microbiology (2022) 53:1371–1383



1 3

Fig. 4   Non-metric multidimensional scaling analysis (NMDS) using 
the Bray–Curtis distance matrix for the bacterial β diversity of the 
maize (a, c) and sorghum (b, d) grown under different fertilization 
conditions in 2016/17 (a, b) and 2017/18 (c, d) seasons. The P dose 

within each P  source formed two distinct groups for maize and sor-
ghum: (I) 0 kg P2O5 ha−1 and (II) 50 and 100 kg P2O5 ha−1. Stress 
and ANOSIM p ≤ 0.05

Table 1   Relative percentage of the bacterial phyla of maize and sorghum grown under different fertilization conditions in 2017/18 season

* Values with identical letters are not significantly different by Tukey’s test (p ≤ 0.05)

Crop Firmicutes Proteobacteria Actinobacteria Bacteroidetes Acidobacteria

Maize 45.31b 33.43a 16.75a 2.84a 1.00a

Sorghum 53.58a 26.52b 15.03a 3.22a 1.06a

Table 2   Relative percentage 
of the bacterial phyla of maize 
and sorghum grown under 
different fertilization conditions 
(P0, 0 kg ha−1 of P205; RockP, 
100 kg ha−1 of P205; and TSP, 
100 kg ha−1 of P205) in 2017/18 
season

* Values with identical letters are not significantly different by Tukey’s test (p ≤ 0.05)

Crop Fertilizer Firmicutes Proteobacteria Actinobacteria Bacteroidetes Acidobacteria

Maize P0 47.41ab 31.42b 16.45a 3.20a 0.93a

RockP 50.14a 28.58c 17.04a 2.62a 1.00a

TSP 38.40b 40.29a 16.76a 2.70a 1.12a

Sorghum P0 55.16a 27.98a 15.97a 3.27a 0.95b

RockP 54.37a 24.00b 16.43a 2.82a 0.96b

TSP 51.19a 28.44a 12.67a 3.57a 1.27a
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the families Bacillaceae, Streptomycetaceae, Pseudomona-
daceae, Burkholderiaceae, and Methylobacteriaceae were 
responsible for dissimilarity rate of 26% among the maize 
and sorghum bacterial communities (Table 3). Using the 
families and classes shown in Fig. 5, bacterial networks 
based on Pearson’s correlation were built for the rhizos-
pheric soil samples of maize and sorghum and one of all 
fertilization treatments (Fig. 6). In each network, 25 nodes 
and 16 edges were found. In maize, we found mostly positive 
links among taxa, but the Alphaproteobacteria class showed 
to be the taxon with the highest number of negative corre-
lations with others, especially with the Microbacteriaceae, 
Micrococcaceae, Bacillaceae, and Nocardiaceae families. In 
sorghum, there was a positive correlation among almost all 
taxa; however, the Betaproteobacteria class stood out for the 

negative correlation with the Microbacteriaceae and Nocar-
diaceae families. Finally, fertilization the network showed 
only positive correlations among families.

Based on the bacterial families identified, Simpson’s 
index was calculated to assess the α diversity of the rhizo-
pheric communities between maize and sorghum. A signifi-
cant effect of the bacterial α diversity was observed between 
crops (Fig. 6a), but no effect was observed on P fertilization 
(Fig. 6b).

Discussion

In our study, maize and sorghum presented a significant 
difference on the β diversity composition of both bacterial 
and AMF communities from rhizosphere, independently 
of the fertilization condition in both seasons (Fig. 1). The 
composition of rhizosphere communities is largely deter-
mined by the plant species with which they are associ-
ated [39], primarily by selection for microbes capable of 
utilizing the C source profile produced by the roots [40, 
41]. We observed a greater relative abundance of taxa 
associated with efficient carbon mineralization, such as 
Firmicutes, Betaproteobacteria, and Bacteroidetes, and an 
underrepresentation of the Acidobacteria, which have been 
shown to correlate negatively with carbon mineralization 
(Table 1 and Table 2). Maize presented less Firmicutes and 
more Proteobacteria than sorghum (Table 1). On the other 
hand, in sorghum, it was observed a significant impact of 

Fig. 5   Relative abundance of 
class or family of bacteria com-
munity in maize and sorghum 
rhizosphere in 2017/18 season 
with an abundance greater than 
5%

Table 3   Simper analysis from twenty-nine families identified with an 
abundance greater than 3% in the rhizosphere soil of maize and sor-
ghum grown under different fertilization conditions in 2017/18 season

Family Dissimilarity (%) Cumulative 
contribution 
(%)

Bacillaceae 16.14 62.1
Streptomycetaceae 3.63 76.1
Pseudomonadaceae 2.85 87
Burkholderiaceae 1.76 93.77
Methylobacteriaceae 1.62 100
Total 26
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fertilization on the Acidobacteria and Proteobacteria phyla 
(Table 2). The increased microbial carrying capacity is 
likely directly related to the greater nutrient flux in absorp-
tive fine roots and corresponds to increases in taxa known 
for their copiotrophic lifestyles (e.g., Betaproteobacteria 
and Bacteroidetes). Plant-specific rhizodeposites form an 
important mechanism in modulating the soil bacterial com-
munity to communities adapted to their host, with reduced α 
diversity and greater abundance of central taxons [42]. The 
plant evolutionary history seems to play an important role 
in the microbial community. The increase in phylogenetic 
distance between plant species favors the widening of dif-
ferences between communities [43, 44]. These disparities 
in rhizospheric microbiome do not only occur between spe-
cies but are also present between different genotypes of the 
same species [9, 45]. In addition to the evolutionary effect 
on crop domestication, soil management limited the evolu-
tionary potential of crop-related microbial interactions [46].

Although it has been demonstrated that high levels of 
inorganic P in soil can suppress AMF root colonization 
and phosphatase activity, while organic P can have the 
opposite effect, affecting rhizospheric microbiota [47, 48], 
genotype, fertilizer, and P dose factors were not significant 
in the AMF community for both crops and the two periods 
evaluated (Fig. S1 and S2). It is known that increasing 

P application markedly decreases AMF colonization of 
maize [49, 50]. The similarity between the genetic β diver-
sity of AMF community found in this study may be related 
to the fact that phosphate fertilizer sources are acting on 
the relative abundance of microorganisms and not neces-
sarily on microbial β-diversity, as also demonstrated by 
[22], who evaluated the effect of phosphate fertilization on 
the rhizosphere bacterial and fungal community of wheat 
and beans grown in a consortium system.

We observed that the genotype played an important role 
in the structuring of the rhizospheric bacterial community 
(Figs. 2 and 3). These results corroborated several studies 
that revealed a significant effect of the genotype on the 
microbial communities of the rhizosphere and on the regu-
lation of ecological services provided by plant-associated 
microbes with the plant. Similar effect of the genotype 
was observed in rhizosphere communities associated with 
other plant species [9, 43, 51–54]. In maize, our previous 
study showed a small but significant fraction of bacterial 
and fungal α diversity attributed to the host genotype con-
sidering maize genotypes with contrasting P use efficiency 
grown in soils with two P level [24]. In sorghum, the geno-
type effect on rhizospheric bacterial communities was also 
observed by high yield sequencing of the 16S rRNA gene 
fragment [55].

Fig. 6   Network analysis 
showing the connectedness 
among class or family with 
an abundance greater than 5% 
of bacteria in the rhizosphere 
of maize (a) and sorghum (b) 
under fertilization treatments 
(c) of 2017/18 season. The 
nodes (white dots) imply the 
taxa involved in the networks. 
The links mean the relationship 
among the nodes. Blue and red 
lines represent positive and 
negative correlations, respec-
tively, and the thickness cor-
respond to Pearson’s correlation 
significance
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The impact of the presence and absence of fertilization 
was evidenced by the differentiation of two groups (Fig. 4), 
and corroborated the results of other studies that demon-
strated the effect of P fertilization promoting differences 
between microbial communities [56–58]. According to Sim-
per’s analysis, the Bacillaceae family was responsible for the 
greatest dissimilarity rate between the bacterial communities 
in maize and sorghum (Table 3). Furthermore, this family 
contributed with more than 50% of the relative abundance 
of bacteria in maize and sorghum rhizosphere cultivated in 
Rock P (Fig. 5). The Burkholderiaceae, Streptomycetaceae, 
and Methylobacteriaceae families were related to the dissim-
ilarity rate between the rhizospheric bacterial communities 
between the two crops (Table 3). In maize, we also observed, 
a greater abundance of the Burkholderiaceae, Streptomyc-
etaceae, Methylobacteriaceae, and Rhizobiaceae families in 
soil fertilized with TSP. These families are included in the 
phylum Proteobacteria, that are copiotrophic organisms with 
a strong tolerance to the acidic environment [59], abundant 
in Brazilian Savannah (Cerrado) soils. The network analy-
sis (Fig. 6) corroborate our tested hypothesis that when the 
availability of nutrients (P) in the soil increased there is a 
remodeling of the bacterial structure, with prevalence of 
fast-growing rates species. On the other side, rock substrate 
is an oligotrophic (nutrient-poor) soil ecosystems, which 
contain a wide diversity of bacterial communities [60]. 
Certainly, some microorganisms suffer direct impact on its 
richness and abundance and are related to the P cycle in the 
soil, contributing to plant nutrition [13, 23, 24]. We showed 
previously that although there is no significant difference in 

crop performance between the fertilizer sources, there is a 
difference in the accumulation of fertilizer P into pools of 
organic soil P and that phosphatase activity was the only 
biological parameter influenced by P fertilization [61].

There was a significant impact between crops and no 
significant effect between fertilization, according to α 
diversity calculated based on the presence of bacterial 
families (Fig. 7). Maize showed greater rhizospheric bac-
terial α diversity than sorghum. Short- and long-term stud-
ies have shown that the structure of the microbial commu-
nity can be altered when high levels of P are added to the 
soil [51, 62]. Report by [63] indicates that after decades 
of phosphate application, the abundance and α diversity 
of the bacterial community was increased in pastures and 
the taxonomic composition has also changed. However, 
a study evaluating the response of the bacterial commu-
nity in soil from a long-term phosphorus fertilization trial 
indicated that soil P differences contribute only 3.4% of 
the variation in soil bacterial communities, suggesting that 
the soil microbiome is largely resilient to long-term P fer-
tilization [64].

In summary, our results expand knowledge on the 
microbial community structures from maize and sorghum 
grown in soil under different phosphate fertilization condi-
tions and reinforce the potential of using rock phosphate in 
soil fertility replenishment, especially in Brazilian tropical 
weathered soils.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s42770-​022-​00747-9.

Fig. 7   Impact of the crop (a) 
and fertilization (b) on the 
Simpson index (α diversity) in 
2017/2018 season. Values with 
identical letters are not signifi-
cantly different by Tukey’s test 
(p ≤ 0.05)
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