Phosphorus Source and Availability Modulate the
Rhizosphere Bacterial Community Assembly in
Common Bean
Josiane Barros Chiaramonte
Embrapa Environment https://orcid.org/0000-0001-8583-794X
Harold Alexander Vargas-Hoyos
Embrapa Environment
Lilian Simara Abreu Soares Costa
Embrapa Environment
Maike Rossmann
Embrapa Environment
Daiana Alves Silva
Agronomic Institute
Davide Bulgarelli
The James Hutton Institute
Rodrigo Mendes (  rodrigo.mendes@embrapa.br )
https://orcid.org/0000-0002-9817-4118

Research
Keywords: Rhizosphere microbiome, Phosphorus nutrition, Microbial ecology, Network analysis, Common
bean
Posted Date: August 6th, 2020
DOI: https://doi.org/10.21203/rs.3.rs-51077/v1
License:   This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/23

Abstract

Background
Phosphorus (P) availability is the main nutritional factor that limits crops yields in tropical soils due to
edaphic processes that lead to P immobilization after mineral fertilization. Considering the potential of
the rhizosphere microbiome to transform insoluble P into forms readily available for plant uptake, in this
study is proposed that plants with contrasting P uptake efficiency, growing under depleted amounts of P
are able to shape distinct bacterial communities in the rhizosphere enriching taxa specialized in P
mobilization.

Methods
We selected two common bean genotypes contrasting in P efficiency uptake and grew them in a soil with
a gradient of two different sources of P, triple superphosphate (TSP) or rock phosphate Bayovar (RPB).
The rhizosphere bacterial community was assessed by 16S rRNA amplicon sequencing. Data analyses
focused in describing the structure of the bacterial communities, identification of OTUs differentially
enriched in different treatments, functional metagenomic prediction and cooccurrence network.

Results
P sources and levels resulted in different rhizosphere bacterial community structure. A high number of
differentially enriched OTUs were observed under P depleted conditions in the P-inefficient genotype,
mainly belonging to Actinobacteria phylum. The P-inefficient genotype did not show significant
differences in the rhizosphere bacterial community assembly growing in different P sources. Predicted
metagenome profiles showed the enrichment of bacterial functions involved in P mobilization, in the
rhizosphere of the P inefficient genotype cultivated in P depleted conditions. The network analysis
revealed that in the rhizosphere of the P-inefficient genotype under P depleted conditions the bacterial
community has a higher number of nodes and edges, higher average degree and clustering coeficient
when compared to the treatment with optimal P level.

Conclusion
Our data showed that the uptake of exogenous input resulted in the assembly of a P-competent
microbiome in the P-inefficient genotype compared to the efficient one, supporting the hypothesis that the
selective pressure for the P uptake engages P-inefficient genotypes in symbiotic relationships with the
soil microbiome. These results will pave the way for future experimentation aiming at explore the
contribution of this P-competent microbiome to plant growth and development in a range of soil type.
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Background
Agriculture demands about 90% of the global phosphorus (P) production [1]. Along with the rapid world
population growth and the increasing demand for food, there is a significant rise of human exploitation
of soil resources including P. Current models project a 40–60% depletion of P resources by the year 2100
[2] which, in turn, will negative impact on agricultural production [3, 4]. Ironically, about 30% of the world
soils show a high capacity of fixing phosphates [5, 6]. In Brazil, which is one of the main world suppliers
of agriculture products, since 1960 the application of phosphate fertilizers largely exceeds plant demands
causing a significant accumulation in the soil profile [7]. This soil legacy P represents an important
resource to mitigate the global P crisis consisting in a suitable strategy to promote agricultural
sustainability [7].
A pivotal role in mobilizing P legacy in soils is played by the soil microbiome. While the role of mycorrhiza
is well-known for plant P-uptake, we have a limited knowledge regarding the contribution of bacterial
communities [8]. Bacteria inhabiting the soil are able to solubilize inorganic P and mineralize organic
compounds converting stable P fractions into soluble phosphate ions [9, 10], mainly through the
production and secretion of organic acids, that act as chelators of metal ions releasing orthophosphates
[11, 12]. Evidence shows that phosphatases from microorganisms are more efficient in the release of
orthophosphates [13], and that they are activated under P depleted conditions [14–16], even in natural
environments [17]. The activity of soil microbial communities enables the application of insoluble
sources of phosphate in agriculture [18], without compromising the yield [19, 20]. Therefore,
understanding the contribution of the rhizosphere microbiome on P mobilization is a key pre-requisite
towards the development of sustainable strategies conjugating reduced reliance on P applications with
profitable crop yields.
The genetic composition of the host plant is one of the determinants of the rhizosphere microbiome,
often referred to as the “host-genotype” effect [21, 22]. In this context, common bean plants are
considered a good model to study plant-microbiome interactions [23, 24], however, the specific
contribution of mineral elements, such as P, in these interactions is poorly understood. In this study, we
hypothesized that a common bean genotype less efficient in P uptake, when growing under P-depleted
conditions, relies on the rhizosphere microbiome to mitigate the lack of P by enriching the rhizosphere
with P mobilizing microorganisms. This hypothesis was tested by comparing the rhizosphere bacterial
communities of two common bean genotypes contrasting in phosphate uptake efficiency, i.e. P-efficient
and P-inefficient, growing in a gradient of triple superphosphate (TSP) or rock phosphate Bayovar (RPB).
Our results demonstrate how P source and availability modulate the rhizosphere bacterial community
assembly in common bean, revealing that the host plant depends, at least in part, on its bacterial
community for P uptake.

Material And Methods

Common bean genotypes and phosphorus sources
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The common bean genotypes selected, IAC-Imperador (P-efficient) and Dor-364 (P-inefficient), were
previously characterized in hydroponics studies as efficient and inefficient in P uptake [25]. We selected
two sources of phosphate based on their solubility, triple superphosphate (TSP), which is a readily
available source, and rock phosphate Bayovar (RPB), which relies mainly on plant exudates and
microorganisms’ activity to become available [20, 26].

Quantification of phosphate fixation in the soil
To establish the soil P gradient used in the bioassay, we set up an experiment to quantify the phosphate
fixation in the soil. This analysis allowed us to predict the amount of phosphate that should be added in
the soil to obtain the desired amounts of phosphate for each treatment (Supplementary Fig. 1). Five
levels of phosphate: 15, 30, 60, 120, and 240 kg ha− 1 of P2O5, from triple superphosphate (TSP) or rock
phosphate Bayovar (RPB), were added to 200 ml pots containing soil and kept under greenhouse
conditions (~ 27.4ºC, 24% humidity) for 10 days keeping constant soil moisture (70%). The sources of
P2O5 were triple superphosphate (TSP, 46% P2O5) ground in ball mill for 1 min; and phosphate rock
Bayovar (31% P2O5, 4.42% SiO2, 0.96% Al2O3, 0.87% Fe2O3, 46% CaO, 0.53% MgO, 1.98% Na2O, 0.3% K2O,
0.01% MnO), ground for 10 min. By the end of the test, each pot was analysed to quantify the available P
(Supplementary Fig. 2), by colorimetric method extracted with ion exchange resin at the Laboratory of
Soils, Embrapa Environment, Jaguariúna, SP.

Experimental Design and Bioassay
The experiment was conducted under greenhouse conditions according to a factorial scheme considering
two plant genotypes (P-efficient and P-inefficient), two sources of P (TSP and RBP) and four-level
gradient of P, in completely randomized design with five replicates. For the P gradient, we used P depleted
conditions (L0, without P amendment) and amendments corresponding to 50% (L50), 100% (L100) and
200% (L200), of the advised P required to a high production of common bean (Supplementary Table 1,
Supplementary Fig. 3). The soil used in the experiment was obtained from the experimental field of
Embrapa Environment, Jaguariúna, SP. We selected a representative soil for tropical conditions, with low
P content (4 mg dm− 3), low pH (4.6) and with no history of P fertilization (Supplementary Table 2).
The experiment was conducted under greenhouse conditions, in 5 L pots containing 4.5 kg of soil, kept
under field capacity varying from 60 to 70%. The moisture was reset once or twice every day using water
or nutrient solution containing Ca(NO3)2.4H2O (0.2 mM) and Mg(NO3)2.6H20 (0.03 mM), which was used
every 10 days until flowering state (R6) when sampling was performed. Total supply of N in each pot by
the end of the experiment was 900 mg (720 mg via Ca(NO3)2.4H2O and 180 mg via Mg(NO3)2.6H20). The
average temperature along the experiment varied between 17 and 29ºC, conditions mimicking common
bean growth in sub-tropical climates and natural photoperiod around 10 h/14 h (light/dark).
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Phenotypic characterization of common bean
To verify phenotypic differences between the genotypes, were performed analysis of relative chlorophyll
index (RChI) by non-destructive methods (SPAD-502Plus – Konica Minolta), height (H), and shoot
diameter (ShDi) during stage V3 (first trifoliate leaf fully expanded), i.e. before the appearance of P
depletion deficiency symptoms. The same parameters were analysed when the first symptoms began to
appear during the end of the vegetative stages (V4-R5). During the flowering stage (R6), besides RChI, H
and ShDi; the number of nodes per plant (NPP) was also verified, and after the sampling of the
rhizosphere the roots were storage in 20% ethylic alcohol for structure analysis. The images of each root
were obtained in scanner LA2400 (EPSON) and the traits were calculated using software WinRHIZO®
(Regent Instruments Inc., Quebec, Canada), considering total root length (TRL), root superficial area
(RSA), root total volume (RTV) and average diameter (RoDi). After the structural analysis, roots were air
dried at room temperature until constant weight to determine root dry biomass (RDB). Right after the
sampling, leaves were digitalized in Multifunctional Officejet 4400 (HP), and total leaf area (TLA) was
accessed by calibrating the scan with a known area and using parameters to calculate all the leaves
digitalized (SupplementaryFile2_TotalLeafArea.cpp). The leaves were dried in air forced oven (50ºC) until
constant weight to determine the shoot dry biomass (SDB). The evaluation of P content in the leaves
were carried out through nitric perchloric digestion (Sarruge and Haag, 1974).

Bacterial community assessment by 16S rRNA amplicon
sequencing
The metagenomic DNA was extracted from 250 mg of rhizosphere using Power Soil DNA Extraction TM
kit® (MoBio) following the manufacturer’s instructions. The DNA was extracted from two replicates for
each sample and them pooled together. DNA quality was accessed using NanoDrop™ 2000/2000c
Spectrophotometer and 0.8% Agarose gel. Quantification was performed on Qubit® 2.0 Fluorometer
(Invitrogen, USA), using Qubit ® ds DNA HS Assay kit according to manufacturer’s instructions. A total of
100 ng of DNA (20 µl at 5 ng µl− 1) was amplified using primers 515F-926R and the 16S rRNA amplicons
were sequenced at Argonne National Laboratory (USA).

Taxonomical annotation and data analysis
The sequences obtained from the 16S rRNA amplicon sequencing were pre-processed using QIIME v.1.9
[27]. The forward and reverse reads generated were joint using fastq-join method (ARONESTY, 2011),
followed by demultiplexing, removal of barcode and primer sequences. Quality filtering of the sequences
was performed, and the sequences were truncate considering the Phred Quality threshold higher than
Q20. After identification and removal of chimera using Usearch Database [28], de novo Operational
Taxonomic Unit (OTU) picking was performed by assigning similar sequences to OTUs, selecting the
representative OTUs, PyNAST alignment [27]; and taxonomy classification was attributed considering
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Silva’s database SSU_115 [29]. After the removal of chloroplast and mitochondria-related sequences, the
pipeline followed to multivariate analysis. After accessing the differences between the bulk soil and
rhizosphere of both common bean genotypes in the constrained coordination analysis (CAP), the effect
of each factor, genotype, P-level and P-source, was analysed by a Permutational Multivariate Analysis of
Variance (PERMANOVA) to access the effect of each factor in the rhizosphere microbial community using
the function ADONIS in Vegan Package [30, 31]. The constrained ordination analysis was performed
considering Bray Curtis as distance index using the function Ordinate in R software Phyloseq Package
[32]. After verifying the existence of the rhizosphere effect, the bulk soil samples were removed to
visualize the effect of the genotypes tested.
Further, to verify the differences between P-depleted conditions and P-amended soil, the different enriched
OTUs were assessed with DESeq2 Package [33], in R environment (R Development Core Team, 2008). In
this analysis the dispersion of the OTU counts were estimated by empirical Bayes shrinkage, which fits a
generalized linear model (GLM) to OTU abundances with the treatments as explanatory variables. The
input data consisted in a matrix containing raw counts of sequencing of reads [33, 34], after removing
OTUs with less than 15 reads in each treatment. The visualization of differentially enriched OTUs was
performed on iTOL [35].

Functional prediction
The prediction of the functions based on 16S rRNA sequencing was performed with function Tax4Fun
[36] available at R Environment (R Development Core Team, 2008) in the OTU Table containing
taxonomic information according to Silva’s database [29]. Tax4Fun pipeline was used for functional
community profiling based on 16S rRNA data to add information on the predicted rhizosphere community
metabolism. Tax4Fun links 16S rRNA sequences with functional annotation with a nearest neighbour
identification based on a minimum sequence similarity; this tool aggregated to the SILVA-based 16S rRNA
computed using QIIME corresponds up to 95% of the whole metagenome in soil samples [36]. Then, the
differentially enriched functions (KeGG orthology, KO) were accessed using a non-parametrical T-Test
performed on QIIME [27]. A list of 46 KEGG functions (Supplementary Table 3) involved in P metabolism
was selected to analyze separately in a more specifically level with a non-parametrical T-test performed
on QIIME v.1.9 [27].

Cooccurrence Network Analysis
The direct and indirect interactions among community members and the nature of this association in
response to P levels were analysed by constructing a co-occurrence network with SPARCC correlations
[37]. The impact of rare OTUs were minimized by removing OTUs observed fewer than 15 times in each
treatment. A total of 99 correlations were performed to estimate the pairwise relation and the count data
was permutated 100 times to generate randomized tables. The correlations obtained for the real data
were compared to the shuffled data; and only pairwise correlations higher than 0.9 and p values bellow
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0.001 were considered as significant interactions, suggesting strong evidence for association. The
visualization of the network was performed in Gephi [38].

Results

Impact of phosphorus sources and levels on plant
development
As expected, P-efficient cultivar showed higher levels of relative chlorophyll index and height compared to
P-inefficient cultivar (Supplementary Table 4) in the early stages of plant development (V3). During later
stages (V4 and R5), these differences were restricted only to chlorophyll index (Supplementary Table 5).
In these stages (V4-V5), in both genotypes were observed the effect of the P levels amendment,
treatments with higher amounts of P resulted in plants showing better development in height, shoot
diameter and relative chlorophyll index (Supplementary Fig. 4). Plant relative chlorophyll index, shoot
diameter, shoot dry weigh, root structure and root dry weight (Supplementary Table 6) were used to
confirm that the conditions achieved during the experiment were robust to access and evaluate the
rhizosphere microbiome of common bean genotypes contrasting in P uptake efficiency growing in
distinct phosphates sources gradient (Supplementary Fig. 5).

Host control of the rhizosphere assembly under different
phosphorus sources and levels
Out of the 16S rRNA amplicon sequencing output, 10,656 OTUs were used for analysis after data preprocessing and filtering (Supplementary Table 7). A strong rhizosphere effect was observed in both
common bean cultivars as bulk soil samples clustered apart from rhizosphere samples (Fig. 1a). Bulk soil
samples showed higher diversity when compared to rhizosphere bacterial communities as indicated by
Shannon index calculation (Supplementary Fig. 6).
To identify the factors underpinning with the rhizosphere community assembly, a permutational
multivariate analysis (PERMANOVA) was performed, which allowed us to identify a significant effect of
both the plant genotype (R2 = 0.03; p = 0.032, Supplementary Table 8) and P level (R2 = 0.05; p = 0.006,
Supplementary Table 8). Intriguingly, the effect of P source was genotype-dependent, as showed by the
significant interaction between the genotype and P source (R2 = 0.06; p = 0.006, Supplementary Table 8).
This is also demonstrated in the constrained ordination analysis for P sources. In the rhizosphere of the
P-efficient cultivar, the rhizosphere bacterial community structure was significant different when soil was
amended with TSP or RPB. For the P-inefficient cultivar, only L200 of TSP showed significant differences
in the rhizosphere assembly (Supplementary Fig. 7).
In IAC Imperador [P-efficient] grown in soil amended with TSP, constrained analysis of principal
coordinates explained 16.6% of the data variance (ANOVA, F = 2.52, p = 0.001, Fig. 1b). The lowest P
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addition (L50) did not show any effect in microbial community structure when compared to depleted P
(L0), but levels L100 and L200 showed a different clustering pattern (Fig. 1b). When this cultivar was
grown in soil amendment with RPB, constrained analysis of principal components, explained 14% of data
variance (ANOVA, F = 2.04, p = 0.001, Fig. 1c). In this case, while samples from L50 and L100 treatments
clustered, the most constrating P leves (L0 and L200) showed different bacterial community structures
(Fig. 1c).
In Dor-364 [P-inefficient] cultivar grown with TSP amendment, constrained analysis of principal
coordinates showed significant differences between P levels, explaining 21.7% of the data variance (F =
2.75, p = 0.001, Fig. 1d). The P depleted (L0) and the highest P addition (L200) resulted in different
communities’ structures, while addition intermediate levels (L50 and L100) showed a similar clustering
pattern. With the RPB amendment, each different level of P showed distinct patterns of bacterial
community structure, the constrained principal coordinate analysis explained 20.1% of data variance
(ANOVA, F = 2.47, p = 0.001, Fig. 1e).
For both plant genotypes and P sources, the bacterial communities structures in P depleted (L0) condition
and in the treatment using the optimal amount of P (L100) were significantly different (Fig. 1).

Taxonomical assembly under phosphorus depleted
conditions
To gain further insights into the bacteria underpinning the observed community diversification, we used
differential anylsis to identify bacterial taxa significatively more abundant in the community assembled
under depleted P (L0) when compared with community assembled under the advised level of P (L100).
For both plant genotypes and P sources, most of the differentially enriched OTUs were found in the
rhizosphere amended with optimal levels of P (L100), except for IAC Imperador [P-efficient], where five
OTUs belonging to Proteobacteria (1 Alphaproteobacteria, 1 Betaproteobacteria and 1
Gammaproteobacteria), Bacteroidetes (1 OTU) and Armatimonadetes (1 OTU) were enriched under P
depeleted conditions and two OTUs where enriched in rhizosphere amended with L100-TPS (Fig. 2a).
Seventeen OTUs belonging mainly to Proteobacteria (5 Alphaproteobacteria, 1 Betaproteobacteria and 2
Deltaproteobacteria) and to Bacteroidetes (4 OTUs) were significatively more abundant in P depleted as
compared to L100-RPB (Fig. 2b). In Dor-364 [P-inefficient], 20 OTUs, belonging to Actinobacteria (9 OTUs),
Proteobacteria (4 Alphaproteobacteria, 1 Gammaproteobacteria), Bacteroidetes (4 OTUs), Firmicutes (1
OTU) and 1 unclassified OTU were enriched in depleted P levels when compared to L100-TSP (Fig. 2c).
When rhizosphere P depleted condition was compared to L100-RPB, 72 OTUs were enriched in L0
belonging to Proteobacteria (20 Alphaproteobacteria, 9 Betaproteobacteria, 1 Deltaproteobacteria and 1
Gammaproteobacteria), Actinobacteria (16 OTUs), Bacteroidetes (11 OTUs), Firmicutes (2 OTUs),
Chloroflexi (1 OTU), Acidobacteria (1 OTU) and 10 unclassified OTUs (Fig. 2d). It is important to highlight
that the amendment with RPB resulted in a significant enrichment of the phylum Acidobacteria (120
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OTUs, Fig. 2d). These results showed that the rhizosphere bacterial community of Dor-364 [P-inefficient]
is more responsive to P amendment than the P-efficient common bean.

Functional assembly under phosphorus depleted conditions
on Dor-364 [P-inefficient] genotype
Most of the differentially enriched OTUs were observed in the Dor-364 [P-inefficient] genotype when
compared with the P-efficient genotype and considering the hypothesis that the infefficient genotype
would rely more on its microbiome for P mobilization, we focused further analysis on the functional
assembly of this genotype under P depleted condition (L0) comparing with the advised amendment
(L100) of TSP or RPB. The number of predicted KEGG functions involved in P mobilization was
significantly higher under P depleted condition (L0). While 25 functions involved in P transport and
mineralization were enriched in L0, only 11 functions were enriched in L100-TSP (Fig. 3). When
comparing P depleted (L0) with rhizosphere amended with optimal P level (L100) of RPB, 40 functions
were enriched in L0 and 28 functions in L100 (Fig. 3). Under P limiting conditions predicted functions like,
acid and alkaline phosphatase enzymatic activity, phosphate transport systems and phytase activity are
significantly differentially enriched (Fig. 3). As for IAC Imperador [P-efficient], P-depleted condition and Poptimal addition of TSP did not show differentially enriched functions involved in P cycle (Supplementary
Table 9).

Complexity of bacterial community interactions in Dor-364
[P-inefficient] rhizosphere
P additions modulated the structure of the rhizosphere community in Dor-364 [P-inefficient] (Fig. 4). Under
depleted P, the bacterial community showed a higher number of nodes and edges, higher average degree
and clustering coeficient, which are significantly lower with optimal amendment of TSP or RPB (Table 1).
In the other hand, when P is not a limiting factor there is an increase in the modularity and in the number
of communities, resulting in a network with lower diameter. These effects were more pronounced in the
comparison when RPB was used as P source, which also showed a higher number of nodes and even
smaller diameter when compared to P depleted conditions and TSP amendment. The order

Ktenodobacteriales (Chloroflexy) consisted the node with higher betweeness centrality in P depleted
conditions, while Caulobacter (Alphaproteobacteria) and Acidobacteriales (Acidobacteria) showed higher
betweeness centrality under TSP and RPB amendments, respectively.
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Table 1
Network analysis of Dor-364 [P-Inefficient] rhizosphere
bacterial communities. Detailed network statistics of
common bean growing in P-depleted soil (L0) or soils
amended with triple superphosphate (TSP) or rock
phosphate Bayovar (RPB), corresponding to 100% of
the advised P required to a high production.
Network parameters

L0

TSP

RPB

L100

L100

Number of nodes

354

161

209

Number of edges

1432

171

211

Positive Edges

853

104

121

Negative Edges

579

67

90

Modularity

0.37

0.880

0.880

Number of communities

35

48

38

Network Diameter

8

6

4

Average Path Length

2.77

1.840

1.510

Average Degree

8.09

1.870

2.020

Clustering Coefficient

0.083

0.022

0.035

Discussion

Host control of the rhizosphere assembly under different
phosphorus levels and sources
Among different factors impacting the rhizosphere assembling, the host exerts a significant effect on
modulating the rhizosphere community structure. A previous study comparing the assembly of bacterial
communities in wild and modern common bean, showed that plant genotype explained 31.2% of the
variation observed in the rhizosphere microbial community when considering microbiome abundance
distances [24]. Here, considering only P-dependent recruitment cues, was observed a significant
rhizosphere effect of 4% of IAC Imperador [P-efficient], and 6% of Dor-364 [P-inefficient] compared to bulk
soil, and a genotype effect of 3% regarding abundance distances between the two evaluated plant
genotypes, and the interaction between the different management (P source) and different genotypes
also have significant impacts in the rhizosphere, about 6% considering abundance distance matrices.
Long term rock fertilization showed significant changes in the rhizosphere of maize compared to TSP
fertilization [39]. Different sources of P caused an effect in the rhizosphere that was host genotype
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dependent. The P-efficient plant genotype showed distinct bacterial communities’ structures under
different sources of P (Supplementary Fig. 6), while the P-inefficient genotype did not. Possibly the
efficient genotype is better adapted to soluble sources of P, recognizing RPB as P depleted condition and
requiring a different assembly of bacterial community structure with RPB. On the other hand, the Pinefficient genotype is more dependent on its rhizosphere microbiome resulting in similar communities’
structures in both sources of P.
Deficiency of P in plants might impact the cell permeability, leading to modified exudation patterns [40];
consequently, P availability is also important in the rhizosphere microbial composition. When considering
each source of P separately, we observe that it has a significant effect of the level. A small addition of P
(both from TSP or RPB) exerted a priming effect in the rhizosphere of Dor-364 [P-inefficient] not observed
in IAC Imperador [P-efficient] (Fig. 1b, c, d, e). Possibly, the plant stress caused by the lack of P limited the
richness and diversity of microorganisms in the rhizosphere of Dor-364 [P-inefficient] under P depleted
conditions (Supplementary Fig. 5).
Castrillo [41] showed in Arabidopsis that genotypic changes in the hosts regarding the response to P
stressed conditions showed significant differences in the rhizosphere assembly, being more correlated
with bacterial community structure than with the level of inorganic P stored in the plant. This finding
indicates that the rhizosphere community did not respond to the levels of P fertilizations as the plant
phenotype does, suggesting that the P-efficient plant genotype appears to be less dependent on the
rhizosphere microbiome for P uptake.

Rhizosphere taxonomical assembly under phosphorus
depleted conditions
While the P-efficient common bean responds better to P amendments in terms of plant development, the
P-inefficient common bean is more responsive in terms of changing the rhizosphere microbiome
structure. How changes in the rhizosphere microbial community affect plant physiology and development
is far from being completely elucidated, therefore there is no consensus of what consists in a specialized
microbiome for P efficiency. Bergkemper et al., (2016), suggested that the microbial community in P
depleted conditions is assembled to increase the levels of P in forest soil, and then identified that
Solibacteriales, Acidobacteriales and Actinomycetales, showed important role in the P cycling processes.
Here, we also found that Acidobacteriales was predominantly enriched in the P-inefficient plant genotype
specially when RPB was used for P amendment (TSP enriched 40 OTUs and RPB 48 enriched OTUs).
In a study aiming to identify the effects of long-term fertilization in the P cycle, Grafe et al [42] identified
that Verrucomicrobiaceae, Sphingomonadaceae, Anaerolinaceae, Planctomycetaceae, Chitniphagaceae,
Acidibacteriaceae and Bradyrhizobiaceae are involved in the regulation of P cycling, mobilization of
organic or inorganic phosphates and uptake. In the same study other families like Rhodocyclaceae,
Chlorobiaceae, Geobacteriaceae, Flavobacteriaceae, Opitutaceae, Verrucomicrobiaceae and
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Solibacteriaceae have mainly copiotrophic behaviour, and are involved only in the uptake of P and do not
apply energy to mobilize it from the soil. Here, the rhizosphere bacteria community structure of IAC
Imperador [P-efficient] under P depleted conditions showed consistently (when compared to the
rhizosphere amended with both sources of P, Fig. 2a,b) an increase in the phyla Alphaproteobacteria
(Sphingomonadaceae) and Bacteroidetes (Chitinophagaceae). The family Sphingomonadaceae was
described to be pioneers colonizers of biofilms [43, 44], suggesting a oligotrophic life strategy, also, a
genus of this family was described to promote plant growth in endophytic conditions (Khan et al., 2014).
Its role in P cycle occurs since the regulation, mobilization and acquisition in soil amended with nitrogen
and organic matter [42]. The family Chitinophagaceae is also involved in different phases of P cycle,
which is a feature of oligotrophic organisms, unlike those organisms that do not disposal energy in P
mobilization [42].
In Dor-364 [P-inefficient] the consistent enrichment under P depleted conditions, when compared to the
rhizosphere amended with both sources of P, besides the enrichment of Bacteroidetes
(Chitinophagaceae), an enrichment of Actinobacteria (Micrococcaceae) was also observed. Previous
studies correlated the Micrococcaceae family to higher concentrations of carbon and nitrogen [46],
however, its role in P cycle are still poorly explored [47], and some authors attribute an copiotrophic
growth strategy to this group [48, 49]. In IAC Imperador [P-efficient], Alphaproteobacteria was enrichment
in P depleted conditions, especially when compared to RPB amended treatments, the enriched bacterial
families were Beijerinckiaceae, Bradyrhizobiaceae, Caulobacteraceae, Hyphomicrobiaceae,

Methylobacteriaceae, Phyllobacteriaceae, Rhizobiaceae, Sphingomonadaceae and Xanthobacteraceae.
The bacterial families, Burkholderiaceae, Comamonadaceae and Oxalobacteriaceae, belonging to
Betaproteobacteria, were also enriched in P depleted conditions when compared to RPB amendment
treatment. Most of these bacterial families were previously reported as P mobilizing bacteria [9, 50]. This
suggests that the amendment with phosphate of difficult solubilization (RPB) selected only a few
bacterial groups able to use this resource, favouring the enrichment of a smaller number of differentially
enriched OTU when compared to treatments amended with a readily available P source (TSP).
Several subgroups of Acidobacteria and also the family Acidobacteriales (representing 120 differentially
enriched OTUs) were enriched in the rhizosphere of DOR-364 [P-inefficient] with RPB amendment,
highlighting the importance of this group to solubilize inorganic phosphate. This phylum was described
to be involved in several transformations of the P cycle, including mobilization and uptake [17, 42]. This
fact highlights the better responsiveness of the rhizosphere microbiome of Dor-364 [P-inefficient] to
phosphate amendment from both P sources, but with a more pronounced effect when RPB was used for
amendments, which demands a higher microbial activity to make it available. This fact suggests that
Dor-364 [P-inefficient] structures a more competitive microbiome. Regardless of the directions of these
interactions, our results provide fundamentally novel insights into the molecular basis of plantmicrobiome interactions for P-uptake in the rhizosphere which, in turn, can be deployed by plant breeders
to sustainably enhance bean production.
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Due to the functional redundancy and the existence of taxa closely phylogenetic related presenting
different metabolic rates and involvement in soil processes [51], it is important to take into account not
only the composition, but also the functional assembly of the bacterial communities. In a previous study,
different long-term management of fertilizers in soil showed significant changes in bacterial community
structure, despite of not affecting the abundance of genes involved in P cycle [42]. In this context, it is
important to analyse the functional potential of the rhizosphere microbiome regarding P mobilization and
uptake.

Functional assembly under phosphorus depleted conditions
on phosphorus inefficient genotype
The shaping of a microbial community specialized towards P cycling when P is limited was already
described for forest soils [17] and other studies related low P availability to changes in soil microbial
communities [52, 53]. Despite of not being responsive to P addition in terms of growth, Dor-364 [Pinefficient] showed an improvement of several functions involved in P metabolism when exposed to P
depleted conditions. The abundance of genes potentially involved in the regulation of phosphate
transport and uptake (mainly two component systems regulons) were higher under P depleted conditions
and, consequently, functions involved in extracellular mobilization and uptake of organic and inorganic P
in the soil (alkaline phosphatase, phytase, PQQGDH) were also enriched. Many studies have already
reported the overexpression of these genes and activation of enzymes under P depleted conditions [41,
54]. Interestingly, in the rhizosphere of IAC Imperador [P-efficient], this enrichment was not observed in
plants growing under P depleted condition. This fact reinforces that the P-efficient common bean uses
another strategy to supply its demand for P not being dependent on the microbiome as the P-inefficient
common bean, which enriches bacteria potentially involved in the P cycle under depleted P. It is therefore
tempting to speculate that, the efficiency of IAC Imperador [P-efficient] occurs due to physiological
adaptations, like root development, selected during plant breeding [55–58] at the expense of the
establishment of the symbiotic interactions with rhizosphere microorganisms. In this sense, the absence
of these phenotypic traits in Dor-364 [P-inefficient] genotype underpinned its higher reliance on its
rhizosphere microbiome for P use.
The P-source emerged as another recruitment cue shaping the Dor-364 microbiome. For instance, the
amendment with RPB was responsible for a higher number of differentially enriched functions involved
mainly in organic P mobilization, further suggesting the ability of Dor-364 [P-inefficient] of engaging with
a microbiome better equipped to mobilise organic fertilizers. This occurs mainly due to the assembly a
rhizosphere microbial community specialized in exploring organic P from the soil, once even in the
presence of insoluble P source the community was shaped to explore organic P. It is possible that this is
responsible for this genotype classification as non-responsive to P amendment. Only one function
involved in P solubilization, that is PQQGDH, was differentially enriched in the P depleted conditions
compared to optimal P amendment (with both TSP and RPB) in P inefficient genotype. Inorganic P is
mainly released by the chelation of metallic phosphate ions in the soil [59, 60]. The higher number of
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functions involved in organic P uptake suggests that Dor-364 [P-inefficient] is more efficient in the use of
organic sources of P, but this needs to be further investigated.

Complexity of bacterial community interactions on
phosphorus inefficient genotype
Visualising the rhizosphere community structure through network analysis allowed us to observe that
Dor-364 [P-inefficient] has significant higher number of organisms (nodes) and associations (edges)
under P depleted condition than with P optimal level. However, once the average path length, that
determines the average cohesion between nodes [61] was higher under P depleted conditions, and the
diameter, which is the largest distance between a pair of nodes, is higher under P depleted conditions, the
community network in low P is looser when compared with bacterial communities assembled under P
optimal level.
Modularity, which corresponds to a group of nodes highly connected between which other and with a few
links with other collection of nodes [62], can be proportional to the response of a community during a
disturbance [63]. This feature was higher with P amendment, suggesting that these conditions are highly
resilient, and therefore any disturbance in the environment could be softened by the rhizosphere bacterial
community functional redundancy. This pattern was observed for both P sources.
The betweenness centrality of a node, is responsible for the identification of possible keystone species in
a given network [62, 64]. In the rhizosphere of Dor-364, an OTU representing the order Ktedonobacteriales
(Chloroflexi) probably consist in a keystone specie to structure the community under P depleted
conditions. Very few information of this order is found due to the fact that only few representatives are
cultivated [65], but it was already described as keystone species, being part of a core rhizosphere
microbiome in sugarcane [66]. Amendments with different sources of P resulted in different keystone
species identified by the betweenness centrality. With TSP amendment, the keystone specie in the
rhizosphere of Dor-364 [P-inefficient] was an OTU belonging to the family Caulobacteriaceae
(Alphaproteobacteria) and with RBP additions, an OTU from the family Acidobacteriaceae-Subgroup 1
(Acidobacteria). The importance of Caulobacteriaceae in soils and its role in recalcitrant organic matter
degradation was recently described [67, 68]. Acidobacteriaceae is ubiquitous in several environments,
including soils, and members of this subgroup were already reported as plant growth promotion
rhizobacteria with ability to solubilize inorganic phosphate [69].

Conclusion
Our findings support the hypothesis that the selective pressure for the uptake of exogenous input deequipped P-responsive genotypes with their capacity of engaging in symbiotic relationships with the soil
microbiome. In turn this resulted in the assembly of a P-competent microbiome in the P-inefficient
genotypes compared to efficient ones. The experimental and computational resources developed here will
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place us in the position to experimental test these scenarios in future experimentations across a range of
soil types, setting the stage for future experimentation aiming at discerning the contribution of this Pcompetent microbiome to plant growth, development and health.
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Figures

Figure 1
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Bacterial communities structure in the rhizosphere of common bean. Plants were evaluated under
different levels of P and the accessed by 16S rRNA amplicon sequencing. Constrained analysis of
principal coordinates showing a) overall bacterial community structure across all treatments, b) IAC
Imperador [P-efficient] genotype growing under 4-level gradient of triple super phosphate (TSP) or c) rock
phosphate bayovar (RPB), and d) Dor-364 [P-inefficient] genotype growing under 4-level gradient of TSP
or e) RPB. Different shapes and colours indicate plant genotypes or bulk soil and P-levels, respectively.

Figure 2
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Operational Taxonomic Units (OTUs) enriched in the rhizosphere of common bean. Differential analysis
on de novo OTUs obtained from 16S rRNA sequencing comparing optimal supply of P (L100) and P
depleted condition (L0). Phylogenetic trees showing the differentially enriched OTUs observed in a) IAC
Imperador [P-efficient] growing with TSP or b) RPB amendment; c) Dor-364 [P-inefficient] growing with
TSP or d) RPB amendment. OTUs are coloured at Phylum level.

Figure 3
Bacterial functions enriched in the rhizosphere of common bean. Differentially enriched functions of the
Dor-364 [P-inefficient] genotype growing under depleted (L0) or optimal (L100) amendment of triple
superphosphate (TSP) or phosphate rock Bayovar (RPB). Functions involved in phosphorus cycle were
accessed by the predictive metagenomics (Tax4Fun) based on 16S rRNA amplicon sequencing.
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Figure 4
Co-occurrence network analysis of rhizosphere bacterial communities. Analyses were performed for Dor364 [P-Inefficient] cultivated in a) P depleted (L0), or in soil amended with optimal level of b) triple super
phosphate (TPS) (L100) or c) rock phosphate Bayovar (RPB) (L100). Blue connections show SPARCC
positive correlations (R2>0.9; p<0.01), red connections show SPARCC negative correlations (R2 < -0.9,
p<0.01). The size of the node is proportional to the number of connections it makes (degree). The colours
represent different bacterial phyla. Keystone species are identified with black arrows.

Supplementary Files
This is a list of supplementary files associated with this preprint. Click to download.
ChiaramontePsupplinfo30jul20.docx

Page 23/23

