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Phosphorus (as phosphate, Pi) and iron (Fe) are critical nutrients in plants that 

are often poorly available in the soil and can be  microbially affected. This 

work aimed to evaluate how plant-rhizobacteria interaction changes due to 

different Pi or Fe nutritional scenarios and to study the underlying molecular 

mechanisms of the microbial modulation of these nutrients in plants. Thus, three 

proteobacteria (Paraburkholderia phytofirmans PsJN, Azospirillum brasilense 

Sp7, and Pseudomonas putida KT2440) were used to inoculate Arabidopsis 

seeds. Additionally, the seeds were exposed to a nutritional factor with the 

following levels for each nutrient: sufficient (control) or low concentrations of 

a highly soluble source or sufficient concentrations of a low solubility source. 

Then, the effects of the combinatorial factors were assessed in plant growth, 

nutrition, and genetic regulation. Interestingly, some bacterial effects in plants 

depended on the nutrient source (e.g., increased aerial zones induced by the 

strains), and others (e.g., decreased primary roots induced by Sp7 or KT2440) 

occurred regardless of the nutritional treatment. In the short-term, PsJN had 

detrimental effects on plant growth in the presence of the low-solubility Fe 

compound, but this was not observed in later stages of plant development. 

A thorough regulation of the phosphorus content was detected in plants 

independent of the nutritional treatment. Nevertheless, inoculation with 

KT2440 increased P content by 29% Pi-deficiency exposed plants. Conversely, 

the inoculation tended to decrease the Fe content in plants, suggesting a 

competition for this nutrient in the rhizosphere. The P-source also affected 

the effects of the PsJN strain in a double mutant of the phosphate starvation 

response (PSR). Furthermore, depending on the nutrient source, PsJN and Sp7 

strains differentially regulated PSR and IAA- associated genes, indicating a role 

of these pathways in the observed differential phenotypical responses. In the 

case of iron, PsJN and SP7 regulated iron uptake-related genes regardless of 

the iron source, which may explain the lower Fe content in inoculated plants. 

Overall, the plant responses to these proteobacteria were not only influenced 
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by the nutrient concentrations but also by their availabilities, the elapsed time 

of the interaction, and the specific identities of the beneficial bacteria.
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Introduction

Nutrient deficiency in most terrestrial ecosystems constrains 
global primary productivity in both natural and agricultural 
environments, threatening food security for a growing population 
and the achievement of the Sustainable Development Goals 
(SDGs). An optimum supply of nutrients is essential for the 
normal growth, yield, and quality of crops (Ceasar et al., 2022). 
Although nutrients could be present in sufficient amounts in some 
soils, they usually have low bioavailability due to diverse biological 
and physical processes that impair their uptake by plants 
(Raghothama and Karthikeyan, 2005; Rengel and Marschner, 
2005). Thus, it is important to understand how these processes 
operate and if they can be optimized, especially in a context of a 
changing climate.

Phosphorus (P) is an essential macronutrient for plants that 
plays a crucial role in photosynthesis, as a backbone of nucleic 
acids, in membranes as a component of phospholipids, and by 
participating in countless energy-dependent metabolic processes 
(Barragán-Rosillo et al., 2021; Poirier et al., 2022). Plants mainly 
acquire this element as orthophosphate (Pi) in its predominant 
form, H2PO4 (Ullrich-Eberius et al., 1984; Schachtman et al., 1998; 
Hammond et al., 2003). It is estimated that Pi deficiency is a major 
abiotic stress that limits crop productivity on 30%–40% of the 
world’s arable land (von Uexküll and Mutert, 1995; Vance et al., 
2003; Wissuwa et al., 2005). In addition to areas of low absolute 
soil-P content, its deficiency is exacerbated because the element is 
strongly incorporated into insoluble soil particles, becoming less 
available to plants, or converted by microbial activity into organic 
forms not readily taken up by the plant (López-Arredondo et al., 
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2014; Barragán-Rosillo et al., 2021). Thus, P can be eroded and 
lost in run-off, causing eutrophication and pollution (Zak et al., 
2018; Han et al., 2022). Nonmycorrhizal plants have sophisticated 
mechanisms to cope with Pi scarcity and to regulate its uptake and 
homeostasis in a group of responses known as the phosphate 
starvation response (PSR), which collectively increase their 
capacities to survive and reproduce in soils with low Pi availability 
(Raghothama, 1999; Abel et al., 2002). PSR includes changes in 
root system architecture (root/shoot ratio and proliferation of long 
root hairs); the upregulation of high-affinity Pi transporters; 
recycling of internal phosphate; root exudation, and the expression 
of genes encoding enzymes that facilitate the uptake of organic 
sources of Pi (Williamson et al., 2001; Wu et al., 2003; López-
Arredondo et al., 2014; Crombez et al., 2019; Barragán-Rosillo 
et al., 2021). In Arabidopsis, Pi deficiency response is regulated by 
two transcription factors (TF) belonging to the MYB family, 
PHOSPHATE STARVATION RESPONSE1 (PHR1) and PHR1-
like1 (PHL1). Those TF have an important role in phosphate 
sensing and regulate the transport and re-mobilization coding 
genes (Bustos et al., 2010).

Iron (Fe) is an essential micronutrient for plants and animals 
and participates in vital cellular functions requiring redox 
reactions such as photosynthesis and respiration. This is given to 
its ability to cycle between its two oxidation states: Fe2+ and Fe3+ 
(Riaz and Guerinot, 2021). Perturbations of Fe uptake, transport, 
or storage influence plant growth and crop yield (Connorton et al., 
2017). Although Fe is one of the most abundant elements found 
on earth, its availability is limited in the soil by pH and oxygen 
(Guerinot and Yi, 1994). In soils, it is found predominantly in the 
form of Fe3+, mainly as insoluble ferric hydroxides, with extremely 
low solubility (Brumbarova et al., 2008; Colombo et al., 2014; 
Vélez-Bermúdez and Schmidt, 2022). Fe bioavailability is further 
reduced in alkaline soil, which comprises one-third of the world’s 
arable land (Guerinot and Yi, 1994; Riaz and Guerinot, 2021). 
Depending on its abundance, Fe quantities can shift from 
inadequate to toxic for plants. For instance, a Fe deficiency 
generates leaf chlorosis, arrested growth, and decreased fitness 
(Briat et al., 1995; Kim and Guerinot, 2007). Thus, plants have 
complex regulatory mechanisms to adjust the uptake and 
distribution of iron to maintain Fe homeostasis (Kobayashi and 
Nishizawa, 2012; Liang, 2022; Vélez-Bermúdez and Schmidt, 
2022). As among other macro and micronutrients, crosstalk 
between Pi and Fe has been reported, indicating that Pi could 
negatively regulate the accumulation of Fe (Hirsch et al., 2006; 
Zheng et  al., 2009; Bouain et  al., 2019; Bechtaoui et  al., 2021; 
Zheng and Liu, 2021).

Nutrients have special cycling and dynamics in the 
rhizosphere product of the plant-microbial interactions occurring 
there (Carvalhais et al., 2013; Kuzyakov and Blagodatskaya, 2015). 
Thus, the use of mineral solubilizing and mobilizing 
microorganisms as single strains or synthetic communities has 
been suggested as an environmentally friendly approach to 
improving the nutritional status of plants (Schütz et  al., 2018; 
Oleńska et al., 2020; Marín et al., 2021; Chaudhary et al., 2022; 

Devi et al., 2022). Nevertheless, little is known about how plant-
microbial interaction changes due to chemical compounds with 
different solubilities or bioavailability. In addition, the molecular 
mechanisms underlying the microbial modulation of Pi or Fe 
homeostasis in plants are scarcely understood. With the aim of 
tackling these issues, three rhizobacteria (Paraburkholderia 
phytofirmans PsJN, Pseudomonas putida KT2440, and 
Azospirillum brasilense Sp7) representing genera with different P 
and Fe solubilization capacities and plant growth-promoting traits 
were evaluated in plants. These strains were used to inoculate 
Arabidopsis thaliana as a model of nonmycorrhizal plants. Several 
Pi and Fe status scenarios were used, combining compounds with 
different solubilities and bioavailability. Plant growth, stress 
parameters, transcriptional responses, and Arabidopsis phr1 and 
phl1 mutant genotypes (related to the Pi starvation responses) 
were analyzed in order to evaluate plants growing under specific 
nutritional scenarios concomitantly with the inoculation with 
single strains. Thus, a possible interaction between the nutrient 
source/availability and the different strains was assessed to 
understand the bacterial modulation of Arabidopsis phenotypical 
and molecular responses to different P and Fe contexts.

Materials and methods

Plant growth conditions and nutritional 
treatments

The proteobacteria Paraburkholderia phytofirmans PsJN, 
Azospirillum brasilense Sp7, and Pseudomonas putida KT2440 
were routinely grown in minimal saline Dorn medium (Dorn 
et  al., 1974), containing 10 mM fructose, in an orbital shaker 
(150 rpm) at 30°C. Seeds of A. thaliana Col-0, or the mutants 
when corresponded, were surface sterilized with ethanol 70% for 
1 min and then for 7 min with 50% sodium hypochlorite (100% 
commercial laundry bleach). Afterward, the seeds were rinsed 
three times with sterile water and kept at 4°C for 4 days to 
synchronize germination (Poupin et al., 2013). Then, seeds were 
sown on square Petri dishes with Johnson media (MJ; Cappellari 
et al., 2019; Finkel et al., 2019) and adjusted at pH 5.7, with agar 
1% and supplemented with sucrose 0.5%. Plates were placed 
vertically in a growth chamber at 22°C with a photoperiod of 16 h 
of light and 8 h of dark. On day 4 after sowing (4 DAS), seedlings 
were transplanted to different treatments consisting of the same 
MJ media (without sucrose) and with or without the inoculation 
with the respective strain combined with a particular 
nutritional treatment.

For the phosphate-related treatments, KH2PO4 (Monobasic 
potassium phosphate) was used as a source with high solubility 
(HS-Pi), and Ca3(PO4)2 (Calcium phosphate) as a sparingly 
soluble source (LS-Pi) that has been used in solubilization 
experiments (Narang et al., 2000; Poirier and Bucher, 2001; Alzate 
Zuluaga et al., 2021). In the case of iron, FeSO4 (iron(II) sulfate or 
ferrous sulfate) was used as a highly soluble source (HS-Fe) that 
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contains Fe2+. This form is easily absorbed by plants, and Fe2(SO4)3 
(iron(III) sulfate or ferric sulfate) as a source with lower solubility 
(LS-Fe) that contains Fe3+ (Morrissey and Guerinot, 2009). This 
form must be reduced to Fe2+ to be uptake by plants (Vert et al., 
2003). The different sources of P and Fe were mixed up to reach 
different concentrations depending on the experiment. Control 
was considered with 1 mM KH2PO4 and the low Pi with 0.05 mM 
KH2PO4. Control-Fe media had 100 μM FeSO4 and deficient 
media 0.25 μM FeSO4. To prepare the inoculated plates, the initial 
inoculum (108 CFU/ml) was homogenously diluted in the MJ agar 
just before gelling to reach a final concentration of 104 CFU per ml 
of medium. For the long-term in-vitro experiment, similar 
conditions of nutritional deficiency of phosphorus and iron were 
generated. Seedlings at 4 DAS were transplanted to 200 ml sterile 
glass jars containing MJ media without inoculation (WB) or 
inoculated with Sp7 or PsJN strains. Also, the nutritional factor 
was included with the following levels: 1 mM KH2PO4/100 μM 
FeSO4 (Control), 1 mM Ca3(PO4)2, 0.1 mM Ca3(PO4)2, 25 μM 
FeSO4, 25 μM Fe2(SO4)3 and 0.25 μM Fe2(SO4)3. Data were 
collected 30 days after transplantation.

Rhizospheric colonization determination

Eight plants (replicates) per treatment were collected individually 
in 1.5 ml Eppendorf tubes and vortexed in phosphate buffer for 
2 min. Serial dilutions were plated in R2A medium in Petri dishes. 
Bacteria were counted as colony-forming units (CFU), and data were 
normalized for each plant using its root area. Contamination was 
discarded using the non-inoculated plants as control.

Characterization of the phr1 and phl1 
mutant genotypes

Arabidopsis thaliana Columbia-0 (Col-0) was used as the 
wild-type genotype in all experiments. Homozygous lines for 
PHR1 (AT4G28610, SALK_067629 or phr1-1) and for PHL1 
(AT5G29000, SAIL_B731_B09 or phl1-1; and SALK_079505 or 
phl1-2) were isolated. Confirmation by PCR of T-DNA insertion 
in the target genes was performed using an insertion-specific LB 
primer in addition to one gene-specific primer. Primers used to 
genotype the mutant lines were: PHL1-F: TCCCACAATCC 
AAATTCAGAG, PHL1-R: GTGGAGACGTTT CTGCACTTC, 
PHR1-F: GACCATTAGGACAAACCTACCA, PHR1-R: 
TGCATTAGCAGGGAACTAAAGAA, LBb1.3: ATTTTGCCG 
ATTTCGGAAC, and LB1: GCCTTTTCAGAAATGGATAAA 
TAGCCTTGCTTCC.

Nutrient analysis in plants

For the nutritional analyses, seeds were sown in MJ media 
with or without the inoculation of the respective strain in 
combination with a particular nutritional treatment. Plates were 

placed horizontally, and the same growth conditions described 
above were used. At 21 DAS, 210 plants per treatment were 
collected, pooled, and dried for 48 h at 60°C. The metal content 
was analyzed in the dried tissues by HNO3/HCl block digestion 
and analysis by inductively coupled plasma optical emission 
spectrometry (ICP-OES) using the instrument Thermo Scientific 
iCAP 6,300 Duo (Wheal et al., 2011). Nitrogen was analyzed by 
the Dumas combustion method using the Leco CN628 instrument.

Phenotypical and statistical analyses

At the end of each experiment, Petri dishes were scanned 
(Epson Perfection V600 Photo Scanner), and the images were 
analyzed using image analysis. The primary root length and 
rosette areas were calculated using the Image J software (Poupin 
et al., 2016). The root area and the non-green rosette area were 
calculated using the Adobe Photoshop software as described in 
Pinedo et  al. (2015). When the experiments considered two 
factors (bacteria and nutrients), two-way ANOVA was used, 
followed by a multiple comparisons test. When data was not  
parametric, Kruskal-Wallis or Mann-Whitney tests were 
performed to compare subgroups of each data (i.e., comparing 
bacterial treatments and the non-inoculated group under the 
same nutritional treatment). The replicate number is indicated in 
each experiment.

RNA extraction, cDNA synthesis, and 
qRT-PCR analyses

Seedlings at 4DAS were transplanted to inoculated plates with 
the Sp7 or PsJN strains (as described before) or without bacteria 
(WB). Additionally, plates contained different levels of the 
nutritional treatment. For P: 1 mM KH2PO4/0 mM KH2PO4 or 
0.1 mM KH2PO4/0.99 mM Ca3(PO4)2. For Fe: 25 μM FeSO4/0 μM 
Fe2(SO4)3 or 0.25 μM FeSO4/24.75 μM Fe2(SO4)3. Seedlings were 
collected before being transplanted to the different treatments 
(control at 0 h) and after 2 h, 24 h, and 7 days (7d) in each 
treatment. Then, the samples were frozen in liquid nitrogen. RNA 
was obtained using the Trizol (Invitrogen™, United  States) 
method following the manufacturer’s instructions. For cDNA 
synthesis, 1 μg of total RNA treated with DNAse I (RQ1, Promega, 
United States) was reverse transcribed with random hexameric 
primers using the ImProm II reverse transcriptase (Promega, 
United States), according to the manufacturer’s instructions. Real-
time (RT)-PCR was performed using the Brilliant SYBR Green 
QPCR Master Reagent Kit (Agilent Technologies, United States) 
and the Eco RT PCR detection system (Illumina, United States) as 
described by Poupin et  al. (2016). The PCR mixture (10 μl) 
contained 2.0 μl of template cDNA (diluted 1:10) and 140 nM of 
each primer. Amplification was performed under the following 
conditions: 95° C for 10 min, followed by 40 cycles of 94°C, 20 s; 
53–64°C, 20 s; and 72°C, 20 s, followed by a melting cycle from 55 
to 95°C. Gene expression levels were calibrated using the average 
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value in the samples of non-inoculated plants (WB) in the full P 
or Fe media (t0). An accurate ratio between the expression of the 
gene of interest (GOI) and the housekeeping (HK) gene was 
calculated according to the following equation (Timmermann 
et al., 2019):

 

1

1

+( )
+( )

− −( )

− −

E

E
GOI

ctGOI ctGOI calibrated

HK
ct HK ct HK calibratedd( )

Efficiency values for each primer set were close to 1, and R2 
values were over 99% (Bustin et al., 2009). All experiments were 
performed in three biological replicates (2 to 5 plants each) and 
two technical replicates. The expression of three HK genes was 
analyzed for treatments AtSAND (At2g28390), PP2A (At1g13320), 
and TIP41-like (At4g34270), using previously described PCR 
primers (Poupin et al., 2016). In all cases, the expression of HK 
genes was highly stable, and similar results were obtained using 
them as normalization genes (Czechowski et  al., 2005). Data 
presented here represent normalization using AtSAND 
amplification. The PCR primer list is presented in 
Supplementary Table 1.

Results

Plant growth-promoting effects of 
beneficial proteobacteria in Arabidopsis 
depend on the interaction between the 
nutrient source and the strain identity

To evaluate the effects of different Plant Growth-Promoting 
Bacteria (PGPB) in the growth of Arabidopsis plants exposed to 
different P and Fe nutritional contexts, three PGPB were used, all 
belonging to the proteobacteria class. Paraburkholderia 
phytofirmans PsJN (β-proteobacteria), Azospirillum brasilense Sp7 
(α-proteobacteria) and Pseudomonas putida KT2440 

(γ-proteobacteria), which represent genera with different 
described growth-promoting traits (Poupin et al., 2013, 2016; An 
and Moe, 2016; Cruz-Hernández et al., 2022; Sun et al., 2022). 
Briefly, Azospirillum brasilense Sp7 fixes nitrogen and produces 
Indol-3-acetic acid (IAA; Compant et al., 2010; Hong et al., 2019). 
Among other capacities, Paraburkholderia phytofirmans PsJN 
produces siderophores (Esmaeel et  al., 2018), synthetizes and 
degrades IAA (Zúñiga et al., 2013; Naveed et al., 2015; Donoso 
et al., 2017), and protects plants to different biotic and abiotic 
stresses (e.g., Pinedo et  al., 2015; Ledger et al., 2016; Miotto-
Vilanova et al., 2016; Timmermann et al., 2017). Pseudomonas 
putida KT2440 produces IAA (Chea et al., 2021), siderophores 
(Joshi et al., 2014) and solubilizes phosphate (An and Moe, 2016; 
Bator et al., 2020; Roslan et al., 2020).

First, the effects of these strains were evaluated in plants 
exposed to Pi or Fe deficiency. Control plants were grown in 1 mM 
KH2PO4 and 100 μM FeSO4 (control), low-Pi was assessed at 
0.05 mM KH2PO4 and low-Fe at 0.25 μM FeSO4. PsJN strain 
increased the rosette area in all the treatments (Figure 1A). The 
other strains affected the rosette area depending on the nutritional 
treatment. For instance, in Fe deficiency, KT2440 doubled the 
rosette area compared to the non-inoculated plants in the same 
treatment (Figure 1A). This strain also increased the rosette area 
in low-Pi, but not in the control group. Sp7 and KT2440 strains 
decreased the primary root length (around 39% to 65% less) 
regardless of the treatment, while PsJN had minor effects 
(Figure 1B). All strains were able to colonize roots regardless of 
the nutritional treatments. Nevertheless, the PsJN strain had 
higher colonization levels with a mean of around 108 CFU/ cm2 of 
root compared to Sp7 and KT2440, which reached levels from 106 
to 107 CFU/ cm2 of root irrespective of the nutritional treatment 
(Figure 1C).

Some soils present sufficient quantities of phosphate, but the 
element is present in chemical sources with low bioavailability. 
Then, two phosphate sources with different solubilities were 
evaluated in the plant-beneficial bacteria interaction. KH2PO4 
(monobasic potassium phosphate) was used as a source with high 

A B C

FIGURE 1

Effects of different phosphate and iron concentrations in plant growth in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette 
area (A), primary root length (B), and root colonization (C) in plants 15 days after sowing in control medium (1 mM KH2PO4/100 μM FeSO4), low-P 
(0.05 mM KH2PO4/100 μM FeSO4), or low-Fe (1 mM KH2PO4/0.25 μM FeSO4). Non-inoculated plants are noted as WB, and inoculations with 
Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, or Pseudomonas putida KT2440 are noted as PsJN, Sp7, and KT2440, 
respectively. Data are means ± SE of 18 replicates per treatment. Asterisks indicate significant differences between each treatment and the control 
group according to a Two-way ANOVA with multiple comparisons test (*p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001).
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solubility (HS-Pi), and Ca3(PO4)2 (calcium phosphate) as a sparingly 
soluble source (LS-Pi; Narang et al., 2000; Poirier and Bucher, 2001). 
Both sources were mixed up considering the control situation at a 
final concentration of 1 mM, and the same PGPB strains described 
above were used as the inoculation factor. No significant changes 
were observed in the non-inoculated (WB) plants in the rosette area 
(Figure 2A) or primary root length (Figure 2B), but a significant 
increase (16.5%) in the non-green area was observed when plants 
were grown in 1 mM LS-Pi compared to 1 mM HS-PI (Figure 2D). 
PsJN-inoculated plants grown in LS-Pi and inoculated with PsJN 
showed the largest rosettes, which were significantly different from 

the non-inoculated plants in the same P treatment. Also, these 
plants showed an increase of 78% compared to those grown in 
1 mM HS-Pi and inoculated with the same strain (Figure  2A). 
KT2440 strain induced a minor increase in rosette areas irrespective 
of the P source. Remarkably, the Sp7 strain lost its promoting effect 
when P was supplied in a low solubility source (Figure 2A). KT2440 
and PsJN strains had none or modest effects in the primary root 
length, independently on the P source (Figure 2B). On the other 
hand, Sp7 strain inoculation reduced the length of the primary roots 
independently on the P source (Figure 2B). PsJN increased the root 
area in a range of 75 to 104% compared with to the non-inoculated 

A B

C D

FIGURE 2

Effects of different sources of phosphorus in plant growth and stress parameters in Arabidopsis thaliana inoculated with beneficial rhizobacteria. 
Rosette area (A), primary root length (B), root area (C), and non-green rosette area (D) in plants 15 days after sowing in media with different 
concentrations of KH2PO4 or Ca3(PO4) as a phosphate source with high or low solubility, respectively (Factor 1). A second factor corresponds to 
the inoculation, where non-inoculated plants are noted as WB, and inoculations with Paraburkholderia phytofirmans PsJN, Azospirillum brasilense 
Sp7, or Pseudomonas putida KT2440 are noted as PsJN, Sp7, and KT2440, respectively. Data are means ± SE of 30 replicates per treatment. In the 
case of A and B panels, asterisks indicate significant differences between each treatment and their respective WB treatment (Kruskal–Wallis test, 
*p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001). For panel C, only some significant differences are indicated with lines as asterisks, according to 
a Two-Way ANOVA with multiple comparisons *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.
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plants independently on the P source (Figure 2C), while the Sp7 
strain induced the highest effect in this parameter when plants were 
grown in HS-Pi. Interestingly, both Sp7 and KT2440 strains lost 
their effects in the root area when plants were grown in LS-Pi as the 
sole P source but no when a small amount of HS-Pi (0.05 mM) was 
added to the media (Figure 2C). Regarding the non-green area in 
plants growing in low solubility P, all strains significantly reduced 
this stress parameter compared with non-inoculated plants, with 
the highest reduction (63%) induced by PsJN strain inoculation 
(Figure 2D).

In terms of the source of Fe, a similar experiment was performed, 
using FeSO4 (iron(II) sulfate or ferrous sulfate) as a highly soluble 
source (HS-Fe) that contains Fe2+, the form that is absorbed by 

non-grasses plants (Morrissey and Guerinot, 2009), and Fe2(SO4)3 
(iron(III) sulfate or ferric sulfate) as a source with lower solubility 
(LS-Fe) that contains Fe3+ a form that has to be reduced to be uptake 
as Fe2+ (Vert et al., 2003). In this case, no significant differences were 
observed in the rosette area (Figure  3A), primary root length 
(Figure 3B), root area (Figure 3C), or non-green area (Figure 3D) in 
the non-inoculated plants independent of the Fe source used. 
Interestingly, contrary to Sp7 or KT2440 strains, which increased the 
rosette areas independent of the Fe treatment, PsJN showed positive 
effects only when FeSO4 was present but had negative effects when Fe 
was delivered exclusively as Fe2(SO4)3, reducing the rosette area in a 
44% compared to the non-inoculated plants in the same treatment 
(Figure 3A; p < 0.0001). Similar to what was observed in the phosphate 

A B

C D

FIGURE 3

Effects of different sources of iron in plant growth and stress parameters in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette 
area (A), primary root length (B), root area (C), and non-green rosette area (D) in plants 15 days after sowing in media with different concentrations 
of FeSO4 or Fe2(SO4)3, as an iron source with high or low solubility, respectively (Factor 1). A second factor corresponds to the inoculation, where 
non-inoculated plants are noted as WB, and inoculations with Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, or Pseudomonas 
putida KT2440 are noted as PsJN, Sp7, and KT2440, respectively. Data are means ± SE of 30 replicates per treatment. Asterisks indicate significant 
differences between each treatment and their respective WB treatment (Kruskal–Wallis test, *p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001).
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experiments, KT2440 or PsJN produced little or no change in the 
primary root length independent of the Fe treatment. However, 
Sp7-inoculated plants showed a reduction in the primary root length 
independently of the iron source (Figure 3B). In the case of the root 
area, an interaction effect was detected between the inoculation and 
Fe-source (Two-way ANOVA, 12.21% of the total variance, 
p < 0.0001). The inoculation also had a significant difference, 
accounting for 32.94% of the total variance (Two-way ANOVA, 
p < 0.0001). Specifically, the Sp7 strain increased the root area in all 
the treatments, and PsJN lost its effect when Fe was delivered 
exclusively as LS-Fe. The KT2440 strain only had a significant effect 
in the latter condition (Figure 3C). Moreover, the rosette areas of PsJN 
inoculated plants showed higher proportions of non-green areas (up 
to 4 times) in 1 μM or 0 μM FeSO4 (Figure 3D).

To evaluate the long-term effects over time of different sources 
of P and Fe, together with the inoculation with beneficial bacteria, 
plants were grown with 1 mM HS-Pi, 1 mM LS-Pi, or 0.1 mM 
LS-Pi (Figures 4A,C,E). Also, with 25 μM HS-Fe, 25 μM LS-Fe, and 
0.25 μM LS-Fe (Figures 4B,D,F). Inoculation was performed with 
PsJN or Sp7 strains as they showed contrasting effects in the 
previous experiments. After 34 days, no significant differences 
were observed in the inoculated plants grown in HS-Pi (1 mM 
KH2PO4, Figure  4A) or low concentrations of LS-Pi (0.1 mM 
Ca3PO4). Instead, larger rosettes were promoted by inoculation 
with any of the strains at 1 mM LS-Pi (Figure 4A). When the levels 
and sources of Fe were changed, the plants showed smaller rosettes 
areas than in the control treatment (Figure 4A). Nevertheless, 
both strains promoted larger rosette areas compared to the 
non-inoculated plants regardless of the nutritional factor 
(Figure  4B). The non-green rosette areas were bigger in the 
treatments with LS-Fe (Figure  4D) than those with different 
sources of P (Figure 4C). Both strains were able to reduce this 
stress proxy in almost all the nutritional conditions (Figures 4C,D).

The PsJN strain accelerated flowering only when 1 mM LS-Pi 
was used (Figure  4E; Two-way ANOVA, Tukey’s multiple 
comparisons; p < 0.0001). Interestingly, Sp7 did not induce 
changes in flowering time in the different P treatments (Figure 4E). 
When the Fe supply was altered, PsJN maintained its ability to 
induce flowering independently on the Fe treatment (Figure 4F; 
Two-way ANOVA, Tukey’s multiple comparisons; p < 0.0005) and 
Sp7 only accelerated flowering in the low-Fe treatment (Figure 4F).

The nutrient content of plants at 21 DAS (as an intermediate time 
between the short and long-term experiments) was analyzed in dried 
aerial and root tissues of plants exposed to the different treatments 
(inoculation x nutrition combinations; Figure 5). For phosphorus, 
changes in content depended on the nutritional state and inoculation 
factors. Compared to the non-inoculated plants, KT2440 induced the 
most notorious increases in this element, independent of the 
treatment (up to 36%), and was the only strain that increased this 
nutrient in the low-Pi treated plants (29% more than the 
non-inoculated plants in the same treatment; Figure 5). Regarding the 
iron content, the nutritional treatment had severe effects. Plants 
grown under low iron concentrations (25 μM of Fe or less) presented 
~1% of the iron in the control plants. In most cases, inoculated plants 

presented less iron content than the non-inoculated plants in the 
same nutritional treatments. However, in the 0.25 μM FeSO4 
treatment, the inoculated plants presented no significant differences 
from the non-inoculated ones (Figure 5). An interaction between Pi 
and Fe was detected, where plants treated with low P presented ~10% 
more Fe than the control plants (excepting the KT2440-inoculated 
plants that presented a 47% less). Regarding other nutrients, in some 
cases the inoculation factor seems to have a higher effect than the 
nutritional factor (i.e., manganese and zinc), regardless of the strain 
(Figure 5). In other cases, such as nitrogen, potassium, and calcium, 
the inoculation effect changed depending on the nutritional treatment 
(Figure 5). In magnesium, sulfur, copper, and sodium there was no 
clear effect of either of the two factors or their interaction (Figure 5). 
Interestingly, in the low-Fe treatment the non-inoculated plants 
presented 57% of the nitrogen compared to control non-inoculated 
plants (Figure 5). In the same scenario, PsJN and Sp7-inoculated 
plants presented 98 and 93% compared to the same control treatment, 
respectively (Figure  5). However, in the low-Pi treatment the 
non-inoculated plants had similar amounts to the control (99%), but 
the PsJN and Sp7-inoculated plants had 64% and 65%, respectively 
(Figure  5). As was observed in the case of iron, boron contents 
changed drastically depending on the nutritional treatments, being 
increased in the treatment with low-Fe (Figure 5).

The nutritional context influences the 
rhizobacterial modulation of different 
genetic pathways in Arabidopsis

Under phosphate starvation, two partially redundant 
transcription factors regulate the physiological responses in 
Arabidopsis, PHOSPHATE STARVATION RESPONSE 1 (PHR1) 
and PHR1-LIKE (PHL1; Bustos et  al., 2010). Concordantly, the 
double mutant phr1 phl1 has an impaired PSR and accumulates a low 
level of Pi (Finkel et  al., 2019). Here we  tested the effects of the 
interaction between different sources of Pi and the strain PsJN in the 
single mutants phl1-1 and phr1-1, as also in the double mutant. 
Regarding the aerial zone, different results were obtained depending 
on the Pi source (Figure 6A). When only HS-Pi was supplied, the 
PsJN strain significantly induced the rosette growth in the wild-type 
plants and the phl1-1 mutant, but not in the phr1-1 or the double 
mutant (Figure 6A). Instead, when Pi was delivered mostly as LS-Pi, 
PsJN had greater effects in the three mutant genotypes (Figure 6A). 
Even more drastic differences were observed in the root area 
(Figure 6B), where PsJN strain did not induce any change in the 
mutants when the Pi source was highly soluble. On the other hand, 
PsJN induced significant increases in the root area both in the wild-
type and mutant ecotypes when the Pi was mainly LS-Pi (Figure 6B). 
To discard that the effects were related to different colonization 
capacities of the strain in the different ecotypes, the colonization was 
monitored by plate counting as described in the material and method 
section. Colonization was detected in the roots of plants in all the 
treatments and genotypes in ratios from 107ufc/cm to 108ufc/cm2 
of root.
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The transcriptional profile of several genes related to PSR or 
different hormonal pathways was analyzed in plants exposed to the 
same experimental Pi schemes used before. RNA was extracted at 
0, 2, 24 h, and 7d after the concomitant exposure to different Pi 
sources and the PsJN and Sp7 strains. No significant differences 
were observed in PHR1-1 or PHL1-2 regarding the Pi source or the 
inoculation with both rhizobacteria (Supplementary Figure 1). In 
all the treatments, the transcripts presented the highest upregulation 

at 7d (Supplementary Figure 1). The PSR is also regulated by the 
microRNA miR399, which is upregulated in low-Pi conditions and 
downregulates PHO2 (Bari et al., 2006). PHO2 is an E2-UBC that 
negatively affects shoot phosphate content mediating the 
degradation of PHF1 (PHOSPHATE TRANSPORTER TRAFFIC 
FACILITATOR1) which is required for membrane localization of 
high-affinity phosphate transporters, allowing Pi transport into 
roots (González et al., 2005). miR399 transcript was differentially 
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FIGURE 4

Long-term effects of different sources of phosphorus and iron in plant growth and flowering in Arabidopsis thaliana inoculated with beneficial 
rhizobacteria. Rosette area (A,B), non-green rosette area (C,D), and the number of flowers per plant (E,F) in plants 34 days after sowing. Factor 1 
consisted of different concentrations of KH2PO4/Ca3PO4 (as phosphate sources with different solubilities; A,C,E) or FeSO4/Fe2(SO4)3 (as iron 
sources with different solubilities; B,D,F). Factor 2 consisted of non-inoculated plants (WB) or inoculated with Paraburkholderia phytofirmans PsJN 
(PsJN) or Azospirillum brasilense Sp7 (Sp7). Data are means ± SE of 20 replicates per treatment. Asterisks indicate significant differences between 
each treatment and their respective WB treatment (Two-way ANOVA and Tukey multiple comparisons, *p < 0.05; **p < 0.01; ***p< 0.001, and 
****p < 0.0001).
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A B

FIGURE 6

Effects of different sources of phosphorus and inoculation with beneficial rhizobacteria in the growth of phr1 and phl1 Arabidopsis thaliana 
mutants in phosphate starvation response. Rosette (A) and root area (B) in plants 15 days after sowing. Factor 1 consists of different concentrations 
of KH2PO4/Ca3PO4 (as phosphate sources with different solubilities). Factor 2 consists of non-inoculated plants (WB) or inoculated with 
Paraburkholderia phytofirmans PsJN (PsJN). Factor 3 consists of the genotype of Arabidopsis plants (Col-0; the single mutants phl1-1 or phr1-1 
and the double mutant phl1/phr1-1). Asterisks indicate significant differences in paired comparison for each genotype (WB versus PsJN 
inoculation) according to a non-parametric Mann-Whitney test (*p < 0.05).

FIGURE 5

Effects on the nutrient content of Arabidopsis thaliana plants of different sources of phosphorus and iron and the inoculation with beneficial 
rhizobacteria. The nutritional treatments are indicated in the X-axis of the figures, being (C) the full culture media, 1 mM KH2PO4 and 100 μM FeSO4; 
(1) 0.05 mM KH2PO4/0.95 mM Ca3PO4; (2) 0.05 mM KH2PO4; (3) 25 μM FeSO4; (4) 0.25 μM FeSO4/24.75 μM, and (5) 0.25 μM FeSO4. The Y-axis 
represents the inoculation treatments, with (WB) without bacteria; (PsJN) Paraburkholderia phytofirmans PsJN; (Sp7) Azospirillum brasilense Sp7 
(Sp7), and (KT2440) Pseudomonas putida KT2440. Each square represents data relative to the C/WB treatment (100%). The color from yellow to 
blue indicates high to low nutrient levels.
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regulated by Pi-source, its highest accumulation was induced by the 
Sp7 strain after 24 h in 0.1 mm HS-Pi/0.99 mM LS-Pi (Figure 7). 
Compared to the non-inoculated plants, the PsJN strain upregulated 
miR399 2 h in 1 mM HS-Pi, but downregulated it 2 and 24H in 
1 mm HS-Pi/0.99 mM LS-Pi (Figure 7). On the other hand, PHO2 
did not show a significant regulation by the P treatment or the 
inoculation (Supplementary Figure  1). Interestingly, an 
upregulation of PHF1 was detected by PsJN and Sp7 strains, but 
only after 7 days in the highly soluble Pi source (Figure 7, left panel). 
The phosphate transporter PHO1 (ARABIDOPSIS PHOSPHATE 
1) and PHT1;9 (PHOSPHATE TRANSPORTER 1;9) are both 
involved in P translocation from the roots to the shoots (Pegler 
et al., 2020; Wang et al., 2021). In the case of PHO1 transcript, the 
effect of the inoculation changed depending on the Pi source, with 
its highest upregulation by Sp7 after 7d in 0.1 mm HS-Pi/0.99 mM 
LS-Pi (Figure 7). Similarly, PHT1;9 was highly upregulated by the 
Sp7 strain after 24 h, regardless of P treatment (Figure 7). Other P 
transporters coding genes, such as PHT1;1 and PHT1;4 were not 
significantly regulated by the treatments (Supplementary Figure 1).

Rhizobacteria can also promote growth by producing different 
phytohormones or by modulating their signaling pathways, as in the 
case of the PsJN strain (Poupin et al., 2013, 2016). Then, the gene 
regulation of several genes related to auxin (Figure 8) and ethylene/
jasmonic acid (Supplementary Figure  2) was analyzed. ASA1 
(ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1) catalyzes the 
first step of tryptophan (Trp) biosynthesis, which is a precursor of 
auxin biosynthesis (Mano and Nemoto, 2012). According to a 
Two-Way ANOVA Analysis, in both Pi treatments, there was an 
interaction effect (inoculation x time, p < 0.005), with an increased 
transcript accumulation at 7d. Also, the inoculation had a significant 
effect, where both strains upregulated the gene at 7d, compared to 
their respective non-inoculated treatment (Figure 8). The Sp7 strain 
induced the highest effects and the PsJN effects were increased in 
LS-Pi. Still, this difference was not observed with the PsJN strain 
when 0.1 mM Pi (soluble source) was used (Figure 8, right panel). 
PILS3 (AT1G76520) is an auxin efflux carrier putatively involved in 
auxin transport (Barbez et  al., 2012), which downregulation in 
Arabidopsis by PsJN strain was previously reported (Poupin et al., 
2013, 2016). Here, different patterns of regulation were observed 
depending on the Pi source. Changes induced by the strains were 
only significant when 1 mM HS-Pi was used (p < 0.0001), with a 
downregulation induced by PsJN 24 h that was maintained at 7d 
(Figure 8, left panel). In addition, as an example of an auxin-response 
gene, the regulation of DRM2/ARP, DORMANCY ASSOCIATED 
GENE-1/AUXIN-REPRESSED PROTEIN was analyzed as this gene 
was reported as upregulated by strain PsJN (Poupin et al., 2016). 
Interestingly, this upregulation was only observed after 7d of 
treatment with the LS-Pi source (Figure 8, right panel; p < 0.0001).

In the case of ethylene (PDF1.2) and jasmonic acid (LOX2) 
related genes, an upregulation was observed in both genes 7d after 
the treatment with Sp7 and PsJN strains, regardless of the 
treatment with different Pi sources (Supplementary Figure 2).

Finally, the transcriptional profiles of 3 genes related to iron 
uptake and uptake regulation were evaluated. In this case, the 

nutrient factor was affected by exposing the plants to 25 μM 
HS-Fe/0 μM LS-Fe as a highly soluble iron source (Figure 9, left 
panel) or 0.25 μM HS-Fe/0 μM 24.75 LS-Fe as an iron source with 
low solubility. FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED 
TRANSCRIPTION FACTOR) was downregulated by Sp7 at 24 h in 
the highly soluble Fe form, coincidently with the downregulation 
of FRO2.2 and IRT1 at the same time and treatment (Figure 9). 
Interestingly, IRT1 (IRON-REGULATED TRANSPORTER 1) was 
downregulated by both bacteria at 7d, irrespective of the iron 
treatment (Two-way ANOVA, multiple comparisons, p < 0.0001).

Discussion

Rhizosphere nutrient availability directly regulates plant growth 
and, in turn, is influenced by many interacting factors such as the 
physicochemical soil properties, climate, and the microorganisms 
thriving there (Liu et al., 2022). Rhizospheric microorganisms can 
modulate the nutrient uptake rate by plants, as also their 
mobilization/immobilization, release from organic sources, and 
availability (Darrah, 1993; Liu et al., 2022). In addition, rhizobacteria 
can promote growth by producing different phytohormones or by 
modulating their signaling pathways, as in the case of the PsJN 
strain (Poupin et al., 2013, 2016). In other cases, strains such as 
Azospirillum brasilense Sp7 can produce auxin by themselves 
(Somers et  al., 2005). The last is relevant, considering that the 
nutritional status of plants has also been linked to different 
hormonal pathways (Bhosale et al., 2018; López-Ruiz et al., 2020; Yi 
et al., 2021). The effects of different rhizobacteria on the nutritional 
status of plants have been reported (Israr et al., 2016; Naqqash et al., 
2016; Korir et al., 2017). For instance, Alzate Zuluaga et al. (2021) 
studied the effects of an Enterobacter strain in Maize and Cucumber 
plants growing in different sources of Pi and found a differential 
response depending on the plant species. Under low-Pi, the 
bacterium in combination with Ca3(PO4)2 induced a more 
remarkable effect on the root architecture of cucumber than in 
maize (Alzate Zuluaga et al., 2021). Chea et al. (2021) reported the 
effects of a synthetic community of five PGPR, including 
Azospirillum sp. and Pseudomonas putida KT2440, in potato plants 
under different P levels. They found that under Pi deficiency, the 
inoculated plants showed root and shoot biomass increase 
compared to the non-inoculated plants (Chea et  al., 2021). 
Interestingly, these changes were not observed when Pi was present 
in normal amounts (Chea et al., 2021). Here, the influence on the 
rosette area of the three strains was affected by the Pi concentration 
and the solubility of the chemical sources (refer Graphical abstract). 
For instance, PsJN and KT2440 induced the highest effects in P 
deficiency (Figure  1A; refer Graphical abstract, A). Comparing 
different P sources, PsJN induced the highest effects in the treatment 
with low solubility P (Figure 2A; refer Graphical abstract, A). This 
correlates with an increase of 23% in P in PsJN-inoculated plants 
grown in 1 mM LS-Pi compared to the control plants (Figure 5; refer 
Graphical abstract, C). In the case of Fe, all the strains increased the 
rosette areas in Fe deficiency with soluble Fe (Figure  1A; refer 
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FIGURE 7

Effects of beneficial bacteria on phosphate response-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR 
determinations of relative expression levels of the genes: PHR1-1 (PHOSPHATE STARVATION RESPONSE 1); PHL (PHR1-LIKE 1); PHF1-2 (PHOSPHATE 
TRANSPORTER TRAFFIC FACILITATOR 1). Plants were exposed to 1 mm KH2PO4/0 mM Ca3PO4 (Left panel) or 0.1 mm KH2PO4/0.99 mM Ca3PO4 (right 
panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or 
Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical 
significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).
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Graphical abstract, A). Nonetheless, the PsJN strain did not increase 
this parameter when Fe was delivered only as LS-Fe (Figure 3A). 
Then, in the short-term, the effects of PsJN strain in the aerial zone 
depended on the Fe source. Interestingly, this relation was not 
detected in a long-term experiment, which might indicate an 
adaptation that requires time to be established.

Liu et  al. (2022) found that the increase in microbial 
nitrogen fixation and N-cycling-related enzyme activities in 
the rhizosphere led to a 10% increase in available N relative to 
bulk soil (Liu et al., 2022). However, N fixation has large P 
requirements, and the need is satisfied only at higher levels of 
this nutrient (Graham and Vance, 2000; Schütz et al., 2018). 
Azospirillum brasilense is a free-living nitrogen-fixing 

bacterium, and different strains of this genus have been used 
to replace N-fertilizers when associated with a variety of crops 
worldwide (reviewed in Fukami et al., 2018). Nevertheless, the 
real contribution of nitrogen transfer from this strain to plants 
is still under debate. Other bacterial traits, such as auxin 
production, have been related to its growth promotion effects 
in plants (Spaepen et al., 2014). Here, Sp7 induced an increase 
in the rosette areas of plants grown in control conditions 
(Figures 2A, 3A) and in Fe deficiency (Figure 1A). However, 
this pattern was lost in P deficiency (Figure  1A; refer 
Graphical abstract, A) or when the Pi was delivered in a low 
solubility source (Figure  2A; refer Graphical abstract, C). 
These results could be  related to a minor capacity to fix 

FIGURE 8

Effects of beneficial bacteria on auxin-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR 
determinations of relative expression levels of the genes related to auxin synthesis ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1); transport 
PILS3 (PIN-LIKES 3), and response DRM2/ARP1 (DORMANCY ASSOCIATED GENE-1/AUXIN-REPRESSED PROTEIN). Plants were exposed to 1 mm 
KH2PO4/0 mM Ca3PO4 (Left panel) or 0.1 mm KH2PO4/0.99 mM Ca3PO4 (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-
inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed 
with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared 
to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).
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nitrogen under P deficiency. Furthermore, N levels in Sp7 
inoculated plants were similar to non-inoculated plants in the 
control treatment but were reduced to 65% in the low-Pi 
treatment (Figure 5). As a note of caution to this interpretation, 

PsJN strain, which does not fix nitrogen, also reduced the 
levels of N in plants under P deficiency (Figure 5).

Regarding the root system, a limitation or even increased 
growth has been described under Pi scarcity (Tiziani et al., 2020). 

FIGURE 9

Effects of beneficial bacteria on iron uptake-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR 
determinations of relative expression levels of the genes related to iron uptake regulation FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED 
TRANSCRIPTION FACTOR 1); and uptake FRO2.2 (FERRIC REDUCTASE OXIDASE 2.2) and IRT1 (IRON-REGULATED TRANSPORTER 1). Plants were 
exposed to 25 μM FeSO4/0 μM Fe2(SO4)3 as a highly soluble iron source (left panel) or 0.25 μM FeSO4/24.75 μM Fe2(SO4)3 as an iron source with low 
solubility (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia 
phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene 
(AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and 
multiple comparisons, p < 0.05).
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KT2440 and Sp7 have been described as auxin producers, a 
capacity related to the shortening of the primary root in the 
interacting plants (Spaepen et al., 2014; Schütz et al., 2018). Here, 
both KT2440 and Sp7 strains decreased the primary root length 
independently of the P or Fe source and quantity. Then, this 
capacity seems unrelated to the P and Fe nutritional context 
(refer Graphical abstract). A larger root surface is related to a 
better capacity to explore greater soil volume and better nutrient 
uptake in plants (Wissuwa et al., 2005). Sp7 and KT2440 strains 
lost their positive effects increasing the root surface in LS-Pi, and 
PsJN lost its effects in LS-Fe. Thus, the effects of these bacteria in 
the aerial and root zone are highly dependent on the nutritional 
context in a species-specific manner. PsJN strain has been 
described as a strain able to accelerate flowering in Arabidopsis 
(Poupin et  al., 2013). Here, this pattern was also observed, 
especially in LS-Pi and when the Fe concentrations were 
diminished (Figures 4E,F).

Complex interactions have been described among nutrients 
in plants (Lay-Pruitt et  al., 2022). Interesting results were 
obtained in the nutritional analysis of plants. For instance, P 
content was relatively similar among treatments which is in 
accordance with the highly regulated mechanisms of P 
homeostasis that have been reported in plants (Gransee and 
Merbach, 2000). Still, some differences were induced by the 
nutritional treatment (P and Fe) and the inoculation factor, where 
KT2440-inoculated plants presented the highest P levels 
(Figure  5; refer Graphical abstract, C). Boron contents also 
changed in response to the nutritional treatment, with the lowest 
levels in the treatments with reduced quantities or low solubility 
Fe. Calcium levels increased in the treatment with 0.95 mM of 
Ca3(PO4)2 (LS-Pi), but this might be related to the calcium in the 
compound (Figure 5). Then, a partial effect of this ion in some of 
the observed results in the treatments with low solubility P 
cannot be discarded under this experimental design. The content 
of Fe was highly susceptible to the Fe in the media, with the plants 
treated with 25 μM HS-Fe or the LS-Fe source presenting 1% of 
the iron of the control plants (Figure 5; refer Graphical abstract, C). 
In most cases, the inoculation reduced the Fe content in plants, 
which might indicate a plant-bacteria competition for this 
resource (refer Graphical abstract, C). Additionally, as described 
in the literature (Hirsch et al., 2006; Bouain et al., 2019; Bechtaoui 
et al., 2021; Fan et al., 2021; Zheng and Liu, 2021), an interaction 
was observed between P and Fe, where the plants grown in 
P-deficiency presented up to 13% more of Fe than those in the 
P-control treatment (excepting the KT2440-inoculated plants 
that presented 47% less; Figure 5; refer Graphical abstract, C In 
turn, non-inoculated plants exposed to low-Fe presented a 13% 
less P than the control plants (refer Graphical abstract, C). Also, 
compared to the control plants, the N levels were lower in the 
non-inoculated plants treated with Fe deficiency (Figure 5). The 
PsJN and Sp7 strains reverted this effect, as the PsJN strain does 
not fix N, this phenomenon should not be  related bacterial 
N-fixation.

In general, soils have less than 10 μM of Pi (as orthophosphate) 
available to plants (Wang et al., 2017; Luan et al., 2017). Inorganic 
forms of phosphorus account for 35%–70% of total phosphorus in 
soil (Guignard et al., 2017). Rhizospheric bacteria are the main 
ones responsible for solubilizing dicalcium phosphate, tricalcium 
phosphate, hydroxyl apatite, or organic P (Oleńska et al., 2020). 
Then, plants have adapted to thrive in P-starving conditions 
developing highly regulated mechanisms to regulate P levels 
under different nutritional conditions. Compared to the bulk soil, 
a decrease of 12% of available phosphorus has been suggested in 
the rhizosphere, with a corresponding increase in phosphatase 
activities, which indicates a hotspot with a high demand of P and 
plant-microorganisms competition for this nutrient (Liu et al., 
2022). In this regard, using a synthetic community, Finkel et al. 
(2019) found that a deficiency in Pi changed the rhizospheric 
microbial community with the enrichment of Burkholderia, which 
correlates with a decreased Pi shoot content. Contrasting results 
were obtained here, where PsJN inoculated plants increased or 
maintained the P content in plants exposed to low solubility P o P 
deficiency (Figure 5).

Castrillo et al. (2017) found that the Arabidopsis microbiota 
was altered in phr1/phl1 and phf1 mutants in experiments using 
both natural and synthetic microbial communities. Finkel et al. 
(2019) found that Burkholderia sequences were enriched in low Pi 
in these mutants and in the wild-type plants, suggesting that this 
shift in their recruitment to the root under low Pi is independent 
of PSR activation. In the present study, the PsJN effects in 
Arabidopsis changed in the double mutant phl1/phr1 depending 
on the P source. The PsJN strain significantly increased the rosette 
and root areas only when P was delivered mainly as LS-Pi 
(Figure 6). This might indicate that the effects of PsJN in plants 
growing in the low solubility P source would be independent of 
the PSR pathway. On the other hand, its effects on plants growing 
in HS-Pi would be  dependent on this pathway (Figure  6). 
Interestingly, different genes related to PSR or P transport were 
differentially regulated by the inoculation with Sp7 or PsJN (i.e., 
PHO1, PHT1;9; Figure 7; refer Graphical abstract, B), and in some 
cases, the regulation was also affected by the P source (i.e., miR399; 
PHF1-2; Figure 7; refer Graphical abstract, B). An upregulation of 
miR399 was previously reported by Sun et al. (2022) in A. thaliana 
plants under low P (using NaH2PO4 as a P source) and inoculated 
with A. brasilense.

As mentioned above, a connection between phytohormones 
and the mineral nutrient status in plants has been reported (e.g., 
Kuiper et al., 1989; Lamont et al., 2015). Then, the effects of 
inoculation and P source were analyzed in different genes 
related to auxin, ethylene, and JA. In the case of auxin, some 
genes were affected by the inoculation in an interaction with the 
P source, which might indicate a role for auxin in the differential 
observed phenotypical responses (i.e., PILS3 and DRM2/ARP; 
Figure  8; refer Graphical abstract, B). In the case of JA and 
ethylene, the tested genes presented an upregulation induced by 
the inoculation, either with PsJN or Sp7, indicating that these 
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hormonal pathways might be involved in general responses to 
these strains that do not depend on the P source 
(Supplementary Figure 2).

Many of the genes involved in Fe acquisition strategies are 
transcriptionally upregulated in response to Fe deficiency. In this 
scenario, Arabidopsis uses a reduction strategy where protons are 
released into the rhizosphere, resulting in  local rhizosphere 
acidification (Satbhai et  al., 2017). After acidification, Fe3+ is 
reduced to Fe2+ by FRO2 (FERRIC REDUCTASE OXIDASE 2). 
Then, Fe2+ is taken up into root epidermal cell layers by the 
specialized transporter IRT1 (IRON-REGULATED 
TRANSPORTER 1), which is essential for plant iron uptake from 
the soil (Vert et  al., 2002). This process is regulated by FIT1 
(ARABIDOPSIS FE-DEFICIENCY INDUCED 
TRANSCRIPTION FACTOR), which regulates FRO2 and IRT at 
the transcription level (Riaz and Guerinot, 2021). The results here 
confirm this regulation pattern. FIT1 (ARABIDOPSIS 
FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR) was 
downregulated by Sp7 at 24 h in the highly soluble Fe form, 
coincidently with the downregulation of FRO2.2 and IRT1 at the 
same time and treatment (Figure 9). Interestingly, IRT1 (IRON-
REGULATED TRANSPORTER 1) was downregulated by both 
bacteria at 7d, irrespective of the iron treatment which might 
explain the lower Fe content that was detected in the inoculated 
plants in most of the treatments.

Carvalhais et al. (2013) used root exudates collected from 
maize plants grown under nitrogen (N), phosphate (P), iron 
(Fe), and potassium (K) deficiencies on the transcriptome of the 
PGPB Bacillus amyloliquefaciens FZB42. The largest shifts in 
gene expression patterns were observed in cells exposed to 
exudates from N-, followed by P-deficient plants. Exudates from 
P-deficient plants induced bacterial genes involved in 
chemotaxis and motility. This suggests that complex responses 
are induced in both partners in a plant-PGPB interaction in 
response to the nutritional context. The results presented here 
indicate that these complex responses are not only influenced 
by the nutrient concentrations but also by their availabilities, 
the elapsed time of the interaction, and the specific identities of 
the beneficial bacteria.

Altogether, the results presented here indicate that the plant 
responses to these proteobacteria are not only influenced by the 
nutrient (P and Fe) concentrations but also by their availabilities, 
the elapsed time of the interaction, and the specific identities of 
the beneficial bacteria. This provides valuable information to 
evaluate the interaction of plants with other beneficial strains and 
for applying beneficial bacteria in more complex contexts, such as 
in the field.
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SUPPLEMENTARY TABLE 1

List and sequences of used primers.

SUPPLEMENTARY FIGURE 1

Effects of beneficial bacteria on phosphate homeostasis-related genes 
in Arabidopsis thaliana grown in different phosphate sources. 
Quantitative RT-PCR determinations of relative expression levels of 
the genes related to phosphate homeostasis PHR1-1 (PHOSPHATE 
STARVATION RESPONSE 1); PHL (PHR1-LIKE 1); PHT1;1 (PHOSPHATE 
TRANSPORTER 1;1); PHT1;4. (PHOSPHATE TRANSPORTER 1;4), and 
PHO2 (PHOSPHATE 2). Plants were exposed to 1mm KH2PO4 and 
0mM Ca3PO4 (Left panel) or 0.1mm KH2PO4/0.99mM Ca3PO4 (right 
panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-
inoculated (WB) or inoculated with Paraburkholderia phytofirmans 
PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was 
performed with the housekeeping SAND family gene (AT2G28390). 
Asterisks indicate statistical significance among treatments in a 

particular time compared to the WB group (Two-way ANOVA and 
multiple comparisons, p < 0.05).

SUPPLEMENTARY FIGURE 2

Effects of beneficial bacteria on jasmonic acid and ethylene-related 
genes in Arabidopsis thaliana grown in different phosphate sources. 
Quantitative RT-PCR determinations of relative expression levels of 
the genes related to auxin synthesis LOX2 (LIPOXYGENASE 2) and 
PDF1.2 (PLANT DEFENSIN 1.2. Plants were exposed to 1mm KH2PO4 
and 0mM Ca3PO4; Left panel) or 0.1mm KH2PO4/0.99mM Ca3PO4 (right 
panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-
inoculated (WB) or inoculated with Paraburkholderia phytofirmans 
PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was 
performed with the housekeeping SAND family gene (AT2G28390). 
Asterisks indicate statistical significance among treatments in a 
particular time compared to the WB group (Two-way ANOVA and 
multiple comparisons, p < 0.05).
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