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ABSTRACT

Plants can shape their rootmicrobiome to promote growth and nutrient uptake. PHOSPHATESTARVATION

RESPONSE 2 (OsPHR2) is a central regulator of phosphate signaling in rice, but whether OsPHR2 can shape

the root microbiome to promote phosphorus uptake is unclear. Here, we investigate the role of OsPHR2 in

recruiting microbiota for phosphorus uptake using high-throughput sequencing and metabolite analysis.

OsPHR2-overexpressing (OsPHR2OE) rice showed 69.8% greater shoot P uptake in natural soil compared

with sterilized soil under high-phosphorus (HP) conditions, but there was only a 54.8% increase in the wild-

type (WT). The abundance of the family Pseudomonadaceaewas significantly enriched inOsPHR2OE roots

relative to those of WT rice. Compared with the WT, OsPHR2 OE rice had a relatively higher abundance of

succinic acid and methylmalonic acid, which could stimulate the growth of Pseudomonas sp. (P6). After

inoculation with P6, phosphorus uptake in WT and OsPHR2 OE rice was higher than that in uninoculated

rice under low-phosphorus (LP) conditions. Taken together, our results suggest thatOsPHR2 can increase

phosphorus use in rice through root exudate-mediated recruitment of Pseudomonas. This finding reveals a

cooperative contribution of the OsPHR2-modulated root microbiome, which is important for improving

phosphorus use in agriculture.
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INTRODUCTION

Phosphorus (P), a non-renewable resource, is an essential

element for plant growth and participates in manymetabolic path-

ways (Rubio et al., 2001). However, P fertilizer application is

inefficient, as only 10%–25% of applied P is taken up by plants

(Johnston et al., 2014). Limited soil P is typically available for

plant growth, owing to its formation of insoluble complexes with

Ca2+, Al3+, and Fe3+, and about 70%of global arable land is P defi-

cient, compromising plant growth and crop yields. To increase

crop yields, large quantities of P fertilizers are applied in the field,

which leads to depletion of global P reserves (Gilbert, 2009).

Therefore, exploration of the regulatory mechanisms that underlie

P uptake is essential for improvement of crop P acquisition.

Bacteria play a key role in overcoming the challenges of P-defi-

cient soil (Lidbury et al., 2020). Some bacteria are able to
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solubilize phosphate (Mosimann et al., 2017), which may be

essential in P-deficient agricultural soils. Phosphate-solubilizing

bacteria can increase plant yield by enhancing plant

P-acquisition strategies and P distribution (Raymond et al.,

2021). Members of the phyla Firmicutes, Actinobacteria, and

Proteobacteria are currently known as phosphate-solubilizing

bacteria (Liang et al., 2020). At the genus level, strains isolated

from the genera Pseudomonas, Bacillus, and Rhizobium have

generally shown the greatest P-solubilizing ability (Alori et al.,

2017). Streptomyces griseorubens BC3 and Norcardiopsis alba

BC11 significantly increased root and shoot P content and

grain yield in maize (Soumare et al., 2021). In addition,
unications 5, 100930, August 12 2024 ª 2024 The Author(s).
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Figure 1. The microbiota is involved in the promotion of phosphorus uptake by PHR2 in rice.
(A) Necrosis of old leaf blade tips in WT rice and the OsPHR2-overexpressing line (OsPHR2 OE) under high-P (HP) conditions. Bar: 1 cm.

(B and C) Shoot and root dry weights of WT and OsPHR2 OE rice. Data are means ± SD (n = 5).

(D and E) Total P concentrations in shoots and roots of WT and OsPHR2 OE rice. Data are means ± SD (n = 5).

Asterisks indicate significant differences among treatments determined by two-sided Student’s t-test (*p < 0.05, **p < 0.01, and ***p < 0.001). n.s., not

significant. See also Supplemental Table 1.
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inoculation with phosphate-solubilizing bacteria can enable a

50% reduction in P fertilizer application without a decrease in

crop yield (Rafi et al., 2019). In chickpea, inoculation with

Pseudomonas jessenii significantly enhanced shoot dry weight

compared with that of uninoculated plants (Valverde et al., 2006).

Recent studies suggest that the P starvation response system

has an important role in regulating soil microbes for solubilization

of insoluble P (Castrillo et al., 2017; Isidra-Arellano et al., 2021;

Tang et al., 2022), and PHOSPHATE STARVATION RESPONSE

(PHR) proteins play central parts in this system. They are

important for modulating P starvation responses through

binding to the cis element P1BS in the promoters of P-starva-

tion-induced genes (Zhou et al., 2008; Wang et al., 2013; Ruan

et al., 2017). Rice overexpressing OsPHR2 displayed excessive

P accumulation in leaves, which resulted in P toxicity (Zhou

et al., 2008). Under low-P (LP) stress, AtPHR1 can regulate the

expression of P-starvation-induced genes such as AtIPS1,

AtRNS1, and At4 (Raghothama, 1999). PHR proteins can also

regulate P uptake from external sources in different tissues by

binding to the promoters of PHOSPHATE TRANSPORTER genes

(Liu et al., 2010) and can modulate the expression of miRNA399

and miRNA827 to regulate P homeostasis and signaling (Miura

et al., 2005; Kant et al., 2011; Lin et al., 2013). In addition to

their regulatory functions in plants, PHR proteins can also

interact with microbiota to alleviate P starvation. For example,

Arabidopsis PHR1 can shape root microbiome communities

(Castrillo et al., 2017). PHR-centered networks can control arbus-

cular mycorrhizal symbioses, and overexpression ofOsPHR2 im-
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proves mycorrhizal infection in rice (Shi et al., 2021). Immunity

suppression by the PHR1–RALF–FERONIA module enhances

root bacterial growth, which can increase the expression of

PHR genes to enhance plant P uptake (Tang et al., 2022).

However, it is unclear whether OsPHR2 can enable recruitment

of bacteria to promote rice P uptake.

In the present study, we investigated the role of OsPHR2 in P up-

take using wild-type (WT) andOsPHR2-overexpressing (OsPHR2

OE) rice. rRNA gene amplicon sequencing of rice roots from high-

P (HP) conditions was performed to identify bacteria involved in P

uptake. A number of candidate strains were isolated and their

ability to solubilize phosphate was assessed. We tested the ef-

fects of a phosphate-solubilizing strain on rice P uptake using

WT and OsPHR2 OE rice grown under HP and LP conditions.

Our findings provide evidence for the promotion of rice P uptake

by root microbiota.
RESULTS

Microbiota associated with phosphorus uptake in
OsPHR2 OE rice under HP conditions

To investigate whether the microbiota is associated with

OsPHR2-regulated P uptake in rice, rice plants were grown in nat-

ural and sterilized soils (Figure 1A). The P toxicity phenotype

observed in OsPHR2 OE rice grown on natural soil was

alleviated by growth on sterilized soil (Figure 1A). By contrast,

WT rice showed no necrotic phenotype on either natural or
thor(s).
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sterilized soil (Figure 1A). Under HP conditions, shoot and root

dry weights of OsPHR2 OE rice did not differ significantly

between natural soil and sterilized soil (Figure 1B), and the

same trend was observed for WT rice (Figure 1C). However,

OsPHR2 OE rice exhibited 69.8% greater shoot P uptake and

179.9% greater root P uptake in natural soil than in sterilized

soil under HP conditions (Figure 1D and 1E). WT plants

exhibited only 54.8% greater shoot P uptake and 143.0%

greater root P uptake in natural soil than in sterilized soil. These

results suggested that microbiota might be associated with

phosphorus uptake in OsPHR2 OE rice.

Rice root and rhizosphere bacterial composition in WT
and OsPHR2 OE rice

ToexploreOsPHR2-induced changes in root and rhizosphere bac-

teria, we built 16S rRNA amplicon libraries for the roots and rhizo-

spheres of WT and OsPHR2 OE rice under HP conditions

(Figure 2). The sequencing depth adequately captured

the complete microbial communities, as evidenced by

gradual flattening of the rarefaction curves (Supplemental

Figures 1 and 2). The dominant phyla in the roots of WT and

OsPHR2 OE rice under HP conditions included Proteobacteria,

Actinobacteria, Myxococcota, Chloroflexi, Fibrobacterota, and

Bacteroidota (Figure 2A). At the family level, Comamonadaceae

(relative abundance: 51.7%) were significantly more abundant in

OsPHR2 OE roots than in WT roots under HP conditions

(Figure 2B). To further investigate the root-dependent microbiota

of WT and OsPHR2 OE rice under HP conditions, we performed

linear discriminant analysis (LDA) effect size (LEfSe) analysis

to evaluate bacterial biomarkers in the root microbiome

(Figure 2C). In the root samples, Pseudomonadaceae (LDA

score: 4.02) was specifically enriched in OsPHR2 OE rice under

HP conditions (Figure 2C). In the rhizosphere samples,

Pseudomonadaceae (LDA score: 2.89) was again specifically

enriched in OsPHR2 OE rice (Supplemental Figure 3A). The

abundance of family Pseudomonadaceae was increased 26.1-

fold in OsPHR2 OE rice compared with WT rice (Figure 2D).

Colony counting was used to confirm the effect of OsPHR2 on

Pseudomonadaceae abundance, and the abundance of culturable

Pseudomonas was 124% higher in OsPHR2 OE roots than in

WT roots (Figure 2E). In the rhizosphere, Pseudomonadaceae

abundance was increased by 168% in OsPHR2 OE rice

compared with WT rice (Supplemental Figure 3B), and colony

counting of culturable Pseudomonas in HP soil confirmed this

result (Supplemental Figure 3C). In addition, the abundance of

culturable Pseudomonas was 103% higher in OsPHR2 OE

roots than in WT roots in LP soil (Supplemental Figure 4).

Pseudomonas generally shows high P-solubilization ability

(Alori et al., 2017). When applied to P rock fertilizer,

Pseudomonas plecoglossicida exhibited increased activities of

acid phosphatase, alkaline phosphatase, and phytase (Chen and

Liu, 2019). Thus, we focused on the OsPHR2-regulated Pseudo-

monadaceae for subsequent studies of P uptake.

Role ofPseudomonas sp. (P6) in rice phosphorus uptake

To further assess the role of Pseudomonadaceae in phosphorus

uptake, 10 strains were isolated and obtained from root samples

of OsPHR2 OE rice (Figure 3A). All strains had the capacity for

phosphate solubilization, and strain P6 showed the highest

phosphate-solubilization ability (phosphate solubilization, 3.54;
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Figures 3A and 3B). To confirm bacterial phosphate

solubilization ability, we used NBRIP (National Botanical

Research Institute phosphate growth medium) liquid medium

containing Ca3(PO4)2. After 6 days of cultivation, the

available phosphorus in the medium inoculated with P6 was

127.3 mg L�1, which was the highest concentration among the

10 candidate isolates (Figures 3C and 3D). Thus, strain P6

(Pseudomonas sp.) was selected for further analysis.

OsPHR2 OE rice increased abundance of succinic acid
and methylmalonic acid for promoting the growth of
Pseudomonas sp. (P6)

To determine how OsPHR2 alters the root microbiota, we per-

formed metabolite analysis of root exudates. Compared with the

WT, OsPHR2 OE rice had 93 upregulated metabolites and 32

downregulated metabolites under HP conditions (Figure 4A).

Kyoto Encyclopedia of Genes and Genomes analysis identified

multiple metabolic pathways that were enriched in the

differentially abundant metabolites (Figure 4B). Previously, the

target geneOsHAD1, which is directly regulated by OsPHR2, was

found to significantly enhance organic acid accumulation in root

exudates (Pandey et al., 2017). We therefore speculated that

OsPHR2 might alter organic acid accumulation in root exudates.

Further analysis revealed that the relative abundance of succinic

acid and methylmalonic acid was 2.6- and 3.5-fold higher in

OsPHR2 OE exudates than in WT exudates (Figures 4C–4E),

whereas the abundance of lactic acid was significantly lower in

OsPHR2 OE exudates. To determine whether these organic acids

could promote P6 growth, we added them individually to the P6

growth medium. Interestingly, succinic acid and methylmalonic

acid stimulated the growth of P6, whereas lactic acid inhibited P6

growth (Figure 4F and Supplemental Figure 5).

Inoculation with Pseudomonas sp. (P6) promotes rice
phosphorus uptake

To verify the ability of P6 to promote rice phosphorus uptake, WT

and OsPHR2 OE plants were grown under HP and LP conditions,

withorwithoutP6 inoculation (Figure5A).P6 inoculationhadnosig-

nificant effect on total P concentrations in shoots or roots of WT or

OsPHR2 OE rice under HP conditions (Figures 5B and 5C).

However, under LP conditions, P6 inoculation significantly

increased total P concentrations in shoots and roots by 20% and

73% in the WT (Figures 5B and 5C) and by 36% and 104% in

OsPHR2 OE rice compared with uninoculated plants (Figures 5B

and 5C). Under HP conditions, total P concentrations in shoots

and roots were 53% and 23% greater in OsPHR2 OE rice than in

WT rice in the absence of inoculation (Figures 5B and 5C) and

56% and 19% greater in OsPHR2 OE rice than in WT rice with P6

inoculation (Figures 5B and 5C). Under LP conditions, there were

no significant differences in total P concentrations of shoots and

roots between WT and OsPHR2 OE rice in the absence of

inoculation (Figures 5B and 5C), but total P concentrations of

shoots and roots were 11.3% and 24.2% higher in OsPHR2 OE

rice than in WT rice with P6 inoculation (Figures 5B and 5C). We

next examined the ability of mixed strains isolated from OsPHR2

OE roots to promote P uptake. Effects of the mixed strains on P

uptake were similar to those of strain P6. Under LP conditions,

there were no significant differences in total P concentrations of

shoots and roots between WT and OsPHR2 OE plants

in the absence of mixed-strain inoculation (Supplemental
unications 5, 100930, August 12 2024 ª 2024 The Author(s). 3



Figure 2. Pseudomonadaceae are associated with phosphorus uptake in OsPHR2 OE rice.
(A and B) Relative abundance of bacterial taxa at the phylum and family levels from roots of WT and OsPHR2 OE rice under HP conditions.

(C) Analysis of linear discriminant analysis effect size (LEfSe) of bacterial taxa with significant differences in abundance between WT and OsPHR2 OE

roots. Linear discriminant analysis score R 3.8.

(D) Relative abundance of Pseudomonadaceae in WT and OsPHR2 OE roots. Data are means ± SD (n = 3).

(E) Abundance of culturable Pseudomonas in roots of WT and OsPHR2 OE rice. Data are means ± SD (n = 3).

Asterisks indicate significant differences determined by two-sided Student’s t-test (*p < 0.05). See also Supplemental Figure 1.
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Figure6).However, total P concentrationsof shoots and rootswere

significantly higher inOsPHR2OE rice than inWT rice uponmixed-

strain inoculation (SupplementalFigure6).To further investigate the
4 Plant Communications 5, 100930, August 12 2024 ª 2024 The Au
mechanism underlying the increased P uptake of OsPHR2 OE

plants under LP + P6 conditions, we measured the expression of

Pi transporter genes and the Pi-starvation-induced marker
thor(s).



Figure 3. Pseudomonas sp. (P6), isolated
from the roots of OsPHR2 OE rice, shows
high phosphate solubilization ability.
(A) Phosphate solubilization ability of 10 bacterial

strains isolated fromOsPHR2OE roots and grown

on Pikovskaya’s agar medium. Phosphate solu-

bilization efficiency was calculated as solubiliza-

tion zone (mm)/colony diameter (mm). The hash

symbol (#) highlights the highest phosphate solu-

bilization efficiency among the 10 isolates. Data

are means ± SD (n = 3).

(B) Image of phosphate solubilization by P6. Bar:

1 cm.

(C and D) Available phosphorus concentrations

in NBRIP liquid medium. The white sediment

visible in the control treatment is Ca3(PO4)2, and

the gray sediment in the P6-inoculation treatment

indicates that some Ca3(PO4)2 has been solubi-

lized by P6. Data are means ± SD (n = 3). Bar:

1 cm.
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gene OsIPS1. Under LP + P6 conditions, the relative expression

of OsIPS1 was 8.68-fold higher in WT plants and 2.22-fold

higher in OsPHR2 OE plants compared with that under LP alone

(Supplemental Figure 7). Likewise, expression of the P

transporter genes OsPHT1;1, OsPHT1;2, OsPHT1;6, OsPHT1;8,

and OsPHT1;10 in WT plants was significantly increased by

67.7%–530.3% under LP + P6 conditions compared with LP

alone (Supplemental Figure 7).

DISCUSSION

The microbiota is important for P uptake in OsPHR2 OE
rice

OsPHR2 overexpression results in excessive accumulation of Pi

in shoots under Pi-sufficient conditions (Zhou et al., 2008;

Wang et al., 2013). In the present study, the shoot phosphorus

content of OsPHR2 OE rice was significantly higher than that of

WT rice under HP conditions, consistent with previous studies

(Figure 1). PHR proteins are involved in maintaining a beneficial

association with the growth-promoting fungus Colletotrichum

tofieldiae and mycorrhizal fungi under phosphate-starvation

conditions in Arabidopsis and rice (Hiruma et al., 2016; Shi

et al., 2021). The PHR1–RALF–FERONIA axis can shift the root

microbiota to alleviate phosphate starvation by regulating the

expression of PHR genes (Tang et al., 2022). Here, the toxicity

phenotype of OsPHR2 OE rice was alleviated by growth on

sterilized soil (Figure 1A), implying that the soil microbiota may

be involved in the enhanced P uptake of OsPHR2. In addition,

the phosphorus content of OsPHR2 OE rice was much lower on

sterilized soil than on natural soil (Figure 1D), confirming the
Plant Communications 5, 100930
important effect of microbiota on OsPHR2-

modulated P accumulation. These results

suggest that the microbiota is important for

P uptake in OsPHR2 OE rice.

Pseudomonas promotes rice P
uptake, which is associated with
phosphate solubilization and P-
starvation-induced gene regulation

Rhizosphere microbes can release plant-
available phosphorus, promoting efficient root phosphorus up-

take through soil P solubilization (Lambers et al., 2009). In the

present study, shoot and root P concentrations were

significantly higher in WT and OsPHR2 OE rice inoculated with

P6 than in uninoculated plants under LP conditions (Figure 5).

This is probably because Pseudomonas is an efficient P

solubilizer (Oteino et al., 2015). Bacteria are able to secrete

various compounds, such as organic acids and siderophores,

to solubilize insoluble soil P through binding of –COOH and –

OH to metal cations, exchange of organic compounds and

adsorbed P, and acidification of the soil solution (Oburger

et al., 2011; Wang et al., 2016; Pastore et al., 2020). Here, the

strain P6, isolated from roots of OsPHR2 OE rice, showed

high phosphate-solubilization ability (Figure 3), suggesting that

it may be able to secrete compounds to solubilize soil P

(Chen and Liu, 2019). Relative expression of OsPHR2

increased significantly under LP conditions (Zhou et al., 2008).

OsPHR2 OE rice can simulate phosphorus-deficiency signals

to regulate P-starvation-induced genes even under HP

conditions, which suggests that bacteria isolated from

OsPHR2 OE rice may have the ability to promote P uptake. In

the present study, we screened root bacteria specifically

recruited by OsPHR2 under HP conditions (Figure 3A).

Pseudomonas sp. (P6) showed the highest phosphate-

solubilization ability of the 10 isolated strains, suggesting that

P6 may play an important role in rice P uptake.

Recently, P-solubilizing bacteria have been shown to regulate

some specific PHT1 genes in response to P-deficient conditions

(Liu et al., 2019; Murgese et al., 2020; Srivastava and Srivastava,
, August 12 2024 ª 2024 The Author(s). 5



Figure 4. PHR2 enhances the growth of Pseudomonas sp. (P6) through biosynthesis of succinic acid and methylmalonic acid in rice
roots.
(A) Volcano plot of differentially abundant metabolites between WT and OsPHR2 OE rice root exudates. VIP, variable importance in projection.

(B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the differentially abundant metabolites between WT and OsPHR2 OE rice

root exudates.

(C) Heatmap of different organic acids between WT and OsPHR2 OE rice root exudates. VIP, variable importance in projection.

(D and E) Relative abundance of succinic acid and methylmalonic acid in WT andOsPHR2OE rice root exudates. Data are means ± SD (n = 3). Asterisks

indicate significant differences determined by two-sided Student’s t-test (*p < 0.05 and **p < 0.01).

(F) Growth of strain P6 with addition of succinic acid or methylmalonic acid. Data are means ± SD (n = 5). Asterisks indicate significant differences

determined by two-sided Student’s t-test (*p < 0.05).
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2020; Tang et al., 2022). Bacillus subtilis significantly upregulated

PHT1;1 and PHT1;4 under LP conditions (Tang et al., 2022). The

expression of PHT1 genes in A. thaliana roots was modulated by

Pseudomonas putida under P-deficient conditions, and the

expression of PHO2 was downregulated (Srivastava and

Srivastava, 2020). Here, expression of the P transporter genes

OsPHT1;1, OsPHT1;2, OsPHT1;6, OsPHT1;8, and OsPHT1;10

was higher upon P6 inoculation under LP conditions than under

LP conditions alone (Supplemental Figure 7), suggesting that

P6, isolated from the roots of OsPHR2, can also enhance rice P

uptake by regulating P transporter genes. These results
6 Plant Communications 5, 100930, August 12 2024 ª 2024 The Au
suggest that Pseudomonas can increase rice P uptake through

P solubilization and P transporter gene regulation.
OsPHR2 can recruit the native soil bacterium
Pseudomonas through root organic acid biosynthesis

Plants can exude organic acids, enzymes, and H+/OH� to in-

crease plant physiological activity near the source of P in

the rhizosphere (George et al., 2002). Plants release up

to 25% of carbon to the root for root exudation to

attract and nourish soil microbes (van Dam and Bouwmeester,
thor(s).



Figure 5. Phosphorus uptake is increased
by Pseudomonas sp. (P6) inoculation under
low-P (LP) conditions.
(A) Phenotypes of WT andOsPHR2OE rice grown

under HP and LP conditions, with and without P6

inoculation. Bar: 10 cm.

(B and C) Total P concentrations in shoots (B) and

roots (C) of WT and OsPHR2 OE rice with or

without P6 inoculation under HP or LP conditions.

Data are means ± SD (n = 5). Bars with different

letters are significantly different (p < 0.05; ANOVA,

Duncan’s multiple range test).
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2016; Zhalnina et al., 2018). Root exudates can interact with

microbes to enhance crop resistance to biotic or abiotic

stresses (Xu et al., 2018; Harbort et al., 2020; Wen

et al., 2020). Rhizosphere microbial communities can be

regulated by root exudates through recruitment of beneficial

microorganisms such as phosphate-solubilizing bacteria

(Huang et al., 2014). In the present study, the relative

abundance of Pseudomonadaceae was greater in roots of

OsPHR2 OE rice than WT rice (Figure 2D and 2E), suggesting

that OsPHR2 may recruit some phosphate-solubilizing

bacteria for P uptake. Moreover, the abundance of succinic

acid and methylmalonic acid in root exudates was significantly

greater in OsPHR2 OE plants than in WT plants (Figure 4C–

4E), consistent with the increased organic acid accumulation

in root exudates of rice overexpressing the PHR2-regulated

gene OsHAD1 (Pandey et al., 2017). Colonization by Bacillus

amyloliquefaciens T-5 can be significantly increased by organic

acid exudates of tomato roots (Tan et al., 2013). Here,

the growth of strain P6 was significantly promoted by the

addition of succinic acid and methylmalonic acid (Figure 4F),

consistent with the stimulation of Enterobacter growth by

cucurbitacin B (Zhong et al., 2022). These results suggest that

OsPHR2 can recruit the native soil bacterium Pseudomonas

for P uptake through root organic acid biosynthesis.

In conclusion, we demonstrated that OsPHR2 can recruit Pseu-

domonadaceae through root exudation to promote rice P uptake.

Pseudomonas can contribute to rice P uptake through P solubili-

zation and regulation of P transporter genes. These results

improve our understanding of how OsPHR2 integrates micro-
Plant Communications 5, 100930
biota for P uptake and will help to identify

novel research avenues for improving plant

resistance to P-deficient conditions.

METHODS

Plant growth conditions

Nipponbare (WT) andOsPHR2OE lines were used

in this study (Lv et al., 2014). Rice seeds were

surface sterilized using 1.5% (v/v) NaClO for

20 min, washed with double-distilled water five

times, and grown in 1/2 MS nutrient medium. After

3 days, the seedlings were transplanted into soil

pots. All the pot experiments were conducted in

the greenhouse with a 14-h light (26�C)/10-h
dark (22�C) cycle, 60% (w/w) relative humidity,

and a photosynthetic photon flux density of

300 mmol photon m�2 s�1. The soil used in this
study was collected from a rice experimental field at Fujian Agriculture

and Forestry University, Fuzhou City, Fujian Province, China (119�140E,
26�50N). The soil chemical factors are listed in Supplemental Table 1.

The air-dried soil was sieved through a 4-mmmesh to remove any coarse

material and vegetative matter after the addition of mineral nutrients. Five-

day-old sterile rice seedlings were then transferred to the soil pots. The

pots were distributed in a randomized arrangement in the greenhouse.

The sterilized soil was sterilized three times by autoclaving and heat incu-

bation until completely dehydrated (Zhang et al., 2019a, 2019b). After

3 weeks, plant height, biomass, and total P concentration weremeasured.

Sample collection and DNA extraction for bacterial community
analysis

Root samples were collected as described in Zhang et al. (2019a, 2019b).

In brief, rice roots were collected and shaken to remove loosely adhering

soil, then washed in sterilized water until there was no visible soil. The

roots were then placed into a 2-mL tube and stored at �80�C for

sequencing. Bulk soil was obtained from pots without plant treatments.

For rhizosphere soil, rice roots were shaken to remove loosely adhering

soil. Soil attached firmly to the roots was sampled and considered to be

the rhizosphere soil (Zhang et al., 2019a, 2019b). DNA was extracted

from rice roots, rhizosphere soils, and bulk soils using the Mag-Bind

Soil DNA Kit (Omega Bio-Tek). DNA quality and quantity were determined

by gel electrophoresis and NanoDrop ONE spectrophotometry (Thermo

Scientific, Waltham, MA, USA). Three replicates of rice roots and bulk

soil and three replicates of rhizosphere soil of each line were obtained

for 16S rRNA high-throughput sequencing.

Bacterial community analysis

The V5-V7 region of the bacterial 16S rRNA gene was amplified using

799F/1193R primers according to Zhang et al. (2019a, 2019b). PCR

reactions were run in triplicate in 50-mL mixtures containing 25 mL
, August 12 2024 ª 2024 The Author(s). 7
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Phusion High-Fidelity PCR Master Mix with HF buffer (New England Bio-

labs), 3 mL primer (10 mM), 10 mL template DNA, 6 mL double-distilled wa-

ter, and 3 mL dimethyl sulfoxide at 98�C for 30 s; 25 cycles of 98�C for 15 s,

58�C for 15 s, and 72�C for 15 s; and 72�C for 60 s. The PCRproducts were

extracted from 2% agarose gels, purified using an AxyPrep DNA Gel

Extraction Kit (Axygen Biosciences, Union City, CA, USA), and quantified

using Quanti-Fluor-ST (Promega, Madison, WI, USA). Samples were then

sequenced on the MiSeq platform (Illumina, San Diego, CA, USA).

The raw 16S rRNA sequencing reads were quality filtered (i.e., filtered,

dereplicated, denoised, merged, and assessed for chimeras) using

DADA2 via QIIME2 (Bolyen et al., 2019). Amplicon sequence variants

(ASVs) with a frequency less than two were filtered and deleted from the

DADA2-generated feature table (Callahan et al., 2016). Mitochondria-

and chloroplast-assigned ASVs were deleted from the rice root data.

The QIIME2 naive Bayes classifier was used to classify ASVs trained on

99% operational taxonomic units against the SILVA database (v.138)

(Quast et al., 2013). LEfSe analysis was used to identify significantly

different (p < 0.05) taxa between the WT and the overexpression line.

The Wilcoxon rank-sum test was used to assess differences in alpha-

diversity (based on Chao and Shannon indexes). Differences in bacterial

community composition structure were analyzed on the basis of the

Bray–Curtis distance using PERMANOVA (Adonis function, 999 permuta-

tions) in principal coordinate analysis. For LEfSe analysis, the Kruskal–

Wallis rank-sum test was used to detect features with significantly

different abundances between assigned families. The sequencing data

are available at the Genome Sequence Archive (https://ngdc.cncb.ac.

cn/) of the BIG Data Center, Chinese Academy of Sciences, under

BioProject accessions PRJCA019859 (root samples) and PRJCA024748

(rhizosphere samples).
Bacterial culture and isolation

The population densities of culturable Pseudomonas from fresh root sam-

ples were measured using a standard 10-fold dilution plating assay as

described in Wei et al. (2019). Three aliquots of dilution were plated on

cephaloridine–fucidin–cetrimide Pseudomonas semi-selective medium

(Mead, 1985). After incubation at 30�C for 2 days, the number of colony-

forming units (CFUs) with the colony number on the plates was calculated.

Fresh roots of the overexpression line were selected for isolation of puta-

tive Pseudomonas. The root suspension was serially diluted and plated on

cephaloridine–fucidin–cetrimide Pseudomonas semi-selective medium

(Tao et al., 2020). Pseudomonas colonies were randomly isolated from

the selective plates on the basis of colony morphology after incubation

at 30�C for 2 days. The interactive isolate was classified by sequencing

the 16S rRNA gene with the primers 27F and 1492R.
Phosphate solubilization assay

The assaywas performed as described in He et al. (2022). In brief, bacteria

were plated at the center of Pikovskaya’s agar medium, which consisted

of 0.5 g yeast extract, 5.0 g Ca3(PO4)2, 10 g dextrose, 0.2 g KCl, 0.5 g

(NH4)2SO4, 0.0001 g MnSO4, 0.1 g MgSO4$7H2O, 0.0001 g FeSO4, and

15 g agar per liter. After incubation at 30�C for 7 days, phosphate solubi-

lization was measured on the basis of the halo zone surrounding the bac-

terial colony. The phosphate solubilization efficiency was calculated as

solubilization zone (mm)/colony diameter (mm).

NBRIP liquid medium containing 5.0 g Ca3(PO4)2 was used to confirm the

ability of the bacteria to solubilize phosphate (Nautiyal, 1999). A 10-mL

aliquot of fresh culture (108 CFU/mL) was inoculated into the medium

and incubated at 30�C (180 rpm) for 5 days. The solubilized P

concentration was tested at 1, 2, 3, 4, and 5 days. Samples (5 mL) of

culture were centrifuged at 10 000 rpm for 5 min to obtain cell-free

supernatants, and total P concentrations in the supernatants were

measured using the molybdate blue method (Murphy and Riley, 1962).
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Metabolite analysis of root exudates

Rice seeds were sown and grown in a hydroponic system in HP nutrient

solution (1.25 mM NH4NO3, 0.3 mM K2SO4, 0.3 mM NaH2PO4, 1 mM

CaCl2, 1 mM MgSO4, 9 mM MnCl2, 0.39 mM Na2MoO4, 20 mM H3BO4,

0.77 mM ZnSO4, 0.32 mM CuSO4, and 20 mM EDTA-Fe). After growth for

3 weeks, roots of WT and OsPHR2 OE rice seedlings were pooled and

rinsed thoroughly three times with sterilized water. The roots were then

transferred to a cylinder filled with sterilized distilled water for exudate

collection over 24 h. The collected exudates were passed through a

0.2-mm filter and frozen at �20�C. Then, 30 mL methoxyaminatio hydro-

chloride was added to the frozen root exudates for analysis. All samples

were measured on a gas chromatograph coupled with a time-of-flight

mass spectrometer (J&W Scientific, Folsom, CA, USA) at Bio-Tree Tech-

nology (Shanghai, China). Three replicates of each sample were obtained

for metabolite analyses.

Phosphorus uptake assay with strain inoculation

This experiment was performed using sterilized washed river sand as

described in Pang et al. (2018). The sand was air dried and passed

through a 2-mm sieve. The basal nutrients (mg g�1 dry sand: N 30, S 50,

Ca 24, Mg 10, Cu 0.5, Zn 2, Mn 4, B 0.119, Mo 0.4, Fe 5, Cl 23) and a

relevant P nutrient were mixed thoroughly into the sand before filling the

pots. Nitrogen was supplied as NH4NO3 to provide an initial supply after

germination. KH2PO4 (water-soluble P) or Ca3(PO4)2 (insoluble P)

was thoroughly mixed into the sand at a rate of 50 mg P (water-soluble

P or insoluble P) per gram dry sand before filling the pots. After germina-

tion, half of the rice seedlings were inoculated with a P6 suspension (108

cell/mL), and the remaining uninoculated seedlings were treatedwith ster-

ilized double-distilled water. For the mixed-strain inoculation, a mixed-

strain suspension was obtained by inoculating the prepared bacterial sus-

pensions in equal volumes. After 7 days of inoculation, the seedlings were

grown for 3 weeks as described in the plant,growth conditions section.

Total P was measured using the molybdate blue method (Murphy and

Riley, 1962).
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