
Abstract
Phosphate (Pi) is essential for plants. Plants have adapted

mechanisms to overcome Pi deficiencies. This study examined the
interaction of two contrasting rice varieties (G22 and G299) and
two endophytic bacterial strains. Four different culture media
were established: full Pi (P0), Pi starvation (P*), insoluble Pi with
Pi-solubilizing Burkholderia sp. strain 205 (P+205), or Pi-insolu-
bilizing strain 113 (P+113). We investigated the responses of rice
to these media. Root length and weight and the number of crown
roots were higher in the P* and P+113 medium than the two other
media. However, shoot length, and weight were lower. Most
amino acid families were higher in the P+113 medium than in the
other media. The roots of G299 plants in the P+113 medium
showed the highest relative expression of all phosphate-analyzed
genes; however, these genes were expressed at low levels in the
leaves of both rice varieties. Notably, the jasmonic acid gene
OsJAZ5 showed the highest expression in the roots of G299 plants
in the P+113 medium. Our results demonstrate the strong effects
of the different genetic backgrounds of bacteria and rice plants on
the response to low Pi. We also demonstrate the involvement of
jasmonic acid in low Pi and soluble-phosphate-bacteria interaction
in G299 plants. A positive interaction between Burkholderia sp.
strain 205 and rice plants has been noticed in the promotion of
plant growth. Further studies under field conditions should be
undertaken to develop this potential strain as a biofertilizer.

Introduction
Rice plants (Oryza sativa L.) require phosphate (Pi) for their

normal growth and development. Structurally, Pi is a major com-
ponent of many important structures, such as DNA, RNA, ATP,
and cell membranes. Functionally, Pi is involved in many
metabolic pathways, including energy transfer, protein activation,
and carbon and amino acid metabolic processes (Wu et al., 2003).
However, it is relatively inaccessible to plants because of its low
solubility and relative immobility in agricultural soils (Hirsch et
al., 2006). Pi is usually fixed with aluminum, iron (Lindsay,
1979), and calcium (Haefele et al., 2014), resulting in approxi-
mately 70% of global croplands being Pi deficient (Kirkby and
Johnston, 2008). Almost 75% of the applied phosphorus fertilizer
forms complexes with soil and becomes unavailable for plants
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Highlights
- The low phosphate-containingmedium significantly increased root length, root weight, and the number of crown roots of rice plants
- Rice plants grown in the P+113 medium produced higher levels of amino acids than in other conditions.
- The roots of the low-phosphate-sensitive-G299 rice plants grown in the P+113 medium showed the highest relative expression 

of phosphate uptake and metabolism genes.
- Expression of OsJAZ5 was significantly decreased in the roots of the low-Pi-sensitive G299 rice plants grown in the P+205 medium. 
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(Ezawa et al., 2002). Moreover, the overuse of phosphate fertiliz-
ers to solve the low Pi problem has led to water and soil pollution,
resulting in algal blooms in the water environment (Alori et al.,
2017). Therefore, crops are frequently subjected to Pi deficiency,
which can adversely affect many cell metabolic processes. 

Plants have developed multiple mechanisms to cope with low
Pi levels. Some crops show multiplication of lateral roots and root
hairs (Jiang et al., 2007), a decrease in shoot growth, secretion and
release of organic acids (Mengel et al. 2001), development of myc-
orrhizal symbiosis (Kariman et al., 2014; Tawaraya, 2022), and
activation of low-Pi-responsive genes (Paz-Ares et al., 2022).
Several important genes and proteins involved in the low Pi
responsive pathway in rice have been identified and studied,
including Phosphate starvation response2 (PHR2) (Zhang et al.,
2011a), Phosphate1 (PHO1) (Secco et al., 2010),
SYG1/Pho81/XPR1 (SPX) domain-containing proteins (Wang et
al., 2009), phosphate transporter PT9 (Wang et al., 2014) and pur-
ple acid phosphatases (PAPs) (Zhang et al., 2011b). Phosphate
transporters (OsPTs) and the phosphorus starvation response
(OsPHR) are thought to play a crucial role in Pi starvation (Kumar
et al., 2021). Jasmonic acid genes have also been shown to be
involved in response to nutrient starvation, including macroele-
ments (N, P, K) and microelements (Fe, Zn) in rice and chickpea
(Singh et al., 2015; Kobayashi et al., 2016). Recent advances in
analytical technologies have also revealed new insights amino acid
involvement in coping with stress, showing the systemic adjust-
ment of plants to stress conditions (Chea et al., 2021; Bechtaoui et
al., 2021). Specifically, proline which was well-known in response
to osmotic stress caused by drought or salinity, has also been
demonstrated to be involved in the response to Pi starvation. The
proline concentration started to increase after 7 d of Pi starvation,
and it was seven times higher than in control after 14 d when wild-
type Arabidopsis plants were cultured on Pi starvation medium.
Moreover, the expression of genes that control proline metabolism
were also considerably increased by Pi starvation.

When Pi is fixed with metal ions, there are some microorgan-
isms, including Bacillus (Wang et al., 2017), Pseudomonas
(Babalola and Bernard, 2012; Mei et al., 2021), Rhizobium (Tajini
et al., 2012), Penicillium, and Aspergillus (Wang et al., 2017),
which can increase the availability of Pi by solubilizing insoluble
Pi to become soluble Pi available absorption by plants. Their
mechanisms include acidification by producing organic acids (Mei
et al., 2021), ion exchange, chelation (Alori et al., 2017), and acid
phosphatase secretion (Barra et al., 2018). The Pi-solubilizing
microorganisms have been applied to diverse plant species, such as
Bacillus megaterium bacteria in mulberry (Baqual and Das, 2006),
Pseudomonas and Bacillus bacteria in wheat (Charana Walpola,
2012), Rahnella sp. and Burkholderia sp. in poplar (Varga et al.,
2020), Pantoea agglomerans IALR1325 in pepper, and tomato
(Mei et al., 2021). The results showed better plant growth under
low Pi conditions. Interestingly, this has also been applied to rice
(Chen and Liu 2019; Raj 2014; Stephen et al. 2015). Rice plants
inoculated with Pi-solubilizing bacteria showed significantly
increased plant height, biomass, root growth, and Pi uptake
(Bargaz et al., 2021). Recently, using these microorganisms has
become a promising strategy to improve soil fertility while protect-
ing the environment, thus sustaining food production worldwide.
Several studies have pointed out that the need for Pi fertilizers can
be reduced by up to 50% without compromising yield using phos-
phate-solubilizing microorganisms in maize (Jilani et al., 2007). 

Therefore, this study aims to understand the different genetic
backgrounds of rice in their response to different Pi conditions by
supplementing media with soluble and insoluble-Pi bacteria. Two

rice varieties, including the low-Pi-tolerant variety G22 and the
low-Pi-sensitive variety G299 were used as the plant materials.
Morphological and biochemical changes in these rice varieties
under low Pi culture conditions and in the medium supplemented
with endophytic Burkholderia sp. bacteria were analyzed. The col-
onization of bacteria inside the roots was recorded. Finally, the rel-
ative expression of genes involved in the low-Pi-adapted processes
were quantified. The results from our study provide new insights
into the interaction between rice plants and endophytic bacteria
under various levels of Pi-deficient conditions and suggest strate-
gies to select rice varieties with a tolerance of low Pi stress for sus-
tainable use of plant genetic resources in agriculture.

Materials and Methods

Plant materials 
Two selected rice varieties, including (Trung Trang Tuyen

Quang belong to Indica group, traditional plant, VNPRC code is
760), and G299 (Blao sinh sai belongs to Japonica group, tradi-
tional plant, VNPRC code is 4806), were selected for this study.
Their seeds were supplied by the Plant Resources Center in Hanoi,
Vietnam. 

Bacteria strains
Two bacterial strains identified as Burkholderia sp. strain 205

(bacteria can solublize Pi at a very high rate, P+205) and the con-
trol Burkholderia sp. strain 113 (bacteria cannot solubilize Pi,
P+113) were selected from our previous study (unpublished data).
The strains were isolated from the rhizosphere and endosphere of
local rice plants, and their Pi-solubilizing capacity was tested in
vitro against Ca3(PO4)2. The Burkholderia bacteria stock, kept at –
80oC in liquid Luria-Bertani (LB) medium containing 25% of glyc-
erol, was plated in solid LB medium for 3 days at 28°C. Then, a
single colony of Burkholderia was grown in 10 ml of LB medium
for a further 24 h at 28°C to produce the fresh bacteria solution.
Overnight bacterial cells were then centrifuged for 5 min at 4000
rpm and resuspended in sterile distilled water to reach OD600 = 1.
This bacteria solution was used to inoculate with the rice plants
(King et al., 2019). 

Plant growth conditions
To break down seed dormancy, seeds were first incubated for

5 d in an oven at 45°C. They were then manually decorticated and
sterilized with 70% ethanol for 2 min. After rinsing several times
with sterilized distilled water, the seeds were immersed in 4% sodi-
um hypochlorite. A few drops of Tween 20 were added to the solu-
tion, which was shaken every 5 min for 25 min. The seeds were
then washed six to seven times with sterilized distilled water and
shaken to remove all hulls and bran. Seeds were subsequently left
in water for 24 h in the dark at 26°C to maximize water
absorbance. Sterilized seeds were planted on Petri dishes contain-
ing a quarter of solid Murashige and Skoog medium (MS;
Duchefa, Haarlem, Netherlands) supplemented with 0.6% w/v
agar. The seeds were then germinated at 37°C for 5 d in test tubes
(To et al., 2019). 

After 5 d, individual plants were grown in a culture room at a
temperature of 28-30°C, approximately 70-80% humidity, and in a
hydroponic test tube containing two specific Yoshida nutrient con-
ditions (Yoshida et al. 1971): one contained a full Pi medium (P0)
of 320 µM P (0.05 g/L NaH2PO4.H2O), whereas the other con-
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tained a Pi starvation medium (P*) of 10 µM P (1.56 mg/L
NaH2PO4.H2O) (To et al., 2020). The insoluble-Pi-containing
medium (P+) was prepared by replacing NH4H2PO4 with
Ca3(PO4)2 with the same Pi concentration as the full Pi medium.
After 1 week, 1mL of suspension of one-day bacteria Burkholderia
sp. strain 205 and the control Burkholderia sp. strain 113 with
OD600=1 was added to the liquid culture medium of the rice plants
for co-cultivation. The culture medium was filled every week for 6
weeks. Plants were harvested after 6 weeks. The experiments were
performed in triplicate. Plantlets per treatment consisted of at least
ten plants at each time point.

Sample collection and phenotypic analysis
Plants were collected after 6 weeks of growth in P0, P*, and

insoluble Pi supplemented with Burkholderia sp. strain 113
(P+113) or Burkholderia sp. strain 205 (P+205) medium. After
harvesting, plant materials were dried in an oven at 70 °C for 1
week to achieve a constant weight (To et al., 2020; Mai et al.,
2021). Five specific parameters were selected and measured man-
ually for the study: shoot weight (SHW, the dry weight of the
shoot), root weight (RTW, the dry weight of roots), shoot length
(SHL, the length of the longest leaf), root length (RTL, the length
of longest root), and the number of crown roots (NCR).

Determination of free amino acid content
Shoot samples (100 mg dry weight) were crushed in liquid

nitrogen and extracted with 1.5  mL of boiling Mili Q water. First,
the mixture was placed in a boiling water bath for ultrasonication
for 15 min and then incubated at 100 °C for 45 min with gentle agi-
tation on a shaker (Eppendorf, Germany). The sample was filtered
through a 0.2  μm pore membrane filter (Sartorius AG, Germany)
(Jia et al., 2018). The amino acid profile was determined using an
amino acid analyzer (Biochrom 30 + , Biochrom, Cambridge, UK)
based on ion-exchange chromatography. Colorimetric detection
was accomplished at 570  and 440  nm (for proline and N-leucine)
after post-column derivatization with the ninhydrin reagent.
Standard amino acids were purchased from Thermo Scientific. The
total free amino acid content was calculated as the sum of each free
amino acid content.

Determination of phosphate content 
The phosphate concentration in the samples was analyzed fol-

lowing the protocol described by To et al. (2020) using the vanado-
molybdophosphoric acid colorimetric method. The Pi content in
the shoot samples (mg) was calculated by multiplying the Pi con-
centration (mg/g) in each sample by the SHW (g). 

Localization of bacteria in plant roots
The movement of Burkholderia bacteria from the culture envi-

ronment to the plant roots was visualized using a LSM900 confocal
laser scanning microscope (Carl Zeiss, Germany). The time series
were set at day 0, 7 d, and 14 d. The Burkholderia bacteria were
transferred with a pIN29 vector containing DsRed controlled by a
constitutive TAC promoter via heat shock transformation. Root
samples were transversely cut to a thickness of 10 µm and visual-
ized directly under the ZEISS LSM 900 confocal microscopy
equipped with a 63× objective. The roots and bacteria were illumi-
nated at 488 nm (autofluorescence) and 561 nm (bacteria).

Analysis of gene expression using real-time quantitative
reverse transcription-polymerase chain reaction 

Leaf and root samples of the G22 and G299 varieties grown in

the Yoshida hydroponic culture with full and low Pi were collected
after 6 weeks. Total mRNA was extracted from samples using
TRIzol reagent (Thermo Scientific, Waltham, MA, USA). RNA
samples with an A260/A280 ratio of 1.8–2.2 and an A260/A230
ratio >1.8 were used for further analysis. We synthesized cDNA
from mRNA using the MaximaR First-Strand cDNA Synthesis Kit
(Thermo Scientific). Go Taq RT-qPCR Master Mix (Promega,
Madison, WI, USA) was used for quantitive polymerase chain reac-
tion (qPCR). The Q-Tower 3 Analytik Jena qPCR system
(Germany) was used to quantify and compare the expression of the
investigated genes in the selected rice variety grown in two distinct
culture media. The experiment was performed in triplicate per sam-
ple, per time point, and per treatment. Primers were designed using
the website https://www.ncbi.nlm.nih.gov/tools/primer-blast and
then synthesized. Relative gene expression levels were normalized
to the reference gene (actin). We added 4 µL 2× master mix
(Promega), 250 nM gene-specific forward primer, 250 nM gene-
specific reverse primer, 400 ng DNA template, and H2O to make up
the total volume to 15 µL. The thermal cycling qPCR conditions
were as follows: 95°C for 5 min, 40 cycles of 95°C for 30 s, 56°C
to 58°C for 1 min, depending on genes, and 72°C for 1 min. Product
specificity was tested using a melting curve analysis (60-95°C).
Relative gene expression under selected conditions was calculated
using the 2-ΔΔCT method (Livak and Schmittgen, 2001). The
sequences of the primers used for qPCR are presented in Table S1. 

Statistical analysis
All experiments were performed in triplicate. The data are pre-

sented as the mean ± standard deviation from three replicates. The
differences between the investigated parameters were statistically
analyzed using one-way ANOVA and the Tukey post-hoc test in
the R program, software version 3.6. 

Results

Morphological changes of rice plants under various
phosphate conditions

Overall, the results showed that bacteria affected the growth of
plants in both selected rice varieties. There was also a significant
difference in the effects of the two bacterial strains on the develop-
ment of the rice plants (P<0.05). 

In terms of RTL, RTW, and NCR, we obtained significantly
higher values in the plants grown in P* and P+113 than in P0 and
P+205 (P<0.05) (Figure 1). Conversely, regarding SHL and SHW,
lower values of these two parameters were obtained in the plants
grown in the Pi-deficient-medium (P*) and P+113, showing that
rice plants developed abnormally in the Pi-deficient medium,
resulting in reduced growth. 

A significant difference was observed in the effect of
Burkholderia sp. strains 113 and 205 on the growth of rice plants.
Burkholderia sp. strain 205 can convert insoluble Pi into soluble
Pi; therefore, it can supply sufficient Pi to plants. Supplementing
the Burkholderia sp. strain 205 into the -Pi-insolubilizing-contain-
ing medium increased the SHL and SHW and reduced RTL, RTW,
and NCR compared to those in the medium supplemented with
Burkholderia sp. strain 103.

A similar trend was also observed for the G22 variety.
However, owing to the different genetic backgrounds of the
plants, the development of the six investigated parameters in the
G22 and G299 rice varieties differed. The RTL, RTW, and NCR
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were significantly higher in the G22 variety than in the G299
variety (P<0.05). However, shoot length was significantly lower
in the G22 variety than in the G299 variety (P<0.05). There was
no significant difference in the SHW and TTW between the G22
and G299 rice varieties (P>0.05; Figure S1). Remarkably, SHW
was reduced by 30% in the Pi-deficient-medium (P*) in the low-
Pi-sensitive G299 variety, whereas SHW was reduced by only
16% in the low-Pi-tolerant G22 variety. RTL and RTW increased

by approximately 54% and 72%, respectively, in G299, whereas
they increased only 27% and 36%, respectively, in the G22 vari-
ety in P* medium. 

Colonization of bacteria in the rice roots
The colonization of Burkholderia sp. bacteria in the G299 rice

root system was investigated. The confocal images showed that the
root was initially free of bacteria (Figure 2A). After inoculating roots

                   Article
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Figure 1. Morphological adaptation of G299 rice plants grown under different culture conditions. P0 (full Pi), P* (low Pi), P+113
(insoluble Pi supplemented with Burkholderia sp. strain 113), P+205 (insoluble Pi supplemented with Burkholderia sp. strain 205).
Different letters indicate significant differences between treatments (P<0.05) according to the Tukey post-hoc test. RTL, root length;
SHL, shoot length; NCR, number of crown root; RTW, root weight; SHW, shoot weight; TTW, total weight.
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with bacteria, the colonization of plant roots by bacteria was a mul-
tistep process. We observed the colonization of bacteria in the endo-
sphere 7 d after inoculation. At that time, the bacteria were mainly
concentrated in the lateral root emergence sites, which are the root
entry sites (Figure 2B). Some bacteria began to move into the root
cortex. Fourteen days after inoculation, bacteria penetrated the root
interior and spread throughout the roots. At that time, bacteria were
concentrated in the emergent sites of the lateral roots and had moved
deeper into the vascular system of the roots (Figure 2C). A similar
observation was made for the G22 root system (data not shown). 

Phosphate content profile 
The Pi content in the leaves of plants grown in various Pi con-

ditions was investigated to see how Pi was taken up in the media
with and without Pi-solubilizing bacteria. The effect of the genetic
background was also taken into account. In the leaves of plants, we
obtained the highest Pi concentration in plants grown in the P0
medium, where it reached 5.7±0.01 and 5.025±0.03 mg/kg leaf in
the G22 and G299 varieties, respectively, followed by plants
grown in P+205, P+113, and P* media (Table 1). The P+ medium
supplemented with the Burkholderia sp. 205 strain significantly
increased Pi content in the leaves of plants, indicating the efficien-
cy of this bacterial strain in dissolving insoluble Pi to soluble Pi for
plant uptake. The results also showed that the low-Pi-tolerant G22
plants took up and stored more Pi in all culture conditions than the
low-Pi-sensitive G299 plants. 

Free amino acids content
In our study, under low Pi and full Pi media or in the medium

supplemented with Burkholderia sp. bacteria, the free amino acid
(FAA) compositions in the leaves of G299 rice plants were ana-
lyzed and are presented in Table 2. 

The FAA was classified into five groups: amino acids of serine,
pyruvate, aspartate, glutamate, and aromatic amino acid families
(Trovato et al., 2021). The results revealed that the synthesis of a few
existing amino acids was highly increased under Pi starvation stress.
The amino acids of the serine, aspartate, glutamate, and aromatic
families were highest in G299 plants grown in the P+113 medium
(P<0.01). In G22 plants, amino acids belonging to the serine, pyru-
vate, aromatic, and glutamate families were more highly synthesized
in the P+113 medium (Table S2). The glutamate family was the most
abundant group in G299 and G22 plants.

                                                                                                                                 Article
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Table 1. The concentration of phosphate (mg/kg) in rice plants
grown in various phosphate culture conditions. Different letters
indicate significant differences between treatments (P<0.05)
according to the Tukey post-hoc test. 

                          P0                P*               P+113             P+205

Rice varieties                                                                                                      
    G22                     5.70±0.11a        1.41±0.02c          1.52±0.01c           3.81±0.04b
    G299                   5.02±0.15a        1.12±0.01c          1.13±0.04c           3.42±0.12b

P0, full phosphate; P*, low phosphate; P+113, insoluble phosphate supplemented with Burkholderia sp.
strain 113; P+205, insoluble phosphate supplemented with Burkholderia sp. strain 205.

Figure 2. Confocal image of the transverse optical section of G299 rice root inoculated with DSred-bacteria at zero, seven days, and 14
days of inoculation. A) Root surface; B) Dsred-tagged bacteria were visualized at the lateral root emergence sites and cortex; C) Dsred-
tagged bacteria were visualized at the lateral root emergence sites and vascular tissue. The white arrows indicate the bacteria's location.
Scale bars: A, B) 50 m; C) 500 µm.
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In the glutamate family, G299 produced significantly higher
amounts of arginine than G22 plants, and glutamate was more abun-
dant in G22 than in G299 plants in all Pi conditions (P<0.05). These
differences in amino acid production indicated the different roles of
amino acids in dealing with stress in G299 and G22 rice plants. 

Moreover, the highest recorded total FAA was in the P+113
culture medium, reaching approximately 3.52 mg/g and 3.05 mg/g
per dry leaf in the G299 and G22 varieties, respectively, followed
by the P*, P+205, and P0 media (Figure 3). The total FAAs pro-
duced by plants grown in the P+113 media were 1.6 and 1.3 times
higher, respectively, than that in the P0 medium in the G22 and
G299 varieties. Significantly, the aromatic family content
increased approximately three-fold. 

The amino acids of the pyruvate and aspartate families pro-
duced by G299 and G22 rice plants grown in a low-Pi-containing
medium were not significantly different (P>0.05) from those pro-
duced in a full-Pi medium, indicating that these families were not
involved in response to low Pi. There was also no significant dif-
ference in threonine content in the P0 and P+205 media (P>0.05),
whereas this amino acid was absent in the low-Pi-containing medi-
um in G299. G22 plants did not produce valine.

Relative expression of the selective low-phosphate-
responsive genes and jasmonic acid pathway genes in
specific phosphate culture conditions

We investigated the relative expression of some essential genes
(including OsSPX1, OsCML15, OsPHO1, OsPHR2, OsPAP21,
and OsPT9) involved in the low-Pi-responsive pathway and
OsJAZ5 and OsAOC genes involved in the jasmonic acid pathway
in the roots and leaves of G22 and G299 rice varieties. The results
are shown in Figures 4-6. The results are depicted as the relative
expression of genes from plants grown in various culture media
compared to those grown in P0. In terms of the low-Pi-responsive
genes, in the roots of G299 plants, the results showed the highest
relative expression of all analyzed genes in the P+113 medium,
followed by the P* and P+205 media. Specifically, the relative
expression of the OsPAP21 gene was approximately 140, 128, and
28 times greater in P+ 113, P*, and P+205 media, respectively,
compared with the P0 medium. OsPT9 expressed approximately
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Table 2. Amino acid content (mg/g dry weight leaf ) from leaves of G299 plants grown in different phosphate culture conditions. 

Amino acids                                G299 P0                          G299 P*                       G299 P+113                   G299 P+205                   Family

Serine                                                      0.12±0.006b                               0.09±0.002c                               0.19±0.01a                               0.12±0.007b                      Serine family
Glycine                                                    0.10±0.003b                               0.08±0.002c                              0.12±0.001a                              0.10±0.002b                                  
Cysteine                                                  0.12±0.002b                               0.09±0.002c                              0.25±0.015a                               0.13±0.04b                                   
Alanine                                                     0.36±0.01b                                 0.38±0.02b                              0.52 ± 0.008a                             0.36±0.004b                    Pyruvate family
N-leucine                                                0.23±0.015a                               0.12±0.005b                              0.10±0.002c                              0.22±0.011a                                  
Valine                                                                                                           0.01±0.002                                                                                                                                         
Iso-leucine                                             0.09±0.002c                               0.08±0.002d                               0.24±0.01a                               0.11±0.002b                   Aspartate family
Threonine                                               0.03±0.002a                                                                                                                                     0.03±0.002a                                  
Methionine and derivartives              0.42±0.005c                               0.52±0.035b                              0.73±0.032a                               0.42±0.01c                                   
Tryptophane                                           0.01±0.002a                               0.01±0.006a                              0.01±0.001a                                                                       Aromatic family
Tyrosine                                                  0.06±0.003c                               0.05±0.002c                              0.19±0.009a                              0.08±0.001b                                  
Phenylalanine                                        0.07±0.003c                               0.04±0.007d                               0.20±0.01a                               0.09±0.004b                                  
Proline                                                      0.36±0.03b                                0.52±0.053a                              0.50±0.009a                               0.34±0.01b                     Glutamic family
Arginine                                                   0.13±0.002c                               0.42±0.023a                              0.38±0.015b                              0.13±0.007c                                  
Histidine                                                 0.04±0.004b                               0.03±0.001c                              0.07±0.001a                              0.05±0.005b                                  
Glutamine                                               0.02±0.004a                               0.01±0.002c                              0.02±0.003a                              0.02±0.006a                                  
P0, full phosphate; P*, low phosphate; P+113, unsoluble phosphate supplemented with Burkholderia sp. strain 113; P+205, unsoluble phosphate supplemented with Burkholderia sp. strain 205. Different letters indi-
cate significant differences between treatments (P<0.05) according to the Tukey post-hoc test.

Figure 3. Effect of different phosphate applications on the con-
centration of total free amino acids (FAA). P0, full phosphate
medium; P*, low phosphate medium; P+113, insoluble phos-
phate medium supplemented with Burkholderia sp. bacteria
strain 113; P+205, insoluble phosphate medium supplemented
with Burkholderia sp. Bacteria strain 205. Different letters indi-
cate significant differences between treatments (P<0.05).
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56, 42, and 40 times more in the roots of G299 plants grown in the
P+113, P*, and P+205 media than those in the P0 medium, respec-
tively (Figure 4). In contrast, a much lower relative expression of
these genes was observed in the roots of low-Pi-tolerant G22 rice
plants (Figure 5). The highest relative expression was also
obtained in plants grown in the P+113 medium, where we obtained
approximately five and three times greater relative expression of
OsPAP21 and OsPHR2 genes, respectively, than in plants grown in
the P0 medium. In the leaves of the G299 variety, except for the
OsSPX1 gene, we also obtained the highest expression in the plants
grown in the P+113 medium, at approximately seven times more
than those grown in the P0 medium. All other studied genes were
expressed at very low levels. A very low relative expression level
of five out of the six investigated genes was observed in the leaves
of low-Pi-tolerant G22 rice plants. Only OsSPX1 expressed
approximately three times higher in plants grown in P+113 than in
the P0 medium (Figure 5).
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Figure 4. Relative expression of genes in the G299 rice variety
grown in different culture media. The relative gene expression is
calculated in various conditions against the P0 condition. P0, full
phosphate; P*, low phosphate; P+113, insoluble phosphate sup-
plemented with Burkholderia sp. strain 113; P+205, insoluble
phosphate supplemented with Burkholderia sp. strain 205.  The
data were expressed as the mean of three biological replications ±
standard deviation. Letters indicate a significant difference
(P<0.05).

Figure 5. Relative expression of genes in the G22 rice variety grown
in different culture media. The relative gene expression is calculat-
ed in various conditions against the P0 condition. P0, full phos-
phate; P*, low phosphate; P+113, insoluble phosphate supple-
mented with Burkholderia sp. strain 113; P+205, insoluble phos-
phate supplemented with Burkholderia sp. strain 205. Different
letters indicate significant differences between treatments
(P<0.05). The data were expressed as the mean of three biological
replications ± standard deviation.

Figure 6. Relative expression of jasmonic acid pathway genes in the
G299 rice variety grown in different culture media. The relative
gene expression is calculated in various conditions against the P0
condition. P0, full phosphate; P*, low phosphate; P+113, insoluble
phosphate supplemented with Burkholderia sp. strain 113; P+205,
insoluble phosphate supplemented with Burkholderia sp. strain
205. The data were expressed as the mean of three biological repli-
cations ± standard deviation. Letters indicate a significant differ-
ence (P<0.05).
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Regarding the jasmonic acid pathway, we observed a signifi-
cant increase in the expression of the OsJAZ5 gene in the roots of
the low-phosphate-sensitive G299 rice variety grown in a low Pi
medium. Specifically, the relative expression of the OsJAZ5 gene
was approximately 3, 3.5, and 4.5 times greater in P+205, P*, and
P+113 media, respectively, compared with the P0 medium (Figure
6). No significant difference was obtained in the expression of
OsJAZ5 and OsAOC genes in the shoots of both the low-phosphate-
sensitive G299 rice variety and the low-phosphate-tolerant G22 rice
variety or the roots of the G22 variety (P>0.05) (data not shown).

Discussion
Phosphate is an essential element for plant development and a

limiting source. Under Pi-limiting conditions, especially during the
vegetative stage, plants require very high nutrients. Hence, they
have developed multiple strategies, including morphological, bio-
chemical, and molecular approaches to meet these requirements. In
this study, we investigated the response strategies of two contrast-
ing rice plants to the limited availability of Pi supplemented with
endophytic Burkholderia sp. 113 and 205 strains at the seedling
stage. The workflow of this study is presented in Figure S2.
However, further studies about the pathogenic effects of
Burkholderia bacteria on rice plants, other crops, and the environ-
ment need to be carefully investigated before deciding whether or
not to use it as a biofertilizer.

Phenotypic response to low phosphate conditions
The results showed a significant increase in RTL and RTW of

rice varieties grown in low-Pi media (P* and P+113) than in high-
Pi media (P0 and P+205). This phenomenon indicated that rice
plants strongly developed their root systems under the Pi-deficient-
medium to obtain and take up more Pi. This was also observed in
other studies, where the root system is highly responsive to environ-
mental changes to explore different soil layers to forage for nutri-
ents (Crombez et al., 2019). Plants can develop lateral roots and
root hairs (Jiang et al., 2007), inhibit primary root growth (López-
Bucio et al., 2003) or increase the root-to-shoot ratio (Lynch and
Brown, 2001; López-Bucio et al., 2003). However, SHW and SHL
were lower in plants grown in P0 and P+205 media than in those
grown in P* and P+113 media. Similarly, a considerable reduction
in the growth of shoots, roots, and biomass was observed during the
vegetative stage of rice plants (Kumar et al., 2021). 

The low-Pi-tolerant G22 and low-Pi-sensitive G299 genotype
responded differently to the Pi starvation condition due to the dif-
ferent genetic backgrounds. We observed a lower reduction of
SHW in the G22 variety than in the G299 variety and a higher
increase in RTL and RTW in variety G299 than in G22 when plants
were grown in low-Pi-containing media, showing the involvement
of genetic background in response to the low Pi medium. The dif-
ferent genetic backgrounds also resulted in differing responses to
low Pi in the study by Kumar et al. (2021), where an approximate-
ly 50% reduction in length and 72% reduction in the width of the
shoots was observed in the low-P-sensitive genotype (Pusa-44). In
contrast, the drop was 41-44% in the low-Pi-tolerant genotypes
(NIL-23 and Kasalath) (Kumar et al., 2021).

The plants grown in the P+205 medium increased SHL and
SHW and reduced RTL, RTW, and NCR to a greater extent than
the plants grown in the P+113 medium. These results showed the
correlation between the solubilization of the Burkholderia strain
and the improved growth of rice plants. The efficiency of

Burkholderia sp. strain 205 in dissolving insoluble Pi Ca3(PO4)2

has been investigated in vitro in our previous study. In the present
study, we have confirmed the efficiency of this strain in vivo in two
investigated rice varieties.

Colonization of endophytic bacteria in roots
We observed that the colonization of Burkholderia sp. is a mul-

tiple-step process, where the bacteria start at the lateral root emer-
gence sites, then penetrate the root interior in the vascular system of
the roots, and spread everywhere inside the roots. A similar obser-
vation was observed with Burkholderia sp. in grapevines (Compant
et al., 2008). In another study, Paraburkholderia kururiensis pri-
marily colonized root hairs and then spread into xylem vessels in
rice plants (Mattos et al., 2008). The colonization process of bacte-
ria in root plants can be either active or passive. Plant hosts also
play a critical role in endophytes (Afzal et al., 2019).

Biochemical response to low phosphate conditions
We observed the efficiency of Burkholderia sp. 205 in dissolv-

ing insoluble Pi into soluble Pi, resulting in a higher Pi concentra-
tion accumulated in the shoots of plants grown in P+205 than in
P+113 media in both G22 and G299 plants. The mechanism for
solubilization of insoluble phosphate can primarily be explained
by organic acid production, which reduces pH, then H+ replaces
Ca2+ to release the phosphate ion (Chhabra and Dowling, 2017;
Alori et al., 2017). Moreover, acid phosphatases and enzyme phy-
tases secreted by these endophytic bacteria also make Pi available
to plants (Mei et al., 2021). The results also showed that the low-
Pi-tolerant G22 plants took up and stored more Pi in all culture
conditions than the low-Pi-sensitive G299 plants. These results can
be explained by the genetic divergence of the two rice varieties,
which belong to the Indica and the Japonica groups. A better Pi
acquisition by the low-Pi-tolerant rice genotype resulted in a high-
er Pi concentration in the leaves of this genotype than in the leaves
of the low-Pi-sensitive genotype (Kumar et al., 2021). A similar
phenomenon was also obtained in terms of nitrogen-use efficiency.
A higher nitrogen-use efficiency was obtained in the Indica variety
than in the Japonica variety (Zhang et al., 2019).

The plants also synthesized significantly more amino acids of
the serine, aspartate, glutamate, and aromatic families when grown
in a P+113 medium. The involvement of amino acids in stress tol-
erance has been demonstrated to affect the synthesis and activities
of some enzymes, gene expression, and redox homeostasis (Liu et
al., 2010). The increased synthesis of some amino acids may also
be related to the production of secondary metabolites and signaling
molecules to cope with stress (Batista-Silva et al., 2019). Some
amino acids serve as precursors for the synthesis of secondary
metabolites. For example, methionine, alanine, branched-chain,
and aromatic amino acids are precursors of glucosinolates (Halkier
and Gershenzon, 2006). The amino acid proline is considered espe-
cially important because it is believed to contribute to stress toler-
ance in rice (Sabbioni et al., 2021) and Arabidopsis (Székely et al.,
2008). The aromatic family is involved in salt stress, and the plant
parasite Phelipanche aegyptica tolerance in tobacco suggests that
increasing this amino acid family can effectively combat plant par-
asites (Oliva et al., 2021). Moreover, the total FAA was also high-
est in plants grown in the stress P+113 medium because this medi-
um accumulated the highest stress level without access to soluble
Pi. Similarly, the total FAA concentration was the highest in pota-
toes in the low-Pi-containing medium, which increased amino
acids by 1.5–14.8 times (Chea et al., 2021). Asparagine demon-
strated the greatest increase at 14.8 times. Increasing Pi application
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to the culture medium decreased total amino acid and proline lev-
els (Chea et al., 2021). In the shoots of barley, severe Pi deficiency
led to increased concentrations of half of the amino acids exam-
ined, especially glutamine and asparagine (Huang et al., 2008).
Furthermore, the amino acid profile was different between the G22
and G299 rice varieties in response to low Pi, especially in the glu-
tamate family, showing the effect of genetic background on pro-
ducing amino acids in response to Pi stress.

The results from these morphophysiological and biochemical
studies suggest that the alteration of amino acids to enable more
efficient utilization of Pi is a valid strategy for improving the abil-
ity of rice plants to adapt to low Pi environments. 

Molecular response to low phosphate conditions
In addition to morphological and biochemical adaptations,

plants use molecular approaches to respond to low Pi conditions by
modulating gene expression. The qPCR analysis of six low-Pi-
responsive genes, including OsSPX1, OsCML15, OsPHO1,
OsPHR2, OsPAP21, and OsPT9, in two contrasting rice genotypes,
revealed that all six genes were strongly upregulated in the roots of
the G299 variety to deal with low-Pi-media. The six selected genes
were involved in low-Pi-responsive pathways. The increase in their
expression under low Pi conditions has also been reported in other
studies (Zhou et al., 2008; Li et al., 2010; Deng et al., 2022).
Significantly, the OsPAP21 gene expression increased approximate-
ly 140 times in plants grown in the P+113 medium compared to
those grown in the P0 medium. The expression of OsPT9 was
approximately 56 times greater in the roots of G299 plants grown
in the P+113 than those grown in the P0 medium. These results
indicated that under a Pi starvation medium supplemented with bac-
teria, the low-Pi-sensitive G299 rice plants activated the highest
low-Pi-responsive genes to find and transport more Pi. However, a
much lower relative expression of these six genes was observed in
the roots of low-Pi-tolerant G22 rice plants. In the leaves of vari-
eties G22 and G299, except the OsSPX1 gene, all other studied
genes were expressed at very low levels. Our results indicate that
roots play a more critical role in Pi starvation than leaves. Our find-
ings agree with Li et al. (2010) and Deng et al. (2022), where
Dongxiang and Lagrue rice varieties upregulated the expression of
Pi transporters OsPTs and acid phosphatase OsPAPs in roots. The
upregulation of the OsPTs gene is responsible for Pi acquisition
from the soil and mobilization of Pi within plants (Shin et al.,
2004). The secretion of acid phosphatase helps release Pi and
organic phosphate in crops (Liang et al., 2014). Specific induction
of OsSPX1 was observed in both the leaves and roots of rice plants
under Pi starvation (Wang et al., 2009; Deng et al., 2018). Our
results also indicated the different roles of genes involved in the
low-Pi-responsive pathway in the different plant organisms. 

We demonstrated the involvement of the OsJAZ5 gene, a gene
in the jasmonic synthesis pathway, through significantly increased
expression in the roots of the low-phosphate-sensitive G299 rice
variety in response to the low Pi condition (P<0.001). We observed
significantly increased expression of the OsJAZ5 gene in the roots
(P<0.001) but not in the shoots of the low-phosphate-sensitive
G299 rice variety and not in the roots and shoots of the low-phos-
phate-tolerant-G22 variety (P>0.05). These results showed that the
sensitive variety not only activated the low-Pi-responsive genes to
deal with low Pi stress but also activated the jasmonic acid gene,
which plays an essential role in mitigating biotic and abiotic stress-
es in plants. The involvement of jasmonic acid genes in dealing
with Pi starvation has also been shown in other studies where 15
OsJAZ genes, including the OsJAZ5 gene, were found to be strong-
ly activated in rice (Singh AP et al, 2015), sorghum (Zhang et al.,

2019) and cotton (cv. YZ1) (Luo et al., 2021). Furthermore, for the
first time, the culture medium supplemented with Pi-solubilizing-
bacteria Burkholderia sp. 205 lowered the expression of the
OsJAZ5 gene in the P+205 medium compared with the low-Pi-
containing medium (P* or P+113 medium). Another jasmonic
acid-related gene named OsJAZ1 was also downregulated in
Enterobacter ludwigii GAK2-inoculated Korean Hwayeongbyeo
rice plants where Enterobacter ludwigii GAK2 acted as a Pi-solu-
bilizing-bacteria (Adhikari et al., 2020). The study conducted by
King et al., (2019) demonstrated a temporal shift in jasmonic acid
systemic response in Nipponbare rice plants inoculated with
Burkholderia vietnamiensis and Paraburkholderia kururiensis
where JAZ6, JAZ10, JAZ12, ATL15, and AOS1 were upregulated
when plants were inoculated with Paraburkholderia kururiensis;
and JAZ6 and JAZ10 were down-regulated in response to
Burkholderia vietnamiensis. 

Conclusions
The current study reports a significant difference in the effect of

Burkholderia sp. strains 113 and 205 as well as the role of the genet-
ic background of rice plants on Pi use efficiency, thus facilitating
research on improving Pi utilization efficiencies in rice plants.
Furthermore, for the first time, we showed a change in the expres-
sion of OsJAZ5 in the rice plants grown in the insoluble Pi-contain-
ing medium supplemented with Burkholderia sp. strains 205.
Significantly higher RTL, RWT, and NCR were observed in P* and
P+113 media than in P0 and P+205 media, but SHW was reversed
in both rice varieties. Four of the five amino acid families and the
total free amino acids were significantly higher in the P+113 medi-
um than in the others. The relative expression of all Pi-investigated
genes was highest in the P+113 medium in the low-Pi-sensitive
G299 variety roots. A promising strategy can be proposed from our
study for crop plants to adapt to abiotic stresses by taking advantage
of the flexibility of biodiversity in the genetics of species. 
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