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Phosphorus (P) is one of the most vital elements for all living organisms which acts as a 
constituent of essential biomolecules such as nucleic acids, phospholipids, and phosphosugars, 
and as a major contributor to almost all metabolic reactions including photosynthesis, 
respiration, and energy delivery. It is one of the most needed nutrients for plant growth and 
development. Despite high levels of P in the soil, plants absorb it only in the soluble inorganic 
form of free phosphate ion (Pi) which is scarce in soil. Therefore, there has been a large demand 
for Pi fertilizers to secure crop yields, yet its deposition in soil and gradual run-off into water 
reservoirs lead to chains of events that cause irreversible damages to ecosystems. Researches, 
including genome-wide data analyses, have revealed interesting molecular aspects of plant 
adaptive strategies to deal with low Pi concentrations in soil. These include the higher 
expression of acid phosphatases and Pi transporters as well as the secretion of organic acids in 
the rhizosphere that maintain cellular Pi homeostasis in order to keep metabolic reactions 
running. Describing the cycle of Pi exchange between physical and biological worlds, the extent 
to which current agricultural practices are disturbing the cycle, the necessity of introducing less-
destructive methods of providing Pi, and alternative measures and solutions for sustainable 
agriculture will be discussed in this review. 

Keywords: biofertilizer, fertilizer, phosphatase, phosphate, phosphate rock, phosphate-
solubilizing microorganism. 
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Introduction 

The use of chemical fertilizers has been an 
integrated part of the Green Revolution in 
intensive agricultural practices to meet the 
increasing demands for food. In reality, 
disruptions in the natural cycles of elements 
have caused environmental challenges some 
leading to irreversible damages to 
ecosystems, and the mining resources for 
these elements on the earth are being 
depleted. Phosphorus (P) is one of 17 
essential elements required for plant growth. 
In many ecosystems and arable lands, 
inadequate bioavailability of P is often the 
second most limiting factor for biomass 
production (1). In fact, since the optimal 
growth of all plants is tightly dependent on P, 
an adequate supply of the element is crucial 
for food production. In practice, mined P rock 
converted to phosphoric acid is primarily 
used for agricultural fertilizers (~80%). The 
remainder is used in animal feed (~5%), 
beverages, meat treatment, toothpastes, or 
stabilizers (~15%) as well as in industrial 
applications such as detergents, electrical 
sensors, and semi-conductors, flame 
retardants, and as dispersing agents in paints 
and metal surface treatments (2, 3). Providing 
P remains one of the main challenges in the 
world of agriculture. The importance of P for 
plant nutrition, challenges related to its use, 
and solutions for this global issue are 
reviewed here from several points of view. 
This review is an update to previously 
published reviews (4) with some further 
details. 

Importance of Pi in plants 

P, in the form of phosphate ion (Pi), is the 
most vital element for all living organisms in 
the structures of essential biomolecules such 
as nucleic acids, sugar phosphates, 

phospholipids, and phosphoproteins and in 
energy-rich compounds like adenosine 
triphosphate (ATP), adenosine diphosphate, 
and NADPH (5, 6). It plays crucial roles in 
almost all metabolic reactions including 
photosynthesis and respiration, energy 
generation, nucleic acid synthesis, membrane 
synthesis, enzyme activation/inactivation, and 
redox reactions (6). Additionally, Pi is an 
important signaling molecule capable of 
modulating multiple cellular functions in 
signal transduction pathways and gene 
expression in cells (7). 

Total P level in plants ranges from 0.5 to 5 
mg P g-1 dry weight (DW) (8). It exists either 
as free inorganic Pi or in esterified forms. The 
main pools for esterified Pi are nucleic acids, 
phospholipids, phosphorylated water-soluble 
low molecular mass metabolites, and 
phosphorylated proteins. The nucleic acid 
pool (mostly RNA) is typically the largest 
(40–60%) organic Pi pool in plant cells, 
generally ranging between 0.3 to 2 mg P g-1 
DW (9). 

The metabolically active Pi pool is of the 
order of 0.1–0.8 mg P g-1 DW, depending on 
the species, tissue, and P supply (9). In live 
tissue, Pi homeostasis must be kept within a 
fairly narrow range of 5 to 20 mM in the 
cytoplasm to ensure appropriate functioning 
of metabolic reactions. If there is excess 
cellular Pi, it is stored in vacuoles and used to 
buffer the cytoplasmic Pi homeostasis (9).  

Plants absorb P only in its soluble 
inorganic forms of Pi, H2PO4

-, or HPO4
2-, 

which occur in the soil at concentrations 
between 0.1 and 1 µM (10-12). Therefore, 
plants as sessile organisms have evolved 
adaptive traits to acquire Pi from soil and to 
ensure maintenance of homoeostatic levels of 
the element. The uptake of soluble soil Pi 
needs to occur against a relatively high 
concentration gradient as the soluble Pi 
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concentration in the rhizosphere can be up to 
10,000 times lower than that of root cells (5, 
13). Pi/H+ symporters are energized by ATP-
dependent proton efflux that actively 
assimilate Pi against a steep concentration 
gradient. PHT1, PHT2, and PHT3 
transporters play important roles in 
intracellular Pi translocation, or transport 
between plant organs (14). The high-affinity 
Pi transporters of Arabidopsis belong to the 
PHT1 family of transporters, which has nine 
members. Each transporter has 12 membrane-
spanning domains. While all nine members 
are responsive to Pi starvation, each appears 
to exhibit a certain degree of tissue-specific 
expression, i.e. some are expressed in 
epidermal and root hair cells or expressed in 
root stellar cells (15, 16). 

Plant adaptation to Pi deficiency  

It is known that plants have adopted a wide 
range of morphological and physiological 
mechanisms (17-19) to cope with P 
deficiency in soil. Modifications of root 
growth and architecture are the most-
documented plant responses to Pi starvation. 
Plants adjust their root system architecture 
(RSA) to maximize surface area in order to 
enhance foraging of topsoil where Pi tends to 
build up (1). Substantial differences exist in 
the extent of topsoil foraging within and 
among species (20). Architectural traits 
associated with enhanced topsoil foraging 
include the shallower growth angles of axial 
roots, enhanced adventitious rooting, a 
greater number of axial roots, and greater 
dispersion of lateral roots (20). 

RSA in dicots is characterized by the 
inhibition of primary root growth 
accompanied by the enhancement of lateral 
root and root hair formation to increase 
topsoil foraging (Figure 1) (21). Additionally, 
under conditions of low P availability, root 

hairs become longer and denser. Root hair 
elongation is regulated by Pi availability in a 
dose-dependent manner. P deprivation can 
also cause an increase of up to five-fold in 
root-hair density. These responses occur via 
an increase in the number of epidermal cells 
that differentiate into trichoblasts (22). 
Interestingly, root hairs disappeared entirely 
in tomato and Arabidopsis under severe Pi 
starvation, (23; Lohrasebi et al., unpublished 
data).  

 

Figure 1. Alterations in root architecture and root hair 
density in response to available Pi. See text 
for details. 

 

Symbiotic associations with fungi 
(arbuscular mycorrhizae or ectomycorrhizae) 
are widespread and efficient responses to 
increased Pi uptake (24, 25). In plants 
adapted to grow in extremely Pi-poor soils, 
such as Proteaceae and white lupin, 
characteristic cluster roots (proteoid roots) are 
formed (26) as an alternative strategy to 
arbuscular mycorrhiza formation (27). These 
clusters of rootlets are induced by rhizosphere 
bacteria and are specialized for the synthesis 
and excretion of organic acids (e.g., citrate) 
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that help mobilize Pi from Ca, Fe, and Al 
salts (6, 28). Exudation of organic acids from 
roots is not limited to proteoid roots, and is in 
fact a more general strategy to solubilize Pi 
by chelating Ca, Fe, and Al cations (17, 29). 
Moreover, the secretion of phosphatases or 
phytases by roots increases mobilization of Pi 
bound to organic components (e.g., phytic 
acid) which are considered to be the greatest 
Pi pool in soils (13, 30). 

Transcriptomics approaches and mutation 
analyses have revealed some relevant genes 
that are repressed or induced during Pi 
starvation. For example, the Pi root 
development (PRD) gene is rapidly repressed 
in roots under low Pi conditions (31-34). In 
this context, PRD repression mediates 
primary root growth arrest (35). Another 
example is altered Pi starvation 
response1(APSR1) expression, a protein 
involved in root meristem maintenance. 
Expression of the APSR1 gene decreases in 
response to Pi starvation. The loss of function 
mutant apsr1-1 showed a reduction in 
primary root length and root apical meristem 
size, short differentiated epidermal cells, and 
long root hairs (36). 

Many of the responses of root tissues to Pi 
deficiency are co-ordinated by local and 
systemic signals involving gibberellins, 
auxin, cytokinins, ethylene, and strigalactones 
(SL) as well as the translocation of regulatory 
miRNAs and excess sucrose transport from 
shoot to root in the phloem (37). For instance, 
SLs are plant hormones that regulate root hair 
elongation and lateral root formation in 
response to low Pi conditions. This regulation 
is mediated by more auxiliary growth-2 
(MAX2) factors and correlated with 
transcriptional induction of the auxin receptor 
transport inhibitor response-1 (TIR1) (38). 

Increased lateral root formations in Pi-
deprived Arabidopsis seedlings was related, 

at least in part, to the response to auxin in 
root cells and to the expression of TIR1 auxin 
receptor (39). In response to low Pi, both 
ethylene biosynthesis and responsiveness are 
also enhanced. Ethylene regulates root hair 
growth and density by shortening trichoblast 
cells to increase the number of H cells - an 
adaptation that may involve auxin (40). 
Gibberellic acid (GA) response is mediated 
by transcription factors containing DELLA 
peptide motifs that act as negative regulators. 
Under Pi-starvation conditions, genes that 
activate GAs are repressed, and thus cause a 
reduction in bioactive GA levels (41). 
Interestingly, abscisic acid hormone played 
no role in the regulation of many Pi-
responsive genes (42). 

As mentioned, Pi plays a crucial role in 
almost all metabolic processes in plants. A 
remarkable alteration in plant metabolism is the 
bypass of Pi- or adenylate-dependent reactions. 
As a consequence of harsh Pi stress, reductions 
of up to 80% in intracellular levels of ATP, 
ADP, and related nucleotide occur (43, 44). 
Protein phosphorylation and glycosylation were 
found responsible for controlling the activity 
and/or subcellular targeting of the enzymes 
involved in bypassed metabolic reactions in 
response to Pi deprivation (13, 45, 46). The 
accumulation of starch in plant cells in response 
to Pi starvation is well known (47). The 
inhibition of a major regulatory enzyme of starch 
biosynthesis, ADPGlc pyrophosphorylase, has 
also been shown to occur by Pi provision  
(47, 48).  

A well-known feature of plant responses 
to long-term Pi starvation is the development 
of dark-green or purple shoots due to the 
accumulation of anthocyanin caused by the 
Pi-induced expression of a set of enzymes 
that catalyze the synthesis of cyanidin, 
pelargonidin, flavonoids, and anthocyanin (6, 
15, 42).  
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Another known response to Pi starvation is 
the replacement of phospholipids with 
sulfolipid and/or galatolipids. SQD1 and 
SQD2 are Pi starvation inducible enzymes 
required for sulfolipid biosynthesis in 
Arabidopsis (15, 16). This is supported by 
reduced growth rate of a sqd2 T-DNA 
insertion mutant under Pi starvation conditions 
(49). Similarly, galactolipid accumulation was 
reduced in the roots of Pi-starved pldz1 single 
and pldz1/pldz2 double mutants (50). Also, a 
non-specific phospholipase C5 was found to 
be responsible for phospholipid degradation in 
leaves during Pi starvation (51).  

The role of acid phosphatases 

Plants increase the efficiency of Pi use during 
Pi starvation via the up-regulation of a wide 
array of hydrolases that scavenge and recycle 
Pi from intra- and extracellular in/organic Pi 
compounds (6, 15, 52, 53). The induction of 
secreted ribonucleases (RNases), nucleases, 
phosphodiesterases, and acid phosphatases 
(APases) is important for systematic 
metabolism Pi scavenging by roots from a 
broad range of exogenous organic P 
substrates, including RNA, DNA, ATP, 3-
phosphoglycerate, and various hexose Ps 
such as Glc-6-P (54-56).  

Plants genomes carry many APase-encoding 
genes grouped into distinct homology classes. 
For example, the Arabidopsis genome encodes 
58 putative acid phosphatases including 29 
purple acid phosphatases, 12 phospholipid 
phosphatases, 2 SurE acid phosphatases, 12 
HAD acid phosphatases, and 3 histidine acid 
phosphatases (Fiezi and Malboobi, unpublished 
data). The genetic and functional redundancy 
of plant acid phosphatases make it difficult to 
investigate their roles and contributions to 
cellular Pi provision. There is a wide tissue- 

and/or cellular compartment-specificity for 
isozymes with variations in their physical and 

kinetic properties. Purple acid phosphatases 
(PAPs) comprise the largest class of plant 
APases. Arabidopsis, rice, and soybean 
genomes encompass 29, 26, and 35 PAP 
family members, respectively (57-59). They 
exhibit a characteristic purple or pink color in 
solution resulting from a charge transfer 
transition at 560 nm from the metal-
coordinating Tyr to the metal ligand Fe (III).  

Upon Pi deprivation, intracellular 
(vacuolar) and secreted APases that 
hydrolyze Pi from a broad and overlapping 
range of Pi monoesters with an acidic pH 
optimum are up-regulated. 

Transcript profiling of the AtPAP family 
revealed that while most are expressed in all 
tissues (58, 60), some AtPAP transcripts are 
highly expressed in response to stress in 
specific cells or in certain compartments (61). 
For example, some have been localized to 
mitochondria and chloroplasts (AtPAP2; 62, 
63), vacuole (AtPAP18 and AtPAP26; 64, 
65), cell wall and plasma membrane 
(AtPAP9, AtPAP10, NtPAP12, AtPAP25 and 
PvPAP3; 66-69, 56), and secretome 
(AtPAP10, AtPAP12, AtPAP26 and 
AtPAP18; 67, 53, Zamani et al., unpublished 
data).  

It is noteworthy that almost all 
characterized PAPs contain transit peptides 
and are glycosylated, implying that they are 
mainly targeted to the golgi where 
glycosylation occurs. Although some PAPs, 
like AtPAP2 (63, 70), AtPAP5 (71), AtPAP9 
(63, 66), AtPAP10 (67), AtPAP15 (30, 72), 
AtPAP18 (65), AtPAP23 (60), and AtPAP25 
(69), have been functionally characterized 
using T-DNA insertional mutation and 
overexpressed lines, their cumulative 
physiological roles have not been resolved 
yet. All that is presently known is that there is 
a tight relationship in their expression levels 
such that knock-out of one gene results in 
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higher expression of some others (Lohrasebi 
and Malboobi, unpublished data). 

Organic acid biosynthesis and 
secretion 

Carboxylate exudation from roots participates 
in Pi provision to varying degrees, 
particularly in plants that do not form cluster 
roots. The profile of organic acids secreted is 
species- and cultivar-specific, with citrate and 
malate being the most abundant (26). 

Several mechanisms have been described 
for their roles in Pi acquisition. Citrate might 
increase the availability of P in the soil by 
binding Ca, Fe, and Al and thus reducing the 
formation of insoluble complexes with Pi (73, 
74), which explains the positive relation 
between citrate secretion and Pi 
concentration. Furthermore, citrate may bind 
to Fe, forming a citrate-Fe-P polymer that is 
soluble and can diffuse to the roots. The root 
reduces the Fe, thus breaking the polymer and 
releasing P directly at the root surface (75). 

Genomic analysis of Pi adaptation mechanisms  

In the last decade, several genome-wide 
studies have been conducted to figure out 
how plants handle low availability of Pi. 
These studies have shown that changes in 
gene expression profiles occur as early as 72 
hours after plants are subjected to Pi 
starvation (31, 32, 76). Furthermore, 
expression patterns in leaves and roots in 
responses to Pi starvation were found to be 
distinct for both Arabidopsis and rice 
seedlings (31, 77). 

Wu et al. (31) reported the expressions of 
1800 of 6172 examined genes, including over 
100 that encoded transcription factors and 
cell signaling proteins, were altered over two-
fold in response to Pi starvation. Using a 
whole genome Arabidopsis Affymetrix chip 

representing 22,810 genes, Misson et al. (32) 
found that the expression of 612 genes is 
induced under Pi-limiting conditions. The 
expressed genes include those that encode Pi 
transporters, RNases, and APases, and genes 
that play roles in sulfate and iron transport 
and homeostasis, Pi salvaging from organic 
compounds, phospholipids degradation and 
galacto- and sulfolipid synthesis, anthocyanin 
synthesis, phytohormone responses, signal 
transduction, transcriptional regulation, 
protein degradation, and cell wall 
metabolism. The repressed genes (245) are 
involved in lipid synthesis, reactive oxygen 
controlling, and protein synthesis. Two years 
later, Morcuende et al. (33) reported 
alterations in the expression levels of over 
1000 Arabidopsis genes involved in Pi 
uptake, the mobilization of organic Pi, the 
conversion of phosphorylated glycolytic 
intermediates to carbohydrates and organic 
acids, the replacement of Pi-containing 
phospholipids with galactolipids, and the 
repression of genes responsible for 
nucleotide/nucleic acid synthesis. The 
responses were reversed within 3 h after Pi 
re-supply. Müller et al. (78) investigated the 
effects of the interaction between Pi and 
sucrose signals on the gene expression pattern 
in Arabidopsis. They found several genes that 
had been previously identified to be 
responsive to sugar or Pi. In the time course 
microarray experiments conducted by Lin et 
al. (79), Pi-responsive genes were clustered 
based on co-expression patterns by pairwise 
comparison of genes against a customized 
data base. Three major clusters enriched with 
genes functioning in transcriptional 
regulation, root hair formation, and 
developmental adaptations were distinguished 
in this analysis.  

Genome-wide profiling by micro- and 
tiling arrays revealed a remarkable difference 
in the molecular responses of roots and of 
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shoots both during and after Pi starvation and 
a minimal overlap between root and shoot 
transcriptomes suggesting two independent 
Pi-starvation regulons in both a time- and 
organ-dependent manner (80). Novel 
expression patterns were detected for over 
1000 candidate genes, and the genes were 
classified as either initial, persistent, or latent 
responders. Comparative analysis to 
AtGenExpress identified a number of genes 
co-regulated across multiple stimuli. Analysis 
of co-regulation enabled the determination of 
specific versus generic members of closely 
related gene families with respect to Pi-
starvation.  

Recently, the response of rice to low Pi 
was examined using oligonucleotide 
microarrays, and the results showed that 
about 1494 (35%) of the examined genes 
were affected by Pi deficiency (81). To 
explore the role of Pi in rice, 25 pathways 
were selected based on the number of 
affected genes. The largest category of genes 
was related to sucrose degradation to ethanol 
and lactate pathways. Cytosolic glycolysis 
contained the most down-regulated genes 
while having the fewest up-regulated genes. 
This is consistent with decreased glucose, 
pyruvate and chlorophyll and chlorophyllide 
a biosynthesis and increased sucrose and 
starch levels. The dynamics of the rice 
transcriptome were analyzed under conditions 
of Pi starvation by Affymetrix GeneChip rice 
genome arrays as well (82). Pi starvation 
altered the expression of 2,317 genes, 
representing 7.2% of the expressed genes. 
These changes were mostly transient and 
affected various cellular metabolic pathways 
including stress responses, primary and 
secondary metabolism, molecular transport, 
regulatory processes, and developmental 
processes. Only 130 (5.6% of 2,317) 

transcripts were expressed similarly both in 
roots and shoots under Pi starvation. 

Oono et al. (83) analyzed the inducible 
transcripts associated with Pi starvation and 
over-supply of Pi to characterize the 
transcriptome in rice seedlings using the 
mRNA-Seq method. They detected 10,388 
transcripts with no match to any Rice 
Annotation Project transcript. The transcripts 
that showed specific responses to Pi stress 
include some with open reading frames (83). 
Comparative analysis of the RNA-Seq 
profiles of four rice cultivars revealed 
similarities as well as distinct differences in 
expression of these responsive transcripts 
(83). Many annotated, unannotated, and 
unaligned responsive transcripts were 
identified which are responsible for 
scavenging, mobilizing, acquiring, and 
utilizing Pi under stress conditions. 
Differences in the expression of these 
transcripts provided an overall view on how 
genotypes with different levels of tolerance to 
Pi stress respond to its availability.  

O’Rourke et al. (84) utilized RNA-Seq 
technology to assess global gene expression 
in white lupin cluster roots, normal roots, and 
leaves in response to Pi supply and identified 
a total of 2,128 differentially expressed 
sequences with a change of at least two-fold 
in response to Pi deficiency. In Pi-deficient 
leaves, 987 transcripts were down-regulated 
while 355 were up-regulated. Also, these 
researchers found 396 and 535 genes were 
up-regulated in Pi-sufficient and Pi-deficient 
roots, respectively.  

Comparative analysis between rice and 
Arabidopsis identified 37 orthologous groups 
that responded to Pi starvation, demonstrating 
the existence of a conserved Pi responsiveness 
mechanism among dicot and monocot plants 
(82). Further analysis of transcription profiles 
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of microRNAs revealed differential 
expressions of miR399 and miR169 under Pi 
starvation suggesting their potential roles in 
plant nutrient homeostasis (82). 

Recently, a comparison of wheat- and rice-
responsive transcripts of orthologous genes 
under Pi-starvation conditions was performed 
(85). This pervasive analysis revealed 
commonly up-regulated transcripts, most of 
which appeared to be involved in a general 
response to Pi starvation, namely, a PHR1-
IPS1-miR399-UBC24/PHO2 signaling 
cascade and its downstream functions such as 
Pi remobilisation, Pi uptake, and changes in 
Pi metabolism. These results will be useful in 
deciphering gene networks involved in low Pi 
stress and in identifying genes that could be 
exploited in breeding for Pi-efficient and 
high-yielding cultivars under Pi starvation 
conditions (85). 

Similarly a set of 200 genes were 
identified that show differential expression 
patterns between fertilized and unfertilized 
potato plants and identified novel components 
to previously known Arabidopsis and rice 
gene expression profiles, e.g., patatin gene 
(86). Twelve sequences were consistently 
expressed differentially in three species, 
Arabidopsis, potato, and white lupin, making 
them ideal candidates to monitor the Pi status 
of plants.  

A metabolomics analysis has demonstrated 
that Pi deprivation is accompanied by the 
accumulation of carbohydrates, organic acids, 
and amino acids in Arabidopsis (33). In an 
interesting study, Lan et al. (87) investigated 
the correlations between Pi deficiency-
induced changes in transcriptome and 
proteome profiles in Arabidopsis roots. They 
arranged for an exhaustive tandem mass 
spectrometry-based shotgun proteomics and 
whole-genome RNA sequencing to generate a 

nearly complete catalog of expressed mRNAs 
and proteins. A set of 13,298 proteins and 
24,591 transcripts were identified in which 
subsets of 356 proteins and 3106 mRNAs 
were differentially expressed during Pi 
deficiency. The most dramatic changes were 
noticed in genes involved in Pi acquisition 
and in processes that either release Pi or 
bypass Pi/ATP-dependent metabolic steps. 
The concordance between the abundance of 
mRNAs and their encoded proteins was 
generally high for highly up-regulated genes. 
However, the analysis also revealed numerous 
inconsistent changes in mRNA/protein pairs, 
indicating the involvement of both 
transcriptional and post-transcriptional 
regulations. This study endorses the need for 
integrated measurements and interpretations of 
transcript and protein abundance for generating 
biosystems simulating plant response to 
environmental stimuli. 

Pi sensing and gene expression 

The genome-wide transcriptional approach 
has been used to infer possible scenarios for 
signaling and adaptation of plants to Pi 
availability. Signaling and subsequent 
metabolic adjustments to Pi limitation are 
largely triggered by internal Pi status and 
involve microRNAs, non-coding RNAs, and 
PHO2 downstream of PHR as revealed in 
recent studies. PHR1 is one of 15 members of 
the MYB-CC gene family in Arabidopsis. It 
is localized in the nucleus and binds to a 
palindromic 8-bp sequence (GNATATNC) 
called P1BS (PHR1-binding sequence) in the 
promoters of many Pi responsive genes (88- 
90). Despite that, the phr1 mutant showed no 
major phenotypic defects except for a slight 
difference in the root-to-shoot ratio and in 
root hair induction (88). Considering PHR1 
interaction with another MYB factor, PHL1, 
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Bustos et al. (90) showed about two-thirds of 
the genes repressed in Pi-deprived wild type 
seedlings were markedly de-repressed in 
phr1phl1 double mutants. 

A number of miRNAs have been shown to 
be specifically induced by Pi limitation, 
including miRNA399, miRNA778, 
miRNA827, and miRNA2111 in Arabidopsis 
(91-93), though only the role of miRNA399 
in the regulation of Pi response has been 
elucidated (16, 94).  

Furthermore, the Pi-signaling network 

involves IPS (Induced by Pi Starvation) genes 
that carry short open reading frames (95, 96). 
They may function as ‘target mimicry’ since 
they carry a conserved 23-bp region 
complementary to certain gene sequences 
(97). This must help fine-tuning of PHO2–
miRNA399 pathway which is well conserved 
in numerous plants (98).  

P cycles 

P circulates through the environment in 
several subcycles (Figure 2).  

 

 

Figure 2. Pi flow through food production and consumption. 
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Pi is taken up by plants from soil, utilized 
by animals that consume plants, and returned 
to the soil as an organic residue. Most of the 
Pi used by living organisms becomes 
incorporated into organic compounds. When 
plant materials are returned to the soil, the 
organic Pi will slowly be released as 
inorganic Pi or incorporated into more stable 
organic matters (99). Depending on 
temperature, moisture, pH, and soil 
microorganism populations, Pi is released 
from these compounds and becomes prone to 
leaching, erosion, or run-off to surface or 
underground waters at an estimated rate of 
18.7 to 31.4 MMT P/yr. It eventually gets 
discharged into lakes, seas, and oceans in the 
range of 12 to 21 MMT P/yr (100). Then, 
another sub-cycle between marine organisms 
and Pi sediments occurs.  

Our perception is that Pi moves quickly 
through plants and animals; however, the 
processes that move Pi through the soil or ocean 
are very slow, making the Pi cycle overall one of 
the slowest biogeochemical cycles (101). Human 
activities, including the utilization of Pi in 
fertilizers, pesticides, detergents, and the food 
industry are the main sources of disturbance in 
the natural cycles (102). As a result, erosion, 
pollution, and fertilizer runoff, have become two 
to three times higher than what it was in pre-
human times. 

Agricultural aspects of Pi 

Soil scientists recognize three kinds of Pi: (1) 
deposited Pi as chemical compounds in the 
soil; (2) available Pi or free Pi ion in the soil; 
and (3) absorbable Pi or free Pi ion in the 
vicinity of roots. As fertilizer granules are 
added to the soil, Pi is diffused into the soil 
and might expand as far as 3 to 5 cm, 
depending on the soil moisture (103). 
Depending on the type of soil and the 
composition of its cations, the released Pi can 
re-precipitate within weeks or months (103, 

104). On the other side, there is a correlation 
between the removal of Pi and the amounts of 
harvested products. Roughly, the harvest of 
every ton of cereal grain is accompanied by 
the removal of 10 Kg P2O5 per hectare (105). 
Similar estimates are true for all other crops. 
To compensate for this, the lost Pi must be 
matched by corresponding inputs of fertilizer 
and manure. 

Fate of Pi in soil  

Total P amount in soils, in various inorganic 
and organic P forms, range from 35 to 5300 
mg kg-1 with an average of 800 mg kg-1 (106). 
The ratio of inorganic to organic compounds 
is governed by dynamism in climatic, 
edaphic, agronomic, and biological factors. In 
most soils, 50 to 75% of inorganic P 
compounds are bonded with Al, Fe, or Ca in 
the form of complexes, depending on soil pH 
(107). 

In most soils, organic Pi constitute 30% to 
65% of total P, but the concentrations may be 
as low as 5% or as high as 95% (108). 
Organic Pi pools in soil generally occur, in 
order of abundance, as inositol phosphate > 
polymer organic phosphate > nucleic acid P > 
phospholipid P (109). Inositol hexaphosphate, 
or phytate, is mostly synthesized by plants 
and accounts for about 40% of the organic P 
found in soil.  

A notable characteristic of P is its slow 
diffusion rate (10-12 to 10-15 m2 s-1); this, 
concomitant with high plant uptake rates, 
causes a depletion zone around the roots 
(110). Moreover, the concentration of 
available soil Pi seldom exceeds 10 µM (10, 
108) that is much lower than it is in plant 
tissues, approximately 5 to 20 mM Pi (17). 
Because of the low concentration and poor 
mobility of plant-available P in soils, 
chemical P fertilizers are needed to improve 
crop growth and yield. 
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Pi production and consumption trends 

Mined Pi rock is principally used for 
agricultural fertilizers (80%), the remainder 
being used for animal feed additions (5%) 
and industrial applications (15%) including 
detergents and metal treatments (111). 
According to FAO (112), the current 
consumption rate of about 20 MT P/year is 
growing mainly in developing countries 
(Figure 3), including China and India who are 
the largest consumers with 34% and 19% 
usage of total Pi fertilizers in the world, 
respectively (113). Between 2002 and 2009, 
the global use of Pi fertilizers increased by 
12%, affecting market price increases and 
environmental pollution (see below). In 
contrast, Europe decreased its consumption 
rate to about 20% from 2002 to 2009 due to 
raising environmental concerns (Figure 3).  

 

Figure 3. Global trend of P consumption in developed 
and developing counties (Quoted from 114). 

 

It is estimated that high quality P rock 
reserves mines will be depleted in the next 40 
to 60 years, while demands are progressively 
increasing for Pi due to the adoption of diets 
higher in meat content and the increasing use 
of bio-energy in the coming years (113). For 
example, in 2009, 32% of all corn grown in 
the US was used for ethanol production, 
representing 10% of Pi fertilizer used in the 
US that year (111). 

 

Environmental impacts of Pi 
production and consumption  

Both production and consumption of Pi are 
damaging to the environment. Removing 
huge amounts of Pi rock (PR) from mining 
sites, using huge amounts of water for 
extensive washing, and, importantly, the co-
produced materials all cause great changes in 
ecosystems. For each ton of P2O5 extracted, 
five tons of phosphogypsum and Pi slags are 
produced, from which only 10% is used for 
the purposes of road construction, cement, 
and housing; the rest remains stacked 
(115).Moreover, PRs contain mainly uranium 
(20-300 ppm) and thorium (1 to 5 ppm) and 
their decay products. This means that 0.35 kg 
U2O8 per Mt P2O5, or 2100 tons, of unused 
uranium is accumulated annually (115). 

The increase in demand for Pi fertilizer 
has resulted in the development of fast and 
high yield production methods that do not 
necessarily consider all aspects and 
consequences of their application. Such 
practices not only alter chemical and physical 
properties of soils, but also remarkably affect 
macro and micro flora (115). 

The application of Pi fertilizers to soil 
does not necessarily guarantee plant uptake 
due to their polycrystalline structures and 
their tendency to precipitate. Only 15-30% of 
the applied Pi fertilizer is taken up by 
harvested crops in the year of its application 
(9). Thirty-three percent of the P added to soil 
is lost by erosion or water wash-off, and the 
rest accumulates in the soil. Losses due to 
livestock production and improper 
management of manure cause about 45% of P 
to enter the livestock system. According to 
Cordell et al. (116), more than 7 million tons 
of P is released into the environment annually 
through animal manure and human excreta, 
causing major water-quality problems. Taken 
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together, about 90% of the Pi that enters the 
food system is lost into the environment 
(111). Furthermore, the sodium triphosphate 
of discharged detergents accounts for a 
portion of the Pi inputs to surface and 
underground waters (115).  

Eutrophication, or over-enrichment of 
aquatic ecosystems with nutrients, mostly Pi 
and nitrate, leads to algal blooms and anoxic 
events and may initiate irreversible 
environmental damages. The oxygen shortage 
after the decomposition of aquatic plants 
impairs the needed support for aquatic life 
leading to overall loss of biodiversity. 
Blooms of cyanobacteria are a particular 
problem in fresh water and are associated 
with sudden fish kills, changes in taste and 
odor, and the formation of carcinogens (e.g. 
trihalomethane) during the chlorination of 
potable water. Water-soluble neurotoxins 
arising from cyanobacteria can also kill 
livestock and harm humans (117). Although 
some lakes may recover after nutrient inputs 
are reduced, recycling Pi from sediments 
causes lakes to remain eutrophic for years. 
The estimated cost of damage mediated by 
eutrophication in the U.S. alone is 
approximately $2.2 billion annually (118).  

Health impacts of Pi  

The long-term application of Pi fertilizers on 
crop production fields has raised concerns 

about the potential health risks of heavy 
metals such as U, Cd, As, Cr, Cu, Pb, and Zn 
(119). A major contaminant is fertilizer-
derived uranium into ground, surface, and 
marine coastal waters. In Germany, the use of 
Pi fertilizer from 1951 to 2011 resulted in the 

accumulation of approximately 14,000 tons of 
uranium in agricultural lands corresponding to 
an average cumulative loading of 1 kg of 
uranium per hectare. Uranium may damage 
biological systems through its chemical 

toxicity as well as its radioactivity. The main 
health effects of uranium are renal, 
developmental, reproductive, and bone 
growth impairments as well as DNA and 
brain damage (120). 

Cadmium (Cd) buildup in topsoil is tightly 
correlated with the application of Pi fertilizer 
in intensive agriculture. With respect to 
human health impacts, food is the only major 
route of Cd accumulation to high 
concentrations, particularly in the kidney. Cd 
has also been shown to be an endocrine-
disrupting chemical with estrogenic properties 
and a potential prostate carcinogen. High Cd 
pollution has been recognized as the cause of 
a painful bone disease known as 'itai-itai' 
(121). 

Alternative solutions 

Several approaches have been sought to deal 
with limiting Pi resources. These include 
direct use of Pi rock, recycling Pi, genetic 
variations through breeding, mutagenesis, 
transgenesis, and the use of microorganisms 
for Pi provision as described below. 

1. Recycling Pi 

So far, only a few techniques have been 
developed for recycling Pi from sewage 
systems and agricultural and industrial 
treatment units in developed countries such as 
Sweden, Japan, and Germany (115, 122). 
Crystallization of Pi in wastewater as struvite 
(ammonium magnesium Pi), and the use of 
separated urine and sanitized faecal matters in 
municipalities are among the costly methods 
that can be used to recover or reuse wasted Pi 
(116). 

2. The use of plant species with high Pi 
efficiency  

Pi-efficient plants are defined as plants that 
can produce higher yields per unit of applied 
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or absorbed nutrient compared to other plants 
grown under similar agroecological 
conditions (123). Screening for plant species 
or genotypes with increased Pi absorption 
capabilities involves criteria such as:  

i) Greater root architectures leading to 
extended soil exploration. An example is 
a soybean variety named ‘BX10’ which 
has superior root traits that support better 
adaptation to low-P soils (124).  

ii) The exudation of proton and organic 
acids that increases the solubility of Pi 
by decreasing pH and/or chelating 
elements. An example is a wheat variety, 
Xiaoyan 54, that secretes more 
carboxylates (e.g. malate and citrate) 
into the rhizosphere than Pi-inefficient 
genotypes (125). 

iii) The secretions of elevated levels of 
APase enzymes that break down Pi 
compounds robustly (126). There are 
many examples of over-expressed 
secreted phosphatases (Table 1). 

A range of quantitative trait loci (QTL) 
has been identified for tolerance mechanisms 
to low Pi in various food crops (127). 
A major QTL pup1, on rice chromosome 
12 was found to be associated with 
tolerance in low Pi soils. This locus includes 
one known and 30 putative genes (128). 

3. Mutagenesis 

Mutations altering root architecture have been 
of interest in the selection of plants capable of 
acquiring more Pi from soil. For example, 
barley genotypes with long root hairs have 
higher yields than genotypes with no root 
hairs on soils with low P availability. Also, 
genotypes of bean, maize, and brassicas with 
larger root systems have better growth rates 
in Pi-limiting conditions (129). 

Considering that about 75 percent of total 

seed P exists as phytic acid, mutations that 
block the synthesis or accumulation of phytic 
acid during seed development, often referred 
to as low phytic acid (lpa) mutations, has 
been of interest. Such mutations have been 
introduced into maize, barley, rice, wheat, 
and soybean (130). Genetic factors that 
decrease or increase total seed P are valuable 
for enhancing food and feed quality, for the 
environmental management of Pi, and for 
optimizing the utilization of Pi in agriculture 
(131). 

4. Transgenesis 

Many attempts to develop Pi-efficient plants 
have been made through the transfer of genes 
with bacterial, fungal or plant origins as a 
strategy toward sustainable agriculture (132). 
As classified in Table 1, the expression of 
transcription factors may upregulate the 
expression of a cluster of Pi responsive genes. 
Overexpression of plant Pi transporters in 
homogenous or heterogeneous genetic 
background altered Pi uptake levels or 
translocation rates, and these changes were 
accompanied by improved biomass. Many 
studies have reported transgenic plants that 
overexpress phytase in various food crops. 
Phytases are secreted to the rhizosphere, 
where the hydrolysis of phytate and release of 
Pi is very beneficial (133). Overexpression of 
phytase in potato, clover, soybean, and 
tobacco resulted in increased Pi acquisition 
and content. Similarly, the manipulation of 
biochemical pathways to increase the 
biosynthesis and exudations of organic acids 
improved Pi acquisition from soils as well. 
Engineered tobacco plants produced higher 
levels of organic acids, specifically citrate 
(134). The promising result was that these 
transgenic plants yielded more leaf and fruit 
biomass than controls when grown under Pi-
limiting conditions (134, 135). 
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5. Direct application of PR  

The direct application of ground PR has been 
practiced since the early 19th century as a 
relatively inexpensive source of Pi. However, 
this method is limited to specific soils with 
acidic pH (below 5.5) and low exchangeable 

Ca2+ or to some plants with higher 
capabilities in mobilizing Pi such as legumes 
and some crops of the Cruciferae family 
which excrete organic acids (136). 

 

 

Table 1. An inventory of reported transgenic plants intended for the enhancement of Pi metabolism. 

 
Gene name Gene origin 

Transformed 
plant 

Main effect Reference 

Transcription factor    

 AtPHR1 Arabidopsis Torenia  Increased Pi content (137) 

 ZmPHR1 Maize Arabidopsis Increased Pi content 
and biomass 

(138) 

 ZmPTF1 Maize  Maize Increased biomass (139) 

 OsPTF1 Rice Rice Increased tillering 
ability, Pi content and 
biomass 

(140) 

 OsPHR2 Rice Rice Increased Pi content in 
shoots 

(98) 

 Ta-PHR1 

 

Wheat Wheat Improved Pi use 
efficiency and yield 
performance 

(141) 

 AtMYB2 Arabidopsis Arabidopsis Increased miR399f 
expression and tissue 
Pi contents 

(142) 

Transporter     

 OsPht1;1 Rice Rice Modulates Pi uptake 
and translocation 

(143) 

 Pht1;5 Arabidopsis Arabidopsis Pi translocation from 
root to shoot 

(144) 

 GmPT5 Soybean Soybean Increased biomass (145) 

 TaPht1;4 Wheat Wheat Increased Pi content 
and biomass 

(146) 

 LePT1 Tomato Tobacco Increased Pi content 
and biomass 

(147) 

 GmPT1 Soybean Tobacco Increased Pi content 
and biomass 

(148) 

 NtPT1 Tobacco Rice Increased Pi uptake (149) 
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Gene name Gene origin 

Transformed 
plant 

Main effect Reference 

Phosphatase & phytase  

 Phytase  Synthetic  

 

Potato  

 

Increased Pi content 
and biomass  

(150) 

 Phytase (ex:phyA) Aspergillus 
niger 

Tobacco Increased Pi content (151) 

 Phytase (phyA)  Aspergillus 
niger 

Arabidopsis Increased Pi content 
and growth 

(152) 

 appA E. coli Potato Increased Pi content 
and biomass 

(153) 

 phyA & appA Aspergillus 
niger &  E. coli 

Brassica napus Increased Pi content 
and biomass 

(154) 

 phyA2 Aspergillus 
niger  

Maize Increased Phytase 
activity in seeds 

(155) 

 168phyA Bacillus subtilis Tobacco & 
Arabidopsis  

Increased Pi content 
and biomass 

(156) 

 (AVP1) Type I 
H+-
pyrophosphatase  

Arabidopsis Rice & tomato More robust roots, 
higher shoot mass, 
higher yields 

(157) 

 (TsVP) H+-
pyrophosphatase  

Thellungiella 
halophila 

Maize Increased Pi uptake 
and grain yield 

(158) 

 PvPS2:1 Phaseolus vulgaris Arabidopsis & 
Bean 

Increased Pi 
acquisition 

(159) 

 Phytase (phyA) Aspergillus 
ficuum 

Cotton  Increased Pi content 
and biomass 

(160) 

 OsPHY1 Rice Tobacco Increased Pi content 
and biomass 

(161) 

 OsPAP2 Rice Arabidopsis Increased phosphatase 
activity 

(162) 

 OsPAP10a Rice - Improved ATP 
hydrolysis and 
utilization 

(163) 

 AtPAP2 Arabidopsis Camelina sativa Increased seed yield 
and seed size 

(70) 

 AtPAP2 Arabidopsis Arabidopsis Increased seed yield  (63) 

 AtPAP10 Arabidopsis Arabidopsis Increased biomass (67) 

 AtPAP15 Arabidopsis Soybean Increased Pi content 
and biomass 

(30) 

 AtPAP18 Arabidopsis Tobacco Increased Pi content 
and biomass 

(65) 

 AtPAP26 Arabidopsis Arabidopsis & 
tobacco 

Increased Pi uptake, Pi 
content and biomass 

(Sabet et al., 
unpublished) 
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Gene name Gene origin 

Transformed 
plant 

Main effect Reference 

 LASAP2 White lupin Tobacco Improved phosphorus uptake 
and growth 

(164) 

 LASAP3 White lupin Tobacco Increased Pi content 
and biomass 

(165) 

 MtPHY1 & 
MtPAP1 

Medicago 
truncatula 

Trifolium repens Increased ability to 
utilize organic 
phosphorus 

(166) 

 MtPHY1 & 
MtPAP1 

Medicago 
truncatula 

Alfalfa Increased Pi content 
and biomass 

(167) 

 MtPAP1 Medicago 
truncatula 

Arabidopsis Increased Pi content 
and biomass 

(168) 

Organic acid    

 Citrate Synthase Daucus carota Arabidopsis Increased Pi content 
and biomass 

(169) 

 Citrate synthase Pseudornonas 
aeruginosa 

Tobacco Increased biomass (135) 

 Citrate synthase Pseudomonas 
aeruginosa 

Brassica napus Improved Pi uptake 
Increased Pi content in 
shoots and seeds if 
FePO4 was used as the 
sole Pi source 

(170) 

 Malate 
dehydrogenase  

 

Penicillium 
oxalicum 

 

Tobacco Increased Pi content 
and biomass 

(171) 

Others     

 TaALMT1 Wheat Barley Increased Pi uptake 
and grain production 
(acid soils) 

(172) 

 ath-miR399d Arabidopsis Tomato Increased leaf Pi 
concentration  

(173) 

 

6. The use of organic materials  

Because of problems associated with chemical 
fertilizers, the utilization of organic fertilizers 
as an alternative source of plant nutrients has 
been reconsidered. Organic matters may be 
used in the form of manure (un/processed), 
compost, humic acid, or biochar.  

Major sources of manure are animal waste, 
human excreta, town refuse, sewage and 
sludge, slaughterhouse waste, byproducts of 

agro industries, crop waste, and green manure 
crop materials.  

The quality of farmyard manure depends 
on the type of animal, the age of the animal, 
the kind of feed given to the animals, the kind 
of litter used, the age of the manure, and the 
method of storage. Manure is rich in nitrogen 
and potassium but poor in Pi; yet, the 
availability of soil Pi is enhanced by organic 
materials due to chelating polyvalent cations, 
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organic acids, and other decay products that 
help the survival and growth of beneficial 
microorganisms.  

Similarly, compost or decomposed organic 
material is a combination of digested and 
undigested food; its constituents depend on 
type of material, air, moisture, temperature, 
and soil pH. Despite reducing the need for Pi, 
variability in quality, cost, and the 
unbalanced levels of elements in these 
organic matters have hindered their usage 
compared to chemical fertilizers. In recent 
decades, a number of studies have tested the 
availability of Pi in organic manure and the 
effect of its wash off into watersheds from 
soils where manure is used (174). 

Humic acids containing large numbers of 
negatively charged carboxyl and hydroxyl 
groups are formed by the microbial 
degradation of dead plant matter, such as 
lignin, over a long period of time (175). The 
precise properties and structure of a given 
sample depends on the water or soil source 
and the specific conditions of extraction. 
Nevertheless, the average properties of humic 
substances from different sources are 
remarkably similar (176). Humic acids have 
recently been recommended as organic 
material that may facilitate the adsorption of 
Pi fertilizers.  

Biochar, particularly that of animal bone 
origin, is another sustainable solution for the 
provision of Pi. Biochar, primarily aimed at 
carbon sequestration, is the product of 
pyrolysis, a thermochemical decomposition 
of organic materials performed at 400-700°C 
in the absence of oxygen for a few minutes. A 
process developed by researchers in 
University of Florida removes three-quarters 
of Pi from the biochar of sugar beet residues 
(177). The solubilization of animal bone char 
with high Pi content by micro-organisms that 
produce organic acids has been proposed as a 
multi-functional biofertilizer (178). 

 7. The use of Pi solubilizing microorganism  

Soil microorganisms, including bacteria and 
fungi, are keys to Pi dynamics in soil and the 
subsequent availability of Pi to plants through 
a number of mechanisms. These include i) 
hydrolysis of in/organic Pi compounds; ii) 
increase in the surface area of roots by either 
an extension of existing root systems (e.g., 
mycorrhizal associations) or by enhancement 
of root branching and root hair development 
by inducing the production of 
phytohormones; and iii) stimulation of 
metabolic processes that are effective in 
altering the distribution of microorganism 
populations (Figure 2).  

Among them, Pi solubilizing bacteria 
(PSB) play direct roles in hydrolyzing Pi 
from organic and inorganic compounds in 
soil. PSB strains from Pseudomonas, 
Bacillus, Rhizobium or Pantoea genera are 
the most powerful ones (179-181). The 
positive effect of Pseudomonas putida and 
Pantoea agglomerans inoculation on plant 
growth has been reported in many field trials 
(181-183). 

Different kinds of organic acids, namely 
citric acid, gluconic acid, lactic acid, succinic 
acid, propionic acid, and three unknown 
organic acids have been distinguished in the 
cultures of isolate microorganisms (184, 185). 
Organic anions and associated protons 
secreted by microorganisms solubilize Pi in 
the surrounding soil by the simple hydrolysis 
of inorganic compounds (e.g., Fe- and Al-P in 
acid soils, Ca-P in alkaline soils), by 
chelating associated metal ions, or by ion 
exchange reactions (29,186). 

A more promising approach to the use of 
PSB is the mineralization of soil organic Pi 
compounds by the production of 
phosphatases (179). Microorganisms may 
produce both acid and alkaline phosphatase 
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(187), while plants secrete APases only (188). 
The largest portion of extracellular soil 
phosphatases is derived from microbial 
populations (189). The degradability of 
organic Pi compounds depends mainly on the 
physicochemical and biochemical properties 
of the molecules. Nucleic acids, 
phospholipids, and sugar phosphates are 
easily broken down, but phytic acid, 
polyphosphates, and phosphonates are 
decomposed more slowly (190, 191). It is 
noteworthy that microorganisms, especially 
bacteria, have a relatively high P requirement 
(1.5–2.5% P by dry weight compared to 
0.05–0.5% for plants). Therefore, in closed 
ecosystems with insignificant Pi inputs, soil 
organisms could be highly competitive with 
higher plants for Pi (Figure 2) unless they are 
sufficiently robust (109).  

Rhizobacteria may indirectly influence the 
Pi acquisition by plants through the 
production of phytohormones such as auxin 
and gibberellic acid as well as vitamins that 
stimulate root growth (192). Therefore, some 
researchers prefer naming such bacteria plant 
growth promoting rhizobacteria (PGPR; 193). 

Another valuable plant–microbe interaction, 
namely mycorrhizal symbiosis, is based on the 
mutualistic exchange of carbon from the 
plants in return for Pi and other nutrients 
from the fungi. Influx of Pi in roots colonized 
by mycorrhizal fungi can be 3–5 times higher 
than in non-mycorrhizal roots (194). The 
symbiotic relationship between Mycorrhiza 
and plants is one of the most abundant 
symbiotic activities in the plant kingdom and 
exists in most ecosystems (195). 

Unfortunately, the neglectful interference of 
human activities such as the over-application 
of fungicides and frequent applications of 
chemical Pi fertilizers has seriously 
threatened this advantageous symbiosis.  

Concluding remarks 

As the world is concerned about the limited 
resources of Pi and, at the same time, 
environmental pollution due to the excessive 
use of fertilizers and heavy metals impurities, 
collaborative efforts are needed to reduce the 
use of these fertilizers while meeting the 
progressive needs for food demands. 
Understanding the biology of the Pi 
metabolism cycle and its cycles between the 
biological and physical worlds would greatly 
help the efficient utilization of Pi. Alternative 
methods of extracting PR for Pi provision by 
hydrolyzing soil Pi compounds is also 
indispensable to reduce the need for Pi 
fertilizers and to lessen environmentally 
harmful input. Now it is time to develop more 
comprehensive formulations as integrated 
plant nutrition management systems which 
involve the use of certain ratios of chemical 
fertilizer, organic matters, and biofertilizers. 
However, there are a lot of uncertainties that 
require global data sharing and collaborative 
research programs. The Phosphate Knowledge 
Center web site (http://www.GreenPi.info) has 
been established to pave the way for both. It 
would also assist the management of huge 
amounts of compiled data as well as the 
introduction of a biomodel to describe the 
complexity of Pi roles in biological systems. 
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