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1. Introduction 

Since the ancient times, food production was exercised in farms where animals and plants 

were grown together (Figure 1). However, as a part of Green Revolution, the use of 

synthetic fertilizers turned out to be an integrated part of industrial agriculture which has 

progressively encouraged disintegration between cropping and animal husbandry. As a 

result, the consumptions of fertilizers have remarkably increased since half a century ago 

[1]. Indeed, disruptions in the cycles of nutrients have brought about environmental 

challenge that caused irreversible damages to natural ecosystems while reasonably justified 

by the real needs for food security for growing human population. As one of the main 

challenges in the world of agriculture, provision of phosphorus (P) for plant nutrition 

requires a closer look from several points of views. 

 

Figure 1. Painted grain and livestock growing together in ancient Egypt. 
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In this chapter, we firstly explain the importance of P in living organisms and the evolved 

adaptive mechanisms, particularly from the molecular and genomic aspects. Subsequently, 

the cycle of exchanging P between physical and biological worlds will be described to show 

the extent of disturbance by current agricultural practices. Then, possible solutions to the 

experienced problems in industrialized agriculture will be discussed. The needs for 

introducing less-energy demanding production and consumption methods for P provision 

and the use of new generation of fertilizers, particularly organic and biological ones in 

combination with chemical P fertilizers will be described in details to address integrative 

measures for sustainable agriculture. 

2. Pi importance 

P, in the form of phosphate ion (Pi), is the most vital element for all living organisms 

playing major roles in the structures of essential biomolecules such as nucleic acids, 

phospholipids and phosphosugars, in almost all metabolic reactions including 

photosynthesis and respiration, in energy delivering molecules such as ATP, ADP or 

NADPH and in transduction of signals within the cells. To ensure functional metabolic 

reactions, Pi homeostasis must be kept between 5 to 20 mM in the cytoplasm. Plants absorb 

P only in its soluble inorganic form of Pi, H2PO4- or HPO42-, which occur in the soil between 

0.1 to 1 µM [2-4]. Therefore, it is one of the most needed nutrients for plant growth and 

development and considered as a major limiting factor in crop yield.  

3. Soil Pi and plants uptake 

Most soils contain a significant amount of P compounds, ranging from 200 to 3000 mg/kg, 

averaged at 1200 mg/kg [5]. P compounds in soil comprise a wide variety of organic and 

inorganic forms [6]. However, only a small proportion (generally less than 1%) is immediately 

available to plants as free Pi. The majority of inorganic compounds are predominantly 

associated with calcium (Ca) in alkaline soils or with iron (Fe) and aluminum (Al) in acidic 

soils [6]. Organic Pi accounts for 30 to 80 percent of soil P, among them monoester P occurs 

predominantly as cation derivatives of inositol hexakisphosphates (mainly as phytate), 

whereas sugar phosphates and diester phosphates (e.g. nucleic acids and phospholipids) 

constitute only a small proportions (~5%)[7, 8]. Factors that contribute to the accumulation and 

turnover of different forms of in/organic P in soil are complex and controlled by various 

competing processes that have been the subject of several reviews [6, 9-13]. 

High concentrations of Pi are generally found in the surface layer of soil profiles or in nutrient-

rich patches. Plants usually produce more roots in the surface soil than the subsoil. For 

instance, an analysis of traits associated with the rate of Pi uptake in wheat showed that root 

length density in the surface soil was the most important trait for Pi acquisition [14]. Because of 

that, drying the surface soil can cause ceased Pi uptake or ‘nutritional drought’ [15].  

Low solubility of Pi in water (0.5 mg/lit), slow diffusion rates of Pi in soil (10-12 to 10-15 m/s) 

and limited capacity for replenishment of soil Pi-solution are major factors that contribute to 
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its deficiency in plants [4, 16-18]. It is also influenced by biological processes such as the 

hydrolysis of ester bonds in organic Pi compounds by phosphatase enzymes.  

The uptake of Pi from soil by plants depends on both the rate of diffusion of Pi towards 

roots and the growth of the root system to access unexploited soil [19]. Roots rapidly deplete 

Pi in the soil solution so that its concentration at the root surface is estimated around 0.05–

0.2 mM [19]. Although this establishes a Pi-diffusion gradient from the rhizosphere to bulk 

soil [19-21], low Pi diffusion rate effectively limits its uptake [22]. It is believed that proper 

application of the fertilizers not only provides Pi, but also promotes root growth into 

unexploited soil [18]. 

4. Pi uptake and reallocation in plants 

Under experimental conditions, both high and low affinity Pi uptake mechanisms have been 

recognized in plants [23,24,25]. Nevertheless, it is generally accepted that if Pi level is within 

the micromolar range (1–10 µm), which corresponds to Pi concentrations in most cultivated 

soils, the high-affinity transporters handles Pi uptake. The Km for high-affinity transporters 

varies from 1.8 to 9.9 µM [25]. It is an energy mediated co-transport process, driven by 

protons generated by a plasma membrane H+-ATPase [23, 26]. Additional evidence for the 

involvement of protons in Pi uptake comes from the use of inhibitors that disrupts proton 

gradient across membranes causing the suppression of Pi uptake [25,27].  

Both experimental data and genome sequence analyses indicate that plants possess families 

of Pi transporter genes [24, 28-31]. Current data suggest that members of the PHT1 Pi 

transporter family mediate transfer of Pi into cells, whereas members of the PHT2, PHT3, 

PHT4, and pPT families are involved in Pi transfer across internal cellular and organelle 

membranes [32-35]. 

Members of the PHT1 Pi transporter gene family have been identified in a wide range of 

plant species including Arabidopsis, rice, medicago, tomato and soybean [28, 36-41]. 
Analysis of Arabidopsis whole genome sequences revealed a set of nine PHT1 transporters. 

Eight of them expressed in roots from which four are expressed in the epidermal cells. In 

contrast, there is less redundancy in the aerial tissues [42]. In rice, at least 10 of the PHT1 

transporters are expressed in roots [40].  

Overlapping expression patterns have also been reported for the PHT1 Pi transporters in 

other plant species [38,41,43-46]. The function of some PHT1 transporters have been 

analyzed either by expression in yeast Pi transport mutants or in plant cells [27,30,36,43,47]. 

In Arabidopsis two Pi transporters, PHt1;1 and PHt1;4, mediate 75% of the Pi uptake 

capacity of the roots system in a wide range of environmental conditions [48]. 

After uptake into the roots, Pi moves symplastically from root surface to xylem at a rate of 

about 2 mm/h and to the other organs afterwards [2]. Entering into the xylem for long-distance 

translocation to the shoot is facilitated by another set of transporter-like proteins [49-50]. Most 

of the absorbed Pi by the roots is transported through xylem to growing leaves of Pi-fed 

plants. In Pi-starved plants. Stored Pi in older leaves is retranslocated to both younger leaves 
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and growing roots, from where Pi can again be recycled to the shoot [51]. Consequently, the 

uptake and allocation of Pi in plants requires multiple transport systems that must function in 

concert to maintain homeostatic level of it throughout the plant tissues [52]. 

5. Plant adaptive strategies toward low Pi  

5.1. Morphological changes in root architecture  

Factors that affect the initiation and activity of the meristems have a large effect on the three 

dimensional patterns of roots in space, the so-called Root System Architecture (RSA) [53] 

which is greatly influenced by surroundings soil and particularly the availability and 

distribution of nutrients, including Pi [54]. Several studies demonstrated that Arabidopsis 

thaliana exposed to low available Pi have reduced primary root growth and at the same time 

increased lateral root formation and growth and, also, root hair production and elongation 

[55]. Under sever Pi starvation, root hairs disappeared entirely in tomato [56]. Modification 

of RSA enable plant roots to explore the upper parts of the soil, a strategy described as 

‘topsoil foraging’ [57]. Symbiotic associations with fungi (Vesicular-Arbuscular 

Mycorrhizae; see below) and formation of cluster roots are adaptive responses to increase Pi 

uptake in many plants which allow competent exploration of soils for fixed Pi [58-63].  

Detailed analysis demonstrated some differences in RSA responses among ecotypes [64]. 

Among 73 Arabidopsis ecotypes, half showed reduced primary root growth on low Pi 

suggesting that root growth inhibition is determined genetically rather than being 

controlled metabolically only [65].  

The first visible event upon Pi starvation is reduction of primary root cell elongation 

followed by a reduction of cell division as traced by rapid repressonof the cell cycle marker 

CYCB1;1. This is accompanied by a loss of quiescent center identity as detected by the QC46 

marker [66].  

Transcriptomics approach as well as mutations analyses have revealed an inventory of 

genes which are repressed or induced during Pi starvation. For example, PRD (Pi root 

development) gene is rapidly repressed in roots under low Pi conditions [67-70]. In this 

context, PRD repression mediated primary root growth arrest [66].  

5.2. Metabolic adaptations to Pi deficiency conditions 

As mentioned above, Pi is an essential macronutrient that plays a central role in virtually all 

metabolic processes in plants. This was clearly illustrated for Pi-induced inhibition of a 

major regulatory enzyme of starch biosynthesis, ADPGlc pyrophosphorylase. Similarly, a 

vacuolar acid phosphatase (APase) displayed strong activity inhibition by sufficient Pi [71-

73]. Conversely, the depletion of vacuolar Pi pools by extended Pi deprivation effectively 

relieved the inhibition of some APase expressions [74].  

A common feature of the plant response to long-term Pi starvation conditions is the 

development of dark-green or purple shoots due to anthocyanin accumulation. It is brought 
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about by Pi-induced biosynthetic enzymes in each step of the pathways leading to the 

synthesis of cyanidin, pelargonidin, flavonoids and anthocyanin [74-76].  

A reduction in the phospholipid content of Pi-starved plant membranes coincided with 

increased sulfolipid sulfoquinovosyldiacylglycerol and galactolipid digalactosyldiacylglycerol 

membrane lipids. SQD1 and SQD2 are Pi starvation inducible enzymes required for 

sulfolipid biosynthesis in Arabidopsis [74,77]. Consistently, an Arabidopsis sqd2 T-DNA 

insertional mutant showed reduced growth under Pi starvation conditions [78]. Galactolipid 

digalactosyldiacylglycerol accumulation was reduced in the roots of Pi-starved pldz1 single 

and pldz1/pldz2 double mutants [79]. PLDz generates phosphatidic acid that can be 

dephosphorylated by an APase to release Pi and diacylglycerol serving as a second 

messenger. The latter activates a protein kinase-mediated protein phosphorylation cascade 

which controls root growth. In contrast to PLDz function in roots, a non-specific 

phospholipase C5 is responsible for phospholipid degradation in leaves during Pi starvation 

[80].  

As a consequence of harsh Pi stress, large (up to 80%) reductions in intracellular levels of 

ATP, ADP, and related nucleoside phosphates also occur [81-82]. A noticeable feature of 

plant metabolism alterations is that some step in metabolic pathways could be bypassed to 

reduce dependence on Pi or ATP. This was confirmed by silencing of genes encoding 

enzymes traditionally considered to be essential. The growth and development of resulting 

transgenic plants were more or less normal [82] while it was expected to have inhibition of C 

flux. Protein phosphorylation and glycosylation were found responsible for controlling the 

activity and/or subcellular targeting of some enzymes involved in bypassed metabolic 

reactions in response to Pi deprivation [83-85]. 

5.3. Acid Phosphatases and Pi recycle  

A key plant response to Pi deprivation is the up-regulation of a large number of intracellular 

and secreted APase enzymes that hydrolyze Pi from a broad range of Pi compounds. 

Secreted APases are believed to function in scavenging nutritional Pi from many exogenous 

organic Pi substrates, including phytate, RNA, DNA, ATP, 3-phosphoglycerate, and various 

hexose phosphates that typically constitutes 20-85% of P compounds in soil [17,73-75,86-88]. 

Similarly, intracellular APases scavenge and remobilize Pi from expendable intracellular Pi 

monoesters and anhydrides. This is accompanied by marked reductions in levels of the 

cytoplasmic Pi-containing metabolites during extended Pi deprivation [75,81]. 

It is noteworthy that APase activity in rhizosphere or soil solution may also originate from 

fungi such as Aspergillus [89] and mycorriza [90] or from bacteria [89,90]. Microorganisms 

may produce both acid and alkaline phosphatase [89] while plants secrete APases only 

[89,92].  

5.4. Organic acid biosynthesis and secretion 

An adaptive strategy for Pi acquisition is the excretion of proton and organic acids from 

roots which results in acidification of rhizosphere. The importance of this mechanism was 
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unknown until plasma membrane H+-pumping ATPases were shown to be involved in plant 

adaptation to Pi starvation [93]. Acidification was also correlated with the up-regulation of 

novel membrane channels needed to transport anions such as citrate and malate from root 

cells into the rhizosphere [94]. Organic acid excretion results in the chelating of metal cations 

that immobilize Pi (e.g. Ca2+, Al3+, Fe2/3+), thus, increasing free Pi concentrations in soil upto 

1000-fold. Acidification of rhizosphere also enhances the hydrolysis of organic Pi by 

secreted APases. As well, organic acids could function as carbon source for symbiotic 

rhizobacteria that facilitate root Pi acquisition [17,74,75,86].  

The amounts of exuded carbon as organic acids can be enormous, ranging from 10% to 

greater than 25% of the total plant dry weight [75]. Enhanced synthesis of organic acids in 

Pi-starved plants has been correlated with up-regulation of phosphoenolpyruvate 

carboxylase and its activation by reversible phosphorylation as well as malate 

dehydrogenase and citrate synthase and elevated rates of dark CO2 fixation [75,83].  

6. Genomic analysis of Pi adaptation mechanisms  

As sessile organisms, plants stand on their own potential to retrieve Pi from their 

surrounding soil and utilize it as efficient as possible. Perhaps, this is why they carry 

numerous loci encoding APases and Pi transporters. Some representative genomes are 

shown in Table 1.  

 

Organism Genome size (Mb) APases Pi transporters 

Oryza sativa 450 40 14 

Arabidopsis thaliana 125 58 15 

Glycine max 975 128 35 

Populus trichocarpa 10 51 22 

Table 1. Genome size and the number of APase and Pi transporter-encoding genes in four plant 

genomes with annotated sequenced. 

Genome-wide profiling methods has been employed to compare the transcriptional profiles 

of Pi-starved and Pi-fed plants [67-69,95-99]. These studies have shown that the changes in 

gene expression can be detected within hours after exposure to Pi starvation [67,68,95]. Wu 

et al. [67] found that within 72 h from the onset of Pi starvation, the expression of 1800 of 

6172 surveyed genes were changed over two-fold, which include more than 100 

transcription factors and cell signaling proteins. Furthermore, differential expression 

patterns in leaves and roots demonstrated distinct responses to Pi starvation in those organs. 

A similar conclusion was obtained from the microarray analysis of the Pi-starved rice 

seedlings [100]. Using an Arabidopsis whole genome Affymetrix chip which includes 22,810 

genes, Misson et al. [68] found that the expression of 612 genes were induced while 254 

genes were suppressed under Pi-limiting conditions. In addition to the Pi transporters, 

RNase and APase genes, the induced genes include those that function in sulfate and iron 

transport and homeostasis, Pi salvaging from organic compounds, phospholipids 

degradation and galacto- and sulfolipid synthesis, anthocyanin synthesis, phytohormone 
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responses, signal transduction, transcriptional regulation, protein degradation, cell wall 

metabolism and so on. The suppressed genes are involved in lipid synthesis, reactive 

oxygen controlling and protein synthesis. In another research, Morcuende et al. [69] showed 

P deprivation led to transcriptional alterations in over 1000 genes involved in Pi uptake, the 

mobilization of organic Pi, the conversion of phosphorylated glycolytic intermediates to 

carbohydrates and organic acids, the replacement of phospholipids with galactolipids and 

the repression of gene implicated in nucleotide/nucleic acid synthesis which were reversed 

within 3 h after Pi re-supply. In addition, analysis of metabolites confirmed that P 

deprivation leads to a shift towards the accumulations of carbohydrates, organic acids and 

amino acids. Pi deprived plants also showed large changes in the expression of many genes 

involved in secondary metabolism and photosynthesis. Hammond et al. [101]used an 

oligonucleotide potato microarray to investigate the transcriptional profile of potato leaves 

under Pi deficiency and compare their data with previously described transcriptional 

profiles for the leaves of Arabidopsis and rice. They identified novel components to these 

profiles, including the increased expression of potato patatin genes- with potential 

phospholipase A2 activity- in the leaves of Pi deficient potatoes. A set of 200 genes were 

identified that show differential expression patterns between fertilized and unfertilized 

potato plants.  

Müller et al. [102] investigated the effect of interaction of Pi and sucrose signals on the gene 

expression pattern in Arabidopsis. They found several genes that were previously identified 

to be either sugar-responsive or Pi-responsive genes. In addition, 150 genes were 

synergistically or antagonistically regulated by the two signals. 

In a comprehensive analysis, Lin et al. [103] conducted time course microarray experiments 

and co-expression-based clustering of Pi-responsive genes by pair wise comparison of genes 

against a customized data base. Three major clusters enriched in genes functioning in 

transcriptional regulation, root hair formation and developmental adaptations were 

distinguished in this analysis. The genome-wide transcriptional approach may be used to 

infer inclusive scenarios for involved mechanisms in the signaling and adaptation of plants 

to Pi deficiency.  

7. Pi sensing and gene expression 

Metabolic adjustments to Pi limitation are largely cellular responses to sensed by internal Pi 

status which trigger a systemically integrated regulating mechanisms involving microRNAs, 

non-coding RNAs and PHO2 downstream of PHR as revealed in recent studies. PHR1, a 

MYB transcription factor, binds to the promoters of most of the Pi-responsive genes that are 

positively or negatively affected by Pi starvation [104]. Despite its central role in controlling 

the expression of numerous Pi-responsive genes, the phr1 mutant showed no major 

phenotypic defects except for a slight difference in the root-to-shoot ratio and root hair 

induction [105]. Indeed, PHR1 works with another MYB factor, PHL1, to control most 

transcriptional activations and repressions in responses to Pi deficiency [104]. Furthermore, 

about two thirds of the genes repressed in Pi-deprived wild type seedlings were markedly 

de-repressed in Pi-starved phr1phl1 double mutants [104]. 
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In Arabidopsis, a number of miRNA molecules have been shown to be specifically and 

strongly induced by Pi limitation, including miRNA399, miRNA778, miRNA827 and 

miRNA2111[106-108], though only the role of miRNA399 in the regulation of Pi homeostasis 

has been elucidated [77,109]. miRNA399 is a component of the shoot-to-root Pi-deficiency 

signaling pathway that moves from shoot to root via the phloem where it targets the 

transcripts of PHO2 [103,110]. The repression of PHO2 expression by miRNA399 causes up-

regulation of root Pi transporters (e.g. PHT1;8 and PHT1;9).  

The Pi-signaling network also involves IPS (Induced by Pi Starvation) genes that carry short 

open reading frames [111-112]. It is postulated that their transcripts operate by a mechanism 

called ‘target mimicry’ as they contain a conserved 23-bp region complementary to 

miRNA399 and to fine-tune the PHO2–miRNA399 pathway [113]. Since homologs of 

Arabidopsis IPS and PHO2 genes are present in numerous other plants such a mechanism is 

probably widespread in plants [114].  

The role of miRNAs and non-coding RNAs appear to be extended to a possible role in its 

coordination with homeostasis of Pi and also other nutrients. For example, a hypothetical 

role was attributed to miRNA827, in the cross-talk between Pi-limitation and nitrate-

limitation signaling pathways that affect anthocyanin synthesis [108]. In a survey on small 

RNAs showing differential expression, miRNA169, miRNA395, and miRNA398 were found 

to be suppressed in response to Pi deficiency while they also responded to other nutritional 

stresses [106]. Furthermore, miRNA169 and miRNA398 target genes involved in drought 

tolerance and oxidative stress response [115]. Suppression of miRNA395 was suggested to 

up-regulate the expression of APS4 and SULTR2;1 leading to increased sulfate translocation 

and improved utilization of sulfolipid biosynthesis under Pi-deficient conditions [115].  

Taken together, the genome-wide surveys affirm the participation of miRNAs in 

coordination of homeostatic pathways of Pi and possible links between them and metabolic 

adjustment [106]. 

8. Limited Pi resources 

Despite the existence of high amounts of P in the soil [5], the concentration of available Pi in 

many soil solution averages at about 1 µM and seldom exceeds 10 µM [2] which is far below 

the cellular Pi concentrations (5–20 mM) required for optimal plant growth and 

development [73]. Such a limitation often lead to reduced productivity in natural 

ecosystems as well as cropping systems, unless it is supplied as fertilizer [74-75]. Whilst our 

limited global Pi reserves are non-renewable, P in many agricultural soils is being building 

up. This is because 80 to 90 percent of Pi applied as fertilizer is fixed by soil particles or 

compounds, rendering it unavailable for plants.  

9. Types of Pi mines  

There are over 200 P minerals existing on the earth but only a few can be used for 

commercial extraction of Pi [61]. Phosphate Rocks (PR) is the commercial term applied to all 



 
Plant Phosphate Nutrition and Environmental Challenges 11 

Pi bearing minerals suitable for Pi production. The primary Pi minerals in PR are 

phosphorites that include fluor-apatite (Ca10(PO4)6F2), Hydroxy-apatite (Ca10(PO4)6(OH)2, 

carbonate-hydroxyl-apatites, and francolite (Ca10-x-y Nax Mgy(PO4)6-z(CO3)zF0.4zF2) which 

is a carbonated-substituted form of apatite mainly found in marine environments [116]. 

In PR industry the grade of the rocks are mostly reported as the percentage of P pentoxide 

(P2O5). Three major resources that can be profitably recovered today are as below [116-117]: 

1. Sedimentary Pi deposits which are widespread throughout the world, occurring almost 

on all continental shelves. Francolite and apatites are deposited in layers that might 

cover thousands of square miles in several chemical compositions and a wide range of 

physical forms [116,118].  

2. Igneous Pi deposits which are mostly found in continental shelf and on seamounts in 

the Atlantic and Pacific oceans (Russia, Canada, Brazil and South Africa). Their 

exploitation is economically non-feasible so that they have mostly remained untouched 

[118].  

3. Biogenic deposits, also known as island Pi, which are mainly old bird and bat 

droppings built up.  

About 80% of world Pi production comes from non-renewable sedimentary reserves, 15 to 

19% from igneous and about 1-5% from biogenic and other deposits such as island Pi which 

are near total depletion due to over exploitation during the past decade [116].  

10. Geographic distributions of Pi rocks 

Today, PR is produced in over 40 countries, with 12 countries producing over 92 % of the 

world’s total production [118]. US alone produce over 28% of the total production followed 

by China, Morocco and Russia. Among them, four major producers of PR (the United States 

of America, China, Morocco and Western Sahara, and the Russian Federation) produced 

about 72.0 percent of the world total. Twenty other countries produced the remaining 6-7 

percent of world production [119]. 

11. Methods of Pi production 

Production of fertilizers began in early 19th century when crushed bones were treated with 

acid and applied to soil. Since 1945 mining of PR was increased from 11.2 Mt to 145 Mt in 

1999 [120]. This was translated to increasing production rate of Pi fertilizers (as P2O5) from 4 

Mt by 1940’s to over 42 Mt annually today [121]. Ever since new technologies has been 

evolving to maximize the production rate and purity of the fertilizers. Here a brief 

description of the major production methods is given.  

11.1. Wet process  

The wet process or hemihydrate process is the newest and dominant production method 

used due to its ease, lesser investment size, energy efficient and higher yield [122]. Basically, 



 

Plant Science 12 

this is the process where PR is treated with sulfuric acid to hydrolyze apatite minerals. 

Other acids can be used to harvest Pi depending on the costs and desired final product. For 

example, phosphoric acid addition yields TSP as the final product. Using of nitric acid and 

hydrochloric acid has also been reported but never industrialized. Phosphogypsium and 

silicon fluorine or HF are as the main side product in this method. Sulfuric acid added to 

PRs forms the soluble monocalcium Pi. This product can either go to the fertilizer 

production (i.e. MAP or DAP) or to concentrated forms for other applications [122-123]. 

Concentrating the product by evaporation can yield up to 53% phosphoric acid solution. 

The pollution of current technology wastes (4-5 tons phosphogypsium per one ton of P2O5) 

signifies the processing costs for the industry.  

11.2. Thermal process 

Thermal process is an older technology that is used in only a few factories in the world. 

High electricity and water consumption as well as higher investment size and lower product 

yield makes such process less desirable for investors. This process can be performed in 

desired scales, but requires detailed financial feasibility estimation depending on the 

production site location [122]. Before heating, Pi rock is converted to 1-2 cm pellets by wet 

granulation and sintering to prevent blocking of furnace. Next step involves mixing with 

cokes (reducing agent) and SiO2 (for slag formation) before feeding into furnace. Heating at 

1500˚C, Pi is reduced to P4 in gaseous state which is condensed afterward. Remaining CaO 

combines with SiO2 to form liquid slag that might be used for road construction [124].  

11.3. Bioprocess 

Bioprocessing of Pi rocks involves treatment of apatites with Pi solubilizing bacteria. This 

controlled fermentation process requires presence of a bacterial energy supply such as 

sugars which is consumed to produce organic acids to break down the PRs [125]. 

Optimization of this process is still under investigation of many scientific and financial 

institutes due to its promising outlook.  

Bioprocessing of insoluble soil Pi compounds is also carried out directly in agricultural 

fields by the use of biofertilizers (see below) which converts a portion of precipitated 

fertilizers as well as natural occurring insoluble Pi. This method is extremely feasible with 

regards of purchasing, application and higher crop yields [126].  

12. Emergence of Pi fertilizers  

As mentioned earlier in this chapter, Pi has been found to be the limiting macronutrient in 

most agricultural soils. The first surveys that revealed such deficiency was a simple study 

during early 19th century in England [127]. At that time the only source of artificially added 

Pi to the agricultural soils was farmyard manure, which resulted in higher crop yields near 

manure production sites. It was only a matter of time before it was realized that crushed 

bones might have a positive result on crop yield on some specific types of soils. Treating the 
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crushed bones with sulfuric acid to produce superphosphate was followed by the same 

treatment of PRs to produce current Pi fertilizers which was the beginning of a new era in 

the world agriculture history [127]. Since then, Pi fertilizers production processes, molecular 

types, application methods and feasibility assessments have been the subject of a wide range 

of researches and analyses. Table 2 summarizes popular Pi fertilizers that are currently used 

[128].  

13. Trend of Pi usage in the world 

In 2006, 167 Mt of PR were mined in the world, while China alone was responsible for 56 Mt 

of it. 23% of the total PR production was directly used as fertilizers which equals 12 Mt P2O5 

per year. Only 6% was used for production of elemental P, and almost the rest went through 

the wet process for production of phosphoric acid, which in turn is mostly (88-95%) used up 

for Pi fertilizers. World’s total Pi supply (P2O5) has been estimated to rise from 42 Mt in 2010 

to 45 Mt in 2015 (Table 3) [121]. It is expected that P fertilizer supply will have an increased 

trend of 3.2% annually with the major Pi balance (production minus consumption) surplus 

in North America and Africa and deficit in Latin America and Asia. With the current rate of 

consumption, various estimates showed that recoverable Pi mine will be vanished in 50 to 

100 years [129]. 

 

Material P N K S P compound 

Superphosphoric acid 
30 to 

35 
----- ----- ----- H3PO4 

Wet Process phosphric 

acid 

23 to 

24 
----- ----- ----- H3PO4 

Concentrated 

superphosphate (TSP) 
20 ----- ----- 1 to 1.5 Ca(H2PO4)2 

Diammonium 

phosphate (DAP) 

20 to 

21 

18 to 

21 
----- 0-2 (NH4)2HPO4 

Monoammonium 

phosphate (MAP) 

21 to 

24 

11 to 

13 
----- 0 to 2 NH4H2PO4 

Normal 

superphosphate 
7 to 10 ----- ----- 12 Ca(H2PO4)2 

Phosphate Rock 
12 to 

18 
----- ----- ----- 

[Ca3(PO4)2]3.CaFx. 

(CaCo3)x.(Ca(OH)2)x 

Monopotassium 

phosphate  
----- 35 ----- KH2PO4 

Dipotassium 

phosphate  
----- 54 ----- K2HPO4 

Table 2. Commonly used Pi fertilizers and the percentage of each elements (quoted from Havlin and 

Beaton [128]). 
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An IFDC estimates shows that resources of unprocessed PR of varying grades could be as 

high as 290 Mt [130] that could become reserves once all high grade PR are depleted. Even if 

this takes place, the price of Pi would not be affordable for many poor farmers and still 

pollution because of Pi accumulation and associated wastes in the soil and water are of 

concerns. 

 

2015 2014 2013 2012 2011 2010 Year 

47788 46439 45011 43966 42094 39600 Supply 

45015 44245 43435 42562 41679 41700 Demand 

2773 2194 1576 1404 415 -2100 Potential balance 

Table 3. World Pi supply, demand and balance according to FAO report (2008) [119]. 

It is noteworthy the extracted phosphoric acid, so-called green or wet process acid, contains 

upto 24% elemental P and is produced from the reaction of sulfuric acid and PR. It is used 

for agronomics means either by direct application to more alkaline soils or by reaction with 

PRs for partial or complete acidulation. Phosphoric acid is also produced by electric furnace 

to produce elemental P that in turn reacts with O2 and water to make phosphoric acid. This 

type of phosphoric acid, called white acid, is purified to make technical and food grades 

which is mostly used for non-agricultural purposes such as soft drinks due to its higher 

purity and expensive production costs [128].  

14. Effect of P fertilizers on crop yields 

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 vicinity of 

root. Even though the average use of P2O5 (19 kg/ha) has been less than recommended 

amounts in the literature (30Kg/ha) [131], it has resulted in significant increase in crop yields 

around the world. For example, an increase between 9 to 60% compared to control was 

observed in Middle East countries on barley, wheat, and chickpea. Productivity Indexes of 

cereal crops were as high as 11.1 when up to 90 kg/ha P2O5 were added. Data on oil crops 

shows productivity index upto 6 in groundnut and mustard. In Indonesia, upto 10 fold 

increase was observed after soluble Pi was added to soybeans [131]. Such examples are very 

easy to find in the literatures dated early 19th to 20th centuries when the application of Pi 

fertilizers were becoming dominant. The resultant high yield is accompanied by Pi removal 

of 6 kg/ha for cereals and 20 Kg/ha for other crops from soil [61].  

15. The fate of Pi fertilizers in soil 

Two contrasting challenges of higher crop yield and environmental concerns necessitate 

tracing the fate of Pi fertilizer added to soil. As the Pi fertilizer granule or droplet is added to 

the soil, the moisture penetrates its way into the fertilizer. This results in the release of 

export of Pi into the soil which might expand as far as 3 to 5 cm from an average size 

granule [128]. As long as the original salt remains, a saturated solution is maintained around 
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the granule, which in turn absorbs water, increasing the soil moisture. In these areas Pi 

uptake can take place efficiently by plants. Depending on type of soil and its cations 

composition, the released Pi can re-precipitate within a few days or weeks [127-128]. This 

behavior indicate the proper time of Pi fertilizer application in order to reduce the chance of 

Pi accumulation in the soil. The use of such information also helps calculating the correct 

amount of Pi that should be applied for maintaining the P-level of the soil after a harvesting 

season which is extremely important for balanced fertilization. It has been shown repeatedly 

no increase in yield is detected when Pi fertilizers are over-used [124,127,128]. 

16. Need for Pi preservation and restoration  

Historically, since mid-19th century, the use of local organic matters was replaced by other 

sources such as guano, deposited bird droppings in remote islands. Growing world 

consumption rapidly vanished guano resources by the end of 19th century shifting trades to 

PR. In recent years, the PR production has grown to over 140-160 Mt per year for extraction 

of about 25 Mt elemental P per year [132].  

 

Figure 2. Predicted peak of elemental P production curve based on actual data in previous years. It 

illustrates global P reserves are likely to peak around year 2033 when current P production will not be 

economical any more (Quoted from Cordell et al. [129]). 

Since PRs are non-renewable, it is estimated that the economically recoverable reserves will 

be depleted by the end of this century [129]. The point is that production rate will peak at a 

maximum when high quality and accessible Pi resources are depleted and mining and 

processing become quite expensive. As shown in Figure 2, the consumption of P since 19th 

century follows a Guassian distribution curve. Assuming the total earth reserve of elemental 

P is approximately 3240 Mt, then its production will peak at 29 Mt in 2033 as modeled by 

Cordell et al. [129] (Figure 2). Although the actual timing depends on several conditions to 

be met, however, this is really alarming if considering that the non-renewable Pi reserves are 

finite and there is no substitute for PRs. Besides, one might presume that the energy cost 

will be increased and the average grade of Pi will decrease in future as it was experienced to 

decline from 15% to 13% between 1970 to 1996 [132]. As this challenge silently threaten the 

food security, a global comprehensive effort is necessary. Web sites such as Pi Knowledge 
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Center (http://www.GreenPi.info) or Global Phosphorus Research Initiative 

(http://www.phosphorusfutures.net) could greatly help worldwide data sharing and 

collaborations amongst scientists and other players to seek integrative solutions.  

17. Environmental concerns about Pi production 

Removal of massive amounts of soil and extensive washing with huge amounts of water are 

major changes in the environment of the mining sites and the surrounding regions by 

themselves. However, the most important issue is disposal of side products that pollute the 

ecosystem at the stacking sites massively.  

Phosphogypsum, the side product of wet process, is deposited in large land areas called 

gypsum stacks. For the production of 50 Mt of P2O5 annually, about 250 Mt of gypsum is 

produced, out of which only 10 percent is used for other purposes (e.g. road construction, 

cement and housing) and the rest remains stacked [122].  

Presence of radioactive materials in side products is another issue for Pi production 

industry. PRs contain mainly uranium (20-300 ppm) and thorium (1 to 5 ppm) and their 

decay products. This would mean 0.35 kg U2O8 per Mt P2O5 or 2100 tons of unused uranium 

annually [122,133]. About 80 percent of this amount and their decay products are 

concentrated within the gypsum waste materials in wet process. These could be as high as 7 

to 100 pCi/g uranium, 11 to 35 pCi/g radium and 1.7 to 12 pCi/g radon, though radioactivity 

is different from stack to stack depend on the original PR. The fertilizers themselves might 

also exhibit radioactivity which might be as high as 33 pCi/g in US [133]. These concerns are 

reflected in a final rule of EPA issued in 1992 stating "phosphogypsum intended for 

agriculture use must have a certificated average concentration of radium-226 no greater than 

10 pCi/g" [133].  

18. Environmental impacts of Pi fertilizers consumption 

The ever growing population of the world has created an enormous pressure to cultivate 

larger agricultural lands and to increase production yields by improved mechanized 

methods and usage of fertilizers. Such practices not only alter chemical and physical 

properties of soils, but also affect macro and micro flora remarkably [122]. 

Application of Pi fertilizers to soil does not necessarily guarantee plant uptake due to their 

polycrystalline structure and their tendency to precipitate. An observation showed that if no 

crop is around, the addition of Pi fertilizer to soil increases the soluble P within the first 

couple of years, but it will decrease to a constant level later [127]. Studies in developed 

countries have also suggested that Pi application might not be as effective as it used to be in 

the past [125]. 

In addition to the effect of deposited Pi on the soil structure and microbial flora, leaching of 

Pi through the erosion of surface soil and organic matters to water streams and lakes cause 

vast eutrophication [17]. Discharged detergents sodium triphosphates as well as human or 

animal metabolic wastes must also be accounted for a portion of Pi inputs to surface and 
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underground waters [122]. Eutrophication and the consequent over-enrichment of aquatic 

ecosystems with nutrients, mostly Pi and nitrate lead to algal blooms and anoxic events that 

may initiate irreversible environmental damages. Although some lakes have recovered after 

sources of nutrient inputs were reduced, recycling of enriched Pi from sediments causes 

lakes to remain eutrophic for years [122]. 

Recycling of Pi from sewage systems, precision farming and agricultural and industrial 

treatment units has been exercised in developed countries such as Japan and Germany to 

reduce such effects [122,124]. Replacing Pi in detergents by aluminum silicate has also been 

considered as option, despite its much poorer performance. Crystallization of Pi in 

wastewater as struvite (ammonium magnesium phosphate), separation of urine and the use 

of sanitized faecal matters in municipalities have been attempted to recover or reuse wasted 

Pi [129]. 

Cordell et al. [129] warned about the peak time of Pi production (Figure 2) with assumption 

of PRs are the sole high-value Pi reserves. Taking into consideration the massive amounts of 

insoluble Pi compounds accumulated in the soil, a straightforward solution could be the 

utilization of PSMs in the form of biofertilizers [91,126]. Simplified application method and 

comparable cost of Pi biofertizers on one hand and increased quantity and quality of the 

yields, on the other hand, have already attracted the attention of farmers. 

19. Cycle of P between the physical and biological worlds 

As shown in Figure 3, P like other mineral nutrients exists in soil, minerals, water as well as 

living organisms. Over time, geologic events bring ocean sediments to land and weathering  

 

Figure 3. Pi flow through food production and consumption. 
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carry Pi compounds to terrestrial habitats where the land cycles occurs. Pi is absorbed by 

plants from soil, consumed by animals and returned to soil as organic matters that slowly 

released as inorganic Pi or incorporated in more stable molecules as soil organic 

compounds. Depending on temperature and moisture, soil microorganisms break down 

these compounds by secreting organic acids and APase enzymes. Pi leaching due to soil 

erosion or water run-off to surface or underground waters finally discharge in lakes, seas 

and oceans where another sub-cycle between marine organisms and Pi sediments occurs. 

Human action for the utilization of Pi in fertilizers, pesticides, detergents and food 

industries are the main sources of disturbance of these natural cycles [134]. 

20. Sustainable Pi usage in agriculture 

The assessment of plant response to Pi level in a series of greenhouse pot trials over a wide 

range of soils with various characteristics established two values of soil Pi, (1) the critical 

value (Tc) below which it is recommended to apply Pi fertilizers in order to build up soil Pi 

fertility, and (2) the sufficient value (Ts) above which it is recommended not to apply it over 

a period of time. For Tc value, available soil Pi (measured by Olson method) ranged from 10 

to15 ppm P2O5 whereas it ranged from 50 to 55 ppm for the Ts value [131]. Of course, it is 

crucial to provide a certain ratio of each nutrient to establish a proper balance. Legumes 

need N:P:K nutrients in a ratio of 0:1:1, 1:2:2 or 1:2:3, root crops, a ratio of 2:1:2, and other 

crops, a ratio of 2:1:1 or 1:1:1 [131]. 

An old statistics between year 1960 to 1981 shows that Pi fertilizer consumption has been 

well established as the share of developed countries in the world was decreased for from 

75.1 % to 43.5% of the world consumption by practicing precision farming while it has 

increased from 6.5 to 21.3% in developing countries mainly because of the over usage [125]. 

The main alternative methods for Pi provision have been described below.  

20.1. Direct application of PRs as Pi fertilizer 

Direct application of Pi rocks as a source of Pi fertilizer has been practiced since early 19th 

century. Except for grinding to increase surface area in contact with soil, no other 

modifications are required to be made which makes it a relatively inexpensive source of Pi. 

The catch is, however, the lower Pi content of the rocks and required specific soils 

conditions such as having acidic pH (below 5.5) and low exchangeable Ca2+ [116]. Besides, 

some plants have higher capabilities in mobilization of Pi into their systems. For example, 

legumes and some crops of Cruciferae family enhance Pi solubilization and uptake by 

excretion of organic acids that lowers the soil pH and increases the cation exchange capacity 

of the soil. Acidifying the rhizosphere, secretion of APases and morphological changes are 

prerequisite adaptations that enable different crops to salvage Pi from PRs.  

20.2. The use of composted organic materials  

The increasing cost of chemical fertilizers has renewed interest of farmers across all sectors 

to utilize organic fertilizers as an alternative source of plant nutrients. Composted manure is 
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simply decomposed organic material that continuously occurs in nature, often without any 

assistance from mankind. The rate of decomposing depends on type of material, air, 

moisture, and temperature and soil pH.  

Manures improve the texture of both clay and sandy soil; indeed, it is the best additive to 

make either clay or sandy soil into rich, moisture holding, and loamy soil. They are rich in 

nitrogen and potassium but have very little Pi. Yet, the availability of soil Pi is enhanced due 

to chelating polyvalent cations by organic acids and other decay products. In addition, 

organic materials are rich substrates for propagation of beneficial microorganisms (see 

below). However, poorly available, being costly and the unbalanced levels of elements in 

manures have hindered the effectiveness and wide usage. In addition, these still need 

microbial activity to release the elements. 

20.3. The use of Pi solubilizing microorganism  

Pi solubilizing microorganisms (PSMs) are, as named, a group of soil fungi and bacteria 

involved in solubilization and mineralization of soil P from inorganic and organic pools as 

an integral part of the P cycle. In soil, Pi solubilizing bacteria out-number fungi with the 

same activity by 2–150 folds [135]. The majority of the PSMs solubilize Ca–P complexes in 

alkaline soils and only a few can solubilize Fe–P and Al–P in acidic soils. Nevertheless, 

PSMs can become effective in the latter soils when supplemented with PR.  

The principle mechanism for Pi solubilization is the secretion of organic acids and APases 

that play major role in the mineralization of both inorganic and organic Pi compounds in 

surrounding soil. Several mechanisms like lowering of pH by acidulation, ion chelating, or 

ion exchange reactions as well as enzymatic activities in the growth environment have also 

been proposed to play a role in Pi solubilization by PSMs [91,126,136,137]. 

Through receiving energetic carbon sources from plant, PSMs facilitate the uptake of Pi and 

also other nutrients such as zinc, molybdenum, copper and iron. Fungi have been reported 

to possess greater ability to solubilize rock Pi than bacteria, though they perform better in 

acidic soil conditions. Species of Aspergillus, Penicillium, Curvularia and yeast have been 

widely reported to solubiliz various forms of inorganic phosphates [137]. Another 

mechanism which indirectly leads to increased Pi acquisition by plants is the production of 

phytohormones (mainly auxins) by rhizobacteria that stimulate root growth [138-139]. 

Therefore, it makes more sense to name such bacteria as plant growth promoting 

rhizobacteris (PGPR) [140]. 

Among the soil Pi solubilizing bacteria communities, Pseudomonas putida, P. strata, Bacillus 

sircalmous and Pantoa agglomeranse could be referred to as the most important strains [91]. 

The positive effect of Pseudomonas inoculation on plant growth has been reported in many 

field trials [126]. The role of Pi solubilizing bacteria and their potential capacity to restore Pi 

cycle processes in plant-soil system cannot be ignored [138].  

Symbiotic relationship between mycorrhizal fungi and plants exists in almost all ecosystems 

[141]. Fungi species spread around their mycelium acquiring Pi from longer distances which 
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is then passed to plants in exchange for carbon compounds [142]. Nevertheless, limitations 

in mass production and restriction of this relationship to certain plant types have been 

unsolved issues for wide utilizations so far. 

20.4. Plant species with high Pi efficiency  

Genotypic variations for tolerance to Pi deficiency has been demonstrated for many food 

crops [143] which provide sources for developing cultivars superior in Pi acquisition and 

higher yield particularly in deficient conditions through plant breeding [144]. Pi-efficient 

plants are defined as plants which could produce higher yields per unit of applied or 

absorbed nutrient compared to other plants grown under similar agroecological conditions 

[145]. Screening for plant species or genotypes with increased Pi absorption involves criteria 

such as: (i) greater root growth and, thus, extended soil exploration; (ii) the exuding of 

proton and organic acids that increase the solubility of Pi by decreasing pH and/or 

chelating; and (iii) the secretions of elevated levels of APase enzymes that break down 

organic Pi [146].  

Most modern crop cultivars have been selected through conventional breeding approaches 

for better adaptation to deficient soil Pi by looking at root architectural traits which allow for 

more Pi acquisition from soil surface zone [147]. However, conventional plant breeding 

including phenotypic selection for improved root systems has proven to be difficult, prone 

to environmental effects, and time-consuming [148]. As tolerance to low Pi is a quantitative 

trait, an appropriate method to dissect its complex polygenic inheritance must be employed 

through quantitative trait loci (QTL) analysis. A number of QTL have been identified for 

tolerance mechanisms to low Pi in various food crops [149]. Molecular markers linked to the 

target traits are needed to be used for selection in the breeding process. 

20.5. Genetic engineering for Pi acquisition and utilization 

Researches on the molecular and physiological basis of Pi uptake, translocation, and internal 

utilization facilitate the design and generation of transgenic plants with enhanced Pi 

efficiency. For instance, over-expression of a Pi transporter gene in tobacco cell cultures 

resulted in an increased rate of Pi uptake when cells were grown under Pi limited conditions 

[47]. Several attempts have been made to improve soil Pi solubilization and acquisition 

processes in food crops through engineering of genes with bacterial, fungal or plant origins. 

Increasing knowledge on regulatory and signaling mechanisms involved in Pi acquisition 

might identify new useful genes. It is assumed that a combined overexpression of Pi-

transporter and dissolving encoding genes might result in synergistic effects [150].  

An overview of reported transgenic crop plants is given in Table 4. Generating plants with 

an enhanced metabolical Pi uptake capacity were attempted by engineered tobacco plants to 

produce more organic acids, specifically citrate [150]. The promising result was that these 

transgenic plants yielded more leaf and fruit biomass than controls when grown under Pi-

limited conditions [151]. Many studies reported transgenic plants with overexpression of 

phytase in various food crops. Phytases are exuded into the rhizosphere and are able to 
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hydrolyze phytates which constitutes up to 50% of the total organic Pi in soil [8]. 

Overexpression of phytase in potato, clover, soybean and tobacco resulted in increased Pi 

acquisition and content. These results point to possible manipulation of biochemical 

pathways that increase the ability of the plant to release organic acids or enzymes that 

improve Pi acquisition from soils.  

20.6. Mutagenesis 

Several mutant genes have been successfully introduced into commercial crop varieties that 

significantly enhance the nutritional value of crops. Mutants of barley, wheat, rice and 

soybean with low phytic acid have been released and can reduce both Pi pollution and 

increase bioavailability of Pi and micronutrient minerals in cereals and legumes [164]. 

A major QTL pup1, on chromosome 12 effective on Pi uptake from Pi‐deficient soils 

was fine‐mapped in rice. Liu and colleagues [165] demonstrated that chromosome 1R and 

7R of rye might carry genes responsible for tolerance to Pi starvation stress, while 5R carry 

unfavorable genes regarding Pi starvation tolerance. 

 

Gene Name Gene source Transformed 

crop species 

Main effect under P 

deficiency 

Reference 

Secretary phytase  synthetic Potato Increased P content and 

biomass if phytate 

available 

[152] 

Phytase  Aspergillus 

niger 

Clover Increased P uptake if 

phytate available 

[17] 

Phytase  A. niger Clover Increased P uptake in 

sterile media (phytate 

available)-no effect in 

soil 

[153] 

Phytase A. niger Tobacco Increased P uptake if 

phytate available 

[154] 

β-Propeller phytase Bacillus 

subtilis 

Tobacco Increased P content and 

biomass 

[155] 

Phytase A. ficuum Soybean Increased phytase 

activity and P content 

in root exudates 

[156] 

Phytase and acid 

phosphatase  

Medicago 

truncatula 

Clover Increased P content and 

biomass 

[157] 

Acid phosphatase white lupin Tobacco Increased P uptake and 

growth 

[158] 

Purple acid 

Phosphatase 18 

A. thaliana Arabidopsis 

thaliana and 

tobacco 

Increased P uptake, P 

content and biomass 

[158] 
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Gene Name Gene source Transformed 

crop species 

Main effect under P 

deficiency 

Reference 

High-affinity P-

transporter  

Barley Barley No effect [43] 

High-affinity P-

transporter  

tobacco Rice Increased P uptake [160] 

Malate 

dehydrogenase 

(MDH) 

overexpression 

 Alfalfa Increased organic acid 

exudation 

[161] 

Phosphoenolpyruvat

e carboxylase (PFPC) 

overexpression  

 Alfalfa No increase in organic 

acid exudation 

[161] 

Type I H+ 

-pyrophosphatase 

AVP1  

A. thaliana Rice and tomato More robust roots, 

higher shoot mass, 

higher yields 

[162] 

Aluminum resistance 

gene  

wheat Barley Increased P uptake and 

grain production (acid 

soils) 

[163] 

Table 4. An overview of some reported genetic engineering in crop species 

21. Conclusion  

Chemical fertilizers have played a significant role in the Green Revolution to have improved 

yield and to combat hunger to some extent [166]. However, poorly managed consumption 

of resources and even poor applications of Pi fertilizers and side products have endangered 

our environment. These factors have encouraged researchers to seek bio-friendly, 

economically feasible, and replaceable sources of Pi before the world consumption rate will 

rich to a no-return point. In order to secure agricultural sustainability through reduction in 

Pi fertilizer overuse, plant and soil scientists have tried to address solutions for retrieval of 

Pi from P-compounds in the rhizosphere, soils in the a close proximity of root. Two major 

approaches in the current research and technology world are: 

1. To bioengineer Pi efficient transgenic crops expressing enzymes such as phosphatases. 

This solution has been highly approached by many scientists (for a review see [84]). 

However, transgenic plants were found to be affected by the non-desired traits or 

epitasis among numerous APase-encoding genes. Even if a transgenic plant acquire 

release permission, still we are limited to use a lines variety of the transgenic crop.  

2. To bioengineer rhizosphere by the use of beneficial microorganisms as biofertilizers 

involved in solubilization of Pi in the soil, namely “Pi biofertilizers”. This approach is 

advantageous as Pi biofertilizers could be applied to wide range of crops and their 

varieties as desired. Besides, signaling of sufficient availability of Pi in the rhizosphere 

would regulate the expression and secretion of organic acids and/or APase enzymes by 
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the microorganisms. Such an elegant smart mechanism leads to natural growth and 

development of plants. 

To this end, years of researches on chemical, organic and biological Pi fertilizers have shown 

that none can replace the other. Practically, achieved higher yield and quality with 

combinations of all three in certain proportions address a call for precise farming with 

integrative plant nutrition programs prescribed based on crop and soil requirements. 
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