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        Abstract



        Phosphorus (P) is an important macronutrient affecting the growth and yield of all crop plants. Plants absorb P from the soil solution as inorganic phosphate (Pi). More than 70% of the arable land is deficient of Pi which demands the supply of an external source of synthetic P fertilizers to improve the yields. The P fertilizers are manufactured from non-renewable rock phosphate reserves which are expected to be exhausted within the next 100-200 years. This poses a great threat to food security since it is very difficult to meet the food production caused by increasing world population without the supply of an adequate P fertilizer. Several efforts have been made in the past decade to understand the mechanism of Pi uptake and its redistribution in plants. In this mini-review, we discuss the details on possible strategies to combat the crisis caused by loss of phosphate rock reserves and to improve the crop yield without much dependency on external P fertilizer. Approaches such as application of functional genomics studies to manipulate the expression levels of key transcription factors and genes involved in low Pi stress tolerance, molecular marker-assisted breeding to develop new varieties with improved yields under Pi-deficient soils and to recapture the Pi released in wastewaters for recycling back to the farm lands, will help improve the crop production without depending much on non-renewable P fertilizers and will also aid for the sustainable food production.
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      1. INTRODUCTION


      We need to improve the food production to feed the ever-growing world population which is projected to reach around 9.7 billion by 2050. Several adverse effects caused by abiotic and biotic stresses like drought, insect damage, fungal diseases and nutrient deficiency are severely affecting crop production throughout the world. Nutrients are essential for the growth and production of all crops in the agriculture system. These are classified into major and minor nutrients based on the amount of nutrients required by plants.


      Nutrients are involved in several important cellular functions of the plants. Any lay farmer and gardener working know that plants require three major nutrients viz. nitrogen (N), phosphorus (P) and potassium (K) for their normal growth and yield. Deficiency of all or one of these nutrients severely affects the yield of most of the crop plants throughout the world. Among these three nutrients, N can be easily obtained from the atmosphere; apart from this, simple microbes, through association with legumes, can also fix it. We also have enough resources of K to last for the next several centuries. P plays several vital functions in all living organisms. It participates in several important cellular functions including respiration, photosynthesis, energy conversion, etc. P also participates in the structure of several essential macromolecules like DNA, RNA, ATP and biological membranes. Plants uptake P from the soil in the form of inorganic phosphate (Pi); this process is influenced by soil pH.

    


    
      

      2. PHOSPHATE ROCK RESERVES ARE DEPLETING


      Food production may face severe crisis in the coming decades due to lack of adequate P fertilizer since P reserves used for fertilizer production are getting lost rapidly. It has been reported that 5.7 billion hectares of land around the world are Pi-deficient [1]. The deficiency of Pi affects the growth and yield of several crop plants [2]. The phosphate rock, which is the major and non-renewable resource for P fertilizer production, is depleting rapidly. According to estimates, the phosphate rock reserves are expected to be exhausted in the next 200 years or sooner [3, 4]. Further, most of the phosphate rock reserves are located in a few countries like Morocco, USA and Russia leaving behind most of the populated regions in the developing country to depend on heavy import of P fertilizer. Also, the low input agriculture systems majorly owned by resource-poor and subsistence farmers of less developed countries, especially in Africa and Asia, have little access to P fertilizers due to soaring prices.


      Farmers often apply too much P fertilizers to the farmland with a view to improve crop production; however, this application is far beyond the capacity of crop plants to utilize, leading to runoff of P to the water bodies and causing severe environmental damage [5]. Application of too much P fertilizers also leads to increased storage of P in the seeds [6]. About 60-85% of the above ground phosphate of cereals is found in the seeds and 75% of the total phosphorus stored in the seeds is in the form of phytic acid (Phytate) which is an anti-nutrient that is not utilized by the body on consumption [7]. This leads to massive waste of phosphorus.

    


    
      

      3. SOLUTIONS TO COMBAT THE PHOSPHATE CRISIS


      Several efforts have been made by researchers during the past decade to overcome the problems faced by Pi deficiency and particularly to improve crop production with limited input of non-renewable P fertilizer [8]. Many studies have been conducted to understand the mechanism of Pi uptake and its redistribution in plants, the regulatory mechanism of Pi homeostasis, root architecture modifications under Pi stress and genes and Quantitative Loci (QTLs) responsible for low Pi stress tolerance. These efforts are aimed to improve the low Pi stress tolerance of key crops without compromising the yield. This will help to reduce the dependency on non-sustainable P fertilizers and will promote an eco-friendly farming system. We discuss briefly below the key approaches to achieve this.


      
        

        3.1. Functional Genomics Studies to Overcome the Low Pi Stress


        Several key genes involved in the uptake and redistribution of Pi have been identified and characterized in model plants. These include PHosphate Transporter 1 (PHT1) which is the key transporter involved in uptake and disposition of Pi in plants [9] and PHOSPHATE 1(PHO1) which is a Pi exporter involved in the xylem loading of Pi [10]. These two transporters are found to play an important role in Pi uptake, re-distribution and root to shoot transport of Pi; expression levels of these genes also elevated during Pi stress. PHOSPHATE STARVATION RESPONSE 1 (PHR1) is a major Transcription Factor (TF) involved in Pi signalling. It plays a key role in the activation of multiple P-starvation-inducible genes including PHT1, PHO1, and microRNA399 (miRNA399) [11, 12]. Manipulation of expression levels of these genes especially PHR1 rescued the plants from low Pi-stress by improving Pi uptake and its re-distribution [13-15]. Studies involving the overexpression of these genes especially combined expression of PHT1 and PHO1 will not only help improve the uptake but also will help increase the shoot P contents under low Pi conditions. Further, tissue-specific manipulation of Pi transporters especially downregulation of those involved in grain filling may also help reduce the seed Pi overloading and will help reduce the phytic acid content in the seeds. To this end, a recent study identified a novel nodal transporter SULTR-like Phosphate Distribution Transporter (SPDT) in rice which is believed to be involved in grain filling of P [16]. Similar studies on other cereals will help to control the excess transfer of P into the seeds. This will assist in reducing the unwanted removal of Pi from the soil and will help retain the soil Pi for the next cropping season. A recent genome editing tool CRISPR/Cas9 may be utilized for more efficient alteration of such transporter genes; this may also help us in circumventing the more stringent rules laid out for GM crops.

      


      
        

        3.2. Marker-Assisted Breeding to Develop Low Pi Stress Tolerant Varieties


        Molecular marker-assisted selection and breeding are powerful tools for selecting and improving the plants for important agronomic traits. Enormous efforts have been made especially during the recent years to identify and develop low Pi stress tolerant varieties in crop plants. Many QTLs have been identified in various crop plants related to low P-stress tolerance which may be useful to improve the P-use efficiency in key crops in the future [17]. QTLs have been identified for key traits of low Pi stress tolerance in many crop plants, including soybean [18], wheat [19], rice [20] and maize [21]. Most of these QTLs are associated with phenotypic modification of root structure to increase the soil volume for enhanced Pi uptake under low Pi stress conditions. Although it is a very slow and laborious process, molecular marker-assisted breeding may be helpful to develop new varieties of crop plants including cereals to produce normal yields in Pi-deficient soils. This area of research also offers exploitation of wild relatives to identify more resistant genes which can be transferred to cultivated crops by molecular breeding. These crops will be helpful to improve the yield under Pi stress especially in the regions where GM crops are not permitted like in Europe and most parts of Asia.

      


      
        

        3.3. Removal and Recycling of Pi from Wastewaters


        Pi can be removed and recycled from wastewaters via several different biological methods. These include microbiological, algal, plant-based (terrestrial and aquatic), and combinations of these. Biological methods of Pi removal often provide extra benefits such as the production of bioenergy crops and animal fodder. Previous studies have shown that microalgae viz. Chlorella sp. or Scenedesmus sp. could be used to recapture the Pi from wastewaters [22, 23]. The Pi capture using these organisms will be possible by the use of waste-water ponds [24] and photobioreactors [25]. Even terrestrial and aquatic higher plants have also been implicated for the removal of Pi and other nutrients [26]. Although these methods seem to be viable for the recapture of Pi from wastewaters, the construction of fully operational pilot plants at all levels of agriculture fields remains a big challenge. Considering the amount of Pi released into the ecosystem from farmland and its consequences, Pi recapture is an essential step to recycle Pi. This will definitely help reduce the dependency on P fertilizer and will assist in improving the yields in the regions where people cannot afford to buy costly P fertilizers.

      

    


    
      CONCLUSION


      The quick depletion of phosphate rock reserves has posed a severe threat to food security. Since it is very difficult to meet food production without the supply of an adequate P fertilizer, we need to find new ways to improve crop plants for low Pi stress tolerance using functional genomic studies and (or) marker-assisted breeding. New and improved varieties of plants will help produce normal yields under low Pi soil. We also need to take efforts to recapture the Pi from the wastewaters in order to recycle the P back to the farming land. All these efforts will not only help overcome the problems associated with the low Pi soil but will also assist to produce crops in a sustainable manner without much dependency on non-renewable P fertilizers.
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