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Abstract:  Limitation  to archives maximum crop productivity by phosphorus (P) is wide spread and will
probably increase day by day. P use efficiency can be increased by improved uptake of phosphate from soil
(P-acquisition efficiency) and by maximization of productivity per unit P-use efficiency. In this review we
discussed how we can improve P-use efficiency, which can be achieved by plants that have overall limited P
concentrations and by optimum distribution and redistribution of P in the plant to gain maximum growth and
biomass related to harvestable plant parts by agronomic and genetic means. Improvements in P distribution
within the plant may be possible by increased remobilization from tissues that no longer need it (e.g. senescing
leaves) and reduced partitioning of P to developing grains. Phosphorus use efficiency can also be improved
by adopting good agronomic method such as right amount of P fertilizer, at right time, in right place, to right
crop. Such methods would prolong and increase the productive use of P in photosynthesis and have nutritional
and environmental benefits. In very handy to the future research considering physiological, agronomical,
metabolic, molecular biological, genetic and phylogenetic aspects of P-use efficiency is needed to allow best
improvements to be done to overcome this issue.
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INTRODUCTION plant macronutrient, making up about 0.2% of a plant’s

Phosphorus (P) is the key element for the synthesis nucleic acids, phospholipids and ATP and, consequently,
of many biomolecules, including DNA, RNA and ATP [1], plants cannot grow without a reliable supply of this
with no substitute as a building block of life. P is also nutrient. P is also involved in controlling key enzyme
frequently limiting for a variety of biota, including reactions and in the regulation of metabolic pathways [4].
vascular plants, marine and freshwater phytoplankton, It is the second essential macronutrient next to nitrogen
aquatic  and   terrestrial  bacteria  and  herbivorous which can limit crop growth. Plant dry weight may contain
animals [2] thus, understanding how P limitation shapes up to 0.5% phosphorus and this nutrient is involved in an
ecological and evolutionary dynamics is a key step in array of process in plants such as in photosynthesis,
linking levels of biological organization from genes to eco- respiration, in energy generation, in nucleic acid
systems. Phosphorus is one of the seventeen essential biosynthesis and as an integral component of several
nutrients required for plant growth [3]. P is an important plant structures such as phospholipids [5]. Despite its

dry weight. It is a component of key molecules such as
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importance in plants growth and metabolism, phosphorus 2000 mg P kg  soil representing approximately 350 to
is the least accessible macro-nutrient and hence most 7000 kg P ha  in the surface 25 cm of the soil, although
frequently deficient nutrient in most agricultural soils only a small portion of this P is immediately available for
because of its low availability and its poor recovery from crop uptake [14].
the applied fertilizers. The low availability of phosphorus Applications of fertilizer or manure P in excess of P
is due to the fact that it readily forms insoluble complexes removal with crop harvest have resulted in sharp soil-test
with cation such as aluminum and iron under acidic soil P (STP) increases in many areas of the region during the
condition and with calcium and magnesium under alkaline last few decades [15]. The time of P application before
soil conditions whereas the poor P fertilizer recovery is planting a crop is not a critical issue for the predominant
due to the fact that the P applied in the form of fertilizers crops and soils of the region. This is because P has
is mainly adsorbed by the soil and is not available for relatively low mobility in soils and the soils of the region
plants lacking specific adaptations. Moreover, global P have low to moderate capacity for retaining added P in
reserves are being depleted at a higher rate and according unavailable  forms.  Therefore,  P can be applied at
to some estimates there will be no soil P reserve by the planting time or in advance of planting without a
year 2050 [5, 6]. significant loss of efficiency. Several studies in Iowa [16]

The early supply of Phosphorus to the crop is have shown that annual or bi-annual P applications for
influenced by soil Phosphorus and Phosphorus corn-soybean rotations have approximately similar
application as well as by soil and environmental efficiency. The placement of P or K fertilizer below the
conditions  that  affect P phyto-availability and root depth typically achieved with broadcast or planter band
growth. Roots absorb Phosphorus ions from the soil application has been evaluated as a method of avoiding
solution. The ability of the plant to absorb P will depend reduced nutrient availability due to stratification,
on the concentration of P ions in the soil solution at the particularly in no-till and ridge-till systems. While
root surface and the area of absorbing surface in contact substantial  evidence  of   nutrient   stratification  exists
with the solution. Mass flow and diffusion govern the [17, 18], reports of significant detrimental effects on crop
movement of P ions in soil, with diffusion being of yield are few.
primary importance [7, 8]. After Nitrogen Phosphorus is The importance of phosphorus (P) in the delivery of
the second most frequently limiting macronutrient for multiple ecosystem services has received increased
plant growth. This update focuses on Phosphorus in soil attention [19, 20] highlighted the central role that
and its uptake by plants, transport across cell membranes sustainable P management plays in balancing different ES
and re-distribution within the plant. We will concentrate across the water-energy-food continuum [21]. proposed
on P in higher plants, although broadly similar the Phosphorus Ecosystem Services Cascade as a
mechanisms have been shown to apply in algae and fungi. conceptual framework to integrate sustainable P
For this mycorrhiza are also important for plant management with key ES processes and functions from
Phosphorus acquisition, since fungal hyphae greatly soil to large river basin scale. Holistic approaches to farm
increase the volume of soil that plant roots explore [9]. nutrient management have recently been adopted to
Soil P is found in different pools, such as organic and provide a greater focus on multiple ES. For instance, the
mineral P. It is important to emphasize that 20 to 80% of P fertilizer industry has adopted the 4R Nutrient
in soils is found in the organic form, of which phatic acid Stewardship Strategy (Right Rate, Right Time, Right Place
(inositol hexa-phosphate) is usually a major component and Right Form) to promote more efficient use of fertilizer
[10]. The remainder is found in the inorganic fraction and reduce field scale nutrient export to water [22].
containing 170 mineral forms of P [11]. Plant root geometry
and morphology are important for maximizing P uptake, Role of Phosphorus in Soil: Phosphorus is a necessary
because root systems that have higher ratios of surface plant nutrient to increase the production of agricultural
area to volume will more effectively explore a larger crops and forest and it is also used for production of
volume of soil [12]. Plants require adequate P from the detergents and for some other industrial products [23].
very early stages of growth for optimum crop production Phosphorus is the eleventh most abundant element in the
[13]. Restricted early-season P supply frequently limits earth's crust. Its average concentration in this
crop  production  and  P fertilizer  is  commonly  applied environment has been estimated to 0.1 percent by weight
to ensure that sufficient P is available to optimize crop and  is  thus geochemically classed as a trace element.
yield and maturity. Total soil P usually ranges from 100 to Only  a  fractional  percentage  of the total is concentrated
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in deposits consisting mainly of phosphate minerals [24]. Following [30], who formalized this concept, 
Phosphorus occurs in nature almost exclusively as
phosphate, in all known minerals more specifically as PUEt = [Biomass production per unit P per unit time] * [P
orthophosphate with an ionic form of Pod3 -. The residence time] 
distribution of the different species of orthophosphate is
pH-dependent. H, PO, - is the pre- dominant species that Photosynthetic phosphorus-use efficiency
can be expected to take part in phosphate sorption in the (PPUEmax) is defined as the instantaneous light-saturated
pH  range  4-6. At higher pH, as can be found in cultivated rate of leaf photosynthesis expressed per unit leaf P.
soils, the importance of HPOd2- may increase. Since the Photosynthetic capacities (Amax, mass-based) of crop
soil solution will contain several kinds of metallic cations species are found at the high end of the leaf trait
capable of forming complexes with H, PO, - and HPOd2-, spectrum, associated with fast growth and low leaf mass
a part of the soil solution phosphorus will exist as soluble per area (LMA) [31].
metallic- phosphate complexes. In some cases, the degree
of complexion of solution phosphorus may be a Phosphorus Use Efficiency Through Agronomical
significant part of the total soil solution phosphorus [25]. Means: Annual grain crops (cereals, oil seeds and

Plants growing in an ecosystem low in available P pulses), which are the focus of this review, provide 58%
have to obtain P from adsorbed P, sparingly soluble P and of the dietary energy for the world’s growing population
organic P complexes. Many plants have developed [32]. Improving the efficiency of phosphorus (P) fertilizer
elegant biochemical mechanisms to solubilize P from use for crop growth requires enhanced P acquisition by
insoluble P complexes thereby increasing the pool of P plants from the soil (P-acquisition efficiency) and
available for uptake [26]. Organic anions such as citrate enhanced use of P in processes that lead to faster growth
and malate are the major root exudates released, in and greater allocation of biomass to the harvestable parts
response to P deficiency for mobilizing P for plant uptake (internal P-use efficiency (PUE), As only 15-30% of
[27]. The range of organic anions released is, however, applied fertilizer P is taken up by crops in the year of its
dependent on the plant species. [27]. While most of the application [33], potentially large gains in efficiency can
focus on nutrient efficiency is on phosphorus (P) be made by improving P acquisition. This aspect of P
efficiency is also of interest because it is one of the least efficiency has received signi?cant attention and has been
available and least mobile mineral nutrients. First year reviewed recently [34, 35], identifying promising
recovery of applied fertilizer P ranges from less than 10% opportunities for improved crop traits and agronomic
to as high as 30%. However, because fertilizer P is measures. Aiming at increasing P uptake alone will benefit
considered immobile in the soil and reaction (fixation yields, but will also increase total amounts of P exported
and/or precipitation) with other soil minerals is relatively from the field. Increased P exports can cause considerable
slow, long-term recovery of P by subsequent crops can be off-site environmental problems [36] and will need to be
much higher [40]. replaced with additional fertilizer to avoid soil P depletion

Phosphorus Use Efficiency in Plants: There is an Plant productivity relies on photosynthesis and the
increasing awareness that there are limits to global rock photosynthetic process relies on P-containing
phosphate reserves and that increasing the efficiency compounds. Thus, an efficient use of P in photosynthesis
with which these reserves are used to produce crops is is a potentially important determinant of crop PUE. As a
vital  to  maintain current agricultural productivity, or to result of similar increases of Amax (mass-based) and P
even increase it [28]. PUE is the amount of total biomass, concentrations with decreasing (leaf mass per area) LMA,
or yield that is produced per unit of P taken up [29] however, PPUE is not strongly correlated with LMA so
distinguished when relevant by subscripts, PUEt and fast-growing species, which tend to have low (leaf mass
PUEy, respectively. In the case of biomass, measurements per area) LMA, do not necessarily have a high PPUE. For
are often restricted to aboveground plant parts. In grain example, thin leaves of barley have a similarly high PPUE
crops, PUEy is the grain yield per unit of maximum to the sclerophylls of the genus Banksia [37]. Barley
aboveground plant P. In vegetative plants, the productive achieves this with a high [P], whereas Banksia has very
use of a unit of P taken up is determined by (a) the low [P], but barley apparently uses P sparingly in
efficiency with which it is used in metabolism and growth structural tissue and very efficiently in photosynthetic
and (b)the duration of its presence in living parts of the machinery [37]. Highest PPUE tends to be achieved by
plant where it contributes to these processes. leaves with high rates of photosynthesis, high P

in the long term.
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concentration and low LMA, but such traits are There is substantial genetic variation in traits
associated  with  short leaf life-spans [38], implying a associated with PUE within the crop plants that have been
trade-off that will reduce the C return per unit P over the examined and within Arabidopsis, Prinzenberg et al. [47].
life of a leaf (PPUE leaf life). It is important to note, Analysis of this variation has led to the identification of
however, that there is considerable variation between numerous genetic loci that influence PUE. The ability to
species in both indices, indicating that other leaf traits identify these quantitative trait loci (QTL) suggests that
in?uence the efficiency of P use in photosynthesis, such improvements in PUE may be gained through
as shown for leaf N. [39] argue that future increases in conventional or marker-assisted breeding programs,
crop yield potential will come from increased directed gene identification and genetic engineering, or a
photosynthetic capacity. It will be important to achieve combination of these approaches. These traits include
this along with increased PPUE [40]. high total plant P content, large root systems, improved

Remobilization of P from senescing leaves is more root architecture (increased lateral root production,
variable than that of N. P-resorption efficiency (PRE; the improved topsoil foraging, greater root surface to volume
percentage  of mature leaf P that has been exported before ratio, greater root hair production and greater root : shoot
death) can reach values as high as 90% [41]. Reports are ratio) and the exudation of phosphatases and organic
now emerging of individual Pi transporter genes that are acids into the rhizo sphere. Nevertheless, QTL that have
up-regulated at the transcript level in senescent tissues; the potential to influence internal PUE have been found in
this suggests that they have a role in Pi remobilization several crop species [48, 49]. However, internal PUE is
from old source to new sink tissues and are linked to generally lower in plants with high P-acquisition
ethylene signaling [42]. Further research on the molecular efficiency as a result of higher tissue P concentrations,
physiology  of  P  remobilization may provide valuable making it difficult to disentangle QTL that affect
insights leading to enhanced Pre-use in crop plants. agronomic PUE generally from QTL that may specifically

Limitation of crop yield by phosphorus (P) is wide influence  internal  PUE  [50]  proposed that identifying
spread and will probably increase in the future. Enhanced QTL for internal PUE requires studies where P acquisition
P efficiency can be achieved by improved uptake of is  equal  and metabolically non-saturating among
phosphate from soil (P-acquisition efficiency) and by cultivars. As an alternative, explicit quantification of
improved productivity per unit P taken up (P-use tissue P pools would allow a more specific evaluation of
efficiency). P-use efficiency, which can be achieved by genotypes  and  identification of QTL that are related to
plants that have overall lower P concentrations and by the efficiency of P use in nucleic acids, phospholipids and
optimal distribution and redistribution of P in the plant P-esters.
allowing maximum growth and biomass allocation to There is much scope for future mapping of QTL that
harvestable plant parts. influence internal PUE. Advanced methods of genetic

Phosphorus Use Efficiency Through Genetic Means: plant P relations. Approaches such as genome-wide
Around 70-90% of the P fertilizers is adsorbed and expression (transcriptome) QTL analyses [51] and
becomes ‘locked’ in various soil P compounds of low genome-wide association studies [52] supported by such
solubility  without  giving any immediate contribution to emergent technologies as next generation sequencing
crop  production,  when  P  fertilizers  are  applied [43]. hold much promise to identify loci related to and
This  suggests  that  P   fertilization   alone   is   not a controlling plant P relations, including internal PUE [53].
cost-effective way of increasing crop productivity in
many P limiting soils [44]. New crop varieties with CONCLUSION
improved root traits, able to unlock and absorb P from
bound soil P resources may be of additional value for To increase phosphorus use efficiency, we must
increasing the efficiency of fertilization [45]. Although the introduce  organic  fertilizers and reduce phosphorus
variety of differences in P uptake and their link to the size waste to the soil, to enhance the nutritional value of yield.
of root systems were reported many years ago breeding We have discussed developmental, agronomic and
for  efficient  root  systems has received little attention genetic means to increase PUE. In which we identified
This is despite the fact that wide variation has indeed important aspects to increase PUE. The maximum PUE
been reported in the ability of crop genotypes to perform obtained through various mechanisms, according to
and produce economic yields under P-limited soil genetic and environmental conditions which provided to
conditions [46]. crop. Efficiency of phosphorus will be at peek by

analysis have not yet been used extensively in the area of
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improvements in P-acquisition efficiency and reducing the 12. Lynch, J., 1995. Root architecture and plant
total flux of phosphorus on crop soil with the productivity. Plant Physiology, 109(1): 7.
environment. Maximum yield gains of increased PUE are 13. Grant, C.A.,   D.N.  Flaten,  D.J.  Tomasiewicz  and
predicted for crops when they take up very less amount S.C. Sheppard, 2001. The importance of early season
phosphorus from the soil rather soil phosphorus is in very phosphorus nutrition. Canadian Journal of Plant
minor amount. In productive land when we applied Science, 81(2): 211-224.
optimal conditions for crop growing is the best option for 14. Morel, C., 2002. Characterization of phytodisponiblity
increasing PUE. of soil P by modeling the transfer of phosphate ions
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