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Abstract

Wheat, the second major cultivated food crop worldwide requires phosphorus (P) for its physio-
logical and biochemical accomplishments. Phosphorus, a key element in the nutrient supply chain 
realizes a potential yield of wheat crop. Enhancement of P acquisition and utilization by plants is crit-
ical for economic, humanitarian and ecological reasons (Vance et al., 2003). Conservation strategies 
for P utilization include: development of P efficient cultivars and integrated application of inorganic P 
sources through highly soluble fertilizers coupled with biofertilizers such as arbuscular mycorrhizal 
fungi, and rhizobacteria like Azotobacter, which in turn will help in solubilizing phosphorus in rhizo-
sphere and promote its uptake by plants. 

In a study conducted earlier, thirty wheat genotypes were classified into eight different groups on 
the basis of their grain yield performance and P uptake which proved useful in identifying varieties 
suitable for cultivation in different soil P regimes and selection of parents for recombination breeding 
to develop P efficient cultivars. It was concluded that inter-mating between varieties belonging to 
HGY-HP (PBW 343 and WH 711) and HGY-LP (Raj 3765 and WH 283) would further expand genotypic 
variability and thus the frequency of recombinants exhibiting different grain yield and P uptake lev-
els.  

Background 

Wheat, the second most cultivated crop worldwide provides 21 percent of the food calo-
rie and 20 percent of the protein for more than 4.5 billion people in 94 developing countries 
(Braun et al., 2010). Phosphorus is a key substrate in energy metabolism in the form of ATP, 
biosynthesis of nucleic acid in the form of sugar-phosphate backbone and membranes in the 
form of a phospholipid bilayer. Thus, required to sustain plant life, P affects wheat growth 
and development throughout the season. An adequate amount of P improves wheat seed-
ling establishment, encourages early season development of adventurous roots, improves 
winter hardiness and facilitates greater nitrogen uptake which results in higher grain protein.  

Abundant P results in early proliferation of tillers which increases biomass and grain yield 
potential (Behl et al., 2005). Also, wheat with adequate P matures earlier and more uniform-
ly. The uneven development in a global economy has contributed to the uneven distribution 
of P in agricultural soils of the world. Generous application of high-grade phosphorus fertiliz-
ers, following more than half a century, agricultural soils in Europe and North America now 
said to have surpassed critical phosphorus levels and thus requires light application to re-
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place what is lost in the harvest (FAO, 2006). However, the situation in developing and 
emerging economies is contrastingly different (Cordell et al., 2009). There will be an esti-
mated 2-2.5 billion new mouths to feed by 2050 (IWMI, 2006), mainly in urban slums of the 
developing world. For securing food, the need for P fertilization in the growing economies 
like India and China is expected to increase in the foreseeable future (Maene, 2007). Phos-
phorus fertilizers, derived from high grade rock phosphate reserves are non-renewable finite 
resources (Vance, 2001). The unique property of P to form insoluble complexes with free 
iron and aluminium oxides in acidic soil of tropical and subtropical agriculture and with calci-
um and magnesium compounds in calcareous soil, results in usually very low recovery (10-30 
percent) of P fertilizer by crop plants (Holford, 1997). This warrants for more sustainable use 
of P resources in agriculture and improving the efficiency of P fertilizers used in different 
agricultural systems (Cordell et al., 2009), to extend the world P availability. 

Developing P efficient cultivars (yield well under P deficient conditions) are not in them-
selves a sustainable solution to the problem, as it will not deny the ultimate need for P ferti-
lizers (Sanchez, 2010). However, it is the most realistic approach to the problem of P defi-
ciency in cultivated soil (Gunes et al., 2006; Liao et al., 2008). More P efficient cultivars pro-
vide opportunities for initial gain in crop productivity to be achieved that may consequently 
assist access to P fertilizers (Lynch, 2007).The distribution of improved cultivars to farmers is 
among the most cost-effective means to upgrade crop production (Byerlee, 1996). In this 
paper we review mechanisms underlying phosphorus uptake and transport in wheat plant 
and the potential of different approaches that leads to improved P use efficiency in agricul-
tural systems. 

How P is absorbed by wheat? 

Wheat being a cereal produces two types of roots : seminal roots (also called as primary 
roots) develop at the nodes of the embryonic hypocotyl of the germinating cross and adven-
turous roots (also called nodal, secondary or crown roots) emerge from nodes at the base of 
the apical culm (main stem) and tillers only when the fourth main stem leaf appears. The 
roots generally considered as source of Pi for other plant parts, become a sink during Pi star-
vation. This appears to be a deliberate, adaptive response by the plant to promote root pro-
liferation and thereby enhance soil exploration and Pi uptake (Raghothama, 1999). High-
input semi-dwarf wheat is characterized by shallow root architecture i.e. seminal root de-
pendence. In contrast, low input genotypes develop a large root system essentially based on 
adventurous roots. 

Plant roots absorb inorganic P (Pi), from the soil solution mainly in the form of primary or-
thophosphate (H2PO4)2- and secondary orthophosphate (HPO4)2- ions (Vance et al., 2003). 
Many other forms are also available. Soil phosphate ions move towards the root via diffusion 
(Marschner, 1995).Plants must maintain intercellular (cytosol) Pi level at millimolar range, 
even when the concentration of soil Pi are at micromolar level, to meet the high demand of 
Pi in the cells (Reisenauer,1966). This necessitates roots to acquire Pi against a strong con-
centration gradient (100- fold or higher). An energy mediated H+/Pi co-transport process, 
driven by the plasma membrane H+ extrusion pump such as the P-type H+ATPase has been 
proposed for Pi uptake in plants (Ullrich-Eberius et al., 1981; Ullrich-Eberius et al., 1984). 
Two categories of transporters are expressed for phosphate acquisition and transport across 
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the plants. High-affinity P transporters primarily involved in P acquisition from external soil 
solution to the cell cytoplasm and the low-affinity P transporters also involve in P uptake and 
vascular loading and unloading, internal distribution and remobilization of acquired P (Smith 
et al., 2001). Acquisition of P by high-P- affinity transporters is regulated by internal P in the 
plants whereas low-affinity transport system expressed constitutively. Phosphate acquired 
by root epidermal cells through the transporter mediated pathway and apoplasmic move-
ment is loaded into the xylem for further transportation in different plant parts according to 
metabolic needs (Bieleski and Ferguson, 1983). The initial movement of the phosphate ions 
across the plasma membrane to the root epidermal cells and cortical cells and subsequent 
loading into xylem appears to be two major checkpoints of the regulation of ion transport 
across roots (Smith et al., 2003). Plants have developed adaptive responses to facilitate ex-
ternal Pi acquisition, limit consumption of Pi and adjust recycling internally to maintain con-
stant cytoplasmic Pi concentration referred to as homeostasis, in case of inadequate Pi 
availability (Raghothama, 1999; Poirier and Bucher, 2002). 

In wheat full length cDNA sequence of a high affinity phosphate transporter gene (PHT1), 
TaPHT1.2 and partial sequence of seven other PHT1genes were cloned (Davies et al., 2002). 
A 579 bp of TaPHT1.2 promoter is sufficient to drive gene expression in the roots of wheat 
and Arabidopsis under low P conditions (Tittarelli et al., 2007). The regulatory element in Pi 
response, P1BS, is also identified in TaPHT1.2 transporter, TaPHT1.2-D, on long arm of wheat 
4D (Miao et al., 2009). 

Approaches for improving phosphorus use efficiency in wheat 

Use efficiency of P (PUE) depends on external P availability and internal P requirements. 
The latter can be split into P uptake efficiency (Fohse et al., 1988) and P utilization efficiency. 
Phenotypic and genotypic adaptations influencing P acquisition under P stress mainly involve 
changes in root characteristics because of relative immobility of P in soil, with the highest 
concentration usually found in the top soil. Increased harvest index, P harvest index and low 
P.  

P concentration in grain may improve P utilization efficiency in wheat (Batten, 1992). Be-
ing in additive mode, small optimization of the each component traits can trigger PUE of 
wheat as a whole. Achieving these changes can be brought about through the following ap-
proaches described below. 

Screening and breeding of P efficient wheat lines. 

Selection of P efficient lines in terms of yield is complicated as almost everything in the 
genome contributes either directly or indirectly to yield. If the selection pressure for P or any 
other nutrient is strong enough then efficient genotypes may be selected based on yield, but 
there will be possibility of the strong influence of interactions that would affect the results 
under field conditions (Ortiz-Monasterio et al., 2001). Screening is further complicated in the 
field because of the uneven distribution of P. Genotypes can be screened in uniform soils 
under greenhouse experiment. However, growing conditions are less realistic and ranking 
may not be closely related to P efficiency obtained in the field (Gunes et al., 2006). Special 
attention should be given to growth conditions in screening wheat for P efficiency. Green 
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house experiments however, can act as a primary screening tool to reduce the number of 
genotypes. 

The geometry of the root system is essential for improvement of P uptake as it may be di-
rected to maximize root per unit soil volume i.e. root length density. Wheat genotypes with 
higher root length density are able to take up more P (Manske et al., 2000a). Root diameter, 
root hair abundance (Jones et al., 1989) and high ratio of root to shoot growth-rates (Fohse 
et al., 1988) are other determinants of P uptake efficiency in wheat. Genotypes with thinner 
roots showed improved P uptake (Manske et al., 1996). Manipulation in root hair morpholo-
gy is the least metabolically costly way of increasing root surface area. Root hair length plays 
a significant role in P acquisition (Gahoonia et al., 1997). Root hair density among bread 
wheat varied considerably and positively correlated with P uptake at anthesis when grown 
on a P deficient calcareous Ardisols (Manske, 1997). Wide genotypic variation and heritabil-
ity of root morphology, root hair length and density provide opportunities for selection and 
breeding for root characteristics for increasing P acquisition (Gahoonia and Nielsen, 2004). 

Root induces changes in the PH of their rhizosphere, which affects the bioavailability of 
soil P (Grinsted et al., 1983). The concentration of orthophosphate ions in the soil solution is 
pH influenced. Plant species or genotypes inducing rhizosphere acidification may absorb 
more P by this mechanism (Gahoonia and Nielsen, 2004). Organic acids especially citrate and 
malate ions are the major wheat roots exudates responsible for this adaptation (Manske and 
Vlek, 2002; Khademi et al., 2010).The consumption of organic acid by the microorganisms 
might reduce their effectiveness in dissolving strongly bound P in rhizosphere soil. However, 
as long as there is net presence of organic acids (i.e. more produced than consumed) they 
will be useful in mobilising P from strongly bound P pools (Gahoonia and Nielsen, 2004). Ex-
udation promotes the solubility of soil P from inorganic and adsorbed P fractions (Neumann 
and Romheld, 1999). Under conditions of Fe deficiency, roots release considerable amounts 
of chelating exudates (phytosiderophores), which form plant-available Fe-phytosiderophore 
complexes (Aciksoz et al., 2011) and thus, release bound Pi from the Fe-P complex, in to the 
rhizosphere. Depending on the soil type organic P may constitute 30-80 percent of the total 
phosphorus (Dalal, 1977). Plants can only absorb organic P compounds after they are hydro-
lyzed to inorganic P, preferably close to the root surface in order to prevent sorption by the 
soil particles. Organic P can be digested by root-surface-bound or excreted phosphatase 
(Seeling and Jungk, 1996). Genotypic variation in root phosphatase, excreted or bound at the 
root surface, exists (McLachlan, 1980). Results from a set of genotype also indicate the abil-
ity of wheat roots to utilize organic P through root phosphatase activity (Tabatabai and 
Bremner, 1969). 

Root modification systems however, usually require additional carbon input. In wheat 
over 50 percent of the carbohydrate are translocated to roots for root growth and mainte-
nance and for the absorption of ions, of them anion uptake only costs about 20 percent of 
the translocated carbohydrate (Manske and Vlek, 2002). If the demand for carbohydrates in 
large root systems is not compensated for by improved P and water acquisition, as in case of 
sufficient nutrient and water supply, the roots themselves may limit yield (Manske et al., 
2001) and study of wheat root traits may be very labour intensive. Techniques like minirhizo-
tron, image analysis system and root washing machines have been developed and although 
they are often precise and faster, they are expensive and unsuitable for screening large 
number of segregating population (Manske et al., 2001). Indirect selection for above ground 
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traits related to root growth could be a possibility to select genotypes with improved root 
systems for low input conditions. The number of spikes m2 is positively correlated with root 
length density, especially at low P (Manske et al., 2000a). Nonetheless, assessing root traits 
is essential for improving P acquisition efficiency under low P conditions, root analysis of 
large population can be done in nutrient solution. Hayes et al., (2004), by using only two 
wheat cultivars concluded that screening in nutrient solution is not reliable for P efficiency 
differences found in soil culture. 

On the other hand, in a glasshouse comparison of 73 types of bread wheat and durum 
wheat, at similar concentrations of shoot P, genotypes showed considerable variation in 
shoot dry weight (Ozturk et al., 2005) suggesting useful variation in internal P utilization effi-
ciency. More effective translocation of assimilates into kernels may improve the P utilization 
(Horst et al., 1996) because developing kernels are strong sink for assimilates. Given the 
small margin to breed for higher harvest index (HI), selection for low grain P content may 
improve P utilization efficiency. Selection for wheat genotypes that removes small amounts 
of P from the soil due to their low P grain concentration can contribute to sustainable land 
use (Schulthess et al., 1997). Opportunity exists to manipulate P grain composition. Nearly 
all the genotypic variations in seed total P are due to a variation in phytate, a mixed cation 
salt of phytic acid.  Non-phytate P tends to remain constant (Raboy et al., 1991; Raboy, 
2003). High phytate grain concentration reduces P bioavailability in monogastric animals and 
also contributes to poor availability of essential micronutrients (Liu et al., 2006). However, 
low P in seed can impact on seedling establishment (Bolland and Baker, 1988; Derrick and 
Ryan, 1998) especially under low input P conditions and agronomic involvements like P seed 
enrichment or P placement (Rebafka et al., 1993; Sekiya and Yano, 2010) may be required to 
overcome any restrictions to seedling growth. Moreover, more detailed experiments are 
needed for better understanding of role of P translocation within the plants and re-
translocation to meristems (Ozturk et al., 2005) and to grain in improved P efficiency in 
wheat. 

Any wheat breeding programme for higher grain yield, selects indirectly for improved P 
utilization (Egle et al., 1999), especially under low P regimes. Modern breeding had increased 
P use efficiency through better utilization for grain formation i.e. higher P harvest index 
(Horst et al., 1993), further improvement in P use efficiency can be realized by increasing 
either ears per plant or grains per ear (Wang et al., 2010). In a Metroglyph analysis of spring 
wheat Gill et al. (2004), classified 30 genotypes in to eight different groups on the basis of 
their grain yield performance and phosphorus uptake and concluded: low P requiring geno-
types can be grown on soils marginally deficient in available P to get maximum phosphate 
use efficiency which in turn results in better cost benefit ratio; Inter-mating between varie-
ties belonging to high grain yield-high phosphorus (HGY-HP; PBW 343 and WH 711) and high 
grain yield-low phosphorus (HGY-LP; Raj 3765 and WH 283) group would further expand 
genotypic variability and thus frequency of recombinants exhibiting different grain yield and 
P uptake levels. 

Breeding of new improved cultivar relies on screening of genotypes varying considerably 
for associated traits. As, traits most likely associated with P use efficiency has been identified 
in wheat, it seems feasible to combine root traits and internal P utilization efficiency into 
agronomically elite commercial cultivars and perform early generation selection under both 
low and high P conditions. The later will select for high yield potential and former for adap-
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tation to low P (Manske et al., 2000a). Phenotypic complexity of roots and shoot responses 
to P limiting conditions reflects the polygenic nature of the process. Variation for complex 
phenotypic traits are frequently controlled by many genetic loci, scattered throughout the 
genome (Price, 2006). Quantitative trait loci analysis is based on statistically significant asso-
ciation of phenotypic differences for the trait of interest with molecular markers that consti-
tute the genetic map (Doerge, 2001). Molecular markers found linked to the target trait can 
be used in marker-assisted selection (for reviews, see Gupta et al., 1999; Varshney et al., 
2007) as given  challenges and the time scale, breeding for improved cultivars can no longer 
rely on 10-year cycles and all technologies that shorten selection cycles must be mobilized 
(Paux et al., 2011). Despite QTLs related to P deficiency tolerance has been identified in 
wheat (Su et al. 2006, 2009; Li et al. 2007; Guo et al., 2011) their utilization in marker aided 
selection is a remaining challenge. 

Transgenic approach 

Exudation of organic acids and phosphatase into the rhizophere has been proposed to in-
crease P acquisition efficiency (PAE) in wheat plants. Transgenic barley expressing TaALMT1 
aluminium activated malate transporter gene, enhanced expression of which improved Al3+ 
resistance in transgenic wheat (Pereira et al., 2010), showed improved P nutrition and grain 
production when grown on an acidic soil (Delhaize et al., 2009). These finding provides an 
opportunity to manipulate P deficiency and aluminium toxicity tolerance in wheat under 
acidic soil using TaALMT1 as a candidate. Phytases, a special type of APases with the capabil-
ity to hydrolyze phytate and its derivates, predominant inositol phosphates present in seeds 
and soil. Wheat engineered for Aspergillus phytase-encoding gene (phyA), accumulates sig-
nificant amount of Aspergillus phytase in grains may be of relevance for improving the phyt-
ate-phosphorus digestibility in non-ruminants including humans. Given soluble P, high affini-
ty phosphate transporters play an important role in Pi uptake and translocation (Zeng et al., 
2002; Davies et al., 2002; Tittarelli et al., 2007; Miao et al., 2009) and offer the possibility to 
enhance the P nutrition of wheat by gene technology approach.  

Integrated approach 

An integrated approach that enhances availability and acquisition of native P includes in-
tegrated use of inorganic P sources through highly soluble fertilizers coupled with inocula-
tion of plant growth promoting rhizobacteria (PGPR) like Azotobacter, Azospirrilum or my-
corrhizae (Fig 1).  
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Fig.1, adopted from Behl et al., 2005 

This approach can also compliment the products of plant breeding and gene technology 
besides improving the efficiency of applied P fertilizers. PGPR enhance the capacity of plants 
to acquire P from soil through the various mechanisms includes: increased lateral root 
growth by hormonal stimulation like production of indole-3-acetic acid (IAA) (Barbieri et al., 
1986), gibberellin or enzymes that alter plant ethylene precursors such as ACC-deaminase 
(Richardson et al., 2009; Hayat et al., 2010), solubilization and mineralization of fixed P from 
inorganic and organic forms via efflux of organic anions and protons, production of sidero-
phores and release of phosphatase (Richardson et al., 2009). Genotypic differences for Azo-
tobacter infection (Kumar and Narula, 1999) increase P (Kumar et al., 2001) and micro-
nutrients uptake (Singh et al., 2004) exists among Indian bread wheat. 
Solubilized P can be absorbed both directly by plants or via  arbuscular mycorrhizal fungal 
hyphae. Mycorrhizal symbosis is based on the mutulastic exchange of carbon from the host 
plant in return for P (Schweiger and Jakobsen, 2000) and other nutrients from the fungus 
(Marschner and Dell, 1994).Wheat roots excrete carbonaceous exudates which could help in 
proliferation of VAM and Azotobacter chroococcum (Azc) (Manske et al., 2000b). Inoculation 
of Azc also compliments wheat-VAM interaction due to its nitrogen fixation, phytohormone 
production and phosphate solubilizing properties (Behl et al., 2003). Thus, inoculation of 
VAM with phytohormone and vitamin producing Azc could result in improved plant growth 
promoting effects of diazotrophs in rhizosphere. Behl et al., (2003), reported the effect of 
cultivar and dual inoculation of Azc and arbuscular mycorrhiza fungi (AMF, Glomus fascicula-
tum) on AMF infection in four wheat varieties and their three crosses under low input condi-
tions. Comparative evaluation of treatment averages viz. control (common in other two 
treatments also), AMF and AMF + Azc revealed that inoculation of Azc led to increase in AMF 
infection in roots.  
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High-affinity phosphate transporters localized in root-mycorrhiza interface in cortical 
cells, co-ordinately expressed in response to P deficiency and interaction with mycorrhizal 
fungi in wheat (Glassop et al., 2005; Bucher, 2007). However, this information requires fur-
ther basic research for better understanding of mechanism underlying mycorrhizal Pi uptake 
pathways, for adoption in breeding programme. Regardless of substantial potential, with an 
exception of commercialization of fungal-based inoculants in North America and recently in 
Europe and Australia, large scale application of microbial products remains limited due to 
inconsistent response to inoculants under different environments as a consequence of com-
plex plant-microbe interaction in soil environment which has proven difficult to manage 
(Richardson, 2001; Richardson and Simpson, 2011). 

Conclusion and Outlook 

P nutrition is critical for reaching the attainable yield potential of wheat. Given that ge-
netic variability exists among bread wheat genotypes and alien species, there is some scope 
for pyramiding genes for P acquisition and utilization in agronomically superior genotypes 
possessing commensurate ontogenic and structural features to support sinks for grain yield 
with efficient use of Pi, through combination of conservation strategies discussed in this re-
view. Plant breeding under the umbrella of Plant Genomics will lead to the identification of 
genes regulating adaptation to P stress through the development of well-defined Recombi-
nant Inbred Lines (RILs)  and Near Isogenic Lines (NILs) having QTLs for P tolerance coupled  
with next generation sequencing (Vance, 2010). P nutrition must be a part of an integrated 
nutrient management strategy that considers the importance of bio-inoculants, organic ma-
nures and other nutrients. 

References 

Aciksoz, S. B., Ozturk, L., Gokmen, O. O., Romheld, V. and Cakmak, I.: Effect of nitrogen on root re-
lease of phytosiderophores and root uptake of Fe (III)-phytosiderophore in Fe-deficient wheat 
plants. Physiol Plantarum 142: 287-296, 2011. 

Barbieri, P., Zanelli, T. and Galli, E.: Wheat inoculation with Azospirillum brasilence Sp6 and some 
mutants altered in nitrogen fixation and indole-3-acetic acid. FEMS Microbiol Lett 36: 87-90, 
1986. 

Batten, G. D.:  A review of phosphorus efficiency in wheat. Plant Soil 146: 163-168, 1992. 

Behl, R. K., Lokesh, Chhabra, A. K., Narula, N., Singh and Punia, M. S.: Enhancing phosphorus uptake 
and use efficiency in wheat breeding for input use efficiency. In: .Breeding Crops for Input Use 
Efficency, Behl, R. K., Waldia, R. S. and Chhabra, A. K. (eds), Department of Plant Breeding, CCS 
HAU, Hisar,   128-136, 2005. 

Behl, R. K., Sharma, H., Kumar, V. and Singh K. P.: Effect of dual inoculation of VA Mycorrhiza and 
Azotobacter chroococcum on above flag leaf characters in wheat. Arch Agron Soil Scie 49: 25-
31, 2003. 

Bieleski, R. L. and Ferguson, I. B.: Physiology and metabolism of phosphate and its compounds. In: 
Lauch, li. A., Bieleski, R., L. (eds): Encyclopedia of plant physiology, NS, Vol 15A. Springer,  Ber-
lin, Heidelberg, New York,  422–449, 1983. 



11 
 

Bolland, M. D. A. and Baker, M. J.: High phosphorus concentrations in seed of wheat and annual 
medic are related to higher rates of dry matter production of seedlings and plants. Aust J Exp 
Agric 28: 765–770, 1988. 

Bucher, M.: Functional biology of plant phosphate uptake at root and mycorrhiza interfaces. New 
Phytol 173: 11–26, 2007. 

Byerlee, D.: Modern Varieties, Productivity, and Sustainability: Recent Experience and Emerging Chal-
lenges. World Development 24: 697-718, 1996. 

Braun, H., J., Atlin, G. and Payne, T.: Multi-location testing as a tool to identify plant response to 
global climate change. In: Reynolds, M. P. (ed.), Climate change and crop production. Walling-
ford, UK: CABI Publishers,   115-138, 2010. 

Cordell, D., Drangert, J. O. and White, S.: The story of phosphorus: Global food security and food for 
thought.  Global Environ Chang 19: 292–305, 2009. 

Dalal, R. C.: Soil organic phosphorus. Adv Agron 29: 83-117, 1977. 

Davies, T. G. E., Ying, J., Xu, Q., Li,  Z. S., Li, J. Y. and Gordon-Weeks, R.: Expression analysis of putative 
high-affinity phosphate transporters in Chinese winter wheats. Plant Cell Environ 25: 1325-
1340, 2002. 

Delhaize, E., Taylor, P., Hocking, P. J., Simpson, R. J., Ryan, P. R. and Richardson, A. E.: Transgenic 
barley (HordeumvulgareL.) expressing the wheat aluminium resistance gene (TaALMT1) shows 
enhanced phosphorus nutrition and grain production when grown on an acid soil. Plant Bio-
technol J 7: 391–400, 2009. 

Derrick, J. W. and Ryan, M. H.: Influence of seed phosphorus content on seedling growth in wheat: 
Implications for organic and conventional farm management in South East Australia. Biol Agric 
Horticul 16: 223–237, 1998. 

Doerge, R.: Mapping and analysis of quantitative trait loci in experimental populations. Nat Rev Gen 
3: 43–52, 2001. 

Egle, K., Manske, G., Romer, W. and Vlek, P. L. G.: Improved phosphorus efficiency of three new 
wheat genotypes from CIMMYT in comparison with an older Mexican variety. J Plant Nutr Soil 
Sci 162: 353-358, 1999. 

FAO:  Plant Nutrition for Food Security: A Guide for Integrated Nutrient Management, FAO Fertilizer 
and Plant Nutrition Bulletin 16. Food and Agriculture Organization of the United Nations, 
Rome, 2006. 

Fohse, D., Classen, N. and Jungk, A.: Phosphorus efficiency of plants. I. External and internal P re-
quirement and P uptake efficiency of different plant species. Plant Soil 11: 101-109, 1988. 

Gahoonia, T. S. and Nielsen, N. E.: Root traits as tools for creating phosphorus efficient crop varieties. 
Plant Soil 260: 47-57, 2004. 

Gahoonia, T. S., Care, D. and Nielsen, N. E.: Root hairs and phosphorus acquisition of wheat and bar-
ley cultivars. Plant Soil 191: 181-188, 1997. 

Gill, H. S., Singh, A., Sethi, S. K. and Behl, R. K., Phosphorus uptake and use efficiency in different vari-
eties of bread wheat (Triticum aestivum L) Arch Agron Soil Sci 50: 563-572, 2004. 

Glassop, D., Smith, S.E. and Smith, F. W.: Cereal phosphate transporters associated with the mycor-
rhizal pathway of phosphate uptake into roots. Planta 222: 688-698, 2005. 



12 
 

Grinsted, M. J., Hedley, M. J., Nye, P. H. and White, R. E.: Plant induced changes in the rhizosphere of 
rape (Brassica napus var. Emerald) seedlings. I pH change and the increase in P concentration 
in the soil solution. New Phytol 91: 19-29, 1983. 

Gunes, A., Inal, A., Alpaslan, M. and Cakmak, I.: Genotypic variation in phosphorus efficiency between 
wheat cultivars grown under greenhouse and field conditions. Soil Sci Plant Nutri 52: 470-478, 
2006. 

Guo, Y., Kong, Fan-mei, Xu, Yun-feng, Zhao, Y., Liang, X., Wang, Ying-ying, An Diao-guo Li, and Si-shen: 
QTL mapping for seedling traits in wheat grown under varying concentrations of N, P and K nu-
trients. Theor Appl Genet DOI 10.1007/s00122-011-1749-7, 2011.  

Gupta, P. K., Varshney, R. K., Sharma, P. C. and Ramesh, B.: Molecular markers and their applications 
in wheat breeding. Plant Breedi 118: 369–390, 1999. 

Hayat, R., Ali, S., Amara, U., Khalid. R. and Ahmed, I.: Soil beneficial bacteria and their role in plant 
growth promotion: a review. Ann Microbiol 60: 579–598, 2010. 

Hayes, J. E., Zhu, Y-G., Mimura, T. and Reid, R. J.: An assessment of the usefulness of solution culture 
in screening for phosphorus efficiency in wheat. Plant Soil 261: 91-97, 2004. 

Holford, I. C. P.: Soil phosphorus its measurements and its uptake by plants. Aust J Soil Res 35: 227-
239, 1997. 

Horst, W. J., Abdou, M. and Wiesler, F.: Genotypic differences in phosphorus efficiency of wheat. 
Plant Soil 155-156: 293–296, 1993. 

Horst, W. J., Abdou, M. and Wiesler, F.: Differences between wheat cultivars in acquisition and utili-
zation of phosphorus. Z Pflanzenernahr Bodenk 159:155-161, 1996. 

IWMI: Comprehensive assessment of water management in agriculture. Cosponsers: FAO, CGIAR, 
CBD, Ramsar, 2006. 

Jones, G. P. D., Blair, G. J. and Jessop, R. S.: Phosphorus efficiency in wheat-a useful selection criteria. 
Field Crops Res 21: 257-264, 1989. 

Khademi, Z., Jones, D. L., Malakouti, M. J. and Asadi, F.: Organic acids differ in enhancing phosphorus 
uptake by Triticum aestivum L.-effects of rhizosphere concentration and counterion. Plant Soil 
334:151-159, 2010. 

Kumar, V., Behl, R. K. and Narula, N.: Establishment of phosphate solubilizing strains of Azotobacter 
chroococcumin the rhizosphere and their effect on wheat cultivars under green house condi-
tions. Microbial Res 156: 87-94, 2001. 

Kumar, V. and Narula, N.: Solubilization of inorganic phosphates and growth emergence of wheat as 
affected by Azotobacter chroococcum mutants. Biol Fertil Soils 28: 301-305, 1999. 

Li, Z. X., Ni, Z. F., Peng, H. R., Liu, Z. Y., Nie, X. L., Xu, S. B., Liu, G. and Sun, Q. X.: Molecular mapping of 
QTLs for root response to phosphorus deficiency at seedling stage in wheat (Triticumaestivum 
L.). Prog Nat Sci 17: 1177–1184, 2007. 

Liao, M., Hocking, P. J., Dong, B., Delhaize, E., Richardson, A. E. and Ryan, P. R.: Genotypic variation in 
phosphorus efficiency among wheat genotypes grown on two contrasting Australian soils. Aust 
J Agr Res 59: 157–166, 2008. 

Liu, Z. H., Wang, H. Y., Wang, X. E., Zhang, G. P., Chen, P. D. and Liu, D. J.: Genotypic and spike posi-
tional difference in grain phytase activity, phytate, inorganic phosphorus, iron, and zinc con-
tents in wheat (Triticumaestivum L.) J Cereal Sci 44: 212–219, 2006. 

Lynch, J. P.:  Roots of the second green revolution. Aust J Bot 55: 1–20, 2007. 



13 
 

Maene, L. M.: International Fertilizer Supply and Demand. In: Australian Fertilizer Industry Confer-
ence, International Fertilizer Industry Association, August, 2007. 

Manske, G. G. B.: Utilization of the genotypic variability of VAM  -symbiosis and root length density in 
breeding phosphorus efficient wheat cultivars  at  CIMMYT. Final report of a special project. 
Mexico City: CIMMYT, 1997. 

Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., Gonzalez, R., Rajaram, S., Molina, E. and 
Vlek, P. L. G.: Traits associated with improved P-uptake efficiency in CIMMYT's semi dwarf 
spring bread wheat grown on an acid Andisol in Mexico. Plant Soil 221:189-204, 2000a. 

Manske, G. G. B., Ortiz-Monasterio, J. I., Van Ginkel, M., Gonzalez, R. and Vlek, P. L. G.: Phosphorus 
uptake, utilization efficiency and grain yield of semidwarf wheat grown in acid or alkaline, P 
deficient  soils.  5th International  Wheat Conference, June 10-14, Ankara, Turkey, 1996. 

Manske, G. G. B., Ortiz-Monasterio, J. I. and Vlek, P. L. G.: Techniques for measuring genetic diversity 
in roots. In: Reynolds, M. P., Ortiz-Monasterio, J. I. and McNab, A. (eds), Application of physiol-
ogy in wheat breeding. Mexico, D.F., CIMMYT,   208-218, 2001. 

Manske, G. G. B. and Vlek, P. L. G.: Root Architecture-Wheat as a Model Plant. In: Waisel, Y. and 
Eshel, A. (eds), Plant roots the hidden half. Marcel Dekker, Inc, New York. Basel,   249-259, 
2002. 

Manske, G. G. B., Behl, R. K., Luttger, A. B. and Vlek, P. L. G.: Enhancement of mycorrhizal infection, 
nutrient efficiency and plant growth by Azotobacter chroococcum in wheat: Evidence of varie-
tal effects. In: Narula, N. (ed), Azotobacterin sustainable agriculture. CBS Publishers and Dis-
tributors, New Delhi, p136-147, 2000b. 

Marschner, H.: Mineral Nutrition of Higher Plants. 2nd edn. Academic Press, London, 1995. 

Marschner, H, and Dell, B.: Nutrientuptake in mycorrhizalsymbiosis. Plant Soil 159: 89-102, 1994. 

McLachlan, K. D.: Acid phosphatase activity of intact roots and phosphorus nutrition in plants. 1. As-
say conditions and phosphatase activity. Aust J Agric Res 31: 429–440, 1980. 

Miao, J., Sun, J., Liu, D., Li, B., Zhang, A., Li, Z. and Tong, Y.: Characterization of the promoter of phos-
phate transporter TaPHT1.2 differentially expressed in wheat varieties. J Genet Genomics 36: 
455-466, 2009. 

Neumann, G. and Romheld, V.: Root excretion of carboxylic acids and protons in phosphorus-
deficient plants. Plant Soil 211:121-130, 1999. 

Ortiz-Monasterio, J. I., Manske, G. G. B. and Ginkel, van M.: Nitrigen and phosphorus use efficiency. 
In: Reynolds, M. P., Ortiz-Monasterio, J. I. and McNab, A. (eds), Application of physiology In 
wheat breeding. Mexico,D.F., CIMMYT,   200-207, 2001.    

Ozturk, L., Eker, S., Torun, B. and Cakmak, I.: Variation in P efficiency among 73 bread and durum 
wheat genotypes grown in a P-deficient calcareous soil. Plant Soil 269: 69-80, 2005. 

Paux, E., Sourdille, P., Mackay, I. and Feuillet, C.: Sequence-based marker development in wheat: 
Advances and applications to breeding. Biotechnol Adv Res Rev doi: 10.1016/j. biotecha dv, 
2011. 

Pereira, J. F., Zhou, G., Delhaize, E., Richardson, T., Zhou, M. and Ryan, P. R.:  Engineering greater 
aluminium resistance in wheat by over-expressing TaALMT1. Ann Bot 106: 205–214, 2010. 

Poirier, Y. and Bucher, M.: Phosphate transport and homeostasis in Arabidopsis. In: Somerville, C. R. 
and Meyerowitz, E. M. (eds), The Arabidopsis book. Rockville, MD: The American Society of 
Plant Biologists,   1–35, 2002. 



14 
 

Price, A. H.: Believe it or not, QTLs are accurate. Trends Plant Sci 11: 213–216, 2006. 

Raboy, V.: Myo-inositol-1,2,3,4,5,6-hexakisphosphate. Phytochem 64: 1033–1043, 2003. 

Raboy, V., Noaman, M. W., Taylor, G. A. and Pickett, S. G.: Grain phytic acid and protein are highly 
correlated in winter wheat. Crop Sci. 31: 631-635, 1991. 

Raghothama, K. G.: Phosphate acquisition. Annu Rev  Plant Physiol Plant Mol Biol50: 665–693, 1999. 

Rebafka, F. P., Bationo, A. and Marschner, H.: Phosphorus seed coating increases phosphorus uptake, 
early growth and yield of pearl millet (Pennisetumglaucum (L.) R. Br.) grown on an acid sandy 
soil in Niger, West Africa. Ferti Res 35: 151-160, 1993. 

Reisenauer, H. M.: Concentrations of nutrient ions in soil solution. In: Airman PH (ed) Environmental 
biology. Federation of American Societies for Experimental Biology, Bethesda,   507 - 508, 
1966. 

Richardson, A. E.: Prospects for using soil microorganisms to improve the acquisition of phosphorus 
by plants. Aust J Plant Physiol 28: 897–906, 2001. 

Richardson, A. E., Barea, J. M., McNeill, A. M., Prigent-Combaret, C.:  Acquisition of phosphorus and 
nitrogen in the rhizosphere and plant growth promotion by microorganisms. Plant Soil 321: 
305–339, 2009. 

Richardson, A. E. and Simpson, R. J.: Soil microorganisms mediating phosphorus availability. Plant 
Physiol 156: 989-996, 2011. 

Sanchez, P. A.: Tripling crop yields in tropical Africa. Nat Geosci 3: 299–300, 2010. 

Schulthess, U., Feil, B. and Jutzi, S. C.: Yield-independent variation in grain nitrogen and phosphorus 
concentration among Ethiopian wheats. Agron J 89: 497-506 , 1997. 

Schweiger, P. and Jakobsen, I.: Direct measurement of phosphorus uptake by native arbuscu-
larmycorrhizal fungi associated with field-grown winter wheat. Agron J 91: 998- 1002, 2000. 

Seeling, B. and Jungk, A.: Utilization of organic phosphorus in calcium chloride extract of soil by bar-
ley plants and hydrolysis by acid and alkaline phosphatases. Plant Soil 178:179–184, 1996. 

Sekiya, N. and Yano, K.: Seed P-enrichment as an effective P supply to wheat. Plant Soil 327: 347–
354, 2010. 

Singh, R., Behl, R. K., Moawad, A. K. and Gill, H.S.: Selection of wheat genotypes responsive to VA 
Mycorrhiza and Azotobactor chroococcum. In:Proceeding “The 6th International Symposium on 
Plant-Soil Interaction at low pH”. August Sendai, Japan. 358-359, 2004. 

Smith, F. W., Mudge, S. R., Rae, A.L. and Glassop, D.: Phosphate transport in plants. Plant Soil 248.71-
83, 2003. 

Smith, S. E., Dickson, S. and Smith, F. A.:  Nutrient transfer in arbuscular mycorrhizas: how are fungal 
and plant processes integrated? Australian J Plant Physiol 28: 685–696, 2001.  

Su, J. Y., Xiao, Y. M., Li, M., Liu, Q. Y., Li, B., Tong, Y. P., Jia, J. Z. and Li, Z.S.: Mapping QTLs for phos-
phorus-deficiency tolerance at wheat seedling stage. Plant Soil 281: 25–36, 2006. 

Su, J. Y., Zheng, Q., Li, H. W., Li, B., Jing, R. L., Tong, Y. P. and Li, Z. S.: Detection of QTLs for phospho-
rus use efficiency in relation to agronomic performance of wheat grown under phosphorus suf-
ficient and limited conditions. Plant Sci 176: 824–836, 2009. 

Tabatabai, M. A. and Bremner, J. M.: Use of p-nitropheny1 phosphate for assay of soil phosphatase 
activity. Soil Bioi Biochem 1: 301-307, 1969. 



15 
 

Tittarelli, A., Milla, L., Vargas, F., Morales, A., Neupert, C., Meisel, L., Salvo, G. H., Penaloza, E., 
Munoz, G., Corcuera, L. and Silva, H.: Isolation and comparative analysis of the wheat TaPT2 
promoter: Identification in silico of new putative regulatory motifs conserved between mono-
cots and dicots. J Exp Bot 58: 2573-2582, 2007. 

Ullrich-Eberius, C. I., Novacky, A. and Bel, A. J. E.: Phosphate uptake in Lemnagibba GI: energetics and 
kinetics. Planta 161: 46–52, 1984. 

Ullrich-Eberius, C. I., Novacky, A., Fisher, E. and Luttge, U.: Relationship between energy dependent 
phosphate uptake and the electrical membrane potential in Lemnagibba GI. Plant Physiol 67: 
797–801, 1981. 

Vance, C. P.: Symbiotic nitrogen fixation and phosphorus acquisition .Plant nutrition in a world of 
declining renewable resources. Plant Physiol 127: 390-397, 2001. 

Vance, C. P.: Quantitative Trait Loci, Epigenetics, Sugars, and MicroRNAs: Quaternaries in Phosphate 
Acquisition and Use. Plant Physiol 154: 582–588, 2010. 

Vance, C. P., Uhde-Stone, C. and Allan, D. L.: Phosphorus acquisition and use: critical adaptations by 
plants for securing a nonrenewable resource. New Phytol 157: 423–447, 2003.  

Varshney, R. K., Langridge, P. and Graner, A.: Application of genomics to molecular breeding of wheat 
and barley. Adv Gen 58: 121–155, 2007. 

Wang, L., Chen, F., Zhang, F. and Mi, G.: Two strategies for achieving higher yield under phosphorus 
deficiency in winter wheat grown in field conditions. Field Crops Res 118: 36–42, 2010. 

Zeng, Y. J., Ying, J., Liu, J. Z., Sun, J. H., Li, B., Xiao, H. and Li, Z. S.: Function analysis of a wheat phos-
phate transporter in yeast mutant. Acta Genetica Sinica 29: 1017-1020, 2002. 

  


