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Abstract 
Wheat and barley are major crops both within Australia and around the world, providing a large 

proportion of the protein and calories required in both human and animal diets. Phosphorus (P) is 

an essential nutrient for all living organisms, without adequate supply both wheat and barley will 

produce no yield. The chemical reactions of P with metal ions in the soil are complex and often 

result in precipitation of this essential nutrient out of the soil solution, resulting in inadequate 

supply for plant growth. To ameliorate this P fertilisers are added (mostly in the developed 

world). The issue is that P fertilisers are a non-renewable resource and could be depleted in the 

next 50-100 years, after which what will we do to maintain production? Many developing 

countries, however, don’t have access to P fertilisers; as such they suffer poor cereal yields. To 

tackle these problems, both those in the developed world and those in the developing world 

ultimately require wheat and barley crops that can produce higher yield with lower P fertiliser 

inputs; this is termed agronomic P use efficiency (PUE1). Plant modifications are one way to 

increase PUE; this could be done via an increase in uptake efficiency or an increase in 

remobilisation of inorganic phosphate (Pi) within the plant. 

Remobilisation of Pi within a plant is critical for sustaining growth and seed production 

under external Pi fluctuation. The barley phosphate transporter, HvPHT1;6 has been implicated 

in Pi remobilisation. Expression of HvPHT1;6 in Xenopus laevis oocytes allowed a detailed 

characterisation of voltage-dependent fluxes and currents induced by HvPHT1;6 (see Chapter 2). 

HvPHT1;6 increased efflux of Pi near oocyte resting membrane potentials, dependent on external 

Pi concentration. Time-dependent inward currents were observed when membrane potentials 

were more negative than -130 mV. This is consistent with nH+:HPO4
2-(n>2) co-transport, based 

on simultaneous radiotracer and oocyte voltage clamping, calculations based on SO4
2- non-

selective uptake, and differences found with change in Pi concentration gradient and pH.  

                                                 
1Phosphorus use efficiency is most usefully defined as yield per unit phosphorus applied to the soil (Ortiz-
Monasterio et al., 2001), this will be the definition used throughout the thesis, unless specified otherwise. 
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Time- and voltage-dependent inward currents through HvPHT1;6 were also observed for SO4
2-, 

and to a lesser degree for NO3
-, and Cl-, but not for malate. Inward and outward currents showed 

linear dependence on the concentration of external HPO4
2-, similar to low affinity Pi transport in 

plant studies. The electrophysiological properties of HvPHT1;6, which locates to the plasma 

membrane when expressed in onion (Allium cepa L.) epidermal cells, are consistent with its 

suggested role in the remobilisation of Pi in barley plants. Pi remobilisation is just one strategy 

that plants have to cope with external P fluctuation. An understanding then manipulation of Pi 

remobilisation processes could lead to improvements in plant PUE. 

Unlike their low affinity counterparts, high-affinity phosphate transporters mediate uptake 

of Pi from soil solution under low Pi environments and could also be an important target for 

increasing plant PUE. The electrophysiological properties of any plant high-affinity Pi transporter 

has not been described yet. HvPHT1;1 was characterised in Xenopus laevis oocytes. A very low 

Km (1.9 µM) for Pi transport was observed in HvPHT1;1 (see Chapter 3); this Km value is similar 

to that found for high affinity Pi uptake into barley roots. Inward currents at negative membrane 

potentials were identified as nH+:Pi- (n>1) co-transport based on simultaneous Pi radiotracer 

uptake, oocyte voltage clamping, and pH dependence. HvPHT1;1 showed preferential selectivity 

for Pi and As, but no transport of the other oxyanions SO4
2- and NO3

- in contrast to HvPHT1;6. 

HvPHT1;1 also locates to the plasma membrane when expressed in onion (A. cepa) epidermal 

cells, and is highly expressed in root segments with dense hairs. The electrophysiological 

properties, plasma membrane localisation and cell-specific expression pattern of HvPHt1;1 

support its role in the uptake of Pi under low external Pi.  

 Early plant growth, after seed P depletion, is likely to be more dependent on Pi uptake 

rather than remobilisation. In many regions of the developing world, wheat productivity is 

constrained by both low moisture availability and inherently low soil P availability; interestingly 

these two factors interact and therefore influence plant P nutrition (see Chapter 5).  
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Breeding bread wheat genotypes that perform better under low P availability and dry conditions 

seems the most viable option for the resource poor farmers in much of the developing world. 

Early vigour is an important trait for improving bread wheat productivity, but little is known 

about the effect of P fertility on the expression of early vigour. A large genetic variation for 

percent early vegetative cover (%EVC) under varying P stress was found in elite bread wheats 

for the dry areas; where the ICARDA genotype, Hamam-4 showed only a 2 % reduction in 

%EVC whereas the Australian genotype, Yitpi lost 55 % of its ground cover under P stress (see 

Chapter 4). Phosphate fertiliser application increased %EVC by 25 % on average; and the 

presence of surface limestone significantly reduced %EVC. A large genetic variation in %EVC 

was found. %EVC was captured digitally and processed using new (free-licence) software 

developed by Douglas Johnson, Oregon State University. It had the strongest correlation with 

shoot biomass. %EVC capture is cheap, accurate and efficient, and could easily be implemented 

in wheat breeding programs to improve not only PUE, but also water use efficiency, weed 

competitiveness, and ultimately productivity. 

 Wheat yield production is the optimal determinate of PUE, basically because yield feeds 

the worlds’ population. Importantly we describe the significant variation in PUE of elite 

Australian bread wheat germplasm. The cultivar Gladius showed the highest and most consistent 

PUE among the tested genotypes (see Chapter 5). This suggests that initially farmers can select 

varieties with higher PUE to manage the risk of rising P prices, and subsequently wheat breeders 

could improve the PUE of wheat by incorporating genes that confer higher PUE into their 

breeding programs. The next step in this project would be to define mechanisms are involved in 

the high PUE of Gladius, be it differences high or low affinity phosphate transporters, root traits, 

or root rhizosphere modifications. 
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Introduction 
Wheat is grown on more land area (240 million ha) than any other crop and continues to be the 

most important food grain source for humans worldwide; leading all crops, including rice, corn 

and potatoes (Curtis, 1998). Wheat provides more nourishment for humans than any other food 

source, containing many minerals, vitamins, proteins, lipids, and fibre for a healthy diet. It can be 

used to make many different types of food such as, bread, noodles, pastries, cereals, etc. In years 

of poor grain quality (drought, rust, etc) wheat can be used for animal feed, or as a raw material 

in industry to make adhesives, paper additives, and even in the production of alcohol. Not only is 

wheat important in western countries, but developing countries produce more than 45 percent of 

the world’s wheat (Curtis, 1998).  

Wheat is the largest grain crop grown in Australia. Most Australian wheat varieties are 

sown in autumn, grow rapidly during the spring months and mature from early to mid-summer 

(AWB, 2006). The amount of Australian wheat export is dependent on wheat production. With 

domestic consumption being relatively stable over time (at about 5.5 million tonnes per annum), 

any excess production is available for export. Wheat exports contribute an average $4 billion per 

annum to the Australian economy (DFAT, 2010), but can fluctuate greatly with seasonal rainfall.  

Barley is also an important crop worldwide, and even forms the staple diet of several 

world regions (Grando and Macpherson, 2002). Food barley is generally found in regions where 

other cereals don’t grow well due to altitude, low rainfall, or soil salinity. It remains the most 

viable option for dry areas (< 300 mm of rainfall) and in farming systems where there are no 

other alternatives for food crops, such as the mountains and highlands. Barley is most commonly 

used for malting and animal feed (Grando and Macpherson, 2002). 
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Australia is the fourth largest wheat exporter in the world, behind the US, Canada and the EU. 

Australian exports account around 14 % of the total wheat trade (DFAT, 2010) Barley is 

Australia's second largest field crop. It is generally grown in the same areas as wheat, but is more 

suited to the lighter soils and coastal areas. Barley is also (after wheat) the only crop of 

significant tonnage where Australia is a major global producer. Australia accounts for 

approximately 18 % of world barley trade (AWB, 2006). Therefore wheat and barley are 

significant crops for Australia’s economy, where yield production determines their importance.  

Yield production is significantly affected by the environment. When water or nutrient 

uptake is limited, productivity can be restricted by two broad classes of effects, those that lead to 

a reduction in intercepted radiation (A to B, Figure 1), and those that reduce the efficiency with 

which intercepted light energy is converted into chemical energy (A to D, B to C) (Figure 1). 

 

Figure 1. Plant responses to stress, comparing C3 (i.e. wheat and barley) and C4 (i.e. 
corn) crops. Sourced; McDonald & Davies (1996). 
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Water and P stress are somewhat linked (refer Chapter 5) and affect both light capture and energy 

conversion (A to B to C), where drought responses often involve curling of leaves or altering leaf 

shape to reduce interception (Monneveux and Belhassen, 1996; Tambussi et al., 2007; Yeo et al., 

1997), and plant water deficit reduces enzyme activity closes stomata thus reducing 

photosynthesis (Chaves et al., 2003; Jackson et al., 2000; Olivares-Villegas et al., 2007; 

Tambussi et al., 2007). Phosphorus deficiency results in plant chlorosis/necrosis which is a 

reduced leaf area and chlorophyll activity to intercept light (Amtmann et al., 2006; Faye et al., 

2006; Lovelock et al., 2006; Ortiz-Monasterio et al., 2001; Ozturk et al., 2005). P deficiency also 

results in reduced efficiency of energy conversion through lowered enzyme activity 

(phosphorylation requirements) and reduced free ATP so respiration efficiency is significantly 

reduced (Amtmann et al., 2006; Catarecha et al., 2007; Goldstein et al., 1988; Mimura, 1999; 

Theodorou and Plaxton, 1993). The effects of both water and P stress can be reduced through 

crop improvements to optimise root systems so that more water and P are extracted from the soil 

(O'Toole and Bland, 1987; Osmont et al., 2007), where P deficiency itself can reduce root 

hydraulic conductivity (Carvajal et al., 1996). 

This literature analysis will focus on P nutrition, encompassing the importance of P to 

plant growth, the effects of fertiliser application to the plant and environment, describing how the 

root system takes up P from the soil, the role of P remobilisation in plant productivity, and what 

has been done to breed cereal crops with increased P use efficiency (PUE). Finishing with a 

description of how the P and water interaction affects plant productivity.  



 - 5 - 

Phosphorus in the Plant and Soil 
Phosphorus (P) is an essential macronutrient for plants; required in the formation of nucleic 

acids, phospholipids, and energy-providing ATP (Lambers et al., 2006; Mudge et al., 2002; 

Schachtman et al., 1998). It is also involved in carbon and nitrogen metabolism (Huang et al., 

2008), signal transduction cascades, photosynthetic and respiratory metabolism, and a regulation 

of enzymes (Amtmann et al., 2006; Goldstein et al., 1988; Gu et al., 2007; Mimura, 1999; 

Theodorou and Plaxton, 1993). Consequently, plants cannot produce yield without a sufficient 

supply of this nutrient (Schachtman et al., 1998). 

Most plants absorb their P as the phosphate anion (H2PO4
- or HPO4

2-) (Goldstein et al., 

1988; Mudge et al., 2002). As a macronutrient P is unique compared to C, H, O and N, because 

all P in organisms is derived through uptake from the soil solution by plant roots. Free Pi in the 

soil solution is often less than 1 µM (Goldstein et al., 1988; Mimura, 1999) and consequently 

high affinity transport systems (HATS, explained in later text) supports most of the P 

requirements of living organisms (Mimura, 1999; Mudge et al., 2002). However the 

concentration of Pi in the cytoplasm of cereal plants is 10,000 times higher at around 10 mM or 

0.2-1 % total dry matter (Schachtman et al., 1998; Steen, 1998). This large gradient makes P one 

of the least available mineral nutrients to plants in many cropping environments (Lynch, 1995; 

Ryan, 2008; Schachtman et al., 1998; Shenoy and Kalagudi, 2005).  

In comparison with other macronutrients, the P content of the earth’s crust (1100 to 1200 

mg kg-1) is low, and in topsoils even lower but also quite variable (50 to 1100 mg kg-1). 

Variability of P within a Moroccan soil has been investigated: on a shallow soil, visually 

uniform, 200 x 200 m area, comprising seven fields or parts of fields, each with a different 

cropping history, test values for P were highly variable and exhibited a consistent pattern related 

to cropping history. A similar adjacent site comprising only one field with presumed uniform 

management was more variable.  
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A number of factors were attributed to the field random variability: inherent soil variability, 

irregular crop and weed stands, animal droppings, and non-uniform hand-spreading of fertiliser 

(Matar et al., 1992). Varying quantities (20 to 80 %) of the total P in soils occur in organic form 

(Morgan, 1997). However, any free organic P is rapidly consumed by microorganisms 

(Goldstein et al., 1988; Mimura, 1999) or needs enzymatic cleaving before plant uptake (Narang 

et al., 2000). By far the major inorganic forms of P in soil are the calcium phosphates, followed 

by the aluminium, and then iron phosphates, while the plant available Pi forms (i.e. H2PO4
- or 

HPO4
2-) are extremely low (Matar et al., 1992; Morgan, 1997), in fact even 100 times lower than 

total inorganic P in soil (Al-Abbas and Barber, 1964; Rahmatullah et al., 1994). Saline soils 

show higher P precipitation values than the equivalent non-saline soils. In contrast, sodic soils 

immobilise less P than similar Ca-saturated soils, and magnesium has been shown to prevent 

adsorption of Pi into calcite and thus retard precipitation (Matar et al., 1992). 

Under low pH, soils contain large amounts of aluminium, iron and magnesium oxides, 

these oxides are highly effective in adsorbing Pi, whilst under alkaline conditions the presence of 

calcium carbonate and calcite act to adsorb Pi and immobilise it (Matar et al., 1992; Morgan, 

1997; Narang et al., 2000; Shenoy and Kalagudi, 2005). This ‘immobilisation’ is a very rapid 

process, where sorption between 6 and 126 days after P addition represented around 5 % of that 

prior 6 days (Matar et al., 1992), and means that few unfertilised soils release P fast enough to 

support the high growth rates of crop plant species (Schachtman et al., 1998; Su et al., 2006). 

Immobilisation also makes P fertiliser use efficiency as low as 10 % (or even 5.5 % in dryland 

Mediterranean environments (Matar et al., 1992)); whereas K and N fertiliser use efficiency may 

be as high as 80 % of the applied fertiliser is recovered in the wheat or barley crop (Lambers et 

al., 2006; Morgan, 1997; Shenoy and Kalagudi, 2005).  
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Although it seems that immobilisation of Pi fertilisers would render their application both 

economically and ecologically unsound, the introduction of  superphosphate in the 1850s saw 

success in developed countries where serious plant and animal health problems due to P 

deficiency have since been eliminated (Tunney et al., 1997). Also the ‘Green Revolution’ has 

lead to both an expansion in the global land holdings and an increase in yield. Neither could have 

been achieved without the widespread application of inorganic P fertilisers to offset the natural 

deficiencies of P in most soils (Lynch, 2007; Oelkers and Valsami-Jones, 2008; Reynolds and 

Davies, 2001). 

 Nitrogen and P deficiencies are the most common restraints to plant productivity (Lynch, 

1995; Osmont et al., 2007; Ryan, 2008; Schachtman et al., 1998). However P is a non-renewable 

resource (mined from P deposits), unlike N, which can be assimilated from N2 into NH3 by free-

living and symbiotic N2-fixing microorganisms, or converted into NH4
+, NO3

-, and urea 

industrially (Lambers et al., 2006). Mineral fertilisers account for approximately 80 % of 

phosphates used worldwide whereas detergents, the second main use of P, use only 12 %. This 

proportion is only expected to continue swinging in favour of agriculture in the future (Steen, 

1998). Wheat crops are the greatest user of P fertiliser worldwide, consuming 20 % of total use 

(Su et al., 2006), and as expected there is a strong correlation (r = 0.91, P < 0.001) between world 

wheat production and world P fertiliser application (Figure 2). 
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Figure 2. World wheat production and phosphorus fertiliser application over the years 

1961-2004. Wheat production sourced FAO (http://faostat.fao.org) and P fertiliser 

application sourced from the IFA (http://www.fertiliser.org/ifa/statistics).  

 

 

The finite P fertiliser situation is an increasing problem facing agricultural production worldwide. 

The current fertiliser industry forecast on the increase in global P consumption suggests an 

annual increase of approximately 3 %, based on past application growth (Steen, 1998). However, 

one could assume that the crop P fertiliser uptake efficiency will be improved in the future, due to 

improved farming technologies, nutrient management and plant breeding (Ortiz-Monasterio et 

al., 2001; Steen, 1998). This is the most likely scenario predicted in Figure 3. 

 



 - 9 - 

 

Figure 3. Forecasted lifetime of current world phosphorus fertiliser reserves based on 
annual increases in P fertiliser use. Sourced; Steen (1998). 

 

Pessimistically the outlook is pretty dismal for P fertiliser reserves, where in the next 60 years all 

current P deposits will be used (Oelkers and Valsami-Jones, 2008). However the most optimistic 

situation suggests that they will be halved by then (Figure 3). Compounding this issue is that high 

grade P reserves are being rapidly mined (currently mined rocks range from over 40 % to below 5 

% P content). Over time one could expect progressive increases in prices (Hammond et al., 2009; 

Lambers et al., 2006), due to increases in extraction cost, countries holding deposits becoming 

conscious of their depletion and scarcity value, and because of increases in processing costs 

(Narang et al., 2000; Steen, 1998). For example, cadmium impurities currently add 2-10 % to 

final fertiliser price. This cost is expected to increase, along with the quantity and disposal cost of 

waste produced (Steen, 1998). Despite these limitations to P fertiliser use, extensive wasting of 

non-renewable P is commonplace. Some 4-5 million tonnes of mineral fertiliser P could be 

replaced by a more efficient use of manure, mainly in regions of Europe and the USA (Steen, 

1998). Over fertilisation still occurs because of the rapid P fixation in many soils (Reynolds and 

Davies, 2001), and poor fertiliser management (such as broadcasting P) leaves fertiliser granules 

on the soil surface that can be easily lost to river systems (Morgan, 1997). 



 - 10 - 

Loss of Pi into river systems is a major contributor to reduced freshwater quality (Reynolds and 

Davies, 2001). Eutrophication often leads to production losses as cattle and other animals die 

after consuming water containing algal toxins. Eutrophication may also pose a serious human 

health risk (Sharpley et al., 1994). Eutrophication is caused by an enrichment of waters by plant 

nutrients (mainly P, carbon, and nitrogen), and the algal growth that is stimulated (Reynolds and 

Davies, 2001; Sharpley et al., 1994). Although nitrogen and carbon are required for algal growth, 

much of the concern with eutrophication should focus on P, this is because of the difficulties in 

controlling the air-water exchange of nitrogen and carbon, and fixation of atmospheric N2 by 

some blue-green algae. For most inland waters this results in P being the most critical nutrient in 

the promotion of accelerated eutrophication (Sharpley et al., 1994).  Agriculture has often been 

blamed for decreasing river quality (Ekholm and Krogerus, 2003; Reynolds and Davies, 2001; 

Sharpley and Rekolainen, 1997), and is a significant contributor of waterborne P (Figure 4). 

 

 

 

Figure 4. Phosphorus loss in runoff as a function of land use in the USA 1977. 
Particulate P refers to undissolved P. Sourced; Sharpley & Rekolainen (1997). 

 

CAB International 
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In certain instances up to 70 % of the algal available P found in freshwaters can be attributed to 

agricultural loss (Molen et al., 1997). Where the exact amount of P lost is influenced by over 

fertilisation (i.e. P application exceeding that required for optimal yield, that increases soluble 

[Pi] in the soil), timing, depth of soil, extent of plant cover, fate of drainage water, method of P 

fertiliser application, topsoil ploughing, type of P fertiliser used, and rainfall characteristics 

(Johnston et al., 1997; Reynolds and Davies, 2001; Sharpley et al., 1994). Further analysis into 

the exact agricultural source of P that flows into river systems has shown that wastewaters 

contribute 85 % of P promoting algal growth (Ekholm and Krogerus, 2003).   

In conclusion the majority of P contributing to quality reduction in freshwaters is sourced 

from wastewaters. However, significant losses of P from fertiliser application have been reported; 

this needs to be reduced to decrease Eutrophication and the unacceptable waste of non-renewable 

P fertiliser. P fertiliser applications are required due to the strong immobilisation of the plant 

available Pi in most soils around the globe. And fertiliser application is required to offset the 

massive gradient between low soil P and high plant P and improve productivity, as P is an 

essential nutrient involved in many components of plant life. 
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Plant Phosphorus Uptake 
The main form of P taken up by plants is the orthophosphate ion. Orthophosphate has three pKa 

values, 2.15, 7.21, and 12.34 (De Ridder et al., 2004). The more important one for living 

organisms is 7.2, so Pi in the cytoplasm will be approximately equally partitioned between the 

ionic forms of H2PO4
- and HPO4

2- (slightly more), whereas in the more acidic vacuole and 

apoplast, H2PO4
- will be the dominant species (Schachtman et al., 1998). This pH effect on 

phosphate ionic forms is the same in soil solutions (Figure 5).  

 

Figure 5. Orthophosphate ionic species activity as a function of solution pH. PT 

represents total phosphate, αααα denotes ion activity. Sourced; Cembella et al. (1984). 
 

Phosphate reaches plant roots by one of three ways: mass flow, present in water moving towards 

the root due to transpiration, interception by the growing root system, and diffusion as a result of 

absorption at the root surface. The low Pi concentration in the soil solution means that mass flow 

is relatively unimportant. Interception by the root system is also of minor importance particularly 

as roots mainly penetrate existing voids in the soil (Passioura, 1991). Most of the Pi absorbed, 

therefore, moves to the roots by diffusion. It is this process which is the limiting step in the 

acquisition of Pi from soil by plants, and often results in a Pi depletion zone in the rhizosphere 

(Gardner et al., 1982; Lambers et al., 2006; Schachtman et al., 1998). 
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P deficiency occurs when the supply of Pi is limited. Phosphate supply in the first 6-8 weeks of 

barley growth is critical for plant biomass production and grain yield. P application after 8 weeks 

resulted in a non-significant difference in productivity (Brenchley, 1929). Whereas winter wheat 

required adequate soil P supply until halfway through grain fill, and spring wheat until heading 

(Sutton et al., 1983) to maintain maximal productivity. The plant response to P deficiency is 

multifaceted (Figure 6), and includes: 1) Depletion of the vacuolar stores of Pi, which ranges 

from not detectable to 145 mM in barley vacuoles (Lee and Ratcliffe, 1993; Mimura, 1999); 2) 

An increase in the plant root system length and branching, root hair density, and/or an increase 

the rate of Pi uptake by roots from the soil (P transporters) (Clarkson et al., 1968; Lee and 

Ratcliffe, 1993); 3) Retranslocation of Pi from older roots and leaves to younger organs as P is 

mobile in plants (Schachtman et al., 1998); 4) Recycling of Pi from nucleic acids (using 

ribonucleases (Amtmann et al., 2006; Bariola et al., 1994)) and phospholipids (via replacement 

of phospho- with galacto- and sulfolipids (Amtmann et al., 2006; Ticconi and Abel, 2004); 5) An 

increased acid phosphatase activity in both plant tissues and the rhizosphere (Amtmann et al., 

2006; Goldstein et al., 1988); 6) Release of root exudates to promote beneficial microbial growth 

(Goldstein et al., 1988); 7) Accumulation of starch and anthocyanins (releasing Pi from 

phosphorylated precursors, protecting from photoinhibition) (Ticconi and Abel, 2004); and 8) 

Plant roots allow increased mycorrhizal fungi colonisation (Schachtman et al., 1998). In addition 

plant metabolism can also be significantly altered under P deficiency, where many alternative 

pathways can be used for provision of energy to reduce reliance on ATP/ADP and Pi availability 

in the cell although this is much more inefficient in terms of energy supply (Theodorou and 

Plaxton, 1993).  
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Figure 6. Processes influencing the availability of P in the soil solution for uptake by 
roots and mycorrhiza. Organic anions increase the concentration of P in the soil 

solution by solubilising minerals and desorbing P from mineral surfaces. Root 

exudates can also affect the activity of microorganisms in the rhizosphere, which 

may also influence these processes. Sourced; Ryan et al. (2001). 

 
 

In contrast, when plants have an adequate supply of Pi and absorption rates exceed demand, 

opposite processes are induced, such as the conversion of Pi into organic storage compounds (e.g. 

phytic acid), a reduction in the Pi uptake rate from the outside solution, and the overspill 

mechanism Pi loss by efflux (Roberts, 2006), which can be between 8 and 70 % of the influx 

(Schachtman et al., 1998)  

Sensing and signalling is crucial for the plant to regulate its internal Pi concentration. It 

appears that Pi ions themselves are sensed by the plant (Schachtman et al., 1998; Schachtman 

and Shin, 2007). Important signalling events are likely to occur in the short term and long term 

after P deprivation (Schachtman and Shin, 2007). The root is usually the primary site of 

perception.  
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Early responses of P deficiency are expected to be more general stress responses as they are often 

similar to N, and sulphur deficiency; and maybe a response to a reduction in external ion 

concentration (Carvajal et al., 1996; Clarkson et al., 2000; Schachtman and Shin, 2007). Long-

term responses are considered more specific to P deprivation, they are likely to be a response to 

cellular concentration being reduced below the critical level (Schachtman and Shin, 2007). 

Experiments using a split-root analysis in barley has proven Pi uptake activity to be regulated at 

the whole plant level rather than the local root level (Liu et al., 1998). The current knowledge of 

P signalling cascades is shown in Figure 7.  

 

 
Figure 7. Abbreviated components2 involved in plant responses and signalling under P-

deficient and –sufficient conditions. Sourced; Schachtman & Shin (2007). 

 

                                                 
2CRE1- a cytokinin receptor; miR399- microRNA that allows excess P uptake; PDR2- a gene that alters root 
morphology by sensing Pi and allowing meristem survival;  PHF- phosphate transporter plasma membrane traffic 
facilitator; Pho2- gene that encodes a ubiquitin protein; PHR1- phosphate starvation response Myb transcription 
factor; ROS- reactive oxygen species; SIZ1- a small ubiquitin-like modifier. 
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Phosphorus sensing and signalling becomes even more complex when other nutrients are 

considered. Cross talk between potassium and P deprivation has been described on a common 

transcription factor basis (Wang et al., 2002), low zinc (but not the similar divalent cation 

manganese) up-regulates high affinity P uptake (Huang et al., 2000), and P deprivation was 

shown to increase transcripts of sulphate and iron transporters (Misson et al., 2005). Pi was 

shown to have a significant influence on nitrate uptake (Faye et al., 2006; Moorby et al., 1988), 

and the production of reactive oxygen species (ROS) in roots is a common feature in response to 

N, P and K deficiency (Shin et al., 2005). Zinc could be important in the signal cascade inducing 

Pi transporter expression (Huang et al., 2000) or directly regulate Pi transporters, such as TaPT8, 

containing a KCGDSFCD external loop as a putative zinc binding sequence (Davies et al., 

2002a). This is ecologically important as often P and zinc deficiency occur together (Hoffland et 

al., 2006). Sulphate transporters could be upregulated to increase sulphur uptake for the 

replacement of phospho- with sulfolipids (Schachtman and Shin, 2007). Iron transporters could 

be upregulated to cope with the excess iron uptake when carboxylates and acids are released to 

increase P uptake (Lambers et al., 2006; Schachtman and Shin, 2007). Also ROS production in 

roots may create aerenchyma. These are an important adaptation that lowers the cost of 

maintaining roots (Schachtman and Shin, 2007). Other abiotic factors also affect Pi uptake. In 

photosynthetically active tissues, light enhances Pi uptake (Raven, 1974) through either H+ pump 

activation (Mimura, 1999), a decrease in cytoplasmic Pi during photosynthesis, and / or the 

carbon : phosphorus cycle links (Lambers et al., 2006; Shenoy and Kalagudi, 2005). Inversely 

lowered temperature decreases Pi uptake through a reduction in energy metabolism (McPharlin 

and Bieleski, 1989; Raven, 1974).  
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In conclusion Pi uptake by plants occurs from the soil solution, primarily across a diffusion 

gradient. The Pi ion itself seems to be sensed by the plant, and the sensing/signalling cascade for 

Pi uptake is complex in itself alone. The interactions of Pi with other nutrients, hormones, 

carbohydrate and environmental factors make the Pi signalling network even more sophisticated. 

Root morphological and physiological changes could exert a significant  effect on Pi availability 

in the rhizosphere, Pi uptake and Pi signaling; studies by Narang et al. (2000) on Arabidopsis 

thaliana provide a good example, where different accessions having a slightly more stable 

biomass production no matter the external P concentration showed significantly longer root hairs. 

These were more densely configured, with higher uptake per unit root length, greater organic acid 

release (malate and citrate), and an increased ability for roots to penetrate strong substrates. 

However, it seems that the most significant driver of P uptake in cereals has not been proven as 

yet (Pandey et al., 2005). The following sections explain the individual factors that could be the 

most important: including 1) Root architecture; 2) Associations with symbiotic fungi 

(mycorrhiza); 3) Carboxylate/phosphatase excretions; 4) Carbohydrate excretion for microbial 

stimulation; and 5) Difference in the expression level of Pi transporters, timing/exact location of 

the expression onset, or differences in the transporter protein sequence and functionality. 
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Root Architecture 

Root architecture refers to the spatial configuration of the root system (Lynch, 1995; Ramaekers 

et al., 2010), we will include root hair formation and surface area as part of this definition. Root 

architecture is the result of: 1) The extension growth of individual root axes; 2) The frequency 

and branching patterns of lateral roots along root axes; 3) The direction of root axis elongation 

(notably in response to gravity); 4) The senescence or mortality of root axes (winter barley 

showed increased root length production and mortality under P deficiency (Steingrobe et al., 

2001); and 4) The plasticity of root growth in response to environmental conditions such as soil 

strength, temperature gradients, nutrient availability, water status, and oxygen status (Lynch, 

1995). Root growth is particularly important for the acquisition of soil immobile resources, such 

as Pi (Figure 8), as it can reduce the ion diffusion distance to root surface (Lynch, 2007). 

 

Figure 8. Plant traits and mechanisms for improving P uptake efficiency. Efficient 
genotypes integrate different traits and mechanisms that contribute to adaptation to 

low P availability and are therefore more tolerant to P deficiency as compared to 

inefficient genotypes. Adaptations to low P availability include: (1) more and longer 

adventitious roots, (2) more horizontally oriented basal roots, (3) more taproot 

laterals, (4) more dispersed higher order laterals, (5) increased root hair density and 

length (together with increased organic acid exudation and more high-affinity P 

transporters), (6) greater association with mycorrhiza, and (7) greater formation of 

aerenchyma. Consequently, the soil volume explored by P-efficient genotypes is 

much larger compared to P-inefficient genotypes. Sourced; Ramaekers et al. (2010). 
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A large surface area (i.e. fine roots, long root hairs) is either an inherent property of the plant 

species, e.g. grasses vs. legumes, or deficiency-induced, e.g. by P or nitrogen, but not potassium 

or magnesium deficiency (Marschener, 1998). Root architecture is of key importance in plant P 

acquisition (Lynch, 1995; Marschener, 1998), where it has been argued that the carbon costs of 

extensive root systems are negligible when set against the nutritional gains or increased 

competitiveness (Clarkson et al., 2000). Figure 9 shows the gross changes in carbon partitioning 

that occurs in plants in response to P deficiency. As one can see root length only slightly 

increases, however shoot growth is significantly reduced. 

 

 

Figure 9. Root versus shoot growth in Brassica napus in response to P nutrition.  
Sourced; Moorby et al.(1988). 
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Root architectural changes under P deficiency are more complex than just a general increase in 

root length, tertiary root number, and root hair length and density (Bates and Lynch, 1996; 

Monyo and Whittington, 1970). The ability to sense and respond to localised changes in P 

availability occurs (plasticity), where roots proliferate in zones of high nutrient availability 

(Lynch, 1995; Lynch, 2007). Certain plant species, such as white lupin (Lupinus albus L.) 

respond to P deficiency with the development of cluster or proteoid roots which secrete organic 

compounds that increase soil P availability (Johnson et al., 1996). 

Root architecture has been proven to alter P-uptake in wheat and barley. A higher root : 

shoot ratio was found in Chinese wheats with high PUE (Davies et al., 2002a). Gahoonia & 

Nielsen (2004) demonstrated in barley (Hordeum vulgare) that genotypes with the capacity to 

form longer root hairs (about 1 mm) took up more P, and tended to yield better than genotypes 

having root hairs half of the length (about 0.5 mm). Possibly because less photosynthetic carbon 

needs to be invested in more efficient root systems (Clarkson, 1995). The geometrical 

arrangement of root hairs on roots implies that they increase Pi uptake from rhizosphere soil, 

where Pi can be released from soil by other root-induced processes (Gahoonia and Nielsen, 

1998). Jones et al. (1989) proved that root branching and fineness (more length per unit weight) 

is also an important determinant of Pi uptake efficiency in wheat. This is likely due to an increase 

in the root surface/soil contact (Ortiz-Monasterio et al., 2001). Other species also respond in 

similar ways. Pi influx increased in A. thaliana as more lateral roots were produced (Fitter et al., 

2002; Mudge et al., 2002). Root length, root hair length, and root angle significantly altered Pi 

uptake in Common Bean  (Lynch, 1995). Higher density and length of root hairs in Lolium 

perenne made plants more efficient at accessing Pi compared to those with short and sparse root 

hairs (Lambers et al., 2006). Thus breeding for increased Pi uptake seems possible because a 

large genetic variation seems to exist in root hair length and root length of cereal varieties 

(Gahoonia et al., 1999).  
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Although no improved cultivars have been released yet through plant breeding, due to screening 

difficulties, the availability of good molecular markers could ameliorate the problems by 

allowing increased screening ease (Ortiz-Monasterio et al., 2001). Root hairs are a good target as 

direct carbon costs are believed to be low (Lynch, 2007). 

 Another exciting avenue to increase P uptake through root architecture is water 

redistribution. This process was first described for desert plants that took up water from deep soil 

layers and released it at night into the upper soil layers (Lambers et al., 2006), and was also 

described in Triticum aestivum by Valizadeh et al. (2003) who found that P banded in dry topsoil 

was used by roots that access moist subsoil, due to the release of hydraulically lifted water.  

In conclusion the root spatial distribution and root hair disposition are altered in response 

to P nutrition, and significantly improve Pi uptake in wheat and barley as well as many other 

plant species. This could be the most important factor determining Pi uptake efficiency and 

consequently influencing cereal yield. 
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Mycorrhizal Associations 

More than 90 % of land plants form symbiotic associations with mycorrhizal fungi (Schachtman 

et al., 1998); including wheat (Li et al., 2005) and barley (Achatz et al., 2010). Versicular-

arbuscular mycorrhizal (VAM) fungi form associations with the plant root, whereby the plant 

receives mineral nutrients while the fungus receives organic carbon compounds in exchange 

(Smith and Read, 1997). The outcome of this exchange can be beneficial, mutualistic or parasitic, 

depending on whether the plant has an increase, no net change or a decrease (respectively) in 

nutrient uptake or plant yield (Glassop, 2004). The VAM fungi extend a fine network of hyphae 

into the soil, that can extend up to 12 cm from the root (Smith and Read, 1997). Specific signals 

from the plant regulate the activity of the fungus (Schachtman et al., 1998), where colonisation 

increases under P deficiency (Mohammad et al., 2005). 

Influx of P in roots colonised by mycorrhizal fungi can be 3 to 5 times higher than in non-

mycorrhizal roots (Schachtman et al., 1998). There are a number of mechanisms involved in this 

enhanced P uptake; firstly more soil volume is explored through the fungal association, hyphae 

extend out from the roots of plants intercepting P, decreasing the diffusive distance of P ions to 

the root surface, and increasing the effective root surface area (Schachtman et al., 1998; Shenoy 

and Kalagudi, 2005; Smith and Read, 1997). This effect is more pronounced when the plant has a 

coarse root system with few root hairs (Lambers et al., 2006). The fungi have an increased 

effective affinity for Pi, because the transporters in the fungi have a higher affinity and lower 

threshold value where P uptake commences (Shenoy and Kalagudi, 2005; Smith and Read, 

1997); The fungi can alter the rhizosphere through the release of organic acids, chelating 

compounds, phosphatase enzymes, and some specialized metabolites like siderophores3 (Omar, 

1998; Shenoy and Kalagudi, 2005; Smith and Read, 1997).  

                                                 
3 Siderophores are low molecular weight proteins secreted by microorganisms, most notably known for their iron 
chelation and subsequent release of P from the Fe-bound precursor (Shenoy and Kalagudi, 2005).   
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Mycorrhizal fungi may also be able to scavenge Pi from the soil solution more effectively than 

other soil fungi because carbon (which may be limiting in the soil) is provided by the plant 

directly to the fungus, thus the plant/fungus association could compete more effectively with soil 

microorganisms for the limited amount of available soil Pi (Schachtman et al., 1998). 

The effectiveness of VAM root colonization in terms of contribution to nutrient 

acquisition differs markedly between fungal species, isolates, and host plant genotype 

(Marschener, 1998). In wheat, mycorrhiza act to increase P uptake (and other nutrients; K, S, N, 

Zn, Fe, Mn & Cu), under both low and high P, through an increase the surface area for P 

absorption (like changes in root architecture under P deficiency), but not through direct secretion 

of organic compounds that increase the uptake of insoluble soil P (Mohammad et al., 2005). 

Closer examination revealed that other fungal species Aspergillus niger and Penicillium citrinum 

act to solubilise immobile P, and when co-inoculated with VAM, wheat plants showed significant 

increases in P content and biomass (Omar, 1998). Colonisation of durum wheat with VAM also 

significantly increased P uptake, content, and dry weight of the plants over a range of 10 different 

P deficient environments (Karagiannidis and Hadjisavva-Zinoviadi, 1998). Extensive screening 

of spring wheat cultivars in the international wheat and maize research institute (CIMMYT) for 

mycorrhizal association found VAM to significantly increase biomass and P uptake, but very 

small variation in colonisation between the genotypes was found, and the differences were not 

strongly associated with higher P absorption (Manske et al., 2000).  

Studies conducted by Zhu & Smith (2001) on the elite Australian wheat cultivar 

(Krichauff) revealed that VAM associations increased P uptake and tissue concentration under P 

deficiency but significantly reduced plant biomass (by approximately 15 %). This response was 

backed with analysis of Brookton wheat on the Eyre peninsula (Li et al., 2006).  
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However high initial seed P content gave a much more positive effect than good VAM 

association for increasing productivity under P deficiency (Zhu and Smith, 2001). Close relatives 

of wheat, rye and triticale (wheat x rye), were tested for growth and P uptake characteristics. Rye 

showed the best VAM colonisation and resulting plant productivity (root and shoot weight) and 

total P uptake, but had a lower PUE per unit P uptake; which is probably due to higher carbon 

costs (Pandey et al., 2005). Triticale was second best, and wheat performed the worst among the 

cereals studied (Pandey et al., 2005). Barley is similar to wheat with respect to VAM 

colonisation, having an overall non-significant increase of up to 3 % in total P uptake (even with 

insoluble rock P application) and a decrease of 2 % or more in grain and straw yield compared to 

non-inoculated plants (Chen et al., 2005; Khaliq and Sanders, 2000). Bald root barley mutants 

(no root hairs) however did show increased P uptake and biomass accumulation with VAM 

inoculation (Chen et al., 2005). And recently another mycorrhizal fungi Piriformospora indica 

gave a slight but significant increases in barley grain yield per plot under P deficiency (Achatz et 

al., 2010). 

In conclusion, the majority of plant species form mycorrhizal associations. This 

association usually increases P uptake by plants via a number of different mechanisms. However 

the exact benefits, in terms of yield, seem to be species dependant and are still under debate for 

improving P efficiency through mycorrhizal association in wheat and barley. 
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Carboxylate and Phosphatase Excretion 

Algae, fungi and higher plants can all excrete acid and alkaline phosphatases under P deficiency, 

which act to release Pi from organic sources (Bariola et al., 1994; Cembella et al., 1984; 

Marschener, 1998; Matsumoto and Yamaya, 1981), where 30-80 % of soil P is usually found in 

the organic fraction (Lambers et al., 2006). Plant roots are also known to secrete organic acids 

such as citric, iso-citric, oxalic, oxaloacetic, malic, fumaric, succinic, a-ketoglutaric, aconitic, 

formic, lactic, piscidic, and shikimic acids and also protons (Shenoy and Kalagudi, 2005). 

Carboxylate excretion, most notably the tricarboxylate citrate, occurs through voltage dependant 

anion channels (Zhang et al., 2004). Citrate plays an important role in the acquisition of P 

(Gardner et al., 1983; Ryan et al., 2001) due to the solubilisation of otherwise insoluble Al- Fe- 

and Ca-P compounds (Hinsinger, 2001; Moorby et al., 1988). Citrate acts via several 

mechanisms to mobilize soil P, affecting mainly inorganic but also organic P fractions by (a) 

anion exchange; (b) chelation of bridging metal cations; and (c) suppressing readsorption and 

precipitation of inorganic P (Gerke et al., 1994). Oxalic and tartaric acids on the other hand 

increase P adsorption (fix it) in the soil, so that it is less available to the plant (Matar et al., 1992). 

Carboxylates may also increase availability of toxic heavy metals, such as cadmium, a 

contaminant of P fertilisers (Brennan and Bolland, 2004). A current action model for carboxylate 

and phosphatase in the soil is shown in Figure 10. 
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Figure 10. Effects of root exudates on inorganic phosphorus (Pi) and organic P (Po) 

mobilization in soil. Carboxylates are released via an anion channel. The exact 

phosphatase release mechanism remains unknown.  Carboxylates mobilise both 

inorganic and organic phosphorus. Phosphatases hydrolyse organic phosphorus 

compounds. Carboxylates will also mobilize some of the cations that bind P. Some of 

these cations (especially Fe) move to the root surface for uptake by the roots. 

Sourced; Lambers et al. (2006). 

 

Some research has been conducted into the effect of carboxylate and phosphatase activity on Pi 

uptake and wheat and barley growth. Barley landraces showed significant variation in acid 

phosphatase activity (Ahokas and Manninen, 2001), and acid phosphatase activity positively 

correlated to organic P acquisition in different barley genotypes (Asmar et al., 1995). A 

comparison between soil-grown wheat and triticale has shown that increased P uptake is 

associated with acid phosphatase excretion (Ortiz-Monasterio et al., 2001). Eight Australian 

wheat cultivars were analysed in solution culture, where differences in phosphatase activity did 

not lead to an increase in P uptake (McLachlan and Demarco, 1982). However, a recent analysis 

of the Goldmark wheat cultivar has shown soil pH to be critical. The best wasp uptake occurred 

with plants grown in a soil of pH 7.2 from the Eyre Peninsula. The neutral pH allowed enhanced 

alkaline phosphatase activity that increased plant biomass production under P deficiency. The 

plants had very little mycorrhizal association, but had a large root biomass, suggesting that root 

architecture is also important (Marschner et al., 2005).  
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However, more P uptake per unit root length was observed, and therefore the increased uptake is 

likely due to the enhanced alkaline phosphatase activity (Marschner et al., 2005). In Mexico, 

extensive screening of CIMMYT semi-dwarf wheats showed that acid phosphatase release under 

P deficiency was positively correlated with P uptake, P uptake per unit root length, and P influx 

at tillering. However, this trait was not significantly correlated to grain yield, even though organic 

P accounted 93 % of total soil solution P (Manske et al., 2000). Analysis of carboxylate 

exudation in wheat has shown that total exudation is not significantly induced under P deficiency, 

and that resulting rhizosphere acidification is minimal (Pearse et al., 2006). 

 In leguminous species, P deficiency-induced exudation of organic acids is quite common 

(Marschener, 1998). Citrate excreted by P-deficient white lupin can represent as much as 23 % of 

the total plant dry weight (Dinkelaker et al., 1989), depending on plant age and the severity of the 

P stress (Johnson et al., 1996). Exudation of citrate increases lupin biomass through an increase 

in the availability of P to lupin plants by mobilizing sparingly soluble Fe-  Al-, and Ca-P 

(Dinkelaker et al., 1989). Raposo et al. (2004) analysed 32 different soybean cultivars of 4 

different maturities in a soil containing 1.83 % organic matter. Significant cultivar differences 

were found for acid phosphatase activity, biomass production, and leaf P content. Acid 

phosphatase activity correlated positively with the plant shoot biomass but often negatively with 

leaf P content.  

 In conclusion, carboxylate and phosphatase excretion in theory should significantly 

increase P uptake and yield. Some species do show the expected increased productivity. However 

in wheat and barley there seems to be no substantial evidence to conclude on the usefulness of 

these traits in the improvement of PUE. 



 - 28 - 

Rhizosphere Exudates Promoting Microbial Growth 

Root exudation represents a small but significant C flux by plants (Figure 11). 

 
Figure 11. The partitioning of C within the plant and the distribution of root exudates 

within the soil after the net fixation of 1000 C units. Sourced; Farrar et al. (2003). 

 

Many forms of carbon are released from the growing plant root. Probably the most frequent 

release is sloughing off root cap cells. In hydroponic culture, these cells account 95-98 % of the 

total released organic material (Griffin et al., 1976). Carbon compounds are continually released 

out of the root both day and night and down a large concentration gradient between the root 

cytoplasm and soil solution. This inherent efflux or ‘leakiness’ is somewhat uncontrolled by the 

plant (Farrar et al., 2003). However, rhizosphere carbon levels can be tightly regulated by re-

absorption via relatively solute-specific plasma membrane H+-ATPase driven, proton co-

transporters (Jones and Darrah, 1996). Specifically the root-derived compounds in the highest 

concentration are the amino acid, tryptophan, which is most abundant in the rhizosphere 12–16 

cm from the root tip (possibly due to lateral root epidermal breaks), and the carbohydrate sucrose, 

which is most abundant in rhizosphere soil near the root tip (due to undeveloped phloem tissues 

in this zone) (Farrar et al., 2003). Noticeably Chinese wheats with higher PUE were shown to 

release more carbon as root exudates under P deficiency (Davies et al., 2002a). The largest 

number of bacteria live near root zones with the highest apparent sucrose or tryptophan exudation 

from plant roots (Farrar et al., 2003).  
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Rhizosphere microorganisms can either have a beneficial or detrimental effect on root growth and 

nutrient availability (Marschener, 1998). Beneficial bacteria act via a direct or indirect route. The 

indirect growth promotion is via the decrease or prevention of deleterious effects from pathogenic 

microorganisms, mostly due to the synthesis of antibiotics (Rodriguez and Fraga, 1999). Direct 

growth promotion can be through the synthesis of phytohormones, N2 fixation, reduction of 

membrane potential of the roots, synthesis of some enzymes (such as ACC deaminase) that 

modulate the level of plant hormones, as well as the solubilisation of P(making it more available 

to the plant) (Rodriguez and Fraga, 1999). The use of P solubilising bacteria as inoculants 

simultaneously increases P uptake and crop yield. Strains from the genera Pseudomonas, Bacillus 

and Rhizobium are among the most powerful P solubilisers. The principal mechanism for mineral 

P solubilisation is the production of organic acids and acid phosphatases. The organic acids and 

acid phosphatases  play a major role in increasing plant available P in the soil (Marschner et al., 

2006; Rodriguez and Fraga, 1999). 

Wheat and barley productivity increases with the inoculation of beneficial 

microorganisms. Co-inoculation of wheat with Azotobacter chroococcum (free-living N2 fixing 

bacteria) + Pseudomonas striata (P solubilising bacteria) + Glomus fasciculatum (VAM) 

significantly increased soil available P (41 %), P uptake (49-59 %), wheat biomass (230 %), and 

grain yield (50 %), where single inoculation of  A. chroococcum had the greatest individual effect 

on wheat in the P deficient soil (Zaidi and Khan, 2005). Co-inoculation of wheat with Aspergillus 

niger (P solubilising free living fungi) + Penicillium citrinum (P solubilising free living fungi) + 

Glomus constrictum (VAM) and supplying the very insoluble rock phosphate as the P source 

resulted in plants with significant increases in P content (42 %) and biomass (34 %) when grown 

in the field (Omar, 1998). The VAM increased plant biomass and Pi concentration the most, but 

in most cases this was not significantly more than the free-living fungi (Omar, 1998).  
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In barley, field experiments (soil containing 2.7 % organic matter) testing the effect of co-

inoculation with two N2-fixing and one P- solubilising bacteria (all of the Bacillus genera) 

showed a significant increase in seed yield (11 %) and biomass production over non-inoculated 

controls (Sahin et al., 2004). However fertilisation with 80 kg ha-1 N and 60 kg ha-1 P gave the 

best yield increases, as may be expected due to the reduction in plant carbon inputs (Sahin et al., 

2004). Many other plant species have been analysed and show improved P uptake and plant 

productivity upon beneficial microorganism inoculation, which include sugar beet (Sahin et al., 

2004), corn (Egamberdiyeva, 2007), peanut, potato, and sorghum (Rodriguez and Fraga, 1999). 

 The advantages of inoculating with beneficial microorganisms with respect to plant Pi 

uptake and biomass seem overwhelming. However soils were sterilised in most of the cases 

described above, meaning that only beneficial microbes were present. In nature many microbes 

promote the release of immobile forms of P to the soil solution, and at the same time they are 

responsible for immobilisation of soil P (Schachtman et al., 1998). It needs to be pointed out that 

inoculation with the mineral P solubilising microbes by farmers has not helped much due to 

inconsistent performance of the inoculants under field conditions (Shenoy and Kalagudi, 2005). 

 In conclusion, plants lose a significant portion of their fixed carbon to the rhizosphere. 

and this seems to be a complete waste of energy. However studies have found that plants can 

significantly benefit from the microbes that are supported by plants through this release. The 

growth of microbial populations has been proven to significantly increase P uptake of wheat and 

barley, leading to higher biomass and yield in P-deficient soils. Microbial influence appears to be 

one of the most important aspects for increasing PUE in wheat and barley. 
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Phosphate Transporter Proteins 

Different transporter proteins forming several gene clusters are involved in Pi transport in the 

plant. These Pi transporter proteins are involved in Pi transport across plant chloroplast 

membranes (Flugge and Heldt, 1991; Zhao et al., 2003), mitochondrial membranes (Ferreira and 

Pedersen, 1993; Takabatake et al., 1999), and the plasma and presumably tonoplast membranes 

(Martinoia et al., 2007; Mudge et al., 2002). The plasma membrane (PHT1) transporters are 

predicted to have 12 transmembrane spanning domains (Figure 12).  

 

Figure 12. Predicted phosphorus transporter membrane spanning topology, based on A. 
thaliana Pi transporter sequence. Sourced; Mimura (1999). 

 

Kinetic studies suggest that two Pi uptake systems exist in plants, one with a high affinity and 

activity that is induced by Pi starvation, and the other one with a lower affinity and an activity 

that is more constitutive (Figure 13). Estimates of the Km for high-affinity uptake into plant roots 

range from 0.49 to 7.9 µM (Fried and Shapiro, 1961; Mimura, 1999; Schachtman et al., 1998), 

whereas the low affinity system of P uptake is likely a non-saturating linear system (Mimura, 

1999). 
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Figure 13. High- and low-affinity transport systems in P sufficient barley (Hordeum 

vulgare L., cv. Gerbel) suspended mesophyll cells. The low affinity system acts in a 

linear fashion, while the high affinity system follows Michaelis-Menten type kinetics 

(defined with Km and Vmax values). Adapted from Mimura (1999).  

 

Transporters that move an ion against an electrochemical gradient (such as Pi across the plasma 

membrane from the soil solution into the epidermal root cell) require coupling with a driving 

force. Na+ coupled Pi transporters have been shown in humans (Virkki et al., 2005), chickens 

(Yan et al., 2007), cyanobacteria and green algae (Schachtman et al., 1998), Chara (Mimura et 

al., 2002), and the angiosperms Mesembryanthemum crystalliunum (Chushman, 1998) and 

Zostera marina (Rubio et al., 2005). However others suggest that most plant Pi transporters 

function as nH+/H2PO4
− symporters (Smith, 2002), because sodium often inhibits P uptake (Lee, 

1981; Palfi, 1965). Proton coupled Pi uptake is favoured when the following points are 

combined: 

1. Membrane depolarisation results from Pi uptake (Ullrich and Novacky, 1990), and therefore 

Pi must be transported with a cation (Mimura, 1999); 

2. In rice the knockout of the proton pump OsA8 significantly reduced Pi uptake (Chang et al., 

2009). 
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3. Cytoplasmic acidification occurs with Pi transport, suggesting that the cation is H+(Mimura, 

1999), but acidification would occur regardless of the nature of the cation if the transported 

species were H2PO4
-, because it would undergo a pH-dependent dissociation in the 

cytoplasm to HPO4
2- and H+. To verify H+ co-transport requires simultaneous or at least 

comparable measurements of Pi influx and the change induced in cytoplasmic pH 

(Schachtman et al., 1998); 

4. Inhibitors that collapse the electrochemical potential gradient for H+ inhibit Pi uptake across 

the membrane (Lin, 1979). These authors used the inhibitor diethylstilbestrol, and showed 

potassium uptake was also proton-coupled, where Rubio et al. (1995)showed Na+ 

involvement in plant K+ uptake.  

The literature seems divided in the area, partly because few studies have actually tested Na+ as a 

possible mode of energised Pi uptake in higher plants (Schachtman et al., 1998). A possible test 

is to put the Pi transporter in a heterologous system and alter pH, sodium, and Pi concentrations. 

pH does alter transporter Pi uptake, where analysis of LePT1 (tomato) in yeast cells showed Pi 

uptake was maximal at pH 5 and decreased to 54 % and 52 % at pH 4 and 6.5 respectively 

(Daram et al., 1998). Most studies on the pH dependence of Pi uptake in higher plants have found 

that uptake rates are highest between pH 5.0 and 6.0 (Schachtman et al., 1998), this could be a 

response to proton coupled Pi uptake (Smith, 2002), or it could be that the transporters take up 

the monovalent form of Pi, where H2PO4
- dominates at low pH (Cembella et al., 1984; 

Schachtman et al., 1998), or that the transporter protein conformation operates more efficiently at 

slightly acidic pH. 

Not only is there need to characterise Pi transporters, but also expression studies are 

required to elucidate how a characterised transporter is involved in overall P homeostasis of the 

plant. This was studied in A. thaliana, where Mudge, et. al (2002) performed an expression 

analysis using promoter GUS/GFP fusions with the 9 members of the Pht1 family (Table 1). 
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Name Entry code Expression Profile Putative Function 

AtPHT1;1 At5g43350 Shoot: Hydathodes of cotyledons and 
leaves, axillary buds, peripheral 
endosperm of germinating seeds. 
Root: strongest in the epidermis 
(trichoblast cells4) but also occurring in 
cortical cells of the root hair zone. Under 
low soil P strong expression was found 
throughout the columella (main root) and 
lateral root caps. 

Root Pi uptake, (Shin 
et al., 2004) and Pi 
transport in some 
shoot tissues. 

AtPHT1;2 At5g43370 Root specific gene, epidermal (mainly 
trichoblast cells) and root hair expression 
that is upregulated by P deficiency. 
Expression seen in the root cortex where 
roots were <3 weeks old. 

Root Pi uptake  

AtPHT1;3 At5g43360 Shoot: Weak expression in hydathodes 
and vascular tissue of young leaves. 
Root: predominantly a root expressed 
gene, found mainly in the stele5 of the 
root, but also in the pericycle of 
lateral/primary root junctions, and 
trichoblast cells of lateral roots. 
Upregulated by low P. 

Pi  loading into 
xylem, and Pi 
transport in some 
tissues of shoots. 

AtPHT1;4 At2g38940 Shoot: Cotyledons of young plants, 
hydathodes and axillary buds of leaves, 
and senescing anther filaments and in the 
abscission zone of siliques. 
Root: Epidermis, root tips and stele; 
expression upregulated upon P 
deprivation. 

High and low affinity 
Pi transport in roots, 
and Pi transport in 
hydathodes and 
axillary buds. 

AtPHT1;5 At2g32830 Shoot: Young cotyledons, vascular 
bundles- especially in senescing leaves, 
young floral buds, and sepals later in 
floral development. 

Phloem transport, 
remobilising P from 
germinating seed and 
senescing 
leaves/sepals. 

AtPHT1;6 At5g43340 Shoot: Anthers, tapetum of flowers, and 
mature pollen grains. Some expression in 
hydathodes of cotyledons. 

Pi transport into 
maturing pollen.  

AtPHT1;7 At3g54700 Shoot: Mature pollen grains. As AtPHT1;6. 

AtPHT1;8 At1g20860 No reporter gene activity noticed, but –P 
root expressed (RT-PCR) 

Pi remobilisation 
from shoots to roots . 

AtPHT1;9 At1g76430 No reporter gene activity noticed; RT-
PCR showed upregulated expression in –
P roots and expression over the whole 
plant. 

Pi remobilisation from 
shoots to roots. 

 

                                                 
4 Trichoblasts are cells in the root epidermal layer that are capable of forming root hairs. 
5 In a vascular plant, the stele is the central part of the root or stem containing the vascular tissue and occasionally 
pith. 

Table 1. Arabidopsis thaliana phosphate transporters. Adapted from Mudge et al. (2002). 
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Name Entry code Expression Profile Putative Function 

AtPHT2;1 AJ302645 Expressed in leaves  (Daram 
et al., 1999), specifically in 
the chloroplast membrane 
(Zhao et al., 2003). 
Enhanced expression in light, 
genomic DNA sourced  
(Versaw and Harrison, 
2002). 

Supplying Pi for triose 
phosphate creation in the 
chloroplast (Versaw and 
Harrison, 2002; Zhao et al., 
2003). H+/H2PO4

- symporter 
(Smith, 2002). LATS Pi 

transporter, Km 400-800 µM 
(Daram et al., 1999; Zhao et al., 
2003). 

AtPHT3;1 AT5G14040 Mitochondrial expressed 
genomic DNA sourced Pi 
transporter (Takabatake et 
al., 1999). 

Mitochondrial uptake of Pi, 
essential for the oxidative 
phosphorylation of 
ADP (Takabatake et al., 1999). 

AtPHT3;2 AT3G48850 Not regulated by Pi but is 
with Pho2 (Bari et al., 2006). 

Mitochondrial, maybe on the 
outer membrane as Pho2 can 
degrade it. 

AtPHT3;3 AT2G17270 Not regulated by Pi content 
or by Pho2 (Bari et al., 
2006). 

Probably as AtPHT3.1. 

 
As Table 1 infers, Pi transporters are required for P homeostasis both within each plant cell and 

between different plant tissues and organs. Cytoplasmic Pi is maintained at constant 

concentrations (approximately 10 mM), more or less independently of external Pi concentration, 

except under severe P depletion (Mimura, 1999; Schachtman et al., 1998), where transporters are 

required for loading and efflux from the vacuole to buffer cytoplasmic Pi (Schachtman et al., 

1998). Transporters are also required for the remobilisation of P (Schachtman et al., 1998). 

Arabidopsis has about 80 % of its P remobilised out of senescing leaves and into younger leaves 

and growing roots (Himelblau and Amasino, 2001). This process requires both the depletion of 

free Pi stores and the breakdown of organic P to Pi in the older leaves (Jeschke et al., 1997).  

It is important to know the effect that Pi transporters have on increasing plant PUE. 

Diffusion of Pi in soil is the key limiting factor for Pi uptake, and changes in kinetic parameters 

of the roots’ P-transporter system, including an increase in Vmax (maximum Pi inflow rate), have 

little effect on Pi acquisition from soil (Bucher, 2007; Lambers et al., 2006). This hypothesis was 

supported by Rae et al. (2004), who over-expressed the barley high-affinity HvPHT1;1 phosphate 

transporter in transgenic barley (Hordeum vulgare).  
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Over-expression of HvPHT1;1 was not significantly different from untransformed controls in P 

uptake rate and shoot P content when grown either in hydroponics or  in soil (Rae et al., 2004). 

However, earlier experiments over-expressing the A. thaliana high affinity Pi transporter 

AtPHT1.1 in tobacco-cultured cells significantly increased the rate of P uptake (up to 6 times) 

and dry weight in comparison to empty vector transformed controls (Mitsukawa et al., 1997). 

Interestingly arsenate was shown to successfully compete with Pi uptake in these cells 

(Mitsukawa et al., 1997). Recently Park et al. (2007) over-expressed a high affinity Pi transporter 

from tobacco (NtPT1) in rice (Oryza sativa L.). Under hydroponic growth, the rate of Pi uptake 

significantly increased by 24 and 37 % in both low (32 µM) and high (320 µM) Pi additions. This 

led to significant increases in leaf P accumulation of 41 % (w/w) and 55 % (w/w), respectively. 

When grown in the rice field, P uptake rates were significantly increased in transformed plants, 

shoot P content increased by 15-29 % (w/w), and resulted in a 16-25 % (w/w) increase in seed P 

content (Park et al., 2007). Inversely, knock-down mutants, also prove the significance of Pi 

transporters in Pi uptake, where a single amino acid substitution in AtPHT1.1 gave a significantly 

reduced HATS Pi uptake rate (44 to 55 %) compared to wild type plants (Catarecha et al., 2007). 

 These results firstly demonstrate that over-expression of high affinity Pi transporters does 

not always result in enhanced Pi uptake, and may be a result of post-transcriptional regulation 

(Chaves et al., 2003) reducing protein levels in the plants (Bucher, 2007). Secondly, that in most 

cases overexpression of a HATS Pi transporter results in significant increases in Pi uptake and 

growth under low P levels. This is significant in the improvement of Pi acquisition because if 

HATS Pi transporters were sourced from algae in genetically modifying plants; these transgenic 

plants could possibly grow in very low Pi soils (Km values for algae can be as low as 0.01 µM Pi 

(Cembella et al., 1984), while for plants, Km values range from 0.49 to 7.9 µM (Fried and 

Shapiro, 1961; Mimura, 1999).  
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Finally, this overexpression of HATS transporters for improved Pi uptake and growth in 

hydroponics was also confirmed in the field, indicating that HATS Pi transporters are important 

targets for the improvement of Pi acquisition in plants (Mitsukawa et al., 1997; Park et al., 2007). 

Aside from uptake, Pi transporters are also involved in internal P utilisation where molecular 

engineering could be used to increase plant PUE (Lambers et al., 2006).  

Problems could arise with increasing Pi uptake and affinity, due to non-strict ion 

selectivity. The toxicity of arsenate (As(V); H2AsO4
−, and HAsO4

2-) is derived from it’s close  to 

Pi in chemistry, The high-affinity Pi transporter allows this metalloid to be easily transported into 

plant cells through the high-affinity Pi transporter (Catarecha et al., 2007). The metalloid As is 

among the most common environmental contaminants resulting from anthropogenic activities 

and the weathering of natural mineral deposits (Brown et al., 1999). Arsenate is toxic to most 

organisms. The environmental protection agency has set 50 ppb as the upper limit of arsenate in 

drinking water (Brown et al., 1999). In plants the problem is more a focus of the high affinity Pi 

transport system as arsenate concentrations in the soil are relatively low (1.8 ppm or about 13 

nM) - therefore it is likely that the low-affinity system can’t significantly take up these ions 

(Brown et al., 1999; Catarecha et al., 2007).  

Catarecha et al. (2007) investigated As(V) uptake in Arabidopsis thaliana through the 

high affinity Pi transport system, investigating PHT1;1 single amino acid substitution (Gly378 to 

Glu) mutants. The authors proved high external P suppressed AtPHT1;1 expression and reduced 

arsenate uptake, that mutant pht1.1 plants showed reduced arsenate uptake rates at 30 µM 

external P, and that yeast cells carrying the equivalent  pht1.1 mutation showed reduced arsenate 

uptake as well (Catarecha et al., 2007). Gonzalez et al. (2005) supported this research by proving 

a mutation in a facilitator protein AtPHF1 (which is required to traffic HATS Pi transporters to 

the plasma membrane) also reduced Pi uptake and arsenate sensitivity.  
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Increasing Pi uptake via overexpression of HATS Pi transporters could result in significant 

accumulation of arsenic in plants. This could result in a significant problem. However, the 

problem could be ameliorated by modifying substrate binding sites of the HATS Pi transporter, 

so that it becomes selective for Pi over its larger sized counterpart arsenate. The alternate 

possibility is to partially block the transport pore (Wiggin et al., 2007). 

Thus far very little Pi transporter research has been done in wheat and barley. In wheat, 8 

putative HATS Pi transporters have been identified (Davies et al., 2002a). One transporter, 

TaPT2, was shown to be significantly expressed in roots after 5 days P starvation (Tittarelli et al., 

2007). However the opposite was found in wild wheatgrass (Tinopyrum elongatum), where PT2 

expression was upregulated (but not PT3 or 6) when P was added. This species is believed to 

respond to heterogenous Pi distribution in the soil by enhancing uptake in localised Pi rich 

patches (Davies et al., 2002a). Eight different genes belonging to the Pht1 family have been 

isolated from barley (Smith, 2002), namely HvPHT1;1 (AF543197), HvPHT1;2 (AY187019), 

HvPHT1;3 (AY187026), HvPHT1;4 (AY187024), HvPHT1;5 (AY187021), HvPHT1;6 

(AF543198), HvPHT1;7 (AY187022) and HvPHT1;8 (AY187023) (Rae et al., 2003). Of these 

the most extensively studied are HvPHT1;1 and HvPHT1;6, which show contrasting expression 

in shoots and roots (Figure 14). The promoters of these two genes contain the P-starvation 

responsive element, P1BS (GNATATNC) that down-regulates their expression under high P 

(Schunmann et al., 2004). 
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Figure 14. RNA expression of contrasting barley phosphorus transporters. Sourced; Rae 

et al. (2003). 

 

Rae et al.(2003) found that HvPHT1;1 and HvPHT1;6 failed to complement the yeast mutant, 

PAM2, that is deficient in the PHO84 and PHO89 HATS Pi transporters. In an effort to 

characterise these two Pi transporters, Rae et al. (2003) transformed rice suspension cells with 

HvPHT1;1 and HvPHT1.6.. They found HvPHT1;1 had an optimum pH of 5.5 and a Km similar 

to the rice background HATS of 7 µM Pi. However, it could be important to measure uptake at 

external Pi concentrations <10 µM, as found in the soil solution (Goldstein et al., 1988; Mimura, 

1999). Transgenic cell lines of HvPHT1;6 were also analysed, a Km of 385 µM Pi was given,  and 

again this was not significantly different from the rice native P transport system (Rae et al., 

2003). .HvPHT1;1 is likely to function in root Pi uptake the soil solution. HvPHT1;6 is most 

strongly expressed in old leaves and flag leaves, both of which are known to have a role in 

providing nutrition to developing grains, and also the expression of HvPHT1;6 is increased in 

vascular bundle cells. Therefore this transporter is likely involved in loading of Pi into the 

phloem (Rae et al., 2003). For more detailed information please refer Chapters 2 and 3 of this 

thesis. HvPHT1;3 is expressed mainly in roots and is 83.5 % protein sequence similar to 

HvPHT1;6 shows enhanced gene upregulation under P deficiency, and more so under 

simultaneous S and P deficiency (Smith et al., 1999).  
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Other barley Pi transporters such as HvPHT1;2 and HvPHT1;8 are known to be expressed in the 

stele / epidermis and mycorrhizal roots, respectively (Glassop et al., 2005). 

 In conclusion Pi transporters are critical for P nutrition of the plant, for uptake of soil Pi, 

for remobilisation of Pi around the plant, and to maintain cytoplasmic and organellar Pi 

homeostasis. Clarification of H+ or Na+ coupled Pi transport is fundamental and needs elucidation 

through appropriate experiments. Preliminary results have demonstrated that over-expression of 

Pi transporters can increase Pi uptake even in the field, but enhanced arsenate uptake needs 

attention, when HATS transporters are used. This enhanced arsenate uptake could also become a 

general effect under reduced soil P when fertiliser reserves diminish and become more impure. 

An aim of future work is to find and use HATS Pi transporters that have high selectivity between 

As and Pi. Finally the literature lacks detailed functional studies on wheat and barley Pi 

transporters. 
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Heterologous Characterisation of Plant Transporters 

Characterisation of individual plant transporters derived from the same species or other species in 

planta is difficult. The presence of native transport systems could alter transport characteristics of 

an inserted Pi transporter (Rae et al., 2003). But the only way to characterise the function of a 

transport protein is to study the activity of the protein in a membrane (Miller and Zhou, 2000). 

Therefore the use of heterologous (or non-plant) systems has been promoted. Several 

heterologous expression systems have been used for the identification and characterisation of 

plant membrane transporter proteins. Escherichia coli has been seldom used successfully due 

mainly to protein folding issues. Yeast cells have been used successfully where strains that lack 

specific transport proteins have been created. Xenopus laevis oocytes have also been used as a 

powerful tool to study heterologous protein expression since 1971. The size and ease of handling 

make them well suited to plant protein expression (Sobczak et al., 2010). In addition, insect and 

mammalian cells appear to produce recombinant proteins very similar to authentic proteins, 

where some channels not functional in oocytes have been characterised in insect cells (Dreyer et 

al., 1999) although they have been seldom used in plant transporter studies over the past decade. 

The key advantages in using the X. laevis oocyte expression system include: 

1. Endogenous oocyte plasma membrane transport activity can be avoided/reduced, and 

therefore it is relatively easy to characterise a foreign protein (Dreyer et al., 1999; Miller 

and Zhou, 2000). 

2. No kingdom or codon usage limitation appears to exist. Membrane proteins from yeast, 

bacteria and plants have been successfully expressed in oocytes (Hill et al., 2005; Miller 

and Zhou, 2000). 

3. The transport properties of membrane proteins expressed in oocytes appear to be similar to 

those obtained when the protein was expressed in other cell types (Miller and Zhou, 2000). 
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4. Low rates of transport are more likely to be detected with large cells such as X. laevis 

oocytes (Dreyer et al., 1999; Tyerman and Schachtman, 1992). 

 

As shown in Figure 15, current protocols are to injected oocytes with cRNA, incubate, and then 

test the function of the protein produced (Chiu et al., 2004). The foreign plant protein can be 

synthesised, glycosylated, phosphorylated and targeted to the X. laevis oocyte plasma membrane. 

 

 
Figure 15. Diagrammatic representation of current protocols for expression of foreign 

membrane proteins in Xenopus oocytes. Sourced; Miller & Zhou (2000). 

 

Direct injections of DNA into the nucleus are technically more difficult as the nucleus must be 

located and can be damaged by the injection (Miller and Zhou, 2000), and also this procedure has 

not been used successfully for the characterisation of a plant membrane transporter (Dreyer et al., 

1999). Therefore the RNA injection technique is the method of choice in the literature (Figure 

15). Membrane transport proteins translated from injected cRNA can be analysed in oocytes in 

response to varying bath solutions (Chiu et al., 2004). Membrane potential changes can be 

measured using single electrode voltage trace or two electrode voltage clamp, where one 

electrode reports the membrane potential while the other is used to pass current and maintain the 

voltage at a predetermined value (Miller and Zhou, 2000).  
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Flux experiments can also be performed with uptake/depletion of a radio-labelled substrate from 

the external solution (Miller and Zhou, 2000). 

As with other systems, the oocyte system is not perfect for plant transporter analysis: 

1. The resting potential of an oocyte is usually only -30 to -40 mV, while the equivalent value 

for a plant cell is between -100 and -200 mV (Miller and Zhou, 2000). The oocyte is most 

stable between -170 to +90 mV (Dreyer et al., 1999). 

2. Oocytes do possess some endogenous transport activities, that are variable between oocyte 

batch and frog (Dreyer et al., 1999). The most notable ones are potassium and chloride 

channels (Sobczak et al., 2010). 

3. The oocyte possesses large unstirred layers and other intracellular diffusion barriers on both 

sides of the limiting membrane, thus impeding measurements of diffusive water and solute 

transporters (Hill et al., 2005). 

 

These limitations don’t seem to be too drastic because many different studies have successfully 

used the oocyte expression system to characterise mammalian Pi transporters (Virkki et al., 2005; 

Yan et al., 2007), and other plant plasma membrane transporters, including LeAMT1.1 to 

investigate NH4
+ uptake kinetics (Ludewig et al., 2003), HvNRT2.1 and HvNAR3.1 for the 

interaction in nitrate uptake (Tong et al., 2005); AtNRT1.4 activity in nitrate uptake (Chiu et al., 

2004), and TaALMT1 for the transport of malate and other anions (Pineros et al., 2008). Future 

use of the oocyte system is likely to include the characterisation of other types of plant 

transporters, such as P and sulphate transporters (Miller and Zhou, 2000). 

In conclusion heterologous systems are critical for the detailed characterisation of plant 

plasma membrane transporters. The X. laevis oocyte system has proven usefulness and future use 

could include characterisation of plant Pi transporters. 
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Concluding Remarks 

A number of different strategies have been identified for the possible increase of Pi uptake in 

wheat and barley, among which the most promising seem to be root architecture modification, 

enhanced microbial growth through root excretions (tryptophan and sucrose), and the modified 

expression level of Pi transporters by transgenic approaches. The Pi transporters of wheat and 

barley first need to be characterised before being used for transgenics. The heterologous oocyte 

expression system seems suitable for this purpose. Increasing plant Pi uptake under low external 

P could present problems with the toxic metalloid arsenate. Mycorrhizal associations, 

carboxylate, and phosphatase excretions could increase Pi uptake in some plants and possibly 

wheat and barley also, but they do not seem to correlate with increased yield. Therefore, 

mycorrhizal associations, carboxylate, and phosphatase excretions are unlikely to be important 

targets to increase wheat and barley PUE. 
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Breeding for PUE in Wheat and Barley 
PUE is most usefully defined as grain yield per unit of P supplied (Ortiz-Monasterio et al., 2001). 

It can be measured at different stages of plant development, but at anthesis and physiological 

maturity it provides particularly useful information (Ortiz-Monasterio et al., 2001). An increase 

in PUE of cereal crops is essential for developed countries as P fertilisers are a non-renewable 

resource and increasing cost to agricultural production (Oelkers and Valsami-Jones, 2008; Steen, 

1998). The most part of this thesis has focused on PUE for the developed world, but here the 

developing world will be discussed. The first Green Revolution was not available to many of the 

neediest people, because of poverty, lack of access to inputs, credit and markets (Lynch, 2007). 

Six million children under the age of 5 die each year from hunger, where the most direct 

contribution to food security would simply improve food production in developing nations. This 

is important not only for food but also for the economy, where developing countries have a large 

proportion of the labour force in agriculture (Lynch, 2007). P is often the most limiting nutrient 

for yield in developing countries (Ryan, 2008; Steen, 1998). Fertilisers are not a satisfactory 

solution to this problem, because of their cost, and limited availability (Steen 1998). In fact, 

fertiliser use is negligible in many developing countries, especially in sub-Saharan Africa, which 

generally have the most P deficient soils (Matar et al., 1992; Ortiz-Monasterio et al., 2001; Steen, 

1998). Increased yields from adapted germplasm would enhance household nutrition and income, 

permitting farmers to afford fertiliser inputs, education for their children and other investments to 

help them climb out of a vicious cycle of low inputs, low yields and environmental degradation 

(Lynch, 2007).  
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The focus has been on the role of the plant in P utilisation. Agronomic management can also 

improve PUE in cropping systems. Some examples include; 1) Companion cropping  of wheat 

with P solubilising crops such as lupins (Lambers et al., 2006); 2) Change in farming system- 

growing plants better adapted to low P environments such as chickpea (Itoh, 1987); 3) Use of 

more efficient fertiliser placement strategies such as coating seeds with P fertiliser (Scott et al., 

1991) or banding of P below the seed so roots can get ready access (McLaughlin, 2007); and 4) 

appropriate application rate, timing and source of fertiliser (i.e. rock phosphate, liquid fertiliser, 

diammonium phosphate) (Ortiz-Monasterio et al., 2001). Plant modifications have been the focus 

because they are more rapidly established and accepted in agricultural communities compared 

with agronomic changes, especially in developing countries (Fischer, 1998; Kush, 2004; Ladha et 

al., 1998). In addition, P efficient varieties contribute in many other ways. They have a greater 

degree of disease resistance, thereby reducing the pesticide usage (due to enhanced membrane 

function and cell integrity), and a greater ability to develop deep roots to penetrate the sub-soil 

under low fertility and greater early vigour which in turn gives higher seed yields (Graham and 

Welch, 1996). Although there are many possible agronomic options to improve PUE, breeding 

for enhanced PUE seems the better option and needs investigation (Shenoy and Kalagudi, 2005). 

It is likely that in the breeding of modern cultivars for high-yield, P acquisition efficiency 

has been selected against. This affects farmers in both the developing and developed world. Over 

the past 30 - 40 years breeding has been done under high soil P, and uptake traits in these 

environments might have compromised yield (Lambers et al., 2006; Ortiz-Monasterio et al., 

2001; Schachtman and Shin, 2007). No current breeding strategy selects for PUE (Shenoy and 

Kalagudi, 2005); Despite this, some research has been conducted in increasing PUE, where it is 

estimated that an improvement of 25 % is possible by just employing the current knowledge 

about PUE in crop species (Shenoy and Kalagudi, 2005).  
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High PUE genotypes have been identified. The barley variety Sahara has high total P uptake, a 

large root system and total biomass under low P, whereas the variety Skiff is opposite (Glassop, 

2004). Wheat cultivars, Excalibur, Wawht 2035, Wawht 2100 were found to produce a high 

biomass irrespective of external P concentration (Osborne & Rengel, 2002); and older ‘heritage’ 

cereals seem to have a better PUE. Therefore crossing high PUE cultivars with modern varieties 

is an obvious strategy (Lambers et al., 2006). Semi-dwarf wheat cultivars have a higher PUE than 

taller ones, where current CIMMYT high yielding wheat cultivars have a P harvest index of 

about 80 % (Ortiz-Monasterio et al., 2001). Other cereals, such as rye and triticale (a cross of 

wheat and rye) have been identified as more efficient in taking up and utilising P than wheat at 

low rates of P supply (Osborne and Rengel, 2002) (Figure 16).  
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Figure 16. A- Shoot dry weight (DW) of 57 cereal genotypes (2 rye and 8 triticale 

genotypes are specifically identified) grown at deficient (20 µM) P supply for 35 

days; B-Phosphorus utilisation efficiency [calculated as the amount of shoot dry 

weight (DW) produced per unit of P accumulated in shoots] of 35-day-old cereal 

genotypes grown at deficient (20 µM) P supply. Efficiency intervals (E, efficient; M, 

medium; I, inefficient). Sourced; Osborne & Rengel (2002). 
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Figure 16 shows a study of Australian cereals grown in hydroponics. Wheat has lower P uptake 

in comparison to rye and triticale, and therefore rye and triticale are likely to have genes and 

processes that allow enhanced P uptake over wheat (Osborne and Rengel, 2002). However, rye 

and triticale tended to be taller and with the thicker stems than wheat cultivars at all rates of P 

supply (Osborne and Rengel, 2002), meaning that more of the P was left in the stems at the end 

of the season and thus reducing their PUE.  

In the future there is potential for genetic modification, Pi transporter genes from rye may 

have higher affinity and/or have lower minimum P concentration required for net uptake, 

compared with wheat (Osborne and Rengel, 2002). In the short term significant variation in the 

ability of current Australian wheat genotypes to take up and utilise P under low P conditions have 

been found., However it is important to validate these results in the field, because field conditions 

are hard to simulate in solution culture (Ortiz-Monasterio et al., 2001). Environmental influences 

on PUE have been identified. The most obvious is P availability in soil. P concentrations that are 

too high can cause P efflux and less mycorrhizal colonisation (Mohammad et al., 2005; 

Schachtman et al., 1998). The availability of other nutrients affect P uptake. For example low 

zinc increases P uptake (Huang et al., 2000); low temperature reduces P uptake (McPharlin and 

Bieleski, 1989; Mimura, 1999; Raven, 1974); soil pH alters P uptake and availability (Matar et 

al., 1992), and larger P seed reserves can give better early establishment and subsequent nutrient 

use efficiency  (Marschener, 1998). Overall, whether it is genetic or environmental, it is 

important to understand the mechanisms associated with higher PUE (Ortiz-Monasterio et al., 

2001), so the best possible crops can be produced. 

In deciphering the basis for good PUE it seems that more studies on root systems are 

required (Epstein, 2004; Kirkegaard et al., 2007; Lynch, 1995; Manschadi et al., 2006), however 

these analyses are time consuming and labor intensive. Consequently, they are impossible in 

breeding programs where large numbers of genotypes need to be screened.  
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Here molecular markers would facilitate better progress (Ortiz-Monasterio et al., 2001). So far 

some good markers have been found via QTL mapping of seedling biomass under P stress , 

where a DH population from a cross between Chinese Spring and Lovrin 10 (a P-deficiency 

tolerant wheat) was analysed, and 8 significant QTLs were found that individually explained less 

than 23 % of the phenotypic variation for seedling shoot dry weight production per unit P in the 

shoot (Su et al., 2006). Good QTLs were distributed 5 on chromosome 5D, 1 on 3B, 1 on 4B, and 

1 on 5A (Su et al., 2006). The authors concluded that when P supply is limited the plant with 

more tillers and better root system may have higher P uptake and accumulate more dry matter (Su 

et al., 2006). This was later confirmed in field trials (Su et al., 2009). Even though root systems 

were not specifically investigated, these results suggest their importance. 

Thus far CIMMYT has been one of the few research institutions actually breeding wheat 

for increased PUE. They choose wheat cultivars that can access P under low external P supply (P 

efficiency), but also respond well to P applications (P responsiveness) (Ortiz-Monasterio et al., 

2001). However, field screening of large numbers of genotypes for low-fertility adaptation is 

generally costly and slow, has a large environmental error component, and is unproductive. 

Incorporation of genes from landraces may be better, as they have undergone centuries of 

selection with low inputs (Lynch, 2007). In conclusion, breeding for PUE in wheat and barley is 

a relatively new area, possibly because it was assumed that P fertiliser reserves were plentiful. 

Studies have shown significant variation within current Australian varieties, in addition to 

‘heritage’ crops and landraces. Several studies have also identified what is important for PUE, 

and DNA markers have been identified for some traits associated with PUE. The root system of 

cereals has been neglected thus far despite its potential importance. 
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Phosphorus and Water Uptake 

Water and Productivity 

Water is the main constituent for plant growth and development, accounting for 60-95 % of plant 

fresh weight (Monneveux and Belhassen, 1996). Plants use water in biochemical reactions, as a 

solvent, and to maintain turgor, but approximately 90 % of the water taken up by plants is 

transpired to the atmosphere (Monneveux and Belhassen, 1996). Drought stress is a permanent 

constraint to wheat (Triticum aestivum L.) production on at least 40 million ha in the developing 

world and about 25 million ha in industrialised nations (Olivares-Villegas et al., 2007), where 

actual crop yield losses vary according to timing and severity of water limitation (Horridge et al., 

2005). The 2002–2003 drought in Australia, for instance, resulted in a decline in production of 

wheat and barley of 58 % and 53 %, respectively (ABS, 2006; Horridge et al., 2005).  

As with P, water uptake can be improved by agronomic management strategies; Turner 

(2004) has an excellent review on this subject. The focus here will be on changes in plant roots. 

The roots are the primary site for water uptake by the cereal plant, which is critical in water-

limited environments (Tambussi et al., 2007). Root growth is less susceptible to water stress than 

shoot growth (McDonald and Davies, 1996). Root architecture appears to represent a key target 

trait for genetic improvement of root systems to increase productivity under water limitation 

(Manschadi et al., 2006; Turner, 2004). It was postulated that single-gene solutions are unlikely 

to enhance drought tolerance (O'Toole and Bland, 1987). This claim has been substantiated, 

where hundreds of different genes have been identified that are induced in drought tolerance 

(Chaves et al., 2003; Mohammadi et al., 2007). Actual breeding for increased drought tolerance 

through improved root traits has not occurred thus far, because selection processes are too 

tedious; good markers may be of significant aid in this situation (Passioura, 2006).  
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Phosphorus Nutrition Affects Water Uptake 

P nutrition affects water uptake by altering water transport into the plant through aquaporins and 

altering root structure. Aquaporins (water channels) are membrane proteins which facilitate the 

transport of water and low molecular weight compounds across biological membranes 

(Katsuhara, 2007). Aquaporins increase water permeability of cellular membranes by 10 to 20-

fold and dehydration regulates their expression and activity (Chaves et al., 2003). Plant 

aquaporins are classified to 4 subgroups: plasma-membrane intrinsic protein (PIP), tonoplast 

intrinsic protein (TIP), Nod26-like intrinsic protein (NIP), and small basic intrinsic protein (SIP) 

(Katsuhara, 2007); a protein folding diagram is presented in Figure 17. 

 

 
Figure 17.  Annotated X-ray crystalline structure spinach PIP2;1 aquaporin in open 

configuration.  Sourced; Tornroth-Horsefield et al. (2006). 
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It has been recognised for many years that plant nutrient status is linked with hydraulic 

conductivity in the plant (Desai, 1937). Dephosphorylation of certain serine residues inactivate 

aquaporin activity (Tornroth-Horsefield et al., 2006), where during very dry periods this 

inactivation can be advantageous to prevent dehydration for plant survival (Katsuhara, 2007). It 

has been proposed that P deficiency reduces hydraulic conductance in the root (Clarkson et al., 

2000) through a decrease in aquaporin activity or density in the plasma membrane, as proven by 

the same hydraulic conductance value given in nutrient sufficient plants under the inhibitory 

effect of mercury ions (Figure 18).  

 

 

Figure 18. The response of root hydraulic conductance in wheat plants to 15 min 

treatment with 50µµµµM HgCl2. Conductance decreased in nutrient-sufficient controls, 

but is rapidly reversed when Hg is removed from roots with dithiothreitol (DTT). 

Roots which had been N- or P-deprived had much lower conductances and were 

unresponsive to treatment with Hg. Sourced; Carvajal et al. (1996).   
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This decrease was independent of whether measurements were made in the light or dark, and 

hydraulic conductivity in P deficient wheat roots became close to control plants after two hours 

of P resupply (Figure 19) and statistically the same after 24 hrs (Carvajal et al., 1996). 

 

 

Figure 19. Hydraulic conductance (Lo) of wheat roots from 7-d phosphorus-deprived 

plants, to which phosphorus had been re-supplied and full P nutrition controls. Data 

are means ±SE. Sourced; Carvajal et al. (1996).   

 

During P-deficiency observations on cytosolic Pi levels show that it is strongly buffered by 

vacuolar reserves even after 7 days depravation (Lee and Ratcliffe, 1993), and thus if there is 

little difference on the cytosolic side of the PM during the early stage of nutrient-deprivation, it is 

likely that the apoplastic side affects phosphorylation of water channel proteins to regulate water 

channel function (Clarkson et al., 2000). Hydraulic conductivity appears to reflect the local 

nutrient supply and in this instance is independent of transpiration (Carvajal et al., 1996). 
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P nutrition also influences water uptake by altering effective root length. Svistoonoff et al. (2007) 

analysed Arabidopsis mutants in low phosphate root1, proving this root cap-expressed protein 

responsible for reducing primary root growth under P deficiency (though a switching of 

indeterminate to determinate growth). This reduction in main root growth under P deficiency 

would significantly reduce deep water uptake when plants are grown in soil (Figure 20).  

 

Figure 20. P deficiency effect on A. thaliana gross root morphology: scale bar is 1 cm. 
Adapted from Svistoonoff et al. (2007). 

 

The reduction of the root length by P deficiency has also been seen in other species, where two 

different barely cultivars had significantly reduced length of seminal, nodal, and lateral roots 

under P deficiency (Hackett, 1968). Effective root length can be altered through colonisation by 

mycorrhizal fungi as well. P deficiency enhances mycorrhizal colonisation in plants and enhances 

P uptake (Glassop, 2004; Marschener, 1998; Mohammad et al., 2005), and possibly increase 

wheat yield under drought (Al-Karaki et al., 2004). 
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Water Availability Affects Phosphate Uptake 

Since the crop takes up most of its P from solution, absorption of P by roots is greatly reduced 

under conditions of low soil water availability or low-rainfall (Matar et al., 1992). This is 

because between 92.5 and 98.5 % of P moves to the plant root via diffusion rather than mass 

flow or root interception (Lambers et al., 2006). P diffusion is increased at least 10-fold when 

soils become water saturated, resulting in an increased plant growth and P content (Turner and 

Gilliam, 1976).  

 
Figure 21. Inorganic phosphate diffusion and water availability. A schematic diagram of 

the P diffusion path under water saturated conditions (A), in comparison to the same 

soil under lower water availability (B). Brown circles represent soil particles, blue 

represents soil water, white indicates air pockets (that preferentially form in larger 

pores first), and red lines indicate phosphate ion movement. 

 

Figure 21 shows that the film of moisture around the soil particles and the small number of 

contact points between the soluble P and the root surfaces lead to a longer path of P uptake and 

alteration in the diffusion coefficient under dryer soil conditions (Matar et al., 1992); where 

larger pores empty of water first. As such drought reduces P uptake by plants (Faye et al., 2006; 

Liebersbach et al., 2004; Matar et al., 1992). 
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Some links have been described between Pi nutrition and water uptake. Root hairs are usually 

functional for 2-3 days, before being sloughed off by the growing root (Gahoonia and Nielsen, 

1998), and the root hair zone usually extends 1-4 cm from the root tip of most plants (Jungk, 

2001). Root hairs grow from specific epidermal cells. The root hair is the main organ for both 

water and P absorption, their surface areas represent 3 to 10 times the area of the rest of the root 

system (Gahoonia and Nielsen, 1998; Gahoonia and Nielsen, 2004; Monneveux and Belhassen, 

1996).   

 

Other inadequately described phosphorus and water links include; 

1. Ethylene alters root morphology and subsequent P uptake (Schachtman and Shin, 2007), it is 

also integral in drought perception and response (Chaves et al., 2003).  

2. Wheat Pi transporters are upregulated under drought, suggesting importance in drought 

response (Mohammadi et al., 2007). 

3. Stomatal opening and control of water loss requires an increase in potassium content of the 

guard cells from surrounding cells. This requires ATP to drive proton extrusion at the guard 

cell plasmalemma (McDonald and Davies, 1996), where free ATP is reduced under P 

deficiency (Theodorou and Plaxton, 1993). 

4. Cytokinin decreases sensitivity of stomata to abscisic acid, thus promoting opening 

(McDonald and Davies, 1996); cytokinin promotes cluster root formation under P deficiency 

(Neumann and Martinoia, 2002); prolonged P starvation increases the expression of cytokinin 

oxidase genes, that breakdown cytokinin, and allows enhanced root growth (Amtmann et al., 

2006); and cytokinin reduces uptake of P by plants when in sufficiency (Franco-Zorrilla et 

al., 2002). 
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Therefore P nutrition alters water uptake in cereal plants through modifications in effective root 

length and aquaporin activity. Low soil water content also reduces P uptake as it increases the 

tortuosity of P diffusion through the soil to the plant root.  
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Summary of Literature Analysis  
Wheat and barley are essential crops in the world. Phosphorus is a critical element for plant 

growth, however soils contain very little ‘mobile’ Pi (as noted by severe deficiencies in many 

developing countries, which are usually unfertilised). Phosphorus deficiency has led to the use of 

non-renewable P fertilisers in many areas of the world and significant water pollution has 

resulted from this. Due to the large difference between Pi requirements in the plant and the 

availability of Pi in the soil, plants require their complex strategies to cope with low P 

environments.  

Water is also critical for plant growth, and water deficit is a common constraint to 

agricultural production, particularly in the Australian environment. With both water and P, root 

traits seem vitally important for improvement of both PUE and water use efficiency. However 

very little has been done with root traits thus far, especially through breeding, this is mainly 

because of the difficulty in phenotyping. Molecular markers identified from QTL analyses could 

facilitate progress in breeding for PUE. Root architecture seems the most important for 

improving P uptake in wheat and barley, as does enhanced microbial growth through root 

excretions and overexpression of Pi transporters. Heterologous expression systems are useful 

tools for the characterisation of plant Pi transporters. In this regard, the Xenopus oocyte 

expression system has not been fully utilised. Phosphorus nutrition affects water uptake primarily 

through regulation of aquaporins, but also through its effect on root architecture, and inversely 

low soil moisture (drought) reduces plant P uptake. 



 - 60 - 

Publication Aims 
Phosphate use efficiency can be improved via agronomic or plant genetic means. When 

considering improvements in plant P uptake we are primarily interested in the root system, there 

are a number of mechanisms that plants use to increase uptake, the use of Pi transporters 

represent just one of these mechanisms. Furthermore, remobilisation of Pi within the plant to 

tissues/organs where it is most needed is only transporter mediated, and therefore possible 

increases in PUE via remobilisation require a vital transporter component.  

 

The aims of Pi transporter characterisation include: 

 

1. To ascertain which cellular membrane Pi transporters are located on, and as such that they 

are involved in plant uptake and remobilisation. 

2. To characterise the detailed transport properties of the low affinity Pi transporter, 

HvPHT1;6 in Xenopus oocytes, in which no comprehensive studies of plant Pi 

transporters have been conducted.. 

3. To characterise the phosphate transport properties of the high affinity Pi transporter, 

HvPHT1;1 in the Xenopus oocytes system because no detailed characterisation of high-

affinity plant Pi transport has been done.. 
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The functional characterisation of low- and high-affinity Pi transporters will increase 

understanding of the molecular mechanisms which these Pi transporters operate, and could 

facilitate the improvement of PUE via genetic modification. There is another approach, I believe, 

for a more rapid productivity impact; this is the evaluation and selection of elite cultivars with 

high PUE directly in field, as they are adapted to the target environment. The aims for the 

evaluation and selection of wheat PUE in field are: 

1. To determine the genetic variation in early growth of wheat cultivars under phosphate 

stress. 

2. To determine the genetic variation in yield production in response to soil phosphate. 

 

The main body of this thesis is comprised of four submitted and/or published papers that describe 

the experimental outcomes. The first experimental chapter (Chapter 2) describes the functional 

characterisation of the barley Pi transporter PHT1;6 in the Xenopus laevis oocyte expression 

system. This was pioneer research for characterisation of plant Pi transporters. The Xenopus 

oocyte proved to be a very useful tool for the characterisation of plant Pi transporters which were 

previously unable to complement a mutant yeast defect in Pi transport (Rae et al., 2003). 

HvPHT1;6 showed non-saturating and non-selective proton coupled transport of HPO4
2- and 

HSO4
2-, less nitrate and a little chloride transport. Plasma membrane localisation was 

demonstrated, supporting a role of HvPHT1;6 in the remobilisation of Pi around the plant, and 

potentially sulphate, nitrate and chloride as well. 

Chapter three details the outcomes of HvPHT1;1 in this same oocyte system. HvPHT1;1 

showed very high affinity (Km = 1.9 µM) selective transport of Pi and arsenate. This forms the 

lowest Km shown for the expression of any plant P transporters in any heterologous expression 

system. The plasma membrane localisation, high expression in the root hair region, and high 

affinity for Pi transport suggest that this protein is essential for barley Pi uptake from the soil. 
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Chapter four presents an early growth analysis of 20 different elite bread wheat genotypes 

(including mapping parents) in low rainfall areas (109 - 340 mm growing season rainfall). Early 

growth of plants is correlated mostly to P uptake. Early vigour responded significantly to P 

availability, and importantly large genetic variation for early vigour was found in elite wheats. 

These results can be used directly by selecting those cultivars with better early ground cover and 

the expected reduced water evaporation from the soil surface, increased competitive ability with 

weeds, and ultimately increased productivity. In addition, the mapping parents identified for good 

early ground cover will be useful for QTL mapping, to find molecular markers associated with 

early vigour under fluctuating soil P. Chapter 4 also demonstrates the use of a simple digital 

measuring technique that is suitable for the selection of early vigour in breeding programs. 

Chapter five describes evaluation of grain yield production of 8 Australian cultivars at 

five sites, where soil P is variable, as were the genotype responses to P application. The results 

showed that the cultivar Gladius had one of the best PUE, showed no significant yield loss 

without P fertiliser application, and produced the highest gross income with no P fertiliser 

application under low yielding environments. In contrast, Drysdale always showed significant 

yield loss and had the worst PUE. Whilst the cultivar Axe had a good yield potential, but a poor 

PUE. These data can be used not only by farmers in selecting genotypes to suit their production 

systems, but also by researchers through the development of mapping populations, such as 

Gladius x Axe or utilise existing populations such as Gladius x Drysdale for finding molecular 

markers associated with high PUE in grain yield. 

Chapter six provides a general conclusion that ties all four papers together. Future work is 

also discussed; where the most prominent is analysis of parental lines for variation in transporter 

activity (uptake and remobilisation) and other root traits potentially contributing to PUE. 
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Chapter 2 

 

 

Transport Properties of HvPHT1;6 

 

 

This chapter is directly from published work: 

Preuss CP, Huang CY, Gilliham M and Tyerman SD (2010) Channel-like characteristics of the 

low-affinity barley phosphate transporter PHT1;6 when expressed in Xenopus oocytes. Plant 

Physiology 152, 1431-1441. 
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Channel-Like Characteristics of the Low-Affinity Barley
Phosphate Transporter PHT1;6 When Expressed in
Xenopus Oocytes1[W][OA]

Christian P. Preuss, Chun Y. Huang, Matthew Gilliham, and Stephen D. Tyerman*

Australian Centre for Plant Functional Genomics, Glen Osmond, South Australia 5064, Australia (C.P.P.,
C.Y.H.); and School of Agriculture, Food, and Wine, University of Adelaide, Glen Osmond, South Australia
5064, Australia (C.P.P., C.Y.H., M.G., S.D.T.)

Remobilization of inorganic phosphate (Pi) within a plant is critical for sustaining growth and seed production under external
Pi fluctuation. The barley (Hordeum vulgare) transporter HvPHT1;6 has been implicated in Pi remobilization. In this report, we
expressed HvPHT1;6 in Xenopus laevis oocytes, allowing detailed characterization of voltage-dependent fluxes and currents
induced by HvPHT1;6. HvPHT1;6 increased efflux of Pi near oocyte resting membrane potentials, dependent on external Pi
concentration. Time-dependent inward currents were observed when membrane potentials were more negative than2160 mV,
which was consistent with nH+:HPO4

22 (n . 2) cotransport, based on simultaneous radiotracer and oocyte voltage clamping,
dependent upon Pi concentration gradient and pH. Time- and voltage-dependent inward currents through HvPHT1;6 were
also observed for SO4

22, and to a lesser degree for NO3
2 and Cl2, but not for malate. Inward and outward currents showed

linear dependence on the concentration of external HPO4
22, similar to low-affinity Pi transport in plant studies. The

electrophysiological properties of HvPHT1;6, which locates to the plasma membrane when expressed in onion (Allium cepa)
epidermal cells, are consistent with its suggested role in the remobilization of Pi in barley plants.

Phosphorus (P) is anessentialmacronutrient forplant
growth and development, being required in the syn-
thesis of nucleic acids, phospholipids, and ATP
(Schachtman et al., 1998; Mudge et al., 2002; Lambers
et al., 2006). The concentration of inorganic phosphate
(Pi) in the cytoplasmofplant cells ismaintainedat 5 to17
mM (Schachtman et al., 1998; Mimura, 1999) while it
rarely exceeds 10mM in the soil solution (Goldstein et al.,
1988; Mimura, 1999). Agricultural crops heavily rely
upon the application of P fertilizers for high yields
(Morgan, 1997; Shenoy and Kalagudi, 2005; Lambers
et al., 2006). P fertilizers are produced from nonrenew-
able deposits, and they are predicted to be half-depleted
within 50 to 70 years (Oelkers andValsami-Jones, 2008).
Repeated application of P fertilizers can also result in
significant environmental pollution (Sharpley et al.,
1994; Molen et al., 1997).
The most promising way to reduce the dependence

upon P fertilizers is to improve crop P use efficiency

(Graham and Welch, 1996; Shenoy and Kalagudi,
2005). This may be achieved by increasing Pi uptake
or increasing the efficiency of Pi remobilization within
the plant (Shenoy and Kalagudi, 2005). Remobilization
of Pi is considered as an extremely important strategy
for plant productivity in the environments where there
is a large fluctuation in Pi supply (Papakosta, 1994; Rae
et al., 2003). Pi remobilization is required for root
growth under Pi-limiting environments (Marschner
et al., 1996; Jeschke et al., 1997), and therefore affects
root Pi uptake capacity (Shin et al., 2006), acting as a
negative feedback controlmechanism (DrewandSaker,
1984; Marschner et al., 1996; Peng and Li, 2005). Pi
remobilization from older/shaded leaves also allows
continued growth of younger and more photosynthet-
ically active leaves (Jeschke et al., 1997), and it accounts
for the majority, if not all of the P found in cereal grains
(Horst et al., 1996; Masoni et al., 2007). Plant Pi trans-
porters are involved in the movement of Pi within the
cell and around the plant, and have been separated into
families based on their predicted membrane localiza-
tion: PHT1 (plasma membrane), PHT2 (plastid inner
envelope), PHT3 (mitochondrial inner membrane),
PHT4 (chloroplasts, heterotrophic plastids, and Golgi),
and pPT (plastid inner envelope; Guo et al., 2008).

Plasma membrane Pi transporters (PHT1) are char-
acterized as either high or low affinity and play a
critical role in Pi movement between cells or tissues
(Rae et al., 2003). Althoughmuch is known about high-
affinity Pi transporters involved in Pi uptake by roots,
little is currently known about the Pi transporters
involved in remobilization.
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The Pi transporter HvPHT1;6 is highly expressed in
old leaves compared to young leaves, and its tran-
script is abundant in phloem tissue, with a lower level
also observed in mesophyll cells (Rae et al., 2003). The
expression ofHvPHT1;6 in both shoots and roots is up-
regulated by P deficiency, and HvPHT1;6 is the only
HvPHT1 family member found so far that is expressed
in the shoots with high abundance (Rae et al., 2003;
Huang et al., 2008). In addition, overexpression of
HvPHT1;6 in rice (Oryza sativa) suspension cells sug-
gests it may have a high Km or linear uptake kinetics
(above wild-type Pi transport) to 1 mM external Pi
(Supplemental Material S1). These data suggest that
HvPHT1;6 plays a major role in Pi remobilization.

Until recently, heterologous expression of plant Pi
transporters in yeast (Saccharomyces cerevisiae) mutants
lacking high-affinity Pi transporters (Pho84 and
Pho89) have been the main means for functional
characterization of both high- and low-affinity plant
Pi transporters (Muchhal et al., 1996; Leggewie et al.,
1997; Daram et al., 1998; Guo et al., 2008; Liu et al.,
2008). In two cases, plant suspension cells have been
used for functional characterization of plant Pi trans-
porters (Mitsukawa et al., 1997; Rae et al., 2003);
however, detailed electrophysiology has not been
performed. It is difficult to perform electrophysio-
logical measurements in yeast, as well as to isolate
specific plant cell types for electrophysiological mea-
surements. Xenopus laevis oocytes have been used for
characterization of various Pi transporters including
mammalian sodium (Na)-Pi cotransporters and a
plant Pi transporter (Bacconi et al., 2005; Ai et al.,
2009). The rice phosphate transporter OsPT2 failed to
complement yeast with a defect in high-affinity Pi
transporters, but when expressed in X. laevis oocytes
membrane depolarization could be observed in the
presence of PO4

22 (Ai et al., 2009). However, voltage
dependence of proposed Pi transport, or potential
interactions with other ions, was not investigated.

In this study, we confirm a plasma membrane local-
ization of HvPHT1;6, and present a comprehensive
analysis of HvPHT1;6 transport activities using the X.
laevis oocyte expression system. Our results demon-
strate that HvPHT1;6 is most likely to be a proton-
coupled Pi transporter, though it has time-dependent
activation at negative membrane potentials with linear
concentrationdependence similar tovoltage-dependent
ion channels; it also appears to transport SO4

22 coupled
to protons.As such,wediscuss our results in the context
of the proposed role of HvPHT1;6 in Pi and sulfur (S)
remobilization within the plant.

RESULTS

Plasma Membrane Localization of HvPHT1;6

HvPHT1;6 mediates Pi transport into rice suspen-
sion cells (Rae et al., 2003), but its plasma membrane
localization has not been established. Therefore, we

created a HvPHT1;6::GFP construct and transiently
coexpressed with either the plasma membrane tar-
geted marker, AtPIP2A::mCherry, or the vacuolar mem-
brane marker, gTIP::mCherry (Nelson et al., 2007), in
onion (Allium cepa) epidermal cells. The green fluores-
cence of HvPHT1;6::GFP (Fig. 1B) colocalized with the
red fluorescence of the plasma membrane marker pm-
rk (Fig. 1, C and D). In addition, the cellular location of
the green fluorescence of HvPHT1;6::GFP (Fig. 1F) was
separated from that of the red fluorescence of the
vacuolar marker (Fig. 1, G and H), under hypertonic
treatment. The red fluorescence of the vacuolar mem-
brane marker was slightly intracellular compared to
the green fluorescence of HvPHT1;6::GFP (Fig. 1H).
These results indicate that HvPHT1;6 is located on the
plasma membrane.

Figure 1. Intracellular localization of HvPHT1;6. A, Bright-field im-
age of onion epidermal cells. B, The intracellular localization of
HvPHT1;6::GFP in onion epidermal cells. C, The intracellular locali-
zation of the plasma membrane marker, AtPIP2A::mCherry. D, Overlay
of HvPHT1;6::GFP and AtPIP2A::mCherry; colocalization shown in
yellow. E, Bright-field image of a second onion epidermal cell. F, The
intracellular localization of HvPHT1;6::GFP in this cell. G, The intra-
cellular localization of the vacuolar membrane marker, gTIP::mCherry
fusion. H, Overlay of the HvPHT1;6::GFP and gTIP::mCherry fusion,
showing differing localization of green and red fluorescence. Bar =
100 mm.
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Effects of HvPHT1;6 on Mortality of X. laevis Oocytes

Injection of HvPHT1;6 cRNA into X. laevis oocytes
resulted in a 2-fold increase in oocyte deaths relative to
water-injected control oocytes over the same time
when incubated in modified Barth’s solution (MBS;
Fig. 2A). Addition of 1 mM or 10 mM Pi to the MBS
solution significantly decreasedmortality ofHvPHT1;6
cRNA-injected oocytes (Fig. 2A). No such relationship
was observed in water-injected oocytes, nor for the
positive control, oocytes expressing a human Na-Pi
transporter. This human Na-Pi transporter has previ-
ously been shown to transport Pi into oocytes coupled
with the downhill influx of Na+ (Bacconi et al., 2005;
Virkki et al., 2005), and we are also able to show its
electrogenic Pi transport activity (data not shown).
HvPHT1;6-injected oocytes also had a higher efflux
rate of Pi compared to controls when no Pi was added
to the bath solution (Fig. 2B). This difference in efflux
was abolished when 10 mM external Pi was applied
(Fig. 2B), which was correlated with the reduced
mortality of HvPHT1;6-injected oocytes incubated in
MBS + 10 mM Pi (Fig. 2A). The application of Pi to the
bath solution reduces free Ca2+ concentrations, which
could have an impact on oocyte mortality. To discount
this possibility we examined the effect of addition of
0.5 mM and 2 mM external calcium. There was no
significant difference in oocyte survival or transport
current (P . 0.7 for each test, n = 10). These results
suggest that the increased death rate in HvPHT1;6-
injected oocytes is due to the enhanced Pi efflux.

Time- and Voltage-Dependent Inward Currents Induced

by HvPHT1;6

A bath solution containing 100 mM Cl2 (ND-100)
was used for characterization of mammalian Pi trans-
porters in X. laevis oocytes (Bacconi et al., 2005). Large
inward currents were detected in HvPHT1;6-injected
oocytes when ND-100 was used as a bath solution
(data not shown). Water-injected control or cRNA-
injected oocytes in solutions containing low amounts
of Cl2 had a much lower inward current. Therefore,
we used a 10mMNaCl base solution (ND-10) generally
(see “Materials and Methods”) to which anions were
balanced with N-methyl-D-glucamine (NMDG).

Under two-electrodevoltage clamp (TEVC), negative-
goingvoltage pulses caused the activation of a time- and
voltage-dependent inward current that was increased
by adding external Pi and was not observed in water-
injected control oocytes (Fig. 3A). The example shown in
Figure 3A is for 1,2-bis(2-aminophenoxy)ethane-N,N,
N#,N#-tetraacetic acid (BAPTA)-injected HvPHT1;6-
expressing oocytes bathed in a modified ND-10 with
Ba2+ replacingCa2+ (Fig. 3A).Ba2+ andBAPTAwereused
to circumvent possible disturbance to the cytosolic Ca2+

concentration potentially caused by HvPHT1;6 expres-
sion as such changes in cytosolic Ca2+ concentration
could elicit native oocyte inward currents (Weber et al.,
1995). HvPHT1;6-induced currents in these conditions
were statistically the same as in non-BAPTA-injected
oocytes (P . 0.7), and those in calcium-bath solutions
(P = 0.5). Therefore, these treatments were not used for
themajorityof the followingexperiments.Theactivation
of known endogenous oocyte channels was compared
with that induced by HvPHT1;6 cRNA injection (Sup-
plemental Material S2). HvPHT1;6 expression elicits
currents different from native channels identified in
the literature. Closer inspection of currents at less-
hyperpolarized voltages with 10 mM Pi, SO4

22, or
NO3

2 in the bath solution revealed that steady-state
inward currents began to be significantly activated at
voltages more negative than about 290 mV (when
voltage was held constant for 4.5 s; Fig. 3).

When the voltage was taken to less-negative values
after fully activating the inward current at 2150 mV,
the current deactivated to a steady level with a half-
time of 0.336 0.05 s (Fig. 3B). The difference in current
between the initial and steady-state value during
deactivation provides the time-dependent component
of the HvPHT1;6 cRNA-induced current at various
voltages. We refer to this as the tail current. The
majority of the following figures show results obtained
from such tail analysis.

Gradient-Dependent Currents and Fluxes

To further examine the effect of altering the gradient
of Pi across the plasma membrane on the HvPHT1;6-
induced tail currents, we injected water or Pi into
HvPHT1;6-injected oocytes to a final calculated con-
centration of 10 mM and compared this with water-

Figure 2. External phosphate reduces death of HvPHT1;6 cRNA-
injected oocytes. A, Percentage of oocyte deaths incubated in pH 7.5
MBS, containing three Pi (P) concentrations (KH2PO4), over 3 to 5 d at
18�C. Columns are means of three to eight replicates. B, H3

32PO4 efflux
rate. Oocytes were incubated for 24 h in MBS buffer with 10 mM 850
cpm nmol21 Pi before measuring the efflux rate in MBS over time. Data
were corrected for radioactivity in wash solution. Standard errors (n =
4) are shown as vertical bars. Different letters indicate a significance
difference at P0.05 for confidence interval.
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injected oocytes, bathed in either 0 or 10mMPi added to
ND-10. The largest inward tail currents at negative
voltages were obtained when there was the largest
gradient for inward movement of Pi (0 Pi injected,
10 mM Pi in bath; Fig. 4A). Inward tail currents were
smallest when this gradient was reversed (10 mM Pi
injected, 0 Pi added to bath; Fig. 4). With 10 mM Pi
injected and 10 mM in the bath, the tail current/voltage
curve reversed at 0mV (Fig. 4A) under these conditions
where the bath pH was 7.5. We measured 32P uptake
into HvPHT1;6-injected and control oocytes with volt-
age clamped at2130mV for 7.5min (Fig. 4B). The influx
was increased 22-fold above that measured in control
oocytes, and corresponded to a similar increase in the
amount of charge that moved into the oocyte (Fig. 4B).
Therefore, the currents associated with Pi influx were
accompaniedby aflowofnet-positive charge inwards to
the oocyte. The same phenomenon was observed when
35S was applied (Fig. 7B).

Concentration Dependence and Selectivity

HvPHT1;6-injected oocytes showed a significant Pi-
induced increase in both inward and outward tail
currents (Fig. 5). Corresponding with this was a small
but significant shift in reversal potential toward pos-
itive voltages. The mean tail current as a function of
added Pi in the bath was linear in the range of external
Pi concentrations tested (Fig. 4B). Note that for a
simple anion channel response it would be expected
that the reversal potential would shift negative with
increasing Pi inward directed gradient (see also Fig. 4).

Selectivity of HvPHT1;6-induced currents to differ-
ent anions was investigated by measuring steady-state
currents at 2150 mV (Fig. 6A), a physiologically
relevant resting membrane potential for plant cells.
The selectivity at 2150 mV was HPO4

22 . SO4
22 .

NO3
2 . Cl2, where the external free anion concentra-

tion applied was kept constant at 9.9 mM (calculated
using Visual MINTEQ, Royal Institute of Technology,
Sweden). The organic anions, malate and citrate were
also tested, but HvPHT1;6-injected oocytes showed no
significant transport of these two organic anions over
water-injected controls (P . 0.8; data not shown). Bis-
Tris propane (BTP) control solution induced less in-
ward current than ND-10, which could be due to
residual chloride transport through HvPHT1;6 in ND-
10. Also slight but significantly higher currents were
seen in water-injected oocytes in the BTP solution (as
opposed to the ND-10-based solutions), presumably
due to a large difference in chloride concentration
between the internal oocyte (24–62 mM; Weber, 1999)
and the external bath (0.6 mM). When tail currents
were measured at less-negative membrane potentials
(Fig. 6B) SO4

22 and Pi gave equal inward currents, and
NO3

2 and Cl2 gave smaller and similar currents.
However, NO3

2 gave larger outward tail currents
than any other anion (Fig. 6B). No significant anion-
induced tail currents were observed in water-injected
controls (inset in Fig. 6B).

A Pi and SO4
22 competition experiment was per-

formed to examine if competition occurred for trans-
port sites of HvPHT1;6 between these two anions (Fig.
7A); the inward and outward tail currents were com-

Figure 3. HvPHT1;6-cRNA injection-induced inward current at hyperpolarized membrane potentials. A, Current/voltage curves
of HvPHT1;6-cRNA, and water-injected oocytes. Oocytes were also BAPTA injected and bathed in ND-10 with Ba2+ replacing
Ca2+ (pH 7.5). Values are the most negative current from a 4.2 s voltage hold (290 to 2210 mV in 10 mV increments). Data
points are means of eight oocytes. Asterisks indicate a significant difference using Tukey’s test (P0.05 or P0.001) between currents
induced in 0 and 10 mM external NMDG-phosphate concentration. The inset shows overlayed current versus time traces at each
voltage of HvPHT1;6 cRNA-injected oocytes bathed in 10 mM Pi. B, Steady-state current/voltage curves extracted from tail
current end point (arrows in the inset) comparing different external anions on HvPHT1;6-injected oocytes in ND-10, pH 7.5.
Data points are means of at least five oocytes, no significant difference (n.s.) was observed (P0.05). Inset shows voltage protocol
and example tail current trace overlay. Arrows indicate the tail end point, while currents marked at the asterisk time point are
subtracted from the end point for tail current/voltage curves. P, Phosphate; Cl, chloride; N, nitrate; S, sulfate.
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pletely additive between the two anions. Plotting the
currents against the sum of the anions (HPO4

22 +
SO4

22) displayed a linear relationship (inset in Fig. 7A)
with mean R2 values ranging from 0.97 to 1.00 across
all voltages.

External pH Sensitivity

We examined the external pH (pHo) sensitivity of
tail currents in Pi and SO4

22 containing solutions, and
no significant pHo effect was detected in water-
injected controls. Figure 8A shows that an increase in
bath protons (pH decrease from pH 8 to 6) signifi-
cantly increases the currents predicted to be SO4

22

influx. The change in current was linear over this pH
range, increasing by a factor of 2.026 0.18 per pH unit.
In contrast, HvPHT1;6-injected oocytes showed the
largest Pi-induced inward currents at pH 7.5 (Fig. 8B).
The general trend for Pi transport therefore opposes
what was seen for SO4

22. However, the HPO4
22 ion is

predicted to decrease in free concentration as pH
decreases (calculated using Visual MINTEQ). If we

take account of the stimulating effect of lower pH on
SO4

22 currents, and make the assumption that the
selectivity between HPO4

22 and SO4
22 does not

change with pH, we can calculate predicted inward
currents for HPO4

22 as a function of pH (Fig. 8B).
Within the confidence limits of the measured currents,
the predicted currents fit reasonably well with HPO4

22

being the transported form of Pi.

DISCUSSION

Despite the importance of low-affinity Pi trans-
porters in Pi remobilization in higher plants, the func-
tional characterization of low-affinity Pi transporters
from plants has been limited to either the complemen-
tation of yeast mutants defective in high-affinity Pi
permeases (Daram et al., 1998; Miller and Zhou,
2000; Guo et al., 2008; Liu et al., 2008) or ectopic
expression of low-affinity Pi transporters in rice (Rae
et al., 2003) or tobacco (Nicotiana tabacum; Mitsukawa
et al., 1997) suspension cells. One study in X. laevis

Figure 4. HvPHT1;6-induced phosphate trans-
port is cation coupled. A, Tail current/voltage
analysis of HvPHT1;6 cRNA-injected oocytes in
response to 0 or 10 mM NMDG-phosphate in the
pH 7.5 ND-10 bath solution combined with 0 or
10 mM or internal oocyte NMDG-phosphate at
least 2 h after injection. The inset shows water-
injected oocyte controls. n.s., No significant dif-
ference. B, The average current integrals and
subsequent radioactive H3

32PO4 influx with a
450 s long hold at 2130 mV in a nonflowing
pH 7.5 ND-10 bath solution. Data points in each
experiment represent means of four to eight
oocytes. Error bars indicate SEM, and asterisks
denote a significant difference using the Scheffe’s
test (P0.05, 0.01, 0.001).

Figure 5. HvPHT1;6 transports phos-
phate with low affinity. A, Current/
voltage tail plot of HvPHT1;6-injected
oocytes bathed in ND-10 with different
phosphate concentrations at pH 7.5.
The inset shows water-injected oocyte
responses. n.s., No significant differ-
ence. Asterisks indicate a significant
difference at P0.05 and P0.01 using Tu-
key’s test. B, HvPHT1;6-injected oo-
cyte tail analysis at selected voltages.
Error bars indicate SEM of four oocytes.
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oocytes of a plant Pi transporter (OsPHT1;2) shows
only limited information on membrane depolariza-
tions when 1 or 10 mM NaH2PO4 was applied, sug-
gesting that OsPHT1;2 is a low-affinity Pi transporter
(Ai et al., 2009).

We first show that HvPHT1;6 is expressed in the
plasma membrane of plant cells (Fig. 1), secondly that
HvPHT1;6 expression is not just activating a known
native transporter in the plasma membrane of X. laevis
oocytes (Supplemental Material S2). This information
gives relevance to HvPHT1;6 being involved in Pi

movement between plant cells/tissues and that char-
acterization in X. laevis oocytes is appropriate.

Expression of the low-affinity HvPHT1;6 trans-
porter in X. laevis oocytes with no supplementation
of Pi in the external medium caused increased deaths
of the oocytes (Fig. 2A). Based on 32Pi efflux measure-
ments (Fig. 2B) we interpret the increased deaths of the
oocytes as a result of increased Pi efflux caused by
expression of HvPHT1;6. The resting membrane po-
tential for HvPHT1;6-injected oocytes in ND-100 solu-
tion was 226.8 6 2.6 mV that is not different from the

Figure 6. Anion selectivity of HvPHT1;6. A, Steady-state current response to six different bath solutions: BTP control, ND-10
control, ND-10 plus 9.9 mM transported oxyanion (actual applications were 10 mM), NMDG-chloride (Cl2), 10 mM NMDG-
nitrate (NO3), 14.88 mM NMDG-phosphate (HPO4

22), or 11 mM NMDG-sulfate (SO4
22). Steady-state currents were recorded

after 5 s at 2150 mV. Columns represent means of five oocytes, and error bars indicate SEM. Different letters indicate significant
differences at P0.05 via confidence interval. B, Tail current/voltage responses of HvPHT1;6-injected and water-injected oocytes
run in a ND-10 bath (control), or containing either NMDG-phosphate (P), NMDG-chloride (Cl), NMDG-nitrate (N), or NMDG-
sulfate (S). pH was buffered with Tris-base to pH 7.5. The inset shows the response of water-injected controls. n.s., No significant
difference. Asterisks indicate a significant difference at P0.05, 0.01, 0.001 (Tukey’s test) between the respective anion treatment and
the control.

Figure 7. Phosphate and sulfate competition. A,
Tail current/voltage plot of HvPHT1;6-injected
oocytes between the BTP control solution, and
the BTP containing 10 mM H3PO4 (P) with or
without 10 or 20 mM H2SO4 (S). pH was buffered
with Tris-base to pH 7.5. The inset shows a linear
regression of selected currents against calculated
free HPO4

22 or SO4
22 in the bath solution (r 2 .

0.96, Visual MINTEQ). Data points indicate
means of seven individual oocyte measurements.
B, Radioactive Na2

35SO4 influx with a 450 s
long hold at 2130 mV in a stagnant pH 7.5
ND-10 bath solution. Columns are means of five
oocytes. Error bars indicate SEM, and asterisks
denote a significant difference using Tukey’s test
(P0.05, 0.01, 0.001).
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resting membrane potential in MBS of229.26 9.5 mV,
this could be a reason why Pi efflux occurs in the
absence of external Pi. Data in Figure 4A show that
under conditions of high internal Pi, and with zero in
the bath, the reversal potential of HvPHT1;6-injected
oocytes, as indicated by tail currents, is close to these
values. When Pi is added to the bath, the reversal
potential shifts positive, which we predict would
reduce Pi efflux from the oocyte (see below for more
discussion in “Stoichiometry of H+-Pi Cotransport and
Speciation”). In plant cells, efflux of Pi through
HvPHT1;6 under membrane depolarization could be
related to efflux of Pi from leaf mesophyll cells when
they start senescing, and is possibly why enhanced
expression is seen in older leaf mesophyll cells (Rae
et al., 2003). However, this would require neutral to
alkaline pHs in the external medium as used in our
oocyte experiments.

Voltage Dependence

Activation of inward current in HvPHT1;6-injected
oocytes occurred when voltages were more negative
than 260 mV, and became highly significant between
2130 and 2160 mV (Fig. 3). This is a rather novel
finding, but is not totally unexpected, because while
the resting potential of an oocyte is usually around
230 to 240 mV, the equivalent value for a plant cell
can be less than 2200 mV (Dreyer et al., 1999), and

phloem cells are more hyperpolarized than their
surrounding cells (Hafke et al., 2005). The hyperpo-
larization in phloem cells should be able to activate
HvPHT1;6 to facilitate Pi loading in phloem-associated
cells for future remobilization. In many respects the
slow kinetics of voltage activation of HvPHT1;6 ob-
served in oocytes is similar to some plant ion channels
(Marten et al., 1999). The linear concentration trans-
port kinetics would further support that HvPHT1;6
possesses characteristics of an ion channel. However,
the evidence that inward current corresponds to anion
influx instead of efflux suggests Pi through HvPHT1;6
is cotransported with a net positive charge, therefore
HvPHT1;6 is a class of transporter with features in
common between a channel and a transporter.

Low-Affinity Transport

HvPHT1;6 showed a linear transport activity for Pi-
stimulated inward current over a concentration range
of 5 to 30 mM. This concentration range encompasses
what the transporter may be exposed to in planta
(Schachtman et al., 1998). An apparent linear Pi uptake
in a concentration range of 0 to 1 mM can also be inter-
preted from the data of Rae et al. (2003; Supplemental
Material S1) who observed higher Pi influxes in rice
suspension cells overexpressing HvPHT1;6 but with
similar Km to control cells. The linear Pi uptake kinetics
in the oocytes matches with the function of the low-
affinity Pi transport in barley (Hordeum vulgare) leaves
(Mimura, 1999) that is required for Pi remobilization.

Stoichiometry of H+-Pi Cotransport and Speciation

It is widely accepted that Pi uptake in higher plants
is coupled to net cation cotransport as Pi absorption
depolarizes the plasma membrane of root cortex cells
(Mimura, 1999). However, the accurate stoichiometry
of X+-Pi cotransport has not been obtained as yet. By
changing the Pi gradients we have demonstrated that
when the Pi concentration gradient across the plasma
membrane favors higher Pi influx, it produces a larger
inward current (Fig. 4). The reversal potentials also
shift positive with increasing gradient for inward flux
of Pi. We also showed that 32P influx at negative
voltages corresponded to the total charge taken up
(Fig. 5). Therefore, Pi influx must be coupled with
cation influx with a net positive charge entering the
cell.

Mammalian Pi transporters are coupled with Na+

(Bacconi et al., 2005). However, HvPHT1;6 did not use
Na+ or K+ as a driver cation because the currents
induced by Pi and SO4

22 were observed, to the same
degree (P. 0.43, n = 7), in the absence of Na+ and K+ in
the bath solution (Fig. 7A). On the other hand, pH was
found to have a significant effect on the transport
activity of HvPHT1;6-expressing oocytes, with the
inward tail currents induced by SO4

22 increasing
with a decrease in pH. Therefore, H+ are likely to be
the coupling cation to anion movement through

Figure 8. Proton-coupled Pi transport activity of HvPHT1;6.
HvPHT1;6-induced outward and inward currents in response to sulfate
(A) or phosphate (B). Columns indicate mean currents of eight oocytes
for phosphate transport via HvPHT1;6 only, using a dual subtraction
process: (1) subtracting water-injected oocyte currents from HvPHT1;6
injected, then (2) subtracting ND-10 control solution currents fromND-
10 plus 10 mM NMDG-phosphate or sulfate currents at each pHo.
Letters indicate significant difference (P0.05, Tukey’s test), and error bars
represent SEM. Predicted HPO4

22 currents (solid line in B) accounting
for changes in [HPO4

22] with pHo were calculated from the SO4
22

currents assuming that the transport selectivity between HPO4
22 and

SO4
22 does not change with pHo. Predictions are only given for influx

because accurate estimation of internal oocyte activity of HPO4
22 and

SO4
22 could not be made.
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HvPHT1;6. Over the range of pH 6.0 to 8.0, the free
concentration of SO4

22 changed less than 0.1 mM (,1%
of the total SO4

22 concentration). In contrast, Pi trans-
port increases from pH 6.0 to 7.5 and is reduced at pH
8.0 (Fig. 8B). Because the concentrations of different
ionic forms of Pi in solution change with pH, the pH
experiment provides evidence that the likely Pi form
transported is HPO4

22. Using the change in inward
current with SO4

22 as a function of pH to represent the
effect of pH on HPO4

22 transport, we can predict how
pHo should affect inward current, taking into account
the change in HPO4

22 with a constant total Pi concen-
tration of 10 mM. This assumes that HPO4

22 and SO4
22

transport behaves the same with pH and that both ions
give a linear inward current response with concentra-
tion (Fig. 7A). The predicted values show a decrease in
inward current with lowered pH as is observed in the
experiment. The discrepancy at pH 7 and 6.5 are close
to the 95% confidence limits of the measured values
and the predicted values from the regression of SO4

22

current as a function of pH. If H2PO4
2 was the trans-

ported ion, the opposite effect would be observed, i.e.
a concave-down increase in inward current with de-
creased pH. Previous work suggested H2PO4

2 to be
the ion transported by HvPHT1;6 (Rae et al., 2003), this
however seems very unlikely as discussed above. The
HPO4

22 ion, on the other hand, shows a concentration
change that aligns with the ionic current responses.
Interestingly, MgHPO4 shows a similar concentration
change as HPO4

22 with pH. However, MgHPO4 + H+

is unlikely to be transported through HvPHT1;6 as
BAPTA injection reduces active Mg in the oocyte but
efflux currents were the same as with no BAPTA
injection, and significant influx of Pi (to the same
degree, P . 0.43, n = 7) was observed in the complete
absence of Mg2+ (Fig. 7A).

Inferences can be made on the transport stoichiom-
etry for H+-coupled HPO4

22. A comparison of chem-
ical flux with total ion current from experiments used
for Figure 4B gives a ratio of charge to Pi uptake of 1:1,
i.e. 3H+:1HPO4

22 (calculated on an individual oocyte
basis). Radioactive Pi uptake in water-injected oocytes
was not significantly different from zero, suggesting
an absence of native Pi transporter activities in oocytes
under our experimental conditions.

Broad Selectivity of HvPHT1;6

HvPHT1;6 showed little selectivity between HPO4
22

and SO4
22 (Fig. 7A, and radioactive uptake calcula-

tions, Figs. 4B and 7B), with a lower transport activity
for NO3

2 and Cl2 (Fig. 6A). There was no malate or
citrate transport (data not shown). Limited information
is available for comparison of anion selectivity in
oocytes expressing plant transporters. It has been
shown that GmN70, an anion transporter on the sym-
biosome membrane, favors NO3

2 transport (Vincill
et al., 2005), and TaALMT1 favors malate transport
but can be selective for Cl2 under certain conditions
(Pineros et al., 2008). The HPO4

22 anion has a dehy-

drated minimum ionic width of 2.518 Å, compared
with SO4

22 at 2.535 Å (100.6% of HPO4
22), NO3

2 at a
width of 2.148 Å (84.7% of HPO4

22), and Cl2 with a
width of 1.04 Å (41% of HPO4

22; ACD/ChemSketch
version 11.0, Advanced Chemistry Development, Inc.).
SO4

22 is very similar in size and charge density to
HPO4

22 (complete hydration of these ions makes
HPO4

22 a slightly larger molecule than SO4
22) and

has the same charge and oxyanion characteristics,
which seem to be required for selective transport by
HvPHT1;6. NO3

2 is also an oxyanion, but is smaller in
size, andhas only a single negative charge,whereasCl2

is much smaller and does not have the oxygen. There-
fore, the reduced transport of NO3

2 and Cl2 may be
expected on this basis. Surprisingly, the electrophysio-
logical experiments did not demonstrate any competi-
tion betweenHPO4

22 and SO4
22when theywere added

together and we have shown 35SO4 uptake by
HvPHT1;6-expressing oocytes without Pi present in
the bath. However it does remain a possibility that
external SO4

22 may stimulate HPO4
22 transport.

Potential Roles of HvPHT1;6 in Pi Remobilization

Pi is tightly regulated at about 10 mM within plant
cell cytoplasm (Schachtman et al., 1998). Nitrate con-
centration is more variable, between 3.4 to 37 mM

(Siddiqi and Glass, 2002). Sulfate in the cytoplasm is at
a concentration of approximately 2.5 mM (Cameron
et al., 1984). The majority of these anions are removed
from senescing leaves. In Arabidopsis (Arabidopsis
thaliana) 88% of nitrogen, 80% of P, and 68% of S
are removed from senescing leaves (Himelblau and
Amasino, 2001). HvPHT1;6 shows the highest expres-
sion in the phloem cells of older leaves (Rae et al.,
2003). Because HvPHT1;6 shows transport activity of
HPO4

22, SO4
22, and NO3

2 in oocytes (Fig. 6), it is
possibly involved in the remobilization of these ions
around the barley plant. Studies have shown rice
phloem sap to consist of 8.1 mM PO4

32, 1.9 mM NO3
2,

and 1.8 mM SO4
22 (Hayashi and Chino, 1985); and

wheat (Triticum aestivum) phloem sap 8.2 mM PO4
32,

8.1 mM NO3
2, and 1.0 mM SO4

22 (Hayashi and Chino,
1986). Therefore, cereals have relatively high levels
of these anions remobilized via the phloem. The rel-
atively lower concentration of SO4

22 remobilized
could be due to its lower concentration in plant cells
(Cameron et al., 1984) and/or its reduced level of
removal from senescing leaves (Himelblau and
Amasino, 2001), rather than the ability of it to be
loaded into the phloem. Remobilization can remove P,
S, and nitrogen from older leaves into tissues where it
is most needed, in wheat an average 52% to 100% of
grain P (Papakosta, 1994) and 72% of grain nitrogen
(Gooding et al., 2005) are sourced via remobilization
from older plant tissues. It is not entirely clear what
significance a low-affinity Pi transporter has in the
remobilization of sulfate and nitrate in planta. Further
experimentation is warranted; an interesting experi-
ment would be analysis of HvPHT1;6 knockout mu-
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tants for differences in remobilization of phosphate,
sulfate, and nitrate from senescing leaves.
In summary, nutrient reserves deposited in vegeta-

tive plant parts before anthesis buffer grain yield
against conditions adverse to assimilation during the
grain-filling period. In wheat, remobilization accounts
for the majority of grain P content and increases P use
efficiency. Phloem tissues are responsible for traffick-
ing nutrient remobilization; and because phosphate,
nitrate, and sulfate cannot reach the phloem via the
symplast, a transporter must exist in the membranes of
barley phloem cells to transport these nutrients into the
phloem. We show that HvPHT1;6 is targeted to the
plasmamembrane of plant cells and has the capacity to
transport Pi coupled with protons in a highly voltage-
dependent manner. HvPHT1;6 is a low-affinity Pi
transporter with potential to transport other oxyan-
ions. HvPHT1;6 could fulfil a role in Pi remobilization
because it is highly expressed in phloem tissues. Our
results demonstrate that Xenopus oocytes can be used
for detailed characterization of plant Pi transporters,
and this will facilitate structure-function studies of
plant Pi transporters.

MATERIALS AND METHODS

Cloning of HvPHT1;6

Genomic DNA from barley (Horedum vulgare ‘Clipper’) was used to clone

HvPHT1;6 using PCR with a pair of primers (ATGGCGCGCGAG and

TCACACGGGCACCG). PCR products were ligated into the pCR8-GW-

TOPO vector (Invitrogen). The resulting HvPHT1;6 plasmid was sequenced

for confirmation, and then HvPHT1;6 was transferred into a gateway-enabled

pGEM-HE-DEST vector (Shelden et al., 2009) using the LR reaction protocol

(Invitrogen) for in vitro RNA synthesis. The human NaPi-IIa positive control

in the KSM expression vector (from Leila Virkki) was digested with AccI and

HindIII, and then cloned into pGEM-HE.

Subcellular Localization of HvPHT1;6::GFP

The coding sequenceofHvPHT1;6without the stopcodonwasamplified from

pGEMHvPHT1;6:HE using the primer pair ATGGCGCGCGAG and CACGGG-

CACCGTC. The PCR fragmentwas ligated into the pCR8-GW-TOPOvector, and

transferred into pMDC83 containing the mGFP gene (Curtis and Grossniklaus,

2003).The resulting plasmid placesHvPHT1;6 in frame, upstream ofmGFP6.

Plasmid DNA: CD3-1007 (AtPIP2A::mCherry fusion), CD3-975 (gTIP::

mCherry fusion), and pMDC83HvPHT1;6 (5 mg each and 10 mL in total

volume) was mixed with 50 mL of 0.6 mm gold particles (Bio-Rad), and

bombarded into onion (Allium cepa) epidermal cells (900 psi pressure rupture

discs) using the Biolostic PDS-1000/He particle delivery system (Bio-Rad).

Bombarded onion cells were kept in the dark at room temperature for 48 to 72

h and then examined by the confocal laser-scanning microscopy (Leica TCS

SP5 spectral scanning confocal microscope). Onion epidermal cells were

grown inMurashige and Skoogmedium supplemented with 60 g L21 Suc. The

onion epidermal cells were immersed in Murashige and Skoog medium

supplemented with 100 g L21 Suc before confocal image analysis. GFP

fluorescence was excited using the 488-nm argon laser, and mCherry fluores-

cence was exited using the 561-nm DPSS 561 laser.

RNA Synthesis

In vitro RNA syntheses were performed on two separate occasions using

the T7 RNA polymerase kit (Ambion) for HvPHT1;6 and NaPi-IIa. Synthesis

was done at 37�C for 2 h, and the products were cleaned using phenol and

chloroform according to manufacturer’s instructions. The quality and size of

synthesized RNAwere checked on RNAse-free agarose gels.

Oocyte Extraction and Preparation

Xenopus laevis frogs (NASCO Biology) were anesthetized in 1 L ice-cold

1.5% (w/v) 3-aminobenzoic acid ethyl ester methanesulfonate salt for 20 min.

Oocytes were removed unilaterally from the abdominal cavity, and the lobes

were placed in calcium-free Frog Ringer’s buffer (in mM: 96 NaCl, 2 KCl,

5 MgCl2, 5 HEPES, pH 7.6). The lobes were cut into small pieces and placed in

50 mL of calcium-free Frog Ringer’s buffer containing 100 mg collagenase and

50 mg trypsin inhibitor for 85 to 90 min with rotation on a rotary mixer before

being washed three times with hypotonic buffer (in mM: 100 KH2PO4 pH 6.5

and 0.1% [w/v] bovine serum albumin). The oocytes were incubated in

hypotonic buffer on a rotary shaker for 10 min at room temperature. Oocytes

were then washed three times in calcium-free Frog Ringer’s, followed by two

washes in calcium Ringer’s, a 10 min incubation on a rotary shaker, then two

washes in calcium Ringer’s. The oocytes were maintained at 18�C in MBS

solution (in mM): 96 NaCl, 2 KCl, 5 MgCl2, 0.5 CaCl2 5 HEPES, 10 KH2PO4,

adjusted to pH 7.6 with KOH; 2.5 mL horse serum was added in 50 mL

solution (catalog no. H1270), 50 mg mL21 tetracyclin (5 mg mL21 stock, used

0.5/50 mL), and 0.5 mL per 50 mL of penicillin streptomycin (catalog no.

P4333). Healthy stage IV and Voocytes from 10 different oocyte batches were

selected for injection with 25 ng RNA (i.e. 50 nL of 500 mg mL21 RNA). The

injection into oocyte animal hemisphere was performed at room temperature

using a Nanoject II injector (Drummon Scientific Company) and injected

oocytes were incubated at 18�C in MBS (replacing daily) for 20 to 96 h prior to

ion flux and electrophysiological measurements.

Injection of Phosphate and Nitrate

All chemicals were sourced from Sigma-Aldrich unless stated otherwise.

Healthy HvPHT1;6-expressing and water control oocytes (1 d after injection)

were selected for injection with 50 nL water (control) or 114 mM NMDG-

phosphate (or -nitrate) or 11.3 mM BAPTA, to a final concentration of

phosphate (10 6 0.19 mM) or BAPTA (1 6 0.02 mM) in the oocyte. These

measurements were based on an average (n = 100), and 3H2O available

internal volume of 570 6 11 nL (Stegen et al., 2000). After phosphate and

nitrate injection, oocytes were incubated at 18�C in MBS for 2 h before

electrophysiological measurements.

Solutions

Individual oocytes were selected for voltage clamp experiments. ND-10

bath solution (in mM: 10 NaCl, 80 mannitol, 2 KCl, 1.8 CaCl2, 1 MgCl2, 10

HEPES, and pH 7.5 adjusted with Tris-base) was continuously running at 1.94

mL min21. This bath solution allowed the addition of up to 30 mM NMDG-

phosphate. Solutions adjusted to pH 6 and 6.5 had 10 mM MES instead of

HEPES. ND-100 solution was same as ND-10 except that it contained 100 mM

NaCl and no mannitol. The BTP solution consisted of 0.3 mM CaCl2 (control),

and when varying levels of phosphoric or sulfuric acid were added to the

solution, pH was adjusted to 7.5 with BTP. All solutions were adjusted with

mannitol to a final osmolarity of 205 mOsmol kg21.

Electrophysiology

TEVC experiments were performed with a GeneClamp500 amplifier under

control of the Clampex8 program (Axon Instruments). Individual experiments

were performed on one to six different batches of oocytes and showed exactly

the same trend in each occasion. All figures presented in this article were data

from oocytes 2 d after injection. Impaling electrodes were filled with 0.22 mm

filtered 3 M KCl (0.5–1.0 M current-injecting electrode, and 1.0–2.0 M for

voltage-sensing electrode). Oocytes were deemed acceptable if the stable

resting membrane potentials were negative of 225 mV in ND-10. The voltage

clamp protocol for current tail analysis was 0 mV for 0.5 s, 2190 mV for 1 s,

2150 mV for 5 s, then a differential voltage ranging 60 mV to 2100 mV for 3 s

in a 220 mV increment. This protocol was designed so that current activation

in HvPHT1;6-cRNA-injected oocytes came to a similar saturated level before

depolarizing steps.

Phosphate Fluxes

Phosphate influx while simultaneously performing TEVC was measured

in ND-10 containing 10 mM NMDG-phosphate. The load solution had H3
32PO4
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(catalog no. NEX053001MC, Perkin Elmer) added to an average experimental

specific activity of 463 cpm nmol21. A chamber was constructed by indenting

the base of a 35 mm diameter petri dish with a soldering iron to hold an

individual oocyte. After the oocyte was impaled and TEVC initiated in

nonradioactive solution, the solution was immediately replaced with the

radioactive solution of an equal phosphate concentration for a 7.5 min voltage

clamp at 2130 mV. The radioactive solution was immediately replaced by

nonradioactive ice-cold solution with 5 3 3 mL washes after the voltage

clamp. Scintillation counting was conducted (S6500, multifunction scintilla-

tion counter, Beckman and Coulter) on 30 mL of radioactive solution, 30 mL

final wash solution with the disintegrated oocyte, and 30 mL final wash

solution with 4 mL IRGA-Safe Plus scintillation fluid (Perkin Elmer).

For phosphate effluxmeasurements, oocytes were incubated in radioactive

solution (specific activity of 850 dpm nmol21) for 24 h at 19�C, and then they

were washed for 3 s in 100 mL cold solution. After that, radioactive efflux from

oocytes was measured in 100 mL solution at time intervals of 3 s, 5, 10, 20, 40,

80, and 180 min. The remaining radioactivity in oocytes was also measured.

Radioactive efflux from water-injected or HvPHT1;6 cRNA-injected oocytes

was also measured in the presence of 10 mM and 0 mM external NMDG-

phosphate. A total of 100 mL of each sample was added to 4 mL scintillation

fluid for radioactivity counting.

Sulfate Influxes

Sulfate influx was performed exactly the same as phosphate influx, with

the exceptions of using 5 mM NMDG-sulfate and a load solution containing

Na2
35SO4 (catalog no. NEX041H001MC, Perkin Elmer) added to an average

experimental specific activity of 3,178 cpm nmol21.

The HvPHT1;6 nucleotide sequence was deposited in the EMBL database

(accession no. FM866444).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Material S1. Alternative interpretation of Pi uptake when

HvPHT1;6 is expressed in rice suspension cells.

Supplemental Material S2. Comparison of HvPHT1;6-induced currents

with native oocyte channels.
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Supplementary material one: Alternative interpretation of Pi uptake when HvPHT1;6 is 

expressed in rice suspension cells. 

Rae et al. (2003) present data on HvPHT1;6 overexpression as a combination of native (WT) 

phosphate uptake in the rice cell and the increased uptake due to HvPHT1;6 overexpression; 

therefore quoting a Km for Pi uptake of  385 µM, that is not significantly different to control cells. 

Subtraction of uptake in wild type cells from those overexpressing HvPHT1;6 gives an apparent 

linear uptake kinetic (Fig. S1). 

 

 
Fig. S1. Linear Pi uptake through HvPHT1;6 expressed in rice cells.  
HvPHT1;6 expression induced Pi uptake calculated by subtracting wild type rice cell uptake from 
wild type cells expressing HvPHT1;6 at differing external phosphate. The experiment was to 
show the rate of uptake of inorganic phosphate over 120 min at four initial substrate 
concentrations (0.05 mM, 0.2 mM, 0.5 mM and 1.0 mM), measured in suspension-cultured rice 
cells expressing the rice actin promoter-PHT1;6 construct compared with untransformed cells. 
Data are means and standard errors derived from 4 replicates at each concentration, expressed as 
nmol Pi g

−1 min−1. Adapted from Rae et al. (2003). 
 
Data show reasonable error but the linear fit explains the data better than a Michaelis-Menten fit, 

both with the r2 values (0.89 and 0.71 respectively) and with the regression analysis (residual 

mean square equal to 0.79 and 1.46, and FPr equal to 0.031 and 0.238 respectively); therefore for 

statistical correctness a linear trend was presented as the fit to the HvPHT1;6 uptake analysis. 

Linear uptake supports what is seen when HvPHT1;6 is expressed in a phosphate transport 

dormant expression system such as the X. laevis expression system, Fig. 5. 
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Supplementary Material 2: Comparing HvPHT1;6 induced currents with native oocyte 

channels. 

Here we examine if HvPHT1;6 expression could be activating native channels in X. laevis 

oocytes. A number of different comparisons and experiments were performed to test if 

HvPHT1;6 expression was activating a known native channel. These comparisons are grouped 

as: sodium channels, potassium channels, non-selective cation channels, calcium channels, and 

chloride channels (Weber, 1999). 

 
Sodium Channels 

 
Sodium channels can give currents >250 nA, however these are depolarisation activated, and 

present in less than 5 % of oocytes (Krafte and Volberg, 1992), not hyperpolarisation activated as 

seen with HvPHT1;6 expression. It is possible that HvPHT1;6 is interacting with the sodium 

channel in oocytes and allowing increased currents at very negative holds, however one would 

still expect some current at -20 mV as well, but this is not present in HvPHT1;6-cRNA injected 

oocytes (Fig. S2).  

 
Potassium Channels 

 
Two different classes of K+ channels have been identified in oocytes, one class is inhibited by 

barium, the other is not (Weber, 1999). However both of these activate at positive voltages 

(BenEfraim et al., 1996; Lu et al., 1990). Significant native potassium channel currents are 

possible, but these are always seen above -50 mV.  HvPHT1;6 expressing oocytes, on the other 

hand, show significant currents at negative voltages, and nothing significantly above controls at 

positive voltages in standard solutions (Fig. S2). 
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Fig. S2. Episodic current/voltage plot comparison of HvPHT1;6 and water injected 

(control) oocytes. Voltage was clamped between 80 to -160 mV in 20 mV increments, currents 
were recorded after 20s at each voltage. Oocytes were bathed in ND-100, pH 7.5. 
 
Non-selective cation channels 

 
Non-selective divalent cation channels combined with Ca2+-activated Cl- channels (see also Fig. 

S5 below) can give significant time-dependent inward currents (Iin) in X. laevis oocytes when the 

membrane potential is hyperpolarized more negative than -150 mV (Kuruma et al., 2000). 

Expression of some proteins (eg transient receptor potential-like gene product (TRPL)) can shift 

the activation of Iin to less negative voltages (Kuruma et al., 2000). To examine the potential 

interaction between these channels and HvPHT1;6, we used injected 1,2-bis(2-

aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) and external barium, since these 

treatments in combination have been shown to reduce endogenous Ca2+-activated Cl- channels 

and non-selective divalent cation channels induced by foreign protein expression in oocytes 

(Kuruma et al., 2000). The combination of BAPTA injection and external Ba2+ did not change the 

HvPHT1;6 currents substantially (Fig S3 E,F), and compared to the results of Kuruma et al. 

(2000) there was no substantial change in the tails current (at the same voltage).  
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Kuruma et al. (2000) also show different tails current kinetics in non-injected oocytes (their Fig 

2). Iin is also insensitive to external pH in the range pH 6.5 to 8 (Kowdley et al., 1994), but can be 

activated by intracellular acidification (Kuruma et al., 2000).  In contrast we observed a 

substantial reduction in HvPHT1;6 induced currents as pH was lowered from 7.5 to 6 with Pi as 

the main external anion (Fig. 8).  

Fig. S3 A, B also shows that HsNaPi-IIa sodium coupled phosphate transporter (Virkki et 

al., 2005) may be sensitive to cytosolic calcium. This is not completely unexpected as megalin, 

also known as a Ca2+-binding receptor, is involved in systemic and intrarenal calcium and 

phosphate homeostasis through indirect regulation of HsNaPi-IIa (Osman et al., 2003).  

 

 
 

Fig. S3 Comparison between BAPTA and water-injected oocytes. 

Current trace overlay -110 to -160 mV (10 mV increments) for 1 second, then to +20 mV for 
another second (inset top left shows voltage protocol). A, C, and E are water injected oocytes; B, 
D, and F are BAPTA injected oocytes (1 mM [internal]). A and B are HsNaPi-IIa expressing 
(positive control), C and D are water injected oocytes (non-expressing control), E and F are 
HvPHT1;6 expressing oocytes. All experiments were preformed at least 2 h after injection in the 
ND-70 bath solution with 10 mM NMDG phosphate added and Ca2+ replaced by Ba2+, pH 7.5. 
Traces are the average of 5 individual oocytes. 
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Calcium Channels 

 
The native oocyte contains calcium channels, and it is possible that HvPHT1;6 expression is 

activating these. Fig. 2A shows a significant reduction in oocyte deaths with the addition of 

potassium phosphate, using the visual MINTEQ program (Royal Institute of Technology, 

Sweden), it was seen that an approximately 25 % decrease in free calcium occurred when 10 mM 

potassium phosphate was added. Therefore high internal calcium could have been killing the 

oocytes; to examine this, an experiment was conducted to compare deaths in MBS with 100 % 

calcium and 25 % calcium. The same number of HvPHT1;6 injected oocyte deaths were recorded 

for both treatments and the exact effect was elucidated further through an investigation of resting 

membrane potential (Fig. S4). 
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Fig. S4. Ooocyte resting membrane potential after 2 mins incubation in ND-100 solution 

with no added phosphate.  

Oocytes were either injected with HvPHT1;6 (1.6), water (H2O) or uninjected (uninj.) and left for 
3 days at 18oC. Error bars indicate confidence interval (95 %). 
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Reduction of calcium actually caused a decrease in viability of HvPHT1;6 injected oocytes 

compared with both water injected and uninjected oocytes, as shown by a significant decrease in 

resting membrane potential of HvPHT1;6 cRNA injected oocytes at ¼ calcium. 

With respect to tails currents, activation of voltage dependent calcium channels could not 

account for the currents seen upon HvPHT1;6 expression, as these at most account for 100 nA 

current (Weber, 1999). It is possible, but unlikely, that HvPHT1;6 expression is releasing calcium 

from internal oocyte stores. Native oocyte currents at -120 mV are only -150 nA with BAPTA 

injection (HvPHT1;6 currents are more like -1200 nA - Fig. S3), even when free calcium is 

increased via the application of ionomycin to the native oocyte (Yao and Tsien, 1997). 

 
 
Chloride channels 

 
Chloride channels are the predominant class of ion channels in X. laevis oocytes (Weber, 1999). 

We examine here in more detail (see also Fig. S3) the possible activation of Ca2+-activated Cl- 

channels by HvPHT1;6 expression. These channels outwardly rectify, and so can be examined by 

first activating the current at negative voltages and then stepping the voltage to a positive value. 

Choi et al. (2001) applied Ginseng (GTS) to oocytes to activate endogenous calcium activated 

chloride channels, and injected with BAPTA to remove this activation (Fig. S5). Another calcium 

chelator EGTA also reduced Ca2+-activated Cl- channel currents (Boton et al., 1989). 
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Fig. S5. The effect of BAPTA on the blockage of calcium activated chloride channel 

current.  

BAPTA was injected to give 1 mM internal oocyte concentration, oocytes were continuously 
bathed in ND-96 solution (pH 7.5), and the resulting outward currents were recorded at +40 mV 
from a holding potential of -80 mV (A) or -150 mV (B). (A) was sourced from Choi et al. (2001), 
recordings were made with or without 30 µg.ml-1 GTS, and data shows mean ± sem of at least 6 
oocytes. (B) shows mean current recordings from 5 oocytes three days post 25 ng HvPHT1;6 
RNA or water injection; error bars indicate confidence interval (95 %). Numbers as percentages 
adjacent to PHT1;6 data indicate fold difference from controls. 
 

Fig. S5 shows that HvPHT1;6 expressing oocytes show a completely different response to 

BAPTA injection compared to GTS-stimulated Ca2+-activated Cl- currents. The ratio of 

HvPHT1;6 induced currents relative to control currents increased after BAPTA injection 

(percentages shown on Fig. S5B) whereas the GTS induced currents return to be the same as 

control after BAPTA injection (Fig. S5A).  The control currents are larger in our experiments 

probably because the initial hyperpolarisation was more negative (-150 mV compared to -80 mV) 

as required to activate the HvPHT1;6 current.  

Another difference can be observed in the kinetics of the current activation. Ca2+- 

activated Cl- channels show an initial transient roughly double the amplitude of the stable current 

(Boton et al., 1989).  This is not observed for HvPHT1;6 expressing oocytes (Fig. S6 trace B), 

but can sometimes be observed for water injected oocytes (Fig. S6 trace A). 
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A Cl- channel is also activated when extracellular Ca2+ is completely removed (Weber et al., 

1995). These may give large currents in the absence of calcium (-4000 nA at approximately -120 

mV) but when 2 mM calcium is added the currents are reduced to less than -100 nA (Weber et 

al., 1995). It is unlikely that these calcium inactivated chloride channels are being activated by 

HvPHT1;6 expression, since most solutions we used to characterise HvPHT1;6 contained 2 mM 

calcium, and the Cl- currents would be small compared to the currents elicited by HvPHT1;6 

expression.  

Another class of chloride channel is the hyperpolarisation-activated Cl- channel. However 

it has been demonstrated that calcium addition reduces the hyperpolarisation-activated Cl 

currents induced with heterologous min K expression in oocytes (Tzounopoulos et al., 1995). 

HvPHT1;6 expressing oocytes in this regard show a significantly different current trace to water 

injected controls when calcium is present in the external solution (Fig. S6). 

 

 
Fig. S6. Current activation traces comparing control (water injected) and HvPHT1;6 

injected oocytes.  

Single oocyte current trace, voltage clamped to -50 mV then stepped down to -150 mV then back 
to -50 mV at the end. (A) Current response of water injected oocytes, (B) current response of 
HvPHT1;6 injected oocytes.  Oocytes bathed in ND-100 solution. 
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Finally, HvPHT1;6 is not activating hypotonicity-activated Cl- channels in the native oocyte, 

because these are present at both positive and negative voltages (Ackerman et al., 1994) while 

HvPHT1;6 expressing oocytes give currents activated only at negative voltages. 

In conclusion HvPHT1;6 expression is not activating anything known in the X. laevis 

oocyte; this does not discount that some other (unknown) native oocyte transporter is being 

activated- but this could be said for expression in any transport system, and since oocytes are 

relatively dormant with respect to protein expression and have been used to test heterologous 

expression since 1971 (Dreyer et al., 1999) close to/if not all native transporters should have been 

identified. 
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This chapter is directly from published work: 

Preuss CP, Huang CY and Tyerman SD (2011) Proton-coupled high-affinity phosphate transport 

revealed from heterologous characterization in Xenopus of barley-root plasma membrane 

transporter, HvPHT1;1. Plant, Cell and Environment (in print). 
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Proton-coupled high-affinity phosphate transport revealed
from heterologous characterization in Xenopus of
barley-root plasma membrane transporter, HvPHT1;1pce_2272 1..9

CHRISTIAN P. PREUSS1,2, CHUN Y. HUANG1,2 & STEPHEN D. TYERMAN1

1School of Agriculture, Food and Wine, The University of Adelaide, 2The Australian Centre for Plant Functional Genomics,
PMB 1, Glen Osmond, South Australia 5064, Australia

ABSTRACT

High-affinity phosphate transporters mediate uptake of
inorganic phosphate (Pi) from soil solution under low Pi

conditions. The electrophysiological properties of any
plant high-affinity Pi transporter have not been described
yet. Here, we report the detailed characterization of elec-
trophysiological properties of the barley Pi transporter,
HvPHT1;1 in Xenopus laevis oocytes. A very low Km

value (1.9 mM) for phosphate transport was observed in
HvPHT1;1, which falls within the concentration range
observed for barley roots. Inward currents at negative
membrane potentials were identified as nH+:Pi

- (n > 1)
co-transport based on simultaneous Pi radiotracer uptake,
oocyte voltage clamping and pH dependence. HvPHT1;1
showed preferential selectivity for Pi and arsenate, but no
transport of the other oxyanions SO4

2- and NO3
-. In addi-

tion, HvPHT1;1 locates to the plasma membrane when
expressed in onion (Allium cepa L.) epidermal cells, and is
highly expressed in root segments with dense hairs. The
electrophysiological properties, plasma membrane localiza-
tion and cell-specific expression pattern of HvPHT1;1
support its role in the uptake of Pi under low Pi conditions.

Key-words: high-affinity phosphate transporter; Hordeum
vulgare; phosphate uptake; plant nutrition; two-electrode
voltage clamp (TEVC); Xenopus laevis oocytes.

INTRODUCTION

Phosphorus (P) is an essential plant macronutrient required
in the formation of nucleic acids, phospholipids and energy-
providing ATP (Schachtman, Reid & Ayling 1998; Rae et al.
2004; Lambers et al. 2006). It is also involved in carbon and
nitrogen metabolism (Huang et al. 2008), required in pho-
tosynthetic and respiratory metabolism and is a component
of signal transduction cascades (Goldstein, Baertlein &
McDaniel 1988; Theodorou & Plaxton 1993; Mimura 1999;
Amtmann et al. 2006; Catarecha et al. 2007). Low phospho-
rus availability is widespread (Steen 1998; Schunmann et al.

2004; Shenoy & Kalagudi 2005), where Pi concentrations in
the soil solution are typically less than 1 mm (Goldstein et al.
1988; Mimura 1999).

Plants use a variety of different strategies to increase the
availability and uptake of soil inorganic phosphate (Pi)
(Lambers et al. 2006). Root hairs are the major site for Pi

uptake from the soil (Gahoonia & Nielsen 1998), and high-
affinity Pi transporters are responsible for Pi acquisition
from the soil solution under low P conditions (Shenoy &
Kalagudi 2005). In the barley plant, two transporters,
HvPHT1;1 and HvPHT1;2, have been identified as impor-
tant in Pi uptake (Rae et al. 2003).

The functional characterization of high-affinity Pi trans-
porters is currently limited to the complementation of yeast
mutants defective in Pi transport and ectopic expression of
high-affinity Pi transporters in tobacco or rice suspension
cells (Mitsukawa et al. 1997; Daram et al. 1998; Miller &
Zhou 2000; Rae et al. 2003). Some high-affinity phosphate
transporters, such as AtPHT1;1 and HvPHT1;1, were not
able to complement the yeast mutant, allowing functional
characterization only in the plant suspension cell system
(Mitsukawa et al. 1997; Rae et al. 2003). The presence of
endogenous Pi transporters in plant cells complicates
studies on electrophysiological properties of Pi transporters
(Preuss et al. 2010), and therefore, there have been no
reports on the electrophysiological properties of plant high-
affinity Pi transporters so far.

In this report, we explored an alternative, using the
Xenopus laevis oocyte expression system for characteriza-
tion of a plant high-affinity Pi transporter. The electrophysi-
ological properties of the barley Pi transporter, HvPHT1;1,
were characterized. The results show that Pi transport
through HvPHT1;1 is proton driven with a low Km value of
1.9 mm, which is very similar to that seen in the whole plant.

MATERIALS AND METHODS

Cloning

Genomic DNA from Hordeum vulgare L. cv. Clipper was
used to clone HvPHT1;1 using polymerase chain reaction
(PCR) with a pair of primers (ATGGCGACTGAACAGC
and CTAAGCATCGATGCCATC). PCR products were
ligated into the pCR8-GW-TOPO vector (Invitrogen,
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Carlsbad, CA, USA). The resulting HvPHT1;1 plasmid
was sequenced for confirmation, and then HvPHT1;1
(GenBank accession no, AY188394) was transferred into a
gateway-enabled pGEM-HE vector using the LR reaction
protocol (Invitrogen) for in vitro RNA synthesis (Shelden
et al. 2009). The human NaPi-IIa positive control in the
KSM expression vector (Virkki et al. 2005) was digested
with AccI and HindIII, and then cloned into pGEM-HE.

Construction of HvPHT1;1::green fluorescent
protein (GFP) and cellular localization

A PCR fragment was generated from pGEM-HE:
HvPHT1;1 using the primer pair (ATGGCGACTGA
ACAGC and AGCATCGATGCCATCATC). This PCR
fragment contained the coding region of HvPHT1;1
without the stop codon.The PCR fragment was then ligated
into the pCR8-GW-TOPO vector, and transferred into a
gateway-enabled pMDC83 vector (Curtis & Grossniklaus
2003) using the LR reaction protocol (Invitrogen). The
resulting plasmid (pMDC83: HvPHT1;1) places HvPHT1;1
in-frame, upstream of the mGFP6 gene (Curtis & Grossni-
klaus 2003).

Plasmid DNA of pMDC83:HvPHT1;1 and CD3-1007
(AtPIP2A::mCherry fusion), or CD3-975 (gTIP::mCherry
fusion) (5 mg each, 10 mL total) was mixed with 50 mL of
0.6 mm gold particles (Bio-Rad, Hercules, CA, USA), and
bombarded into onion inner epidermal cells (900 psi pres-
sure rupture disks) using the Biolistic PDS-1000/He particle
delivery system (Bio-Rad). Bombarded samples were main-
tained in the dark at room temperature for 48 to 72 h and
then examined with a confocal microscope (Leica TCS SP5
Spectral Scanning Confocal Microscope, Germany). Onion
epidermal strips were maintained on Murashige and
Skoog (MS) agar plates containing 60 g L-1 sucrose. For
confocal imagery, these were placed between a glass slide
and coverslip immersed in MS solution containing 100 g L-1

sucrose. GFP fluorescence was excited using the 488 nm line
of an argon laser and emission detected at 496 to 552 nm,
mCherry fluorescence was using the 561 nm line of the
DPSS 561 laser and emission detected at 573 to 713 nm.

Transcript analysis using quantitative
real-time RT-PCR

Barley (H. vulgare cv. Sahara) plants were grown in sand
and the roots were used for transcript analyses. The basal
nutrients and plant growth conditions were as described
by Genc, Huang & Langridge (2007). Calcium carbonate
powder (0.5% w/w) was added to simulate calcareous sandy
soil and to reduce the availability of P. There were two P
treatments, 7.5 and 75 mg KH2PO4 added per kilogram of
dry sand. Three plants were grown per pot. At 14 d after
seed imbibition, primary root segments, 0–1 cm (root tip)
and 2–3 cm (root zone with dense hairs), were harvested.
Root segments were frozen in liquid nitrogen for transcript
analysis.

Transcript levels of all genes were determined by quan-
titative real-time RT-PCR (qRT-PCR) as described in
Huang et al. (2008). Briefly, total RNA from roots was pre-
pared using Trizol reagent according to the manufacturer’s
instructions (Invitrogen), and treated with DNase I
(Ambion, Austin, TX, USA). Then RNA integrity was
checked on an agarose gel. One microgram of total RNA
from seminal root segments was used to synthesize cDNA
with SuperScriptTM III reverse transcriptase (Invitrogen).
The transcript levels of four genes (barley a-tubulin, heat
shock protein 70, glyceraldehyde-3-phosphate dehydroge-
nase and cyclophilin) were determined for all cDNA
samples, and the most similar three of these four genes were
used as normalization controls. Normalization was carried
out for the transcript levels of all root cDNA samples.Three
biological replicates from the root segments were used for
transcript analysis. Three technical replicates were con-
ducted for each cDNA sample. The normalized copies mg
RNA-1 were used to represent transcript levels. Primer
sequences for qRT-PCR are listed in Supporting Informa-
tion Table S1.

RNA synthesis

In vitro RNA synthesis was performed on two independent
occasions using the T7 RNA polymerase kit (Ambion).
Synthesis was for 2 h at 37 °C and cleaned using phenol:
chloroform according to manufacturer’s instructions. The
quality and size of synthesized RNA were checked on
RNAse-free agarose gels.

Oocyte preparation

X. laevis oocyte extraction was conducted as described
(Preuss et al. 2010). Healthy stage IV and V oocytes from 10
different oocyte batches were selected for injection with 2
to 75 ng RNA. The injection of 5 ng gave the largest and
most consistent Pi-induced currents and was therefore used
in all experiments presented. The injection into the oocyte
animal hemisphere was performed at room temperature
using a Nanoject II injector (Drummond Scientific
Company, PA, USA) and injected oocytes were incubated
at 18 °C in modified Barth’s solution (MBS). MBS was daily
replaced for 3 to 5 d prior to ion flux and electrophysiologi-
cal measurements.

Solutions

All chemicals were sourced from Sigma-Aldrich (St Louis,
MO, USA), unless stated otherwise. Individual oocytes
were selected for voltage clamp experiments. The ND and
MBS solutions were the same as described in Preuss et al.
2010. ND-10-K contained (in mm): 10 NaCl, 4 KCl, 1.8
CaCl2, 1 MgCl2, 10 HEPES, pH adjusted to pH 7.5 with
Tris-base, which allows the application of N-methyl-D-
glucamine (NMDG)-oxyanion. In addition, 10 mm MES
instead of HEPES was used for making ND-10-K bath solu-
tion at pH 6. ND-10-K solution was optimal for observing
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Pi-induced currents through HvPHT1;1 (see results). All
solutions were adjusted to a final osmolarity of 205 mOs-
mol kg-1 with mannitol.

Electrophysiology

Two-electrode voltage clamp (TEVC) experiments were
performed with a GeneClamp500 amplifier under the
control of the Clampex8 program (Molecular Devices, CA,
USA). Individual experiments were repeated on up to five
batches of oocytes. Electrodes were filled with 0.22 mm fil-
tered 3 m KCl (0.5 to 1.0 MW current injecting electrode, 1.0
to 2.0 MW for voltage sensing electrode). Oocytes were
acceptable if the stable resting membrane potentials were
around -32 mV in the bath solution. Starting solution for
each oocyte in an experiment was randomized to remove
bias, and variation was reduced by factoring in solution
application order.The voltage clamp protocol for the analy-
sis was -50 mV for 0.23 s, then a differential voltage ranging
from 60 to -160 mV for 1.4 s in a -20 mV increment, and
then -50 mV for 0.43 s.

Phosphate fluxes

Phosphate influx while simultaneously performing TEVC
was measured in ND-10-K containing 100 mm NMDG-
phosphate. The load solution had H3

32PO4 (Cat #
NEX053001MC, Perkin Elmer,Wellesley, MA, USA) added
to a final specific activity of 1.5 dpm pmol-1 Pi. A chamber
was constructed by indenting the base of a 35 mm diameter
Petri dish with a soldering iron to hold an individual oocyte.
The oocyte was impaled and TEVC initiated in non-
radioactive solution. The solution was replaced with the
radioactive solution of equal phosphate concentration for a
7.5 min voltage clamp at -130 mV.This membrane potential
was chosen, as the average resting membrane potential of a
barley root cell is -129 � 3 mV, but can vary from -90 to
-210 mV with differing external potassium concentration
(Reid, Dejaegere & Pitman 1985). After the voltage clamp,
the solution was immediately replaced with 5 ¥ 3 mL
washes with ice-cold solution. Scintillation counting was
performed (S6500, multifunction scintillation counter,
Beckman and Coulter, Fullerton, CA, USA) on 30 mL of
radioactive solution, 30 mL final wash solution with the dis-
integrated oocyte and 30 mL final wash solution alone using
4 mL IRGA-Safe Plus scintillation fluid (Perkin Elmer).

RESULTS

Membrane localization of HvPHT1;1

HvPHT1;1 promoter::reporter fusion experiments show
that the reporter is predominantly expressed in root hair
and epidermal root cells (Schunmann et al. 2004). Rice sus-
pension cells overexpressing HvPHT1;1 had increased Pi

absorption (Rae et al. 2003). However, it is not clear where
the HvPHT1;1 protein localizes in the cell. Therefore, we
created a HvPHT1;1::GFP fusion construct and transiently

co-expressed in onion epidermal cells with either mCherry
plasma membrane or tonoplast membrane markers (Fig. 1).

GFP fluorescence of HvPHT1;1::GFP (Fig. 1b) showed
co-localization with most of RFP fluorescence of the
plasma membrane marker, AtPIP2A::mCherry (Fig. 1c,d).
In addition, the location of green fluorescence signal
of HvPHT1;1::GFP in the second onion epidermal cell
(Fig. 1f) was clearly separated from that of the red
fluorescence signal of the vacuolar membrane marker,
gTIP::mCherry (Fig. 1g,h), especially in the bottom right
corner as well as the top of the panel (Fig. 1h). The yellow
fluorescence observed in the left edge of the image in
Fig. 1h is due to the vacuolar membrane being underneath
the plasma membrane (i.e. on the z-axis). These results
indicate that HvPHT1;1 is distributed on the plasma mem-
brane of transiently transformed onion epidermal cells.

Expression of HvPHT1:1 in barley root tips

Absorption and translocation of Pi in P-deficient barley
plants is much higher in 2–5 cm segments from the root tip
of primary roots (Clarkson, Sanderson & Scattergood
1978), where the absorption of Pi largely depends on physi-
cal contact of root hairs with soil solution (Gahoonia &
Nielsen 1998). The transcript abundance of HvPHT1;1 was
examined in two different primary root segments of sand-
grown barley plants (Fig. 2). Root segments of 0–1 cm from
the root tip (root apex and elongation zone) had few root
hairs, whereas root segments of 2–3 cm from the tip were
densely covered with hairs (data not shown). The transcript
abundance of the P-starvation responsive gene, IPS2 (Hou

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 1. Intracellular localization of HvPHT1;1. (a) Bright-
field image of an onion epidermal cell. (b) The intracellular
localization of HvPHT1;1::GFP in the onion epidermal cell.
(c) The intracellular localization of the plasma membrane
marker, AtPIP2A::mCherry. (d) Overlay of HvPHT1;1:GFP and
AtPIP2A::mCherry. Co-localization is indicated by yellow colour.
(e) Bright-field image of a second onion epidermal cell. (f) The
intracellular localization of HvPHT1;1::GFP in the second cell.
(g) The intracellular localization of the vacuolar membrane
marker, gTIP::mCherry fusion in the second cell. (h) Overlay of
the HvPHT1;1::GFP and gTIP::mCherry fusion, showing the
localization of green fluorescence differing from that of red
fluorescence in the second cell. Bar = 100 mm.
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et al. 2005), was low and similar in the two different root
segments at the high P supply (P75), but IPS2 expression
greatly increased in both root segments under low P supply
(P7.5) (Fig. 2a). P treatment had no significant impact on
the transcript levels of another barley gene, vacuolar pyro-
phosphtase (HvVPP1), in either root segment (Fig. 2b).

The low P treatment (P7.5) greatly increased the
transcript abundance of HvPHT1;1 in both 0–1 cm and
2–3 cm segments, where the transcript abundance in
the 2–3 cm segment was seven-fold higher than that in
the 0–1 cm segment (Fig. 2c). These results show that
HvPHT1;1 expresses predominantly in the root with dense
hairs. The same pattern was also observed for the low-
affinity Pi transporter, HvPHT1;6, although it was present in
much lower abundance than HvPHT1;1 (Fig. 2c,d).

Electrophysiological properties of HvPHT1;1
in X. laevis

Injection of HvPHT1;1 cRNA was compared to positive
and negative controls. Significant Pi-induced inward and

outward TEVC currents at negative and positive membrane
potentials were recorded in HvPHT1;1 cRNA-injected
oocytes with either choline-Cl (zero Na+) (Fig. 3a) or low
external NaCl (10 mm) (Fig. 4). The response in membrane
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Figure 2. Effect of Pi treatments on transcript abundance of
four barley genes in two root sections. Barley seedlings were
grown in sand and supplied with either 7.5 mg P kg-1 dry sand
(P7.5) or 75 mg P kg-1 dry sand (P75). Quantitative transcript
analyses were carried out as described in Materials and Methods.
The transcript levels are presented as normalized copies per mg
RNA. Note differences in scale of the y-axes. Columns are
mean + SEM of three replicates.
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Figure 3. Pi transport activity inhibited by sodium. Steady-state
current/voltage plots of HvPHT1;1 expressing oocytes (a),
water-injected control oocytes (b), and NaPi-IIa expressing
oocytes as a positive control (c). Mean currents � SEM (at least
four oocytes) are presented. The currents were calculated by a
subtraction of current response with zero added P from that of
1 mm added K2HPO4 at 100 mm NaCl (100 Na) or 100 mm
Choline-Cl with no sodium (0 Na) in the ND bath solution, pH
7.5. Asterisks indicate significant Pi-induced currents (P0.001) using
the Scheffe’s test.
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currents to added Pi remained constant in time while Pi

was in the bath solution. All current voltage curves were
obtained after sufficient time for the response to Pi to
become steady.These currents in response to voltage pulses
were also time independent. No Pi-induced currents were
recorded with 100 mm external NaCl at either positive or
negative voltages (Fig. 3a). Water-injected oocytes (nega-
tive control) showed no significant current responses to
external applications of either Pi or NaCl (Fig. 3b).

The human Pi transporter (positive control), NaPi-IIa (a
sodium-coupled Pi transporter), showed significantly
increased inward currents induced by 1 mm external Pi at
negative voltages in 100 mm choline-Cl, and Pi-induced
inward currents increased with 100 mm external NaCl
(Fig. 3c), in contrast to HvPHT1;1 expressing oocytes
(Fig. 3a). At 100 mm external NaCl, NaPi-IIa currents did
not reverse in the voltage range tested, but with no external
Na+ reversal occurred at 0 mV (Fig. 3c).

These results indicate that 100 mm external NaCl, which
has no significant impact on the water-injected oocyte,
increases Pi-induced inward currents through NaPi-IIa, but

inhibits Pi-induced currents through HvPHT1;1. Therefore,
a low concentration of NaCl is required. Bath solutions
containing 10 mm NaCl were used in all later experiments,
because the bath solution with 10 mm NaCl was used pre-
viously for electrophysiological studies on a low-affinity
barley Pi transporter (Preuss et al. 2010).This low NaCl bath
solution could allow measurement of relatively small cur-
rents when Pi influx occurred through a high-affinity Pi

transporter (see below).
HvPHT1;1 cRNA-injected oocytes showed a typical

Mechalis-Menten current response to external phosphate
(Fig. 4). The 95% confidence Km range, maximal velocity
(Vmax) and goodness-of-fit calculations from Fig. 4 are
shown in Table 1. Water-injected oocytes showed a non-
significant, sporadic current response to added external
phosphate, and therefore did not converge for Km nor Vmax

calculations (Prism 5 hyperbola analysis, data not shown).
Vmax currents significantly increased with decreasing

membrane potential, while Km was not significantly differ-
ent in the voltage range tested (Table 1). As barley root
cell resting membrane potentials fall between -120 and
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Figure 4. Kinetics of phosphate transport. Steady state TEVC current traces induced by HvPHT1;1 cRNA in the range of -100 to
-160 mV at pH 7.5 (a) and 6.0 (b). Each trace shows the inward current response to increasing concentrations of externally applied
phosphate (0, 0.5, 1, 2, 10, 30, and 100 mm). TEVC currents were derived from subtraction of the baseline (no added phosphate) from the
respective NMDG-Pi treatment (mm). Oocytes were incubated in ND-10-K bath solution at pH 7.5 until voltage was stable prior to
conducting the experiment. Points show mean � SEM of at least eight oocytes. Asterisks indicate significant Pi-induced currents
(P0.05, 0.01, 0.001) using the Tukey’s test. Note differences in scale of y-axis.

Table 1. Negative voltage Michaelis-
Menten kinetics data at pH 7.5Clamped voltage Km � error (P0.05) Vmax � error (P0.05) M-M total fit (r2)

-20 mV Ambiguous Ambiguous
-40 mV 15.05 � 23 mmA -0.796 � 3.42 nAA 0.09
-60 mV 6.62 � 7.70 mmA -5.468 � 1.64 nAA 0.75
-80 mV 3.01 � 3.07 mmA -9.517 � 0.89 nAAB 0.94
-100 mV 2.06 � 1.54 mmA -14.26 � 2.49 nAB 0.96
-120 mV 1.90 � 1.18 mmA -17.70 � 2.55 nAC 0.97
-140 mV 1.88 � 1.10 mmA -21.64 � 2.97 nAD 0.97
-160 mV 3.07 � 2.76 mmA -26.28 � 5.60 nAD 0.95

One site binding (hyperbola) analysis of the TEVC HvPHT1;1-injected oocyte data set from
Fig 4 using GraphPad Prism (version 5.02 for Windows, GraphPad Software, CA, USA).
Different letters indicate a significant difference (P0.05).
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-140 mV (Reid et al. 1985), the Km for Pi uptake at this
range of voltage was approximately 1.90 mm at pH 7.5
(Table 1). Similar results were obtained at pH 6.0 (Table 2).

It is likely that this high-affinity Pi transport is coupled
with protons, so that net positive charge is transported
across the plasma membrane (Mitsukawa et al. 1997;
Mimura 1999; Rae et al. 2003; Preuss et al. 2010). To further
characterize the charge transfer and pH dependence, we
performed simultaneous tracer flux of 32Pi and TEVC mea-
surements at specific voltage holds and pH (Fig. 5).

HvPHT1;1 cRNA-injected oocytes showed significant
Pi-induced inward currents at negative voltages and low
pH, and significant outward currents at positive voltage and
high pH (Fig. 5a).Water-injected oocytes showed no signifi-
cant Pi-induced current response (Fig. 5b). Radioactive 32Pi

experiments show that HvPHT1;1 expression under TEVC
gave increased phosphate transport at lower external pH
(Fig. 5c,Table 2), which is consistent with the TEVC current
responses observed in Fig. 5a. Importantly, this significant
influx at -130 mV at both pH 6.0 and 7.5 (Fig. 5b) demon-
strates that phosphate influx is cation-coupled, with a net
positive charge crossing the membrane.

Ionic selectivity of HvPHT1;1 was also examined. Exter-
nal arsenate addition induced significant inward TEVC
currents through HvPHT1;1 cRNA-injected oocytes but
nothing in water-injected controls, which was similar to
external Pi addition (Fig. 6). In contrast, HvPHT1;1 cRNA-
injected oocytes showed low but significant TEVC currents
to external sulphate application, which was the same as
water-injected oocytes (Fig. 6). External nitrate application
did not induce significant TEVC currents in either
HvPHT1;1 cRNA-injected oocytes or water-injected
controls (Fig. 6).

DISCUSSION

HvPHT1;1 is a high-affinity Pi transporter

High-affinity Pi transporter kinetics was observed when
HvPHT1;1 was expressed in X. laevis oocytes (Fig. 4,
Tables 1 & 2). HvPHT1;1 displayed voltage-dependant,
typical Michaelis-Menten uptake kinetics with a Km of
1.9 mm external Pi at membrane potentials similar to resting
membrane potentials (-120 to -140 mV) in barley root cells
(Reid et al. 1985). The Km that we obtained falls within the
range of 1 to 3 mm from excised barley roots (Fried &
Shapiro 1961). Km did not change significantly with voltage

(Table 1), suggesting that the transport-binding site(s) of
HvPHT1;1 are relatively external to the membrane electri-
cal field.The low Km value for Pi transport (1.9 mm) was only
detected because the native oocyte showed no significant
phosphate transport activity (Figs 3b, 5b,c & 6, and Preuss
et al. (2010), is easily manipulated (due to size) and can be

Table 2. Kinetic data at physiological
relevant membrane potentials, pH 6.0Clamped voltage Km � error (P0.05) Vmax � error (P0.05) M-M total fit (r2)

-100 mV 1.85 � 2.51 mmA -9.216 � 1.14 nAA 0.56
-120 mV 2.04 � 2.91 mmA -14.40 � 1.47 nAB 0.66
-140 mV 2.07 � 4.90 mmA -28.37 � 4.54 nAC 0.43
-160 mV 1.61 � 1.74 mmA -51.51 � 8.04 nAD 0.57

One site binding (hyperbola) analysis of the TEVC HvPHT1;1 injected oocyte data set using
GraphPad Prism version (5.02 for Windows, GraphPad Software, CA, USA). Different
letters indicate a significant difference (P0.05).
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voltage clamped to resting membrane potentials which are
similar to the plant cell. Characterization of phosphate
transporters in other cell systems could be difficult because
plant cell expression has significant interference from the
endogenous Pi transporters (Mitsukawa et al. 1997; Rae
et al. 2003); and expression of high-affinity Pi transporters in
yeast cells either did not work (Mitsukawa et al. 1997; Rae
et al. 2003) or displayed altered transport properties owing
to the existence of a native phosphate transport system
(Leggewie, Willmitzer & Riesmeier 1997; Mitsukawa et al.
1997; Daram et al. 1998). Therefore, Km values derived from
yeast cells were 10 times higher than that from plant phos-
phate uptake analyses (Fried & Shapiro 1961; Leggewie
et al. 1997; Mitsukawa et al. 1997; Daram et al. 1998). In
addition, uptake kinetics of plant high-affinity Pi transport-
ers has not been performed using simultaneous radio tracer
measurement and membrane voltage clamp. This is impor-
tant as Pi uptake depolarizes the membrane potential
(Mimura 1999; Rae et al. 2003), which in turn reduces Vmax

(Fig. 4,Table 1).The X. laevis expression system provides an
alternative for characterization of kinetic properties of
plant high-affinity Pi transporters.

Proton-coupled phosphate transport
through HvPHT1;1

Proton co-transport of Pi through HvPHT1;1 is supported
by the following observations: (1) An increase in inward
current in response to added Pi; (2) A stimulated ion influx

of Pi under negative membrane potentials; (3) Stimulation
of both ion influx and electrical current with reduced pH;
and (4) Na+ was not required (Fig. 3a). At positive mem-
brane potentials and high pH, we observed reversal of
membrane currents (Figs 3a & 5a). While this may indicate
that the transporter can efflux Pi, the conditions used to
observe current reversal are not physiological relative to an
intact plant cell.

It is widely accepted that high-affinity phosphate trans-
port in plants is proton-coupled because low pH increases
Pi uptake (Mitsukawa et al. 1997; Mimura 1999; Rae et al.
2003), plasma membrane depolarization results from exter-
nal Pi application (Mimura 1999) and knockout of the
proton pump OsA8 significantly reduced P uptake from
external solution (Chang et al. 2009). It is also believed that
the H2PO4

- ion is the Pi species transported (Mitsukawa
et al. 1997; Mimura 1999; Rae et al. 2003). However, these
results were obtained from conditions where membrane
potentials were not controlled. For example, the changes in
pH could affect other transport processes such as potassium
channels (Chen, Hoshi & Wu 2000; Miller & Zhou 2000).
This would have a significant effect on membrane potentials
(Reid et al. 1985; Miller & Zhou 2000; Very & Sentenac
2003) and therefore Pi transport (Tables 1 & 2, Figs 3 & 4).
There is no report for any known high-affinity Pi transport-
ers of higher plants using simultaneous measurement of
current change and 32P influx under voltage clamp. Calcu-
lations of net charge movement and 32P uptake suggest
0.5–1 mol of charge per mol Pi uptake. However, due to the
very low Km for phosphate transport (Tables 1 & 2) and the
variation in both the driving force and phosphate species
with change in pH, we can only speculate on the exact
phosphate species transported through HvPHT1;1 (Sup-
porting Information 2). It is also unlikely that the neutral
K2HPO4 species is transported (Supporting Information
Table S2).

HvPHT1;1 shows high selectivity for Pi

and arsenate

HvPHT1;1 and water-injected oocytes produce the same
response current to nitrate and sulphate (Fig. 6), which indi-
cates that HvPHT1;1 does not transport these two oxyan-
ions. However, phosphate and the very similar arsenate ions
were significantly transported through HvPHT1;1 (Fig. 6).
AtPHT1;1 expressed in tobacco cells could transport both
phosphate and arsenate (Mitsukawa et al. 1997), and a
single amino acid change in AtPHT1;1 caused a decreased
phosphate and arsenate uptake rate in the Arabidopsis
plants (Catarecha et al. 2007).Therefore, transport of arsen-
ate through HvPHT1;1 was expected. H2AsO4

- has an esti-
mated minimal ionic width of 2.66 Å, H2PO4

- 2.52 Å (ACD/
ChemSketch, Advanced Chemistry Development, Inc.,
Toronto, Canada). The same size difference would occur
between divalent forms of these respective oxyanions. Inter-
estingly, the neutral potassium arsenate does not form in the
bath solution. This differs from phosphate, which forms the
neutral potassium phosphate species in the bath solution.
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However, H2AsO4
- and HAsO4

2- do form and are approxi-
mately equal to H2PO4

- and HPO4
2- in free concentration.

Low external sodium concentration is critical
for Pi transporter characterization in X. oocytes

High NaCl in the bath solution has been used in the char-
acterization of mammalian high-affinity Pi transporters
(Virkki et al. 2005), but we found that 100 mm external NaCl
abolished Pi-induced currents through HvPHT1;1 (Fig. 3a).
This inhibition can be attributed to high Na+ since 100 mm
choline-Cl was not inhibitory. External sodium decreases
plant Pi uptake. In rice, high external sodium results in a
large reduction in calcium content, and significantly reduces
P content in the shoot, but does not alter potassium content
(Palfi 1965). Sodium chloride application also leads to sig-
nificantly reduced P uptake in barley roots, but did not
affect sulphate or nitrate uptake (Lee 1981). This salinity/
phosphate transport interaction warrants further inves-
tigation, particularly since the low-affinity phosphate trans-
porter, HvPHT1;6, evokes significant chloride-induced
transport currents (Preuss et al. 2010).

HvPHT1;1 in planta

HvPHT1;1 promoter::reporter fusions show that
HvPHT1;1 is expressed predominantly in root hairs and
epidermal root cells (Schunmann et al. 2004). Our quantita-
tive RT-PCR results confirm that the HvPHT1;1 gene is
largely induced by P starvation, and is highly expressed in
the root-hair zone, but minimally expressed in the root tip
(Fig. 2). The transient expression of the HvPHT1;1::GFP in
onion epidermal cells shows that HvPHT1;1 is localized
in the plasma membrane of the plant cell (Fig. 1), which
provides evidence that HvPHT1;1 is plasma-membrane
bound protein. Furthermore, HvPHT1;1 displays the low
Km (1.9 mm) and high selectivity for Pi as discussed above,
supporting its role in absorption of Pi from soil solution into
plant cells under low P environments.
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Table S2. pH effect on phosphate transport and ionic
species distribution (in mole).
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SUPPORTING INFORMATION 

Online accessible at http://onlinelibrary.wiley.com/doi/10.1111/j.1365-
3040.2010.02272.x/suppinfo 

 

Table S1. Primer sequences used for quantitative, real-time RT-PCR. 

 Gene Forward primer (5’-3’) Reverse primer (5’-3’) Product 
size (bp) 

GenBank  
accession number 

HvIPS2 TGGCGTGTACGTAGCTCCTGTC CCATCGGAGGAGGAGGAAGAA 156 BJ461443 
HvVPP1 CCGTCGCTCAACATCCTCATC CAGCGCACAACGTACGAACG 189 D13472 
HvPHT1;1 CGATGATGGCATCGATGCTTA GCACCATCAGAAAATTGCAATCTC 198 AY188394 
HvPHT1;6 GGTCAAGAACTCGCTATTCATCC CCATACATCCATCCAAACCTG 236 AF543198 

 

 

Supporting Information 2: 

Pi influx through HvPHT1;1 increased with lower pH. This could be due to the increase of the 

proton gradient (Fig. 5), but could also be affected by change in concentrations of different ionic 

species of Pi. Therefore, the change in ionic species distribution was calculated (Table S2).  As 

pH decreased from 7.5 to 6.0, a 2-fold increase in radioactive Pi uptake occurred. H+ increased 

32-fold in concentration. The H2PO4
- ion increased 4.7-fold in concentration and the KH2PO4 

species increased 20-fold when pH decreased from 7.5 to 6.0, but HPO4
2- reduced 6.6-fold. The 

H3PO4 and PO4
3- species showed more than a 150-fold change in concentration with pH. 

 

Table S2. pH effect on phosphate transport and ionic species distribution (in mole). 

pH Pi uptake
a 

[H
+
] [H3PO4] [H2PO4

-
] [HPO4

2-
] [PO4

3-
] [KH2PO4] 

7.5 5.2 pMol 3.7 x 10-8 6.5 x 10-11 1.8 x 10-5 5.5 x 10-5 1.5 x 10-9 4.8 x 10-8 
6.0 10.2 pMol 1.2 x 10-6 9.9 x 10-9 8.5 x 10-5 8.3 x 10-6 6.9 x10-12 2.3 x 10-7 
Ionic concentrations in the ND-10-K bath solution were calculated using the Visual MINTEQ program (Royal 
Institute of Technology, Sweden). 
aTotal Pi uptake through HvPHT1;1 injected oocytes was presented because the radioactive Pi uptake in water 
injected oocytes did not differ significantly from zero at either pH (Fig. 5c). 



 - 97 - 

The very high-affinity of phosphate transport through HvPHT1;1, the relatively high 

concentration of external Pi in the radioactive experiment, and the presence of two variables with 

pH (both proton gradient and phosphate species) make estimations on exact phosphate species 

transported difficult. Possibilities for the most likely transported species are listed as follows: 1) 

H2PO4
-:nH+ (n>1) as the literature suggests; 2) KH2PO4:nH+ (n>0). This is consistent with the 

observation that the application of external potassium phosphate increased transport induced 

TEVC currents. Transport of a neutral molecule by a ion transporter is not a new proposition, as 

it has been suggested for various ammonium transporters (Mayer et al. 2006). This proposition is 

also supported by the observation that potassium deprivation increases transcripts of HvPHT1;1 

in barley roots, even when phosphate is not limiting (Smith, Cybinski & Rae 1999). However, the 

concentration of KH2PO4 is 1000 fold lower than H2PO4
- (Table 2). 3) HPO4

2-:nH+ (n>2). The 

HPO4
2- ion was found to be transported by a low-affinity Pi transporter (Preuss et al. 2010). 

However, HPO4
2- shows a 6.6-fold decrease in concentration when pH is decreased from pH 7.5 

to pH 6.0, but H+ rises by 32-fold. In conclusion, transport of the neutral KH2PO4 is least likely, 

because the neutral KH2AsO4 molecule does not form in the bath solution, but significant 

transport of As (as well as Pi) occurs through HvPHT1;1 (Fig. 6). The likelihood of transport of 

the mono- or di-valent orthophosphate molecules (or a combination of both) through HvPHT1;1 

are equal. 
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Chapter 4 

 

 

Phosphate and Early Vigour in Wheat 

 

 

This chapter is directly from work to be submitted for publication: 

Preuss CP, Louhaichi M, Ogbonnaya FC and Huang CY (2011) Genetic variation in the early 

vigour of spring bread wheat under phosphate stress as characterised through digital charting. 

Field Crops Research. 
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ABSTRACT  

Early vigour is critical in improving plant water use efficiency and competitiveness with weeds, 

and therefore is an important trait for wheat productivity. Low soil fertility significantly reduces 

early vigour. Early vigour in field-grown crops is often recorded through visual scores, measured 

by manual cuts of shoot biomass, or measured through leaf dimensions (simulating vegetative 

cover?). Quantitative analyses on the vegetative cover of field-grown cereal crops are limited. 

This study reveals the genetic variation in early vigour and the effect of phosphate fertilisation 

using quantitative image analysis. A large genetic variation in early vigour was identified 

amongst twenty wheat genotypes derived from ICARDA, Australia and CIMMYT. Phosphate 

fertiliser application also had a significant impact on early vigour. Berkut, Correll, Axe and 

Hamam-4 showed almost no reduction in vegetative cover under low soil P; whereas the early 

vigour of Yitpi, Excalibur, Seri and Babaga-3 was significantly increased with P fertiliser 

application. The significant genetic variation for P responsive early vigour identified using digital 

charting enhances the prospects of improving early vigour and P efficiency in wheat; 

additionally, it facilitates further QTL studies of early vigour and P responsiveness in wheat and 

their accelerated implementation in wheat breeding programs. 

 

Abbreviations: P, phosphate; CIMMYT, International Maize and Wheat Improvement Centre; 
ICARDA, International Centre for Agricultural Research in the Dry Areas; %EVC, percent early 
vegetative cover; 0 P, no applied phosphate fertiliser; ½ P, 55 kg ha-1 applied triple 
superphosphate; 1 P, 110 kg ha-1 applied triple superphosphate; P-use efficient, plants that have a 
good stable growth or P uptake no matter the soil phosphate concentration; CWANA, Central and 
West Asia and North Africa; QTL, Quantitative Trait Loci. 
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INTRODUCTION 
The International Centre for Agricultural Research in the Dry Areas (ICARDA) is strategically 

located in the centre of wheat domestication (Harlan, 1971); allowing ready access to useful 

genetic diversity, and subsequent germplasm release to 52 different countries. However 

ICARDA’s main focus is on the 29 countries that form the Central and West Asia and North 

Africa (CWANA) region (Ryan, 2008). Bread wheat (Triticum aestivum L.) forms the major 

staple diet in the CWANA region, contributing > 41 % of total calorie uptake, and is the major 

source of protein (Matar et al., 1992; Pena, 2007); but yields are very low, averaging less than 1.5 

tonnes per hectare (Heng et al., 2007). There are many constraints to bread wheat production in 

the CWANA region. Water is the most limiting factor (Brennan et al., 2003; Matar et al., 1992), 

but nutrient deficiencies are also common, where nitrogen and phosphorus (P) are the most 

limiting nutrients (Ryan, 2008).  

 Most soils in the CWANA region contain limestone, and some have more than 50 % 

CaCO3- equivalent (Matar et al., 1992; Ryan et al., 1985; Ryan et al., 2001). In the soil solution, 

P reacts with CaCO3 to form insoluble calcium P complexes, that reduce P availability for plant 

uptake (Matar et al., 1992). Phosphate fertilisers are applied to ameliorate P deficiency. However 

P fertiliser application is expensive for poor farmers in the region, and is unsustainable (Matar et 

al., 1992). Ninety five percent of the P fertiliser applied is immobilised within six days of 

application (Matar et al., 1992), and in these calcareous soils, 88 to 99 % of the total P in the 

topsoil is unavailable for plant uptake (Rahmatullah et al., 1994).  

 Early vigour, defined as the rapid production of vegetative cover above the soil surface, is 

critical in improving plant water use efficiency and competitiveness with weeds. Weed control is 

essential for high yield but herbicide use is expensive for resource-poor farmers in the CWANA 

region. An affordable option for weed control in wheat production systems is to increase wheat 

early vigour (Efthimiadou et al., 2009; Huel and Hucl, 1996; Lopez-Castaneda et al., 1996).  
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In addition, application of P fertiliser with the seed increases the crop competitive ability over 

weeds (Konesky et al., 1989). Early vigour also affects water use efficiency, where half of the 

water received in a rainfall event can be lost directly through evaporation from the soil surface 

(Gregory et al., 2000; Leuning et al., 1994; Rebetzke et al., 2004); a significant loss in areas with 

limited moisture availability, such as the CWANA region (Ryan, 2008). This loss can be 

significantly reduced by shading the soil surface through an increase in wheat vegetative cover 

(Leuning et al., 1994). It is also expected that plants with rapid ground covering will have 

improved light interception, leading to increased crop growth rate, biomass production and grain 

yield (Rebetzke et al., 2004). Phosphate fertiliser application itself has been implicated in 

improving water use efficiency (Gregory et al., 2000; Matar et al., 1992). 

 In Brassica napus P nutrition significantly affected early shoot dry weight, growth rate 

and leaf area production (Moorby et al., 1988). In wheat, drilling P near the seed of the variety 

Kite significantly increased the early plant height and mature dry weight (Scott et al., 1991); 

Studies on the winter wheat variety Centurk showed that removal of nutrient solution P over a 

period of weeks significantly reduced the dry weight and P content at maturity (Sutton et al., 

1983); and P application increased the tiller number, shoot and root dry weight, and shoot and 

root P content of wheat at 5th leaf stage or later (Liao et al., 2008; Su et al., 2009). But what is the 

effect of P on early wheat growth, what variation in P responsiveness exists in diverse global 

wheat germplasm, what happens under field conditions, and what happens to actual ground 

cover?  

Vegetative ground cover can now be assessed via implementation of photographic image 

analysis. Recent technological advances in digital photography and automatic image processing 

have opened new opportunities for rapid and accurate analysis of vegetative cover (Addisu et al., 

2009; Booth et al., 2005; Louhaichi et al., 2010; Reyniers et al., 2004).  
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VegMeasure software is free and can be used to processes images obtained from a digital camera, 

video, web cam, or a scanned colour or infrared photograph. The images obtained can be easily 

processed real-time in the field using a laptop computer, or post processed in the office. 

 This article reports the genetic variation in the expression of early ground cover and 

ground cover in response to P fertiliser application among twenty elite, bread wheat cultivars 

from ICARDA, Australia and the international maize and wheat improvement centre 

(CIMMYT). Early vegetative ground cover was evaluated using standard cameras for digital 

image capture, and subsequent processing in VegMeasure 2. A large genetic variation in early 

vegetative cover was identified amongst these wheats, and P had a significant effect on early 

vegetative cover. Detailed analyses of early vigour and other plant measurements including shoot 

P uptake, shoot biomass, plant density, and leaf dimensions are also presented. The high early 

vigour, P use efficient genotypes, and mapping parents identified from this study could be used 

by breeding programs to improve the early vigour of dryland wheat and in the Quantitative Trait 

Loci (QTL) mapping of wheat early vigour. 
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MATERIALS AND METHODS 

Site description: The field experiment was conducted at ICARDA main breeding/research 

station, Tel Hadya, Syria (36o1’15.61” N, 36o57’20.23” E; 300m above sea level). Average 

annual rainfall is 340 mm, all of which falls within the growing season (the 2009 trial received 

the average). The soil is classified as a self-mulching Clay Vertic Rhodoxeralf with calcium 

carbonate, and consisted of 55 ± 2.5 % clay in the 0-20 cm depth. Soil pH was 7.8 and had an EC 

of 0.31 ± 0.01 mS.cm-1 (1:1 soil:de-ionised water w/w). Organic matter was present at 2.02 ± 

0.18 % (potassium dichromate reactive), and plant available P in the topsoil was 5.40 ± 0.20 ppm 

(Olsen test). Fifty percent of Olsen-P and 94 ± 6 % of P available for producing yield in wheat 

(Tang. et al., 2009) was found in the top 15 cm of soil. The trial site was dedicated to livestock 

foraging (uncultivated and unfertilised) since ICARDA’s acquisition in 1977. Between sowing 

and early vigour image acquisition 47.5 mm precipitation occurred and the average daily 

temperature was 13 ± 1oC. Urea was broadcast evenly across the trial site at the rate of 100 kg ha-

1; this was incorporated into the soil using a rotary harrow. Nitrogen fertiliser application has 

been shown to affect wheat early vigour (Reyniers et al., 2004; Sloane et al., 2004), so nitrogen 

fertiliser was applied so that plants were sufficient in nitrogen. Stones were hand picked prior to 

plot sowing. The chemicals azoxystrobin, glyphosate, and trifluralin were applied in the trial and 

persisting weeds were removed by hand.  

 

Experimental layout: Elite spring bread wheat genotypes were sourced from ICARDA (Babaga-

3, Cham-6, Hamam-4, and Shihab-2), CIMMYT (Babax, Berkut, Cham-8, and Seri), AGT (Axe, 

Correll, Gladius, and the breeding line RAC875), CSIRO (Drysdale), InterGrain (Brookton and 

Wyalkatchem), and The University of Adelaide (Excalibur, Frame, Krichauff, Kukri, and Yitpi).  

Carbathiin and thiram fungicide coated seeds were sown on the 8th March 2009, using a 

Wintersteiger plotman A-4910 cone-seeder (Austria).  
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Plots were 2.54 m long by 8 rows (1.54 m wide). 300 plots (30 rows x 10 columns) were sown in 

the 0.24 ha trial, and a 2.5 m wide border of Babaga-3 was sown around the outside of the plots 

to minimise the effect of edge variability. Each plot was sown with 60 ± 0.25 g (equivalent to 120 

kg ha-1 when sown in the field) wheat seed; with either zero, 27.5 ± 0.25 g (55 kg ha-1), or 55 ± 

0.25 g (110 kg ha-1) 2.5 mm sieved triple superphosphate (46 % PO4). Individual P treatment by 

genotype plots were replicated five times. Genotypes were randomly allocated to three rows in 

one column using the DiGGer field trial randomisation program (NSW DPI, Australia), then P 

treatment (0, 55, 110 kg ha-1) was randomly allocated to these plots. This side-by-side (split plot) 

P application strategy was used due to the spatial variation in soil P content commonly found 

over short distances in the CWANA region (Matar et al., 1992). To further reduce spatial 

variation, the experiment was designed with two-way blocking (every six rows and every two 

columns). 

 

Data collection: Plant density was measured 12 days after emergence (DAE) by randomly 

selecting and counting a 0.4 m2 area within the plot. Leaf length and breadth of leaves 1 to 3 were 

measured by ruler on six random leaves per plot; leaf measurements were performed once leaves 

were fully-expanded. Tiller number per plant was counted 72 DAE on a random 0.4 m2 area of 

the plot. Approximately 50 g fresh weight of shoots was randomly cut from each plot 39 DAE, 

plant number was counted, shoots were oven dried at 65oC for 48 h, and total dry weight was 

measured. Dry plant samples were ground using a Moulin a Café, Standard coffee grinder 

(France), and P concentration was measured from a representative 0.5 g sample using the 

sulphuric acid digested/molybdate reactive P method (Ryan et al., 2001). 
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Digital charting: Early vigour images were taken 28 DAE, when plants were at the third leaf 

stage (Z13). Standard cameras were used to capture images, image data was collected from an 

Olympus C-7000 digital camera (a Nikon Coolpix 4100 was also used successfully). The camera 

was screwed onto a Bogen Manfrotto 676B Monopod and Bogen Manfrotto 3025(056) 3D junior 

head stand with an added compass, bulls-eye level, and optional GPS (Garmin GPS 76, KS) 

(Louhaichi et al., 2010). The camera lens was 1.2 m from the soil surface (Fig. 1). Images were 

taken facing due east at midday on a calm day with no cloud cover, this gives the least shadow 

from plant leaves and most accurate images. The GPS was used to track image capture, making 

sure one image per plot was captured. One pixel in the digital image represented 0.35 mm2 at the 

soil surface. 

 

Fig. 1. Digital image capture. Images were taken horizontally downward (bulls-eye level) facing 
due-east at midday on a calm day with no cloud cover. An Olympus C-7000 digital camera was 
mounted on the monopod and an image representative of the plot was taken. Over the 300 plots, 
average image capture took 24 seconds. 
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Captured images were analysed using VegMeasure 2. VegMeasure is a computerised vegetation 

measurement program developed by the Department of Rangeland Ecology and Management at 

Oregon State University (Louhaichi et al., 2010). VegMeasure 2 was used in preference to 

VegMeasure 1.6 (Supplementary Material 1) as a manual classification system was required to 

detect percentage limestone cover as well as wheat vegetative cover in processing. Images were 

first analysed in VegMeasure 2 for percentage yellow soil via threshold classification (R= 215, 

G= 160, B= 104, with a radius of 30), then automatically split into six groups based on even 

difference in percentage yellow soil using MatLab (MathWorks, MA). Manual classification of 

wheat plant and surface limestone was set-up for the images in each of the six groups and 

processed in VegMeasure 2, following published protocol (Louhaichi et al., 2010), with added 

stone analysis. The summary CSV files from VegMeasure 2 were merged and informative 

columns added to allow a split-plot, two way blocking, and surface limestone covariate analysis 

of variance; testing the effect of P treatment and genotype on the expression of %EVC in bread 

wheat. Treatments, the covariate, and treatment interaction were found significant at P0.05. 

Statistical analysis was performed in GenStat for windows (VSN International, UK). 
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RESULTS 

Twenty elite spring bread wheats for the dry areas were analysed for percentage early vegetative 

cover (%EVC), these genotypes were developed in ICARDA, CIMMYT, and Australia; and 

included parents of a number of mapping populations. Variation in image colour was used to sort 

images into six different groups before analysis in VegMeasure 2 (Fig. 2). 

 
Fig. 2. Example surface limestone and yellow soil difference in images. (A, B) image example 
with 11 % surface limestone (0 % yellow soil, group one); (C, D) image example with 0.2 % 
surface limestone (2 % yellow soil, group two); (E, F) image example with 3 % surface limestone 
(7.8 % yellow soil, group six). (A, C, E) original field images, (B, D, F) classification based 
processed image result from VegMeasure 2. Bar = 30 cm. 

 

Image grouping for yellow soil (R= 215, G= 160, B= 104, with a radius of 30), was performed 

prior image analysis for %EVC and surface limestone. Fig. 2A is an example image from group 

one, Fig. 2C an example from group two, and Fig. 2E an example from group six.  
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Importantly the resulting processed images capture the vegetative cover and surface limestone 

effectively, no matter the grouping (Fig. 2B, D and F). Application of lime is known to reduce 

the availability of P to the plant (Bornman et al., 1998), so percentage surface limestone cover 

was measured. Fig. 2 demonstrates a visual difference in % surface limestone, this showed a 

skewed distribution, ranging from 0 to 17 % where the majority of images had between 3 and 6 

% surface limestone (Fig. S2). Percent surface limestone was removed as a covariate in the 

analysis of variance, and had a significant impact on the %EVC image analysis (P < 0.001). 

Phosphate fertiliser application also had a highly significant effect on the expression of wheat 

early vigour (Fig. 3). 

 
Fig. 3. P effect on wheat early vigour. No applied (0 P), 25.3 kg ha-1 (1/2 P), and 50.6 kg ha-1 (1 
P) phosphate application affect on percent early vegetative cover (%EVC) as analysed in 
VegMeasure 2. Data are mean + SEM of the 20 genotypes by five replicates. Letters indicate 
significant difference P0.01, Tukey’s test. 
 

Application of 50.6 kg ha-1 phosphate (1 P) increased the expression of %EVC by 25 % (Fig. 3), 

and application of 25.3 kg ha-1 (1/2 P) phosphate gave exactly half of the percent groundcover 

increase given between 0 and 1 P. Genotype also had a significant impact on the expression of 

early vigour (Table 1). 
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Table 1. Seed P content (µg), seed dry weight (mg), percentage early vegetative cover, and shoot 
dry weight (g) as affected by genotype. 

Genotype Seed P 

content
a 

Seed dry 

weight
b 

%EVC
c 

Shoot dry 

weight
d
 

Hamam-4 123.1 34.2 18.6 0.47 
Shihab-2 117.0 30.8 24.7 0.34 
Babaga-3 116.9 32.5 21.9 0.33 
Cham-6 97.2 30.4 20.2 0.29 
Axe 93.8 26.8 21.2 0.38 
Frame 87.1 37.3 20.3 0.30 
Cham-8 83.1 22.5 18.9 0.30 
RAC875 80.3 37.4 26.3 0.36 
Gladius 77.4 32.7 21.5 0.33 
Yitpi 76.7 34.1 22.1 0.29 
Excalibur 73.3 32.3 28.1 0.35 
Babax 73.3 39.2 24.4 0.33 
Drysdale 70.9 30.4 26.0 0.31 
Correll 70.8 31.2 22.9 0.32 
Wyalkatchem 70.4 34.4 22.3 0.26 
Berkut 68.7 33.8 26.6 0.33 
Kukri 67.6 33.6 20.6 0.32 
Brookton 65.2 34.4 24.5 0.27 
Seri 60.9 29.0 24.5 0.36 
Krichauff 58.2 28.7 20.6 0.30 

l.s.d (P0.05) 5 1 3 0.03 
aPhosphate content per seed as calculated via analysis of three replicates of 0.8 g randomly selected seed. bSeed dry 
weight calculated from 3 replicate counts of 200 seeds. cPercent early vegetative cover, average of three phosphate 
treatments by five replicates dShoot dry weight (g plant-1), average of three phosphate treatments by five replicates. 

Data show mean values and least significant difference (P = 0.05) calculated from a one-factor analysis of variance. 

 

Table 1 shows the significant variation in seed P content and seed weight among the varieties 

prior sowing, and the resulting early vegetative cover and shoot dry weight. Further analysis 

shows that seed P content most significantly correlates with shoot biomass under no P application 

then with shoot biomass under 1 P (Table 2); these were the only significant correlations that 

seed P content had with any measurement.  
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Table 2. Correlations matrix of seed and subsequent early growth traits related to P nutrition. 

 

 Trait  1 2 3 4 5 6 7 8 

1 Seed P
a 

1        

2 Seed dry weight
b 

-0.03 1       

3 %EVC
c
 0 P 0.07 0.24 1      

4 %EVC 1 P -0.17 0.25 0.77*** 1     

5 Biomass
d
 0 P 0.58** 0.01 0.17 -0.12 1    

6 Biomass 1 P 0.45* 0.04 0.34 0.17 0.77*** 1   

7 Shoot P
e
 0 P 0.37 0.11 0.38 0.13 0.87*** 0.80*** 1  

8 Shoot P 1 P 0.34 0.08 0.52* 0.35 0.69*** 0.92*** 0.82*** 1 
 

aPhosphate content per seed as calculated via analysis of three replicates of 0.8 g randomly selected seed. bSeed dry 
weight calculated from 3 replicate counts of 200 seeds. 0 P is no applied phosphate, 1 P is data from plots with 22 kg 
P applied per ha. cPercent early vegetative cover as per image analysis in VegMeasure 2. dShoot dry weight (g plant-

1). eTotal shoot phosphate uptake calculated from the shoot dry-weight samples. Asterisks denote a significant 
correlation (P0.05,0.01,0.001). 
 

The most significant positive correlations were between the shoot biomass and P content 

measurements (Table 2); this is not surprising as shoot P content is a multiplication involving 

shoot biomass. %EVC had a non-significant correlation with seed P content at any external P 

treatment (Table 2). Importantly, there is genetic variation in %EVC and this is further depicted 

in Fig. 4. 
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Fig. 4. Genotype effect on early vigour. Ranking of 20 different genotypes for percent early 
vegetative cover (%EVC) under no applied (0 P) or 50.6 kg ha-1 (1 P) phosphate application as 
analysed in VegMeasure 2. Data show mean + SEM of five replicates.  
 

Genotypes significantly differed in their expression of early ground cover under both high and 

low P treatment (Fig. 4). Excalibur and Berkut showed the best early vigour at both high and low 

P treatment, while Hamam-4 showed no reduction in %EVC under low soil P, and Yitpi showed 

the highest reduction of %EVC with no P fertiliser application. Genotype by P treatment 

interaction is significant (P = 0.04), and therefore genotype rankings in early vegetative cover are 

listed in Table 3 in the order of their P responsiveness. 
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Table 3. Genotype rankings for phosphate responsiveness based on percent early vegetative 
cover. 

Genotype %EVC 0 P %EVC 1 P Difference 

in %EVC 

Phosphate 

responsiveness
a 

Hamam-4 18.8 19.2 0.45 0.02 

Axe 20.5 21.6 1.13 0.05 

Correll 20.6 22.3 1.78 0.08 

Wyalkatchem 21.9 24.2 2.28 0.09 

Berkut 24.2 27.3 3.10 0.11 

Gladius 20.5 23.6 3.16 0.13 

RAC875 22.4 27.9 5.45 0.20 

Brookton 21.4 26.7 5.32 0.20 

Drysdale 23.6 29.8 6.22* 0.21 

Frame 18.0 23.0 4.94 0.22 

Cham-6 17.6 22.6 5.04 0.22 

Shihab-2 20.8 26.8 6.03 0.22 

Cham-8 17.3 22.5 5.21 0.23 

Krichauff 17.5 23.9 6.34* 0.27 

Babax 20.2 28.0 7.78** 0.28 

Kukri 16.8 24.4 7.59** 0.31 

Excalibur 22.9 33.7 10.8*** 0.32 

Seri 19.7 29.6 9.95*** 0.34 

Babaga-3 17.6 27.5 9.88*** 0.36 

Yitpi 14.3 31.8 17.5*** 0.55 
aPhosphate responsiveness is calculated as (1 P - 0 P) / 1 P. 0 P is no applied phosphate and 1 P is 50.6 kg ha-1 
applied phosphate. Asterisks denote significant difference via Tukey’s test (P0.05, 0.01, 0.001).  

 

Two-fold difference in %EVC was observed between Yitpi (0 P) and Excalibur (1 P) (Table 3). 

The genotype Berkut showed the highest %EVC under no P application (Table 3). Drysdale, 

Krichauff, Babax, Kukri, Excalibur, Seri, Babaga-3 and Yitpi all showed a significant reduction 

in %EVC when no P was applied (Table 3). A large genetic difference in P responsiveness was 

found between the genotypes for expression of early vegetative cover (Table 3). A more useful 

way to rank genotypes is to compare them under both high and low P to find the highest early 

vegetative cover no matter the external P treatment (Fig. 5B). 
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Fig. 5. Relationship of phosphate content per shoot (A) and percentage early vegetative cover (B) 
of plants grown under high- and low-P. Genotypes are classified relative to one another as being 
P-efficient with high P uptake or %EVC (E/H), P-efficient with low P uptake or %EVC (E/L), P-
inefficient with a high P uptake or %EVC (I/H), or P-inefficient with a low P uptake or %EVC 
(I/L). For each panel, the cross hairs show respective l.s.d values (P = 0.05). Abbreviations for 
the wheat genotypes are as follows: Babaga-3 (B3), Babax (Bab), Berkut (Ber), Brookton (Bro), 
Cham-6 (C6), Cham-8 (C8), Correll (Cor), Drysdale (Dry), Excalibur (Exc), Frame (Fra), 
Gladius (Gla), Hamam-4 (H4), Krichauff (Kri), Kukri (Kuk), RAC875 (RAC), Seri (Ser), 
Shihab-2 (S2), Wyalkatchem (Wya), and Yitpi (Yit). 
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Excalibur, Drysdale, Berkut and RAC875 showed the highest early vegetative cover independent 

of external P (Fig. 5B). Whilst Cham-6 and Cham-8 showed low early vigour no matter the 

external P treatment (Fig. 5B). P content was given as a comparison (Fig. 5A) because it has the 

largest affect on %EVC (Table 4); However some varieties, such as Hamam-4, show good P 

uptake but poor %EVC under the varying P treatment (Fig. 5A, B). Furthermore vegetative 

ground cover and P uptake are not the only measures of early vigour described in the literature, 

so correlation between %EVC and other traits of interest was performed (Table 4). 

 

Table 4. Correlations between %EVC and traits related to early vigour. 
  %EVC Biomass 

%EVC
a 

1.00  

Biomass
b 

0.48
*** 

1.00 

Plant density
c 

-0.13
* 

-0.16
** 

Shoot P
d
 0.61

*** 
0.88

*** 

1 length 0.21
*** 

0.13
* 

1 breadth -0.06 0.24
*** 

2 length 0.35
*** 

0.38
*** 

2 breadth 0.09 0.24
*** 

3 length 0.42
*** 

0.36
*** 

3 breadth 0.10 0.15
** 

2+3 length 0.45
*** 

0.43
*** 

aPercent early vegetative cover as per image analysis in VegMeasure 2; bShoot dry weight (g plant-1); 
cPlants per square metre counted 13 days after emergence; dTotal shoot phosphate uptake calculated from 
the shoot dry-weight samples; and the remaining are leaf dimensions of the first three fully expanded 
leaves. Asterisks denote significance (P0.05,0.01,0.001) via regression analysis, n = 300. 

 

Percentage vegetative ground cover was most positively correlated with shoot P content, then 

biomass production, and negatively correlated with plant density. The fully-expanded dimensions 

of leaf three had the best correlation with %EVC, followed by leaf two and then the first leaf. 

Leaf length had a better correlation with %EVC than did leaf breadth. Leaf breadth was not 

significantly correlated to %EVC, but it was to biomass production. Biomass also had a strong 

positive correlation with the length of leaf two. There were no tillers visible at the time of image 

acquisition; therefore no correlation of tiller number with early vigour was presented. 
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DISCUSSION 

P treatment and wheat genotype interaction 

Significant genetic variation in early vigour and P responses was found among twenty diverse 

elite bread wheat genotypes (Table 3). The ICARDA-derived genotype Hamam-4, the Australian 

genotypes Axe and Correll, and CYMMIT-derived genotype Berkut had almost no reduction in 

their %EVC under P stress, whereas ICARDA-derived genotype, Babaga-3, the Australian 

genotypes, Yitpi and Kukri, and CYMMIT-derived genotypes Seri and Babax showed a large 

reduction in early ground cover under P stress (Table 3). The CIMMYT-derived genotype, 

Berkut, and the Australian breeding line, RAC875, showed good %EVC (Fig. 4, 5) that was not 

significantly affected by P treatment (Table 3); therefore they are potentially good candidates in 

breeding programs for improving %EVC under limiting P conditions. The Southern Australian 

genotype, Kukri, showed relatively poor early vigour that was significantly affected by P 

treatment. In this experiment seed P content showed a greater than 2-fold variation (Table 1) but 

did not significantly relate to %EVC stability (P = 0.5), this is important for wheat breeding in 

the CWANA region (as discussed below). The large genetic variation in %EVC (Table 3) could 

possibly be used in wheat breeding; along with the facts that 1) early vigour traits are mainly 

under genetic control (Rebetzke and Richards, 1999)- showing at least an 87 % heritability, 2) 

digital image capture is relatively fast (24 seconds/plot) as is batch processing in VegMeasure 2 

(depending on the contrast between classes of interest), and 3) capturing %EVC is an inexpensive 

measurement (the non-commercial software is free and common digital cameras can be used). 

Percent early vegetative cover is an important trait for improving wheat water use 

efficiency (Leuning et al., 1994) and competitiveness with weeds (Huel and Hucl, 1996). Low 

soil P affects both of these traits; it decreases the interception of solar energy by the crop so more 

reaches the soil surface, this causes more water evaporation and less plant transpiration, and 

results in a lessened plant water use efficiency (Matar et al., 1992; Sandras and Angus, 2006). 
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Percent early vegetative cover also decreases cereal competitiveness with weeds, through a 

reduction in early growth rate (Efthimiadou et al., 2009; Konesky et al., 1989). As Fig. 3 and 

Table 3 show, this is likely to be caused by a reduction in early ground cover under low P; this 

has been described for another essential macronutrient, nitrogen (Reyniers et al., 2004; Sloane et 

al., 2004).  Importantly, significant variation was found in a selection of elite dry-land bread 

wheat genotypes for both the expression of %EVC (Table 1) and how this interacts with P 

fertiliser application (Table 3, Fig. 5).  

 

Phosphate effect on wheat early vigour 

Soils in the CWANA region are generally calcareous and therefore low in plant available P 

(Matar et al., 1992; Ryan et al., 2001), the trial site at Tel Hadya was no exception. Phosphate 

fertiliser application promoted a linear increase in %EVC of bread wheat (Fig. 3). This is not 

surprising due to the importance of P as an essential macronutrient (Lambers et al., 2006; Rae et 

al., 2004; Schachtman et al., 1998) and the low concentration found in soils (Goldstein et al., 

1988; Mimura, 1999; Ryan, 2008). Total shoot P uptake significantly affected wheat early vigour 

(P < 0.001); where 25 ± 2 %EVC was achieved per mg plant shoot P uptake (Table 4). Low P 

may reduce early vegetative cover as the plant allocates more of the carbon to root growth rather 

than shoot growth (Amtmann et al., 2006; Moorby et al., 1988), further reductions in energy 

capture occur through reduced leaf area and chlorophyll activity as a result of leaf 

chlorosis/necrosis (Amtmann et al., 2006; Ozturk et al., 2005), and a reduction in energy 

conversion efficiency occurs through lowered enzyme activity and reduced free cellular ATP 

(Amtmann et al., 2006; Mimura, 1999; Theodorou and Plaxton, 1993); ultimately leading to a 

reduction in plant growth rate and subsequent maturity (Matar et al., 1992). 
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Surface limestone significantly affected expression of early vigour (P < 0.001), as it reduces the 

availability of P to the plant. Therefore percent surface limestone was quantified through image 

processing in VegMeasure 2 and used as a covariate in the analysis of %EVC. In a pot study by 

Bornman et al. (1998) application of excess lime was found to significantly decrease plant P 

uptake and subsequent yield; at the lime surface, P ions are specifically adsorbed by replacing 

water molecules, bicarbonate ions, or hydroxyl ions that fill the vacant coordinate positions of 

exposed Ca2+ ions (Matar et al., 1992). As such, 88 to 99 % of the total P in the calcareous 

topsoil is found in the calcium bound form, this is precipitated from the soil solution, and is 

therefore unavailable for plant growth (Rahmatullah et al., 1994). 

Surface limestone showed substantial variation between plots, ranging from 0 to 17 % 

(Fig. S2), and was very important to remove as a cofactor (P > 0.001) from the analysis of 

%EVC. Surface limestone may have such a large effect as soils that have remained 

predominantly unfertilised (i.e. this trial site) have most of their plant available P co-localised in 

these surface layers (Nwoke et al., 2004; Van der Wal et al., 2007). Further, the changing farm 

management to no-till may increase the adsorptive effect of surface limestone, as a shift in P 

distribution occurs under no-Till, such that more P is found in the 0 to 5 cm soil depth range 

(Franzluebbers and Hons, 1996); Requiring either higher P fertiliser application or wheat plants 

better able to extract P from the soil. 

 

Variation in vigour 

Early vigour is important for increasing wheat productivity (Kandic et al., 2009; Mir-Mahmoodi 

and Soleimanzadeh, 2009; Nachit et al., 1992; Rebetzke et al., 2004). Significant genetic 

variation in early vigour was observed; Fig. 5B shows that Excalibur produced the largest 

average %EVC; this was a 50 % increase on the least vigorous genotype, Hamam-4 (Table 1).  
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The four best vigour producing genotypes, Excalibur, Berkut, RAC875, and Drysdale (Fig. 5B) 

are all Australian. In the past Australian wheats were characterised by a lesser early vigour than 

overseas genotypes (Rebetzke and Richards, 1999), however in the last decade this may have 

been somewhat ameliorated (Fig. 4, 5B). 

The large genetic variation in bread wheat early vigour (Table 1) agrees with other reports 

on the variation for this trait (Addisu et al., 2009; Huel and Hucl, 1996; Rebetzke et al., 2004; 

Rebetzke and Richards, 1999). Therefore, there is potential to improve bread wheat early vigour 

via breeding; Even greater variation in early vigour may be found in a more comprehensive 

analysis of bread wheat genotypes and accessions (Rebetzke and Richards, 1999), wild 

relatives/synthetic wheats (Reynolds et al., 2007), and divergent crosses (Rebetzke and Richards, 

1999). This would allow increases in early vigour via conventional breeding. The inclusion of 

mapping population parents in this current study also allows potential for QTL analysis of early 

vigour in response to external P. A good DH population to study this is the cross of Krichauff and 

Berkut, where Berkut expresses the largest %EVC under no P application and showed high 

vigour with P application (Fig. 5B), whereas Krichauff was one of the lowest at producing 

%EVC under low P (Table 3), and was ranked as P-use inefficient with a low %EVC (Fig. 5). 

 

Digital charting of early vegetative cover 

For many years people have been interested in determining the vegetative cover over the soil 

surface and have developed various methods for recording it, including; photographs and lined 

chart overlays (Cooper, 1924), ceptometer digital sensors that provide use later in wheat 

development (Armbrust, 1990; Sloane et al., 2004), visual estimates of early vigour (Huel and 

Hucl, 1996; Nachit et al., 1992), NDVI instruments that can be used later in wheat growth 

(Reynolds et al., 2007; Sloane et al., 2004), and measuring traits associated with early ground 

cover (Huel and Hucl, 1996; Lopez-Castaneda et al., 1996; Rebetzke and Richards, 1999; Sloane 

et al., 2004).  
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Recent developments in digital image capture and computer processing power now allow a new 

method in quantifying vegetative ground cover (Booth et al., 2005; Louhaichi et al., 2010; 

Reyniers et al., 2004). This measure is less labour intensive, more efficient, less biased by the 

person taking the score, provides a permanent record for future scrutiny, is non-destructive, and 

is repeatable (Booth et al., 2005; Cooper, 1924; Louhaichi et al., 2010). 

 VegMeasure is a non-commercial (free-licence) software that allows accurate analysis of 

vegetative ground cover (Louhaichi et al., 2010). Field-based images can be easily taken using a 

regular digital camera and stand; and batch processed rapidly. The simple image processing could 

even be done in the field. We believe that VegMeasure 2 allows a cheap and rapid measure of 

early vigour in the field that could be incorporated into breeding programs that target dry 

environments or areas under intensive agriculture, as these are where early vigour is most critical. 

 

 Ground cover correlation with other traits (Digital vs. manual analysis of early vigour) 

Shoot P uptake had the strongest correlation with %EVC at 61 % (Table 4), proving that the trial 

site was very deficient in P. The next best correlation was with biomass at 48 %. The removal of 

Hamam-4 from this analysis increased the correlation to 62 %; Hamam-4 displayed the lowest 

%EVC (Fig. 4, 5B), but a significantly larger biomass per shoot than any other genotype (P < 

0.05, Tukey’s test). Shoot biomass has been used as an indicator of wheat early vigour (Addisu et 

al., 2009; Rebetzke et al., 2004; Rebetzke and Richards, 1999; Sloane et al., 2004; Su et al., 

2009), but care should be taken in relating this biomass to early ground cover (Table 4) or the 

benefits associated with early ground cover. Hamam-4 produced the largest biomass and had 

good leaf length and breadth, meaning that other traits such as vertical leaf angle (Huel and Hucl, 

1996; Nachit et al., 1992) could be the main reason for its poor %EVC.  
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In the future Hamam-4, with very good early biomass production, could be crossed with a 

genotype expressing good cover and horizontal leaf angle (such as Excalibur) to produce 

exceptional early ground cover, however the high seed P content that could be inherited from 

Hamam-4 would need to be monitored (Table 1), as it has a negative effect on human health 

(Rimbach et al., 2008). 

Leaf dimensions were all positively correlated with %EVC, except the breadth of leaf one 

(Table 4). Leaf length was shown to be linked to root dry weight and length (Sharma and 

Lafever, 1991), this may improve plant P uptake and subsequent %EVC. The breadth of leaf two 

had a 90 % correlation to a field trial in South Australia in 2008, this is not surprising as 

heritability for the breadth of leaf two is 97 %, even between nine month difference in sowing 

date and glasshouse vs. field growth (Rebetzke and Richards, 1999). The length of leaf 3 had the 

strongest correlation with %EVC at 42 %, followed by the length of leaf 2 than leaf 1, with the 

breadth of leaves following the same order.  

In this experiment leaf dimensions did not individually correlate well with %EVC; and 

the addition of the length of leaves 2 and 3 improved this correlation by only 3 % (Table 4). The 

reduced correlation of earlier leaves with %EVC is possibly due to their smaller size and 

therefore smaller effect on ground cover, but also due to the first leaf dimensions being pre-

determined in the embryo of the seed (Lopez-Castaneda et al., 1996), and therefore mostly 

unaffected by soil P application (P = 0.65), this is the likely reason for the negative correlation 

and non-significant relationship found between the breadth of leaf 1 and %EVC. By the time the 

third leaf expands, seed P reserves would be depleted, and this leaf was greatly affected by P 

treatment (P < 0.001). Contrary to early reports (Rebetzke and Richards, 1999), correlations in 

Table 4 suggest it is unlikely that measurement of any single leaf dimension could be reliably 

used as a surrogate for capturing early vegetative cover in wheat. 
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Plant density showed the most negative correlation with %EVC at -13 %. This could be 

explained by the fact that varieties with smaller seeds produce a smaller leaf 1 area (Lopez-

Castaneda et al., 1996), however varietal grain weight did not significantly influence %EVC (P = 

0.2) nor did seed P content (P > 0.3) in this experiment (Table 1). If using a single wheat 

genotype one would expect increasing plant density to increase %EVC (Reyniers et al., 2004). 

Tiller number is sometimes quoted in the literature as important for early vigour (Su et al., 2009), 

however no tillers were present at the time of image capture so no correlations were presented. 

The non-significant correlation between seed P content and %EVC (r < 0.07, P > 0.3) is 

important (Table 1). Phytic acid, or the main seed P storage compound, binds essential human 

micronutrients such as zinc and iron, reducing absorption of these in the digestive tract (Rimbach 

et al., 2008). Many in the CWANA region are already deficient in iron and zinc (Pena, 2007); in 

this instance, wheat with high phytic acid would only provide further detriment. In this study 

%EVC was not correlated with seed P (phytic acid), so in a breeding context a wheat plant could 

be selected for good %EVC under low external P, and low seed phytic acid content. 

 To conclude, shoot P content showed the best correlation with %EVC. Next was biomass; 

however care needs to be taken with associating these measurements due to variation in leaf 

angle among wheat genotypes. The length of leaf 3 was the third strongest positive correlation. 

Other individual traits showed minimal correlation alone, in combination one could get a better 

correlation; a mathematical model incorporating all traits measured and coupled with horizontal 

leaf angle (Huel and Hucl, 1996; Nachit et al., 1992) could be produced to explain %EVC. 

However these measurements are more time and labour intensive (especially biomass cuts); 

whereas image analysis of %EVC is efficient and accurate, therefore it seems a better measure. 
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CONCLUSIONS 

Percent early vegetative cover (%EVC), is an important trait for water use efficiency, 

competitiveness with weeds, and ultimately grain productivity. Bread wheat is the major source 

of calories and protein for people living in the 29 countries that form the CWANA region. 

However soil P fixation and inaccessibility of P fertilisers inhibit agricultural productivity in this 

region. Results from this study show that P fertiliser application can be used to significantly 

increase the %EVC of bread wheat. However, the cost and availability of P fertiliser to many in 

the CWANA region render this management option unviable. The alternate strategy, distributing 

plant genotypes that have high and stable early ground cover with fluctuations in external P, may 

be more appropriate. Digital image capture of early vegetative cover and processing in 

VegMeasure 2 was efficient, simple and low cost. The large genetic variation among the twenty 

elite bread wheat genotypes, the high heritability of wheat early vigour traits, and the low cost 

and simplicity of %EVC measurement presented in this article make it possible for the breeding 

of high early vigour cultivars adapted for low soil P conditions. 
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SUPPLEMENTAL MATERIAL 1. 

The increased efficiency, precision and accuracy associated with photographic charting of 

vegetative cover has been realised for many years (Cooper, 1924). Photographic charting 

provides a huge advantage over the laborious, time consuming, and individual biased tasks of clip 

quadrats for shoot biomass and vegetative outline chart quadrats that were the other means of 

classifying vegetative ground cover (Weaver and Clements, 1938). Photographic charting of 

vegetative cover reduced capture time to a little over five minutes (Cooper, 1924), and a ruled 

screen could be placed over the film to quantify vegetation (Weaver and Clements, 1938). 

Modern technological advances have further decreased the time required for photographic 

vegetative charting. Plant nutrient status significantly affects wheat early vigour; where light 

interception, leaf area index and dry matter production all increased with nitrogen fertiliser 

application (Sloane et al., 2004); and a 72 % correlation was given between video camera image 

analysis of vegetative cover and shoot nitrogen content measured 11 days later (Reyniers et al., 

2004); Importantly results in this article demonstrate the significant effect of P nutrition on early 

ground cover. 

VegMeasure is a computerised vegetation measurement program. It is the outgrowth of 

work that was done on a series of projects by the Department of Rangeland Ecology and 

Management at Oregon State University (USA) that measured and monitored vegetation on 

rangelands, agronomic fields and riparian areas.  The project and the software are part of an 

ongoing program designed to speed the acquisition and improve the accuracy of vegetation data 

collected on rangelands (http://vegmeasure.us/index.htm).  The software package was developed 

in order to chart or map vegetation in a sample quadrat on the ground, using photographs taken 

vertically downward. Figure S1 shows an analysis comparison between VegMeasure 1.6 and 

VegMeasure 2. 
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Fig. S1. Image analysis comparison between the two versions of VegMeasure. 

 

VegMeasure speeds the classification of aerial or ground-level photographs by allowing the user 

to determine the colour threshold between objects seen in the image through the use of one of ten 

classification algorithms (green leaf, red band, green band, blue band, brightness, Canny edge, 

Sobel edge, hue extractor, K-Means, Normalized Difference Vegetation Index, and a user-

defined manual classification).  All algorithms, except for edge detection, hue extractor, and k-

means, select pixels when some criteria exceed a specified threshold and assign them to a class. 

This threshold can be adjusted in the preview pane and can then be applied to all images in the 

project. The “write cumulative summary” box can be checked, this creates a CSV file of the 

processed image data, giving the percentage of each class for each analysed image; a saving of 

processing time. 

Figure S1C shows that VegMeasure 1.6 is very useful in calculating percent vegetative 

cover in an image (Booth et al., 2005); however VegMeasure 2 has a wider application as it can 

be easily used to classify the vegetative cover, but also such things as stone cover (Figure S1A), 

percent yellow soil (this article), plant debris cover over the soil surface (Louhaichi et al., 2010), 

or even the pattern of weeds through the capture of distinct flower or leaf colour (refer 

VegMeasure 2 user guide). 
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SUPPLEMENTAL MATERIAL 2 

The surface limestone distribution in the processed images is shown below.  

 
Fig. S2. Surface limestone frequency distribution in early vigour images, as analysed in 
VegMeasure 2. 
 
Limestone in the images showed a skewed distribution, and was important to remove from the 

analysis (P < 0.001). 
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Chapter 5 

 

 

Phosphate and Wheat Yield 

 

 

The first pages of this chapter are directly from published work: 

Preuss CP, Huang CY and Kuchel, H (2010) Phosphate use efficiency in dry-land wheat. Eyre 

Peninsula Farming Systems 2009 Summary, 37-38. 
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EXPANDED YIELD RESULT ANALYSIS  

The yield data presented above is in quite a reduced form to allow ease of rapid viewing and 

simplicity in delivering the key messages to farmers and researchers. More detailed yield and 

data analyses are presented below to provide a more complete picture. The main selection criteria 

which producers use in selecting the wheat cultivar to grow are the maximum Australian 

receivable grade that the cultivar can achieve and more importantly the gross income that the 

farmer could receive (Table S1). 

 

Table S1: Cultivar rankings for gross income production per hectare. 

Cultivar AWB Grade
1 

Income
2
 low P ($ ha

-1
)  Income

2
 high P ($ ha

-1
) 

Axe AH 226.5 271.9 
Drysdale AH 204.1 230.5 
Excalibur ASW 225.2 219.0 
Gladius AH 274.2 238.9 
Krichauff ASW 217.8 197.1 
Kukri AH 232.0 204.8 
Wyalkatchem APW 216.9 225.8 
Yitpi AH 223.8 239.0 

1Maximum recieval grade possible for each cultivar. 
2Gross income based on the five site average yield (Table 2) at current grain prices for Port Adelaide. AH $267 t-1; 
APW $249 t-1; ASW $234 t-1; subtract the current triple superphosphate cost of $745 t-1 applied at 100 kg ha-1 in the 
high P treatment (prices sourced AWB/Landmark, www.awb.com.au). 

 
As table S1 shows the largest gross income in these environments came from the combination of 

the cultivar Gladius with the application of no triple superphosphate (TSP). This was similar in 

income to Axe with TSP applied, and it produced $35 ha-1 more than the next best combination. 

In contrast the least gross income was from the combination of Krichauff with 100 kg ha-1 

applied TSP, which was approximately $75 ha-1 less than the best combination. This is a nice 

account of gross income that a leading producer would want to know. In addition, there is also 

breeder/researcher interest in identifying the yield performance of individual cultivars at the 

different sites to see exactly what could be done to further improve wheat PUE. Figure S1 shows 

that between the five different sites there is a reasonable variation in the ranking of the eight 

Australian cultivars for PUE. 
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Figure S1. Relationship between plant yield grown under high- and low-P at the 5 different sites. 
Streaky bay (a), Minnipa (b), Piednippi (c), Brentwood (d), and Syria (e). Cultivars are classified 
relative to one another as being P-efficient with high yield potential (E/H), P-efficient with low 
yield potential (E/L), P-inefficient with a high yield potential (I/H), or P-inefficient with a low 
yield potential (I/L). For each panel, the thin line cross shows l.s.d value (P = 0.05) as calculated 
via REML analysis, horizontal line for yield at high P and vertical for yield at low P. 
Abbreviations for the wheat genotypes are as follows: Drysdale (Dry), Excalibur (Exc), Gladius 
(Gla), Krichauff (Kri), Kukri (Kuk), Wyalkatchem (Wya), and Yitpi (Yit). 
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Gladius was consistently ranked as either number 1 or 2 for producing the highest yield under no 

P application (Figure S1). When Gladius ranked second it was after Krichauff (Figure S1 c, d). 

However Kricauff did not perform well at the three other sites. Gladius was robust in 

combination of PUE with a high yield potential (E/H quarter, Figure S1), except in the 

Brentwood site (Figure S1d). Brentwood is possibly an outlier as it is known to frequently have 

high levels of leaf diseases (Stewart Coventry, personal communications), and Gladius may be 

more susceptible to leaf diseases. Therefore, it may not reach its yield potential as shown at the 

other four sites. At the other end of the spectrum, Drysdale always produced the lowest yield 

under no TSP application, and was classified as a P-use inefficient cultivar with a low yield 

potential (I/L quarter, Figure S1). Again the exception being the Brentwood site (Figure S1d). 

Axe produced the highest yield with 100 kg ha-1 TSP application at most sites. 

 To find QTLs associated with PUE in bread wheat, analysis of mapping populations from 

Gladius x Drysdale are a good option. This is not only because Gladius produced the highest 

gross income (Table S1), it produced the highest yield under no P application, and was ranked 

PUE with high yield potential (Figure S1), but also because it was non-responsive to phosphate 

fertiliser application (Table 1), consistently having no significant yield reduction under no TSP 

application. The opposite is true for Drysdale. However, if the research aim was to find few 

markers for improving phosphate use efficiency and an extremely high yielding bread wheat line 

from the population, the Gladius x Axe population would be the best choice available at present.  
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PUE AND DROUGHT TOLERANCE 

Application of P fertiliser increased plant maturity (Figure S2); rapid maturation is a ‘drought 

escape’ mechanism that is quite often important in producing maximal yield under dry 

conditions. 

 

Figure S2. Phosphate effect on wheat plant maturity in Syria. No applied (0 P), 25.3 kg ha-1 
(1/2 P), and 50.6 kg ha-1 (1 P) phosphate application affect on wheat maturity (Zadoks score). 
Data are mean + SEM of the 20 genotypes by five replicates. Letters indicate significant 
difference P0.05, Tukey’s test. 
 

In any drought tolerance assay, plant maturity will always be a major factor that needs to be 

removed from the analysis. Phosphate nutrition affects wheat flowering time through an 

interaction with the vernalisation gene, VRN1 (Su et al., 2006). Secondly, a dryer soil (drought) 

leads to a more tortuous path of P diffusion (Figure 21) and reduced P uptake (Faye et al., 2006; 

Liebersbach et al., 2004; Matar et al., 1992); where P seems to be the only essential plant nutrient 

that will be deficient under drought stress (Table S2). 
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Roseworthy and Minnipa 2006
1 

Syria 2009
2 

Element 
Req

3 
Min

4 
Mean ± SEM Req

3 
Min

4 
Mean ± SEM 

Phosphorus 3000 1650 2769 ± 132 2000 1660 1898 ± 57 
Nitrogen 38000 39910 47536 ± 714 22000 26100 31310 ± 929 
Calcium 1500 1890 3100 ± 119 - - - 
Magnesium 1100 1170 1386 ± 26 - - - 
Postassium 32000 33000 37792 ± 678 23000 27700 31060 ± 805 
Sulphur 1500 2800 3467 ± 73 - - - 
Zinc 14 19 23 ± 0.4 8.9 32 37 ± 1 
Nickel 0.03 0.74 1 ± 0.03 - - - 
Iron 25 60 84 ± 2 25 49 62 ± 2 
Manganese 12 35 55 ± 2 - - - 
Boron 2 5 12 ± 1 10 11 14 ± 1 
Copper 1 7 15 ± 2 - - - 
Molybdenum 0.05 0.9 1 ± 0.1 - - - 

1Investigating Kukri, Excalibur and RAC875 with five replicates at the two phosphate fertilised locations, 
information gathered by James Edwards and Ali Izanloo (ACPFG PhD students), YEB collected at tillering. 
2Analysis performed on Axe, Hamam-4, Babaga-3 and Excalibur with 3 replicates in the ICARDA trial, whole shoot 
at late tiller stage. 3Critical nutrient requirement in wheat at the respective growth stage, sourced from Reuter and 
Robinson (1997). 4Minimum concentration value measured. 

 

In each of the three sites, plot yields were below 2 tonnes per hectare and were mainly restricted 

by dry conditions; this resulted in P deficiency (Table S2). It is interesting to note that only P was 

found in deficiency, and this occurred at all of the sites, the mean value in each case being below 

the critical deficiency value (Reuter and Robinson, 1997). Interestingly no other essential nutrient 

was found to be deficient in any of the plant samples tested (refer minimum value columns, Table 

S2), nor was sodium or boron toxicity discovered in any plant. Therefore this elemental 

composition with drought seems to be a P specific phenomenon. 

In summary, increases in wheat PUE could help to improve drought tolerance of wheat. It 

is imperative that PUE in essential crop plants (such as bread wheat) is improved because in 

developed countries the use of P fertilisers to improve yields will inevitably diminish as P 

reserves are depleted, and the price will increase. Whilst in developing countries, access to 

fertilisers is limited, as such even the importance of semi-dwarf wheats have not been realised for 

increasing food production- a second (nutrient use efficiency) green revolution has been 

promoted to tackle the emerging world food crisis (Lynch, 2007). 

Table S2. Total wheat shoot elemental composition (mg kg
-1
). 
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Articles; Summary and Significance 
Phosphate is an essential macronutrient that is found in a low concentration in soil solution, as 

such plant high-affinity Pi transporters are responsible for all the P that moves into the plant, and 

subsequently all of the P found in living organisms (Oelkers and Valsami-Jones, 2008). 

Phosphate remobilisation is an essential part of cereal PUE, and could be important for the PUE 

identified in our study (Chapter 5). For maximal barley yield, P supply is only required in the 

first eight weeks of plant growth (Brenchley, 1929). After this period, it is remobilisation within 

the plant rather than uptake that is essential for grain yield production. Chapter 2 describes the 

functional characterisation of the barley Pi transporter PHT1;6. Firstly we show that this 

transporter is localised in the plasma membrane of onion epidermal cells where transport 

processes can occur between cells and tissues.  

We suggest that HvPHT1;6 be classified as a transporter. However as more low affinity 

transporters are identified and characterised, it is becoming more difficult to classify proteins as 

channels or low affinity transporters (DeFelice and Goswami, 2007). HvPHT1;6 could be 

classified as ‘a channel-like protein’ as it shows linear non-saturating uptake kinetics up to 30 

mM external Pi. Inversely it shows proton coupling of Pi transport with a net positive charge; 

therefore it has characteristics of a transporter. We also show that HvPHT1;6 non-selectively 

transport Pi and SO4
2-. Nitrate and, to a lesser extent, chloride are transported through HvPHT1;6 

as well. Therefore HvPHT1;6 may be capable of not only Pi remobilisation, but also sulphate.  It 

may not be so important for N remobilisation as the concentrations of nitrate are very low 

compared with other forms of N such as amino acids (Hayashi and Chino, 1986). Finally we 

provide evidence to show that HPO4
2- is the transported Pi species despite transport of  H2PO4

- 

being assumed previously. The non-selective nature of HvPHT1;6 in the transport of sulphate 

ions, the SO4
2- form unchanged across the pH range tested and maximal transport of Pi at pH 7.5 

imply that HvPHT1;6 transports HPO4
2- (Preuss et al., 2010).  



 - 143 - 

Phosphate uptake dominates scientific research in regard to PUE, and could be important for the 

PUE variation identified in Chapter 5. In chapter 3, we present experimental results from the 

characterisation of HvPHT1;1 in Xenopus oocytes. The oocyte expression system allows 

electrophysiological characterisation of HvPHT1;1, a high-affinity Pi transporter, and shows no 

interference from native proton-coupled P transport in micromolar Pi concentrations. This is the 

first characterisation of a plant high-affinity Pi transporter in heterologous expression systems 

where the Km both resembles that of plant uptake and is significantly different from that of the 

native heterologous expression cells. As expected HvPHT1;1 does not discriminate arsenate from 

H2PO4
-/HPO4

2-, but it does discriminate against nitrate and sulphate transport. This raises 

concerns for the use of high-affinity Pi transporters with enhanced activities in arsenate 

contaminated soils. High external sodium abolished Pi transport through HvPHT1;1, this is also a 

novel finding, which could have significant implications in the improvement of salinity tolerance. 

The plasma membrane localisation of HvPHT1;1, its high expression level in root hair 

zone which is induced under low Pi conditions, and the low Km value imply that HvPHT1;1 plays 

a dominant role in plant Pi uptake from the soil solution. Although overexpression of HvPht1;1 in 

barley under the control of the rice actin promoter does not increase Pi uptake by plants, 

overexpression of the high affinity Pi transporter NtPT1 from tobacco under the control of the 

maize ubiquitin promoter in rice significantly increased P uptake when plants were grown in the 

field (Park et al., 2007). This shows that there is potential to increase PUE in wheat and barley 

through genetic engineering of Pi transporters or simply by finding variation in P transporters that 

account for difference in PUE (as identified in Chapter 5). P uptake could also be increased 

through modifications in root architecture and enhanced microbial growth through plant root 

excretions. Further work in this area is warranted. 
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Phosphate uptake is expected to be the major determinant of early vigour under P stress (Chapter 

3). In chapter 4 genetic variation in early vigour was investigated for the P responsiveness of 

field-grown bread wheat cultivars. The low level of soil P significantly reduced both the uptake 

of P and early ground cover, but not for all wheat genotypes studied. Significant genetic variation 

was found for the early ground cover in response to P stress, this is useful for wheat breeding in 

areas low in plant available soil P. The measurements of early ground cover were performed 

using VegMeasure 2 software. This method could be easily incorporated into wheat breeding 

programs for the improvement of germplasm in weed competitiveness, water use efficiency and 

yield production. 

Increasing yield production based on PUE is important for sustainable food production. 

Chapter 5 shows the genetic variation in the PUE of current Australian bread wheat varieties. In 

the 5 different field sites, the variety Gladius showed no significant yield reduction under P 

stress, produced the best gross income, and was constantly ranked at the top of the list for PUE. 

Gladius had the highest yield under low P fertiliser application. These results are not only directly 

applicable through wheat variety selection, but I have received many enquiries from growers and 

researchers about these results. In addition, our data can be used for future research on 

development of new mapping populations and mapping QTLs associated with PUE, and in 

breeder selection of parental lines. 

Furthermore, phosphate use efficiency is linked to other important agricultural traits. 

Early vigour related to PUE (Chapter 4) can improve water use efficiency (Matar et al., 1992). 

There are close relationships between P and drought, and soil P availability significantly delays 

plant maturity. Therefore, increased PUE will have significant impacts not only on P fertiliser use 

but also overall plant performance and grain production. Ultimately, it contributes to sustainable 

agriculture and world food security. 
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 Problems Encountered 

As with any research, not all experiments went as smoothly as expected. Some of difficulties and 

issues encountered during my PhD candidature are listed below: 

• Antibody production: Rabbit polyclonal antibodies had been produced against short 

peptides of the cytoplasmic loop and C-terminal regions of the HvPHT1;1 and 1;6 

proteins. Western blots, however showed many non-specific bands reactive to the 

polyclonal antibodies. Oocyte membranes from expressing oocytes were fractionated 

(based on density) and the polyclonal antibodies did detect an extra ‘weak’ band in the 

plasma membrane fraction, compared to water-injected controls. - Nevertheless the 

specificity was not sufficient for detecting HvPHT1;1 and 1;6 proteins. Plant tissue 

extracts, different antibody concentrations and incubation times, use of different alkaline 

phosphatase and peroxidase conjugated secondary antibodies, alterations in blocking 

solution concentration and time, alterations in type of blocking solution, and different 

initial protein loading were all tried, however no obvious improvements in HvPHT1;1 

and 1;6 protein detection resulted. Western blots could be used for plasma membrane 

localisation if it had worked. In the end we used CD3 vectors and ectopic expression of 

GFP tagged proteins in onion epidermal cells to prove plasma membrane localisation of 

both HvPHT1;1 and 1;6 proteins (Figure 1, Chapters 2 and 3). 

• Bath solution modification: In conducting the Oocyte expression experiments we first 

copied what was done in characterisation of animal Pi transporter. However, very little Pi 

transport induced currents were found under 100 mM external NaCl. After some trial and 

error we found that chloride was transported through HvPHT1;6 (Preuss et al., 2010) and 

sodium inhibited Pi transport through HvPHT1;1 (Figure 3a, Chapter 3), therefore the 

external NaCl content was reduced to 10 mM or less for transporter characterisation. 
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• Difficulties in cloning HvPHT1;3: at the time it was believed that oocyte expression of 

HvPHT1;3 would be useful to compare with HvPHT1;6, since these proteins are highly 

similar in sequence (but show different tissue expression profiles). However cloning 

proved quite difficult as the expression vector of Xenopus oocytes works better when 

confining to the start and stop codon of the inserted gene. These ends of the gene 

sequence were GC rich, and PCR was very difficult. In the end, 2-round PCR with ‘good’ 

genomic primers were performed to get PCR products sufficient for cloning. An 

additional problem occurred as transformation of E. coli cells allowed only clones 

containing the antisense orientation, even with screens of more than 100 single colonies. 

It was assumed that in the sense orientation HvPHT1;3 must be somehow expressed in 

the bacteria, and the high P concentration in LB Agar may lead to P toxicity and kill the 

cells. Development of a new media for bacterial growth with very low P resulted in the 

correct orientation being present in half of the colonies tested. However bacterial growth 

was reduced (as there was a very low concentration of P in the culture medium). 

Consequently, a very low amount of plasmid DNA could be isolated. After two 

Midipreps the amount plasmid DNA was just enough for the LR clonase reaction 

allowing insertion of HvPHT1;3 into pGEM-HE for oocyte expression. Preliminary 

experiments showed that HvPHT1;3 in oocytes was different to HvPHT1;6 in voltage 

activation. 
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Future Directions 
This valuable and exciting research has opened many avenues for future research and extension. 

• Further characterisation of HvPHT1;1 in oocytes. There are two main research areas 

remaining for future work. Firstly it has been proposed that PHT1;1 may act as a dimer or 

higher-order oligomer  (Catarecha et al., 2007), and therefore HvPHT1;1 may interact with 

the co-localised HvPHT1;2 protein for barley Pi uptake. This possibility could be 

investigated in Xenopus oocytes via co-injection experiments. Secondly, a further 

investigation of inhibition of sodium concentration on Pi uptake in Xenopus oocytes 

expressing HvPHT1;1. It would be useful to test Pi uptake over a range of external sodium 

concentrations. Also because the intact oocyte contains 10 ± 3 mM Na+ (Weber, 1999), it 

would be good to patch-clamp the oocyte membrane and see the effect of altering the 

internal sodium content on the Pi transport through HvPHT1;1. Removal of the stirated 

layers and the oocyte yolk allows transporter studies with greater precision and control (Hill 

et al., 2005), that may be required to demonstrate significance of the likely small Pi 

transport currents when sodium concentration is increased. These experiments should also 

be performed in the barley plant, to verify the effect of high sodium on plant P uptake, and 

test the theory that HvPHT1;1 is the dominant transporter in P uptake.  
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• Analysis of differences in wheat Pi transporters in relation to yield based PUE of wheat 

genotypes. This is really the next step with this project. It is uncertain whether variation in 

wheat Pi uptake transporters (having a sequence similarity with HvPHT1;1) could account 

for variation in PUE. Other root traits, such as root exudation and root architecture, could 

also be involved. Nevertheless, Pi transporters involved with timely remobilisation of P 

(having a sequence similarity with HvPHT1;6) to more productive tissues could be critical 

in certain genotypes. But one needs to make sure that wheat does not have plasmodesmatal 

phloem cell connections like barley (Evert et al., 1996), so that remobilisation Pi 

transporters are crucial. The low and insignificant correlation between genotypic ranking 

for P responsiveness based on early vigour and P responsiveness based on yield (0.14, P = 

0.56) suggest that either later P uptake by the wheat plants or transporter mediated 

remobilisation is essential in the yield based PUE of wheat. A difference in transporter 

mediated remobilisation could result from difference in the expression level, temporal 

expression pattern, or difference in functionality due to the transporter protein sequence. 

• Comparative characterisation of HvPHT1;6 and HvPHT1;3. These two proteins are 78 % 

identical, and preliminary results show that HvPHT1;3 does not require voltage activation, 

whereas HvPHT1;6 does (Preuss et al., 2010). These two proteins therefore provide good 

candidates for structure function analysis to find important amino acid residues for voltage 

activation and possibly for oxyanion selectivity and transport capacity as well.  

• Relating oocyte expression to the plant. An interesting experiment would be analysis of 

HvPHT1;6 knockout mutants or knockdown lines for differences in remobilisation of P, 

sulphate, and nitrate from senescing leaves. 
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• Application of VegMeasure 2 analysis of early vigour to mapping populations for QTLs 

associated with responsiveness to P in early vigour. Also the importance of early vigour in 

crop competitiveness with weeds, water use efficiency and ultimate yield; and the relative 

ease and inexpensiveness of early vigour capture suggest that this could easily be 

incorporated in breeding programs world-wide. Our study has identified the genotypes 

differing in early vigour as a result of P responsiveness, some of which are mapping 

parents, such as Krichauff and Berkut. Berkut is high in early vigour under low P but 

Krichauff is low in early under low P. Therefore, a DH population of Krichauff x Berkut 

could be used for finding QTLs associated with responsiveness to P application in early 

vigour.  

• Promotion of Gladius wheat and reduced fertiliser application. This will be very useful in 

marginal cereal cropping areas, where yields are low and inconsistent; therefore, there is a 

large risk of financial loss for producers. Reducing P fertiliser application (and cost) is 

essential for wheat production, as P fertilisers are the main production cost at seeding. 

Many of the other significant input costs can come about at later stages of plant growth, 

when a better idea of the predicted seasonal rainfall is gauged. Further varietal 

improvements could be made through analysis of the Gladius x Axe recombinant inbred 

lines and release of a line that incorporates both the excellent PUE (from Gladius) and the 

early maturity, ‘terminal drought escape’ mechanism from Axe. 
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