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Abstract. Many soils have intrinsically low concentrations of available phosphorus (P), which is amajor limitation to crop
and pasture growth. Regular applications of P have underpinned agricultural productivity internationally, and fertiliser use
now constitutes one of the largest variable input costs to farming. Globally, high-quality reserves of P are being depleted and
price increases are likely in the future. In addition, the effects of P pollution on water quality are attracting legislative
regulation. Hence, there is a need to improve P-use efficiency (PUE) in farming systems.

Progress in improvingPUEhas been limited for several reasons, including: inconsistent definitions of PUE, inappropriate
phenotyping, incomplete understanding of the controls of P uptake, lack of field validation, and little consideration of
genotype� environment interactions that affect the expression of PUE. With greater consideration of these limitations, the
powerful array of molecular and genomic tools currently available promises considerable advances in developing more
P-efficient crops. Stronger interaction between molecular science and the traditional disciplines of plant breeding, crop
physiology, soil science, and agronomywill allownewopportunities to studygenetic differences inPUE,bringingP-efficient
crops closer to reality.
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Introduction

Phosphorus (P) is an essential nutrient for plant growth and
development. Due to the diverse functional and structural roles
of P in plants, P-use efficiency (PUE) is a complex trait to dissect.
In many soils, P deficiency is a major limitation to crop
production. Although the total amount of P in soils can be
high, plant-available P is often low. It is for this reason that
regular applications of fertiliser P are applied to crops. However,
only 10–20% of P is used in the year in which it is applied
(McLaughlin et al. 1988), although Syers et al. (2008) argue that,
when assessed over longer time-frames, use of residual P fertiliser
is much higher. In crops to which P fertiliser has been applied,
only a small proportion of the P taken up comes from the fertiliser
in the year of application, and the majority comes from uptake of
native soil P.

Phosphorus-use efficiency has become topical in recent times
for several reasons. There were large price increases in 2007–08,
andhighprices are likely to continue in the future.Coincidentally,
the concept of ‘peak P’ has gained some attention in the media,
which has drawn attention to the environmental, economic, and
social problems thatmight arise due to limited P reserves (Cordell
et al. 2009; Lott et al. 2009). Unlike nitrogen (N), the amount of
P available for use in agriculture is finite. Steen (1998) estimated
that the depletion of current economically exploitable reserves
would occur sometime in the next 60–130 years. Lower quality

reserves will be mined when it becomes economical to do so, but
the extra extraction and processing costs will result in an
increase in the cost of P fertiliser in the future.

Improvements in the efficiency of P nutrition of crops will
come from a variety of potential sources, including changes in
fertiliser technology, improvements in exploiting soil biology,
and better fertiliser management practices, as well as genetic
improvement. The widespread realisation that improvements
in P nutrition are crucial to the future need to raise global
agricultural production has resulted in several recent reviews
that have explored these different opportunities (Hinsinger 2001;
McNeill and Penfold 2009; Richardson et al. 2009; Ryan et al.
2009; McLaughlin et al. 2011; Simpson et al. 2011). Overall
improvement in PUE will ultimately come from integrating a
range of different approaches to develop a more efficient farming
system. However, one component of this will be varieties that are
better able to take up and use soil P, and this aspect will be the
focus of the current review.

Economics of phosphorus

Phosphorus fertiliser use in Australia

Australian soils are, by world standards, low in plant-available P,
and this has been attributed to several factors including the small
amount of P in parent rock and the slow rate of weathering
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(McLaughlin et al. 1992). Consequently, crop production in
Australia relies on regular applications of P fertiliser to
achieve profitable levels of production. On average ~390 000
tonnes of P per annum, supplied from domestic and imported
sources, was used in Australia between 2002 and 2009 (FIFA
2003–2010; Fig. 1). The compound fertilisers, mono-ammonium
phosphate (MAP) and di-ammonium phosphate (DAP), have
been preferred over single and triple super phosphate.
Recently, use of fertiliser P has declined in response to both
the large price increases in fertiliser that spiked in 2007–08 and
extended drought. The use of novel forms of P, particularly fluid
P, increased in 2009, possibly as a response to the reported
benefits of fluid P compared with granular P in some farming
systems (Holloway et al. 2001; McBeath et al. 2005).

Compared with global consumption of fertiliser, Australian
agriculture uses relatively large amounts of P fertiliser, and the
P : N ratio is higher (Fig. 2a, b), which probably reflects the
generally low P status of Australia’s agricultural land. However,
unlike N fertiliser use, total consumption of P fertiliser in
Australia has not shown a consistent change over the past
50 years, although there was a gradual increase in consumption
in the 1990s and early 2000s. The variations in consumption
since 1960 have reflected the costs of fertiliser and the
profitability of agricultural production (Fig. 2c). For example,
the recent decline in N and P use was associated with the large
increase in the price of fertiliser and extended drought.

Phosphorus application rates

Phosphorus application rates per crop vary and depend on a range
of factors including target yield, paddock fertiliser history and soil
test results, soil type, and farmfinancial constraints.Management
ofP in cropping systemsgenerally goes through several phases. In
themajority ofAustralian soilswhere the levels of native soil P are
low, soil P reserves are built up to levels that will not limit crop
yields. Once this has been achieved, P rates can be reduced to
levels that replace the amount of P removed in harvested grain or
biomass (replacement levels).

The average rate of P application in the wheat–sheep zone is
~11 kg P/ha, with 21 kgN/ha (ABARE 2010; Table 1). With the
exception of Queensland, the average rate of P fertiliser used
throughout the wheat–sheep zone does not vary greatly despite
the large variation in rainfall and soils. The variability of P rates
in the application fertiliser is less than the variability of N rates
used. This perhaps suggests a relatively conservative approach to
P fertiliser use among Australian grain farmers.

Grain P concentration differs among the various grains.
Oilseeds have a higher percentage of P in seed than do pulses
and cereals (Table 2) and require the highest replacement P levels
per tonne of grain harvested. For example, at the paddock level,
26.7 and 14.8 kg P/ha would be exported from cottonseed and
soybeans, respectively. Although the oilseeds have the highest
concentration of P in harvested product and require higher
replacement levels to maintain soil P levels, annual production
is a fraction of that of the major cereals, and therefore, most P that
is exported from Australian farms is in wheat and barley grain.
Improving the PUE of the major winter cereals, and especially
wheat, will therefore have the greatest impact on P removal in
Australia.

Fertiliser as a percentage of farm costs

From 2001–02 to 2008–09, fertiliser costs represented an
average of 10.6% of total farm input costs (excluding wages,
interest paid, other overheads, and depreciation), with an average
annual cost of AU$2.14 billon nationally (Fig. 3). Over this time
period, the fertiliser input cost ranged from 8.7% in 2005–06
(total value of $1.66 billion) to 13.4% in 2008–09 ($3.17 billion).
From 2001–02 to 2007–08, P represented an average of 46.5%
of the fertiliser consumed in Australia (N represented 42.8%
and potassium (K) 10.8%), when calculated on an elemental
basis.

Phosphorus requirements of different crops

Improving the PUE of broadleaf crops has two potential
advantages: it will allow P fertiliser to be used more efficiently
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on the individual crop, and itmay also benefit the Pnutrition of the
following crop as there is evidence that cereal crops can benefit
from increased levels of residual soil P following some grain
legumes (Nuruzzaman et al. 2005a, 2005b). The ability to use soil
P and responses to P fertiliser can vary among different crop
species, although the extent of the difference is influenced by soil
type (Bolland et al. 1999; Brennan and Bolland 2001; Bolland
and Brennan 2008; Vu et al. 2010).

Canola (Brassica napus L.) generally shows large responses
to P. In Western Australia, pot and field studies showed that the
response to P in canola is greater than that of wheat (Triticum
aestivum L.) and that it required up to 50% less P than wheat to
reach 90% of maximum yield (Bolland et al. 1999; Brennan and
Bolland 2001; Bolland and Brennan 2008). Canola also took up
more P than wheat at a given amount a P fertiliser, suggesting
that canola roots have a greater ability to utilise soil P, at least in
the soils used in those studies. Vu et al. (2010) also found
canola seedlings to be very responsive to P in a range of soils
from Victoria. In northern New South Wales, canola often
shows greater responses to P than wheat, and P nutrition is
considered more critical in canola than in wheat (Serafin et al.
2005). The greater responsiveness of canola to P means that the
general fertiliser recommendation is for similar or higher rates
of P to be applied to canola compared with wheat despite it
yielding less than wheat (Mullen and Gammie 2002; Duff et al.
2006).

Grain legumes show a range in responsiveness to P. White
lupin (Lupinus albus L.) and chickpea (Cicer arietinum L.) have
been reported to be less responsive to P fertiliser than wheat,
which has been attributed to their ability to alter the pH of the
rhizosphere (Bolland et al. 1999). Studies have shown that
compared with wheat, chickpea, field pea (Pisum sativum L.),
and lupin (Lupinus spp.) have the ability to acidify the rhizosphere
by releasing organic acids, which has been associated with
relatively better growth at low available P (Pearse et al. 2006).
Faba bean (Vicia faba L.) has shown a variable response to P but
it has been considered the grain legume that is most responsive
to P when grown on neutral–acid soils of Western Australia
(Bolland et al. 1999). Using three different soil types found in
Victoria (Chromosol, Vertisol, and Calcarosol), Vu et al. (2010)
also found that chickpea was more effective in using native
soil P than wheat and canola but that wheat was quite efficient
in using freshly applied P fertiliser. The various results of
controlled environment and field studies suggest that faba
bean and field pea are the most P-responsive legumes, while
chickpea and white lupin are less responsive. These differences
are consistent with the reported differences in seed P (Table 2).
There is little local information on responses in lentil (Lens
culinaris Medik.).

What is PUE?

Progress on genetic improvement in PUE is hampered because
there is no generally agreed way of defining PUE. Numerous
criteria for PUE are found in the literature (Table 3). To cloud
the problem further, different terms are often used even though
they are calculated in the same way. For example, Jones et al.
(1989) and Ozturk et al. (2005) report on varietal differences in
P efficiency ratio (as a criterion for determining PUE). Jones
et al. (1989) calculate the ratio as grain yield per unit P uptake,
whereas Ozturk et al. (2005) calculate the ratio as relative shoot
growth. Manske et al. (2002) report varietal differences in P
utilisation efficiency, using the same calculation that Jones et al.
(1989) use for determining the P efficiency ratio. There are other
discrepancies in the terminology (see Table 3), and future work
on PUE would benefit from more consistent use of terminology
and definitions.

0

20

40

60

80

100

120

2010

F
er

til
is

er
 c

on
su

m
pt

io
n 

(1
06  

kg
 N

, P
, K

)
F

er
til

is
er

 c
on

su
m

pt
io

n 
(1

03  
kg

 N
, P

, K
)

N

P

K

0

200

400

600

800

1000

1200

N

P

K

0

100

200

300

400

500

600

700

800

Year

SSP

DAP

Urea

(a)

(b)

1960 1970 1980 1990 2000

20101960 1970 1980 1990 2000

1970 1980 1990 20102000

(c)

F
er

til
is

er
 p

ric
e 

(c
/k

g 
nu

tr
ie

nt
)

Fig. 2. Trends in (a) world and (b) Australian fertiliser consumption, and (c)
price of fertiliser paid by Australian farmers. Consumption and prices (AU
cent) are based on kg of nitrogen (N), phosphorus (P), and potassium (K);
prices for P are shown for single superphosphate (SSP) and di-ammonium
phosphate (DAP), and the price for N as urea. Source: FAOStat (http://faostat.
fao.org, accessed August 2011) and ABARE (2010).
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An assessment of three different approaches

Ortiz-Monasterio et al. (2001) suggested that the definition and
components of N-use efficiency (NUE) reported by Moll et al.
(1982) should be adopted in studies of PUE;Manske et al. (2001)
used this when classifying P-efficient wheat varieties. In this
approach, PUE,which is defined as grain yield per unit of nutrient
supplied (GY/Ns), is the product of uptake efficiency (Nt/Ns)
and utilisation efficiency (GY/Nt) (Eqn 1):

GY=Ns ¼ Nt=Ns � GY=Nt ð1Þ

where GY is grain yield, Ns is nutrient supplied, and Nt is total
above-ground plant nutrient. A problemwith using this definition
of PUE to select for genotypes that are more efficient is that Ns
will be the same across all genotypes, and hence genotypes with
the highest PUE will be the highest yielding genotypes; i.e. one
would simply be selecting for yield potential. If this definition
were applied to a collection of land races as well as modern
genotypes screened in the field, the land races (that may well be
adapted to lowPsoils)wouldbe classed asP-inefficient compared
with modern genotypes, due to their lower yield potential.

Clearly, yield potential confounds assessment of efficiency
when this definition is used.

Agronomic PUE refers to the increase in yield of a variety
following the addition of P fertiliser. Assessed as the difference
in yield between fertilised and unfertilised treatments, divided
by the difference in nutrient supplied in each of the treatments
(Hammond et al. 2009), agronomic PUE is a measurement of the
level of responsiveness to P. Thus, a variety with high agronomic
efficiency will be one that has a high yield increase in response to
increased P application. A variety with a high agronomic
efficiency may result in higher yields at the levels of P
currently recommended and may also show a large yield
response with further additions of P. The question is whether
this is the most appropriate variety if the goal of improving PUE
is to reduce inputs of P fertiliser.

Graham (1984) defines the nutrient efficiency of a genotype as
the ability to produce a high yield in soil that is limiting in that
element for a standard genotype. This is essentially the same as
the definition proposed by Moll et al. (1982), but importantly, it
differs in that the relative yield of a genotype in limiting
compared with non-limiting nutrient conditions is used to
determine nutrient-use efficiency. The approach of Graham
(1984) when screening for improved nutrient efficiency in the
field has been to evaluate relative yield in paired plots (Eqn 2):

Relative yield ¼ ðGY� =GYþÞ � 100 ð2Þ
where GY– is yield of plots without nutrient, and GY+ is yield
of plots with supplied nutrient. An efficient genotype is one that
possesses a high relative yield.

Table 4 shows that the use of the various definitions can result
in very different selection outcomes. The raw yield data come
directly from the study of Moll et al. (1982) on NUE in maize
(Zea mays L.), but are equally applicable to PUE. Using theMoll
et al. (1982) definition (NUE=GY/Ns), hybrid 7 is the most
efficient at low nutrient supply, whereas hybrid 6 is the most

Table 1. Rate of phosphorus (P) and nitrogen (N) fertiliser applications
for farms in the wheat–sheep zone for the period 1990–2002

Values are the average per farm. Source ABARE: http://apps.daff.gov.au/
AGSURF/

State Rate of P Rate of N
(kg/ha)

Queensland 4.8 32.7
NSW 12.9 24.3
Victoria 13.1 10.8
South Australia 13.4 15.2
Western Australia 11.5 20.2

Table 2. Average phosphorus (P) concentration (seed P, %) in harvested product from cereal, oilseed, and pulse cropping
Baseduponaverageyields, the amount ofP that is removed from these croppingsystemscanbe estimated. In addition, thevolumeofP that is exportedoverseas can
be determined (total P exported). SeedP (%) valueswere taken fromLott et al. (2000); average yields, area, and export volume (expressed as percentageof the total
produced)were calculated fromABARE(2009) for theperiods2001–09 forwheat andbarley, and2002–09 for oilseeds andpulses, except for soybean (2002–08).

n.a., Not available

Common name Taxonomic name Seed P
(%)

Average
yield (t/ha)

P present in
grain (kg/ha)

Average area
(’000 ha)

Total P
(t)

Average export
volume (%)

Total P
exported (t)

Cereals
Wheat Triticum aestivum 0.37 1.53 5.56 12 392 68 899 68.5 47 198
Barley Hordeum vulgare 0.38 1.56 5.93 4 205 24 933 62.3 15 539
Sorghum Sorghum bicolor 0.23 2.78 6.39 734 4 690 19.8 928

Oilseeds
Canola Brassica napus 1.01 1.04 10.50 1 256 13 190 57.6 7 603
Cottonseed Gossypium sp. 1.00 2.67 26.70 207 5 528 26.1 1 445
Soybeans Glycine max 0.68 2.18 14.82 20 301 10.4 31
Sunflower seed Helianthus annuus 0.82 1.24 10.17 46 464 4.4 21

Pulses
Chickpea Cicer arietinum 0.33 1.03 3.40 205 696 104.6 729
Faba/broad bean Vicia faba 0.69 1.1 7.59 155 1 178 n.a.
Field pea Pisum sativum 0.46 0.9 4.14 353 1 460 49.9 728
Lentil Lens culinaris 0.38 0.9 3.42 125 428 n.a.
Narrow leaf lupin Lupinus angustifolius 0.32 1.08 3.46 789 2730 35.1 958
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efficient at high nutrient supply. Hybrids 7 or 6 were classed as
the most varieties with greatest NUE because they were the
highest yielding hybrids at each of the two fertiliser levels.
Hybrid 2 has the highest agronomic efficiency. Hybrid 7 has
the highest relative yield and the lowest agronomic efficiency,
and it would be the variety of choice when aiming to reduce
nutrient inputs. Clearly, the definition used has a strong impact
on selection outcomes.

An economic perspective on PUE

The farm business is driven by profit, and so rather than focusing
on the biological optimum P rate, the economic optimum P rate
should also be considered (Fig. 4). In its simplest terms, the
economic optimum fertiliser rate is when the marginal profit is
zero, that is, the increase in return from adding fertiliser matches
the additional cost of the fertiliser (Fig. 4a). The economic
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Table 3. Some common terms used to assess phosphorus-use efficiency (PUE)

Term Description References

Agronomic PUE Yield increase per unit P applied Hammond et al. 2009
P use efficiency (I) Grain yield per nutrient supplied Manske et al. 2001
P use efficiency (II) Shoot biomass per unit P uptake Wissuwa et al. 1998
P uptake efficiency (I) Total above ground nutrient per unit P applied Osborne and Rengel 2002a
P uptake efficiency (II) Total P accumulated per unit root weight or length Liao et al. 2008
P acquisition efficiency Total P in the plant per unit P applied Osborne and Rengel 2002a
P utilisation efficiency Grain yield per unit P uptake Manske et al. 2002
Shoot P utilisation efficiency (I) Shoot biomass per unit P uptake Su et al. 2006
Shoot P utilisation efficiency (II) Shoot biomass per unit P uptake (shoots and roots minus seed P reserve) Osborne and Rengel 2002a
Biomass utilisation efficiency Biomass yield per unit P uptake Su et al. 2009
P harvest index Grain P concentration per total P uptake Batten 1992
P efficiency ratio (I) Grain yield per unit P uptake Jones et al. 1989
P efficiency ratio (II) Shoot growth at low P relative to shoot growth at high P Ozturk et al. 2005
Relative grain yield Grain yield at low P relative to grain yield at high P Graham 1984
Root efficiency ratio P uptake in tops per unit root dry weight Jones et al. 1992

Table 4. Nitrogen-use efficiency (NUE) of a range of maize genotypes
when classified by different definitions

GY_Low, grain yield at lowN (2.47 gN/plant); GY_High, grain yield at high
N (9.89 g N/plant); NUE_Low, NUE at low N; NUE_High, NUE at high N;
Ag. eff., agronomic efficiency; RY, relative yield. Themost efficient hybrid is

highlighted in bold for each definition

Hybrid GY_Low GY_High NUE_Low NUE_High Ag. eff. RY
(g/plant)

1 223 243 90.3 24.6 2.7 91.8
2 218 275 88.3 27.8 7.7 79.3
3 185 217 74.9 21.9 4.3 85.3
4 270 310 109.3 31.3 5.4 87.1
5 180 195 72.9 19.7 2.0 92.3
6 264 319 106.9 32.3 7.4 82.8
7 297 276 120.2 27.9 –2.8 107.6
8 254 257 102.8 26.0 0.4 98.8
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optimum P rate will be lower than the biological optimum rate.
Unless there are changes in the responsiveness of varieties to P,
the predicted increases in the price of fertiliser will result in
the economic optimum P rate becoming progressively lower
(Fig. 4b), which will eventually lead to lower yields as the
economic optimum falls well below the biological optimum
yield. There are several responses possible to the increased
cost of fertiliser: (i) increase the responsiveness of a variety so
that yield is not reduced at the lower level of P, and (ii) increase

the ability to exploit native soil P (i.e. the yield at 0 kg P/ha;
Fig. 4c). In the former case we are changing the agronomic
efficiency, and in the latter the relative yield or the genetic
PUE. Improving yield at 0 kg P/ha could result from plants
accessing P from more pools, though over time, P removed by
crops would need to be replaced. Improvements may also be
achieved by increasing the yield potential of varieties without
selecting directly for PUE-related traits (Fig. 4c). This simple
analysis illustrates that there may not be a single ‘best’ way of
increasing P efficiency of varieties and that several approaches
need to be integrated.

Defining the goal

In the face of increasing costs of P fertiliser inputs, genetic
improvements in P efficiency can occur by developing
varieties that either allow farmers to reduce fertiliser input
costs without compromising yields, or by maintaining current
rates of fertiliser but achieving equivalent or higher yields. The
former case is indicated by relatively high yields at low or zero
rates of fertiliser P, which may be achieved by increasing yield
potential generally (in effect passively increasing P efficiency)
or by selecting for a greater capacity to exploit native soil
P. Achieving equivalent or higher yields with current rates of
P will be achieved by an ability to respond to applications of
P fertiliser. Again, this may occur passively by improving overall
yield potential or by enhancing the ability of a variety to take up
and use fertiliser P.

Plant breeders aim to produce high-yielding varieties that
have broad adaptation, and genetic improvements in PUE
should also show an ability to improve P efficiency across a
range of conditions. The majority of grain farms in Australia
have reasonable levels of soil P, and it is likely that farmers will
aim to maintain this level of fertility into the future. Selecting
for P uptake under severely P-limited conditions is perhaps
unrealistic for these farms unless it can be demonstrated that
traits that are suited to severely P-deficient soils would also be
useful at higher levels of fertility. There are also situations
where available soil P is low enough to limit productivity even
with regular additions of P fertiliser. These include calcareous
and acidic soils in which applied P is tightly bound in chemical
forms that restrict its availability to plants. In this case, selecting
for P uptake under low available soil P would be appropriate.
A problem with much of the past work is that there has been no
systematic evaluation of the usefulness of putative traits for
PUE at different levels of P availability; much of the screening
work has used severely P-deficient soil. Therefore, it is unclear
whether characteristics that contribute to enhanced growth
and P uptake under severe P stress will be useful at the lower
levels of P stress likely to be encountered in Australian grain
production. Examining genotypes across several sites and
seasons where the level of P stress varies can provide some
insight into this issue.

Ideally, a variety should show a high yield under low P aswell
as an ability to respond to P when P rates are increased or if there
are high levels of soil P. Therefore, rather than a single criterion
for PUE, it may be better to characterise genotypes for their
relative response to P (i.e. Graham’s nutrient-use efficiency) as
well as the yield of the genotype at low P. Using these two
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Fig. 4. (a) Derivation of the economic optimum rate of phosphorus (P). The
economic optimum P rate is the fertiliser rate that gives the maximum profit
(indicated by the arrows). (b) As the cost of fertiliser changes, the economic
optimum rate varies (dashed lines). As the fertiliser cost increases from C1 to
C2, the economic optimum rate declines. (c) The responsiveness of a variety
can change in response to changes in the economic optimum; without
changing maximum yield it can show a greater response to P (red line),
have a greater ability to utilise native soil P (blue line), or show a higher yield
potentialwhichwill also enhance agronomicefficiency (green line). Profitable
reductions in fertiliser can occur in the first two cases, and in the third case,
profit will increase by achieving a greater yield without a marked shift in the
economic rate.
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measures allows the yield potential of the variety and its
responsiveness to be considered simultaneously.

Phosphorus uptake, utilisation, and signalling

Mechanisms of P uptake

The complexity of P nutrition of plants arises because the
availability and uptake of P depends on the interaction
between soil, plant, and microbial processes. The relative
importance of different processes and the effectiveness of
different plant characteristics are likely to vary according to
soil type, cropping history, and climate and weather.
Therefore, targeting one specific mechanism to improve P
uptake by plants may provide limited success under
commercial conditions. This is not to say that gains cannot be
made, as there have been reported improvements in PUE in
several crops in China (Yan et al. 2006).

Root system architecture

Tomaximise P acquisition in low P conditions, plants change
root growth and development by promoting the formation of a
shallow, highly branched root system through a reduction of
primary root growth, and an increase in adventitious roots and
lateral root density, as well as the development of more and
longer root hairs. Architectural root traits associated with
enhanced topsoil foraging include shallower growth angles of
axial roots, a greater number of adventitious axial roots, and
greater dispersion of lateral roots (Péret et al. 2009). Functional
characterisation of the Pup1 quantitative trait locus (QTL) in rice
(Oryza sativa L.) has led to the identification of a protein kinase
gene (PSTOL1) which increases adventitious root development
under low P conditions, conferring P-deficiency tolerance
(Gamuyao et al. 2012). Several genes controlling lateral root
development have been identified in Arabidopsis (Péret et al.
2009) and rice (Coudert et al. 2010). At least six root QTLs have
been identified in maize, and are good candidates for further
evaluation (Hund et al. 2011). Genetic variation in root hair
length, and loci controlling barley (Hordeum vulgare L.) root
hair formation, have also been identified (Gahoonia and Nielsen
1997; Szarejko et al. 2005).

Symbiosis with arbuscular mycorrhizal fungi

Arbuscular mycorrhizal (AM) associations are another
avenue by which most plants can increase uptake of P. This
symbiotic relationship between plant and fungus increases the
ability of the plant to access P (as well as other nutrients such as
zinc and copper; Marschener 1998), while in return the fungus
receives carbohydrates from the host plant. In AM associations,
two pathways for plant P uptake exist: the direct pathway
(P uptake by roots) and the AM fungal pathway (Smith and
Smith 2011). By using the AM pathway, the soil volume from
which P can be accessed is increased. In addition, there is some
evidence that the fungal hyphae can access pools of P that are
unavailable to plant roots (Jayachandran et al. 1992; Koide and
Kabir 2000). Genetic variation for AM associations has been
demonstrated inwheat, barley, andother plant species (Baon et al.
1993; Zhu et al. 2001; Jakobsen et al. 2005; An et al. 2010). This
offers the potential to select for AM responsiveness. Given that
the AM pathway can be responsible for the majority of P that is

taken up by plants, the ability to select for responsiveness
warrants further investigation. However, the positive effect of
mycorrhizal colonisation decreases as soil P levels increase.
Further work would benefit from assessment of colonisation at
P levels that are representative of agricultural soils, as results
from some field studies suggest that high colonisation by AM is
unimportant for crop productivity (Ryan et al. 2002; Ryan and
Angus 2003). Nonetheless, understanding the physiological and
genetic controls of the AM–plant interaction may enable root
infection to occur even at high soil P concentrations, which may
enhance P uptake over a wider range of soil P concentrations
than occurs currently.

Exudates for mobilisation and scavenging inorganic
P (Pi) from soil

One of the ways in which plants respond to low supplies in
soil P is to release several root exudates that increase the
availability of inorganic and organic forms of P into the
rhizosphere (Rengel and Marschner 2005; George and
Richardson 2008). The exudates include several organic acid
anions, protons that increase availability of the sparingly soluble
forms of P, and enzymes such as phosphatases that increase the
P availability from organic P.

Several plant species, including some legumes and rapeseed/
canola, can increase the exudation of organic acid anions
(carboxylates) in response to low available P (Pearse et al.
2006; Kirkby and Johnston 2008) or aluminium toxicity
(Ligaba et al. 2004). The carboxylates include citrate, malate,
malonate, and oxalate. The anions chelate the metal ions that
bindwith P and displace the P from the soilmatrix (Ca, Fe, andAl
complexes). Several P-efficient wheat varieties from China, for
example, were able to excrete more citric and malic acid than
P-inefficient varieties (Yan et al. 2006).

While there are examples of species, such as white lupin, that
have the capacity to release large quantities of carboxylates,
there is still some debate as to whether the rates of exudation
of the organic anions are large enough to substantially increase
P uptake, and there is uncertainty as to the level of improvement
that could be achieved (George and Richardson 2008; Kirkby
and Johnston 2008). Overexpression of genes that are involved
in organic anion synthesis in roots is a possible means of
increasing the concentrations of exudates in the rhizosphere.
The bacterial citrate synthase gene has been examined in
tobacco (de la Fuente et al. 1997; Delhaize et al. 2001) with
inconsistent results, and even with overexpression of the gene,
there is still concern that the current levels of exudation are
insufficient to substantially increase P uptake (George and
Richardson 2008). Moreover, there is relatively little
information on the level of genetic variation in exudate release
among varieties of the major grain crops. A further complicating
factor is that the organic anions provide a substrate for microbial
growth and so there may only be transitory increases in their
concentrations in the rhizosphere. In addition, the complex
relationships between root exudates, soil microbes, and
nematodes are not well understood (Bais et al. 2006).

Plants can also exploit organic P in the rhizosphere.
Extracellular phosphatases can be released by plant roots in
response to P starvation. Although there is genetic variation in
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phosphatase release in wheat, there is little association with
growth and P nutrition when tested over a range of soil types
(Rengel and Marschner 2005; George and Richardson 2008).
The complexity of the rhizosphere environment may be a
contributor to this lack of a clear link between phosphatase
release and P uptake. Kirkby and Johnston (2008) point out
that we still do not understand the interactions between the
enzymes released into the rhizosphere and the rhizosphere
microorganisms involved in the turnover of organic P.

The other form of organic P in soils is phytate (myo-inositol
hexaphosphate), which is broken down by phytase. Plant roots
release little phytase and its release depends on microbial
activity. However, genetic variation in the use of phytate as
the source of P has been demonstrated in wheat (Osborne and
Rengel 2002b). Overexpression of microbial phytase genes in
transgenic plants has shown improvements in growth and P
uptake under controlled conditions, but these effects are not
observed when tested in a range of soils (George and
Richardson 2008). The variability in the importance of phytate
as a source of organic P in soils, interactions with soil
microorganisms, and the complex soil chemical environment
may be important factors limiting the effect.

High-affinity Pi transporters and mycorrhizal-specific
Pi transporters

The PHT1 gene family is the primary group of Pi transporters
for Pi influx from soil solution to root cells. There are four closely
related barley PHT1 genes (HvPHT1;1, HvPHT1;2, HvPHT1;9,
and HvPHT1;10) identified so far in the barley genome, and
closely related wheat homologues have also been identified
(Huang et al. 2011). These four barley PHT1 paralogues are
induced by P deficiency, and are similar in expression patterns in
the root tip and elongation zone (Preuss et al. 2011; C. Y. Huang,
N. Shirley, P. Langridge, unpubl. data). HvPHT1;1 is localised in
the plasma membrane and is a high-affinity Pi transporter with a
Km value of 1.9mM (Preuss et al. 2011).

The establishment of symbiosis with AM fungi is a common
adaptive P-starvation response, in which plants increase P
acquisition assisted by the symbiotic fungi (Smith and Smith
2011). Mycorrhizal-specific Pi transporters (expressed in cells
containing arbuscules) have been identified in several species.
One mycorrhizal-specific barley Pi transporter (HvPHT1;8) and
a homologue of wheat (TaPHT1;8) have been reported so far
(Glassop et al. 2005), and two additional mycorrhizal-specific
barley Pi transporters have also been identified recently
(C. Y. Huang and E. J. Grace, unpubl. data). The functional
roles of the two new mycorrhizal-specific barley Pi transporters
in P acquisition remain to be revealed. Two mycorrhizal-specific
Pi transporters have been identified in rice (Yang et al. 2012)
and one in barrel medic (Medicago truncatula Gaertn.) (Javot
et al. 2007). There is little information available for PHT1 or
mycorrhizal-specific Pi transporters in canola.

Loading of Pi to the xylem

Transport of Pi from the root cortex into the xylem is crucial
for Pi uptake. PHO1 plays a significant role in root-to-shoot
translocation of Pi (Poirier et al. 1991). Recent studies show
that PHO1 mediates Pi efflux from the cell and reduced Pi

concentration in the vacuole (Rouached et al. 2011; Stefanovic
et al. 2011). Export of Pi mediated by ectopic expression of
PHO1 in plant cells is associated with Golgi and trans-Golgi
networks (Arpat et al. 2012). The corresponding protein
contains six potential trans-membrane spanning domains and a
long N-terminal hydrophilic domain. PHO1 shows no homology
to characterised solute transporters, including the family of plant
PHT1H+/Pi co-transporters, but contains two domains, named
SPX and EXS, that have been identified in some Saccharomyces
cerevisiae proteins that are involved in Pi transport or sensing,
and in protein sorting to endomembranes (Secco et al. 2012).

Utilisation of P

Metabolic adaptation to P-deficient conditions

Under P starvation, plants increase P recycling from
intracellular organic P compounds by increasing activities of
acid phosphatases, purple acid phosphatases, and RNase, and by
scavenging Pi by replacing membrane phospholipids with
galacto- and sulfo-lipids. Plants also use metabolic bypasses
in glycolysis, increased accumulation of starch deposition, and
anthocyanins in shoots (Wasaki et al. 2003; Plaxton and Tran
2011).

Low-affinity transporters and organelle Pi transporters

Remobilisation of Pi within a plant is critical for sustaining
growth and seed production under external Pi fluctuation. Some
of the PHT1 transporters such as HvPHT1;6 showed a linear
transport activity over a concentration range of 5–30mM,
suggestive of a low-affinity Pi transporter (Preuss et al. 2010).
HvPHT1;6 is highly expressed in old leaves, and its transcript
is abundant in phloem tissue (Rae et al. 2003). The expression of
HvPHT1;6 in both shoots and roots is upregulated byP deficiency
(Huang et al. 2008; Huang et al. 2011). These data suggest that
HvPHT1;6 plays a major role in Pi remobilisation.

Functional AtPHT1;5 showed Pi-deficiency-induced
expression, specifically in the phloem cells of older leaves
and other sink tissues in Arabidopsis (Mudge et al. 2002).
Loss-of-function mutants of AtPHT1;5 and transgenic lines
overexpressing this gene in Arabidopsis were developed to
demonstrate its role in Pi mobilisation between source and
sink under different Pi conditions (Nagarajan et al. 2011).
Little is known about the roles of PHT1 genes in P loading
into grains in cereals such as wheat and barley. Grains contain
~50% or more of the P taken up by the plant, and understanding
control of P loading into grain is important for future work on
PUE. Characterisation of Pi-transporter genes responsible for
P remobilisation from source tissues and loading into grains will
be important in future studies.

The PHT2 family genes in Arabidopsis and potato have been
functionally characterised (Daram et al. 1999; Rausch and
Bucher 2002). For example, AtPHT2;1 is an H+/Pi symporter,
and has a high apparent Km for Pi (0.4mM), suggesting that the
members of the PHT2 family are low-affinity Pi transporters
(Daram et al. 1999). PHT2 gene expression is localised in
plastids (Versaw and Harrison 2002; Rausch et al. 2004).
PHT3 family genes are mitochondrial Pi transporters (Rausch
and Bucher 2002). PHT4 family proteins are localised in either
the plastid envelope or the Golgi apparatus (Guo et al. 2008),
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indicating that PHT2, PHT3, and PHT4 are involved in Pi flux
in the organelles. There have been no reports on functional roles
of these three gene families of cereals in PUE.

There were other gene families involved in the transport of
small metabolites containing P such as theGlycerol-3-phosphate
permease (G3Pp) family (Ramaiah et al. 2011). TheG3Pp genes
are not only involved in Pi homeostasis, but also alter root
development (Ramaiah et al. 2011).

Micro RNAs (miRNAs) and targets

ThemiRNAs function as riboregulators formany downstream
genes involved in P starvation responses (PSR) and also act as
signal-transmitting molecules for systemic adaptive responses
(Kuo and Chiou 2011). The MiR399 plays an important role in
maintaining Pi homeostasis at the level of Pi acquisition,
distribution, and remobilisation. Upon P deficiency, miR399
acts as a positive regulator to promote Pi uptake and root-to-
shoot translocation of Pi (Kuo and Chiou 2011). The target gene
of miR399 encodes a ubiquitin-conjugating E2 enzyme, PHO2/
UBC24, which functions mainly in the roots to regulate Pi
acquisition and root-to-shoot Pi translocation (Aung et al.
2006). The Arabidopsis pho2 mutant overaccumulates
phosphate in shoots (Delhaize and Randall 1995). Not only
does miR399 function as a riboregulator that regulates many
downstream genes involved in PSR but also as a signal-
transmitting molecule that coordinates systemic adaptive
responses in roots. MiR399 is present in the phloem sap and
transmitted to roots as a systemic signal for regulation of root
responses to P deficiency. Overexpression of miR399 in
Arabidopsis and rice leads to an excessive increase in P
accumulation in the shoots when P is available (Aung et al.
2006; Hu et al. 2011).

Another miRNA, miR827, is also upregulated in shoots and
roots by P starvation (Lin et al. 2010). One AtmiR827 target is
the gene encoding a ubiquitin E3 ligase, which consists of an
N-terminal SPX domain and a C-terminal RING domain ligase
(Hsieh et al. 2009; Pant et al. 2009). This E3 ligase mutant
displays an early senescence phenotype of nitrogen limitation
adaptation (nla), and increases Pi uptake and Pi content,
especially under low-nitrate and high-phosphate availability,
relative to wild-type plants (Kant et al. 2011). It would be of
interest to reveal the underlying mechanism of the antagonistic
crosstalk between nitrogen and phosphate homeostasis via
miR827.

It is noteworthy that overexpression of miR827 has been
shown to increase drought tolerance in maize (Patent: US
2009/0165168), but the underlying mechanism for the
improvement of drought tolerance by overexpression of
miR827 has not been reported. Although miR827 has been
identified in barley (Schreiber et al. 2011) little is known
about the involvement of miR827 in P nutrition and drought
tolerance in wheat and barley. Overexpression of OsmiR827
did not show any increase in Pi accumulation in rice (Lin et al.
2010).

Phosphorus starvation can also lead to downregulation of
miRNAs such as miR169, miR395, and miR398 by. These
miRNAs are also responsive to other nutrients and abiotic
stresses such as N, copper, sulfur, and drought, suggesting

stress that signal transduction pathways interconnect with each
other (Kuo and Chiou 2011). Elucidation of their specific role
in P-metabolism requires further work.

In addition, non-coding RNAs, such as IPS genes contain a
conserved motif, which could form an RNA duplex with
miR399. They can regulate miR399 cleavage activity (Franco-
Zorrilla et al. 2007). Two HvIPS genes show a different binding
affinity to HvmiR399 members, and correlate with expression
levels of low-affinityHvPHT1genes (Huang et al. 2011).Genetic
variation in the expression of low-affinity Pi transporters has
been found to be positively correlated with the expression of the
HvIPS genes (Huang et al. 2011). Further studies are required
on the relationship between the expression of low-affinity Pi
transporters/IPS genes and Pi remobilisation.

Uptake v. utilisation

There is debate about the relative importance of P acquisition
comparedwith P utilisation in improving PUE (Wang et al. 2010;
Rose and Wissuwa 2012). This is perhaps surprising given that
the contribution of each of these processes to PUE will depend
upon soil type and P availability. It seems reasonable to expect
that on a soil with low levels of plant-available P, acquisition of
P is likely to be more important, but in a soil with high P
availability where P acquisition is not limited, P utilisation is
likely to dominate PUE. Experimental evidence for these
observations has been provided by Manske et al.(2001) in
wheat; in a calcareous soil at high P, utilisation of P was more
important, whereas in an acid soil with high P-fixing ability,
P acquisition was more important in both low- and high-P
treatments.

Biomass production plays a large part in the calculation of
both P acquisition and P utilisation. From screening a diverse
Brassica spp. germplasm set, Hammond et al. (2009) suggested
that there was a greater influence of shoot dry matter production
on measures of PUE, in contrast to more efficient accumulation
or internal use of P within the plant. Further, studies have shown
that P acquisition and utilisation are negatively correlated
(Wissuwa et al. 1998; Su et al. 2009), with those authors
suggesting that improvement of a genotype for both P
acquisition and utilisation will be difficult to achieve. Rose
et al. (2011) provide further evidence for this phenomenon in
rice, concluding that P acquisition and P utilisation are
unavoidably linked in traditional soil- and field-based
screening. Using a hydroponic-based method, Rose et al.
(2011) reported that the linkage between P acquisition
efficiency and P utilisation can be broken. It remains to be
seen if this new approach will be of practical use given the
reported poor relationship between hydroponic P experiments
and pot- and field-based assays (Hayes et al. 2004).

Phosphorus signalling

There are several components involved in the global regulation
of PSR. Transcription factors play a central role in regulation,
whereas miRNAs act at the post-transcriptional level. Proteins
involved in protein ubiquitination also play an important role in
Pi signalling at the post-translational level. For example, PHO2
is an E2 conjugase, which is the target of miR399 as described
above, whereas AtNLA encodes an E3 ligase (Kant et al. 2011).
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Many transcription factors have been identified, in which MYB
transcription factors, such as AtPHR1 and OsPHR2, are primary
regulators in PSR. The orthologues of AtPHR1 have not yet been
reported for other crops. These MYB transcription factors
regulate genes involved in the root system, Pi uptake and P
remobilisation, and P mobilisation in soil (Rubio et al. 2001).
Sugar signalling is an important regulatory pathway in plant
growth and development as well as in metabolic activities
(Rolland et al. 2006). Sugar signalling is also involved in plant
responses to Pi starvation (Hammond and White 2008). Sucrose
acts at the molecular level to influence multiple P starvation
responses. Lei et al. (2011) provide genetic and genomic
evidence to show that sucrose is a global regulator of plant
responses to Pi starvation. In addition, plant hormones play an
important role in PSR (Chiou and Lin 2011). The network that
consists of these regulatory components and downstream genes
coordinates sophisticated responses to Pi starvation.

Genetics of PUE

Relatively few studies have identified QTLs for PUE in the crop
species that are the target of this review (Table 5). Generally, the
process has been to measure traits of interest (e.g. biomass
production and shoot P concentration) and report upon QTLs
that are detected for these traits under both limiting and non-
limiting P conditions. Phosphorus uptake or utilisation efficiency
is then calculated from these component traits, and those QTLs
reported. Given the central role of biomass and yield in most
definitions of PUE, it is not surprising that the QTLs for biomass
and yield often collocate with QTLs for P uptake and/or P
utilisation efficiency.

For example, in wheat (Su et al. 2006, 2009), Brassica sp.
(Hammond et al. 2009;Yang et al. 2010, 2011), soybean (Glycine
max (L.) Merr.) (Zhang et al. 2009), and rice (Wissuwa et al.
1998), QTLs for P uptake efficiency co-located with QTLs for
biomass production. This is because the correlation between
biomass production and shoot P uptake is often extremely high
(up to r= 0.96 in rice; Wissuwa et al. 1998), and shows that
biomass production drives calculation of P uptake. Many studies
show that QTLs detected for P uptake are co-located with QTLs
for P-utilisation efficiency, although alleles at theQTL that lead to
increased P uptake reduce P utilisation (Wissuwa et al. 1998; Su
et al. 2006, 2009; Zhang et al. 2009). The authors suggest that it
will be therefore be difficult to improve both traits
simultaneously. It is not clear if this negative correlation is an
artefact of the definitions that are used for P uptake and P-
utilisation efficiency. If a genotype possesses high P-uptake
efficiency (driven by biomass production), then P-utilisation
efficiency (calculated as biomass production per unit P uptake)
will be low. This further highlights the problem with commonly
used definitions of PUE (see previous section: What is PUE?).

However, few authors have attempted to overcome this issue
by assessing relative yield, and detecting QTLs for relative yield.
Yang et al. (2010), in a study assessing the relationship between
QTLs for root traits and P uptake in Brassica napus, found that
QTLs for P uptake and biomass production were linked. In a later
report on the same population, Yang et al. (2011) change their
definition of PUE to relative yield and state that ‘these QTLwere
demonstrated to represent the true QTL for P efficiency’ (Yang

et al. 2011). Unfortunately, differences and similarities in the
location of the QTL between the two approaches cannot be
assessed due to the format in which the maps have been
provided in the papers (Yang et al. 2010, 2011). It would be
worthwhile for previous studies, with data already available, to
repeat the QTL analysis based upon relative yield, and compare
the results with those previously published. In China, several
P-efficient wheat varieties were identified by extensive screening
of germplasm at high and low soil-P; the sole criterion for
efficiency was relative yield, irrespective of the yield potential
of the variety (Davies et al. 2002).

There have been several attempts to link QTLs for root
development/architectural traits with QTLs for P uptake or
utilisation efficiency (Liao et al. 2004; Beebe et al. 2006;
Ochoa et al. 2006; Cichy et al. 2009; Hammond et al. 2009;
Zhang et al. 2009; Liang et al. 2010; Yang et al. 2010, 2011).
Common bean (Phaseolus vulgaris L.) has been the most widely
studied species in this respect. In a population developed from a
cross between Andean and Mesoamerican parents, Beebe et al.
(2006) and Liao et al. (2004) analysed the same field dataset;
Beebe et al. (2006) compared field and hydroponic results,
whereas Liao et al. (2004) compared field and growth pouch
results. Liao et al. (2004) found that three of the QTLs that
contributed to P-acquisition efficiency (Pup4.1, Pup7.1, and
Pup11.1) in the field were ‘closely linked’ (although the
distance between QTLs appears to be ~30–40 cM in some
cases) to some of the QTLs that were identified for root
gravitropism in growth pouches, and concluded that root
gravitropism contributes to P efficiency. Beebe et al. (2006)
only reported two (Pup4.1 and Pup10.1) of the six QTLs for
P-acquisition efficiency in the field found by Liao et al. (2004),
using the same dataset. Nonetheless, some of the QTLs for root
architectural traits identified in the field and in hydroponics were
associated with P acquisition QTLs (Beebe et al. 2006). Ochoa
et al. (2006) examined adventitious root formation in a related
population (G2333/GI19839), but the QTLs for adventitious root
formation were not located in the same region as the QTLs for P-
acquisition efficiency as reported in Beebe et al. (2006) and Liao
et al. (2004). Cichy et al. (2009) also could not find any
relationship between root traits and P uptake in an Andean/
Andean bean population. These reports show the contrasting
results for the relationship between root architecture and PUE.

In some studies, developmental genes have been shown to be
involved with PUE, although the reasons for this are unclear. In
wheat, Su et al. (2006) identified a range of QTLs associated with
P-deficiency tolerance, with three main clusters located on
chromosomes 4B, 5A, and 5D. Interestingly, the 5A and 5D
QTLswere associatedwith themajor vernalisation genes,Vrn-A1
and Vrn-D1. In a later study on a different wheat population, the
effect of Vrn-A1 and Vrn-D1 were not detected, but it is unclear
whether this population was segregating at these loci (Su et al.
2006); it would be useful to genotype the Vrn alleles of these
parents. In barley, George et al. (2011) attempted to identify
QTLs for shoot P concentration in an association mapping panel
of 120 barley genotypes comprising 56 winter and 64 spring
types. No common QTLs could be detected between winter and
spring types. However, the associations only just exceeded the
threshold for detection, and George et al. (2011) attribute this to
the relatively small population sizes that were used for the study
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and/or limited genetic variation. QTLs for PUE in common bean
were linkedwith the fin gene, which regulates determinism in this
species (Cichy et al. 2009). Whether or not these developmental
associations are a result of the effect of P deficiency on
development, or play a central role in PUE, deserves more
attention.

There are not enough studies of different populations within a
species to make a strong case for the likely effectiveness of any
particular QTLs that have been detected. A further issue arises
from the population sizes that are used inmany studies. The effect
of population size on the accuracy of QTL mapping is well
known; in small populations, only QTLs with large effect are
likely to be identified, and their effect can be over-inflated
(Tanksley 1993). The small population sizes that are generally
used probably arise from difficulty in phenotyping for PUE; the
need to screen at both limiting and non-limiting conditions
doubles the amount of phenotyping needed.

A review of the studies presented in Table 5 suggests clear
directions that should be taken for future QTL mapping studies.
A larger number of mapping studies within species will
provide greater certainty of the value of QTL regions detected,
and common QTLs could then be targeted for map-based
cloning and potential transgenic approaches to improve
PUE. Problems associated with definition of PUE need to be
overcome—a comparison of results obtained using different
definitions will help. Ideally, screening for PUE should be
conducted on a range of different soil types and environments.
Finally, the phenomenon of linkage of developmental genes
with PUE should be investigated further, to determine whether
certain combinations, particularly in wheat, can lead to improved
PUE.

Transgenic approaches for improving PUE

Molecular engineering on a key component in the regulatory
network of PSR represents a useful approach for molecular
breeding of plants towards more efficient Pi uptake and use.
This has been shown in Arabidopsis and rice using
overexpression, gene knockdown, or knockout. Artificial
target mimics of miRNAs can also be used for functional
studies on PSR and this has potential to contribute to
molecular breeding. Table 6 provides an overview of genes
that have been assessed using transgenic approaches.
Overexpression of OsPSTOL1 enhances P uptake in P-
deficient soil (Gamuyao et al. 2012). The high P uptake by
overexpression of OsPSTOL1 has also been validated in two
different genetic background of rice (Gamuyao et al. 2012).
Overexpressing AVP1 genes can enhance P uptake in different
plant species and environments (Yang et al. 2007).

Transgenic rice lines overexpressing OsPHT1;8 increase
the maximum influx by 3–5 fold, indicating that the transgenic
approach can enhance Pi uptake from soil in this crop (Jia et al.
2011). By contrast, the overexpression of HvPHT1;1 in barley
did not lead to an increase in Pi uptake (Rae et al. 2004).
Overexpression of AtPHO1 leads to a 2–3-fold increase in
shoot Pi content and a severe reduction in shoot growth
(Stefanovic et al. 2011). The overexpression of AtPHO1 also
largely increases Pi concentration in leaf xylem exudates as a
result of a rapid reduction of the vacuolar Pi pool (Stefanovic

et al. 2011). Overexpression of miR399 leads to a reduction in
remobilisation of Pi in Arabidopsis (Aung et al. 2006) and in
rice (Hu et al. 2011). The overexpression approach has also
been used to modify secretion of acid phosphatase and
protons in the roots of tomato, which facilitated the hydrolysis
of soil organic P and dissolution of Pi (Gao et al. 2010).

Knockdown or knockout approaches have also been used
for alteration of Pi homeostasis in plants. Knockdown of
OsPHT1;8 reduces Pi uptake and translocation (Jia et al.
2011). Knockout of Osphf1 (Pi starvation-induced
transcription factor 1) reduces Pi uptake and translocation
from roots to shoots in rice, as well as arsenate (Wu et al.
2011). The knockout mutant of ltn1, an orthologue of
AtPHO2, shows several typical Pi-starvation responses, such
as stimulation of phosphatase and RNase activities, lipid
composition alteration, and nitrogen assimilation repression
(Hu et al. 2011). The elongation of primary and adventitious
roots is also enhanced in the ltn1 mutant, suggesting that the
modification of LTN1 expression may be able to enhance
morphological, physiological, and biochemical responses to Pi
starvation.

Transgene expression driven by a cell-specific promoter
instead of a constitutive promoter will be preferred in some
cases. Phosphatases that release phosphorus from organic
compounds would be more useful if produced by shallow
roots than by deep roots, since soil organic matter typically
decreases with depth (Lynch 2011). By contrast, carboxylates
capable of releasing phosphorus from Fe and Al oxides may be
more useful when released into deeper soil horizons where
these forms of phosphorus predominate (Lynch 2011).

Challenges to genetic improvement of PUE

There are several challenges to improving PUE, whether based
upon conventional genetic approaches, or on GM approaches.
These are summarised as follows:

(1) Incomplete understanding of controls of P uptake: The
growth and P uptake of a crop relies on a complex
interaction between the plant, the chemical and physical
characteristics of the soil, and the biological properties of
the rhizosphere. While there have been significant advances
in our understanding of specific components of this system
and of their genetic basis, time and again the comment is
made in reviews of P nutrition that our understanding of
the operation of the system is incomplete. There are many
examples of traits that result in substantial improvements
in P nutrition under controlled conditions which fail to
show similar advantages in field soil. This is one of the
compelling reasons for rigorous testing in soils that are
representative of commercial practice.

(2) Appropriate phenotyping: Much of the reported work comes
from glasshouse or hydroponic studies. This is out of
convenience, as well as necessity in the case of genetic
modification (GM) studies. Few studies have compared
results from controlled-environment experiments with
responses in field trials. Soil properties will influence the
form and the availability of P, but our understanding of
the importance of specific mechanisms of PUE in
different soils is poor. High-throughput screening
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methods are desirable, but if they cannot be demonstrated to
correlate with results obtained from commercial growing
situations, then their application may be limited.

(3) Limited long-term genotype field trials: Grain yields of
rainfed crops show large environmental variation, which
reflects differences in seasonal conditions. Variation in
soil moisture and effects of companion stresses such as
high Al and Fe as well as low pH are likely to influence P
uptake and expression of PUE, but considerations such as
these have not been adequately addressed as there are no
long-term assessments of genetic diversity for PUE under
commercial conditions. Identifying genotypes that show
consistent PUE over a range of environments is key to
identifying traits to select for improved PUE that will be
commercially useful over large areas.

(4) Limited population-based studies: A review of the studies
presented in Table 5 suggests that there are limited numbers
of population-based mapping studies. A larger number of
mapping studies within species will provide greater certainty
of the value of QTL regions detected, and common QTLs
could then be targeted for map-based cloning and potential
transgenic approaches to improve PUE.

(5) Effect of developmental genes: A common response to P
deficiency in crops is a delay in maturity. Studies in
wheat and common bean have identified QTLs that are
linked to developmental genes (Su et al. 2006; Cichy
et al. 2009). Selection for PUE based upon relative
development (i.e. development at limiting compared
with non-limiting soil P) may provide a cost-effective
means of screening for improved PUE, but the nature
of the association between development and PUE needs
to be examined further.

(6) GM approaches: GM shows the potential to improve P
uptake in acid soils (Delhaize et al. 2009). Increased P
uptake has also been demonstrated by overexpression of
AVP1 (Yang et al. 2007). Several other genes have been
identified recently in Arabidopsis and rice (see Table 6)
that also show promise for improvement of PUE in
controlled environments. As discussed above, PUE is a
complex trait in which the interactions between the plant
and soil interface play a crucial role. Therefore, the
potential benefits of GM approaches for improving PUE
need to be verified under field conditions. The incomplete
understanding of controls of P uptake (see point 1) is a
bottleneck for both conventional and GM approaches.
Compared with conventional approaches, there are
additional hurdles such as consumer and export-market
sentiment, regulatory control, and the costs of
deregistration for GM approaches. Therefore, benefits for
growers from GM approaches are not likely to be realised
in the short term. However, GM approaches should be seen
as necessary to provide functional validation of any genes
identified from approaches such as QTL analysis.

Directions

Improvements in PUE in crop plants can contribute to the overall
P efficiency of the cropping system. This may come from more
effective and efficient use of fertiliser P or it may allow the more

effective use of less-soluble forms of P such as rock phosphate or
organic forms of P. In both cases, this may help to extend the life
of current P reserves or allow cost savings to farmers. While the
complexity of the system has been highlighted, the directions
that follow will relate to plant-based traits. It is acknowledged
that there are potential gains to be made in better understanding
the microbiological properties of the rhizosphere and the
interactions between soil microbes and plant roots. The
complex soil reactions of P also mean that there would be
benefits from closer collaboration between soil and plant
scientists.

Based on the current state of knowledge of the P nutrition of
crops, most of the proposed genetic solutions to improved P
nutrition represent potential opportunities rather than achievable
objectives. The complexity of P nutrition and the strong
environmental influence on soil P availability and P uptake
mean improvements will most likely be achieved from
multiple traits being combined rather than relying on one or
two traits as ‘best bets’.

The winter cereals, and especially wheat, are the most
intensively studied crops. Much less work has been done in
examining genetic opportunities in pulses and oilseed crops,
although interspecific variation in PUE among these is well
documented. The directions recommended this review are
based upon need and likely achievement in short (5 years),
medium (5–10 years), and longer (>10 years) time-frames
(Table 7), focusing on improving PUE in wheat and barley.

Characterising G� P� E

Although there is strong evidence of genetic diversity for PUE
and component traits in a range of species, much of this comes
from controlled environment experiments with plants grown in
soils that are severely P-deficient. Evidence obtained under
commercial field conditions is limited, and where obtained,
results from the same varieties under both field and glasshouse
conditions are often contrasting. Screening of wheat and
barley varieties under field conditions (Bovill et al. 2011a,
2011b) has shown that the genotype� P� environment
(G� P�E) interaction is large. A better understanding of
these interactions is required, and this will only be achieved
by obtaining data from a large number of site–season
combinations. Therefore, multi-environment trial networks
should be established to better understand G�P�E
interactions.

Table 7. Time frame to improve PUE in winter cereals

Timeframe Trait

Short (5years) Characterising G�P�E
Identifying marker-trait associations and
candidate genes

Screening exotic germplasm
Medium (5–10 years) Wide crosses with exotic germplasm

Synthetic hexaploids
Root exudates
AM associations
Characterising value of P-responsive genes

Long-term (>10 years) Genetic modification for increased P uptake
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Identifying marker-trait associations and candidate genes

QTL mapping

The QTL mapping of populations developed from biparental
crosses offers a means to detect marker trait associations.
Currently available populations are ideal, as the costs
associated with population development are nil; however,
further consideration of population structure in relation to
segregation for developmental loci such as Ppd (photoperiod
responsiveness), Vrn (vernalisation requirement), and Rht
(reduced height) is required, as their effect on PUE may
confound results.

Association mapping

The recent application of array-based methods for single
nucleotide polymorphism (SNP) genotyping in wheat varieties
(Akhunov 2011) is a valuable resource for genetic improvement in
PUE in this crop. Phenotyping a large association mapping panel
under field conditions may help to overcome some problems
associated with more traditional biparental QTL mapping. In
addition, the possibility exists for combining the association
mapping approach with a candidate gene approach to identify
genes that could be targeted for transgenic manipulation. The
advantage of this approach is that the identified genes would
have clear impact for breeding, as they would have been shown
to be important under commercial growing conditions. Both the
association and QTL mapping approaches should be focussed
upon, as they are essential steps in improving the efficiency of
selecting for improved PUE by breeding companies.

Screening exotic germplasm

Seed banks of landraces and wild relatives of wheat and barley,
as well as material of promise identified internationally (for
example, the Chinese germplasm mentioned previously),
should be screened to assess for improved PUE. Notably, this
approach has been successful in identifying superior salinity
tolerance. Broad collections (such as the Watkins collection of
wheat landraces from diverse geographical origins) or a more
focussed approach (for example, by selecting germplasm
adapted to regions with soils with high P-fixing capability)
could be used. Ideally, screening would be conducted under
field conditions, but the number of lines that are likely to be
assessed in the field may limit the effectiveness of this approach.
An alternative would be to screen a broad germplasm set under
controlled-environment conditions in the first instance, and then
advance the most promising lines to field assessment.

Wide crosses with exotic germplasm

Once PUE in landraces and wild relatives and other exotic
germplasm has been assessed, wide crosses with promising
lines should be instigated. Selection under field conditions will
be essential for achieving the goal of improved PUE, and this is
acknowledged by the longer time-frame that will be required to
achieve this outcome.

Synthetic hexaploids

The value of synthetic hexaploids to PUEhas not been examined.
Some synthetic hexaploids have more vigorous root systems,

which may improve uptake of P. The PUE of T. tauschii has not
been systematically characterised but could be part of a program
of screening exotic germplasm.Aprogramof synthetic hexaploid
development is being conducted in ICARDA and collaboration
with this program to improve PUE should be encouraged.

Root exudates

Root exudation is a common strategy to improve P accessibility
and uptake in a range of species. However, the suggested
benefits of modifying root exudation are yet to be
demonstrated under field conditions. Work of this nature is
currently being conducted in wheat, using both traditional and
transgenic approaches. Further research on genes such asALMT1
and AVP1 should be supported.

AM associations

Few studies have assessed genotypic variation in AM
responsiveness. Using P isotopes, recent data show that the
contribution of AM to P uptake is significant even when
biomass responses are small or not seen at all. Given that
AM plants may be able to access forms of P unavailable for
non-AM plants, exploitation of AM associations may provide
significant improvements to PUE. However, one of the
questions to be addressed is the contribution of mycorrhizae
to P uptake in soils with P levels that are representative
of current farming systems. Further research examining
mycorrhizal responsiveness is warranted. Also a better
understanding of the genetic controls of AM infection and P
uptake and nutrition of the host plant is required to allow the
synergistic relationship to be manipulated.

Characterising value of P-responsive genes

Recently, there has been rapid progress in the understanding of
plant response to P starvation and the Pi signalling involved.
The progress in Arabidopsis and rice is much more advanced
than in winter cereals such as barley and wheat. However, the
high conservation of the Pi signalling pathway in dicots and
monocots suggests that the knowledge generated from model
plant species such as rice and Arabidopsis is applicable to
wheat, barley, and canola. We know relatively little about the
genes involved in the Pi signalling pathway available in wheat
and barley. Identification and characterisation of these key
regulatory components will be the starting point to move
forward in the improvement of PUE in winter cereals.

Genetic manipulation of key genes involved in the Pi
signalling pathway could be used for enhanced P
mobilisation in the rhizosphere via secretion of higher levels
of metabolites, and enzymes such as phosphatases for
degradation of organic P in soil, Pi acquisition, and P
remobilisation (see Table 6). Genetic manipulation could also
be used to alter root system architecture for higher PUE. Root
system architecture is fundamental in the improvement of P
efficiency because Pi diffuses slowly in soils. Root proliferation
allows exploration of new soil patches containing Pi and
delivers exudates to the rhizosphere with potential for
increasing P mobility. An optimised root system becomes
an integrated part of genetic manipulation in PUE. Genetic
manipulation of OsPSTOL1 and AVP1 has provided an
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excellent example in optimising the root system for the
improvement of tolerance to P deficiency (Yang et al. 2007;
Gamuyao et al. 2012).

Signalling of Pi starvation is highly integrated with other
signalling networks; changes in the Pi signalling pathway
become part of dynamic responses to different stresses.
Consequently, the genetic manipulation in the key genes
involved in Pi signalling could have a pleiotropic effect.
Precise manipulation may be necessary and could be achieved
through cell-specific and stress-inducible expression. There is
little information on genetic variation in the Pi signalling
pathway, which could be explored using conventional breeding.

Genetic modification for increased P uptake

Genetic modification technologies promise major benefits for
improvement of many traits. However, gene targets for
improving PUE with GM approaches are not well defined due
to our poor understanding of the physiological properties of
PUE traits. Many factors could influence PUE via complex
interactions among different processes. Whether the potential
target traits could be improved, it is essential to verify the GM
lines in both glasshouse and field conditions. The GM approach
could be a relatively long-term strategy dependent on how much
influence the target gene has on the phenotype. Themanipulation
of a complex trait such as PUE by any approach requires a
consistent and long-term investment.

Concluding remarks

An adequate and balanced supply of essential nutrients is a
cornerstone of improvements in crop productivity. Improved
PUE will become increasingly important in the future as
farmers strive to achieve higher levels of productivity and
maintain profitable enterprises in the face of increasing
fertiliser prices. In regions where crops are chronically
malnourished, increases in soil P fertility through soil
improvement and fertiliser use will underpin increases in
productivity, while in areas where P has been applied in
excess of the crop requirements, better use of the soil P bank
and a more sustainable use of fertiliser P will be needed. In both
cases, breeding for improved PUE can play an important role in
increasing productivity.

There is considerable variability in how crop species and
varieties exploit soil P and respond to fertiliser. The
improvements in yield potential that have been achieved by
breeding have resulted in a passive improvement in PUE, but
there are few examples of commercial varieties being developed
for their high PUE. The complexity of the soil and plant
processes that influence the P status of crops, and incomplete
understanding of the genetic control of PUE and its underlying
physiological and molecular basis as well as a consistent
conceptual understanding of PUE, have limited progress.

The rapid development of an array of molecular and
genomic techniques provides an opportunity to overcome
many of the hurdles that have hindered progress so far. Plant
scientists are at the cusp of making considerable advances in
understanding PUE and developing varieties that are more P-
efficient. However, an important aspect of the use and
implementation of this approach is that material needs to be

tested under realistic field conditions. Marshalling new methods
and technologies with the traditional disciplines of plant
breeding, crop physiology, soil science, and agronomy
provides expanded opportunities to study genetic differences
in PUE and to link genotype to phenotype.
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