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a b s t r a c t

Phosphorus (P) is one of the major factors worldwide limiting crop growth. Enhancing P efficiency in
plants can be achieved through improving P acquisition, utilization, or both. Which of these approaches
is more critical for enhancing P efficiency in crops, particularly in intensive cropping systems? P avail-
ability is unevenly distributed through the soil profile. Most modern crop cultivars are selected through
conventional breeding approaches for better adaptation to stratified soil P by root architectural and mor-
phological traits that allow for more P acquisition from the P-rich soil surface zone. Conversely, most
crops have relatively efficient P uptake capacity but low P translocation and remobilization. Hence, phos-
phorus utilization efficiency (PUE) becomes a significant bottleneck for further improvements in crop
P efficiency. Furthermore, the modification of root systems requires additional carbon input, and thus
crops might sacrifice carbohydrates for higher yield to meet demand for P acquisition. With the support
from soybean transformation studies, we speculate that enhancement of PUE might become a potentially
powerful strategy for increasing P efficiency in modern crops grown in intensive cropping systems.

© 2010 Elsevier Ireland Ltd. All rights reserved.

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302
2. Research progress on P efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 303

3. Contribution of P acquisition and/or utilization to P efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
4. P acquisition and utilization in intensive cropping systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304

. . . . . .

. . . . . .
. . . . . .
5. Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Low phosphorus (P) availability is a principal constraint to crop
roduction worldwide. In most soils, soil and fertilizer P are eas-

ly bound by either soil organic matter or chemicals, and thus
re unavailable to plants unless hydrolyzed to release inorganic
hosphate (Pi) [1]. Therefore, the development of P-efficient crop
arieties that can grow and yield better with low P supply is a key

o improving crop production.

There are several definitions and calculation methods relevant
or the discussion of crop P efficiency. Here we define crop P effi-
iency as the ability to produce biomass or yield under certain

∗ Corresponding author. Tel.: +86 20 85283380, fax: +86 20 85281829.
E-mail address: hliao@scau.edu.cn (H. Liao).
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available P supply conditions [2–4]. Phosphorus efficiency can be
divided into P acquisition efficiency (PAE) and P utilization effi-
ciency (PUE). PAE refers to the ability of crops to take up P from
soils, and PUE is the ability to produce biomass or yield using the
acquired P. Enhancing P efficiency in plants can be achieved through
improving P acquisition and/or utilization [5–7]. However, the con-
tribution from PAE or PUE to crop P efficiency varies with crop
species and environmental conditions.

There are three purposes of this review. First, we provide a
brief overview of progress in studies on facilitating PAE and PUE.
Secondly, we discuss the contribution of PAE and/or PUE to P effi-
ciency under different conditions. Finally, we speculate on future
approaches to improving crop P efficiency in modern agriculture,

particularly in intensive cropping systems, which are based on high
inputs (capital, labor, fertilizers, pesticides, growth regulators, etc.)
to maintain high yield.

dx.doi.org/10.1016/j.plantsci.2010.06.007
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:hliao@scau.edu.cn
dx.doi.org/10.1016/j.plantsci.2010.06.007
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Fig. 1. Schematic representation of the possible mechanisms of P acquisition an

. Research progress on P efficiency

Various physiological and biochemical traits are involved in
nhancing crop P efficiency (Fig. 1). In P acquisition, the most
mportant traits are root morphological characteristics and archi-
ecture. P availability is unevenly distributed through the soil
rofile. Root architecture determines the extent of root explo-
ation throughout the soil profile. Root architectural parameters,
ranching angle of basal roots and number of lateral branching
er cm root, were positively related to P efficiency in common
ean [8]. Root shallowness also played a critical role in PAE in
oybean [9]. Genotypic variation in root hairs significantly affects

acquisition and grain yields of barley in low P soil [10,11].
n rice, a threefold increase in plant growth was attributed to

22% increase in root fineness under P deficiency [12]. This
emonstrated that large genotypic differences in P acquisition can
e caused by rather small changes in root growth-related traits
12].

The production of root exudates, such as organic anions [13] and
hosphatase enzymes, may also enhance P acquisition. Exudation
f organic acids into the rhizosphere has been proposed to increase
availability by mobilizing sparingly soluble mineral P and organic
sources, and thus increase plant PAE [14,15]. Overproducing cit-

ate in transgenic tobacco plants enhanced P uptake, and thus P
fficiency [16]. Over-expression of a plant gene for mitochondrial
itrate synthase (CS) in Arabidopsis thaliana enhanced citrate excre-
ion, and thus improved plant growth and P accumulation in low

acid soils [17]. Similarly, transgenic barley expressing the alu-
inium activated malate transporter gene from wheat (TaALMT1)

howed enhanced P nutrition and grain production when grown on
n acid soil [18]. However, some of the above findings failed to be
epeated for the same transgenic plants or for ones that expressed
he bacterial CS gene to a much higher level [19]. Over-expression
f phytase or acid phosphatase genes leads to significant increases
n exudation of phytase from roots, and therefore improves plant
AE [20–23]. However, over-expression of the extracellular phy-

ase may not ensure improved plant P nutrition unless the soils had
een amended with various combinations of phytate, phosphate
nd lime [21]. It can be seen that the roles of organic acid, phytase
nd phosphatase remain controversial due to a poor fundamental
nderstanding about their interactions with soils [21,24].
zation for better growth of modern crops grown in intensive cropping systems.

Given soluble P, high-affinity Pi transporters also play an impor-
tant role in P uptake. Analysis of knock-down rice plants revealed
that OsPT6, a high-affinity Pi transporter, plays an important
role in Pi uptake and translocation [25], which offers the poten-
tial to enhance the P nutrition of crops by the gene technology
approach.

In addition to plant adaptations, a large range of bacterial
and fungal species is able to solubilize and acquire various forms
of mineral P [26]. Among these microbial species, arbuscular
mycorrhizal (AM) fungi, which have a high-affinity P uptake
mechanism, are particularly important to enhance P uptake for
many agricultural plants under low P conditions [27]. However,
AM fungi in many agricultural systems play the nonbeneficial
or even parasitic roles due to the greater carbon cost of mycor-
rhizal roots [28]. Moreover, mycorrhizal responsiveness of modern
wheat cultivars was generally lower than that of older culti-
vars [29]. Our results showed that a complementary relationship
between root architecture and AM colonization existed in soy-
bean P efficiency (Wang et al. in press). Soybean genotype with
the shallow root architecture had higher P efficiency, but lower
AM colonization. Conversely, the genotype with the deep root
had higher AM colonization but lower P efficiency under low P
conditions (Wang et al. in press). Therefore, it seems to be a co-
evolutionary pattern among root architecture, AM colonization
and P efficiency in plants. AM colonization might negate P effi-
ciency adaptations in modern crops grown in intensive cropping
systems.

A higher PUE is mainly attributed to efficient re-translocation
and re-use of the stored P in plants. Translocation of absorbed P
from metabolically inactive sites to active sites in Brassica napus
plants growing under low P conditions increases PUE [30,31]. Acid
phosphatase contributes to the increased P utilization efficiency in
bean through P remobilization from old leaves [32]. Studies with
sorghum, tomato, wheat and soybean showed that P remobiliza-
tion was not only a matter of senescence but occurred even in
young non-mature tissues, indicating the recycling of a specific

P fraction in the plants [31]. Moreover, higher P re-translocation
rate from shoots to roots impels tolerant B. napus cultivars to
establish a better root system, thereby helps plant growth under
low P conditions and increases PUE [31]. Low-affinity Pi trans-
porters from the Pht2 family, along with a number of members
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f the Pht1 family, are involved in vascular loading and unload-
ng, and thus affect PUE [33,34]. A low-affinity rice Pi transporter,
sPht1;2, functions in translocation of stored Pi in plants [25].
nother very important factor is the Pi release from the vacuoles
nder P stress [31]. The Pi storage in vacuoles under P sufficient
onditions and the Pi release from vacuoles under P deficient
onditions help plants fulfill the demands for P and maintain Pi
omeostasis in plants. However, the transport mechanism for the
onoplast Pi transporters is still unclear [35]. In addition, studies
howed that some enzymes in photosynthetic plants, which use
i-independent or inorganic pyrophosphate (PPi) dependent gly-
olytic reactions, might facilitate a more efficient P utilization by
recycling, reduction of P consumption and utilization of alterna-

ive P pools under Pi starvation conditions [6,36,37]. Despite many
echanisms related to the increased PUE, there have been few suc-

essful examples of increased PUE by gene engineering approaches
ue to the complexity of interconnected biochemical pathways in
lants.

. Contribution of P acquisition and/or utilization to P
fficiency

As we describe above, both PAE and PUE can contribute
o improved crop P efficiency. From here the question arises
bout which is more critical. As more information is gath-
red, it appears that the relative importance of P acquisition
nd utilization efficiency significantly varies with soil P status
5,38].

When P supply is limited, P acquisition could be more impor-
ant than P utilization. For instance, P efficiency in spring wheat
as mostly determined by PAE under P deficient conditions in both

cidic and calcareous soils [5]. Higher importance of PAE has also
een reported in soybean and common bean in low P acidic soils
9,39]. P deficiency tolerance in rice was largely caused by geno-
ypic differences in P uptake, and PUE had negligible effect [35,40].
mproving P efficiency based on PAE in P-efficient genotypes has
een suggested as a potential approach for maintaining pigeon pea
nd rapeseed yield potentials in soils with low P bioavailability
41,42].

On the other hand, with adequate P supply, PUE could be con-
idered more important than PAE for crop P efficiency. PUE played
dominant role explaining variations in grain yield under high P

upply conditions in spring wheat, especially in calcareous soils
5]. Genotypic variation among different potato genotypes results
n differences in PUE but not PAE [43,44], at least in pot experi-

ents.
There are many physiological and biochemical processes related

o P acquisition and utilization efficiency, and most are associ-
ted with genotypic variation [6,45]. This suggests that P efficiency
echanisms could be mostly under genetic control, and thus dif-

er among crop species, as well as among genotypes within a given
pecies. In maize, high P efficiency was due to enhanced P acquisi-
ion rather than to an enhanced P utilization under low P condition
46]. Results from a set of genotype and environment studies also
ndicates that P efficiency in maize is mainly due to the function of P
cquisition rather than utilization efficiency in both high and low P
cidic soils [7]. In another wheat germplasm screening study, some
enotypes showed higher PAE as indicated by higher shoot P con-
ent and concentration in a P deficient calcareous soil. Conversely,
n the same study, the genotypes with similar shoot P concen-
ration or content showed significant differences in P efficiency,

ndicating higher PUE in these genotypes [47]. These results differ
rom the study cited above [5]. Therefore, systematic characteriza-
ion and identification of P efficiency in a given species should be
onducted in large germplasm resources to obtain reliable results.
47].
179 (2010) 302–306

4. P acquisition and utilization in intensive cropping
systems

Due to long-term agricultural practices, especially high P fer-
tilization and long-term organic residue accumulation, available P
content in the most cultivated soils with intensive cropping sys-
tems becomes higher and higher. Taking Ludhiana of India as an
example, available P in the soil increased from the initially low
status (8.0 kg ha−1) to very high (85.8 kg ha−1) due to continuous
application of P fertilizer during 22 years of crop rotation [48]. In
wheat-maize rotation systems in the North China Plain, the avail-
able soil P concentration has increased to 15–30 mg kg−1 at present
from 5–10 mg kg−1 in the 1980s due to increasing inputs of chem-
ical P fertilizer [49]. Therefore, a review concluded that modern
varieties have often been selected under high-nutrient input con-
ditions in order to obtain high yield [4]. Under this condition, some
genes related to efficient nutrient acquisition will be lost since all
nutrients are directly available to plants, and plant adaptive traits
to nutrient deficiency often result in the additional carbon cost [4].
Our results also showed that wild soybean genotypes had higher
infection rates with AM under low P conditions compared to mod-
ern high yielding varieties (Wang et al., in press). However, in our
opinion, most modern cultivars are selected through conventional
breeding approaches for better adaptation to stratified soil P distri-
butions, so as to acquire more P from the P-rich soil surface zone. For
example, there is a notable correlation between root architecture
and P efficiency in soybean. Modern cultivars have shallow root
architecture and higher PAE, while wild soybean genotypes have
deep root architecture and lower PAE, and the root architecture and
PAE of semi-wild soybean is intermediate between modern culti-
vars and wild soybean [9]. Hence, PAE has already been selected,
PUE then becomes a significant bottleneck for further improvement
of crop P efficiency in modern cultivars.

Furthermore, the modification of root systems usually requires
additional carbon input, and thus crops might have to sacrifice car-
bohydrates that could be used for higher yields to meet the demand
for P acquisition [50,51]. For example, in wheat, over 50% of the
carbohydrates were translocated to roots for root growth and main-
tenance and for the absorption of ions. Of them, anion uptake only
costs about 20% of the translocated carbohydrates [52]. However, in
rice, large genotypic differences in P uptake from a P deficient soil
can be attributed to 22% change in root growth-related parameters,
suggesting relatively small carbon costs in roots for P acquisition
[12]. Even though carbohydrate supply from leaves to roots was not
a limiting factor to lower plant biomass under P deficiency in rice,
the P-efficient rice genotypes preferentially re-translocated more P
to roots to stimulate root growth and P uptake [53]. A series of stud-
ies in India, Bangladesh, and Mexico found that in only 50% of cases
was root length density of wheat germplasm grown in intensive
cropping system significantly and positively correlated with grain
yield, and positive correlations decreased when fertilizer supply
was increased [50]. This also suggested that the benefits of large
root systems generally diminish with high fertilizer input, espe-
cially in intensive cropping systems. Likewise, larger root systems
do not necessarily lead to improved water use efficiency even in low
water soils, but rooting depth does [54]. Improved total root vol-
ume in the deeper soil (80–100 cm) was responsible for improved
water use efficiency [50].

Our genetic transformation studies also support the conclusion
that PUE is a bottleneck for P efficiency in modern soybean cul-
tivars. When a modern shallow and large rooted soybean cultivar

with high P efficiency was transformed to overexpress an Arabidop-
sis purple APase gene (AtPAP15) with phytase activity, different
lines differed in growth performance in a field site with moderate
P supply [23]. The transgenic line with enhanced secreted phytase
grew better than the wild type when phytate was the sole P source
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n sand culture, but lost this effect in the field. Conversely, a line
ith enhanced APase activity in shoots had higher P remobiliza-

ion ability and grew best in the field. This suggests that the modern
ultivar we used as a wild-type control is able to acquire sufficient
from the growth medium, but short to remobilize P. Therefore,
e speculate that enhancement of PUE might become a potentially
owerful strategy for increasing P efficiency in modern crops grown

n intensive cropping systems.

. Concluding remarks

Phosphorus efficient plants play a major role in increasing crop
ields due to shortage of inorganic P fertilizer resources, limited
and and water resources, and increasing environmental concerns.
esearch in the improvement of P efficiency often attributes more
o PAE under limited P supply, and to PUE under high P conditions.
herefore, the improvement of both P acquisition and P utilization
fficiency in the given species under different P supply condi-
ions in the different soil types seems to be the perfect breeding
pproach. However, current conventional breeding strategies are
ainly implemented through selection of biomass or yield under

igh fertility soils, such as super hybrid rice varieties, which require
ore P fertilizer than other rice strains to achieve an economically

ptimum yield. This is not only costly but also subject to environ-
ental influences. Therefore, PUE will be a significant bottleneck

or further improvements in crop P efficiency, which should be a
otentially powerful strategy for increasing P efficiency in modern
rops grown in intensive cropping systems.

With rapid advances in molecular techniques, more and more
TLs and/or genes are being identified for involvement in P acqui-

ition and internal utilization. The most of work has been done in
. thaliana, a model species. In rice, the P uptake 1(Pup1) locus is
he only known QTL for P uptake [55], and OsPTF1 is a transcription
actor that enhances P uptake of transgenic rice plants in P deficient
oil [56]. High-affinity Pi transporters also help plants acquire more
from the low P soils, and low-affinity Pi transporters are consti-

utively expressed and take part in Pi transport to different parts of
he plant in high P conditions. However, until now there have been
ew successful examples of improving PAE in plants using these
pecific QTLs and/or genes, and no reports for specific gene effects
n PUE because of complexities tied to mechanisms of P internal
tilization [4,6]. Nevertheless, these results open more possibilities
or bioengineering more P efficient cultivars and reducing use of P
ertilizer while increasing crop yields.

The challenges now are to achieve a greater understanding of the
echanisms and regulation of P acquisition and internal utilization

fficiency, and to develop closer collaboration between physiol-
gists and plant breeders to bring the achievements of the basic
tudies on P efficiency into plant breeding. Finally, carbon costs of P
fficiency needs to be taken into account in crop improvement pro-
rams to fully realize more economical and ecologically sustainable
griculture.
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J.P. Lynch, Quantitative trait loci for root architecture traits correlated with
phosphorus acquisition in common bean, Crop Sci. 46 (2006) 413–423.

40] M. Wissuwa, N. Ae, Genotypic variation for tolerance to phosphorus deficiency
in rice and the potential for its exploitation in rice improvement, Plant Breeding
120 (2001) 43–48.

41] K. Fujita, Y. Kai, M. Takayanagi, H. El-Shemy, J.J. Adu-Gyamfi, P.K. Mohapatr,
Genotypic variability of pigeonpea in distribution of photosynthetic carbon at
low phosphorus level, Plant Sci. 166 (2004) 641–649.

42] H. Zhang, Y. Huang, X. Ye, L. Shi, F. Xu, Genotypic differences in phosphorus
acquisition and the rhizosphere properties of Brassica napus in response to low
phosphorus stress, Plant Soil 320 (2009) 91–102.

43] T. Balemi, M.K. Schenk, Genotypic variation of potato for phosphorus efficiency

and quantification of phosphorus uptake with respect to root characteristics, J.
Plant Nutr. Soil Sci. 172 (2009) 669–677.

44] T. Balemi, M.K. Schenk, Genotypic difference of potato in carbon budgeting as
a mechanism of phosphorus utilization efficiency, Plant Soil 322 (2009) 91–99.

45] R.B. Clark, R.R. Duncan, Improvement of plant mineral nutrition through breed-
ing, Field Crops Res. 27 (1991) 219–240.

[

179 (2010) 302–306

46] I. Corrales, M. Amenós, C. Poschenrieder, J. Barceló, Phosphorus efficiency and
root exudates in two contrasting tropical maize varieties, J. Plant Nutr. 30
(2007) 887–900.

47] L. Ozturk, S. Eker, B. Torun, I. Cakmak, Variation in phosphorus efficiency among
73 bread and durum wheat genotypes grown in a phosphorus-deficient calcare-
ous soil, Plant Soil 269 (2005) 69–80.

48] D.K. Benbi, C.R. Biswas, Nutrient budgeting for phosphorus and potassium in a
long-term fertilizer trial, Nutr. Cycl. Agroecosys. 54 (1999) 125–132.

49] F.S. Zhang, Research and Application of an Integrated Nutrient Resource Man-
agement Technique to Harmonize High Crop Yield and Environment Protection,
China Agricultural University Press, Beijing, 2008, pp. 110–111.

50] G.G.B. Manske, P.L.G. Vlek, Root architecture-wheat as a model plant, in: Y.
Waisel, A. Eshel, U. Kafkafi (Eds.), Plant Roots: The Hidden Half, 3rd ed., Marcel
Dekker, New York, Basel, 2002, pp. 249–259.

51] J.P. Lynch, M.D. Ho, Rhizoeconomics: carbon costs of phosphorus acquisition,
Plant Soil 269 (2005) 45–56.

52] H. Lambers, O.W. Atkin, I. Scheurwater, Respiratory patterns in roots in relation
to their function, in: Y. Waisel, A. Eshel, U. Kafkafi (Eds.), Plant Roots: The Hidden
Half, 2nd ed., Marcel Dekker, New York, 1996, pp. 323–362.

53] M. Wissuwa, G. Gamat, A.M. Ismail, Is root growth under phosphorus
deficiency affected by source or sink limitations? J. Exp. Bot. 56 (2005)
1943–1950.

54] A. Hodge, G. Berta, C. Doussan, F. Merchan, M. Crespi, Plant root growth, archi-
tecture and function, Plant Soil 321 (2009) 153–187.
Theor. Appl. Genet. 105 (2002) 890–897.
56] K. Yi, Z. Wu, J. Zhou, L. Du, L. Guo, Y. Wu, P. Wu, OsPTF1, a novel transcription

factor involved in tolerance to phosphate starvation in rice, Plant Physiol. 138
(2005) 2087–2096.


	Acquisition or utilization, which is more critical for enhancing phosphorus efficiency in modern crops?
	Introduction
	Research progress on P efficiency
	Contribution of P acquisition and/or utilization to P efficiency
	P acquisition and utilization in intensive cropping systems
	Concluding remarks
	Acknowledgements
	References


