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Abstract
This paper reviews genetic variation in root properties (root morphology, including

root hairs), mycorrhizal symbiosis, uptake kinetics parameters and root-induced changes
(pH, organic acids and acid phosphatase) in the rhizosphere of various crop species and
their genotypes and then discusses the opportunities and challenges of using such
knowledge for enhancing P efficiency of future crop genotypes by genetic means.

Wide genotypic variation and heritability of root morphology, root hair length and
density and thereby P acquisition provide opportunities for selection and breeding for
root and root hairs length to increase P acquisition. The progress is challenged by the
concerns of high carbon cost of larger root systems and by the lack of cost effective
methods to determine root length of a large number of genotypes under field conditions.
The carbon cost of root hairs is low. Furthermore, low cost methods now exist to
compare root hair formation of field grown genotypes.

The development and application of sophisticated methods has advanced our
knowledge on the role mycorrhizal symbiosis in P acquisition and also on the molecular
basis of fungi and plant interactions. However, extensive studies to explore genotypic
variation in mycorrhizal responsiveness are rare, which makes it difficult to assess, how
mycorrhizal responsiveness can be manipulated through breeding efforts, yet.

The promising variation found in P uptake kinetics parameters of crop genotypes in
few studies indicates that more genotypes can be screened by relatively simple nutrient
solution culture techniques.

The genetic manipulation of the overall differences in cation-anion uptake, which is
the main cause of rhizosphere pH change, may be difficult. This is because it would go
against the concept of balanced nutrition of plants. Also it would be difficult to assess
what kind of genetic analysis should be performed to support the breeding efforts. P
mobilization effect of pH depends on soil P compounds, which differ with soil type.
Therefore, useful effect of rhizosphere pH might not be universal and would differ with
soil type.

Both the enhanced release of organic acids and higher acid phosphatase activity in
the rhizosphere may be useful for increasing P acquisition from inorganic and organic P
pools respectively. Modification of these traits by genetic means should be considered.
For achieving this, methods need to be developed for studying their release under
natural soil conditions, so that the genotypic variation can be explored and their
ecological significance in P acquisition can be established.
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Introduction
Phosphorus (P) is a non-renewable resource and wasteful use is difficult to justify.

The uneven development in global economy has contributed to the uneven distribution
of P in agriculture soils of the world. In the past decades, high import of P in animal
feeds and generous applications of P fertilizers have resulted in accumulation of P in
European soils to an extent that high P fertilizer doses pose a particular threat to
environment due to run off losses, which can result in alga blooms. The soils of
developing countries remained P-poor and depleted. The depletion was enhanced by
export of crops and animal feeds because P fertilizers were not available or affordable
by the resource poor farmers. For securing food to the increasing population in
developing countries, the need for P fertilization is also expected to increase (Brynes
and Bumb, 1998). However, even when P fertilizers are applied to replenish soil
fertility, about 70-90 percent of the P fertilizers is adsorbed and becomes `locked` in
various soil P compounds of low solubility without any immediate contribution to crop
production. This suggests that P fertilization strategies alone may have little effect for
increasing crop productivity in many P limiting soils. New crop varieties with improved
root traits, able to unlock and absorb P from bound soil P resources may be of additional
value. Although the varietal differences in P feeding capacity of plant and their link to
rooting capacity were reported in very early study (Lyness, 1936; Smith, 1934),
breeding for efficient root systems has received little attention (Clarke and McCaig,
1993). This is despite the fact that wide variation has indeed been reported in the ability
of crop genotypes to perform and produce economic yields under P limiting soil
conditions (Clark, 1991).

The ratio between optimal inflow of N, P and K into young plants is 1: 0.1: 1,
whereas the ratio between availability (mobility) of soil N, P and K in the rhizosphere is
1: 0.001: 0.1 respectively (Barber, 1995; Nielsen, 1996). Hence, rhizosphere soil (soil
zone influenced by the root) is particularly important for supplying less mobile nutrients
such as P (Gahoonia et al., 1992, 1994) for crop growth. A variety of root properties
(root morphology, root diameter, root hairs), mycorrhiza symbiosis, P uptake kinetics
parameters and rhizosphere processes (rhizosphere pH, phosphatase activity and root-
released organic acids) cause variation in P uptake among the plant species and their
genotypes. The various root-induced chemical (Hinsinger, 1998) and biology processes
(Richarson, 2001) contributing to nutrient uptake by plants have been critically
reviewed. In our review, we will concentrate on genetic variation in such processes in
relation to plants ability to mobilize and absorb soil P. Any decision to make of use of
root properties and root induced rhizosphere processes for improving P acquisition
through breeding efforts would require that a) the desired trait is easily identifiable and
it has a clear relation to P acquisition, b) there exists a large genetic variation and c) the
mode inheritance is known, for transferring it from one individual to another by genetic
means.

This paper aims to synthesize the existing knowledge about intraspecific genetic
variation in rhizosphere processes and to discuss the possibilities and limitations with
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regards to the decision supporting criteria and then suggest how the accumulated
knowledge can be used as a tool for selecting and breeding P efficient crop varieties.

Root size and morphology
Larger root system provides greater root-soil contact, which is particularly

important for uptake of P. Mobile nutrients, like nitrate, can be depleted at low rooting
density, while for less mobile ions like P uptake is often closely related to root length
(Atkinson, 1991). Brück et al. (1992) by using a “Rootless” (a maize mutant that
produce drastically less crown roots) and a “Normal” (produces normal crown roots)
maize line documented the outstanding importance of root size on P uptake at low P
supply.

Large differences in root morphology and distribution exist between genotypes of
plant species (Atkinson, 1991; Nielsen, 1983; O’Toole and Bland, 1987; Römer et al.,
1988). Leon and Schwang (1992) found that yield stability of oats and barley cultivars
was related to their total root length. Barraclough (1984) found that total root length of
winter wheat was positively correlated to grain yield. This raises the possibility that
selection and breeding of crop genotypes with extensive root systems may contribute to
more efficient use of soil P resources and yield stability. However, few breeders have
paid attention to the possibility of manipulating root length for making crop genotypes P
efficient. This may be partly due to the difficulties and expense of studying root
systems. The methods available (Smit et al., 2000) to measure root system are time
consuming and prone to errors, limiting their reliability and wide spread use for
comparing the root systems of large number of crop genotypes. Model simulations of
plant root systems for predicting optimum root architecture for P acquisition in low P
conditions (Lynch, 1995) are promising. However, validation of such models through
field experiments still remains a problem as development of root systems is influenced
by large number of soil conditions and climate factors (Hoad et al., 2001). Increasing
root size may also divert assimilates from top to roots and so change the root/shoot
ratio. The amount of carbon transferred below ground may be about 50% of the net
assimilate of aboveground production (Liljeroth et al., 1994; Swinnen, 1994). It is
difficult to know whether larger root size of plants absorbing higher amount of P is the
result or the cause of larger root size. The P uptake per plant correlates not only with
root size but also with shoot size (Caradus and Snaydon, 1986). Thus, the apparent
importance of root size in determining P uptake may be simply a result of root size
being a component of total plant size.

Yadav et al. (1997), by studying a double haploid population of 105 lines derived
from a cross between indica and japonica rice, reported that the main Quantitative Trait
Loci (QTLs) were common for root thickness and maximum root length. Based on this,
they suggested the possibility of modifying several aspects of root morphology
simultaneously. The reported heritability of root length is 0.14-0.51 in wheat (Porceddu
et al., 1978), 0.83 in oats (Barbour and Murphy, 1984) and 0.35 in rice (Ekanyake et al.,
1985), which are high enough to consider worth for manipulation of root length.

Root diameter
Root diameter is important because it defines the maximum volume of soil, which

can be exploited by roots with a given amount of photosynthate. A smaller root
diameter implies that a larger soil volume per unit root surface area can deliver P. Direct
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measurement of root diameter are rare in the literature (Woodfield and Caradus, 1990).
This may be partly due to that even modern image analysis protocols (Bouma et al.,
2000) for measuring root diameter are prone to errors. Specific root length (SRL, m g-1

root) is the frequently used indicator of root fineness. The variation in SRL between
plant species is well documented (Atkinson, 1985; Fitter, 1985), but the variation
between genotypes and its link to P uptake is rarely investigated (Nielsen and Schjø
rring, 1983). Crop genotypes with thinner roots may be more effective in absorbing P.
However, maintenance carbon cost of producing finer roots may be higher as these will
have to be replaced more frequently (Persson, 1982). Woodfield and Caradus (1990)
reported high heritability (0.54) of root diameter of white clover. However, with our
present understanding and limited data on intra-specific variation in root diameter,
neither a clear picture on the link of root diameter with P uptake can be given, nor
genetic analysis can be warranted.

Root hairs
Root hairs enhance the effectivity of roots to exploit rhizosphere soil; because of

their geometrical arrangement on root surface and their ability to increase effective root
surface area many folds (Föhse et al., 1991; Gahoonia et al., 1997). Among all possible
ways of increasing effective root surface area, change in root hair morphology is
considered least metabolically costly (Hetrick, 1991; Röhm and Werner, 1987). The role
of root hairs in P uptake is now well documented (Bates and Lynch, 2000; Gahoonia
and Nielsen, 1998). A considerable intraspecific variation in root hair formation has
been found among genotypes of white clover (Caradus, 1979), common bean (Yan et
al., 1995), cowpea (Haar et al., 2001) and wheat and barley (Gahoonia et al., 1997;
Gahoonia et al., 1999). For example, the barley genotype e.g. Salka with longer root
hairs (1.00±0.26 mm) exploited the rhizosphere soil twice more effectively (Figure 1,
Gahoonia and Nielsen, 1997) than Zita with shorter root hairs (0.63±0.24 mm). Salka
also absorbed more P in the low-P field and produced higher amount of shoot biomass
(Gahoonia et al., 1999). Our more recent studies showed that barley cultivars with long
root hairs maintained stable economic grain yield both in low and high P field soils
(Gahoonia and Nielsen, unpublished).

Root hairs are the easily assessable and visible component of root-soil interface.
Recent advancements in methods (Gahoonia and Nielsen, 1997) have facilitated studies
of root hair formation of field grown genotypes. Genetic analysis of root hair formation
has progressed with help of root hair defective mutants of model plant Arabidopsis
(Schiefelbein and Somerville, 1990) and Arabidopsis genes with roles in root hair
development have been reported (Grierson, et al., 2001). The availability and
characterisation of a root hairless barley mutant (brb) has opened new possibilities of
genetic analysis of cereal root hairs (Gahoonia et al., 2001). The cross between the
mutant and wild type (Pallas, a spring barley cultivar) revealed that root hairs follow the
Mendelian mode of inheritance (Figure 2; Gahoonia et al., 2001). The realised
inheribility of root hair length in white clover ranged form 0.33-0.44, at which selection
for increased root hair length was possible (Caradus, 1979). All this shows that it should
be possible to select and also breed new crop genotypes for longer root hairs to improve
P uptake.
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Figure 1 Depletion of inorganic P (extracted with 0.5 M NaHCO3) at varying distances
from the roots of two barley cultivars, Salka (long root hairs) and Zita (short
root hairs) (Gahoonia and Nielsen, 1997).

Figure 2 The root hair-less barley mutant was crossed with wild type (spring barley
cultivar Pallas). The segregation ratio of 1:3 in selfed F2 generation, suggests
that root hair trait is inherited in Mendelian manner (Gahoonia et al., 2001).
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Mycorrhiza symbiosis
Mycorrhizal fungi (VAM) by extended hyphae help parrenial plants and legumes to

exploit much greater volume of soil for P (Kothari et al., 1990; Smith and Read, 1997).
Mycorrhizal colonization usually represents a significant photosynthatic carbon cost,
but in some cases host genotypes appear to possess the ability to regulate such carbon
cost (Graham and Eissenstat, 1994). Even though the occurrence of mycorrhizae in
agro-ecosystems is quite universal, its beneficial effect for P acquisition may be
restricted, as the dependency of plant species on VAM colonization varies, e.g. cereals
being less dependent that legumes. Despite existence and application of sophisticated
methods for determining mycorrhizal colonisation (Brundrett et al., 1996), the
genotypic variation in degree of VAM colonisation of often not found. Investigations
with 27 wheat lines (Kapulnik and Khusnir, 1991) and 10 barley cultivars (Jakobsen
and Nielsen, 1983) did not show significant variation in mycorrhizal colonisation. In a
recent study, Zhu et al. (2001) found lower mycorrhizal responsiveness in modern
wheat cultivars than in old cultivars, indicating that modern breeding programs may
have reduced the responsiveness of modern wheat cultivars to arbuscular mycorrhizal
fungi. Few studies (Harrison and van Buuren, 1995; Hetrick et al., 1995) enrich our
understanding of genetic background of VAM symbiosis and explain how fungi and
plants interact at the molecular level. A phosphate starvation gene Mt4 in mycorrhizal
roots has been cloned (Burleigh and Harrison, 1998). It remains to be explored how
such knowledge can be used in breeding programmes for increasing mycorrhizal
responsiveness of future crop plants. The potential value of breeding plants for greater
responsiveness to mycorrhizal colonization will also depend on the cost/benefit of VA
mycorrhizae for the specific crop, soil and environmental conditions.

P uptake kinetics
Under conditions in which the rate-determining step is located in the plant root, the

mean net influx (In) of phosphate into plant root can be expressed by (Nielsen, 1976).
Imax (Co - Cmin)

In =______________ (1)

Km + Co - Cmin

Imax is the mean maximum influx, mol cm-1s-1

Co is the concentration of P at root surface, mol cm-3

Cmin is the concentration at which In = 0
Km is the Michaelis-Mentes factor, mol cm-3

In = 1/2 if Co = Km + Cmin

The values of the parameters Imax, Km and Cmin differed among genotypes of maize
(Nielsen and Barber, 1978) and barley (Table 1) and wheat (Pandey, 2001). For
improvement in P efficiency, the genotypes should be identified for high Imax, values
and root lengths and for low Cmin and Km values. Lower Cmin reflects ability to absorb P
at lower soil solution concentration, which may gain further importance in future low P
input farming systems. The uptake kinetics parameters (Imax, Km and Cmin) of various
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crop genotypes can be determined relatively easily by using less laborious nutrient
solution culture techniques.

Table 1 Phosphorus uptake kinetic parameters of barley genotypes (Nielsen and
Schjørring, 1983).

Genotype
effective

root length
(m g-1)

inflow
Imax

(pmol P cm-1 sec-1)

uptake
capacity

Km
(µmol P)

Minimum concentartion
Cmin

(µmol P)

Salka 65 0.08 2.9 0.02
Rupal 46 0.10 3.6 0.04
Nuremberg 68 0.11 3.6 0.06
Zita 57 0.12 4.7 0.0

Root-induced pH change
Change in soil pH around roots has often been demonstrated; differences as much

as 2 units have been found (Römheld and Marschner, 1986). The reasons for such pH
changes can be many, including imbalance of cation-anion uptake (Hedley et al., 1982),
which is particularly affected by sources of nitrogen (Gahoonia and Nielsen, 1992);
enhanced efflux of protons as results of P deficiency (Schjørring, 1986). Whatever the
origin of pH changes, large variation is reported among plant species (Marschner and
Römheld, 1983) and along the root system (Marschner et al., 1982), which affects the
bioavailability of soil P (Grinsted, et al., 1983; Gahoonia and Nielsen, 1992).  Soil
phosphorus enters the roots mainly as H2PO4

- via the soil solution (Hendrixs, 1967).
The concentration of H2PO4

- in soil solution is pH related. Plant species or genotypes
inducing rhizosphere acidification may absorb more P by this mechanism. Gollany and
Schumacher (1994) demonstrated intraspecific variation in rhizosphere pH among
genotypes of various plant species. Our studies (Gahoonia and Nielsen, 1996), however,
showed that wheat and barley genotypes differ significantly to absorb inorganic P from
the rhizosphere soil even when rhizosphere pH remained unchanged, suggesting that
root-induced pH change may not be the main cause of variation in P acquisition
between cereal genotypes.

Overall cation-anion balance of the plants plays a major role in the rhizosphere pH
change (Nye, 1981; Hedley et al., 1982). This suggests that if the ability of the plants to
change rhizosphere pH has to be manipulated genetically, their cation-anion balance has
to be modified, which would be quite difficult and very likely will go against the
concept of balanced nutrition of plants. The effect of rhizosphere pH change in
mobilization of P depends on soil type (Gahoonia et al., 1992; Armstrong and Harley,
1992). In Luvisols, where phosphate was mainly bound to calcium, rhizosphere pH
decrease enhanced the mobilization of P, whereas in Oxisol, where P was mainly bound
to Al and Fe, the same plant with same type of nitrogen fertilization mobilized more P
with rhizosphere pH increase (Gahoonia et al., 1992). From this, the genetic
manipulation of the ability of crop plants to change rhizosphere pH and the assessment
of its useful effect on wide range of soils seems difficult. It is also difficult to envisage
what kind of genetic analysis should be performed and which genes should be targeted
to manipulate this ability in new crop genotypes.
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Phosphatase activity
Increased phosphatase activity in the rhizosphere soil seems to increase the

hydrolysis of soil phosphate esters (Bielski and Johnson, 1972), releasing inorganic P
for plant uptake (Tarafder and Jungk, 1987). However, plants often continue to grow
poorly in P deficient soils, despite marked increase in root exocellular phosphatase
activity (Alexander and Hardy, 1981). From this the increased phosphatase activity
appears not to compensate for an inadequate supply of inorganic P. Asmar et al. (1995)
found significant variation in root-induced phosphatase activity between barley
genotypes and the genotype inducing higher activity indeed mobilized more organic P
from the rhizosphere soil, reopening the debate on the role of phosphatase in P nutrition
and bioavailability of soil organic P. Depending on the soil type, the organic phosphorus
content may constitute 20 to 80% of the total phosphorus (Dalal, 1977). Therefore, there
is great interest for enhancing the ability of plant roots to secrete phosphatase and
increase plant availability of P from soil organic P. Although the relationship between
rhizosphere phosphatase activity and depletion of rhizosphere organic P is often
reported (Asmar et al., 1995;Tarafder and Jungk, 1987), any evidence showing that the
level of acid phosphatase and phytase are limiting the mobilization of P from soil
organic P pools, is yet to be obtained. The extent of intraspecific variation in
rhizosphere phosphatase activity is yet unexplored and the genetic analysis of acid
phosphatase activity is only at the initial stage. The existence and characterisation of an
Arabidopsis mutant missing one acid phosphatase isoform (Trull and Deikman, 1998)
can be valuable tool for making progress in this direction.

Organic acids
Main organic acids released from roots of axenic grown plant species are anions

such as citrate, malate and fumarate and oxalate (Jones, 1998; Hocking, 2001), but
quantitative determination of root-released organic acids by growing plant in soil still
remains a major challenge. Addition of chemical forms of these acids, especially citrate,
to soils enhanced the solubility of soil P from insoluble and adsorbed P fractions (Gerke
1992). Review of literature (Ryan et al., 2001) strongly suggests that organic acids
exuded from roots can benefit the P nutrition of plants. The information on the role of
the organic acids in P mobilization and plant uptake has been mainly obtained using
plant species such as white lupine (Neumann et al., 1999; Johnson et al., 1996) and rape
(Hoffland et al., 1992). The variation in root release of organic acids in relation to P
acquisition is rarely investigated between crop genotypes (Gahoonia et al., 2000;
Gaume et al., 2001), which limits the possibilities of using root-released organic acids
as selection criteria and further dissection of genetic background of organic acids
release in the rhizosphere.

There is scope of changing root exudation of organic acids through genetic
engineering. De La Fuente et al. (1997) introduced a citrate synthese gene from
Pseudomonas Aeruginosa in tabacoo and reported that it increased the root citrate efflux
fourfold, which enhanced the ability of transgenic tobacco to acquire P from P-poor
alkaline soils. Later Delhaize et al. (2001) engineered the same transgenic tobacco lines
to produce 100-fold more P. Aeruginosa citrate synthase protein. This had no effect on
internal citrate concentration or its efflux in the rhizosphere. These conflicting findings
have raised the controversy about the usefulness of the transgenic approach for
increasing root exudation of citrate for increasing P acquisition in the rhizosphere.
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While assessing the role of organic acids on P acquisition, it should also be kept in
mind that their release in the rhizosphere will also enhance the growth of microbial
biomass (Jensen and Sørensen, 1994). The consumption of organic acids by the
microorganisms might reduce their effectiveness in dissolving strongly bound P in
rhizosphere soil.

Conclusions and Perspectives
The existence of genotypic variation in P uptake and variable performance of crop

genotypes in P limiting environment provide an opportunity for saving non-renewable P
resources through selection and breeding of P efficient cultivars. Many P-stress adapted
plant genotypes might have emerged by natural evolutionary process and also through
the unconscious breeding efforts in the past decades. For accelerating this process, the
emerged genetic variability should be explored and then used in targeted plant breeding
to tailor new crop genotypes for fitting them in P problem soils. As a large portion of P
for plant uptake is mobilised from rhizosphere soil, favourable root traits like long root
hairs and root-induced processes for dissolving bound soil P should be central for
creating new crop genotypes. The intensity and expression of such traits often increases
when P is limiting. Hence plant genotypes seem to have developed response
mechanisms that help them to extract phosphorus more effectively from P-deficient
soils. The specific processes involved in P efficiency also show that a basic
understanding of plant-soil interactions in the rhizosphere will be necessary to develop
the meaningful screening techniques for identification of crop genotypes adapted to low
P conditions. The selection and breeding of P efficient genotypes may be a persistent
mean of maintaining high yields at moderate P deficiency in soils. In sustainable low
input agriculture, the use of P efficient varieties can then be coupled with better nutrient
cycling and efficient use of limited P fertilizer and manure applications.
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