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Chapter 1

General Introduction
Introduction
Most soils were deficient in phosphorus (P) when first cleared and developed for agriculture
(Sample et al., 1980). This was particularly so for soils in south-western Australia
(McArthur, 1991). Consequently, fertiliser P needed to be applied to these soils for
profitable crop production (Sample et al., 1980). Fertiliser P not only provides P for crop
production in the year of application, but also provides P for subsequent crops, and the P
available to the subsequent crops is known as the residual value of the fertiliser (Barrow,
1980). In fact, most of the P applied to soil is sorbed by the soil with 5-40% being used by
plants depending on time since the P was applied, the P fertiliser history of the soil, and the
ability of different crop species to access and take up residual P (Barrow, 1980; Bolland et
al., 1988). Fertiliser P generally has a good residual value so eventually only enough P
needs to be applied to soil to maintain soil P levels for profitable crop production (Barrow,
1980; Bolland and Gilkes, 1998). Despite this, the residual value of fertiliser P tends to
decreases with increasing time since application due to the continued slow reactions of
sorbed P with soil (Barrow, 1980; 1999). In addition, the capacity of soil to sorb P is
reduced as more P is applied to the soil (Barrow, 1974; Barrow et al., 1998; Bolland and
Allen, 2003). This is due to saturation of sorption sites, and because when negative
phosphate ions are sorbed by soil they increase the negative charge of the soil surface
making it more difficult to sorb further negative phosphate ions (Barrow, 1999). Therefore,
in time the effectiveness of freshly applied P for crop production increases as more P
continues to be applied to the soil (Bolland and Baker, 1998).
Recent research has focused on finding ways of improving the ability of plant roots at
accessing freshly applied and residual P (Lambers et al., 2003). Even when the total
phosphorus (P) level of a soil may be relatively high, P availability for plants may be very
low, depending on time since P application and recent P fertiliser history, together with the
ability of different crop species at accecssing soil P (Holford, 1997). Furthermore, because
of unique interactions of P with other elements in the soil, about 80% of applied P may be
fixed in the soil (Barrow, 1980; Holford, 1997). Therefore, farmers need to use up to four
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times more fertiliser than the amount taken up by the crop (Goldstein, 1992). At the current
rate of usage of P fertiliser, readily minable sources of P will be depleted over the next 60 to
90 years (Runge-Metzger, 1995). Under such conditions, it is desirable to identify and
cultivate crop species which can mobilise P from soil-P pools that are not available to less
P-efficient crops.
Some plant species respond to P deficiency by releasing carboxylates (Marschner, 1995;
Gerke et al., 2000), phosphatases (Helal, 1990) or by forming cluster roots (Lambers et al.,
1998) or other specialisations of their root system. These species may increase the
availability of P which eventually may help to use residual P, and may also help to reduce
the use of P fertiliser (Stevens, 1997; Trolove et al., 2003). A number of reviews have
recently been published about root exudation of carboxylates and P mobilisation by
carboxylates (Hinsinger, 2001; Jones 1998; Ryan et al., 2001; Trolove et al., 2003; Vance
et al., 2003). This review will primarily focus on acquisition of phosphorus by legume
crops and its application in agriculture.

The role of phosphorus in plant growth and development
Phosphorus (P) is an important mineral nutrient for plant growth, playing a vital role in
photosynthesis and respiration among other processes (Raghothama, 1999). It is present in
phospholipids, sugar phosphates, various nucleic acids and nucleotides, as well as being
required for protein phosphorylation (Marschner, 1995). It is required also for cell division
in meristematic regions, such as growing root tips. Phosphorus is involved in many
different metabolic processes, and therefore its internal concentration needs to be kept
relatively constant, in environments where external concentrations vary greatly
(Raghothama, 1999).
Phosphorus is a mobile nutrient in plants and continuously circulates within the plant. In the
xylem the phosphorus that has been taken up by plants roots is translocated to fast-growing
young leaf laminae, where it is required for expansion and growth of leaves (Fredeen et al.,
1989). Phosphate is supplied to young leaves not only by roots but also from older,
senescing leaves, especially when phosphate uptake by the roots is insufficient to meet the
demand of the young leaves (Jeschke et al., 1997). Phloem sap contains inorganic P in
substantial concentrations which makes up most of the total P in the phloem (Hall and
Baker, 1972; Jeschke et al., 1997).
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Phosphorus makes up about 0.2% of a plant’s dry weight (Schachtman et al., 1998).
Phosphorus concentrations of plants vary among species and ages and nature of plant
tissues. The phosphorus status of the shoot plays a central role in coordinating the rate of P
uptake by roots, the pattern of P distribution within plants and the plant’s relative growth
rate (Clarkson et al., 1978). Depending on soil, climate and yield potential the annual
requirement of cultivated crop plants ranges between 18 and 53 kg P ha-1 (Goswami et al.,
1990).
Low concentrations of P in plants may cause deficiency symptoms, including decreased
shoot growth and dark green leaves (Marschner, 1995). Inhibition of leaf expansion is one
of the earliest symptoms of P deficiency (Fredeen et al., 1989). Deficiency of P enhances
anthocyanin production, which causes red or purple colours in the stems and leaves of
plants (Bergmann, 1992). A seedling depends on seed phosphorus but mature plants obtain
most of the total phosphorus from the soil.

Phosphorus in soil
Soil phosphorus sources include organic and inorganic forms, which are continuously
interconverted (Brady and Well, 1996). Inorganic phosphate is the main source of
phosphorus for plants (Holford, 1997). Although total soil P may high, total bioavailable P
is very low, because in the soil more than 80% of P becomes immobile and unavailable for
plant uptake because of adsorption, precipitation or conversion to organic form (Holford,
1997) and therefore, it is one of the least available plant nutrients (Sanyal and DeDatta,
1991). Orthophosphates are the most stable forms of phosphate. Polyphosphates are also
found in the soil, especially where fertiliser has been applied. These polyphosphates are
easily hydrolysed and broken down to orthophosphate (Lindsay et al., 1989).
About 30 to 70% of all the phosphate in agricultural soil is in organic form, which is not
directly available to plants, and must first be mineralised to inorganic phosphate (Lambers
et al., 1998). Phosphomonoesters are the largest sources of organic phosphorus (up to 60%
identified as inositol hexaphosphate). Phospholipids (5%), nucleic acids (0.5%) and highmolecular-weight diesters are also present (Adams and Pate, 1992; Probert, 1983).
Total available phosphates held by soil minerals are termed the labile pool (Holford, 1997).
Phosphorus in the soil solution is replenished from soil labile pools, plant residues and
fertilisers. Important soil properties that affect the solubility of phosphates are pH, iron (Fe),
aluminium (Al) and calcium (Ca) ion concentrations, and surface areas of soil particles
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(Holford, 1997). Phosphorus minerals are different in different soils depending on soil type
and weathering stages. Almost all soils in Australia have the capacity to immobilise
phosphate. Many soils in Australia are classified as lateritic, which represent an extreme in
soil evolution and formation. The evolution of these soils resulted in differentiation of soil
textures, depletion of plant nutrients, mineralogical maturity and segregation of sequioxides
(oxides and hydroxides of iron and aluminium that strongly bind phosphates (McArthur,
1991). Most Australian soils contain little P, because their parent materials are low-P
content rocks like sand stones and granites (Handreck, 1997).
Soils of Western Australian cropping regions are ancient and highly weathered, and
therefore, compared with soils in the rest of the world, are naturally very low in phosphorus
(McArthur, 1991). Thus, the application of phosphorus-based fertiliser is essential for crop
production in Western Australian soils (Stevens, 1997). In most soils, only a small portion
of applied P fertilisers is available to plants due to P fixation, chemical precipitation and
physical adsorption by soil constituents. These characteristics of P result in deficiency of P
for crop production. On the other hand, greater P application rates may increase
environmental pollution, increase usage of finite sources of fertiliser and increase the cost
of cropping (Holford, 1997). Therefore, P fertiliser-use efficiency should be increased by
enhancing P availability in soils and P utilisation by plants. Phosphorus-use efficiency is
related to uptake or acquisition efficiency and utilisation efficiency.

Phosphorus uptake in higher plants
Plants absorb P from the soil solution only as inorganic P ions (Pi) mostly in the forms of
H2PO4 – and HPO4 2–, which remain in soil solutions at very low concentrations, 0.1-10 µM
(Hinsinger, 2001). Plants may acquire the monovalent anion H2PO4 – more than the divalent
HPO4 2– by a factor of 10 to 1 (Foth and Ellis, 1997). The relative amounts of these two ions
which are absorbed by plants are affected by the pH of the medium surrounding the roots
(Hinsinger et al., 2003). Lower pH values increases the absorption of the H2PO4
whereas, higher pH values will increase absorption of the HPO4

2–

–

ion,

form (Raghothama,

1999).
Both efficient translocation and efficient uptake of Pi is essential for plants to maintain
adequate levels of cellular Pi, which is necessary for normal functioning (Raghothama,
1999). Phosphorus uptake by higher plants depends on both soil and plant factors such as Pi
supply to roots by diffusion (Comerford, 1988; Hinsinger, 2001), root size and geometry, Pi
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uptake in relation to Pi concentration at the root surface, and root competition (Barber and
Cushman, 1981; Silberbush and Barber, 1984).

Phosphate is acquired by an energy-

mediated co-transport process driven by protons generated by plasma-membrane associated
H+-ATPases (Sakano et al., 1992; Ullrich-Eberius et al., 1984). Active uptake of Pi results
in a transient decrease in the cytosolic pH and membrane depolarisation (Bowling and
Dunlop, 1978; Ulrich-Eberius et al., 1984).
Phosphorus diffusion in the soil is slow due to a low diffusion coefficient, and hence is a
limiting step for phosphorus acquisition by plants (Lambers et al., 1998). Phosphorusacquisition efficiency is related to obtaining a greater amount of nutrient from soil by a
larger root density, length, surface area and more effective root exudates (Gourley et al.,
1993). Greater root growth increases P uptake by greater soil exploration (Römer et al.,
1988). Phosphorus-utilisation efficiency is defined as plant mass produced per unit of P
taken up (Gourley et al., 1994; Fageria and Baligar, 1999). Plants which are able to take up
P at very low concentrations of P ions in the soil solution have a high P-acquisition
efficiency (Hinsinger, 2001). Plant species differ in their efficiency which is related with
different traits such as root shoot ratio, root hairs, root phosphatase (Lambers et al., 1998).
Species of low efficiency, for example onion and tomato, have low influx rates and low
root-shoot ratios, while species of high efficiency, such as rye grass and wheat, have either
high influx or high root shoot ratios (Föhse et al., 1988).

Plant acclimation to low phosphorus availability
Plants can develop a number of special morphological, physiological and biochemical
mechanisms in response to a stress situation. The process is called acclimation (Lambers et
al., 1998). Following are the main acclimations observed in plants in response to
phosphorus limitation.

i. Modifications of root morphology and architecture
For phosphorus limitation there are several mechanisms amongst which modification of
root growth and root architecture is well documented (Lambers et al., 1998; Lynch, 1995).
Increasing the root mass is a common strategy for plants suffering from P deficiency
(Fredeen et al., 1989). Increased root mass allows plants to explore a larger volume of soil
from which the roots can absorb P (Cakmak et al., 1994). Moreover, under P-deficient
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conditions plants decrease root diameter and increase the amount of absorptive surface area
of root relative to the total root volume (Raghothama, 1999).
Production of more root hairs is also an acclimation mechanism of plants for low P soil
(Föhse et al., 1988). Under P-deficient conditions, plants may take up about 90% of the
total acquired Pi through root hairs (Gahoonia and Nielsen, 1998). Smaller diameters of
root hairs, which grow perpendicular to the root axis allow better exploration of soil due to
increased absorptive surface area. Elongation of root hairs may also occur in P-deficiency
conditions (Bate and Lynch, 1996). Due to their large surface area and ability to access
narrow pores in soil, root hairs are placed in a better position to obtain Pi (Karthikeyan et
al., 2002).
Formation of cluster roots under P deficiency is a well-known modification of white lupin
and species belonging to the Proteaceae and several other families (Keerthisinghe et al.,
1998; Lambers et al., 1998). Proteoid roots secrete organic acids, which help in the release
of Pi (Gardner et al., 1982; Johnson et al., 1996). Root clusters generally can make up about
40% of the dry weight of the root system and are most abundant when the supply of P to the
plant is limited (Dinkelaker et al., 1989). Cluster-root development preferentially occurs at
sites of locally enhanced supply of nutrients in deficient soil, and can be found throughout
the soil profile although its density decreases with depth (Dinkelaker et al., 1995).

ii. Exudation of carboxylates
Plant roots exude a wide range of low-molecular-weight compounds including carboxylates
(Graystone et al., 1996; Neumann and Römheld, 2000), organic anions of varying chain
length containing one to three functional carboxyl groups. These have the ability to form
stable complexes with metal cations in the soil matrix, and can directly affect the
availability of nutrients in the rhizosphere (Jones, 1998; Marschner, 1988; Römheld, 1987).
Exudation of carboxylates is enhanced by deficiencies of sparingly available nutrients such
as P, Fe, or Zn or in response to Al toxicity (Jones, 1998; Neumann and Römheld, 2000).
Root exudates may cause phosphorus dissolution from water-insoluble minerals, because
they acidify the rhizosphere and chelate the P-immobilising cations (Nagarajah et al., 1970;
Uren and Reisenauer, 1988). The solubility of phosphate in soil may be enhanced by soil
acidification, depending on soil pH, and by the chelating compounds that bind cations and
thus release phosphate from sparingly soluble inorganic substance (Lambers et al.,
Competition for P-adsorption sites, modification of surface charges and complexation of
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cations such as iron and aluminium, are the mechanisms through which root exudates
solubilise P (Staunton and Leprince, 1996; Subbarao et al., 1997).
Several plant species, mainly dicotyledons (Jones, 1998; Ohwaki and Hirata, 1992;
Neumann and Römheld, 1999), show phosphorus deficiency-induced root exudation of
carboxylates. Different plant species exude different organic acid anions in response to
nutrient deficiencies. Australian native species of the Proteaceae family are well known for
their adaptations to the Australian highly P-fixing soils by forming cluster roots, which
exude large amounts of citrate and other carboxylates to mobilise P (Lambers et al., 2002;
Roelofs et al., 2001). Amongst the leguminous plants extensive research has been done on
white lupin (Lupinus albus L.) which exudes large amount of citrate and malate (Gardner et
al., 1982; Keerthisinge et al., 1998; Veneklaas et al. 2003) when grown under P-deficient
condition.
In some species, e.g. Brassica napus (rape), exudation of carboxylates is largely associated
with the root apex, while a smaller amount is also released from mature regions (Hoffland,
1992). In others, e.g. Cicer arietinum (chickpea), exudation is not limited to the root apex
(Wouterlood et al., 2004). The carboxylates exuded under P deficiency constitute a drain of
5-25% of the plant’s photosynthetically fixed C, but it does not significantly affect dry
matter production in white lupin (Dinkelaker et al., 1989; Johnson et al., 1996). In the
presence of organic acids like malate, citrate and oxalate, phosphate dissolution rates in soil
can be greatly accelerated (Gerke, 1994). Many factors such as pH and soil mineralogy
influence the fraction of P that can be released by carboxylates (Bolan et al., 1994; Lan et
al., 1995). Carboxylates are also able to efficiently mobilise organic P held in humic-metal
complexes in addition to mobilising inorganic P, although the mechanisms are different
(Lan et al., 1995).

iii. Exudation of acid phosphatases
Exudation of acid phosphatases is one of the universal responses of plants to P-deficiency.
Generally, organic forms of phosphate are not taken up by plants directly. Many species are
able to exude phosphatase enzymes into the soil (Adams and Pate, 1992; Gilbert et al.,
1999) which hydrolyse the phosphoester bonds of organo-phosphate compounds,
mineralising the P into a form that can be taken up by plant (Lambers et al., 1998).
Phosphatases are a ubiquitous class of enzymes in plant organs which can be detected
throughout development (Duff et al., 1994). Phosphatases play an important role in plant
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nutrition as they are involved in providing P during seed germination from stored phytate
(Biswas and Cundiff, 1991; Brinch-Pedersen et al., 2002); internal remobilisation of P
(Duff et al., 1991; Baldwin et al., 2001), and release of P into the rhizosphere from soil by
hydrolysing organic P-esters (Lefebvre et al., 1990; Miller et al., 2001). According to the
optimum pH for catalysis, phosphatases are classified as acid phosphatases (pH ≤ 7) or
alkaline phosphatases (pH ≥7) (Vincent et al., 1992). Acid phosphatases of both intra- and
extracellular origin are prominent in plant roots, and their activities have traditionally been
used as markers of P-deficiency (Duff et al., 1994; Baldwin et al., 2001). Extracellular
types of acid phosphatases are relatively stable, while intracellular types are less stable
(Goldstein et al., 1988, Miller et al., 2001).
Phosphatase activity depends on plant age, plant species and soil type (Tarafdar and Jungk,
1987), and it increases with the decrease of Pi concentrations in the rhizosphere (Hedley et
al., 1994). Exudation of acid phosphatases from roots increases under P deficiency and is
suppressed by the addition of inorganic P fertilisers (Ozwa et al., 1995; Gilbert et al., 1999).
Enhanced secretion of phosphatases by plant roots under P-deficient conditions can enhance
the availability of Pi in the rhizosphere by hydrolysis of soluble organic P esters, which may
comprise 20-80% of the total soil phosphorus (Hayes et al., 2000; Li et al., 1997; Tarafdar
and Marschner, 1994). Roots exuding acid phosphatases may also help to restore Pi uptake
by hydrolysis of organic P lost into the rhizosphere from sloughed off and damaged roots
(Lefebvre et al., 1990). In addition, soil may contain phosphatases produced by
microorganisms, which are also capable of catalysing the mineralization of organic P (Speir
and Ross, 1978).

iv. Enhanced expression of high-affinity phosphate transporters
In order to maintain the P concentration in their tissues within physiological limits, plants
regulate their P uptake capacity to some extent (Mimura, 1999). For example, when plants
grow under high-P conditions, they reduce their capacity to take up P. On the other hand,
when plants grow under P-deficient conditions, they enhance this capacity (Clarkson and
Scattergood, 1982; Jungk et al., 1990). A number of special transporter proteins (Pht),
which reside in the plasma membrane of root cells, are involved in absorption of P from
soil. These transporters are able to mobilise charged phosphate ions across the hydrophobic
membrane against a large electrochemical potential gradient. The kinetic characterisation of
the P-uptake system of plants suggests a high-affinity transporter activity operating at the

9
micromolar range (Raghothama, 1999). The high-affinity transporters are a key component
of P uptake from soils with a very low P concentration. Under P-deficient conditions, the
expression of genes encoding high-affinity P transporters is up-regulated in plant roots
(Dong et al., 1999; Leggewie et al., 1997; Liu et al., 1998; Muchal et al., 1996; Smith et al.,
1999) and at the same time an increase in the transporter protein is observed (Muchal and
Raghothama, 1999). This capacity to enhance expression of high-affinity Pi transporters
during P deficiency (Furihata et al., 1992; McPharlin and Bieleski, 1987) is one of the
plant’s acclimations required for the survival of plants (Raghothama, 1999.). The highaffinity Pi-transporters, encoded by a small family of genes, translocate Pi from the external
medium containing very low levels of the nutrient into the cytoplasm (Raghothama, 1999).
The members of a sub-group of P transporters, Pht1, share several characteristics that are
thought to be involved in uptake of phosphate at the root-soil interface. Genes in this subgroup are expressed predominantly in roots, and their transcription is rapidly and strongly
induced by phosphate deficiency. Some of these genes have been demonstrated to encode
transporters with a high affinity for phosphate (Bucher et al., 2001). Expression of
phosphate-transporter genes is tightly regulated within the plant to prevent accumulation of
phosphate to toxic concentrations. Transporters are considered to be control points in
pathways of nutrient uptake (Kunze et al., 2002).

The benefits of wheat-legume rotations
Rotating crops is a common practice in cropping systems. Chickpea (Cicer arietinum L.),
field pea (Pisum sativum L.), faba bean (Vicia faba L.), white lupin (Lupinus albus L.) and
lentil (Lens culinaris L.) are grown in Western Australia in rotation with wheat (Siddique et
al., 2000). Research has identified a number of benefits of sound rotational practices
(Angus et al., 1991; Evans et al., 1991), including breaking insect and disease cycles and
positive effect on soil physical characteristics (MacNish,1980; Raimbault and Vyn, 1992).
Benefits for crop nutrition can be separated into nitrogen and phosphorus benefits.

i. Symbiotic nitrogen fixation
The yield of wheat after a legume crop is frequently higher than the yield after wheat. A
positive rotational effect of most of the leguminous crops is mostly attributed to an
improvement of the N supply of the non-legumes through addition by the legumes to the
soil N pool because of symbiotic N2 fixation (Peoples et al., 1995), also called the N-
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sparing effect (Evans et al., 1991). In symbiotic N2 fixation, 90% of the fixed nitrogen is
rapidly translocated to plants from the bacteria. In agriculture, nodulated legumes such as
alfalfa and soybean, in symbiosis with rhizobia, are the most prominent N2-fixing system
(Marschner, 1995).
Symbiotic N2 fixation contributes directly to agricultural production where the fixed N is
harvested in grain or other food for human or animal consumption, and by adding N to the
soil for the benefit of companion or subsequent crops (Peoples et al., 2001). Traditional
agricultures enhanced their N supply by cultivating legume species, and this practice has
become an essential part of intensive cropping systems (Smil, 2001). Legumes commonly
fix about 20-25 kg shoot N ha-1 for every tonne of shoot dry matter accumulated across a
range of environments unless their capacity to fix N is restricted by local practices, which
either limit the presence of effective rhizobia, or directly affect soil N fertility (Legard and
Giller, 1995; Maskey et al., 2001; Peoples and Craswell, 1992). Furthermore, legume roots
may contribute up to 0.7 kg of fixed N for every kg of fixed N accumulated in shoots
(Peoples and Herridge, 2000).

ii. Enhanced phosphorus availability for crop after legumes
Legumes can improve the availability of phosphorus for subsequent crops (Arihara et al.,
1991). Use of P-mobilising legume plant species in rotation is a practical way to enhance
phosphorus availability for the subsequent crops. Legumes improve soil exploration and
phosphate scavenging by changing root architecture and rhizosphere chemistry at low P
(Johnson et al., 1996; Miller et al., 2001; Nielsen et al., 1998). When legume plants
mobilise phosphorus in excess of their own requirements, then it may contribute to the P
nutrition of other less P-efficient crops grown in rotation (Kamh et al., 1999). In a
glasshouse experiment, Hocking and Randall (2001) demonstrated a carryover P benefit to
less P-efficient plants wheat and sorghum, when grown in rotation after lupin and pigeon
pea, organic acid-secreting crops. Transformation of readily available P through crop
residues is the main reason of the positive rotational effect of P-mobilising crops (Horst et
al., 2001). Although McLaughlin et al. (1988) have clearly established the influence of
crop-residue P to the soil inorganic and organic P pools, the influence to the P nutrition of
the subsequent crop is highly variable (Horst et al., 2001).
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Outline of this thesis
The following chapters contain the results of original research on ‘Phosphorus benefits of
white lupin, field pea and faba bean to wheat production in Western Australian soils.’
Chapter Two - Phosphorus benefits of different legume crops to subsequent wheat grown in
different soils of Western Australia.
The aim of Chapter Two was to quantify the response of white lupin, field pea, faba bean
and wheat to soil phosphorus (freshly applied, or already present in the soil), as well as to
understand the differences in P uptake by studying root exudates and other root traits of the
crop species; to evaluate the influence of the legume crops on the growth and P uptake by
the subsequent wheat crop.
Chapter Three - Phosphorus uptake by grain legumes and subsequently grown wheat at
different levels of residual phosphorus fertiliser.
The aim of Chapter Three was to determine the growth and P uptake of white lupin, field
pea, faba bean and wheat at different levels of residual P; to identify and quantify the
carboxylates exuded by the species; to investigate the effect of the legume crops on the P
uptake of the subsequent wheat crop; and to determine whether the effects of the legumes
on subsequent wheat P uptake were due to legume-induced changes in the rhizosphere, or to
the presence of legume roots.
Chapter Four - Distribution of carboxylates and acid phosphatases and depletion of
different phosphorus fractions in the rhizosphere of wheat and three grain legumes.
The aim of Chapter Four was to assess the variability of rhizosphere depth and chemistry
among white lupin, field pea, faba bean and wheat; to measure the presence of root exudates
that are able to make soil-sorbed P and organic P available for P uptake, as well as the
depletion profiles of different P fractions resulting from plant P uptake.
Chapter Five - General Discussion and Summary
The final Chapter of this thesis summarises the results of the experiments conducted and
draws conclusions based on the results of the experiments.
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Chapter 2

Phosphorus benefits of different legume crops to subsequent wheat grown
in different soils of Western Australia

Abstract
Certain legume crops, including white lupin (Lupinus albus L.), mobilise soil-bound
phosphorus (P) through root exudates. The changes in the rhizosphere enhance P
availability to these crops, and possibly to subsequent crops growing in the same soil. We
conducted a pot experiment to compare phosphorus acquisition of three legume species
with that of wheat, and to determine whether the legume crops influence growth and P
uptake of a subsequent wheat crop. Field pea (Pisum sativum L.), faba bean (Vicia faba L.),
white lupin (Lupinus albus L.) and wheat (Triticum aestivum L.) were grown in three
different soils to which we added no or 20 mg P kg-1 soil (P0, P20). Growth, P content and
rhizosphere carboxylates varied significantly amongst crops, soils and P levels. Total P
content of the plants was increased with applied phosphorus. Phosphorus content of faba
bean was 3.9 and 8.8 mg/pot, at P0 and P20, respectively, which was about double that of
all other species at the respective P levels. Field pea and white lupin had large amounts of
rhizosphere carboxylates, whereas wheat and faba bean had negligible amounts in all three
soils at both P levels.
Wheat grew better after legumes than after wheat in all three soils. The effect of the
previous plant species was greater when these previous species had received P fertiliser. All
the legumes increased plant biomass of subsequent wheat significantly over the unplanted
pots in all the soils. Faba bean was unparalleled in promoting subsequent wheat growth on
all fertilised soils. This experiment clearly demonstrated a residual benefit of the legume
crops on the growth of the subsequent wheat crop due to enhanced P uptake. Faba bean
appeared to be a suitable P-mobilising legume crop plant for use in rotations with wheat.
This chapter has been published in Plant and Soil as:
M. Nuruzzaman, Hans Lambers, Mike D.A. Bolland and Erik J. Veneklaas 2005 Phosphorus benefits of different legume
crops to subsequent wheat grown in different soils of Western Australia. Plant and Soil 271, 175-187.
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Introduction
Soils of Western Australian cropping regions are old, highly weathered, and consequently
very low in phosphorus (P) (McArthur, 1991). Farmers apply P fertiliser, but only a small
portion of applied fertilisers is available to plants, due to chemical precipitation and
physical adsorption of P by soil constituents (Barrow, 1980). Under these circumstances,
the identification and incorporation of suitable crop species in rotations that are efficient in
acquiring sufficient quantities of soil P are essential for sustainable cropping systems (Ae et
al., 1990; Lynch, 1998). Phosphorus-acquisition efficiency is enhanced by increasing the
density, length and surface area of roots (Lambers et al.,1998), as movement of P to the root
is the main limiting factor for P acquisition (Barber, 1995). Exudation of low-molecularweight organic anions into the rhizosphere often enhances the mobilisation of soil P (Gerke
et al., 1994; Li et al., 1997).
Substantial exudation of carboxylates is well documented amongst a number of grain
legume crops, e.g., white lupin (Lupinus albus), pigeon pea (Cajanus cajan) and chickpea
(Cicer arietinum) (Ae et al., 1991; Neumann and Römheld, 1999; Veneklaas et al., 2003). It
has also been reported that the rates and compositions of carboxylates of the species vary
considerably with soil conditions (Ae et al., 1990; Dinkelaker et al., 1995; Veneklaas et al.,
2003). Carboxylates released in the rhizosphere compete with phosphate groups for binding
sites in the soil. They can form strong complexes with aluminium and iron oxides, and
eventually P is liberated into soil solution (Jones and Darrah, 1994; Ryan et al., 2001; Uren
and Reisenauer, 1988).
Grain legume crops may improve P availability for crops grown in rotation with them, and
this may be one of the reasons why they are becoming increasingly important in Australian
agriculture (Siddique and Skyes, 1997). The beneficial effect of the leguminous crops is
mostly attributed to an improvement of the N status of soils through symbiotic N2 fixation
by the legumes (Peoples et al., 1995), and to breaking soil-borne disease cycles (Imai,
1991). There is also some evidence, however, that enhanced P availability is partly
responsible for the positive effect of legumes on subsequent crops. Kamh et al. (1999)
demonstrated that growth and P uptake of a subsequent maize crop were enhanced due to
mobilisation of soil P by P-efficient legume crops. Hocking and Randall (2001), in a pot
experiment, demonstrated a carryover P benefit to sorghum and wheat when grown after
white lupin, which excreted large amounts of organic acids. Horst et al. (2001), in a field
trial, observed a positive rotational effect of P-efficient leguminous crops on the less P-
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efficient cereal crops. However, there is still a lack of information about the mechanisms
determining P efficiency in grain legumes, and the extent to which these influence P uptake
of subsequent crops.
The present study was conducted to quantify the response of legume crop species to soil
phosphorus (freshly applied, or already present in the soil), as well as to understand the
differences in P uptake by studying root exudates and other root traits of the crop species.
It was also designed to evaluate the influence of the legume crops on the growth and P
uptake by the subsequent wheat crop, with the aim of choosing appropriate legumes and
rotations, and to improve efficiency of P-fertiliser use for legume crops and wheat grown in
rotation.

Materials and Methods

Experimental design
This pot experiment consisted of two phases. In the first part, we compared growth and P
uptake of legume species in different soils with or without added P. In the second part, we
observed the carry-over effect of these treatments on the growth and P uptake of wheat. We
used a factorial design with four species (plus unplanted pots as a control), three soil types,
and two levels of added P. All treatments were replicated four times. The pots were
arranged randomly on glasshouse benches and their positions were changed weekly.

Plant material
Three species of grain legumes, i.e. white lupin (Lupinus albus L. cv. Kiev); field pea
(Pisum sativum L. cv. Dundale) and faba bean (Vicia faba L. cv. Ascot), and one nonlegume, i.e. wheat (Triticum aestivum L. cv. Westonia), were used.

Soils
The glasshouse experiment was conducted using Bindoon, Mingenew and Nyabing
(Western Australia) soils, with low plant-available P (Table 1). Clayey to loamy top soils
were collected from non-fertilised native vegetation sites, and sieved to 4 mm to remove
bulk organic matter and gravel. Field capacity was determined using a pressure plate
apparatus. Soils were steam-sterilised for 3 hours.
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Growth and maintenance of the first crop
Three and a half kilograms of sterilised soil were weighed into 18-cm height X 16-cm
diameter pots lined with perforated polyethylene bags. Phosphorus was added to dry soil as
KH2PO4 at the rate of 0 (P0) and 20 (P20) mg P kg-1 by end-over-end shaking for 2 minutes.
The rate of 20 mg P kg-1 soil represents a moderate rate of fertilisation for Western
Australian practices.
Table 1. Properties of soils used in the experiments. All the deterninations n = 3.
Location
Total
Phosphorus Phosphorus- OxalateOxalate
Exch.
of soil
phosphorus Colwell
retention extractable extractable
calcium
-1

Bindoon
Mingenew
Nyabing

(µg g )
133
119
70

-1

(µg g )
5
9
6.5

index
33.8
58.1
7.2

-1

Exch.
magnesium

pH
(CaCl2)

-1

Fe (µg g ) Al (µg g ) (meq/100 g) (meq/100 g)
571
945
2.46
0.68
817
518
10.94
4.46
251
221
5.96
1.00

4.9
6.2
5.9

Four seeds of each species were sown at 2-cm depth on 13 June 2002. Temperature during
the experimental period ranged from 5 to 25 ºC. The total irradiance inside the glasshouse
approximated 80% of that outdoors which had an average 9 MJ m-2 day-1. To avoid
undesirable variation in plant growth due to differences in symbiotic nitrogen fixation,
seeds were not inoculated with rhizobium, and sufficient nitrogen was supplied as nitrate-N
(see below). Two weeks later, the seedlings were thinned to two plants per pot. The pots
were watered to 80% of field capacity throughout the experiment with deionised water,
every second day during early growth and every day during later stages. Plants received
basal nutrients as a nutrient solution, and application rate was initially 20 mL per week,
increasing to 100 mL per week at later stages. The composition of the nutrient solution was
(µM): Ca(NO3)2, 200; K2SO4,100; MgSO4, 54; H3BO3, 2.4; MnSO4, 0.24 ZnSO4, 0.1;
Na2MoO4, 0.03 and CuSO4, 0.02. Control pots (unplanted) were included in the design, and
received the same amounts of water and nutrients.

Harvests and measurements of the first crop
The plants were harvested at 55 days after sowing (DAS), when wheat was at tillering stage,
and at 100 DAS, at early grain-filling stage. As the results of both harvests showed a similar
trend (Figure 1), only the results of the first harvest (55 DAS) are discussed. The two plants
in each pot were not separated; all measurements were based on the combined plant and
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rhizosphere of the two plants. Shoots were severed at the soil surface, and root systems
were carefully taken out of the pots by removing all bulk soil around them. Rhizosphere soil
was defined as all soil adhering to roots after gently shaking the root system. Carboxylates
were extracted from the rhizosphere (still adhering to the root system) for half an hour by
immersing and gently shaking in a 0.2 mM CaCl2 solution (Veneklaas et al., 2003). The
mean amount of extractant used was 75 mL g-1 root dry matter. There was some root
breakage during sampling, but leakage probably represents only a minor part of the
carboxylates in the extractant, taking into account typical tissue carboxylate concentrations
and the small extent of root damage. The amounts thus extracted were taken as a measure of
their concentration in the rhizosphere, and expressed as µmoles of carboxylates per unit dry
mass of root sampled. For exudate analysis, a sub-sample of the extract was filtered into 1
mL HPLC vials through a 0.22 µm Pal Gelman Acrodisc syringe. The sub-sample was then
acidified by adding a drop of concentrated phosphoric acid, and stored in a freezer. The rest
of the rhizosphere soil extract was used for pH measurement and then frozen. The length,
surface area and diameter of roots were determined by image analysis (WinRhizo system,
Regent Instruments, Quebec, Canada) after washing in water. In the case of larger root
systems, measurements were based on a representative portion. All plant fractions were
dried at 70 ºC for 48 hours, and weighed. Root mass ratio was calculated as the ratio
between root mass and total plant mass. At the second harvest, only shoots were harvested.

Growth and maintenance of subsequent wheat plants
The day after the harvest of the shoots of the first crop, the remaining roots and the soil
were mixed and returned to the pots. Six pre-germinated wheat seeds (cv. Westonia) were
sown per pot at 2-cm depth. The controls, i.e. pots without plants, were treated in the same
way. After establishment, seedlings were thinned to five plants per pot. The pots were
watered to 50% of field capacity throughout the experiment by applying water three times a
week. Nutrients, except phosphorus, were added as a nutrient solution (composition given
above) at 50 mL per week. After 35 days of growth the wheat shoots were harvested. All
plant fractions were dried at 70 ºC for 48 hours, and weighed.

Soil analyses
Soil analyses were performed by CSBP Futurefarm analytical laboratories (Bibra Lake,
Australia). Three air-dried samples of the three field-sampled soils were sieved through a 2-
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mm sieve. To analyse total P, soils were digested by a Kjeldahl procedure (Olsen and
Sommers, 1982). For bicarbonate-extractable P, soils were extracted with 0.5 M sodium
bicarbonate at pH 8.5 (Colwell, 1963). Phosphorus in the extracts was determined
colourimetrically using the phosphomolybdenum blue method (Murphy and Riley, 1962).
Phosphorus-Retention Index (PRI), was estimated as the ratio between sorbed P and
solution P after equilibration of 2.5 g soil with 50 mL of 0.02 M KCL containing 10 mg P
L-1 (Allen and Jeffery, 1990; Bolland et al., 1994). Oxalic acid was used to extract Fe and
Al (Parfitt and Childs, 1988). Extracted Fe and Al were determined by atomic absorption
spectrophotometry and inductively coupled plasma spectrometry (ICPS), respectively.
Exchangeable Ca was extracted with 0.1 M BaCl2 / 0.1 M NH4Cl and determined by ICPS.

Plant analyses
Whole shoots and roots were ground separately for P analysis. A 100 mg sample from each
replicate was digested in a nitric and perchloric acid mixture. The molybdo-vanadophosphate method was used to determine the content of the digest (Kitson and Melon,
1944). Total nitrogen in the plant tissue of the subsequent wheat crop was determined using
a CHN analyser (LECO, CHN 1000, MI, USA).

Carboxylate analysis
The analysis of carboxylates in the root exudates was according to Cawthray (2003).
All reverse-phase liquid chromatography analyses were conducted with a Waters (Milford,
MA, USA) 600E dual head pump, 717 plus autosampler and a 996 photo-diode array (PDA)
detector. Separation was performed on an Alltima C18 column (250 mm*4.6 mm id) with
5 µm particle size (Alltech Associates Inc., Deerfield IL, USA). A µBondapak (Waters)
C18 guard column was used in-line prior to the analytical column.
All data were acquired and processed with Millennium32® chromatography software
(Waters, Milford, MA, USA) with PDA acquisition from 190 to 400 nm. PDA output at
210 nm was used for the quantification of organic acids. Positive identification of organic
acids was accomplished by comparing standard retention time and PDA peak spectral
analyses with the unknowns. Spiking of samples with standard organic acids ensured there
was no effect of sample matrix on spectral characteristics or peak response of the acids of
interest (data not shown).
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The mobile phase consisted of 25 mM KH2PO4, adjusted to pH 2.5 with concentrated orthophosphoric acid and methanol in a ratio of 93:7 at a flow rate of 1 mL min-1. Separation was
achieved at ambient temperature of 25±2°C. For the analysis of root exudate samples, a
gradient elution was employed every 5th sample, using 60% (v/v) methanol to fully flush the
column of hydrophobic compounds from previous injections.

Statistics
Statistical analyses of data were carried out by analysis of variance (ANOVA) tests. All
statistical analyses were performed using GenStat 6 (Payne et al., 2002). Least-significant
differences (LSD) were used to test the significance of differences between treatments.

Results

Properties of soils
The soils were loamy in texture. Although all three soils were low in available P, there was
marked variation amongst the soils in other properties related to P availability (Table
1). The Bindoon and Mingenew soils showed a high phosphorus-retention index, whereas
that of the Nyabing soil was low. Both the Bindoon and Mingenew soils contained large
amounts of oxalate-extractable Fe and Al (Table 1).

Plant growth and development
All four species showed a marked response to applied P, although this differed with soil
types. Analysis of variance revealed highly significant (P<0.01) differences amongst
species for shoot dry weight, root dry weight, total biomass and P concentration in shoots
(Table 2). Similarly, differences amongst soil types and the effects of applied P were highly
significant for all the parameters. Interactions amongst crop species and soil types were
significant for shoot and root dry weight and total biomass. However, the interactions
between crop species and P levels were significant only for shoot dry weight. There was no
significant interaction between soil types and P levels or between soil, crop and P levels;
therefore, mean values of the three soil types were used to present details on the effects of
treatments on plant variables. Shoot dry mass of all four species was increased by
phosphorus application in all the soils, but the increment varied with species (Figure 1). At
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55 DAS, averaged over the three soils, addition of P increased shoot dry mass by 290% for
wheat, 64% for faba bean, 75 % for field pea and 34% for white lupin (Figure 1).
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Figure 1. Shoot dry mass of wheat, faba bean, field pea and white lupin at 55 and 100 days after sowing
(DAS), grown in Bindoon, Mingenew and Nyabing soil without (open bars) and with (filled bars) added
phosphorus (0 and 20 mg P kg-1 soil). Bars represent standard errors; n = 4.

The effects of P application on root dry mass were less pronounced than those on shoot dry
mass. Root dry mass of faba bean was several times greater than that of the other crops
(Figure 2A) which was partly due to a higher root mass ratio (Figure 2B). The root mass
Table 2. F values for analysis of variance of growth parameters and
P concentration in shoot and roots of the plant species in three
different soils under two phosphorus levels at the first harvest.
Source of
Shoot dry Root dry Total
P conc.
P conc.
variance
weight
weight biomass
in shoot
in root
Soil (S)
30 **
14.1 **
28.5 **
10.6**
5.7*
Crop ( C)
40.2 ** 319.8 **
170.3 **
4.4 ns
45.5**
P-Level (P) 177.2 **
12.8 **
133.5 **
37.2 **
19.7**
S ×C
4.9**
2.9 *
3.9 *
0.8 ns
1.4 ns
S ×P
2.6ns
0.83 ns
2.5 ns
3.0 ns
1.6ns
C ×P
6.5 **
1.1 ns
4.3 ns
0.9 ns
6.1**
S × C ×P
2.1ns
0.86 ns
2.3 *
0.7ns
1.9 ns
NS = Not significant; *, ** = Significant at 0.05 and 0.01 probability
levels, respectively.
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ratio of wheat and faba bean decreased significantly with the addition of P. Wheat had the
highest, and faba bean the lowest Specific Root Length (Figure 2C). Trends in specific root
length reflected differences in root diameter: the roots of wheat and field pea were thin
compared with those of faba bean and white lupin (data not shown). Specific root length
decreased by 33% in wheat as a result of P application, while decreases in the legume
species were only 9-17%.

P concentration and content
Shoot P concentration in all the species increased with applied phosphorus in all soils.
Averaged for the three soils, application of P increased P concentration in shoots by 38%
for wheat, 75% for faba bean, 27% for field pea, and 53% for white lupin (Figure 3A).
Addition of P also increased root P concentration in all the species: by 32% for wheat, 67%
for faba bean, 23% for field pea, and 91% for white lupin (Figure 3B). At P0, wheat and
field pea had the highest shoot P concentrations, whereas root P concentration was highest
in faba bean. Total P content of the plants increased with applied phosphorus, due to both
greater dry mass and higher P concentrations. The P content of faba bean at 55 DAS was
4.0 and 8.8 mg/pot, at P0 and P20, respectively, which was about double that of plants of all
other species at the respective P levels. Over the period 55-100 DAS, the amounts of P
taken up showed smaller variation. For the P0 treatment, P uptake was on average 11, 11,
10 and 14 mg/pot for wheat, field pea, white lupin and faba bean, respectively.
Carboxylates in the rhizosphere
The concentrations of rhizosphere carboxylates varied greatly amongst species, soil and P
level. Field pea and white lupin rhizospheres had more carboxylates than those of wheat and
faba bean in all three soils at both P levels. Concentrations of carboxylates were lowest in
the Bindoon soil, and highest in the Nyabing soil, with differences being particularly large
for field pea (Figure 4). Composition of rhizosphere carboxylates also varied amongst
species, soils and P levels. Citrate was the main carboxylate in the field pea rhizosphere,
making up 93-98% of the total amount of carboxylates, except in Bindoon soil at P0 where
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Figure 2. Root dry mass (A), root mass ratio (B) and specific root length (C) of wheat,
faba bean, field pea and white lupin grown in three different soils for 55 days in pots
without (open bars) and with (filled bars) added P (0 and 20 mg P kg-1 soil). Results
shown are means of three soil types. Bars represent standard errors; n = 4.

a significant proportion was cis-aconitate (Figure 5A). Citrate and malate were the main
carboxylates in white lupin, with the malate to citrate ratio varying between 0.25 and 1.0.
Soil type appeared to be the main determinant of this ratio, but the proportion of malate also
increased in response to the addition of P in the case of the Bindoon soil (Figure 5B). No
measurable amounts of carboxylates were detected in the bulk soil. The pH values of
rhizosphere and bulk soil extracts were similar for all species.
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Effect of different plant species on subsequent wheat
Subsequent wheat plants grown in all pots generally looked healthy, apart from showing a
degree of P deficiency. Wheat grew better after the legumes than after wheat in all three
soils. The effect of the previous plant species was greater when these previous species had
received P fertiliser (Figure 6). Analysis of variance showed highly (P < 0.01) significant
effects of previous species, soil type and P level for total biomass and plant P concentration
(Table 3). Interactions amongst species, soil types and P levels were significant for plant
biomass only.
Wheat, as a previous crop, showed a significant positive effect in all soils over control pots
when additional P was not applied. All the legumes increased plant biomass in subsequent
wheat significantly over the control pots in all the soils. Wheat grown after white lupin and
field pea produced 37% and 74% more biomass, respectively, while wheat grown after faba
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Figure 3. P concentration in shoot (A) and roots (B) of wheat, faba bean, field pea and
white lupin grown in three different soils for 55 days in pots without (open bars) and
with (filled bars) added P (0 and 20 mg P kg-1 soil). Results shown are means of three
soil types. Bars represent standard errors; n = 4.
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for the soils, wheat in control pots produced 71% more dry mass compared with wheat
following wheat. Wheat following white lupin and field pea had 30% and 61% plant dry
mass, respectively, compared with wheat after wheat, but after faba bean, wheat had 127%
more dry mass compared with wheat after wheat. Averaged for the soils, application of P
increased plant dry mass to 168% for wheat in pots without previous plants which was
similar to the first experiment (Figure 1). With added P, wheat after white lupin, field pea
and faba bean produced 49%, 45% and 47% more dry mass, respectively, compared with
non-fertilised pots (Figure 6). Wheat after faba bean produced 32% more plant biomass
compared with wheat in pots without previous plants (mean for the three soils).

Table 3. F values for analysis of variance of plant biomass and
and P content by wheat grown without added P after different
crops in three different soils under two levels of added P
Source of Total
Plant P
variance biomass
content
Soil (S)
129 **
35 **
165 **
32 **
Previous cr
450 **
224 **
P-Level (P)
S ×C
12 **
2 ns
S ×P
21 **
5 ns
C ×P
38 **
12 **
S × C ×P
14 **
1.3 ns
ns = Not significant; *, ** = Significant at < 0.05 and < 0.01
probability levels, respectively.

At P0, averaged over the three soils, concentrations of P in wheat grown after wheat, field
pea, white lupin and faba bean were higher by 24%, 14%, 37% and 37%, respectively,
compared with that in wheat grown in pots without previous plants. Application of
phosphorus to the control pots and previous crops approximately doubled the P
concentration in the subsequent wheat crop (Figure 7A). Amongst the legumes, the effect of
faba bean and field pea on the P concentration of subsequently grown wheat was greater
(143% and 166%, respectively) than that of white lupin (73%). The positive effects of
previous legume crops on subsequent wheat biomass and P concentration led to large
differences in total plant P content. These effects were obvious at both P0 and P20, and
were largest after faba bean, intermediate after field pea, and smallest after white lupin
(Figure 7B). Previous legume crops, in particular faba bean and field pea, increased P
uptake by subsequently grown wheat beyond the amounts that wheat could take up from
previously unplanted (but also fertilised) soil. Although a significant amount of P was
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removed by the previously harvested shoots, wheat plant P content after faba bean was 80%
greater than that of wheat grown in previously unplanted pots (Figure 7B).
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Figure 4. Rhizosphere carboxylates (µmol g-1 root dry mass) of wheat, faba bean,
white lupin and field pea grown in Bindoon, Mingenew and Nyabing soils for 55
days in pots without added phosphorus (open bars) and with added phosphorus
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Discussion

Growth and P uptake of legumes and wheat
Without the application of P, the grain legume plants accumulated more biomass and
contained more P than wheat did. The legumes were not more efficient in using P for
growth, as the tissue P concentrations were similar (shoot) or higher (roots) than those of
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Figure 5. Composition of carboxylates (% of total content) in the rhizosphere of field pea (A)
and white lupin (B) grown in Bindoon, Mingenew and Nyabing soils for 55 days in pots
without and with added P (0 and 20 mg P kg-1 soil).

wheat; however, they were better at taking up P from the soil, especially faba bean, which
took up 78% more P than wheat (based on plant P content, Figures 1-3, after subtraction of
measured seed P content, data not shown). It seems unlikely that this capacity of faba bean
is related with the mobilisation of sparingly soluble soil P by exuded carboxylates. Our
experiment confirmed that citrate and malate are abundant carboxylates in the rhizosphere
of white lupin (Figure 5). Field pea rhizosphere also had large amounts of carboxylates,
whereas faba bean had very small amounts (Figure 5). There are no previous reports
regarding rhizosphere carboxylates in field pea and faba bean. For field pea, citrate was the
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main organic anion. Veneklaas et al. (2003), by extracting the soils that were used in this
experiment, showed that both citrate and malate mobilise P in these soils.
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With the application of P, although all the species increased total plant biomass, growth of
wheat was stimulated about twice as much as that of the legumes. This indicates that wheat
growth was more severely limited than that of the legumes in these soils without freshly
added P. The better growth of legumes compared with that of wheat in non-fertilised soil
suggests a special adaptation to acquire P from low-P soils. Bolland (1999) compared the
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responses of wheat, chickpea, white lupin and faba bean to P application in glasshouse and
field experiments, and found that chickpea, white lupin and faba bean had higher yields
with no added P and lower yield responses to added P than wheat. In our experiment there
were no differences due to P fertiliser in the shoot P concentration amongst the species.
Wheat had remarkably low root P concentrations; approximately four times lower than that
of faba bean. The P economy of wheat seems strongly dominated by allocation to the
shoots. Wheat shoots contained more than 90% of acquired P (Figure 3). Greater P
availability led to a large increase in growth, but a much smaller increase in P
concentrations.
The observed species differences in plant P content and growth may be due to a number of
factors. The species studied differ in percentage biomass allocation to roots, root
morphology, rhizosphere chemistry and tissue P concentrations. Faba bean had a higher
root mass ratio, i.e. greater biomass allocation to the roots, than that of the other species at
both P0 and P20 (Figure 2B). This indicates that faba bean has the morphological advantage
of an extensive root system that can explore a larger volume of soil to access relatively
immobile nutrients like phosphorus. While having smaller root mass ratios in all soils and
treatments compared with faba bean, wheat was the most plastic species in this trait:
allocation of biomass to roots decreased by 9-47% in response to addition of P.
In contrast to the clear difference in the size of the root system comparing faba bean and the
other species (Figure 2), there is no evidence that faba bean was particularly efficient in P
uptake at the root surface. While faba bean at the first harvest had 14, 8.5 and 5 times the
root mass (Figure 2) and 3, 2 and 4 times the root length (data not shown) compared with
wheat, field pea and white lupin, respectively, its P uptake over the subsequent period (up to
harvest 2) was only 1.3, 1.3 and 1.5 times greater than that of the other species. There may
be a trade-off between investment in large root systems vs. efficient uptake mechanisms,
and evolutionary or breeding pressures may have led to different solutions for this trade-off
in response to different soil conditions. The carboxylate-exuding legumes, white lupin and
field pea, showed a higher P content than wheat in both treatments. This suggests that the
higher plant P content was due to the rapid exudation of organic anions, which contribute to
solubilising sparingly soluble soil P (Gerke, 1992; Li et al., 1997). Faba bean and wheat
exuded a negligible amount of carboxylates in all the soils compared with white lupin and
field pea, (Figure 5). Wheat has been reported before as a species with slow exudation rates
(Neumann and Römheld, 1999; Veneklaas et al., 2003). Although faba bean neither
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produces cluster roots nor exudes large amounts of organic anions, it showed the greatest P
content due to its larger root dry mass (Figure 2A).

Growth and P uptake of wheat grown after legumes
Our results strongly suggest that the legume species improved P availability to the
subsequent wheat, leading to better growth in soils where P availability was the main
limiting factor. Wheat following white lupin, field pea and faba bean produce both more
biomass than wheat after wheat, and it also showed higher plant P concentrations,
particularly when the previous crop had received P fertiliser. If wheat growth after legumes
had increased for reasons other than increased P availability, P concentrations of the plants
would be expected to have been the same or reduced. Shoot nitrogen concentrations of
wheat in the second part of the experiment showed little variation and were near the
concentration listed as adequate (26 mg g-1 shoot dry matter) by Reuter & Robinson (1986)
for Australian wheat at this growth stage. The simultaneous increase in growth and P
concentrations indicates that the legumes somehow enhanced the availability of P for
uptake by wheat.
Wheat grown in pots previously planted with legumes had a higher or similar total P
content compared with previously unplanted pots, despite the fact that some P had been
taken up by the legume plants, and removed through harvesting of the shoot. During their
growth, legumes may have mobilised P from soil through the action of carboxylates. This
mechanism has been suggested as an explanation for positive rotational benefits of legumes,
for example of white lupin (Kamh et al., 1999) and pigeon pea (Ae et al., 1991). It is
unlikely that exuded carboxylates have a direct effect on the subsequent crop, since
carboxylates are subject to rapid turnover in soil, depending on temperature and soil type
(Jones et al., 1998; 2003). A rotational effect, therefore, is probably related to the recycling
of mobilised P through plant residues (Horst et al., 2001). Interestingly, faba bean, which
did not exude much carboxylates, had the greatest positive effect on the subsequent wheat
crop. We cannot exclude the possibility that faba bean exuded active compounds that we
did not analyse for, such as other low-molecular-weight organic anions, phenolics, or
phosphatases. However, as mentioned above, the high P content of faba bean plants is likely
due to its large root system rather than enhanced P uptake through a specialised mechanism.
The positive effect of previously grown plants on subsequent wheat P content (Figure 7B)
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Figure 7. Phosphorus concentration (A) and content (B) of wheat grown for 35 days without Psupply
in pots that were previously unplanted or planted with wheat, faba bean, field pea and white lupin and
fertilised with 0 (open bars) and 20 (filled bars) mg P kg-1 soil. Results shown are means of three
soils; n = 4 plants per treatment per soil. Means with different letters are significantly different
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correlates well with the root P concentration of these plants (Figure 3B). This supports the
concept that the rotational benefit is more closely related to the mineralisation of P-rich
plant residues rather than to residual effects of the root exudates on soil chemistry.
In conclusion, the present experiment demonstrated that different grain legume crops
possess different mechanisms for enhancing P uptake, including root exudates and high
biomass allocation to roots. Enhanced P uptake led to increased growth of the legume crops,
and, importantly, of subsequently grown wheat. Phosphorus benefits to wheat are probably
due to mineralisation of root-derived organic P, rather than carboxylate-induced persistent
changes in soil chemistry. From the results of the present experiment, faba bean appears to
be a very suitable P-mobilising legume crop plant for rotation where soils have low
available phosphorus.
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Chapter 3

Phosphorus uptake by grain legumes and subsequently grown
wheat at different levels of residual phosphorus fertiliser
Abstract
A pot experiment was conducted to compare the growth and P uptake of three legume crop
species with that of wheat grown in a soil with different levels of residual phosphorus (P),
and to determine whether the influence of legumes on subsequent P uptake by wheat was
due to legume-induced changes in the rhizosphere, or to the presence of legume roots.
White lupin (Lupinus albus L), field pea (Pisum sativum L.), faba bean (Vicia faba L.) and
wheat (Triticum aestivum L.) were grown in a soil, which contained 25.7, 26.4, 30.8, 39.0
or 51.9 mg/kg bicarbonate-extractable P and sufficient amounts of nitrogen to suppress
nodulation and dinitrogen fixation. Differences among the species in root dry mass were
much larger than those in shoot dry mass. Faba bean produced the greatest root dry mass.
All the legumes exuded carboxylates from their roots, predominantly malate, at all soil P
levels. Rhizosphere concentrations were highest for white lupin, followed by field pea and
faba bean. All the investigated legumes enhanced the growth of the subsequently grown
wheat, compared with wheat grown after wheat, even at relatively high levels of soil P. The
positive effect on growth was not dependent on the incorporation of the legume roots into
the soil. The legumes also caused a modest increase in wheat shoot P concentrations, which
were higher when roots were incorporated into the soil. Because of the increased growth
and tissue P concentrations, wheat shoot P content was 30-50% higher when grown after
legumes than when grown after wheat.
This chapter has been accepted for publication as:
M. Nuruzzaman, Hans Lambers, Michael D.A. Bolland and Erik J. Veneklaas 2005 Phosphorus uptake by grain legumes
and subsequently grown wheat at different levels of residual phosphorus fertiliser. Australian Journal of Agricultural
Research vol. 56 issue 10.
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Introduction
Phosphorus (P) fertilisers have been extensively used in profitable agricultural production
systems in Australia as most Australian soils are P deficient in their virgin state (Williams
and Raupach, 1983). Manufactured, solid, granulated, water-soluble superphosphate and
ammonium phosphate fertilisers, in which 80 to 90% of the total P is initially water-soluble,
are effective and widely used in all soil types and environments of the region (Bolland and
Gilkes, 1998). In moist soil the water-soluble P in the fertiliser granules rapidly and almost
completely dissolves and moves into the soil where most of the P is sorbed by the soil
(Sample et al., 1980). Typically only 10-30% of the P applied as water-soluble P is used by
plants in the year of application, with diminishing amounts being used in subsequent years
(Bolland and Gilkes, 1998). Some P is removed in agricultural produce, by leaching in
some soil types, and by soil erosion, but most is sorbed by the soil, where it becomes
increasingly bound to soil constituents (Barrow,1980; 1999). Consequently, a considerable
portion of the fertilisers applied may remain in the soil as sorbed P in the forms of various P
compounds, termed residual P (Barrow 1980; Bolland, 1993; Halvorson and Black, 1985;
McPharlin et. al., 1994). The contribution of residual P to plant P nutrition in the years after
application can be significant. Eghball et al. (1990) reported that undisturbed, banded P
fertiliser may remain available from 2.6 to 6.5 years, depending on the amount of applied P
and the P-adsorption characteristics of the soil.
Crop species differ in their ability to take up P from soil. Phosphorus uptake depends on
plant characteristics and the availability of P in soil (Föhse et al,. 1988). Movement of P to
the root is the main limiting factor for P acquisition (Barber, 1995), and thus, plant
characteristics that improve soil exploration (e.g., greater biomass allocation to the roots,
greater root length per unit root mass, longer root hairs) or increase P mobility (e.g.,
exudation of carboxylates) increase P uptake (Gourley et al., 1993; Lambers et al., 1998).
A number of grain legume crops, among them white lupin, chickpea, field pea and faba
bean, are able to mobilise soil P through a variety of root traits (Ae et al,. 1990; Gardner et
al., 1983; Keerthisinghe et al., 1998; Nuruzzaman et al., 2005; Veneklaas et al., 2003).
Moreover these crops can potentially increase yields of subsequent cereal crops (Hocking
and Randall, 2001; Kamh, 1999). In a previous study, in which sufficient N was supplied to
suppress nodulation in the legumes, we have shown that the growth and P uptake of wheat
was better after legume crops than after wheat in low-P soils (Nuruzzaman et al., 2005).
There are two hypotheses that could explain the improved wheat growth after legumes.
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First, legume crop roots may release exudates to mobilise P in excess of their own demands
which could subsequently be utilised by the less P-efficient wheat plants. Second,
mineralisation of root-derived organic P could contribute to enhanced P uptake for wheat.
Grain legumes are an essential part of Australian cropping systems, and they provide
diversified income to the farmers (Regan and White, 2003); the wheat-legume rotation is
one of the prominent cropping systems in Australia (Siddique and Skyes, 1997). Given their
P-mobilising potential, it is important to know whether the grain legumes will increase the
use of residual soil P during their growth and that of subsequent crops. Determining the
interaction between different legume crops and residual P may help increase the efficiency
of the plant’s use of applied P fertiliser, thus increasing economic returns for costly P
fertiliser (Black, 1994). It may also help reduce P loads on waterways if enhanced plant
uptake of P reduces losses due to leaching or runoff. A limited number of studies has been
done on the residual value of P for wheat, lupin and rice (Amrani et al., 2001; Bolland,
1992; McPharlin et al., 1994; Sahrawat and Sika, 2002), but no data are available for field
pea and faba bean.
The objectives of the present study were (i) to determine the growth and P uptake of
different legume crop species at different residual P, (ii) to identify and quantify the
carboxylates exuded by different grain legumes, (iii) to investigate the effect of the legume
crops on the P uptake of the subsequent wheat crop, and (iv) to determine whether the
effects of legumes on subsequent wheat P uptake were due to legume-induced changes in
the rhizosphere, or to the presence of legume roots.

Materials and Methods

Soil analyses
The soil was collected from the top 10 cm of a paddock near Mullewa, Western Australia
which had produced a poor wheat crop in the preceding season (2002 drought). The soil had
been fertilised with the following amounts of P before growing wheat: 0 (P0), 2.5 (P2.5), 5
(P5), 10 (P10) and 40 (P40) kg/ha, At the start of the pot experiment, bicarbonateextractable P levels (Colwell 1963) were 25.7 (P0), 26.4 (P2.5), 30.8 (P5), 39.0 (P10) and
51.9 (P40) mg/kg dry soil, respectively. Soil samples were analysed by CSBP Futurefarm
analytical laboratories (Bibra Lake, Australia) (Table 1). Total P and Phosphorus-Retention
Index (PRI) were estimated using the method described by Allen and Jeffery (1990). Acid
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oxalate was used to extract Fe and Al (Parfitt and Childs 1988). Concentrations of Fe and
Al in the extract were measured by Atomic Absorption Spectrophotometry and Inductively
Coupled Plasma Spectrometry, respectively.

Growth and maintenance of first crop
In the first part of the experiment, white lupin (Lupinus albus L., cv. Kiev Mutant); field
pea (Pisum sativum L., cv. Dundale), faba bean (Vicia faba L., cv. Fiord), and wheat
(Triticum aestivum L., cv. Camm) were grown in 18 cm height X 16 cm diameter pots lined
with perforated polyethylene bags. The treatments were replicated 4 times. Four seeds of
each species were sown 2 cm deep on 16 June 2003. Seeds were not inoculated with
rhizobium, but sufficient nitrogen was supplied as nitrate-N to avoid undesirable variation
in plant growth due to possible differences in symbiotic nitrogen fixation. Two weeks after
sowing, the seedlings were thinned to two plants per pot. Throughout the experiment, the
pots were watered with deionised water to 80% of field capacity throughout the experiment
by applying water three times a week and weighing regularly. Basal nutrients as a nutrient
solution were applied to plants initially 100 mL per week which was increased to 200 mL
per week at later stages. The composition of the nutrient solution was (µM): Ca(NO3)2, 200;
K2SO4,100; MgSO4, 54; H3BO3, 2.4; MnSO4, 0.24 ZnSO4, 0.1; Na2MoO4, 0.03 and CuSO4,
0.02. Control pots (unplanted) were included in the design, and received the same amounts
of water and nutrients.
The plants were harvested at 75 days after sowing (DAS) at flowering stage. The two plants
in each pot were not separated; all measurements were based on the combined plant and
rhizosphere of the two plants. Shoots were severed at the soil surface, and root systems
were carefully taken out of the pots by removing all bulk soil around them. Rhizosphere soil
was defined as all soil adhering to roots after gently shaking. There was some root breakage
at the time of removing bulk soil from the roots, despite the care taken, and these roots were
included with the rest of the system for further measurements. Rhizosphere carboxylates
were extracted from the root system and the adhering rhizosphere soil for half an hour by
immersing and lightly shaking the root system in a 0.2 mM CaCl2 solution (Veneklaas et al.
2003). A subsample of the extract was filtered into 1 mL HPLC vials through a 0.22 µm Pal
Gelman Acrodisc (Ann Arbor, MI, USA) syringe for exudate analysis. The subsample was
acidified by adding a droplet of concentrated phosphoric acid and stored in a freezer.
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Growth and maintenance of subsequent wheat
In the second part of the experiment, the day after the harvest of the preceding legume and
wheat plants, subsequent wheat was grown with two treatments. In treatment 1, the roots of
the preceding plants were taken out of the pot, but returned immediately after cutting and
mixed with the soil. In treatment 2, the roots of the preceding plants were removed, and
bulk soil returned to the pots after mixing. Treatment 1 used pots that had not been
harvested at the end of the first part of the experiment. Six pre-germinated wheat seeds were
sown 2 cm deep. After establishment, seedlings were thinned to five plants per pot. The
pots were kept at 80% of field capacity throughout the experiment. Nutrients, except
phosphorus, were added as a nutrient solution. The nutrient solution was the same as for the
preceding crops, and the application rate was 100 mL per week. The subsequent wheat crop
was grown for 8 weeks. At harvest, wheat plants were divided into roots and shoots, dried
at 70oC for 48 hours, and weighed.

Plant analyses
Whole shoots, roots and seeds were ground separately for P analysis. A 100 mg sample
from each replicate was digested in a nitric and perchloric acid mixture. The molybdovanado-phosphate method was used to determine the P concentration in the digest
(Griswold et al., 1951). Phosphorus uptake was calculated as total P content (P
concentration multiplied by yield) of shoots and roots minus seed P content.

Carboxylate analysis
The analysis of carboxylates in the root exudates was according to Cawthray (2003). All
data were acquired and processed with Millennium32® chromatography software (Waters,
Milford, MA, USA) with photodiode array detector (PDA) acquisition from 190 to 400 nm.
PDA output at 210 nm was used for the quantification of carboxylates. Working standards
of malic, malonic, tartaric, formic, citric, acetic, lactic, maleic, succinic, fumaric, cisaconitic and trans-aconitic acids were used (ICN Biomedicals Inc, Aurora, OH, USA).

Statistics
Statistical analyses of data were carried out by analysis of variance (ANOVA) tests. All
statistical analyses were performed using GenStat 6 (Payne et al., 2002). Means were
presented with standard errors to indicate variation of each measurement. When the values
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were not significantly different, but there was a clear pattern, this is mentioned as a ‘trend’
in the text.

Results
Growth and P uptake by preceding crops
Growth stimulation by P was relatively small at low residual P levels, and we therefore
present the results of the lowest (P0) and highest (P40) residual P levels only. Field pea
increased shoot dry weight by 40% in P40 compared with P0, while that of white lupin,
faba bean and wheat increased by 25, 14 and 11%, respectively (Figure 1A).

Table 1. Properties of soil used in the experiments.
5.3
pH (CaCl2)
Total phosphorus (µg/g)
135
Phosphorus-retention index
8.5
Oxalate-extractable Al (µg/g)
221
Oxalate-extractable Fe (µg/g)
571

Differences among the species in root dry mass were much larger than those in shoot dry
mass; however, the effect of residual P was minimal. Faba bean produced the most root dry
mass, while that of field pea was the smallest (Figure 1B). Root dry mass of faba bean
increased slightly from P0 to P40, whereas that of other species tended to decrease with the
increased residual P (Figure 1 B). Variation among the species in root P concentration was
much more pronounced than that in shoot P concentration, but, again, the effect of residual
P level was small. Shoot P concentration varied from 1.1 mg/g dry mass (DM) for wheat, to
2 mg/g DM for faba bean at the lowest P level, whereas root P concentration varied from
0.2 mg g-1 DM for wheat, to 1.4 mg/g DM for faba bean (Figure 2).
Grain legume plants took up more P than wheat did, irrespective of the P levels. Subtraction
of seed P (0.14, 0.99, 0.48 and 1.68 mg P/seed for wheat, lupin, field pea and faba bean,
respectively) showed that, amongst the legumes, faba bean had the highest P uptake,
followed by field pea and white lupin. At the lowest P level (P0), P uptake of faba bean,
white lupin and field pea was 58%, 30% and 18% higher, respectively, than P uptake of
wheat. Phosphorus uptake varied from 5.4 mg/pot for wheat to 8.5 mg/pot for faba bean at
the lowest residual P level (P0). At the highest P level (P40), uptake of wheat was 7.1
mg/pot, while that of faba bean was 11.3 mg/pot.
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Rhizosphere carboxylates
The concentration of rhizosphere carboxylates, extracted with 0.2 mM CaCl2, varied
amongst the plant species, but presented no consistent trend with respect to soil P levels
(Figure 3). White lupin had the highest rhizosphere carboxylate concentrations at all P
levels, followed by field pea and faba bean. The rhizosphere of wheat contained a negligible
amount of carboxylates at all P levels. The composition of rhizosphere carboxylates varied
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Figure 1. Shoot (A) and root (B) dry mass of wheat, white lupin, field pea
and faba bean grown without added P in a soil collected from a paddock,
which was fertilised with 0 (P0) and 40 (P40) kg/ha in the previous year.

amongst species, but was similar at all P levels. Malate was the predominant carboxylate in
the rhizosphere of all three legume species. White lupin root exudates, especially at P0,
contained a significant amount of citrate.
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Growth and P uptake by subsequent wheat
Wheat grew better in pots that had previously contained legume plants, compared with
growth in pots that had wheat (Figure 4), and growth of wheat after legume plants was not
significantly different from that of wheat in previously unplanted pots. The different
residual P levels did not cause clear differences in growth or P uptake, and hence only the
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results of the lowest (P0) and highest (P40) P levels are presented.
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Figure 2. Shoot (A) and root (B) P concentration of wheat, white lupin, field pea
and faba bean grown without added P in a soil collected from a paddock, which
was fertilised with 0 (P0) and 40 (P40) kg/ha in the previous year.

Irrespective of root incorporation, the preceding grain legume crops increased the dry
matter accumulation in the subsequent wheat plants at all P levels. This increment was
greatest for growth after faba bean. Without the incorporation of the roots of the preceding
crops, wheat grown after white lupin and field pea produced 35% and 28% more shoot dry
mass, respectively, compared with wheat after wheat (average difference for all five P
levels). Wheat grown after faba bean produced 40% more shoot dry mass than wheat after
wheat; while the control pots had 41% greater shoot mass than wheat grown after wheat.
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Incorporation of the roots of the preceding crops did not increase wheat growth further. The
increase compared with wheat following wheat was 32%, 28% and 39% for wheat after
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white lupin, field pea and faba bean, respectively (Figure 4), averaged over the P levels.
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Figure 3. Carboxylates (µmol/g root dry mass) exuded from different plant species
grown without added P in a soil collected from a paddock, which was fertilised with
0 (P0), 2.5 (P2.5), 5 (P5), 10 (P10) and 40 (P40) kg/ha in the previous year.

The preceding grain legume crops increased the concentrations of P in the subsequent
wheat. Without the incorporation of the roots, averaged over all P levels, the concentration
of shoot P in wheat grown after field pea, white lupin and faba bean were higher by 3%, 8%
and 11%, respectively, while with the incorporation of the roots they were higher by 6%,
13% and 19%, respectively, all compared with wheat grown after wheat (Figure 5). The
concentration of P in the wheat plants grown after wheat was not reduced compared with
that of wheat grown in previously unplanted pots.
Depending on the species, P levels and presence or absence of the remaining roots, the
previous crops increased the P content of the subsequent wheat by 0.95 - 2.8 mg P/pot.
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Without the incorporation of the roots of the preceding crops, shoot P content (mg/pot) in
wheat grown after field pea, white lupin and faba bean was higher by 29%, 34% and 44%,
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respectively, compared with wheat grown after wheat (results averaged for all P levels).
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Figure 4. Shoot dry mass of wheat grown without P supply in pots that were previously
planted with wheat, white lupin, field pea or faba bean, or left unplanted (control) in a soil
with different levels of residual P. Roots of the previous crops were removed from the pots
(A) or incorporated in the pots (B).

With roots incorporated, field pea, white lupin and faba bean increased subsequent wheat
shoot P content by 31%, 37% and 50%, respectively, compared with wheat grown after
wheat. In control pots (previously unplanted), wheat shoot P content was 41% higher than
in pots where wheat was grown after wheat. The difference in wheat shoot P content when
grown with or without legume roots was statistically significant (t-test, P<0.05).
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Discussion
The different crop species showed a small growth response to residual soil P levels,
presumably because the soils contained a base level of P that was well above that of most
Western Australian soils (McArthur, 1991). The growth response of the legume species to
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higher residual P level was slightly greater than that of wheat (Figure 1), suggesting that the
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Figure 5. Shoot P concentration of wheat grown without P supply in pots that
were previously planted with wheat, white lupin, field pea or faba bean, or left
unplanted (control) in a soil with different levels of residual P. Roots of the
previous crops were removed from the pots (A) or incorporated in the pots (B).

legume plants are better able to access residual P than wheat is. This result is consistent
with that of Bolland (1992), who reported a greater yield response to residual P in L.
angustifolius lupin than in wheat on Western Australian sandplain soils.
In the present experiment, the rhizosphere of white lupin and field pea contained large
amounts of carboxylates which is an agreement with our previous study (Nuruzzaman et al.,
2005). However, the present composition of the rhizosphere carboxylates differed from that
in the previous study. Malate was the main carboxylate, and a relatively small amount of
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citrate was observed in both the white lupin and field pea rhizosphere. The difference with
our previous study is probably due to the difference in soil type used. Veneklaas et al.
(2003) observed that white lupin rhizosphere carboxylate composition changed from
predominantly citrate to predominantly malate depending on soil type, with a likely role for
pH. Wouterlood et al. (2004), studying chickpea root exudates, demonstrated that
carboxylate concentrations in the rhizosphere depended on soil type and that their
composition varied with soil P levels.
It is interesting to note that significant amounts of carboxylates were found in the
rhizosphere of faba bean at all P levels (Figure 3), since faba bean only exuded very small
amounts of carboxylates, even under P-deficient conditions, in our previous study
(Nuruzzaman et al., 2005). Our previous study also demonstrated large contrasts amongst
soils in carboxylate concentration of field pea rhizospheres (Nuruzzaman et al., 2005). It is
becoming clear that species’ reactions to different soil conditions vary. For example, high P
availability reduces exudation rates in white lupin (Gardner et al., 1983; Keerthisinghe et
al., 1998), but not in chickpea (Wouterlood et al., 2004).
The results of the present study demonstrate that the legume species significantly improved
the growth of subsequent wheat compared with growth of wheat after wheat (Fig. 4). This is
consistent with the findings of our previous study (Nuruzzaman et al., 2005) in three other
soils, and we interpret this as evidence of improved availability of soil P due to the presence
of legume roots. In contrast with the previous study, the growth of wheat after legumes was
not greater than that in previously unplanted pots. This suggests that the positive effect of
the legumes on P availability was approximately counterbalanced by depletion of soil P
through uptake into the legume plants. The net result of P uptake on one side, and P
mobilisation on the other side, probably varies among soils, depending on the level of P in
easily accessible and mobilisable pools.
It is important to discuss effects of legumes on subsequently grown wheat, other than those
via P that may explain a positive growth response. Nitrogen (N) benefits of legumes
through symbiotic N2 fixation by the legumes are well known (Peoples et al., 1995). In the
present study, however, N was not limiting growth as evidenced by the strongly suppressed
nodule formation on the roots of the legumes. Analysis of the shoots of wheat grown after
the same legumes during our previous study (Nuruzzaman et al., 2005) showed that plant N
concentration was not increased by the previously grown legumes. However, the
contribution of other factors due to the preceding crop, e.g., improved soil physical
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properties (Raimbault and Vyn, 1992) and disease break (MacNish, 1980), cannot be ruled
out.
The incorporation of the roots of the preceding crops did not significantly affect the growth
of the subsequent wheat plants (Fig. 4). These results are not consistent with studies
showing a positive effect of crop residues of P-efficient species on the growth of subsequent
crops (Hafner et al., 1993; Horst et al., 2001). Although the incorporation of the roots of the
preceding crops did not increase the growth, it did have a small but statistically nonsignificant positive effect on the P concentration of the subsequent wheat (Figure 5). The
beneficial effect of faba bean root incorporation on wheat P uptake was higher than that of
white lupin and field pea; this may be related to the larger root system of faba bean (Figure
1b) and its higher P concentration (Figure 2b). Increased P concentration by the
incorporation of the roots of the preceding legume crops agrees with observations by Kamh
et al. (1999), Hocking and Randall (2001) and our own previous results (Nuruzzaman et al.,
2005).
The observed positive effect of legumes on the P uptake of subsequently grown wheat
might be due to the presence of roots (a potential P source once decomposed) or changes in
the rhizosphere (mobilising otherwise inaccessible P). Decomposition of organic P or
leaching of P from the dead roots represents a slow-release source of P for the subsequent
wheat plants. Therefore, phosphorus benefits of legume plants on the non-legume plants
have been related to the recycling of mobilised P through plant residues (Horst et al., 2001).
Since the mineralisation of plant organic phosphorus is a relatively slow process (Birch,
1961), the duration of our experiment may have been too short to demonstrate this longerterm benefit of crops for P availability. An alternative source of phosphorus that may be
released somewhat quicker is the pool immobilised by the microbial population. It is
possible that legume exudates can sustain larger microbial populations than other species
that do not produce large amounts of root exudates.
Exudation of carboxylates from legume crops into their rhizosphere may contribute to
enhance soil-P availability through complexation of Al and Fe (Gerke, 1992). However, the
carboxylates exuded by the preceding crops probably do not have a direct effect on the
subsequent crop, due to their relatively short persistence (Jones et al., 2003). To investigate
the persistence of carboxylates exuded by white lupin, field pea and faba bean, we
measured this in a supplementary experiment using the soil of our main study. We observed
that, after removal of the legume roots from the soil, the concentration of carboxylates
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declined gradually, until no detectable amounts of carboxylates were found in the 4th week.
Hence, any direct effect of legume-exuded carboxylates on the P nutrition of subsequent
wheat would have been limited to the first three weeks of wheat growth. In the field, the
role of persisting carboxylates will be even smaller, whereas benefits from mineralisation of
legume crop residues will increase with time, and become important in full crop cycles.
Carboxylates, however, may be significant in intercropping systems.
In conclusion, the present study demonstrates that legume crops can enhance P uptake of
subsequently grown wheat, even at relatively high levels of soil P. We hypothesise that
release of P from decomposing legume roots or micro-organisms becomes an important and
lasting effect in crop rotations, because rhizosphere changes are likely relatively short-lived.
Faba bean appears to be a particularly promising legume crop for rotation with crops that
are less efficient in P acquisition.
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Chapter 4

Distribution of carboxylates and acid phosphatases and depletion of
different phosphorus fractions in the rhizosphere of
wheat and three grain legumes
Abstract
This study investigates the distribution of carboxylates and acid phosphatases as well as the
depletion of different phosphorus (P) fractions in the rhizosphere of three legume crop
species and of wheat, grown in a soil with two different levels of residual P. White lupin
(Lupinus albus L.), field pea (Pisum sativum L.), faba bean (Vicia faba L.) and wheat
(Triticum aestivum L.) were grown in small sand-filled PVC tubes to create a dense root
mat against a 38-µm mesh nylon cloth at the bottom, where it was in contact with the soil of
interest contained in another tube. The soil had either not been fertilised (P0) or fertilised
with 15 (P15) kg P ha-1 in previous years. The mesh size did not allow roots to grow into
the soil, but diffusion of nutrients and root exudates was possible, and a rhizosphere
established. At harvest, thin (1 mm) slices of this rhizosphere soil were cut, down to a 10mm distance from the mesh surface. White lupin rhizospheres, particularly in the P0
treatment, contained citrate, mostly in the first 3 mm, with concentrations decreasing with
distance from the root. Acid phosphatase activity was enhanced in the rhizosphere of all
species, as compared with bulk soil, up to a distance of 4 mm. Phosphatase activity was
highest in the rhizosphere of white lupin, followed by faba bean, field pea and wheat. Both
citrate concentrations and phosphatase activities were higher in P0 compared with P15. The
depletion of both inorganic (Pi) and organic (Po) phosphorus fractions was greatest at the
root surface, and decreased gradually with distance from the root. The soil P fractions that
were most depleted as a result of root activity were the bicarbonate-extractable (0.5 M) and
sodium hydroxide-extractable (0.1 M) pools, irrespective of plant species. This study
suggests that differences among the studied species in use of different P pools and in the
width of the rhizosphere are relatively small.
This chapter is under revision for publication as: M. Nuruzzaman, Hans Lambers, Michael D.A. Bolland and Erik J.
Veneklaas 2005 Distribution of carboxylates and acid phosphatases and depletion of different phosphorus fractions in the
rhizosphere of wheat and three grain legumes. Plant and Soil.

63
Introduction
As a result of plant activity, the rhizosphere, i.e. the soil layer immediately around roots, is
very different from the bulk soil (Marschner et al., 1986). At the same time, the rhizosphere
affects the mineral nutrition of plants. Soil phosphorus (P) concentration is lower near the
root surface than further away from it (Bhat et al., 1976; Hendriks et al., 1981). Under Pdeficient conditions, a plant’s root morphology and physiology change (Schachtman et al.,
1998). Such adaptive changes may involve secretions of carboxylates and acid
phosphatases, a decrease in rhizosphere pH (Gahoonia and Nielsen, 1992; Johnson et al.,
1996), increased biomass allocation to roots, increased specific root length (root length per
unit root mass), increased amounts of lateral roots and formation of more and longer root
hairs (Bates and Lynch, 1996).
Certain legume crops, such as lupin and chickpea (Gardner et al., 1982; Hocking et al.,
1997; Keerthisinghe et al., 1998; Neumann and Römheld 1999; Veneklaas et al., 2003),
exude particularly large amounts of organic acids into the rhizosphere. This, under Pdeficient conditions, mobilises P from soil-P pools, which are unavailable to plants that do
not possess this adaptation (Jones 1998; Ryan et al. 2001). Phosphorus in the soil is present
in different inorganic (Pi) and organic (Po) forms, but is absorbed by plants almost
exclusively as Pi (Yang and Jacobsen, 1990). Organic phosphorus compounds are important
sources of plant P, but they must be mineralised into Pi before P can be taken up by plants
(Anderson, 1980). Organic P comprises 30%-80% of total P in most agricultural soils. Most
plant species, including Lupinus albus, can use organic phosphorus fractions in addition to
inorganic phosphorus, due to the release of phosphatases (Adams and Pate, 1992). Acid
phosphatases, which catalyse the hydrolysis of organic phosphate compounds (Goldstein et
al., 1988; Tarafdar and Jungk, 1987), are present in the rhizosphere of most plants. The
activity of acid phosphatases in the rhizosphere increases in response to phosphorus
deficiency (Tadano and Sakai, 1991).
Soil P fractionation procedures (Hedley et al., 1982), which use series of extractants, can
assist in determining the depletion of P and shifts in P pools in the rhizosphere. In our
previous studies (Nuruzzaman et al., 2005) different legume species showed differences in
their interactions with soil P. Particularly, faba bean showed superior P uptake and a greater
P effect on the subsequently grown wheat which could not be readily explained by the
presence of root exudates. We hypothesise that P-acquisition efficiency of the plant species
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varies with their rhizosphere volume as well as their rhizosphere chemistry. Hence, in the
present study, an attempt was made to assess the variability of rhizosphere depth and
chemistry among white lupin, field pea, faba bean and wheat. We measured the presence of
root exudates that are able to make soil-sorbed P and organic P available for uptake, as well
as the depletion profiles of different P fractions resulting from plant P uptake.

Materials and methods

Soils
Soil was collected after harvesting wheat from the site of a field experiment in Northcliffe,
Western Australia, which had been treated with 0 or 15 kg P ha-1 (P0 and P15) for the
preceding four years (2000-2003). The soil was selected on the basis of its high content of
organic and sorbed P, which we expected would be accessed through the activity of root
exudates. Samples were analysed by CSBP Futurefarm analytical laboratories (Bibra Lake,
Australia) (Table 1). Bicarbonate-extractable P was measured using the Colwell method
(Colwell, 1963). Total P and Phosphorus-Retention Index (PRI) were determined according
to Allen and Jeffery (1990). Soils were steam-sterilised for 3 hours, and sieved to 2 mm.

Plant growth and maintenance
Four seeds of white lupin (Lupinus albus L. cv. Kiev Mutant); field pea (Pisum sativum L.
cv. Dundale), faba bean (Vicia faba L. cv. Fiod) and wheat (Triticum aestivum L. cv.
Camm) were sown in 9 cm height X 11 cm diameter PVC pots, filled with river sand. The
bottom of this pot segment was covered with 38 µm mesh nylon cloth impenetrable to roots,
but not to root hairs. The upper pot segment was placed on top of the lower segment, which
was filled with the Northcliffe soil described above, and with which it made perfect contact.
Wicks, made out of cotton cloth, were used on the sides of the upper segment and centrally
in the lower segment, to achieve adequate soil water content. This avoided the possible
downwards transport of root exudates by leaching (Figure 1).
Basal nutrients, except P, were added to both the river sand (upper, rooted compartment)
and soil (lower, un-rooted compartment) by mixing in a nutrient solution prior to the
experiment at the following amounts (µg g -1 soil): K2SO4, 140: CaCl2.2H2O 150; NH4NO3,
95; MgSO4.7H2O, 20; MnSO4.H2O, 15; ZnSO4.7H2O, 9; CuSO4.5H2O 2; H3BO3, 0.7;
CoSO4.7H2O, 0.2; Na2MoO4.2H2O, 0.2. All treatments were replicated three times. The
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root
mat

wick

mesh

wick

Figure 1. Schematic diagram of experimental set-up for growing plants in
which the roots are separated from the soil by a 38 µm mesh nylon screen.
Note the cotton wicks used to supply water to the two compartments.

pots were arranged randomly on the benches of a climate-controlled glasshouse, and their
positions were changed weekly. The temperature of the glasshouse was 20/15 ºC day/night.
Two weeks after sowing, the seedlings were thinned to three plants per pot, except for
wheat, which was not thinned. Control pots (without plants) were included in the design and
received the same amount of water and nutrients.

Harvest of the plants and sampling of the rhizosphere soil
The plants were harvested at 50 days after sowing (DAS). The three plants in each pot were
not separated; therefore, all measurements were based on the combined plants and
rhizosphere of the three plants. Shoots were severed at the soil surface, and the root mat was
separated carefully from the mesh at the bottom of the upper pot compartment. All plant
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fractions were dried at 70º C for 48 hours and weighed. The soil column of the lower pot
compartment was then sliced into thin layers (1 mm depth per layer) by using a hand-made
slicing device to obtain rhizosphere soil samples at distances of 1-10 mm from the mesh
surface. To avoid possible effects of freezing on the chemical properties of the soil we did
not use a refrigerated microtome (Fitz et al., 2003).

Analysis of carboxylates
From each 1 mm-deep layer, 3 g of soil was used to extract carboxylates by gently shaking
for half an hour in 10 mL of a 0.2 mM CaCl2 solution (Veneklaas et al., 2003). A
subsample of the extract was filtered into 1 mL HPLC vials through a 0.22 µm Pal Gelman
Acrodisc syringe (Ann Arbor, MI, USA). The subsample was then acidified by adding a
drop of concentrated phosphoric acid. The analysis of carboxylates by HPLC was carried
out according to Cawthray (2003). The rest of the rhizosphere soil extract was used for pH
measurement.

Analysis of phosphatase activity
Acid phosphatase activity was determined according to the modification (Hedley et al.,
1982) of the method of Tabatabai and Bremner (1969). The analysis involved colorimetric
estimation of the p-nitrophenol released by phosphatase activity after incubation of 1 g soil
with 4 mL of 0.04 M sodium maleate buffer (pH 6.5) at 37º C for 1 hour. The reaction was
stopped with 1 M NaOH, and absorbance was measured spectrophotometrically at 400 nm.
One unit of acid phosphatase activity was defined as the activity per gram soil which
produced 1 µmol p-nitro phenol per hour.

Soil P fractions by sequential extraction
Fractionation of soil P was carried out using a modified version of the Hedley et al. (1982)
sequential-extraction procedure as described by Tiessen and Moir (1993). Each soil sample
(1 g dry soil) was subjected to a series of extractants: (i) water; (ii) citrate (0.5 mM); (iii)
bicarbonate (0.5 M); (iv) sodium hydroxide (0.1 M). Extractions took place by shaking soil
with the extractants for 16 hours. Organic P in NaHCO3, NaOH and citrate fractions was
determined by the difference between Pi and total P (Pt). The Pt in these extracts was
determined after digestion in an autoclave using potassium persulphate (Ebina et al., 1982).
In all cases, P concentration was determined colorimetrically by the phospho-molybdate
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method of Murphy and Riley (1962). Analysis of soil P fractions was limited to the first 6
mm from the root surface, since results for pH, carboxylates and phosphatases indicated that
root activity influenced soil properties to a distance of 3-5 mm.

Table 1. Properties of soils used in the experiments (mean control pH 6.3).
(All the determinations n =3)
Total
Phosphorus
Phosphorus
Phosphorus
Soil
phosphorus
retention
Colwell
Olsen
-1
-1
-1
(µg g )
(µg g )
(µg g )
index
Northcliffe (P0)
198
87.3
14.6
7
Northcliffe (P15)
228
76.3
22
10.7

Statistics
All statistical analyses were performed using GenStat 6 (Payne et al., 2002). Statistical
analyses of data were carried out by analysis of variance (ANOVA) tests. Means were
presented with standard errors to indicate variation of each measurement. When the values
were not significantly different, but there was a clear pattern, this is mentioned as a ‘trend’
in the text.
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Figure 2. Changes in rhizosphere pH at increasing distance from roots of four
species in a soil which (A) had not been fertilised or (B) had been fertilised
with 15 kg P ha-1 in previous years.
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Results
Plant growth
Plant growth varied among the four species, but none of the species had significantly
greater shoot and root dry mass at P15 than at P0. Amongst the plant species white lupin
produced the highest root mass (1.23g per pot, mean for P0 and P15) which was followed
by faba bean (1.19 g per pot), field pea (0.42 g per pot) and wheat (0.27 g per pot). Wheat
plants were very small and visibly P deficient. The roots of all the plants developed into a
well spaced system with high density over the surface of the mesh bottom and, despite the
differences in root system size, the mesh was fully covered by roots in all cases.

Changes of pH
The pH in both the P0 and P15 treatments, particularly in the case of the legumes, was
decreased in the first few millimeters close to the root mat, compared with that further away
from the root mat, and compared with the soil in control pots without plants (mean pH
6.30). For the first 2 mm of the rhizosphere, the pH was 6.04 for white lupin, 6.07 for faba
bean, 6.08 for field pea and 6.23 for wheat (Figure 2). Acidification was apparent at greater

Citrate concentration (µmole g -1 dry soil)

distance from the root surface of legumes compared with that of wheat (Figure 2).
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Figure 3. Distribution of citrate in the rhizosphere of white lupin in a soil which (P0)
had not been fertilised or (P15) had been fertilised with 15 kg P ha-1 in previous years.
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Distribution of carboxylates and acid phosphatase activity in rhizosphere
The white lupin rhizosphere contained significant amounts of citrate. No carboxylates were
detected in the rhizosphere of the other species (the detection limit was 5 µM for citrate;
Cawthray, 2003). The concentration of citrate in the soil in the low-P treatment (P0) was
about five times higher than that in P15. The citrate concentration decreased with distance
from the root, and at 4 mm distance it reached a base level (Figure 3).
Acid phosphatase activity was present in the rhizosphere of all plant species (Figure 4). In
all four species and at both P levels the highest values were observed near the surface of the
roots, followed by a decrease with distance from the root surface. The acid phosphatase
activity was found to be increased compared to that in bulk soil up to a distance of 4 mm,
irrespective of plant species and soils. Phosphatase activity in the rhizosphere of white lupin
in P0 was highest, followed by faba bean, field pea and wheat. The control pot (no plants)

Acid phosphatase activity (ug g -1 soil)

also had some acid phosphatase activity, which was almost constant with distance from the
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Figure 4. Distribution of acid phosphatase activity in the rhizosphere of four plant
species in a soil which (P0) had not been fertilised or (P15) had been fertilised with
15 kg P ha-1 in previous years.
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mesh surface. Compared with that in the control pots the phosphatase activity in the
rhizosphere of white lupin increased almost 9-fold, while in field pea and faba bean this was
almost 7-fold, and in wheat almost 3-fold. In all species, phosphatase activity was higher in

Soil P concentration (mg kg -1)

P0 than in P15. This difference was most prominent in white lupin (Figure 4).
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Figure 5. Concentrations of different fractions of inorganic phosphorus in the rhizosphere
of wheat, lupin, field pea and faba bean in a soil which (P0) had not been fertilised or (P15)
had been fertilised with 15 kg P ha-1 in previous years.

Depletion of phosphorus fractions in the rhizosphere
Generally, the measured quantities of inorganic phosphorus fractions (Pi) were NaOH-Pi >
NaHCO3- Pi > water- Pi > citrate- Pi in both P0 and P15. In almost all the soil layers of all
the plants, the P15 soil tended to have higher NaOH-Pi and NaHCO3-Pi than the P0 soil.
Water-Pi and citrate-Pi did not vary much between P0 and P15. The lowest Pi fractions were
observed in the first mm of the rhizosphere soils, irrespective of plant species and soils
which shows that the depletion was greatest at the root surface. The variability in soil P
determinations does not allow us to identify a depth where P depletion becomes
insignificant, but the trends in the Pi concentrations suggest that Pi depletion is largely
limited to the first 4-6 mm from the root surface (Figure 5). Judging from a comparison of
Pi concentrations close to the root surface and those furthest away from it, total depletion
was greatest for the NaOH-Pi fraction, followed by the NaHCO3-Pi, water-Pi and citrate-Pi
fractions, in all the plant species. The P15 soil tended to show slightly lower depletion of
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NaOH-Pi in all species, but the depletion of NaHCO3-Pi was slightly higher in most species
(Figure 5).
Trends in organic P were similar for all species. In the rhizosphere of all the plants at P0,
NaHCO3-Po concentration was highest, followed by NaOH-Po and citrate-Po, while at P15,
NaOH-Po concentration was higher than that of NaHCO3-Po. Similar to the Pi fractions, the
lowest Po fractions were observed in the first mm of the rhizosphere, i.e. the depletion was
greater at the root surface and decreased with distance from the root. The depletion zones
appear similar for Pi and Po (Figures 5, 6).

Discussion
The plants grew well and their roots developed to great densities, largely confined to the
bottom of the pot, allowing a rhizosphere to be formed on the other side of the mesh screen.
Although the species differed in root system size, presumably good distribution of roots
over the screen surface helped to minimise the effect of the differences in plant size on the
depletion of nutrients.
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Figure 6. Concentrations of different fractions of organic phosphorus in the rhizosphere
of wheat, lupin, field pea and faba bean grown in a soil which (P0) had not been fertilised
or (P15) had been fertilised with 15 kg P ha-1 in previous years.

72
Compared with the initial soil and the control pots, the decreases in pH were small and
confined to only a few millimeters of the rhizosphere. Amongst the species white lupin
showed a relatively greater decline of pH in the rhizosphere (Figure 2) which may be due to
H+ efflux (Plassard et al., 1999) along with secretion of carboxylates from its roots (Li and
Tadano, 1997).
In this study, only white lupin exuded detectable amounts of citrate, with much higher
levels in the soil in the P0 treatment than in P15 (Figure 3). Field pea and faba bean did not
exude detectable amounts of carboxylate, in contrast with our previous study (Nuruzzaman
et al., 2005). A difference in soil type used is one likely reason for this discrepancy
(Wouterlood et al., 2004). Carboxylate concentrations in the rhizospheres of field pea and
faba bean varied substantially with soil type in our previous study (Nuruzzaman et al.,
2005). In addition, carboxylates may have been degraded by soil microbial activity (Jones et
al., 1996) or become sorbed to the soil’s anion exchange sites (Jones and Kochian, 1996).
The absence of detectable malate, however, was unlikely to be due to greater sorption of
malate than of citrate. We confirmed this by incubating 1 g of Northcliffe soil in 1 mM
malate and citrate solutions. At these concentrations, sorption of malate (3.7± 0.1 µmol g-1
soil) was very similar to that of citrate (3.9± 0.2 µmol g-1 soil).
In our study, the rhizosphere of all the species tested contained acid phosphatase activity
(Figure 4), however, activities were higher in the legume species compared with wheat.
Differences among species in rhizosphere acid phosphatase activity has been reported
before (Helal, 1990; Yadav and Tarafdar, 2001), but we are not aware of any study
regarding rhizosphere acid phosphatase activity in field pea or faba bean.
Variation in amounts of enzyme exuded by the plant roots is the likely reason for the
difference in phosphatase activity in the rhizosphere of the different plant species (Tarafdar
and Jungk, 1987). In this study, increased acid phosphatase activity was observed up to the
3rd mm of the rhizosphere of all the plant species (Figure 4), and it decreased with
increasing distance from the root surface. Tarafdar and Jangk (1987) and Li et al. (1997)
also reported increased activities of acid phosphatase at distances up to 2.5-3 mm from the
root surface. Li et al. (1997) reported that acid phosphatase activity did not differ with
sterilisation treatment, and it was highest in the zone closest to the root. Therefore, we
assume that the acid phosphatase activity in the rhizosphere of the plant species studied by
us, grown in steam-sterilised soil, was due to phosphatases secreted by the roots. Since the
secretion of acid phosphatase is considered to be an adaptive mechanism for plants growing
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in phosphorus–deficient conditions (Tadano and Sakai, 1991), the secretion of acid
phosphatase might be stimulated by low plant P status (Gilbert et al., 1999; Silberbush et
al., 1981). In our experiment, activities of acid phosphatase were indeed higher in P0 soil
compared with that in P15 soil. White lupin showed the greatest difference between the P0
and P15 treatments, coinciding with the large difference in citrate. This may be due to white
lupin’s strong response to P deficiency, mediated by the formation of cluster roots which
exude much larger amounts of carboxylates and phosphatases than non-cluster roots
(Gilbert et al., 1999; Shane et al., 2003).
The decreased concentrations of P near the root surface (Figures 5 and 6) demonstrate that
root activity causes a net depletion of P in the rhizosphere. Presumably root hairs
contributed to take up P (Föhse, 1991) Bicarbonate and hydroxide-extractable P pools were
the principal sources of P for all species in this soil. Organic P (Figure 6) was at least as
important as inorganic P (Jungk et al., 1993). The ability of plants to access these organic
forms of P is dependent on phosphatase activity, which we demonstrated in the 0-4 mm
rhizosphere, and which correlated negatively with Po concentrations, as would be expected.
Citrate-extractable P, while not of the same quantitative importance as bicarbonate and
hydroxide-extractable P in this particular soil, showed trends that are worthwile noting.
Lupin, which exuded large amounts of citrate (Figure 3), depleted citrate-extractable Pi to
an extremely low level, lower than the other species (Figure 5). We assume that this species
had already extracted this pool to a very large extent (Braum and Helmke, 1995; Suong et
al., 2004; Watt and Evans, 2003). Citrate exudation by roots did not make a difference for
the ability of species to access organic forms of P, including citrate-extractable Po (Figure
6). This indicates that these organic pools can be hydrolysed by phosphatase without
previous mobilisation by citrate.
Many agricultural soils contain high concentrations of organic P (Dalal, 1977). Our results
confirm that a significant part of this P pool is available to plants, even in the relatively
short term of our experiment. Tarafdar and Jungk (1987) observed 65% and 85% depletion
of organic P near the root surface of clover and wheat after 10 and 15 days, respectively.
Our results do not suggest large differences between species in phosphatase activity, but a
wider systematic survey of the variability of rhizosphere phosphatase activity, as well as the
plant and environmental factors that determine it, may help in identifying more P-efficient
species and genotypes on soils where organic P pools are particularly important.
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All rhizosphere profiles, namely that of pH, citrate, phosphatases and P concentrations,
concur in showing high activity near the roots, decreasing to background levels at about 4
mm distance from the roots. The profiles suggest that the studied species do not vary in
rhizosphere depth. Since the screen that was used to separate the roots from the rhizosphere
did allow the penetration of root hairs, we believe that root hairs played an important role in
creating a depletion zone of 4 mm width. This also suggests that the studied species have
similar maximum root hair length although it is known that depending on plant species the
length of root hairs may vary from 0.2 to 2mm which may increase from 0.1 to 0.8 mm for
P deficiency (Bates and Lynch, 1996). The results show some evidence that species differed
in the intensity with which they extracted P from the depletion zone. This may be due to
different amounts of P-mobilising root exudates, since soil P concentration decreased most
in white lupin, which had the highest carboxylate and phosphatase concentrations.
Alternatively, a greater intensity of rhizosphere P extraction may be due to a greater density
of root hairs. The density and geometry of root hairs is best studied on individual roots that
grow freely in the soil.
In conclusion, the results of the present experiment demonstrate that the four species
studied have similar rhizosphere dimensions and use similar soil P pools. Observations on
individual root rhizospheres, including measurement of root hair density and P depletion,
are needed to quantitatively extrapolate the importance of rhizosphere properties to the
whole plant level. The similarity of rhizosphere depth across the four species studied
confirms the importance of specific root length as a factor determining whole plant
rhizosphere volume, and therefore whole plant P uptake (Silberbush and Barber, 1984).
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Chapter 5

Summary and General Discussion
Introduction
Soils of Western Australian cropping regions were very low in phosphorus when first
developed for agriculture (McArthur 1991). In native plant species, specialised mechanisms
have evolved to access P from the soils. However, the introduced annual crop and pasture
species used for agriculture are adapted to soils with much higher P status, and these
introduced species were unable to access sufficient native soil P from most newly-cleared
Western Australian soils. Once the seed P reserves of the introduced plant species had been
used the seedlings could not access sufficient P from soil and died. Consequently, fertiliser
P needed to be applied to the crops and pastures in the region to first increase and then
maintain soil P levels for profitable agricultural production (Bolland and Gilkes 1998).
Fertiliser P remains a major expenditure for producing profitable crop yields in the region.
Lupin, chickpea, field pea and faba bean are increasingly being used in rotations with
wheat, the major crop in Western Australia. A number of grain legume crops, e.g., white
lupin (Lupinus albus L.), pigeon pea (Cajanus cajan L.) and chickpea (Cicer arietinum L.)
(Ae et al., 1999; Neumann and Römheld, 1999; Veneklaas et al., 2003) are well known for
their significant exudation of carboxylates. Carboxylates released in the rhizosphere liberate
P into soil solution (Jones and Darrah, 1994; Ryan et al., 2001), and eventually increase
plant P uptake (Watt and Evans, 2003). Extensive research has been done on white lupin
(Lupinus albus L.), and chickpea has also been studied in the same context (Veneklaas et
al., 2003; Wouterlood et al., 2004). However, exudation of faba bean and field pea was
unknown before the present study. These legume crops are of great potential value in
Australian farming systems. At present, however, it is not yet possible to provide guidelines
as to the most suitable legume species for different soils, considering productivity and
rotational benefits. This PhD research project aimed at optimising the economic returns of
wheat-legume rotations through more efficient use of P fertiliser in the legume phase as
well as enhanced availability of soil P in the subsequent wheat phase (Chapters 2 and 3).
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Phosphorus acquisition by legumes varies among legume crop species and soils
Root exudation is a main acclimation observed in plants in response to nutrient stress
situations. Different plant species exude different organic acid anions in response to nutrient
deficiencies. With this knowledge, I hypothesised that white lupin, field pea and faba bean
are able to exude carboxylates and access phosphorus, which is not available to wheat. In a
pot experiment (Chapter 2) white lupin, field pea, faba bean and wheat were grown in three
different P-deficient soils of Western Australia (Bindoon, Mingenew and Nyabing) to
which no or 20 mg P kg-1 soil was added. Growth, P content and rhizosphere carboxylates
varied significantly amongst crops, soils and P levels. White lupin and field pea showed
large amounts of rhizosphere carboxylates (mainly citrate), whereas wheat and faba bean
showed negligible amounts in all three soils at both P levels. The carboxylate-exuding
legumes, white lupin and field pea, showed a higher P content than wheat in both treatments
which confirmed that the exudation of organic anions contributed to solubilise sparingly
soluble soil P (Li et al., 1997). However, the P content of faba bean was about double that
of all other species, even though it did not exude a lot of carboxylates. The increased P
uptake of faba bean might be due to the morphological advantage of an extensive root
system that can explore a larger volume of soil to access relatively immobile nutrients like
phosphorus (Gahoonia and Nielsen, 2004). The pot experiment of Chapter 2 led to the
conclusion that not all the grain legume crops have the same mechanism for enhancing P
uptake.
Generally 10-20% of applied P fertiliser is used by plants in the year of application (Bolland
and Gilkes, 1998), and the remaining portion of the fertilisers may remain in the soil as
residual P which has over time resulted in the development of a ‘phosphorus bank’ in the
soil (Stevens, 1997). Therefore, I proposed and tested a hypothesis that legume crops may
increase the use of residual soil P during their growth.
A new pot experiment (Chapter 3) was conducted to compare the growth and P uptake of
white lupin, field pea, faba bean and wheat in a soil which contained 25.7, 26.4, 30.8, 39.0
or 51.9 mg kg-1 bicarbonate-extractable residual P. The different crop species showed a
small growth response to residual soil P levels, as the soils contained a base level of P that
was well above that of most Western Australian soils (McArthur, 1991). The growth
response of the legume species to higher residual P level was slightly greater than that of
wheat which confirmed that the legume plants are better able to access residual P than
wheat is (Bolland, 1992). Differences among the species in root dry mass were much larger
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than those in shoot dry mass. Faba bean produced the greatest root dry mass. In this
experiment (Chapter 3), unlike in the first experiment with P-deficient soils (Chapter 2), all
the legumes exuded detectable amounts of carboxylates from their roots. Malate was the
main carboxylate, and a relatively small amount of citrate was observed in both the white
lupin and the field pea rhizosphere. A significant amount of carboxylates was found in the
rhizosphere of faba bean at all P levels, in contrast to the previous study (Chapter 2), in
which faba bean only exuded very small amounts of carboxylates, even under P-deficient
conditions. The experiment (Chapter 3) led to conclude that species vary in their reaction to
different soil conditions.

Phosphorus benefits to subsequent wheat vary among legume crop species and soils
A carry-over P benefit to sorghum and wheat was observed when they were grown after
carboxylate-exuding white lupin (Hocking and Randall, 2001). With this knowledge, I
hypothesised that white lupin, field pea and faba bean are able to increase the growth and P
uptake of the subsequent wheat crop (Chapter 2). At the end of the first experiment
(Chapter 2), the day after the harvest of the shoots of white lupin, field pea, faba bean and
wheat, the remaining roots and the soil were mixed and returned to the pots in which wheat
was grown for 35 days to assess the influence of legume crop species on the growth and P
uptake of the subsequent wheat. Wheat grew better after legumes than after wheat in all
three soils. The effect of the previous plant species was greater when these previous species
had received P fertiliser. All the legumes significantly increased plant biomass of
subsequent wheat compared with wheat in previously unplanted pots in all the soils, despite
the fact that some P had been taken up by the legume plants, and removed through
harvesting of the shoot. During their growth, legumes may have mobilised P from soil
through the action of carboxylates. This mechanism has been suggested as an explanation
for positive rotational benefits of legumes, for example of white lupin (Hens and Hocking,
2004; Kamh et al., 1999) and pigeon pea (Ae et al., 1999). However, the less-exuding faba
bean was the best in promoting subsequent wheat growth on all fertilised soils, which
cannot be explained by root exudation.
The follow-up of the pot experiment of Chapter 2 led to the conclusion that enhanced P
uptake and growth of the legume crops contributed to increase the growth and P-uptake of
subsequently grown wheat. However, it is unlikely that exuded carboxylates have a direct
effect on the subsequent crop, since carboxylates are subject to rapid turnover in soil,
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depending on temperature and soil type (Jones et al., 2003). Therefore, I hypothesised that
the phosphorus benefits to subsequent wheat are probably due to mineralisation of rootderived organic P, rather than carboxylate-induced persistent changes in soil chemistry
(Chapter 3). To test this hypothesis, the day after the harvest of the preceding legume and
wheat plants, subsequent wheat was grown for 8 weeks, with or without incorporating the
roots of the preceding plants.
The results demonstrated that the legume species significantly improved the growth of
subsequent wheat compared with growth of wheat after wheat, which is consistent with the
findings of our previous experiment (Chapter 2) in three different soils. The positive effect
on growth was not dependent on the incorporation of the legume roots into the soil.
However, the legumes also caused a modest increase in subsequent wheat shoot P
concentrations, which were higher when roots were incorporated into the soil. Similar to the
findings in Chapter 2, the beneficial effect of faba bean root incorporation on wheat P
uptake was higher than that of white lupin and field pea roots. The observed positive effect
of legumes on the P uptake of subsequently grown wheat (Chapter 3) might be due to the
changes in the rhizosphere as a result of exudation of carboxylates, or to the presence of
roots. However, any direct effect of legume-exuded carboxylates on the P nutrition of
subsequent wheat may not be possible after the first three weeks of wheat growth (Chapter
3). Therefore, phosphorus benefits of legume plants on the subsequent wheat crop have
been related to the recycling of mobilised P through plant residues (Horst et al., 2001).

White lupin, field pea, faba bean and wheat vary in their rhizosphere volume and
chemistry
Different legume species showed differences in their interactions with soil P (Chapters 2
and 3). Particularly, faba bean showed superior P uptake and a greater P effect on the
subsequently grown wheat which could not be readily explained by the presence of root
exudates. Therefore, I hypothesised that P-acquisition efficiency of the plant species varied
with the volume as well as the chemistry of the rhizosphere. I investigated the variability of
rhizosphere depth and chemistry among white lupin, field pea, faba bean and wheat. I
measured the presence of root exudates that are able to make soil-sorbed P and organic P
available for uptake, as well as the depletion profiles of different P fractions resulting from
plant P uptake (Chapter 4).
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The plants were grown in small sand-filled PVC tubes to create dense root mat against a 38µm mesh nylon cloth at the bottom, where it was in contact with the soil of interest
contained in another tube, in which it established a rhizosphere. At harvest, thin (1 mm)
slices of this rhizosphere soil were cut, down to a 10-mm distance from the mesh surface.
White lupin rhizospheres contained citrate, mostly in the first 3 mm, with concentrations
decreasing with distance from the root. Acid phosphatase activity was enhanced in the
rhizosphere of all species, as compared with that in bulk soil, up to a distance of 4 mm.
Phosphatase activity was highest in the rhizosphere of white lupin, followed by faba bean,
field pea and wheat. The depletion of both inorganic (Pi) and organic (Po) phosphorus
fractions was greatest at the root surface, and decreased gradually with distance from the
root. The soil P fractions that were most depleted as a result of root activity were the
bicarbonate-extractable (0.5 M) and sodium hydroxide-extractable (0.1 M) pools,
irrespective of plant species. This study suggests that differences among the studied species
in use of different P pools and in the depth of the rhizosphere are relatively small (Chapter
4).

Phosphorus benefits of wheat-legume rotations
The use of legumes in crop rotations has been practised for a long time. Although (narrowleaf) lupin is the dominant grain legume in Australia, production of field pea, chickpea and
faba bean has also expanded remarkably. Australia is a major producer and exporter of
grain legumes (Hamblin et al., 2000). In Western Australia, white lupin, field pea and faba
bean are grown in rotation with wheat, the major crop (Siddique et al., 2000). There is a
wealth of information about nitrogen benefits of legume crops. However, the positive
results of using legumes in rotations are not entirely due to nitrogen credits. Legumes in
crop rotations can break insect and disease cycles that are problems in monoculture.
Legume rotation systems also have positive effects on soil physical characteristics, e.g., soil
aggregation and water infiltration (Raimbault and Vyn, 1992; MacNish, 1980).
Furthermore, the discovery of the fact that some legumes are able to exude carboxylates,
which can mobilise P (Chapters 2, 3 and 4), has instigated a research interest about efficient
P acquisition by plants.
In the rhizosphere, plant roots exude a wide range of compounds (Chapters 2, 3 and 4),
amongst which the most interesting for P nutrition are the carboxylates, organic anions of
varying chain length that contain one to three functional carboxyl groups. These
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carboxylates have been linked to P mobilisation in the soil (Jones, 1998; Ryan et al., 2001).
Extensive research has been done on white lupin, which exudes large amount of citrate and
malate (Gardner et al., 1982; Keerthisinge et al., 1998; Veneklaas et al., 2003) when grown
under P-deficient condition. Citrate and malate were the major carboxylates exuded by
white lupin (Chapters 2, 3 and 4), and field pea (Chapters 2 and 3) in my study. White lupin
and field pea also exuded acid phosphatases (Chapter 4). Carboxylates in combination with
acid phosphatases make an excellent strategy to improve P availability of the soil and P
uptake by the plant. Faba bean exuded a smaller amount of carboxylates in all the soils
compared with white lupin and field pea. However, it has the morphological advantage of
extensive root systems that can explore a larger volume of soil to access relatively immobile
nutrients like phosphorus (Chapters 2 and 3).
The experiments show that legumes, compared to wheat, produce larger amounts of root
exudates, and are superior in P uptake and growth. In addition, availability of P pools and
soluble forms of soil P may be increased by the cultivation of legume crops. When legume
plants mobilise phosphorus in excess of their own requirements, this P may contribute to
the P nutrition of other, less P-efficient, crops grown in rotation (Kamh et al., 1999). Wheat
following white lupin, field pea and faba bean produced more biomass (Chapter 2) than
wheat after wheat, and it also showed higher plant P concentrations (Chapters 2 and 3).
During growth, legumes may have mobilised P from soil through the action of carboxylates.
However, carboxylates are subject to rapid turnover in soil, depending on temperature and
soil type, and thus the positive effect of legumes on subsequent wheat was likely related to
the recycling of mobilised P through plant residues (Chapter 3). This conclusion was
supported by the fact that the positive effect of legumes on growth (Chapter 2) and P
content (Chapters 2 and 3) of subsequent wheat correlated well with the root P
concentration of the legumes. In the following experiment, however, there was clear
evidence of a lasting effect of the legumes on rhizosphere chemistry. Removing legume
roots before planting wheat did not reduce the benefit of legumes for wheat (Chapter 3),
suggesting that mineralisation of plant residues may not have been the most important
source of extra P for wheat in this experiment. Detailed analysis of soil P fractions (Chapter
4) does not show an increase of labile P pools in legume rhizospheres. It is possible that in
the experiment of Chapter 3, where legume roots were removed, a significant amount of
rhizosphere P remained in the soil as part of microbial organisms, stimulated by the
presence of easily metabolisable carboxylates, and as part of root hairs or remains of
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sloughed-off root tissue (Jones, 1998; McCully, 1999). This pool of P may become
available relatively quickly through decay. Therefore, P benefits of legume species to
subsequent wheat may be threefold, and probably happen in the following sequence:
carboxylate action; release of microbial P; and mineralisation of plant remains.
A depletion of both inorganic and organic P fractions was observed in the rhizosphere,
which varied among the species (Chapter 4). Longer root hairs can be one of the causes of
larger depletion of P in the rhizosphere (Hendricks et al., 1981). The depletion of the most
mobile fractions of inorganic P in the rhizosphere is considered a result of the sink effect of
plant roots. On the other hand, in some cases, absorbing roots are able to accumulate some
extractable P fractions in their vicinity, instead of depletion (Kirk et al., 1999). Dissolution
of certain P fractions by root exudates might increase P concentration in the rhizosphere soil
solution which forms a complex P concentration profile. This profile exhibits a maximum
away from the root surface with a small decrease in the immediate vicinity of the roots.
Therefore, plant roots can lead to either depletion or accumulation of P in the rhizosphere,
and control its bioavailability to the plant. In my study, however, there was no evidence of a
maximum P concentration at a given distance from the root surface. It is possible that this
phenomenon only occurs in soils with relatively high P concentrations, where the rate of
mobilisation of P may temporarily exceed the P uptake capacity of roots.
Through the incorporation of roots of white lupin, field pea and faba bean into the soil in
crop rotation systems (Chapters 2 and 3), the soil receives a considerable amount of P.
Much of this P may be much easier to access for the subsequent crop than P tightly bound
to the soil. Therefore, the use of these legume species as rotational crops could be a
promising agronomic practice to overcome the problem of low P availability. Incorporated
plant materials can enhance the bioavailability of inorganic P in the rhizosphere through
microbial decomposition of root cell-wall components which solubilise fixed P (Ae et al.,
2001). Improved P nutrition as a result of the application of crop residues in the cultivation
of pearl millet has also been attributed to an increased mobility of soil and fertiliser P, due
to a stimulation of microbial activity in the rhizosphere (Hafner et al., 1993).
The studied legume species, white lupin, faba bean and field pea, differ in their
characteristics (Chapters 2, 3 and 4). The dominant legume crop in Western Australia is
narrow-leaf lupin (L. angustifolius) because of its adaptation to the large area of sandplain
soils in the cropping regions of the state (Sweetingham, 2003). It is adapted to neutral pH
and fine-textured soils (Siddique and Sykes,1997). White lupin is used for human
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consumption in the Middle East and Mediterranean regions, and also as a stockfeed. A
recent outbreak of the disease anthracnose in white lupin is a major threat to the Western
Australian lupin industry. Amongst the species I compared, white lupin exuded the highest
amount of carboxylates. White lupin had the combination of the traits of proteoid roots,
exudation of carboxylates and exudation of phosphatase (Chapters 2, 3 and 4).
Field peas (Pisum sativum) have gained popularity among pulse growers in recent years as
they can be grown in a wide range of soil types (Beermier, 2003). About half of the field
pea production is used domestically for stockfeed purposes, and the rest exported for human
consumption. The most important threat to field pea yields is the fungal disease black spot
(Mycosphaerella pinodes). Amongst the studied species field pea showed the lowest root
mass (Chapters 2 and 3). Root exudation of field pea was lower than that of white lupin but
higher than faba bean (Chapters 2 and 3).
Faba beans are an important potential crop in Western Australia. Australian faba beans are
marketed for stockfeed or human consumption. Their yields are highly susceptible to
variation in seasonal rainfall. Infections of fungal pathogens can also reduce the yield of
faba bean (Knight, 1994). The relationship between time of sowing, yield potential and
incidence of disease is one of the major management issues for faba bean (Siddique et al.,
2000). Faba bean did not exude significant amount of carboxylates (Chapters 2, 3 and 4).
Amongst the studied legume species, faba bean produced larger root systems and a high
root to shoot ratio (Chapters 2, 3 and 4), which enabled it to take up more P from the
rhizosphere. Faba bean contributed more P to the subsequent wheat crop (Chapters 2 and 3).
A similar effect of faba bean in rotational cropping was observed by Hens and Hocking
(2004).
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