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1 General Introduction

While in most countries of Western and Central Europe and North America the production of
agricultural products per unit area takes place at high level, it is low in other parts of the world,
particularly in developing countries of the tropics and subtropics (Vlek et al. 1992; Cakmak
2002).

Biotic and abiotic factors are the major causes of the low yields of the most important crops,
when they are compared with the best yields obtained with best management practices. Biotic
factors (insects, diseases and weeds) are an important source of these losses (less than 20% of the
record yields) (Boyer, 1982; Zeigler, 1990; Krieg, 1994), but the abiotic factors (edaphic and
climatic) account for the most important losses of yield and are, hence, a great source of
agriculture research. Among the edaphic factors, low availability of phosphorus (P) is a major
constraint to crop production in the tropics (World Bank, 1994; Batjes, 1997). Von Uexkiill and
Mutert (1995) estimate that 95% of the acid soils located in tropical areas are deficient in P.

The most evident way to improve the availability of P is to add phosphate fertilisers to P-
deficient acid soils, either as water soluble P fertiliser or as phosphate rock (Von Uexkiill and
Mutert, 1995; Sanchez et al., 1997). However, this option in tropical areas is very restricted by
the low purchasing power of the small-scale farmers, by the lack of fertiliser availability, and by
low fertiliser efficiency due to a high P sorption in acid soils. On the other hand, phosphate
resources are limited and not renewable and their unlimited use leads to the environment
pollution (soil, ground waters, rivers, etc). Other convenient alternatives are: 1) to identify plant
species that are efficient in term of P uptake under low P soil availability and to include them in
crop rotation in combination with relatively low levels of P inputs, and ii) to improve P-
acquisition efficiency by identifying genes responsible for the adaptation of given plants to low-

P soils and to transfer them in agricultural crops that present a low P acquisition.

Such research strategies are highly promising to an increased food production in the tropics,
because growing nutrient-efficient plants will enable to increase the output at a maintained low
input. These allow a sustainable agriculture and conserve the environment. However, in order to
achieve the maximum use of P in P-limited native soil and strategic P inputs, it is necessary to
focus the research on identifying genotypic differences and on understanding the specific

mechanisms involved in the acquisition of P from different P sources (Rao et al., 1999b).
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1.1 Review of literature
Phosphorus availability in tropical soils

Poor soils dominate the tropical latitudes, hence most developing countries. The inherent
infertility of many tropical soils is a consequence of their formation on geological parent
materials that were low in essential mineral elements coupled with the intense rates of
weathering they have experienced under warm humid tropical conditions that develop highly
acidic solum (Richter and Babbar, 1991). Most of these tropical soils have limited available P
(Oxisols, Ultisols and Andisols). Oxisols and Ultisols are constituted by clays, oxides of iron
(Fe) and Aluminium (Al) and weatherable minerals in which phosphorus in the form of calcium
phosphate is hydrolyzed (Walker and Syers 1976; Van Wambeke, 1991). With weathering the
clays lost silica and generated iron and aluminium hydrous oxides onto which phosphates adsorb
or precipitate. Strong weathering is also correlated with an increase in the amount of
sesquioxides, which exhibit high P-sorption properties (Frossard et al., 1995; Torrent, 1997).
Oxisols and Ultisols require great amounts of applied P to attain the required equilibrium

solution concentration to support adequate crop growth (Sanchez and Uehara, 1980).

On the other hand, Tiessen et al. (1992) suggested that in highly weathered soil, most of the
plant-available P is derived from the mineralisation of organic P forms, in less weathered soils
plant-available P is derived predominantly from inorganic P fractions. Soil solution Pi
(Orthophosphate ions) is also replenished by mineralization of labile organic phosphorus forms
(Po) in processes mediated largely by inter- and extracellular phosphatase enzymes (Helal and
Sauerbeck, 1984; Tarafdar and Jungk, 1987). The availability and contribution of labile Po forms
to plant P nutrition depends on microbial activity. Nevertheless, Pi released from organic sources
is either adsorbed onto mineral surfaces or enters into the organic P cycle through plant or

microbial absorption.

The use of P fertilisers, water soluble like triple superphosphate (TSP) or insoluble like
phosphate rock (PR), represents frequently a poor improvement in P supply for the plant.
Phosphorus from both fertilisers precipitate in different forms when it enters into adsorption
reactions with soil mineral constituents and its recovery by plants, due to low availability, is
small. Phosphorus rock dissolution rate of Ca and P ions is slow, because it depends on an acid
reaction governed by external factors as Ca and Pi concentration in soil solution and soil pH.
However, it has been argued that P release from PR would be more in synchrony with plant

demand enabling roots to capture a greater proportion of the Pi before sorption (Chien, 1992).
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On the other site, there is strong evidence that soluble P sources are less affected by increased

sorption capacity than PR sources (Mokwunye and Hammond 1992).

The solubility of Ca, Al and Fe phosphate minerals (and their amorphous precursors) depends on
pH. Al and Fe phosphate solubility increases with increasing pH while the solubility of Ca
phosphates, including phosphate rocks decreases (Olsen and Khasawneh, 1980). Phosphate
sorption on Fe and Al oxide surfaces depends on pH although the literature reports contradictory
effects (Parfitt, 1978; Barrow, 1990). In the absence of cation interferences, increasing pH
reduces Pi adsorption due to increased negative charge on the variable charge oxide surfaces
(Barrow, 1990). Nevertheless, decreasing the pH in the rhizosphere soil results in increased
desorption of labile Pi, influencing P availability. In this way plant adaptation to low P soils may
depend on how the plant can influence the availability of P in the various soil P pools.
Mineralization of P from organic pools may be stimulated by exudation of organic acids which
become substrates for microbial and enzymatic processes in the rhizosphere (Helal and

Sauerbeck, 1984; Tate, 1984).

Importance of phosphorus supply to plant growth

Phosphorus is needed most by young, fast growing tissues, and performs a number of functions
related to growth, development, photosynthesis and use of carbohydrates (Clarkson and Hanson,
1980; Bieleski and Ferguson, 1983; Moorby and Besford, 1983, Marschner, 1995; Rao, 1996);
hence, P deficient soils produce poor yield crops. Optimal plant growth requires P in the range of
0.3 to 0.5% of dry matter during the vegetative growth stage. The productive efficiency of P for
grain or seed is higher at early growth stages than at later stages because P is needed for tillering
or branching. If sufficient P is absorbed at early growth stages, it will be redistributed to other
growing organs. On the other hand, P deficiency reduces leaf expansion, auxiliary bud growth
and, therefore, shoot canopy reduces the plant's photosynthetic surface area and carbohydrate
utilization (Marschner, 1995; Rao, 1996). Since cell and leaf expansion are more retarded than
chloroplast and chlorophyll formation (Hecht-Bucholz, 1967), low P supply increases the soluble
protein and chlorophyll content per unit leaf area, resulting in small and darker green leaves (Rao
and Terry, 1989). An increase in root-to-shoot ratio is due to the P deficient plants decrease more
shoot growth than root growth (Rao and Terry 1995; Marschner et al., 1996). This fact can be
observed in the forage legume, Stylosanthes hamata, not only because most P is retained but also
because there is additional net translocation of P from the shoot to the root (Smith et al., 1990).

In addition to the afore mentioned effects on vegetative growth, low-P supply also limits the
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formation of reproductive organs. Premature leaf senescence, delayed flower initiation (Rossiter,
1978), decreased number of flowers (Bould and Parfitt, 1973) and restricted seed formation

(Barry and Miller, 1989) all contribute to yield reductions under P limited conditions.

Plant P efficiency

Different species and cultivars within a species vary widely in their ability to thrive in nutrient-
deficient environments, i.e. plants differ greatly in their nutrient efficiencies (Chen and

Gabelman, 1995; Cakmak, et.al, 1997; Trehan and Claassen, 1998).

Genotypes that can acquire and use scarce P resources more efficiently from low-P soils could
improve and stabilize agricultural production (Friesen et al., 1997; Rao et al., 1999c).
Genotypical differences in nutrient efficiency are related to differences in efficiency of
acquisition by the roots or in use by the plant, or both (Sattelmacher et al., 1994; Horst et al.,
1996; Rao et al., 1999a). Phosphate acquisition efficiency (PAE) is defined in terms of total
uptake per plant. It is related to morphological root characteristics such as root system size, fine
roots which means an increased root surface per unit of root weight and root hairs which allows
for efficient nutrient scavenging of a larger soil volume. The second component is the root
physiological activity such as differing uptake kinetics i.e. I, K and Cppin, which results in
different nutrient uptake rates per unit root and time (Steingrobe and Claassen, 2000). Other
mechanisms affecting the uptake efficiency include symbiosis with mycorrhizal fungi (Wilcox,
1991; Tarafdar and Marschner, 1994; Marschner, 1995) and chemical mobilization of nutrients
by root exudates of protons, of complexing or chelating substance or of enzymes in the

rhizosphere (Uren and Reisenauer, 1988; Raghothama, 1999; Jones and Farrar, 1999).

Plant P use efficiency (PUE) is the dry matter produced per unit P taken up. It depends on the
available amount of nutrient into the plant (Godwin and Blair, 1991; Marschner, 1995). The PUE
is equivalent to the reciprocal of the nutrient concentration in the entire plant, often termed as the

nutrient efficiency ratio (Gourley et. al., 1994).

The plants’ P efficiency could be also assessed by other terms like the "external" and "internal" P
requirements for plant growth and yield under limited P availability in soil. Genetic variation in

plant adaptation to low-P soils may be related to external and internal P requirements.

The internal requirement is the minimum uptake by a plant associated with a specific yield,
usually near maximum growth (Fox, 1981). It is also defined as the critical concentration for

optimal crop growth or yield i.e. the nutrient concentration in plants sufficient to produce a
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certain proportion, e.g. 90%, of maximum dry matter yield (Fohse et al., 1988, Godwin and
Blair, 1991). Therefore, plants growing under limited P conditions with a low internal P
requirement may have a low external P requirement or may be inefficient acquiring P, but they

must be efficient in using the P taken up to produce dry matter.

The external P requirement of plants is the P concentration in soil solution associated with
adequate nutrition or growth (Fox, 1981) and thus very close related to the plant P efficiency.
Concentration of P in soil solution, which is in the order of 0.32 — 19.37 umol P Lt (Wild, 1988;
Kamprath and Watson, 1980), can be depleted rapidly by growing roots in soil. As solution Pi
falls below its equilibrium concentration, it is replenished by labile Pi desorbed from clay
mineral surfaces adjacent to the roots (Fox, 1981). Consequently, Pi moves from the adsorbed
forms into solution and along a concentration gradient to the root where the concentration is low.
However, in P-limited tropical soils, the quantity of labile P may be insufficient to maintain Pi
solution concentration against depletion by plant root. Thus this specific soil condition influences
the movement of P toward the root surface because gradient is the driving force of diffusive P
flux. On the other hand, P inflow depends on the concentration at the root surface, for that P

depletion may imply severe restriction of P inflow into plants.

It has been reported that the P concentration in soil solution (external P requirement) necessary
to achieve maximum growth differs widely among crops. Using flowing solution cultures, Asher
and Loneragan (1967) showed a 25-fold difference in external P requirements among eight plant
species and Asher (1978) reported a 200-fold difference for 18 species ranging from Stylosanthes
guianensis to cassava. Fox, (1981) showed that the external P requirements of a range of crops
and vegetables estimated in the field on Hawaiian Oxisols using adsorption isotherms were
equally variable. Kamprath and Watson (1980) summarized the external P requirements for

several temperate and tropical crop species varies in the range of 2 to 22 pmol L™

Hence, at a low P concentration in soil solution, P efficient plants may be either those with a low
external P requirement or those which are able to achieve their external requirement by
developing of morphological and/or physiological root mechanisms (PAE), always in connection

with the P use efficiency.

Since different concepts of nutrient efficiency have been developed, some giving emphasis to
productivity and other to internal nutrient requirement (Gourley et, al., 1994), it is important to
clarify the definition of P efficiency for this research. Buso and Bliss (1988) defined that
efficiency with regard to a specific mineral nutrient, is the ability of a species or cultivar to

produce a high yield in a soil limiting in this particular nutrient element compared to a standard
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species or cultivar. Considering this definition, in this study P_efficiency is defined as the

genotype’s ability to produce shoot biomass under low P availability in soil in comparison with

other genotypes.

Plant factors for P acquisition efficiency (PAE)

The ability of plants to adapt their morphological and physiological root
characteristics to variable nutrient availability is genetically determined (Batten,
1992; Egle et al., 1999; Fransen et al., 1999; Horst et al., 1993). The low mobility of P
in soil makes P acquisition by the plant very dependent on soil exploration in time and space
(Nye and Tinker, 1977; Barber, 1984; Koide, 1991; Marschner, 1991). Efficiency of P
acquisition depends markedly on rooting density and root distribution in the soil profile, and
these, in turn, on plant genotype, soil chemical and physical properties, and cropping system
(e.g. rotation). The rooting depth of annual crops increases as the growing season progresses, but
in comparison, perennial forage species, particularly grasses, develop more vigorous root
systems as an adaptive feature to low P availability in tropical soils (Friesen et al., 1997; Rao et
al. 1996). Field and greenhouse studies (Otani and Ae, 1996) indicated that P uptake by crops is
strongly related to root length in soils where P availability is high, but not in soils with low P

availability or where soil volume is limited.

Since the uptake of nutrients occurs on the root surface, root diameter and root length defines the
maximum volume of soil which can be exploited with a given amount of photosynthate. Root
diameter varies between species and cultivars and changes with plant age (Welbank et al., 1973;
Atkinson, 1985). Dicotyledonous species have greater root diameter than monocotyledonous

(Atkinson, 1990; Fitter, 1991).

As the mobility of P in soil is low, the root cylinder may not be enough to feed the plant.
Therefore, plants grow root hairs, which are tubular shaped growing cells arising from root
epidermal cells known as trichoblasts (Ridge, 1996). Jungk and Claassen (1989) found the influx
of P per unit root length greatly enhanced by root hairs. This can be explained by the
enlargement of the root surface area and because root hairs penetrate the soil perpendicular to the
root axis, giving access to a larger volume of soil per unit root length. Consequently, P depletion
profiles are found to differ in their radial extension depending on root hair length (Hendriks et
al., 1981). Assuming a frequency of 100 mm™, a radius of 0.005 mm and a dry matter content of
5%, Clarkson (1991) calculated a threefold increase in surface area could be achieved at an

expense of less than 2% of root dry matter. Fohse et al. (1991) found that spinach had highest
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root hair density and length followed by bean, wheat and rape. Eticha and Schenk (2001) found
that differences in P efficiency between two cabbages varieties could partly attributed to

differences in root hair length.

Arbuscular mycorrhizae fungi (AMF) colonize the roots of most plants and serve as an extended
link between plant roots and soil (Marschner and Dell, 1994). When root exploration of the soil
is restricted by low P supply, up to 80% of the plant P can be delivered to the host plant by the
external arbuscular-mycorrhizal (AM) hyphae, which explore soil to a distance of more than 10
cm from the root surface (Li et al., 1991). The mycorrhizal efficiency of P acquisition probably
varies markedly among crop species. Cassava has a higher AM dependence than Stylosanthes
guianensis, cowpea, beans, Andropogon gayanus, maize, or rice (Howeler et al., 1987). Soil and
crop management practices (crop sequence, tillage, fertilisers, and pesticides) can influence the
total quantity of AMF development (Miller et al., 1994). Therefore, crop systems improving soil
environment for high population of AMF species, could enhance P supply to plants, especially
from strongly sorbed P pools in the soil, which the plant is unable to take up only through the
enlargement of the root system (Dodd et al., 1987).

Phosphorus uptake by plants is also influenced by the uptake kinetics. These
parameters include maximum net influx per centimetre of root length (Inax),
Michaelis- constant (K;;) and minimum soil solution concentration (Cpmin) (Nielsen,
1979). The absorption kinetics of the plant is controlled by these parameters. Under
conditions in which the rate-determining step in P uptake is located in the root, P uptake will
increase if root length per unit plant weight and I, increase, and K,, and Cp., decrease
(Nielsen, 1979). These parameters vary with P concentration in the soil solution.
Fontes et al. (1986) reported that I,.x values decrease with increase in P supply to
the tomato plants. An average increase of 173 per cent in I, was observed in plants
grown at insufficient P supply. Buhse (1992) reported that the I, of rape and sugar
beet increases remarkable not only when the P supply decrease from 50 to 0.2 uM P
but also when the root temperature increase from 10 to 25°C. On the other hand, K,
and Cppi, values were not affected by P supply to the tomato plants. The assessment of
the kinetic parameters (Imax, Km and Cpnin) characterizing the uptake system of a genotype is
complicated by at least 3 factors (Sattelmacher et al., 1994): (i) the plasticity of the system in
response to the P status of the plant (Jungk and Claassen, 1989; Abdou, 1989); (ii) the
differences in P uptake along roots (Kuhlmann and Barraclough, 1987; Henriksen et al., 1992);
and (iii) the dependence of P uptake on plant growth rate (Engels, 1993). Thus there is general

agreement that the efficiency of the uptake system is of minor importance for P acquisition from
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soils because transport of P to the root surface rather than the uptake is the limiting step (Barber,
1984). Therefore it is less likely that selection for efficient P uptake kinetics will contribute to

more efficient P acquisition from low-P soils.

The root release of organic acids (especially malic acid, citric acid and perhaps oxalic acid) is
another key component in P acquisition. Organic acids differ markedly in their capacity to
complex Fe and Al and thus solubilize the respective P compounds in soil bound by these ions.
Different cultivars produce a specific acid that complexes a specific mineral (Fe, Al, and Ca), for
example, pigeon pea releases piscidic acid that complexes Fe but not Ca (Ae et al., 1990). Ae et
al. (1996) proposed that cell walls of plant roots are involved in P-solubility activity. Root
exudation of acid phosphatases (ectoenzymes) is common in plants and is usually enhanced
under P deficiency (Ozawa et al. 1995). Acid phosphatases deplete organic P in the rhizosphere
of lupin roots within about 2.5 mm of the root surface (Li et al., 1997). Secretion of phytase was
highest in Brachiaria decumbens CIAT 606, Stylosanthes guianensis CIAT 184 and tomato. It is
speculated that the secretion of phytase could provide an efficient mechanism for wide
adaptation of the tropical forage grass B. decumbens CIAT 606 (planted on over 40 million ha)

to the low P supplying tropical soils of Latin America.

Plant factors for P use efficiency (PUE)

Plant adaptation to P limited tropical soils can be partially attributed to inherent genotypic
differences in P use efficiency (PUE). Phosphorus use efficiency describes the amount of P that
is needed to build one unit of shoot biomass. Efficient use of P is dependent on a number of plant
attributes (Clark, 1990; Caradus, 1990) including: 1) high dry-matter yield per unit of P
acquired; 2) growth duration and plant type; 3) partitioning of P between different pools and its
translocation within the plant; 4) leaf death rate; and 5) partitioning of a greater proportion of
biomass to harvestable yield. The ability of crop plants to remobilize P from vegetative to
reproductive organs, and forage plants from senescing to growing points may form an important
mechanism that allows plants to improve the use of acquired P (Caradus, 1990). Several
researchers found that species (like white clover) adapted to low P soils generate a lower
proportion of dead leaf to total leaf material when under P stress than species from high P soils

(Beadle, 1966; Specht and Groves, 1966; Grime and Hunt, 1975).

A number of tropical crop and forage species can grow normally with low tissue P
concentrations due to efficient use of P among the major biochemical fractions (soluble-P, lipid-

P, and residue-P). Lotus, which maintained relatively low tissue Pi concentrations, was found to
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be more tolerant to low P conditions than white clover, which exhibited high Pi concentrations in
the tissues (Hart and Jessop, 1983). Pigeon pea is more tolerant to low P conditions compared to
soybean because it maintains relatively low tissue concentration of Pi due to the efficient
incorporation of the external Pi into residue-P (Adu-Gyamfi et al., 1990). Intracellular Pi
compartmentation studies using *'P-NMR (nuclear magnetic resonance) indicate that, under Pi
deficiency, the vacuole acts as a Pi reservoir to maintain a constant cytoplasmic Pi concentration

(Rao, 1996; Foyer and Spencer, 1986; Ratcliffe, 1994).

The perennial peanut (4rachis pintoi Krap. & Grez.) and its habit to take up P

The forage legume Arachis pintoi (Ap) originates from the valleys of the Jequitinhonha, Sao
Francisco and Tocantins rivers in central Brazil. It grows naturally in soils low in P with high Al
saturation (red sandy-loam alluviums) under low forest with a fairly dense canopy with rainfalls
ranging from 1800-2000 mm (Cook, 1992). It has since been distributed to Argentina, Australia,
Colombia, the United States, and more recently to South East Asia, Central America and the
Pacific, where it is used as a ornamental plant, a cover crop (e.g. in coffee, banana, oil palm,
macadamia, and hearts of palm, etc.), a ground cover in tree plantations, in agroforestry system
and specially in intensively managed grass/legume pastures (Cook, 1992; Clement and DeFrank,

1998).

One feature that makes Ap persistent compared to other tropical legumes, specially in
associations with aggressive creeping grasses as Brachiarias, is its stoloniferous growth habit
that allows it to readily invade any bare ground. The stolons root freely and contribute to greater
acquisition of nutrients and water. Another plant attribute that improves persistence is its ability
to propagate both vegetatively and from the underground produced seeds (geocarpic plant)
(Cook, 1992; Kerridge and Hardy, 1994).

Earlier agronomic evaluation of Ap accessions “CIAT” (International Center for Tropical
Agriculture) in different environmental conditions (Australia, Brazil, Colombia, Costa Rica,
Philippines and Malaysia) indicated that the cultivars CIAT 18747, 18748, 18750 and 22160 are
better adapted to acidic soil with scarce available phosphorus than the commercial cultivar CIAT
17434. Complementary to these field studies, Rao et al. (1995, 1996, 1997) evaluated in
greenhouse studies at CIAT the P efficiency of the genotype CIAT 17434 grown in clay loam
Oxisols (2.1 mg kg available P-Bray II) in monoculture and also in association with the grass

Brachiaria dictyoneura (CIAT 6133).
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These researches showed that Arachis pintoi 1) in both crop system (monoculture and
association) was able to acquire greater amounts of P and Ca than that of the grass alone; ii)
acquired more P from Ca-P source than from AI-P; iii) had a lower P use efficiency than the
grass and iv) had a higher P acquisition efficiency than the grass. From these results it follows
that understanding the mechanisms responsible for the differential abilities of 4p genotypes to
grow at low or high P is a prerequisite to the identification, selection and breeding of forage

germplasm for low-P soils.

1.2 Objectives, hypothesis and outline of the thesis

Through a joint research project between the Tropical Forage Program of the International
Center for Tropical Agriculture (CIAT, Colombia) and the Institute of Agricultural Chemistry of
the Georg-August University of Gottingen (Germany), the commercial cultivar (CIAT 17434)
was compared with nine promising Arachis pintoi (Ap) genotypes, which showed a special

ability to grow in soils with very low P availability.

The general objectives of this research were:

1. To assess the efficiency of 4Ap genotypes to acquire and/or use P at different growth
stages under natural (field experiment) and controlled (pot experiment) conditions grown

on two acid tropical soils low in plant available P.

2. To assess the effect of the acid phosphatase (APase) activity in the leaf on the P use

efficiency.

3. To investigate possible mechanisms of P efficiency in the rhizosphere, mainly to see
whether arbuscular mycorrhiza fungae (AMF) colonisation, organic acid root exudates or
acid phosphatase (APase) activity, could explain the differences in the P acquisition of

Ap genotypes growing at a low concentration of P in soil solution.

We hypothesized that the ability of P efficient Arachis pintoi genotypes to grow under low soil P
supply might be due to a high P-acquisition efficiency (PAE). Reasons for this could be
symbiosis with AMF and/or physiological adaptation mechanisms like root exudation of organic

acids and/or phosphatase enzymes.
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The structure of this work is as follows:

Chapter 2, 3 and 4 are addressed to assess the P efficiency of different Ap genotypes and the

influence of age on P efficiency.

To evaluate P efficiency and identify genotypes with different P efficiencies for further studies, a
field and a pot experiment with 10 genotypes were carried out (chapter 2). In the field the
genotypes were grown on a clayey Ultisols and in the pot experiment on a clayey Oxisols under

controlled conditions.

The effect of the symbiosis with mycorrhizae on the P efficiency of the genotypes used in
chapter 2 was evaluated in a greenhouse pot experiment in chapter 3, as well as the effect of P

fertilisation on the phosphatase activity in leaves and root tissue.

In chapter 4, the P efficiency of 3 Ap genotypes and one of Arachis hypogea was studied in a pot
experiment in a growth chamber. The effect of different P concentrations in the soil solution,
ranging from deficient to optimum levels, as well as the influence of plant age on P efficiency

were evaluated in this experiment.

Chapter 5 evaluates in detail whether the physiological changes in the rhizosphere are
responsible for the different levels of P efficiency in the Ap genotypes. This was achieved using
a split root system pot experiment to determine amount of root exudates and phosphatase activity

at different growth stages. Two Ap genotypes, with different P efficiency were tested.

During the description of the results of chapters 2 to 4 only a brief discussion was done. A
general and deeper discussion of the results from the chapters 2 to 5 is given in chapter 5 and

finally general conclusions are drawn.

1.3 Statistical Analysis

Analysis of variance was calculated with the SAS computer program (release 8.2 for Windows,
2001). The specific differences among genotypes and among treatments were evaluated with the

Tukey test, where a probability level of 0.05 was considered statistically significant.
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2 Screening of Arachis pintoi genotypes for phosphorus efficiency in acidic soils of low P

availability

2.1 Introduction

In natural tropical ecosystems, P availability is seldom optimal for plant growth due to their high
weathered soils, and due to chemical and biological reactions (Sample et al., 1980; Stevenson,
1986). This fact has induced plant species and cultivars to develop inter- and intra-specific
differences in their ability to grow or yield well at suboptimal phosphorus supply (phosphorus
efficiency) as compared to inefficient species (Clark and Duncan, 1991; Lynch and Beebe, 1995;
Lynch, 1998).

Studies conducted in the last two decades have identified superior tropical crop and forage
germplasm adapted to low P soils (Howeler et al., 1987; Ae et al., 1990; da Silva and Gabelman,
1992; Rao et al., 1993; Pellet and El-Sharkawy, 1993a; Pellet and El-Sharkawy, 1993b; Fageria
and Baligar, 1997, de Datta et al., 1994; Lynch and Beebe, 1995; Johansen et al., 1995; Randall,
1995, Machado, 2000; Machado et al., 2001; Osborne and Rengel, 2002; Vance et al., 2003;
Parra et al.,, 2004; Wang et al., 2005). Phosphorus efficient crops and forages, which are
genetically adapted to low P-supplying tropical soils, are often characterized by low P
requirements and/or increased efficiency in absorbing P from soils of low P status (P acquisition
efficiency), and in using P for plant growth (P use efficiency or low internal P requirement). For
example, several tropical crop species (maize, sorghum, pearl millet, pigeon pea, groundnut and
soybean) may differ in their ability to use different sources of mineral P, possibly by chelating

Fe’* (Ae et al., 1990), which may bind phosphate ions very strongly.

Rao et al. (1995) showed substantial inter-specific differences in adaptive attributes among
tropical forage grasses and legumes to infertile acid soil. Jungk and Claassen (1989) showed that
plant species with long root hairs like wheat, ryegrass and oilseed rape exhibit a higher P uptake
per unit root than plant species with short root hairs like onion. Caradus (1983) indicated that the
high P efficiency in white clover genotypes is based on a high development of root hairs, while
in bush beans it is due to an above-mean root-shoot ratio, as well as, to a good root growth
(Whiteaker, et al. 1976; Gabelman, et al. 1986). In tomatoes, P efficient genotypes result from
high root length, high P uptake per unit root or a high internal P use efficiency (Coltman et al.
1985; Gabelman et al. 1986). In contrast, Dinkelaker (1990) found that P efficiency differences
among nine chickpea genotypes were not attributed to specific adaptation mechanisms to low P

availability, but rely to unspecific differences in growth potential.
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From the results mentioned above it follows that for the P acquisition efficiency of plant species
or cultivars not only morphological plant parameters like root architecture, root length and root
hairs can be important, but also physiological features like root exudation, which are able to
produce changes in the soil chemism increasing the P solubility. Another possibility can be that
the P use efficiency varies. Several studies have been conducted to determine the factors
governing the P efficiency of groundnut (Arachis hypogea), but this is not the case for Arachis
pintoi (Ap). For this reason, it is necessary to obtain more information about possible differences
in the P efficiency among Ap genotypes and to investigate the possible mechanisms improving

the acquisition and/or use of phosphate under low P soil conditions.

Genotypical differences in P efficiency can be examined in field experiments as well as in pot
experiments with soil or with nutrient solution (Gabelman and Gerloff, 1983; Graham, 1984;
Gerloff, 1987). However, contradictory results may be obtained when a plant species or
genotypes are evaluated using these three experimental systems due to different growth
conditions. On the one hand, results from pot trials with soil and especially from field trials can
be not easily repeatable due to soil heterogeneity and complexity (Gerloff and Gabelman, 1983;
Graham, 1984; Gerloff, 1987). Even using the same soil in pot experiments, the results are often
not repeatable because the availability of nutrient can change during the soil storage (Graham,
1984; Gerloff, 1987). However, pot trials compared to field trials have the advantage that
uniform growth conditions can be set regarding fertilization and soil homogeneity and also, that
weather effects can be largely controlled. On the other hand, although nutrient solution
experiments can normally be easily repeated, this can cover only a part of factors, which can be
responsible for genotypical differences in nutrient efficiency by plants growing in soil. For
instance, the root growth conditions and P uptake are substantially different between nutrient
solution experiments and pot soil trials. Additionally, the relevance of different plant and non
plant factors in P uptake would be different according to the experimental methodology used.
Bhadoria et al., 2001 reported that in early growth stages under field conditions, groundnut was
not limited by low P soil (1.9 uM P), whereas maize only yielded 15-35% of its maximum yield.
In contrast, Bhadoria et al., 2004, growing the same plant material under flowing solution
culture, reported that maize was more P efficient since it was able to produce up to 90% of its
maximum yield at only 1uM P concentration in the nutrient solution, whereas groundnut was

inefficient, producing only 20% of its maximum yield at this P concentration.

Tropical field growth conditions (e.g. light intensity, soil humidity and soil layers compactation,
temperature, evapotranspiration, etc.) and their variations during the day are very difficult to

reproduce in greenhouse or growth chamber, despite of the use of accurate technology.
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Consequently, different genotypical variation among the genotypes could be observed as

affected by the growth conditions.

Taking into consideration these experimental limitations, the ability of ten Arachis
pintoi genotypes to grow under low P conditions was tested in natural tropical
conditions in an Ultisols (field trial in Colombia) and in controlled conditions in an
Oxisol (pot trial in Germany) by evaluation of plant and soil parameters affecting P

efficiency.

Hypotheses
The following hypotheses were tested:

1. Arachis pintoi genotypes differ in their ability to grow under low P soil

conditions.

2. The growth differences among the genotypes are more related to differences in

their ability to acquire P from the soil than to use the P taken up.

3. The P efficiency of the genotypes is affected by the growth conditions (Field and

growth chamber).

2.2 Materials and Methods

To evaluate differences in phosphorus efficiency among ten selected Arachis pintoi (Ap)
genotypes under different growth conditions and acidic soils, a field trial (Ultisol) and a growth

chamber pot experiment (Oxisol) were carried out.

Plant material

Earlier agronomic evaluation work of Ap genotypes in different environmental conditions
(Australia, Brazil, Costa Rica, Philippines and Malaysia) and a multi-locational agronomic
evaluation with 30 genotypes of Ap conducted in Colombia (Annual report CIAT, 1997),
indicated that the genotypes CIAT 18747, CIAT 18748, CIAT 18751 and CIAT 22160 have a
higher adaptability to low fertility soils than the genotypes CIAT 17434 and CIAT 18744.

Based on the results of persistence obtained from the genotypes grown under clayey soil

conditions only, nine promising genotypes were selected and compared with the commercial
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genotype CIAT 17434. Table 2.1 shows the genetic plant material used in this study, which was

renamed from 1 to 10 according to its ascendant accession number as given by CIAT.

Table 2.1 Genetic plant material of Arachis pintoi used in the experiments

Genotype Rename as Genotype Rename as
CIAT 17434 = 1 (Commercial) CIAT 18751 = 6
CIAT 18744 = 2 CIAT 22155 =7
CIAT 18745 =3 CIAT 22159 = 8
CIAT 18747 = 4 CIAT 22160 = 9
CIAT 18748 = 5 CIAT 22172 = 10

2.2.1 Field experiment

Location

A field study was established in a humid tropical lowland site located at latitude 1° 25 N,
longitude 75°27° W and 180 m.a.s.l. (Montaiiita — Caqueta Department, Colombia). The weather
conditions of this region, which has a good rainfall distribution during the year, were in average

per year: rainfall 3500 mm, temperature 25°C and relative humidity 80%.

Growth conditions

The field was under native pasture and fertilisers had never been applied. After hoeing and
removing the native pasture for the establishment of the experiment, the soil had the following
physical and chemical characteristics (0-20 cm depth): 12% sand; 70% clay 18% silt; 4.5 pH
(soil to water, 1:1); 3.6% organic matter; 8.5 cmol, kg™ Al; 0.27 cmol, kg™ Ca; 0.14 cmol, kg™
Mg; 0.15 cmol. kg™ K; 93% Al saturation; and 4.1 mg kg™ extractable P (Bray II).

According the classification used at CIAT for tropical forages, P Bray-II values lower than 2 mg
kg'are low, between 2 and 5 are medium, between 5 and 10 are high and > 10 are very high.
However, the critical level in a mineral soil for crops is much higher, e.g. 11 mg kg™’ Bray II is
the critical level for beans. The analytical methods used to determine the soil characteristics were
as described in Salinas and Saif (1990). The soil was classified as a clayey Ultisols (Malagon et
al. 1995).

The experiment was laid down in a split plot randomized complete block design with three P
treatments as main plots, ten genotypes as subplots and three blocks as replications. Phosphorus

treatments were native soil phosphate (OP), 50 kg P ha™ as phosphate rock (50PR) and 20 kg P
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ha™' as triple superphosphate (20TSP). According to the methodology developed for the Tropical
Forage Program by CIAT to establish pasture in acid soils, the effect of SOPR and 20TSP on the

P availability to the plant is similar.

The chemical composition of the phosphate rock from Huila, Colombia, (commercial fertiliser
“Calfomag”) was 5.2% P, 25% Ca, 6% Mg and 1% S. A basal fertiliser was applied (kg ha™) at
20 K (KCl), 50 Ca (agricultural lime plus dolomitic lime), 14 Mg (dolomitic lime) and 10 S
(elemental sulfur). Assuming that a legume as Arachis pintoi can fix nitrogen from the

atmosphere by symbiosis with native Rhizobium strains, the trial was not fertilised with nitrogen.

The calculated fertiliser amounts for each subplot were thoroughly mixed in a plastic bag and
then separately applied to each subplot to have a homogeneous distribution on the whole area.
The subplots (4 m x 3 m), which consisted of 8 rows spaced 40 cm apart, were sown in June
1999. The establishment of the different wild genotypes was not homogeneous due to a low
germination percentage caused by a natural high seed dormancy and high rainfall during and
after sowing. Therefore, a second sowing 15 days later was necessary in order to achieve a more
homogenous establishment. Plant density of 30 plants m? (10 cm between plants and 40 cm
between rows) in each subplot was reached by thinning. However, the plants’ ages were
heterogeneous. Weed control was done by hoeing between rows and by hand in the rows.

Harvests were carried out 45 and 90 days after thinning.

Measurements and Analysis
Shoot sampling

At harvest, | m® area of plants was cut at soil surface from each subplot and its shoot fresh
weight was determined. The shoot biomass was blended and a sample was taken and weighed.
Leaf lamina were separated from other shoot material and after determining the leaf area (LI 3100;
LI-COR Inc., Lincoln-NE) leaves and stems were then separately oven-dried at 70°C for 2 days,

weighed and ground to pass a 1 mm stainless steel sieve.

Chemical analysis
Plant material

Subsamples of the ground plant material were wet digested in a concentrated di-acid mixture

(HNO; and HClOy in a volumetric ratio of 2:1, respectively). Phosphorus content was measured
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by the method of Murphy and Riley (1962). All analyses were performed twice and the results

presented are the average of both measurements of three replications.

Soil analysis

To characterize readily available phosphorus and a part of the active reserve of phosphorus in
acid soil, the Bray II extraction method of Bray and Kurtz (1965) was used. Briefly, an amount
of 2.85 g of air dried soil (2 mm sieved) was mixed (300 rpm) for 40 sec with 20 mL of
extractant solution (0.03 M NH4F + 0.1 M HCI) and later filtered. Inorganic P in soil extractions
was analysed colorimetrically after Murphy and Riley (1962). The pH value was measured in a

soil-water ratio of 1:1.

2.2.2 Pot experiment

The plants were grown in a growth chamber, at 16/8 hours light/dark regime, 30/20°C and a
constant relative humidity of 75%. The photosynthetic photon flux density during daylight was
250 uE m?s’.

Growth conditions

After sterilizing the seeds with 30% H»O; (hydrogen peroxide) for 10 minutes and washing them
in distilled water, the seeds were germinated in sand culture. Eight pre-germinated seeds were
placed directly into each pot and after thinning, only four plants were grown per pot. Plastic pots
(3 liter) were filled with 3.5 kg of air dry clay fossil Oxisol from Lich in the Vogelsberg area
(Hessen — Germany). Soil analysis before fertiliser application showed the following
characteristics: 5.1 pH (0.01 M CaCl, 1:2.5); 3.0 mg P kg (CAL) and 12.9 mg P kg™ (Bray II).
Tarafdar and Claassen (2003) reported additional characteristics for this fossil Oxisol as follows:
20% sand, 41% clay, 39% silt, 0.3% organic matter, Feo, 2925 mg kg™, Aly 3544 mg kg,
Fe/Al-P 788 mg kg and Ca-P 330 mg kg™'. The rates of P used as treatment were 0, 10 and 400
mg P kg of soil supplied as Ca(H,PO,), - H,O. These rates were incorporated by thoroughly
mixing them with the soil. Before sowing, the fertilisation gave soil solution P concentrations of
0.11 pM (OP), 0.15 uM (10P), and 1.75 pM (400P). Other added nutrients (mg kg™ soil) were 50
K as K;SOy4, 40 Mg as MgSOy4, 0.2 B as H;BOs, and 0.1 Mo as (NH4)sM070,4.
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Agricultural legumes are commonly inoculated with selected strains of rhizobia to cover the N
demand in the expectation that the inoculation will fix the nitrogen more effectively than the
native strains. However, the success or failure of inoculant strains and the symbiotic
effectiveness vary between species and within cultivars due to the different affecting factors in
the environment (Vincent, 1982). In order to have solely the effect of different P availabilities in
the soil on the P efficiency of the genotypes, 200 mg N kg soil as Ca(NOs), split in two
applications (0 and 35 days) was added.

The moisture content of the soil was adjusted to 65% of the maximum water holding capacity
and monitored daily by weighing. One pot was left unplanted to measure soil moisture

evaporation losses and also as control of P dynamic in unplanted soil.

The trial was arranged in a completely randomized design with three replications. Pots were
relocated weekly to minimize any effect of uneven environmental factors within the growth

chamber. Plants were harvested 70 days after transplanting.

Measurements and Analysis
Shoots sampling

Plants were harvested by cutting at soil surface and the shoots were oven-dried at 65°C for 1 day
and then at 105°C to determine dry weight. After grinding, the plant material was used for

determining the phosphorus concentration.

Root sampling and root length

The roots were carefully separated by washing off the soil in a sieve with a 200 um wide mesh.
Roots were cleaned of any foreign materials and then spread on paper towels. The surface
moisture on the roots was removed manually by applying uniform pressure using paper towels
and finally the root fresh weight was determined. Afterwards, a representative fresh root material
of different parts of the root system (upper, middle and apical) was cut in small pieces (0.5-1
cm). After blending these root portions, two sub-samples were taken and preserved in 20%
ethanol for later measurements of the root length, using the line intersection method of Tennant
(1975). The fresh weight of the rest of the roots was recorded and then oven-dried and ground as

described above for the shoots.
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The sub-sample was dispersed in a known volume of water and an aliquot was taken and poured
in a plastic dish with a grid bottom with lines 1.25 cm apart. The total number of root intercepts
with the vertical and horizontal grid lines was counted by means of hand tally counter. The root

length in the aliquot of the sub-sample was calculated using the following equation:

11

RL = e GD-N
where, RL = Root length of the sample in the plastic dish in cm
GD = Grid dimension (1.25 cm grid squares)
N = Number of intercepts

The root length in the fresh weight subsample was calculated from a volumetric relation between
the aliquot and the subsample. The total root length of the plants was obtained from the weight

relation between the subsample and the total weight.

Chemical analysis
Plant material

Roots and shoots dry ground material (0.2 g) was digested in 4 mL HNO; (65%) by using a
teflon container under pressure at 175°C for 11 hours. Phosphorus was measured using the

molybdate-vanadium method of Kitson and Mellon (1944).

Soil Analysis
Available phosphorus

Available P was characterized using 1) the soil extraction methods of Bray II and the standard
German method CAL (Ca-acetate-lactate extraction) (Schiiller, 1969) and ii) the soil solution P
concentration (Adams, 1974). Inorganic P in soil extracts and in soil solutions were analysed

colorimetrically after Murphy and Riley (1962).

Since extremely low Pi concentration in the soil solution (0.06 uM) have been reported for the
used fossil Oxisols (Tarafdar and Claassen, 2003), the reliability of the measurements in the
spectrophotometer using a cuvette with a path length of 5 cm was assessed by the calculation of
the confidence interval for a specified limit of determination (LOD) according the methodology

of Eurochem (Kromidas, 1999). The LOD is the concentration level at which a quantitative
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measurement can be performed with a stated relative uncertainty i.e. the lowest concentration
that can be measured using routine analysis. Therefore, for a confidence interval of 25%, the

consequential limit of determination is: LOD = 0.065 uM £ 0.016 uM.

P-CAL extract

Into a plastic flask, 5 g of air dried soil (2 mm sieved), 100 mL of CAL solution (0.1 M Ca-
lactate; 0.1 M Calcium acetate, 0.3 M Acetic acid adjusted to pH 4.1) and a small amount of P
free charcoal were mixed and horizontally shaken for 90 min and finally filtered. Values of CAL
P <20 mg P kg are ranged as very low soil content class (Landwirtschaftskammer Weser Ems,

2003). The pH value was measured in a soil- 0.01 M CaCl; solution ratio of 1:2.5.

Soil solution

Soil solution of planted and unplanted pots was obtained by a modified column displacement
technique (Adams, 1974). Taking into account the evapotranspiration, one day before harvesting
water was added to have the soil with moisture around 60% of its water holding capacity. After
cutting the shoot, the soil was separated from the roots, sieved with a 4 mm wide mesh and then
plastic graduated cylinders of 250 mL with filter paper covering the drain hole at the bottom
were filled. A similar soil density as it had in the pot was reached hitting the cylinder softly at
the bottom during the filling up. Using a peristaltic pump, water was allowed to drop slowly onto
the soil surface. The water displaced the soil solution downwards, where it was collected in acid-
washed glass beakers. In order to have a good water distribution as well as to avoid surface

sealing due to water dropping, coarse sand was placed at the top.

To collect only the soil solution without dilution by the added water, 4% potassium thiocyianate
was added to the water as a marker. The collected soil solution was then tested with 5% FeCl;. A
red colouration in the solution would indicate the presence of the marker. In the measurements,
the marker was never detected in the first 20 mL and hence only the first 15 mL of the displaced
soil solution were collected for measurements of phosphorus concentrations. The pH in the soil

solution was also determined by potentiometry.
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2.3 Results and Discussion

2.3.1 Field experiment
2.3.1.1 Shoot biomass production and influence of the germination

Figures 2.1 and 2.2 show the dry weight shoot production in each P treatment for all the
genotypes at 45 and 90 days after establishment (DAE). The genotypes’ growth for the first as
well as for the second harvest, as measured by shoot per unit soil surface area (t ha™'), varied
greatly, but in a similar proportion at the same P levels. Moreover, the yield pattern among the
genotypes tended to be similar at each P treatment at both harvest. For example, at 90 DAE
(Figure 2.2) the variation between the maximum and minimum yields among the genotypes at
each P level was around 70%.

Genotype 4 had the maximum yield at OP (2.2 t ha™") and at 50PR (2.9 t ha™") and genotype 6 at
20TSP (2.2 t ha), whereas genotype 10 had the minimum yield at each P level (0.7, 0.9 and 0.7
t ha™, respectively). The same pattern was already recorded at 45 DAE for OP and 50PR (Figure
2.1). Here, it is important to highlight that at 90 DAE the maximum and minimum yields at
20TSP did not differ from the yields at OP (Figure 2.2).

Rao et al. (1993), who evaluated the adaptation to low P supply of genotype 1 (Arachis pintoi
CIAT 17434) when grown in a clay loam Oxisol (2.1 mg P kg™’ Bray II) at four P treatments (0,
10, 20 and 50 kg P ha™ as triple superphosphate) in a greenhouse using a big container, reported
similar yields at OP (0.8 t ha™) as those found in the field. However, contrary to that recorded in
the field, the addition of 20TSP increased clearly the yield (3.7 t ha') in the greenhouse and it
was even 1.2 times higher that the maximum yield found at 50PR in the field. Although different
soils were used, the different effects of the fertiliser (20TSP) on the yields can be related to: 1)
the growth conditions (field and greenhouse), and ii) the way to add the fertiliser to the soil (in a
greenhouse trial it is mixed with the soil and in a field trial it is spread on the soil surface) as
reported by Gerloff, (1987). Furthermore, in the above mentioned experiment Rao et al., (1993)
reported that the maximal P application (50TSP) was not high enough to reach an asymptote.

The yield of the genotypes at 90 DAE, in comparison to the overall mean, showed also a similar
pattern at each P level (Figure 2.2). For instance, at OP there were 4 genotypes (1, 2, 4, 6) above
the overall mean (1.24 t ha™), while the rest of the genotypes had a similar yield which did not
differ statistically among them. Taking into consideration that for this study P efficient
genotypes are those capable of producing a high yield under low P conditions at 90 DAE, two P
efficient groups were identified. Genotypes 4, 6, 1 and 2, in decreasing order, were rated as P

efficient, while the rest were considered as P inefficient.
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Figure 2.1 Influence of P fertilisation (OP = native phosphorus; 50PR = 50 kg P ha” as
phosphate rocks; 20TSP = 20 kg P ha™ as triple superphosphate) on shoot dry matter production
(t ha™) of ten Arachis pintoi genotypes 45 days after establishment. Within a P treatment, bars
marked with the same letters are not statistically different according to the Tukey mean test

(p<0.05).
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Figure 2.2 Influence of P fertilisation (OP = native phosphorus; 50PR = 50 kg P ha™ as
phosphate rocks; 20TSP = 20 kg P ha™ as triple superphosphate) on shoot dry matter production
(t ha) of ten Arachis pintoi genotypes 90 days after establishment. Within a P treatment, bars
marked with the same letters are not statistically different according to the Tukey mean test

(p<0.05).
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The absolute yield values, instead of the relative yield, were used as selection criterion in this
present study because the comparing of P efficiency is among genotypes within the same specie
(Arachis pintoi). The use of relative yield is more sense for comparison P efficiency among

species due to its different ontogenesis.

When P was added, the overall mean of the genotypes at SOPR was 26% higher than at 0P, but
unexpectedly at 20TSP it did not differ from the overall mean at OP (Figure 2.2). Furthermore,
the genotypes rated as P efficient were also above the overall mean, except for genotype 2 at
50PR. However, when the effect of the fertilisation on the genotypes’ yields were compared with
the yields at OP, an increase was recorded only for genotypes 4 (33%) and 6 (42%) at SOPR and
for genotypes 1 (5%) and 6 (18%) at 20TSP.

With regards to the genotypes rated as P inefficient, all increased their yield much more at S0OPR
than at 20TSP in comparison to OP. From them, genotypes 9 and 5 showed the highest P
dependence and increased its yield 2.7-fold and 1.9-fold at SOPR and 1.8-fold and 1.2-fold at
20TSP compared to OP, respectively. However, only the increase of genotype 9 achieved a yield

above the overall mean at 5S0PR and at 20TSP.

A plausible explanation for this low biomass production at 20TSP could be that the soil solution
P concentration was not increased when 20 kg P ha' as TSP was added. The Ultisols,
characterized by having clayey topsoils with more than 20% iron or aluminium oxides in their
clay particles, ““fix’” or sorb rapidly large quantities of added phosphorus, transforming them
into slowly soluble iron and aluminium phosphates that are not available to the plants (Sanchez
et al., 2003). Moreover, Sanchez and Uehara 1980 reported that soils with a high P sorption
capacity like Ultisols or Oxisols are able to absorb up to 5600 kg ha™ P until they are able to
provide satisfactory crop growth. On the other hand, it is well known that diffusion i.e.
phosphorus flux through the soil to the plant’s roots, is in many soils the mechanism governing
90 to 98% of the P supply to the roots (Barber, 1980). The diffusion depends strongly on the
initial solution P concentration and because of the high P buffer power of this soil, the addition
of 20 kg of TSP ha™ might not have been enough to alter the P concentration in the soil solution
and the values were similar as at OP. In contrast, the biomass production at 50PR led to conclude
that the soil solution P concentration was increased. Characteristics for good effectiveness from a
direct application of PR as described by Bolan et al., (1990) are: particle size of PR (finely
ground), soil conditions (acidic soil < pH 5.5 in CaCl, and preferably < pH 4.9), the crop grown
(perennial rather than annual) and the rainfall (> 500 mm and preferably > 800 mm). These

conditions were present in this field trial. Moreover, phosphate rocks have generally proved to be
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more effective in supplying P to perennial crops and permanent pastures in New Zealand than for

cereal crops and pastures based on annual legumes in Australia (Bolan et al., 1990).

The above described results of shoot biomass production were besides P efficiency also affected
by the different germination of the different genotypes. Since wild genotypes of Arachis pintoi
(4p) were used, their natural dormancy affected the germination making it low and irregular.
Moreover, high rainfall, during and after the sowing, was also a negative contributing factor to
the homogeneous establishment of the field trial. These facts influenced the growth potential of

the different genotypes among P treatments and replications.

Figure 2.3 shows that the biomass production at 90 DAE was effected by germination. That
means for instance, that the good growth performance of genotype 4 was rather due to a good

germination than P efficiency.
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Figure 2.3 Influence of genotype germination at each P fertilisation (OP = native phosphorus;
50PR = 50 kg P ha' as phosphate rocks; 20TSP = 20 kg P ha™' as triple superphosphate) on
shoot biomass production 90 days after establishment.

However, there were a few genotypes (2, 6, 1) that obtained high yields that cannot be explained
by germination, specially in the treatments with low P availability (OP and 20TSP). On the other
hand, some genotypes (5, 7) were always below the regression line. These results show that the P
efficiency in the experiment cannot be deduced solely by the dry matter yield, because this is
mainly influenced by germination. Taking this into account, the residue between measured
values and the regression lines (Figure 2.3) was considered to describe the P efficiency of the

genotypes. Additionally, it was necessary to redefine the selection criterion in order to identify
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the actual P efficient genotypes under these conditions. Since the objective of the present study is
to select Arachis pintoi genotypes according their P efficiency i.e. ability to yield under low P
supply, as new selection criterion was used the absolute residual difference (ARD) at OP i.e. P

efficient genotypes would be those with a high ARD of shoot biomass production under low P

supply at 90 DAE. Table 2.2 shows the calculation of the absolute residual differences i.e.

measured dry shoot biomass at 90 DAE, minus calculated dry shoot biomass through the

correlation found in the OP treatment.

Table 2.2 Calculation of the absolute residual difference (ARD) between the dry shoot biomass
values and the calculated by the correlation formula y =21.1x + 168.3 for the second harvest (90
DAE) at OP.

Genotype Germination Shoot biomass, kg ha™ Difference
% Measured Calculated ARD %
2 44 1687 1106 581 52
6 66 1863 1569 294 17
1 68 1762 1598 164 10
10 21 667 602 65 7
4 96 2239 2185 54 2
8 34 820 883 -63 -8
9 32 751 848 -97 -12
3 38 848 977 -129 -16
5 43 810 1077 -266 -25
7 68 995 1610 -615 -38

These results show a very high discrepancy in the absolute residual difference among the
genotypes, but especially among those above the regression line. For instance, genotype 2 had
the maximal residual difference (52%) followed by genotype 6 (17%), and genotype 7 had the
minimal absolute residual difference (-38%). Other genotypes, whose absolute residual
difference was close above and below the regression line, seemed to have an average yield.
Consequently, taking into consideration the new classification criterion, genotypes 2, 6, and 1
were rated as P efficient, genotypes 3, 5 and 7 as P inefficient and genotypes 10, 4, 8 and 9 as
genotypes with an average P efficiency. Table 2.2 presents the new P efficient order ranked from
highest to lowest, which from now on will be used as the standard to present the result of this

study.
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2.3.1.2 Shoot P concentration

The nutritional status of the plant can be characterised by the P concentration in the dry matter.
Table 2.3 shows the influence of P fertilisation on the P concentration of the shoot at 45 and 90
DAE. It is important to note that all the genotypes showed no statistically significant differences
at the different P treatments and harvest times. However at both harvests the fertilised treatments
(20TSP and 50PR) had in general a higher P shoot concentration than in the OP treatment.

Table 2.3 Influence of P fertilisation (OP = native phosphorus; 50PR = 50 kg P ha™ as

phosphate rocks; 20TSP = 20 kg P ha as triple superphosphate) on shoot P concentration (g
kg™) of ten Arachis pintoi genotypes 45 and 90 days after establishment.

Shoot P concentration, g kg™

Genotype 45 DAE 90 DAE

0P 50PR 20TSP 0P 50PR 20TSP
2 2.7 a 32 a 34 a 23 a 25 a 2.6 a
6 25 a 2.6 a 29 a 19 a 20 a 22 a
1 2.7 a 33 a 3.0 a 20 a 22 a 23 a
10 29 a 2.8 a 32 a 2.1 a 25 a 2.8 a
4 24 a 32 a 3.0 a 1.9 a 24 a 28 a
8 25 a 28 a 3.1 a 20 a 2.6 a 25 a
9 23 a 2.6 a 29 a 19 a 2.0 a 23 a
3 2.7 a 32 a 3.0 a 1.8 a 24 a 2.1 a
5 2.7 a 29 a 32 a 22 a 23 a 25 a
7 23 a 23 a 24 a 22 a 2.1 a 23 a
X 2.6 2.9 3.0 2.0 2.3 2.4

Within a P treatment, values followed with the same letters are not statistically different
according to the Tukey mean test (p<0.05).

With age (90 DAE), the concentration decreased. Furthermore, although at OP genotype 2 had
the highest P concentration and genotype 3 the lowest, there was no visible trend that the P
concentration decreased with decreasing P efficiency. The addition of fertilisers produced an
increase in the P concentration. From the P efficient, genotype 2 had the highest increase (9%),
but the genotypes with average P efficiency (10, 4, 5) had the highest increase overall with
respect to OP. It is noteworthy that although in average the genotypes had the highest shoot P
concentration at 20TSP, the highest yield was at SOPR and low yield differences were found
between 20TSP and OP (Figure 2.3).
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Rao and Kerridge (1994) reported 2.0 g kg™ as sufficient P concentration in leaves of genotype 1
(CIAT 17434) after an establishment of 70 days. Taking this result into consideration, both the
efficient and inefficient genotypes grown at OP and at 90 DAT had a sufficient P nutritional
status. Nevertheless, there were yield differences between OP and 50PR i.e. the P was not limited
but also not sufficient. Hence, under the given growth conditions a P concentration of 2.0 g kg™
might be too low. On the other hand, the fact that the addition of 20TSP increased the shoot P
concentration clearly above the sufficient P concentration but the yield was similar to OP, it may
indicated that the high yield at SOPR was not a response to the P fertilisation but may be to the
Ca and Mg of PR.

Taking into account that the P use efficiency is equivalent to the inverse of the P concentration,
these results suggest that differences in the P efficiency among the genotypes under low P

availability tend to be more related to their ability to acquire P.

2.3.1.3 Extractable P-Bray II and pH of the soil samples after harvesting

Beside the relationship between P concentration and growth of plants, extractable P in the soil
can be a measure of its availability. To describe the availability of P to the plant through
desorption and/or dissolution processes in the soil, the NH4F-exchangable P Bray II was
determined at each harvest. According the classification used at CIAT for tropical forages, P
Bray-II values < 2 mg kg™ are low, between 2 and 5 are medium, between 5 and 10 are high and
> 10 are very high. However, the scale used at CIAT for crops is much higher, e.g. 11 mg kg™

Bray II is the critical level for a legume like bean.

The extractable P varied depending on the P application on the plots and the soil layer at both
harvest (Table 2.4). As expected, at 45 and 90 DAE the highest amount of extractable P was
measured at SOPR in the first layer (0-5 cm), followed by 20TSP and OP. For example, at S0OPR
the extractable P was 3-fold and 2.3-fold higher than that of OP at 45 DAE and 90 DAE
respectively, whereas at 20TSP it was 1.4-fold at both harvests. Differences on the extractable P
among the P treatments were statistically confirmed. As the depth increased in 5 cm, the
extractable P decreased remarkable, especially where P was added (by 70% at SOPR and by 50%
at TSP) and statistical differences were found only up to the 10 cm layer for SOPR at 45 DAE.
Although some differences in the extractable P were found in the lower layers, these are very

small (around 1 mg kg™).



28

Chapter 2

Table 2.4 Extractable P (Bray II) and pHumo) value for planted and unplanted soil at different
soil layer under different P fertilisation treatments (OP = native phosphorus; 50PR = 50 kg P ha™
as phosphate rocks; 20TSP = 20 kg P ha™ as triple superphosphate) at 45 and 90 days after

establishment.

Planted soil

unplanted soil

45 DAE 90 DAE 45 DAE 90 DAE
Depth Treatment pH P-Brayll pH P-Brayll pH P-Brayll pH P-Brayll
cm kg ha mg kg’ mg kg’ mg kg™ mg kg™’
0-5 oP 4.6b S.lc 4.5ab 4.9b 43a 7.6b 44a 6.4b
50PR 47a 15.6a 4.6a 10.2a 43a 12.7a 43a 10.8a
20TSP 4.6b 7.5b 4.4ba 6.5b 43a 10.1a 44a &.6a
5-10 (1) 4.5a 3.3b 43ba 3.la 42a 4.1b 43a 39b
50PR 4.6a 4.5a 4.5a 3.5a 42a 7.0a 43a 6.4a
20TSP 4.6a 3.8ab 4.4ba 3.3a 42a 3.1b 42a 3.0b
10-20 oP 4.5a 2.2a 4.3ba 2.6a 42a 2.2a 42a 2.1a
50PR 4.5a 2.6a 44a 23a 4.1a 3.7a 42a 3.5a
20TSP 45a 2.2a 43ba 2.6a 42a 2.5a 43a 24a
20-40 oP 4.5a 1.7a 43a 2.0a 43a 1.la 43a 1.0a
50PR 4.5a 2.0a 44a 109a 42a 1.7a 44a 1.6a
20TSP 45a 1.7a 43a 2.la 43a 1.2a 44a 1.1a

Treatment followed by the same letters are not statistically different according to the Tukey

mean test (p<0.05).

The fact that the extractable P-Bray II increased only in the 0-5 cm depth, especially at SOPR,

point out that probably a large fraction of the P added as PR (2.5-fold more than that as TSP)

was still not solubilized at 90 DAE. Taking into account the CIAT classification, it seems to be

that the extractable P-Bray II found at each P treatment were at least with a medium level i.e. the

genotypes were grown above the critical level (< 2 mg kg™).

The pHuoy was in general scarcely affected by the P application. As expected, in the first layer

50PR increased the pH in both samplings. For the deeper layers, statistical significant differences
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were not found. Under unplanted conditions, the application of fertiliser did not produce any
affect on the pH value. Similar results were found by Jadin and Truong (1987) in an incubation
trial, where the single effect of 100 mg kg of fertiliser (PR and TSP) on the pH of an Oxisol
(pHg20) 4.3) with a relative low P sorption capacity (234 mg kg™') was measured. They found
that the addition of TSP increased the pH in the soil only by 7.5% compared with the control
(without fertilisation), whereas the addition of PR increased it by 12.5%. Consequently, the low
amount of P supplied (S0PR and 20TSP) to this Ultisols was not sufficient to produce changes in
the pH in the soil.

Both chemical and physical characteristics of Ultisols may be related to this results. Among
others, the high acidity and relatively low quantities of plant-available Ca, Mg, and K leached by
intense weathering and by ii) a high dense sub-surface due to the accumulation of clays with a
high content of Fe oxides (Sanchez, 1976), which normally limits root growth and thus root
penetration (Unger and Kaspar, 1994). Taking into account this natural soil characteristics and
the strong reduction of the P availability with depth found in the present study (Table 2.4), it is
probable that the main P source for the roots was in the first 10 cm of depth. In this case, the high
extractable P at SOPR found in the first 10 cm of depth (Table 2.4) may be related to the increase
of the shoot P concentration (Table 2.3) at SOPR and hence to the higher yield on average of all
the genotypes at both harvest (Figure 2.1 and 2.2). However, since in average the shoot P
concentration of the genotypes at 20TSP was higher than that at S0PR (Table 2.3) suggests that a
high per cent of the extractable P-Bray II at S0PR resulted from the dissolution of the PR by the
acidic extractant solution of Bray II and hence it was not actually available for the plant. The
Bray II method is characterized by the extremely acidic extractant solution (pH 1.35), which
remove easily acid soluble reaction P forms (Fe-Al-P), and by the F ions form complexes with
Al and Ca, which lead to extensive dissolution of P compounds and also suppresses the
readsorption of solubilized P by soil colloids. Assuming this point of view and that the values of
P-Bray Il found are above the values used as critical by CIAT, the high yield found at SOPR
might be related to the Ca and Mg content of the phosphate rocks.

However, that was not the case if 20TSP and OP are compared. Despite the fact that between 0-5
cm depth the extractable P Bray II value at 20TSP was already 40% higher than that of OP (Table
2.4), the P efficient genotypes (2, 6, 1, 10) at OP had a higher absolute residual difference than
that at 20TSP (data no shown). That may indicate, that i) due to the absorb process in the soil the
addition of 20TSP was not able to increase the P soil solution concentration in comparison to OP

or ii) the P efficient genotypes were able to increase their P acquisition efficiency.
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Since the availability of sparingly accumulated soluble P in the soil to the root is low, genotypes
with a P acquisition efficiency, as were considered genotypes 2, 6, 1 and 10, must be able to
enhance either 1) the morphological abilities to exploit a larger soil volume through a larger and
finer root system (e.g. root hairs, mycorrhizal hyphae) in addition to it’s ability to root from
stolons and/or i1) their physiological abilities to increase the P concentration on the root surface
(e.g. root exudates, acid phosphatase activity) to a similar level as when 20TSP was added and

thus acquire native P and/or recover P from less available P pools in the soil.

2.3.2 Pot experiment in growth chamber

In order to validate the results obtained in the field and to identify clearly responsible

mechanisms, a growth chamber pot experiment with the same genotypes was conducted.

2.3.2.1 Shoot biomass production

The objectives of this pot trial were to assess whether the genotypes grown under other soil and
P supply conditions than in the field, showed a similar P efficiency as that found in the field; as
well as the relationship between P acquisition efficiency and the root system. Furthermore, a
high P treatment (400 P) was included as control for the genotypes (2, 1, 10, 4), which in the
field had an absolute residual difference above the regression line. The genotypes were plotted in
a decreasing order, according to the absolute residual difference calculated at the OP treatment in

the field at 90 DAE (Table 2.2).

Figure 2.4 shows the shoot yields 70 days after establishment (DAE), as affected by P
fertilisation. After a homogeneous establishment in a fossil Oxisols under controlled growth
conditions, most of the genotypes growing under scarce P conditions showed a different ability

to produce shoot biomass compared with the P efficiency found under field conditions (Table

2.2).

At the same P levels, shoot biomass production varied among the genotypes, but the variation
decreased when the added P was increased and it was lower than that in the field. For example,
the variation between the maximum and the minimum yields among all genotypes was 62.4% at
0P, 38.2% at 10P and 15% at 400P. Nevertheless, the shoot biomass production on average for
all genotypes at OP was the same as that at 10P (Figure 2.4). But the average yield of genotypes
2,1, 10 and 4 at OP and 10P was 1.3-fold lower than that at a high P supply (400P), which was 8
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times higher than the maximal P application in the field (S0PR). That indicates that the
genotypes grown at OP and 10P suffered from P deficiency.

Under unfertilised conditions, the yield of genotypes rated as P efficient in the field did not come
clearly forward in comparison to the P inefficient ones and therefore, the differences were not
statistically confirmed. However, from the rated P efficient genotypes in the field (Table 2.2),
genotype 2 and 6 yielded above the overall mean of all genotypes, whereas genotype 1 had the
lowest yield. It is interesting to note that some genotypes with a low P efficiency in the field
were P efficient in this pot experiment. For example, genotype 10, which had an average P
efficiency in the field (Table 2.2), achieved a yield similar to genotype 2, and specially notable
was that the rated P inefficient genotype 3 in the field had the highest yield among all the

genotypes (Figure 2.4).
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Figure 2.4 Influence of varying phosphorus supply (OP = native phosphorus; 10P and 400P = 10
and 400 mg P kg as Ca(H,PO,), - H,O) on shoot dry matter at 70 days after establishment
(DAE). Within a P treatment, bars marked with the same letters are not statistically different
according to the Tukey mean test (p<0.05).

The addition of 10 mg P kg (10P) as Ca(H,PO,),, which was just about the amount applied in
the field (20 kg P ha™' with a bulk density of 1.25 g cm™ results on 8 mg P kg™), produced also
no effect on the average of the shoot biomass production. As probably also occurred in the field,
the available P in the soil solution P concentration was not positively affected (Table 2.5), due to
the high P fixation capacity of this Oxisol. Tarafdar and Claassen (2003) reported a high amount
of Al and Fe oxide in this fossil Oxisol. The statistical analysis showed that the rated inefficient

genotypes, except for genotype 7, were similar to the efficient genotype 2. When 400 mg P kg™
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(400P) were added, genotype 1 showed the highest response at high P supply but it was only
different to genotype 4 statistically.

It may furthermore be noted that the yield potential, i.e. yield at high P supply, was similar for all
genotypes so that differences of growth at low P supply (OP) were due to different ability to cope
with low P supply and not to differences of growth potential. This is especially true for genotype

1 with the highest yield potential (400P) but lowest yield at OP.

2.3.2.2 Shoot P concentration and P use efficiency

As it was already shown in Figure 2.4, the genotypes yielded in average at 10P the same as at OP.
Moreover, at 400P there were no significant differences obtained between the rated P efficient
genotypes 2 and 1 in the field (Figure 2.4). Consequently, P concentration and P content will be
described only at OP. The data at 10P and 400P is given in the appendix.

The shoot P concentration can reflect the nutritional status of the plant. Under P deficient
conditions (OP), the efficient genotype 2 showed the highest shoot P concentration (Figure 2.5).
However, it was statistically similar to the others, except for genotype 6, which among the rated
P efficient in the field (Table 2.2) had also the lowest shoot P concentration at each P level at 90
DAE (Table 2.3), and the inefficient genotype 7.
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Figure 2.5 Phosphorus concentration in shoots and roots under unfertilised condition at 70 days
after establishment. Within a P treatment, bars marked with the same letters are not statistically
different according to the Tukey mean test (p<<0.05).
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The root P concentration of the efficient genotypes was not statistically different from the
inefficient. Significant differences were found only between the inefficient genotypes 8 and 3.
Comparing the shoot P concentration on average (2.1 mg g™') at 400P (see appendix) with the
average of the genotypes 2, 1, 10 and 4 (1.4 mg g") at OP, the average at 400P was 1.5-fold
higher than that at OP. Rao and Kerridge (1994) reported 2 mg g as sufficient for leaves of
Arachis pintoi (genotype 1 “CIAT 17434”) after 70 days of establishment. In spite of the fact
that P concentration in leaves is higher than in the shoots, the nutritional status of the genotypes

grown at OP seems to be at a lower level.

Phosphorus use efficiency (PUE), which is equivalent to the inverse of the P concentration,
represents the capacity of the plant to produce dry matter per each unit of P absorbed. For the
calculation of the PUE the total P concentration was considered, i.e. shoot and root P

concentration.

As Figure 2.6 shows, although no significant differences were found among the genotypes at OP,
the PUE of the genotypes seemed to be related to the P efficient classification in the field (Table
2.2). For instance, the P efficient genotypes 2, 1 and 10 had the lowest PUE and its P efficiency
seemed not to be related to the PUE. In contrast, the also P efficient genotype 6 had the highest
PUE, followed by the rated P inefficient genotypes (3, 7, 5) and genotype 9, whose PUE was

above the overall mean.
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Figure 2.6 Influence of varying phosphorus supply (OP = native phosphorus; 10P and 400P = 10
and 400 mg P kg as Ca(H,PO,), - H,0) on P use efficiency at 70 days after establishment
(DAE). Within a P treatment, bars marked with the same letters are not statistically different
according to the Tukey mean test (p<0.05).
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Noteworthy is that a similar pattern was also observed in the field at OP and at 90 DAE (Table
2.3), where genotypes 3, 6 and 9 had the lowest P concentration i.e. the highest PUE, and the

lowest shoot P content, except for genotype 6.

With the application of 10P, the pattern observed at OP did not change, but significant
differences were found only between genotype 1 and 9 (Figure 2.6). At high P supply (400P), the
average PUE of the genotypes decreased by 30% with respect to the average of the same
genotypes at OP and 10P. Genotype 2 had the lowest PUE and it differed statistically from
genotype 10, whose PUE was the highest.

Consequently, the P efficiency of genotypes 6, 3 and 9 seems to be mainly due to a PUE while of

genotypes 2, 1 and 10 could be another efficiency mechanism as P acquisition efficiency.

2.3.2.3 Phosphorus content and the root length-shoot ratio

The amount of P in the plant points to the ability of the root system to absorb P. Figure 2.7
shows the P content in the shoots and roots under low P availability (OP). From the rated P
efficient genotypes in the field (2, 6, 1), genotype 2 had the highest shoot P content and it
differed statistically from genotypes 6 and 1. This results tend to point out clearly genotypical
differences in the P efficiency, e.g. genotype 2 was efficient in taking up P, whereas genotype 6

in using the up taken P (Figure 2.6).
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Figure 2.7 Phosphorus content in shoots and roots under unfertilised condition at 70 days after
establishment. Within a P treatment, bars marked with the same letters are not statistically
different according to the Tukey mean test (p<0.05).
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Contrary to that observed in the field, genotype 1 seemed to be unable to uptake P and/or use it.
It could be that genotype 1 is more sensitive to the reduction of light intensity than the others
when grown in the growth chamber. Gerloff (1997) reported that contradictory results may be
obtained when a plant species or genotypes are evaluated by different soil experiment systems
(field and pot in greenhouse), due to different growth conditions especially for the root growth.
On the other hand, it is also possible that genotype 1 had a slow shoot growth rate and thus needs

more time to develop adaptation mechanisms under these artificial conditions.

The relative high yield of genotype 10 (Figure 2.4) seems to be related to its relative high shoot P
content, in contrast to that observed in the field, where it had the second lowest shoot P content
(data no shown). From the rated P inefficient genotypes (3, 5, 7), genotype 7 had the lowest
shoot P content, but genotypes 5 and specially 3 had shoot P contents above the overall mean.
Taking into account that the relative high PUE of genotype 3 was confirmed in this pot trial, its
high yield was due to an improved ability to uptake P.

With regards to the root P content, the genotypes did not differ statistically among them. The
exception was genotype 8, which had the highest root P content. Since genotype 8 showed at
both trials a low ability to uptake and/or use the phosphorus, the ability to accumulate P in the
root in relation with an efficient re-translocation of P to the shoot, could be the mechanisms

allowing the plant to achieve a yield close to the overall mean.

It is well known that plants grown under low P supply can modify their root system (length,
fineness, density of their root hairs i.e. greater absorbing surface) to exploit larger volume of soil
and/or increase the root length-shoot ratio (Garcia and Ascencio 1992; Ciereszko et al. 2002;

Foehse and Jungk 1983; Kirk et al. 1998), which could be the case of genotype 2, 10 and 8.

The root system is responsible for feeding the plant, and the amount of P absorbed can depend
on the size of the root surface developed to explore larger volumes of soil (see appendix).
However, the root length available to feed the shoot biomass (root-shoot ratio) can reflect in a
better way the P acquisition ability of the plants (Figure 2.8). The increase of the root-shoot ratio
(RSR) has been identified as an adaptation mechanism of plants grown under low P condition
(Trolove et al., 2003). However, that was not the case in the current trial. Two genotypes rated as
average P efficient (4, 8) had the highest RSR followed by two P inefficient genotypes (3, 7) and
the efficient genotype 6. It seems to be that the genotypes with a low yield in the field
experiment, when grown in pots the root system is able to grow better, thus producing a higher
RSR. In contrast, the P efficient genotype 2 had the lowest RSR followed by the average
genotype 10.
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When the effect of the P availability in the soil (scarce P vs. ample P supply) on the average RSR
of the genotypes (2, 1, 10, 4) is compared, no difference occurred. For instance, genotypes 2 and

10 did not increase the RSR and genotypes 1 and 4 only slightly under low P conditions (OP).

At high P supply (400P) genotypes 4 and 1 had the highest RSR. This could be the reason for the
different P efficiency of these genotypes when grown in pots (Figure 2.8) and in the field (Table
2.2). In contrast to field conditions, where the ability of Ap to root from stolons increase even
more the spatial root distribution specially in the top soil layers (0-10 cm depth), the root system
of plants grown in pots has a limited soil volume to explore, which can cause a higher root length

density (RLy).
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Figure 2.8 Influence of varying phosphorus supply (OP = native phosphorus; 10P and 400P = 10
and 400 mg P kg as Ca(H,POy), - H,O) on root length-shoot biomass ratio at 70 days after
establishment (DAE). Within a P treatment, bars marked with the same letters are not
statistically different according to the Tukey mean test (p<<0.05).

Moreover, due to an uneven root distribution in the whole pot, a root density on the border zones
of the pots higher than the average can be expected. Taking into account that a higher RL, results
in a smaller average half distance between neighbouring roots (r;), if r; is smaller than the
depletion zone then inter-root competition for P can occur. Assuming that the roots are regularly
distributed, in this pot study the r; (r; = V(SV/mRL), where SV = soil volume of 3000 cm®; RL =
root length “see appendix”) of the genotypes 1 and 4 was 1.4 mm and 1.3 mm at 400P and 1.9
mm and 1.6 mm at OP respectively, and the extension of the depletion zones (Ax = V(nD.t),
where t = 6480000 s and D, = effective diffusion coefficient was calculated using a buffer “b” =

978, volumetric soil water content “0” = 0.442 cm® H,O cm™ soil, a impedance factor “f” = 0.27
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and a diffusion coefficient of H,PO, “Dy” = 8.9x10° ¢cm’ s'l) was 1.4 mm 1i.e. inter-root
competition for P cannot be excluded. Consequently, a plausible explanation for the better P
efficiency of genotypes 1 and 4 in the field than that in the pot trial could be due to a good root

distribution in the field and a low RL,, which allowed a better root performance to acquire P.

Since the root-shoot ratio cannot neither explain the efficiency of genotypes 2 and 10 to produce
shoot biomass (Figure 2.4) nor their high P content (Figure 2.7) under low P supply, this results
point to two options: i) the genotypes were capable of acquiring more P because AM hyphae
enlarged the root system when in symbiosis with the native mycorrhizae fungae, and/or ii) the
root system of these genotypes was efficient in acquiring more P per unit root (P inflow). The
root-induced changes in soil chemical conditions increase the soil solution P concentration on the
root surface, by the release of root exudates or the enzymatic hydrolysis (acid phosphatase) of

organic P.

2.3.2.4 Phosphorus uptake per unit of root length and P concentration in the soil solution

The P acquisition efficiency of a plant depends not only on root length but also on P inflow i.e.
the net amount of a nutrient taken up per unit root and time. For the calculation two harvests are
necessary. However, in this experiment only one harvest was conducted, and thus the P inflow
could not be calculated. In order to assess the P uptake in shoot biomass per unit root length, the
P uptake per unit root length (PURL) was calculated (Figure 2.9) i.e. the total P content (shoot +
root) was divided by the root length at 70 days after establishment (DAE).

Although on average the PURL of the genotypes at 10P was similar to at OP, statistically
significant differences were found among the genotypes at each P treatment. Moreover, the

PURL pattern at OP and 10P was also similar.

Under P unfertilised conditions, the efficient genotype 2 had the highest PURL, followed by
genotypes 1 and 10. As it was observed in the field, the P efficiency of genotypes 1, 10 and
specially 2 are clearly related to a high P uptake per unit root. The rest of the genotypes, which
had a relative high PUE, had a remarkable low PUR and it differed statistically from genotype 2.
The P uptake per unit root length of these genotypes on average was 17% below the overall

mean.

The high P supply (400P) produced an increase in P uptake per unit root length (PURL), but only
significant differences were found between genotype 2 and the others. The relative low P

acquisition per unit root of genotypes 1, 10 and 4, could be related to a low demand of P due to



38 Chapter 2

the well nutritional status achieved by the genotypes. Genotype 4, with the highest shoot P

concentration (see appendix) presented a luxurious P uptake.
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Figure 2.9 Influence of varying phosphorus supply (OP = native phosphorus; 10P and 400P = 10
and 400 mg P kg’ as Ca(H,PO,), - H,O) on P uptake per unit of root at 70 days after
establishment (DAE). Within a P treatment, bars marked with the same letters are not
statistically different according to the Tukey mean test (p<0.05).

It is interesting to note that the yield of genotypes 2, 1 and 10 seemed to be directly related to the
P uptake per unit root length, and that the yield and PURL differences between high P supply
and low P condition were not high. For example, the yield on average of genotypes 2 and 10 at
OP was 20% lower than that at 400P and the PURL on average of genotypes 2, 1 and 10 was also
20% lower. That could suggest that these genotypes at OP yielded 80% of the maximum P
acquisition per unit root (400P). If this is the case, one would expect a high P availability (soil

solution and soil P concentration) for genotypes 2, 1 and 10.

Since the plant roots can only take up P from the soil solution, the P concentration at the root
surface determines its rate of uptake per unit of root, and the transport of P to the root surface is
also in solution, the concentration of P in the soil solution (Cy;) is a very important parameter,
which can explain differences in P acquisition efficiency among genotypes. Figure 2.10 shows
the shoot P content (upper) and the inorganic P concentration of the soil solution (lower) at
harvest for genotypes 2, 1 and 10 with a high P uptake per unit root length and genotype 4 with a

low one. Soil solutions of unplanted soil were included as control.

It is important to highlight that soil solution P concentration (Cy;) of non-planted soil at OP and

10P (Figure 2.10) was lower than Cy i, (0.2 pM) as found in a flowing nutrient solution culture
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for Arachis hypogea (Bhadoria et al., 2004), which is closely related to Arachis pintoi. This
would mean, that the plants had to increase the P concentration in soil solution, i.e. to mobilise P,

in order to get a positive net influx.
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Figure 2.10 Influence of varying phosphorus supply (OP = native phosphorus; 10P and 400P =
10 and 400 mg P kg' as Ca(H,PO,), - H,0) on shoot P content (upper) and the inorganic P
concentration of the soil solution (lower) of genotypes 1, 2, 4 and 10. Within a P treatment, bars
marked with the same letters are not statistically different according to the Tukey mean test
(p<0.05). The determination limit of CLi = 0.065 uM + 0.016 puM (after Eurachem
methodology).

As Figure 2.10 shows, genotypes 1, 10 and 4 had a similar soil solution P concentration at low P
supply (OP and 10P), which was slightly lower than the control (unplanted) caused by the P
uptake. But statistically these differences were not significant. Moreover, as it was mentioned
above, genotypes 1 and 4 had a high root length density, which seemed to lead to inter-root
competition for P. However, it is important to remark that the P concentration in soil solution
was obtained from a mix of bulk and rhizosphere soil, which can cause a dilution effect on the P

soil solution concentration of the rhizosphere soil.

Surprisingly, the P soil solution concentration of genotype 2 increased on average 2.5-fold in

comparison to the P soil solution concentration of unplanted soil and the other genotypes. This
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points to a mobilisation of P in the rhizosphere, which could explain the high P acquisition

efficiency of genotype 2 (Figure 2.9).

In several plant species and cultivars with high P acquisition efficiency, the solubilizing ability
has been related to the production of root exudates, with which P-sorbed minerals react in the
rhizosphere inducing the release of orthophosphate to the soil solution, and consequently
enhances the P acquisition by the plants (Hinsinger, 2001). Another solubilizing ability of sorbed
P may be related to the root cell walls. Ae et al. (1996) reported that the crude root cell walls of a

P efficient groundnut solubilized more P than those of sorghum and soybean.

Root exudates relevant for plant P nutrition under low P availability include phosphatase
enzymes, H' and organic acids (OA). Phosphatases produced by soil microbes and/or roots can
increase the hydrolysis of soil organic P (Tarafdar and Jungk, 1987) and thus solubilise organic P
(Tarafdar and Claassen, 1988; Helal and Dressler, 1989; Tadano and Sasaki, 1991) that is not
associated with Al or Fe, as the enzymes do not act on organic Al-P and Fe-P. Protons released
from roots can solubilise inorganic P (Grinsted et al., 1982; Hedley et al., 1982; Moorby et al.,
1988). Some organic acids (OA) are known to be able to remove inorganic P from metal cations
through processes such as i) acidification which can dissolve Ca-P by citric, malic and 2-
ketogluconic acids (Ohwaki and Hirata, 1992; Gardner et al., 1983; Moghimi et al., 1978), ii)
reduction of Fe’” to Fe*" by formate which can solubilise Fe-P (Tanaka et al., 1995), and iii)
chelating with AI’* and Fe’* by citric, malonic and piscidic acids (Ae et al., 1990; Otani and Ae
1997).

However, there are at least three critical points which question the effectiveness of root exudates
to increase the P soil solution concentration. First, high concentrations of OA (> 100 uM for
citrate, > 1 mM for oxalate, malate and tartrate) are required to mobilize significant amounts of P
into the soil due to the fact that desorption of P is extremely soil-dependent (Earl et al., 1979;
Lopez-Hernandez et al., 1986; Jones and Darrah, 1994, Lan et al., 1995). Secondly, soil
microbes degrade exudates to some extent. Whilst the effect of OA might be relevant for specific
situations, e.g. in the proteoid rhizosphere of white lupine, where the soil-solution concentrations
of OA are high, their importance in most other situations remain speculative (Jones et al., 1996).
Thirdly, the root exudates act not only upon P-fixed minerals, but also on other ion components
having no P. Organic acid anions, such as citrate, tartrate and formate, have been shown to
extract metallic ions from mineral surfaces creating new P sorption sites (Traina et al., 1986).
Furthermore, organic anions may solubilise phosphate independently of any pH change

(Staunton and Leprince, 1996). According Jones and Darrah, (1994), OA are dissociated in the
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root cells under the pH condition of the cytoplasm i.e. the OA should be released as organic

anions and should not contribute per se to the acidification of the rhizosphere.

Nevertheless, root exudates are comprised not only of organic acids and ectoenzymes (e.g.
phosphatase) but also of sugars, phenolics, amino acids and mucilage. Some of these substances
could probably enhance directly or indirectly the complex process of releasing P into the

rhizosphere.

2.3.2.5 pH value in soil and soil solution and extractable P of soil samples after harvesting

Beside the soil solution P concentration, extractable soil P can also be a measure for P
availability. Moreover, the pH of the soil has a major influence on P solubility. Table 2.5 shows
the pH in soil solution as well as the extractable P (CAL and Bray II) and pH of the soil as
affected by P supply in planted and unplanted soils.

The P fertilisation effect was reflected in the extractable P-CAL and P-Bray II. The genotypes
decreased slightly the values due to the plant’s P uptake. However, a correlation was not found

between the decrease of the extractable P and the P content in the genotypes.

Taking into account the high P buffer capacity of this soil, the changes in the P balance of P-
CAL and P-Bray II tend to show that the genotypes used other P sources. For example, the
extractable P-Bray II of genotype 2 at OP compared to the unplanted soil decreased 1 mg kg™,
which in a pot of 3.5 kg soil is equal to a reduction of 3.5 mg P pot™. If the total P content (shoot
+ root) of genotype 2 at OP was 6.2 g plant” and per pot there were 4 plants, the total plant P

content was 24.8 mg P pot”, which results in a discrepancy of 21.3 mg P pot ™.

Phosphorus mobilisation observed in genotype 2 under low P supply (Figure 2.10) was not
confirmed by P-CAL and P-Bray II. The pH varied slightly within the P treatment, but no

relation to phosphorus mobilisation was found.
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Table 2.5 pH in soil solution, extractable P (CAL and Bray II) and pH in soil as affected by P
supply in planted and unplanted soil.

Treatment Genotype pH-value Extractable P, mg kg™
Soil solution Soil (cacn) CAL Bray II

OP 2 50a 50c 32a 59c
1 49 a 5.2 ab 32 a 6.1 bc

10 S51la 50c 32a 64b

4 53a 53a 32 a 58¢

unplanted* 49 a 5.1 be 30a 6.9 a
10P 2 50a 52a 34a 7.2 ab
1 50a 52a 34a 6.8b
10 52a 5.0a 34a 7.6 ab
4 5.1a 52a 35a 7.5 ab

unplanted 4.9 a 52a 34 a 7.8 a

400 P 2 50a 4.9 be 22.7 ab 59.1 a
1 49 a 4.8 c 234 a 61.0 a

10 S51a 48 c 205b 57.7 a

4 50a 50b 22.0 ab 57.1 a

unplanted 49 a 52 a 243 a 56.5 a

Within a P treatments, values followed by the same letters are not statistically different
according to the Tukey mean test (p<0.05).
* = so0il without plant used as control.

2.4 Concluding discussions

The Arachis pintoi (Ap) genotypes differ statistically from each other in their ability to produce
dry shoot biomass, when grown with and without P fertiliser application under different growth
conditions (field on an Ultisol and pot on an Oxisol). These results could be used for the
screening and identification of germplasm differing in their P efficiency under low P supply,

which could help to provide superior genetic material in breeding programs.

When grown in the field, the yield differences observed were more clearly defined in the

genotypes’ ability to acquire P. The pot experiment confirmed this, and also indicated possible
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mechanisms which could explain their efficiency in absorbing P. Moreover, it also brought to

light differences in their ability to use P.

The P efficiency of the genotypes, classified as efficient (2, 6, 1), average (10, 4, 8, 9) and

inefficient (3, 5, 7), were caused by:

1. A high ability to use the P taken up for producing shoot biomass. Genotypes 6 and 9 can be
highlighted by their high P use efficiency and is complemented by an average P uptake per
unit root length and an average root-shoot ratio. The activity of enzymes able to hydrolyse
organic P in the leaves such as phosphatase could be a mechanism affecting the P use

efficiency.

2. A high ability to increase their root system more than their shoots biomass. Although the P
efficiency of genotypes 4 and 8 was considered as representative of the average, their high
root length-shoot weight ratio seem to be the adaptation mechanism responsible for their

growth under scarce P availability in the soil.

3. A high ability to acquire P under low P availability because an increase of P concentration in
the soil solution. This can be confirmed by the high P acquisition efficiency per unit root
length of genotypes 2 and 1, related to a increase of the soil solution P concentration
(genotype 2) and their low root length-shoot weight ratio. Although the P efficiency of
genotype 10 was classified as average, it showed a similar pattern as genotypes 2 and 1.
Taking into account the extreme low Cp; value of un-planted soil, theses genotypes must have
increased the concentration of P at the root surface. One strategy of the genotypes could be
the solubilization of unavailable inorganic and/or organic P forms (Al-Fe-P) by root exudates
such as organic acids, phenols, sugars, mucilages and/or ectoenzymes (e.g. phosphatase), to

increase the soil solution P concentration and thus enhance the acquisition of P per unit root.

In contrast, the rest of the genotypes (3, 5, 7) showed no particular mechanisms in relation to the

P efficiency.
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3 Influence of arbuscular mycorrhizae fungi (AMF) on morphological and physiological

parameters related to P efficiency of Arachis pintoi genotypes

3.1 Introduction

Arachis pintoi genotypes growing under low P availability differed in their P efficiency under
field and controlled conditions, as it was observed in chapter 2. The P efficiency under both
conditions was attributed to 1) a high P use efficiency (genotypes 6 and 9), i.e. greater ability to
produce more dry matter per unit of P, ii) a high root length-shoot weight ratio (RSR) (genotypes
4 and 8) i.e. a larger root system exploiting a larger volume of soil to feed the plant and iii) a
high P uptake per unit of root (genotypes 2, 1 and 10). However, it is not clear the mechanisms

responsible for the P uptake efficiency of some genotypes with a low RSR.

It is well known that for diffusion-limited ions such as phosphate, short transport distances
favour P-uptake. This implies that in P-limited soils, high root densities are important for plant
P-uptake. However, as production of roots costs assimilates (carbon compounds), a high P
acquisition ability of a root system depends on the mean diameter of the root. Therefore, the
development of fine roots enables a plant to adjust to low available P conditions by strategies
that maximize uptake-surface area per unit of carbon input. This occurs by enhancing the contact
of the root surfaces to the soil through changes in the root architecture such as: extensively-
branched root systems (Lynch and Beebe, 1995; Mollier and Pellerin, 1999) and lateral root
development (Lynch and Brown, 1998), reduced root diameter (Fohse et al., 1991) or formation
of root hair with radii around 5 pm and length larger than 1 mm (Gahoonia et al., 1997).
Furthermore, changes in root physiology allow the uptake of P at lower concentrations in the soil

solution, and/or to take up P from insoluble inorganic or organic forms (Marschner, 1995).

However, all these attributes may be significantly affected by symbiosis with arbuscular
mycorrhizal fungi (AMF) (Redhead, 1979; Koide, 1991). Mycorrhizal hyphae, which are about
10 times thinner than fine roots and therefore have more surface per unit of assimilation, act as
extensions of the root to take up P (Marschner and Dell, 1994). In exchange the AMF receives
carbohydrates from its host plant (Harrison, 1997; Smith and Read, 1997).

Numerous reports have clearly demonstrated the beneficial effects of this symbiotic association
especially when soils deficient in available P limit plant growth (Bolan 1991; Faber et al., 1990;
Abott and Robson, 1982; Tinker, 1975). Various mechanisms have been suggested for the

increase in the uptake of P by mycorrhizal plants: i) exploration of a larger soil volume by
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mycorrhizal plants by increasing the surface area of absorption through the external hyphae
network (Sanders and Tinker, 1973; Tinker, 1978), ii) faster movement of P into mycorrhizal
hyphae by increasing the affinity for P ions (Cress et al., 1979; Howeler et al., 1982), iii)
solubilization of soil P achieved by the release of organic acids and phosphatases. (Gianinazzi -

Pearson and Gianinazzi, 1978; Parfitt, 1979; Moawad, 1986; Vielhauer, 1992).

The length of the extraradical network of hyphae forms in the soil and the small radius of the
hyphae (approx. 2 um) are responsible for the enlargement of the absorption surface area of
colonised plants. Therefore, the hyphae may acquire and translocate P to the host plant from
unavailable zones to the root system i.e. soil outside of the root depletion zone by diminishing
the distance of P diffusion to the root surface (Tinker et al., 1992; Tinker, 1978). Mycorrhizal
hyphae of Glomus sp. and Acaulospora sp. can transport P from distances of up to several
centimetres from host plant roots (George et al., 1995; Jakobsen et al., 1992a; Jakobsen et al.,
1992b; Li et al., 1991; Marschner and Dell, 1994), while root hairs exploit P usually in a range of

up to one millimetres (Gahoonia and Nielsen, 1998).

Additionally, the efficiency of P uptake by AMF has been also related to the capacity of P uptake
per unit length of the hyphae (Harrison, 1997; Jakobsen et al., 1992b, Schweiger and Jakobsen,
2000; Smith et al., 2000). The high efficiency of AMF hyphae in P uptake is attributed to the
storage of polyphosphates in their vacuoles, which may be hydrolysed in the arbuscules and
transported as inorganic P into the host plant across the plasma membrane of cells (Smith and
Gianninazzi-Pearson, 1988). Moreover, it has been suggested that an enhancement of P uptake of
the roots could be an indirect effect of the P uptake of AMF hyphae. The faster P uptake rate of
AMF hyphae affects the P concentration equilibrium between the solution and solid phase,
which results in an increase of the desorption of adsorbed phosphate into the soil solution (Nye
and Tinker, 1977). Another attribute of hyphae is their capability of storing larger amounts of
absorbed P than plant roots, thus facilitating the continued movement of P into the host plant
(Bolan, 1991). To what extent one or the other of these mechanisms prevails is still a subject of
intensive scientific debate and, the possibility exists that all mechanisms act simultaneously and
are dependent on the root morphology. For instance, Baon et al. (1994) working with rye
genotypes, and Caradus (1995) with white clover genotypes, found that genotypes with short
root hairs were more dependent on root-mycorrhizal association for growth in a P-deficient soil

than genotypes with long root hairs.

The root colonization by AMF, which is also very common in crop plants of agrosystems (Smith

and Read, 1997), may be stimulated by P deficiency in the soil, but is constrained by high P
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supply (Jones et al., 1990). A low AMF colonization percentage at high P supply is attributed to
increased phospholipid levels, which decrease membrane permeability and reduce exudations of
organic acids, amino acids, and sugars, which are the source of food for growth and development
of germinating mycorrhizal spores (Ratnayake et al., 1978). Further of the attribute related to P
nutrition, AM fungi can influence the growth and survival of plants by reducing stresses
connected to nutrient deficits, unfavourable water conditions, soil structure, pH, toxic metals,
soil organic matter deficits and biotic factors such as soil pathogens which attack the roots of

plants (Sylvia and Williams 1992).

Besides the effect of AMF on the P efficiency, the production and release of acid phosphatases
by many higher plants in response to scarce P availability (Duff et al., 1994) seem to play an
important role in many physiological processes including regulation of P efficiency (Bieleski,
1973) by solubilizing P from organic materials (Goldstein, 1992). Plant species such as maize,
tomato, wheat and clover lupin, rice and soybean increased the acid phosphatase (APase)
secretion to the rhizosphere in response to low P availability to hydrolyze soil organic P
compounds at the root surface (Clark, 1975; Goldstein et al., 1988a and 1988b; Tarafdar and
Jungk, 1987; Tadano et al., 1993).

Nevertheless, as acid phosphatase takes part in many of the metabolic processes in plant cells
and can hydrolyze orthophosphate monoesters into more mobile orthophosphate anions (Pi)
(Vincent et al., 1992), when P availability is low, phosphatase increases in the leaves to facilitate
the availability of bound P in the cytoplasm. This internal APase activity in the leaves seems to
be related to the P use efficiency (PUE). Mechanisms for enhanced PUE include reduced tissue P
requirement (Fawole et al., 1982; Halsted and Lynch, 1996) and efficient P remobilization from
senescent or non productive tissues to grow or produce tissues (Smith et al., 1990; Snapp and
Lynch, 1996; Adu-Gyamfi et al., 1989; Barber et al., 1967; Bieleski, 1973; Loneraga, 1978).
Under low P conditions, plants are able to relocate P from old leaves and vacuoles, which are
metabolically less active, to more needed sites (Schachtman et al., 1998). Additionally, taking
into account that leaf senescence is often accelerated when P is scarce (Snapp and Lynch, 1996),
it can be safely deduced that an increase in APase activity in the leaves may be involved with the

relocation of P from old leaves to young tissue.

However, it has been also observed that an increase in APase in the leaves is generally linked to
the extent of the P deficiency symptoms in the plant (McLachlan et al., 1987). Since the
relationship between leaf APase and P concentration in some plants is generally inverse, it has

been proposed that leaf APase could be used as a diagnostic criterion for P deficiency (Besford,
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1980; McLachlan et al., 1987). Acid phosphatase found in the leaves was related to visual P
deficiencies in maize (Elliott and Lauchli, 1986), tomato (Kaya et al., 2000) and wheat (Guthrie
et al., 1991). Therefore, it is not clear, whether an increase in APase activity in the leaves is a
mechanism of P efficiency or simply an indicator of P deficiency.

The reaction of plants on biotic and abiotic stress is affected essentially by the concur of so
named phytohormone (plant growth regulators). The establishment and function of a
mycorrhizae is a complex process, in which a molecular dialogue is inevitable between both
symbiosis partners. Therefore, amongst others morphological and physiological changes in the
plant could be affected by plant and fungal phytohormone (Gogala, 1991). These plant growth
regulators, which are produced in different parts of the plant (leaves, root tips, meristem,
embryos, etc) as well as by AM fungi, are responsible among other things for 1) the induction
and release of the dormancy or of passive growth state (abscisic acid), ii) the enlargement of
shoot and root as well as the formation of lateral roots and the root development of plant cuttings
(auxins), and iii) the inhibition of root growth and the acceleration of the senescence
(jasmonates) (Grunwald, 2004). Glomus sp. colonized maize plants (Zea mays L.) show an
increased concentration in abscisic acid in shoot and root and this increase was related to the
improved phosphate supply of the plant (Bothe et al., 1994; Danneberg et al., 1993). In contrast
the abscisic acid concentration decreased in leaves of AMF colonized Bouteloua gracilis (Allen
et al.,, 1980). An increase of the concentration of the auxins’s derivative Indol 3 butyric acid
(IBA) was observed in G. intraradices colonized maize roots, although the endogenous IBA's
content was not correlated with the mycorrhizae infection degree (Kaldorf and Ludwig-Miiller,
2000; Ludwig-Miiller et al., 1997). However, the content in Indol 3 acetic acid (IAA), another

derivative of the auxins, remained constant.

The aim of the present study was to determine differences in P acquisition and P use among
Arachis pintoi genotypes when grown with and without AMF associations at different levels of

soil phosphate in clayed Ultisols.

Hypotheses

The following hypotheses were tested:

1. Genotypes differ in ability to associate with arbuscular mycorrhizae fungi (AMF) and
thereby to adapt to low P availability.

2. Genotypes adapted to low P conditions (efficient in P uptake and/or use) present high leaf
APase activity as a sign of the ability to hydrolyze and remobilize P within the plant.
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3.2 Materials and Methods

Location

A greenhouse study was conducted at CIAT, Palmira, Valle del Cauca Department, Colombia at
latitude 3° 30’ N, longitude 76° 21° W and 965 m elevation. Plants were grown in pots in the
greenhouse with temperature fluctuating from 20°C to 37°C in synchrony with photoperiod, and
relative humidity ranging from 40 to 90%. The maximum photosynthetic photon flux density

during the day was 1100 pE m?s™.

Plant material

The same ten Arachis pintoi (Ap) genotypes selected to study differences in P efficiency under

natural and controlled growth condition (see chapter 2) were used.

Growth conditions

Plastic pots (3 liter) were filled with 3.5 kg dry Ultisols collected in the 0-20 cm depth layer from
a field trials established at Montanita, Caqueta Department, Colombia (1° N, 75° W, 180 m
elevation, 3500 mm mean annual rainfall). The soil’s physical and chemical characteristic were
equal to those described in chapter 2, except for the higher value of organic matter (3.8%) and
available P (6.5 mg kg' Bray II). The analytical methods used to determine the soil

characteristics were as described in Salinas and Saif (1990).

Soil was sterilized with steam for 4 hours at 80°C to make soil free of native arbuscular
mycorrhizae fungi (AMF). In order to restore the microflora in the sterilized soil, non-sterilized
soil was mixed with water, agitated and the solution filtered (Whatman grade 2: filtration in the 8
um particle size range) to eliminate spore or hyphae of native mycorrhizae from the extract.
Three weeks before transplanting the seedlings into the pots, the microflora was reinoculated
adding 100 mL of this extract per pot and watered up to 65% of its water holding capacity to

improve the microflora incubation.

The amount of fertilised P was the same as in the field experiment (see chapter 2), except of
TSP, which was only applied in the half amount in order to evaluate the effect of the
mycorrhizae on the yield. Calculation was done considering the bulk density of the Ultisols (1.26

g cm™) and a soil depth of 20 cm. A detailed description is presented in the Table 3.1.
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Table 3.1 Description of different treatment setup for the experiment in greenhouse.

P treatments -AMF +AMF
mg P kg™
oP 0 0
PR 20 20
TSP 4 4

AMF = Arbuscular mycorrhizae fungi  PR= Phosphate rock TSP = Triple superphosphate

The chemical composition of the phosphate rock from Huila, Colombia, (commercial fertilizer
“Calfomag”) was 5.2% P, 25% Ca, 6% Mg and 1% S. A basal fertilizer was applied (mg kg™) at
8 K (KCl), 20 Ca (agricultural lime plus dolomitic lime), 5.6 Mg (dolomitic lime) and 4 S
(elemental sulfur), which are equivalent to the basal fertilisation applied on the field (see Chapter
2). The soil was thoroughly mixed with the fertilizers, and then transfered to plastic pots.

Nitrogen was not added to the treatments because plants were inoculated with Rhizobium.

Before seedling transplanting, the application (mg kg™) of 20 PR and 4 TSP resulted in available
P (Bray II) of 14.9 and 10.4 mg P kg' soil. According the classification used at CIAT for
tropical forages (see Chapter 2), this P Bray-II values ranged between high and very high.
However, it is worthy to mention that for a legume like bean the critical level in a mineral soil is

11 mg kg™ of extractable Bray II.

The seeds were pre-germinated in sand using the same method described in chapter 2. Four
seedlings were transplanted to each plastic pot and inoculated with a suspension of the
recommended Rhizobium strain (CIAT 3101). Pots belonging to the treatment with AMF were
inoculated with 30 spores of Glomus fasciculatum per plant. During the trial, soil moisture content

was maintained at 65% of the maximum water holding capacity by daily monitoring the weight.

Two weeks after the transplanting, the thinning of the plants was done and 2 seedlings were
remained in each pot. One pot from each P treatment was left unplanted to measure soil moisture

evaporation losses and as control of P dynamic under unplanted conditions.

The trial was arranged in a completely randomized block design with three replicates. The total
number of pots was 360 (10 genotypes x 3 P treatments x 2 mycorrhizae inoculation level x 3

replicates x 2 harvest).
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Measurements and analysis

To determine the average P inflow (umol P cm™ s™), plants were grown in two batches, one

harvested at 45 days and the other at 90 days after transplanting.

Shoot sampling

Before each harvesting, four leaf discs (total area = 1.54 cm?) were punched with a cork borer (o =0.7
cm) from the third young petiole of a stolon to determine inorganic P. Since the Arachis pintoi have 4
oval leaflets on each petiole, one disc per leaflet was collected. From the same leaflets and using a
smaller cork borer (¢ = 0.5 cm), five leaf discs (total area = 0.98 cm?) were punched to determine acid
phosphatase activity (APase). Immediately after each procedure, the leaf discs were put in a tub,
frozen with liquid nitrogen and stored at —20°C. At harvest, the plants were cut at the base and leaf
lamina were separated from other shoot material, scanned for area and finally the material was

oven-dried and ground as described for the field trial in chapter 2.

Root sampling and root length

After each harvesting, to determine inorganic P, phosphatase activity and root colonization by
AMF, the soil was carefully separated from the root manually by shaking. Root segments from
different parts of the root system were taken and immediately washed with distilled water and
put into tubes. Root samples for inorganic P and APase were immediately frozen with liquid
nitrogen and stored at —20°C and for AMF were stored at 5°C. The rest of the roots were carefully
separated from the soil by washing the soil in a 1 mm mesh wide sieve. After cleaning the roots
of any foreign materials, they were scanned for length on a root-length scanner (Commonwealth
Aircraft Corp., Melbourne, Australia) using the line-interception method of Newman (1966). The
remaining water on the root samples was removed by applying uniform pressure using paper
towels and then the fresh root weight was determined. The fresh root material used for inorganic
P, APase, AMF determination, and the rests of the root were weighed in order to calculate the
total root length. Roots were oven-dried, for 2 days at 70°C to a constant weight and then ground

for chemical analysis.
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Chemical analysis of plant material

Phosphorus content in the dry ground plant material was measured by the method of Murphy and
Riley (1962) as described for the field trial in chapter 2.

Determination of inorganic phosphorus (P;) in leaves and roots

The tubes containing the frozen tissue material (4 leaf discs or 0.1 g roots) were kept in ice and
pre-ground with a pestle in a pre-chilled mortar. After adding 5 mL of 2% acetic acid solution, it
was again ground and the extract transferred to reagent tubes. After centrifugation (1957g, 5 min
and 8°C) an aliquot of 0.2 mL of the supernatant was taken out. Inorganic P in the tissue extract
was measured colorimetrically with the ascorbic acid method (Murphy and Riley, 1962) but the

absorbance was measured at 660 nm.

Determination of internal acid phosphatase (APase) activity in leaves and roots

The principle of this determination consists of the hydrolysis of an artificial substrate p-
Nitrophenyl Phosphate (pNPP) by the APase of the plants cells. Under alkaline conditions, the
dephosphorylated reaction product p-Nitrophenol (PNP) turns yellow and exhibits an absorption
at 405 nm, which can be quantified photometrically using an alkaline solution of PNP as a
standard. The tubes containing the frozen tissue material (leaf discs and roots) were kept in ice
and pre-ground with a pestle in a pre-chilled mortar. After adding 5 mL of 0.1 M Na-Ac (sodium
acetate) buffer, it was again ground and the extract transferred to reagent tubes. After
centrifugation (906 g, 10 min, 2°C) an aliquot of 0.2 mL of the supernatant was taken out, and
0.5 mL of 0.1 M Na-Ac buffer and 1 mL of 20 mM of pNPP substrate were added. After a
reaction time of 15 min at 25-30°C 1.5 mL of 1 M NaOH was added to terminate the reaction.

The absorption of reaction solution was measured at 405 nm (Besford, 1980).

Determination of arbuscular mycorrhizae fungi (AMF) colonization

Roots were prepared by the clearing and staining procedure of Sieverding (1983), in which
internal hyphae, arbuscules, and vesicles may be seen in the microscope in sharp contrast to the
almost transparent root tissue. Briefly, a solution of 10% KOH was added to each tube until the
root sample was covered and put in a bain-marie at 60 - 70°C for 15 min. After letting the root

samples cool down, the KOH solution was discarded. When the root tissue was dark, a solution
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of H,O, was added until the root was covered in order to clear it and then the samples were well
washed with water. After that the root sample was covered with a solution of 10% HCI and kept
at room temperature for 15 min. After discarding the HCI, a solution of 5% trypan blue was
added and the samples were again put in a bain-marie for 15 min. Finally, the trypan blue was
discarded and the samples were again washed with water. The stained root samples were kept in
the tubes covered with water and stored at 5°C. Root colonization by the AMF was determined

using the infection percentage in a glass slide method of Allen and Allen (1980).

P Inflow (I,)

The inflow is the net amount of a nutrient element taken up per unit root (weight, length or root
surface area) and the unit time from the soil or nutrient solution (Claassen, 1994). To calculate
the average inflow, at least two harvests are needed in which the nutrient content and root length
of the plants are known. Assuming that after 45 days of transplanting the plants have a lineal root

growth, the average P inflow was calculated using the following formula:

LU=y 2
! (tz - tl) (RLz +RL1)

where, U = nutrient element content in the shoot in mol
RL = root length in cm
t = timeins

indices 1 and 2 means 1°* and 2™ harvest

Soil Analysis
Extractable P and pHu20) in soil samples after harvesting

To characterize readily available P plus a part of the active reserve P in acid soil, the Bray Il
extraction of Bray and Kurtz (1945) method was used. Inorganic P in soil extractions and in soil
solutions were analysed colorimetrically as reported by Murphy and Riley (1962). The pH value

was measured in 1:1 soil:water ratio. For more details see chapter 2.
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Extractable P in the soil and P concentration in the soil solution from incubated soil

Incubation study was conducted in Germany using Ultisols from greenhouse experiment in
Colombia. The objectives were to determine the fertilization effect on P availability in the soil
solution and to compare the NH4F-exchangeable P (Bray II) with the Ca-acetate-lactate-
exchangeable P (CAL-method). Air dried soil (1 kg) ground to pass a 2 mm mesh without steam
sterilization was thoroughly mixed with the same amount of fertilizers applied for the
greenhouse trial and then put into the plastic pots. The soil was kept in an oven during 30 days at
35°C and at 65% of maximum water holding capacity. The soil moisture was controlled daily by

weight.

Statistical Analysis

Analysis of variance was calculated with the SAS computer program (release 8.2 for Windows,
2001). Significant differences among genotypes for each treatment were calculated with the
Tukey test and differences between with and without AMF for each genotype were calculated
with the Pdiff test. Correlations were calculated through the SAS procedure CORR, calculating
the Pearson’s correlations coefficients. The probability level of 0.05 was considered statistically

significant.

3.3 Results and Discussion

3.3.1 Soil analysis

As it was described in chapter 2, the Ultisol used in this study had low pHg0) and was high in
Al saturation and low in available nutrients. The addition of both P fertilisers (20PR and 4TSP)
and the arbuscular mycorrhizae fungi (AMF) did not influence the overall mean pHano) of
planted soils, which at 45 and 90 days after transplanting (DAT) was around 3.9 and 4.2
respectively (see Appendix). However, a statistical significant increase of the pHmo) of the
unplanted soil at 20PR was determined at 45 DAT in comparison to the planted soil. That could
be an effect of the high Ca content of the PR per unit of P added, which in the case of the planted

soil could have be affected by the complex biotic and abiotic processes in the rhizosphere.

Statistically significant differences were found among the overall means of extractable P (Bray
IT) of planted soil as effect of P fertilisation at both harvests (see Appendix). The extractable P
(Bray II) at 4TSP and 20PR was 1.4 times and 2 times higher than at OP (7.5 mg P kg™) at the
first harvest, respectively. With time (at 90 DAT) the P uptake by the genotypes and the P
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adsorbed by Al and Fe oxide decreased the extractable P in the soil which was stronger at 20PR
and 4TSP when the genotypes were inoculated with AMF.

When the soil with the same P treatments was incubated for 30 days at 30°C (Table 3.2), the pH
in the soil solution of each P treatment was similar as those above described for the soil, but
statistically did not differ. Although the soil solution P; and P, concentration was slightly higher
when P was added, statistical significant difference were not confirmed. Noteworthy is that the
P, concentration in the soil solution at each P treatment was at least 5 times higher than that of
the P; concentration, which are close to the Crpin (0.2 uM) reported for Arachis hypogea
(Bhadoria et al., 2004).

Table 3.2 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)

on the concentration of inorganic P (P;) and organic P (P,) and pH in the soil solution and the
extractable P (CAL and Bray II) after 30 days of incubation at 30°C.

Soil solution Soil
P level pH P; P, P-CAL P-Brayll
mg kg™ uM mg kg™
oP 4.0ab 0.15a 0.96a 1.7b 6.2¢c
20 PR 4.2a 0.17a 1.51a 1.9b 9.9a
4 TSP 3.9b 0.20a 1.13a 2.2a 8.7b

Among P treatments, values followed by the same letter are not significantly different after
pdift-test (p<0.05).

3.3.2 Root colonisation grade of the arbuscular mycorrhizae fungi (AMF)

Since the aim of this experiment was to assess the influence of AMF on the P efficiency of
Arachis pintoi (Ap) genotypes, the starting point was to determine the AMF colonisation grade of
the root system of each genotype produced by the inoculation with AMF at both harvests. Table
3.3 shows only the colonisation grade of the AMF inoculated genotypes, because no AM fungi
were observed colonising roots of uninoculated genotypes at any harvest. Although at both
harvests statistical differences were found among the genotypes within the treatments (Table
3.3), the percentage of AMF colonisation of roots was very low in all the genotypes at each
treatment in the earlier growth stage (45 DAT). At this age, the lowest value was 7% (at 4TSP)
and the highest was 16% (at OP). The P fertilisation decreased slightly (10%) the overall mean of

the colonisation grade compared to the overall mean at OP.
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An increase on the overall mean of AMF colonisation was observed from the first to the second
harvest (90 DAT), e.g. 2.4-fold at OP, 2.2-fold at 20PR and 1.8-fold at 4TSP. Moreover, the
application of P fertiliser decreased the overall mean of the colonisation grade at 20PR and 4TSP
by 10% and 30% respectively, compared to the overall mean at OP. Similar results reported Rao
et al., (1997) from the commercial 4. pintoi genotype (genotype 1 = CIAT 17434). After 80 days
of growth, the AMF infection of roots in a clay Oxisol decreased from 10 to 1% with the
increase of the P supply from OP to 50 kg P ha as TSP respectively.

Table 3.3 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)

on AMF (Glomus fasciculatum) colonisation in roots of Arachis pintoi genotypes after 45 and 90
days of transplanting (DAT).

Genotype Colonisation grade of AMF, %
45 DAT 90 DAT

OP 20PR 4TSP OP 20PR 4TSP
1 10ab 9¢ 10bc 18c 17bc 17b
2 12ab 13ab 8c 22b 21b 16b
3 13a 15a 14a 38a 31ab 27a
4 16a 13a 14a 4la 38a 25a
5 12ab 11bc 9c 35ab 41a 25a
6 9b 11ab 11bc 21bc 15c 15bc
7 9b 8c 10bc 20bc 15c 15bc
8 15a 14a 15a 36a 27ab 22ab
9 8b 9c 9c 25b 21b 19ab
10 13a 10ab 7c 19¢ 19b I1c
X 124 114 114 284 25AB 19B

Within a P treatment, the values that are followed by the same letter, are not significantly
different according to the pdiff-test (p<<0.05). Means values (' X ) marked with the same capital
letter are not significantly different after Tukey-test (p<0.05).

It is well known that the formation and development of AMF is strongly influenced by the
nutrient levels in the soil (Kamminga van-Wijk, 1991; Wallander 1992). Very high or very low P
levels may reduce AMF colonization of the roots (Koide, 1991). It is well established that
infection by mycorrhizal fungi is significantly reduced at high soil P levels (Amijee et al., 1989;
Koide and Li, 1990; Tones et al., 1990; MacFall et al., 1991). It has also been shown that the
level of P in the plant influences the AMF colonisation grade, where high levels tend to inhibit it

(Menge, et al. 1978; Graham et al., 1981; de Miranda et al., 1989; Asimi et al., 1989).
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It is important to remark the large difference in the AMF colonisation grade among the
genotypes e.g. at OP, 90 DAT, it varied from 18 to 41%. At both harvests, genotypes 8, 3 and 4
had percentages of colonisation above the overall mean and statistically they were within the
highest group. On the contrary, the remaining genotypes presented a colonisation grade below

the overall mean at each treatment at 45 and 90 DAT.

3.3.3 Shoot biomass production

Figure 3.1 and 3.2 show the effect of the P supply and of the arbuscular mycorrhizae fungi
(AMF) on the shoot yield of the genotypes at 45 DAT and 90 DAT respectively. On the right
side of each P treatment a bar was added with the overall mean yield of —~AMF and +AMF.
Moreover, the results were sorted in a decreasing order on the basis of the genotype’s ability to
produce shoot biomass at 90 days after transplanting (DAT), under low P availability in the soil
(OP) and without the effect of AMF. This P efficient order will be used as the standard to present
the results of this study.

All genotypes without AMF infection responded to added P at both harvest, indicating that the
low P treatments had provided P-limiting conditions. It is interesting to see that the P efficiency
order of the genotypes obtained in this greenhouse pot trial (Figure 3.2) was very similar to the
order established in the field trial (see Table 2.1 in chapter 2). The exception was genotype 4,
which fell behind, as it was also observed in the pot trial in chapter 2. Nevertheless, the shoot
biomass production of the genotypes at 45 DAT (Figure 3.1) did not match the P efficiency
found at 90 DAT. That means that some genotypes (1, 10, 8) manage to develop their efficiency

only later.

Considering the overall mean yield of the P treatments without AMF, at 45 DAT the effect of the
20PR supply on the yield was clearly higher than that of 4TSP. Taking into account the fact that
neither the application of 20PR (5-fold higher than that of TSP) nor of 4TSP increased the P; and
P, concentration in the soil solution in comparison to OP (Table 3.2), the yield differences among
the P treatments are more likely related to the high Ca and Mg provide for the genotypes by the
PR as it was also observed in the chapter 2. Moreover, the genotypes responded differently to the

fertilizers, but there was no relation to the P efficiency order.

At the second harvest (90 DAT), the fertilization effect on the yield of the genotypes changed.
On average, the shoot biomass production of the genotypes grown at 20PR fell behind in
comparison with TSP. However, different genotypes varied in their response to different

fertilizers. For example, genotypes 2 and 1 had a higher yield at 20PR than that at 4TSP.
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Figure 3.1 Influence of varying P supply of phosphate rock (PR) and triple superphosphate
(TSP) and AMF on shoot biomass production after 45 days of transplanting (DAT). LSD values
are at the 0.05 probability level after Tukey-test. For each genotype and mean value ( X ), bar
with AMF having asterisk differs statistically from the bar without AMF at the p<0.05 (*) after

pdiff-test.
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Figure 3.2 Influence of varying P supply of phosphate rock (PR) and triple superphosphate
(TSP) and AMF on shoot biomass production after 90 days of transplanting (DAT). LSD values
are at the 0.05 probability level after Tukey-test. For each genotype and mean value ( X ), bar
with AMF having asterisk differs statistically from the bar without AMF at the p<0.05 (*) after

pdift-test.



58 Chapter 3

Nevertheless, although it was not possible to establish a relationship to the P efficiency order, the
inefficient genotypes (3, 7, 5, 4) seemed to be more capable of using the TSP than the P efficient

ones.

The previously general observations changed with the presence of AMF. All genotypes under all
conditions profited from the AMF. At OP and 90 DAT, the effect of the AMF resulted in a
adjustment of the biomass production among the genotypes (Figure 3.2). However, although the
P efficient genotypes (2, 1, 6) maintained still a slightly higher yield, from the percentage point
of view, the inefficient genotypes (3, 7, 5, 4) profited more from the AMF. For instance, the P
efficient genotypes increased their shoot biomass with AMF in a range of 1.4-1.7-fold, while the
increase of the inefficient ones ranged between 1.7 and 2.8-fold. Several studies have predicted
that plants with inherent mechanisms for acquiring P tend to benefit less from AMF colonisation
(Koide, 1991; Koide 1993). For example, mycorrhizal benefit has been shown to be inversely
related to absolute root allocation, root density, root fineness, root-shoot ratio, or root hairiness
(Hayman, 1983; Graham and Syvertsen, 1985; Schawab, 1987; Hetrick et al., 1988; Koide et al.,
1988).

A positive effect on the biomass production was already recorded at 45 DAT also when P was
added (Figure 3.1), although the genotypes had a low AMF colonisation grade (Table 3.2).
However, this positive effect of AMF was on average lower at 20PR (1.3-fold) than at 4TSP
(2.2-fold). If the addition of 20PR was not enough to increase the P concentration in the soil
solution of this Ultisol (Table 3.2), the fact that the genotypes without AMF at 20PR outyielded
4TSP and OP could be only explained due to i) a high availability of Ca and Mg for the
genotypes or ii) the genotypes were able to increase the P concentration at the root surface in
order to cover the P demand at this time, which could also have constrained the effectiveness of
the AMF acquiring P. In contrast, if it is assumed that the genotypes have not still developed
morphological and/or physiological root mechanisms to grow under low P availability (4TSP), it
seems to be that the added P was apparently only available for the AMF hyphae, and was
exploited efficiently to cover the P demand at this growth stage.

With time (90 DAT) the difference between the fertilizers on the AMF effectiveness to increase
the yield was less, even though it was still possible to recognise slight differences. Furthermore,
it is interesting to remark that on average the AMF effect on the biomass production at OP was
similar or higher than the effect of the fertilisers. Duponnois et al., (2005) reported that the AMF
Glomus intraradices significantly increased the plant biomass (by 1.78-fold and 2.23-fold for
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shoot and root respectively) of Acacia holosericea, while mineral phosphate amendment had no

effect in a sterilised soil after 4 month of growth.

In concordance with these results, Viebrock (1988) with Capsicum annuum and two P levels (OP
and 10P) found already 4 weeks after transplanting an increase on the biomass production at both
P treatments as effect of AMF Glomus macrocarpus. With time, at OP the effect of mycorrhizal
relative to non-mycorrhizal plants on the biomass production was 10-fold. However, this positive
effect of AMF on the yield was not achieved when the plants grown at 10P (Viebrock, 1988).
This result, amongst others, could be related to different growth conditions between a
greenhouse trial and a growth chamber trial. Studies have shown that growth conditions as light
intensity and root zone temperature influence the formation and development of arbuscular
mycorrhizae (AM) and thus plant growth and P acquisition performance (Reinhards et al., 1994;
Lui et al., 2004). Moreover, it has been also hypothesized that mycorrhizal dependence is largely
controlled by root architecture system (Baylis, 1975) and nutrient requirement (Ortas et al.,

2001).

There was no clear relationship between total colonisation grade and growth or P response in this
study. Similar results have shown that high AMF colonisation in plant species such as Onion,
medic and tomato (Smith et al., 2004) and in maize (Jansa et al., 2003) were not associated with
positive growth or P responses at the whole plant level. Conversely low AMF colonisation levels
in flax were associated with positive growth and P responses and that there was generally lower
colonisation in this plant than wheat or cucumber, which are relatively unresponsive (Ravnskov
and Jakobsen, 1995). These results emphasise that low colonisation is not necessarily an
indication of a small growth increase, as sometimes suggested. This large variability in host plant
responsiveness to mycorrhizal colonization does occur. For example, wide variation in the effect
of these fungi on promoting growth has not only been reported between different plant species
(Mosse, 1978; Owusu-Bennoah and Mosse, 1979; Lambert and Cole, 1980; Plenchette, Fortin
and Furlan, 1983a, b), but between genotypes of the same species including citrus (Menge,
Johnson, and Platt, 1978; Graham and Syvertsen, 1985; Graham, Duncan and Eissenstat, 1997),
corn (Toth et al., 1990), cowpea (Rajapakse and Miller, 1988; Mercy, Shivanshankar and
Bagyarai, 1990), palm (Clement and Habte, 1997), pea (Estaun, Calvet and Hayman, 1987) and
wheat (Azcon and Ocampo, 1981; Hetrick, Wilson and Todd, 1996).

Furthermore, the method used to determine the AMF colonisation grad may not be showing the
actual AMF effectiveness. By the use of trypan blue to stain the AMF is not possible to

distinguish between living and dead fungal structures. Although the percentage (or fraction) of
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the root length colonised by the fungus, without determination of the quality of the infection, is
the most commonly used parameter for quantification of infection, this may lead to inconsistent
results relative to plant growth and uptake of P (Smith and Dikson, 1991). On the other hand, it
is well established that among plant species, and indeed genotypes within species vary in their
responsiveness to AM colonisation on the basis of whole plant P uptake and/or growth and that
many plant and environmental factors influence the magnitude of the responses (Smith and
Gianinazzi- Pearson, 1988; Smith and Read, 1997; Jakobsen et al., 2002). Sometimes there is no
positive response and where nonnutritional effects can be discounted, as in controlled
experiments, it then appears that the plants receive insignificant amounts of P via the fungal

symbiont.

Summarizing, the ability of the genotypes to grow under low P availability as well as to use the P
added is clearly improved by the AMF. The inefficient genotypes tended to profit more from the
presence of AMF, which evened out the yield differences to the P efficient ones. The next
question to answer would be which morphological and/or physiological mechanisms were

responsible for the P efficiency of the genotypes and the way of action of the AMF.

3.3.4 Shoot P concentration and P content

The nutritional P status of the genotypes did not differ strongly among the genotypes at each
treatment at both harvests (Table 3.4). Therefore, in most treatments no statistical significant
differences were found between the genotypes rated as P efficient (2, 1, 6, 10) and P inefficient
(3,7, 5,4). With time (at 90 DAT) the shoot P concentration decreased at each treatment but this
effect was clear (21%) between the overall mean at 4TSP without AMF (Table 3.4).

The P fertilisation increased slightly the overall mean of the shoot P concentration, where with
time (at 90 DAT) the PR effect tended to be higher (15%) than that of TSP. However, the
nutritional status achieved in average by the genotypes at each treatment in this study was clearly
lower than those in the field (Chapter 2). For instance, the maximal shoot P concentration on
average in this study was 1.4 mg g”' (PR and TSP at 45 DAT), while in the field at OP and 90
DAE was 2.0 mg g (see Table 2.3 in chapter 2).

The AMF decreased the P concentration at each P level, being this effect higher in the first
growth period (e.g. at OP and 4TSP) than that in the second one (Table 3.4). It is well know that
AMF increase the P uptake (Harrison, 1997; Jakobsen et al., 1992b, Schweiger and Jakobsen,
2000; Smith et al., 2000) i.e. the shoot P concentration of the genotypes with AMF should be
equal or higher than that without AMF but not lower.
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Table 3.4 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)
and AMF on P concentration in shoot at 45 and 90 days after transplanting (DAT).

Genotype Shoot P concentration, mg g™
OP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 1.4ab *1.1a 1.4bc 1.4a 1.0c **]1.3a
1 1.4a *1.1a 1.3cd 1.4a 1.3b 1.2ab
6 1.2bc 1.0a 1.3cd 1.3a l.4ab  **1.1c
10 l.1cd 1.2a 1.6b *1.4a 1.5ab  **1.3a
9 1.4a *1.1a 1.3cd 1.3a 1.4ab *1.2ab
8 0.9d **1.2a 1.1d *1.3a 1.4ab *1.2ab
3 1.4a *1.2a 1.8a **].4a 1.5ab *1.3a
7 1.4ab **1.0a 1.4bc 1.3a 1.6a **].2abc
5 1.3abc *1.1a l.4c 1.3a 1.6a **].1bc
4 1.2abc *1.0a 1.3¢c 1.4a l.4ab  **1.1bc
X 1.3ABC  1.IC 1.44 1.34B 1.44 1.2BC
90 DAT

2 1.2abc *1.1a 1.2d *1.1bc 1.0bc 1.0cd
1 0.9f *1.1a 1.3cd *1.1b 1.1b *1.0bc
6 1.0ef 1.0a 1.0e 1.0c 1.1b l.1ab
10 1.1cdef 1.0a 1.2d 1.1b 1.2b l.1ab
9 1.1abed I.1a 1.3cd 1.3a 1.3a *1.2a
8 1.0def 0.9a 1.1d 1.2b 1.1b 1.1abc
3 1.3a *1.1a 1.8a **1.1b 1.0bc *1.2a
7 1.2abc *1.0a 1.1d 1.1bc 1.1b l.1a
5 1.1bcde l.1a 1.5b **1.0bc 1.0c 0.9d
4 1.2ab *1.1a 1.4bc *1.5a 1.1b 1.1abc
X 1.14B 1.0B 1.34 1.24B 1.14B 1.1B

Within a treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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As was shown in Figure 3.1 and 3.2, the growth of the genotypes was increased more strongly by
the AMF than by the P supply but not because AMF improved the P status of the genotypes
(Table 3.4). Similar results reported Duponnois et al., (2005), who assessing the effect of Glomus
intraradices on the growth of Acacia holosericea found that the AMF significantly stimulated
plant growth, which was significantly higher than that measured in the mineral phosphate

treatment.

The P content in the shoots is the product of the dry matter yield and its P concentration. The
shoot P content had in general a similar pattern to growth in response to P supply and AM
colonisation (Figure 3.1 and 3.2), with minor variations accounted for by small differences in

shoot P concentrations (Table 3.4).

When the P fertiliser was supplied, the overall mean of the shoot P content increased at both
harvest, but at 90 DAT the shoot P content of both fertilisers differed statistically from OP. The
inefficient genotypes (3, 5, 4) increased the shoot P content due to the positive effect caused by
the fertilizers on their shoot P concentration at both growth stages (45 and 90 DAT). On the
contrary, at 20PR and at 90 DAT the P efficient genotypes 6 and 10 had shoot P content below
the overall mean, because their shoot P concentration decreased with age from 1.3 to 1.0 mg g’

and from 1.6 to 1.2 mg g™’ respectively (Table 3.4).

With AMF, the genotypes at each P treatment and at both harvest had a higher absorption of P,
reflected in a statistically superior shoot P content than that without AMF (Table 3.5), even
though the dilution of P observed in the shoot (Table 3.4). At 20PR +AMF, contrary to the
behaviour of most genotypes, the inefficient genotype 4 increased its shoot P concentration from
1.4 to 1.5 mg g’ with age (Table 3.4), producing the highest shoot P content among the
genotypes at all P levels; thus, showing the highest dependence on AMF. The effect of the water
soluble P (4TSP) on the shoot P content observed was closely related to the pattern found for
shoot biomass production, as the changes on the shoot P concentration were proportional in all

the genotypes at each treatment and harvest.

Summarizing, the remarkable positive effect of AMF on the yield which was not due to the
improvement of the P status (mg P g”') but to P uptake, indicates that beside of the positive effect
on the P absorption (Table 3.5), the AMF had other effects which stimulated plant growth. The
AMF, beside its effects on P nutrition, may also be responsible for other nutritional processes as
well as for abiotic and biotic factor and processes, which influence and likely stimulate the

overall growth of the plant (Sylvia and Williams 1992).
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Table 3.5 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)
and AMF on P content in shoot after 45 and 90 days of transplanting (DAT).

Genotype Shoot P content, mg plant”
oP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 3.7a **5.0bc 6.4a *#7.8a 2.5¢g **7.2bc
1 2.8cde **59a 5.6cd  **7.1b 3.1f **6.5d
6 3.0bcd **5.8a 4.4ef  **6.4cd 5.0b **8.0a
10 2.2ef **4.7cd 5.5d 5.6¢ 43cd  **7.2bc
9 3.1abcd *4.0d 4.8¢ *%6.7bc 39de  **8.4a
8 1.6f **5.8a 4.3f **6.1d 6.1a **7.7ab
3 3.5abc  **6.2a 6.2ab  **7.7a 2.5¢g **6.6cd
7 3.7ab *4.2d 4.6ef 4.7f 3.2f **6.7cd
5 29cd  **5.6ab 59bc  **6.5cd 3.7ef  **6.6cd
4 2.6de  **5.0bc 59bcd  **6.9bc 4.6bc  **6.6cd
X 2.9C 5.2B 5.4B 6.54 3.9C 7.24
90 DAT

2 6.8a **8.3a 94a  **12.2b 7.2cd  **11.2bc
1 4.4d **8.3a 7.7b **9.9¢ 6.3e  **11.9ab
6 4.4cd  **7.7a 6.6ef  **8.4def 9.2a  **11.0bcd
10 49bc  **6.9ab 6.7de *7.5gf 8.0b  **10.4cd
9 4.9b **7.3a 6.5ef  **9.6¢cd 8.0bc **12.7a
8 4.3d **8.1a 6.4ef  **8.0efg 82b  **11.9ab
3 4.0de  **8.0a 6.2f *%9.5¢cd 6.9de **11.2bc
7 3.8¢ **5.6b 5.7g **6.9¢g 7.0de **10.2d
5 3.3f **7.1ab 7.1cd  **9.0cde 4.7f **7.Te
4 3.2fF *#7.8a 7.4bc  **14.6a 8.6ab **10.7cd
X 4.4C 7.5B 7.0B 9.64 7.4B 10.94

Within a treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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These results could be related to the AMF hyphae ability to enhance the availability and uptake
of other nutrients such as Zn as well as other factors such as enhancement of microbial activity
and production of phytohormones (plant growth regulator), which in this study were not
assessed. Moreover, the shoot P content of nearly all genotypes was influenced more by their
different genotypical ability to produce biomass than by their shoot P concentration. Since the P
use efficiency is equivalent to the inverse of the P concentration, differences in P efficiency
among the genotypes at 0P —AMF (Figure 3.2) seemed to be more related to the ability of the
genotypes to take up P under limited P conditions than to P use efficiency. Jansa et al., 2003
found that P content in maize was significantly higher in the mycorrhizal plants than in their

non-mycorrhizal counterparts.

3.3.5 Phosphorus use efficiency and the acid phosphatase activity in the leaves and roots

In this study, the P use efficiency describes the amount of P (shoot and root) that is needed to
build one unit of shoot biomass. At 90 DAT, the P use efficiency of the P efficient genotypes (2,
1, 6) was statistically higher than that of the inefficient ones (3, 7, 5, 4) when grown at OP
without AMF (Table 3.6). Nevertheless, this behaviour was not statistically confirmed at 45
DAT. Taking into account that the P use efficiency is equivalent to the inverse of the P
concentration, the genotypes in the field trial (see chapter 2 Table 2.2) tended to have an
opposite P use efficiency pattern as the afore mentioned. However, it is worth to mention that the
shoot P concentrations of the rated P efficient genotypes in the field did not differ statistically
from the P inefficient ones (see chapter 2 Table 2.2).

The application of fertilisers did not alter the P use efficiency pattern within the genotypes
(Table 3.6). However, although statistical differences were not found among the overall mean of
the P treatments, the P use efficiency on average at 20PR was lower (10%) than that at OP (Table
3.6). A similar behaviour of the genotypes, on average, was also observed in the field trial when
P was added (see chapter 2 Table 2.2). However, when the genotypes were grown at 400TSP in
the growth chamber trial, their shoot P concentration increased considerably (see appendix
chapter 2) due to the ample P soil conditions available and therefore their P use efficiency

decreased (see chapter 2 Table 2.6).

On average, the AMF tended to increase the P use efficiency of the genotypes at each P
treatment and the addition of P fertilisers tended to decrease slightly the P use efficiency in

comparison to the treatment without AMF at both harvests (Table 3.6).



65

Chapter 3

Table 3.6 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)
and AMF on P use efficiency (PUE) after 45 and 90 days of transplanting (DAT).

Genotype P use efficiency, g mg”
oP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 0.69bc  *0.81ab 0.60bcde 0.66a 0.79a  **0.68cd
1 0.59¢ *(0.76ab 0.67ab 0.62a 0.61bcd *0.67cd
6 0.78ab 0.86a 0.63bcd  0.68a 0.63b  **(0.85a
10 0.84a 0.76ab 0.54de  *0.62a 0.57bcd **0.68cd
9 0.66bc 0.73ab 0.65abc  0.65a 0.58bcd **0.72bc
8 0.88a  **0.68b 0.74a *0.67a 0.63b *0.72bc
3 0.65bc  *0.77ab 0.52e  **0.68a 0.55bcd **0.69bcd
7 0.67bc  *0.78ab 0.56cde  0.60a 0.51d  **0.65d
5 0.67bc *0.80ab 0.63bcd  0.61a 0.53cd **0.72bc
4 0.78ab 0.83a 0.66ab 0.63a 0.62bc  **(0.76b
X 0.724B 0.784 0.62C 0.64BC 0.60C 0.724B
90 DAT

2 0.70ab 0.72ab 0.62bc  **0.73ab 0.79ab 0.77a
1 0.76a *0.66bcd 0.60c 0.63cd 0.66dc  **(0.76ab
6 0.74a 0.75ab 0.84a *0.79a 0.72bc 0.69bcd
10 0.69abc  0.66bcd 0.62bc  *0.56def 0.67cd 0.63def
9 0.70ab 0.68bc 0.57cd  *0.51f 0.59d *0.68cde
8 0.64bcd **0.78a 0.68b *0.59def 0.69¢ *(0.74abc
3 0.59de **0.75ab 0.40e  **0.69bc 0.81a *(0.72abc
7 0.60de 0.57d 0.59c¢ *0.52ef 0.65cd  *0.59f
5 0.54¢ 0.58cd 0.52d *0.61cde 0.67cd  *0.61lef
4 0.61cde **0.74ab 0.58¢ 0.54def 0.69¢ 0.73abc
X 0.66A4 0.694 0.60A4 0.624 0.694 0.694

Within a P treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X' ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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However, statistical differences between the overall mean of the genotypes were only confirmed
at 4TSP at 45 DAT (Table 3.6). The positive effect of the AMF on the P supply for the
genotypes and their direct influence on the plant growth could explain the decrease of the shoot
P concentration at each P treatment in the presence of AMF i.e., the increase of the P use
efficiency. As shown in Figure 3.2, the AMF increased the biomass production as a response to
the improved P supply to the genotypes. However, if the P demand imposed by the shoot growth
of the genotypes was only partially covered and other physiological adaptation process enhanced
the growth, a dilution effect on the shoot P concentration at each P treatment with AMF could

have occurred (Table 3.4).

Furthermore, morphological and physiological changes in the plants could probably be
influenced by plant and fungi originated phytohormones, and their concentrations may be
influenced by the P supply of the plant as well as the symbiosis with the AMF (Gogala, 1991).
For instance, a concentration increase of the auxin derivate Indol 3 butyric acid (IBA) was
confirmed in maize roots colonised by G. intraradices, and related to the improved phosphate
supply of the plant, whereas the endogenous IBA content was not correlated to the degree of
AMF colonisation (Kaldorf and Ludwig-Miiller, 2000; Ludwig-Miiller et al., 1997). Moreover,
other studies showed a positive effect on colonisation and development of the AMF by
exogenously applied auxin and jasmonat (Gunze and Hennessy, 1980; Regvar et al., 1996).
Taking into consideration the effect of the auxins on the growth of shoot and root, an increase of
the concentration of this phytohormone might also be playing a role in the P use efficiency in

presence of AMF.

On the other hand, the PUE is enhanced by P remobilization from senescent or non productive
tissues (Smith et al., 1990; Snapp and Lynch, 1996; Adu-Gyamfi et al., 1989; Barber et al., 1967;
Bieleski, 1973; Loneraga, 1978). Taking into account that the leaf senescence could be
accelerate not only under P stress condition but also as effect of jasmonates phytohormone, and
that the acid phosphatase in the leaves can hydrolyze orthophosphate monoesters into more
mobile anions (Pi) (Vincent et al., 1992), it could be likely that the high PUE is related to an
increase in APase activity in the leaves i.e. low shoot P concentration due to the relocation of P

from old leaves to young tissue.

The internal acid phosphatase activity, which takes part in many of the metabolic processes in
the leaf (APase-l) and root (APase-r) cells, has been related to the P use efficiency of genotypes
of maize, tomato, soybean especially under P deficient conditions (Clark and Brown 1974;

Besford, 1980; McLachlan et al., 1987). However, inconsistent results with inverse and even no



67 Chapter 3

relationships have been also found in other plant species (Furlani et al., 1984; Dracup et al.,

1984; Helal, 1990 Mc Lachlan and De Marco, 1982).

As Table 3.7 shows, both at 45 and 90 DAT there were significant differences in the acid
phosphatase activity in the leaves (APase-1) among the genotypes within the treatments without
AME. The APase-1 varied among the genotypes between 4.2 and 14.4 pmol m™ s without AMF
and between 2.8 and 15 pmol m™? s with AMF. Leaf APase variation has been reported among
other genotypes. For example, the APase-1 activity among soybean genotypes varied between
4.13 pmol g' h' (early genotype M-SOY 8001) and 12.74 pmol g' h' (Semi-late genotype
IAC-19) when grown under limited P availability (Raposo et al., 2004), although the enzyme

activity was expressed in different bases.

However, the P efficient genotypes (2, 1, 6) having the highest P use efficiency at 90 DAT under
scarce P condition (Table 3.6) had an APase-l activity between intermediary and low as those
displayed for some of the genotypes (7, 4) with a low P use efficiency (Table 3.7). The
inefficient genotype 5, which had the lowest P use efficiency, displayed the second highest
APase activity. When P was supplied (20PR and 4TSP), at 90 DAT the APase-1 activity in
average decreased slightly but statistically was not significant lower (Table 3.7). However,
although the effect of the P supply on APase-l activity was inconsistent in some genotypes, the
relationship pattern between P use efficiency and the APase-l activity observed at OP was

maintained.

The AMF effect on the APase-l activity varied strongly among the treatments at 90 DAT,
although statistically differences were not confirmed. For example, in average the AMF

decreased the APase-1 activity at OP, but when P was added, it increased it, especially at PR.

Rao et al., (1997) reported an APase-1 activity of 5 pumol m™ s in Arachis pintoi (commercial
genotype) and Stylosanthes capitata grown under scarce P soil conditions but inoculated with
AMF Glomus manihotis, which stayed almost constant as 20 TSP was supplied. In contrast, the
also legume Centrosema acutifolium and the grass Brachiaria dictyoneura had at OP an APase-1

activity around 30 pmol m™ s, which decreased strongly as 20TSP was supplied.
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Table 3.7 Influence of the P supply of phosphate rock (PR) and triple superphosphate (TSP) and
AMF on the internal APase activity in leaf after 45 and 90 days of transplanting (DAT).

Genotype Acid phosphatase in leaf, pmol m™ s™
OP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 8.3c 7.8ab 6.9bcd **10.7a 203a  **13.7a
1 4.7de 3.9¢ 3.4d 2.7e 4.6d 4.2d
6 6.0cd *10.0a 5.1cd 6.2cd 5.5cd *9.4bc
10 12.1ab 11.2a 10.3ab *7.9bcd 9.1c 10.0b
9 8.9bc *5.9bc 7.6bc *5.6d 18.1ab  **8.4bc
8 7.5¢d *9.7a 7.2bc 7.5bcd 8.0cd 9.7b
3 2.6¢ 4.1c 3.3d 2.9¢ 8.4cd  **3.9d
7 5.8cde 5.4bc 3.5d *6.8cd 15.0b **7.0c
5 7.1cd 8.8ab 12.0a *9.4ab 15.5b 1*3.4a
4 12.8a **3.9c¢ 8.2bc 8.0bc 6.7cd *9.3bc
X 7.64 7.14 6.74 6.84 11.14 8.94
90 DAT

2 5.4cd *9.8b 49dc **10.5ab 4.3bc 2.6cd
1 4.7cd 3.8¢ 1.7¢ 1.9¢ 2.1c 2.1d
6 8.5b **3.1c 7.4bc *5.6d 6.7abc  *2.1d
10 6.7bc 6.9bc 18.6a **9.1bc 9.3ab 8.8b
9 5.2cd 4.2c 5.9dc 7.2¢cd 4.8bc **13.5a
8 14.4a 15.0a 6.6bc  **13.0a 3.5¢ 3.4cd
3 7.0bc 6.6bc 5.4dc 5.7d 5.2bc 5.0c
7 4.2d 43¢ 3.4de **10.7ab 4.8bc *9.9b
5 12.6a *9.6b 8.8b **4 8de 3.0c 5.2¢
4 5.3cd *2.8¢ 3.4de 2.2e 11.0a **3.0cd
X 7.44 6.64 6.64 7.14 5.54 5.64

Within a P treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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The acid phosphatase activity in the roots (APase-r), did not show statistical differences between
efficient and inefficient genotypes within each treatment with or without AMF at 90 DAT (see
Appendix). However, the APase-r activity of the efficient genotypes tended to be higher than the
inefficient ones at each treatment, and was similar as those reported by Rao et al., (1997). Values
of APase-r activity at OP for Arachis pintoi (commercial genotype) and Stylosanthes capitata

were around 2 pmol g min™', which were also not influenced by the supply of 20TPS.

Linear correlation coefficients were calculated between the leaf and root APase activity and the
P use efficiency or other plant parameters related to P efficiency such as dry weight, P
concentration and P content in the shoots and the roots, shoot-root ratio, leaf area index, P
inorganic in the leaves (data not shown), root length, root length-shoot ratio, P inorganic in the
roots (data not shown). For both, the P efficient and inefficient genotypes, there was no clear
correlation between the enzyme activity and the variables related to plant P uptake and use

efficiency.

Consequently, the results obtained in the present study led to reject the proposed hypothesis that
P efficient genotypes present high internal leaves or root APase activity as a sign of the ability to
hydrolyze and remobilize P, by root secretion and/or leaf synthesis, making P more available to

the plant, from soil or other older plant parts.

On the other hand, it has also been suggested that plants adapted to low P conditions would
present a lower P demand and, consequently, a lower leaf or root APase activity under stress P
conditions as compared to the non-adapted or higher P demanding plants. APase activity would
then be a chemical indicator of the plant P deficiency severity degree, and the more the plant is
stressed in relation to P, the higher the APase activity and the less adapted the plant would be
(Mc Lachlan 1980a; 1980b; Silberbush et al., 1981; Furlani et al., 1984; Elliot and Lauchli,
1986; Helal, 1990; Tadano et al., 1993). That could be the case in the present study for the
average efficient genotype 8 and the inefficient genotype 5, which at 90 DAT had the highest
APase-1 activity at OP with and without AMF. However, the other P inefficient genotypes (3, 7,

4) had an intermediary or lower APase-1 activity.

However, positive as well as negative correlations have been demonstrated between leaf or root
enzyme activity and P content in plants (Besford, 1978; 1979; 1980; Mc Lachlan and De Marco,
1982; Dracup et al., 1984; Elliot and Lauchli, 1986), or between APase activity and tolerance or
susceptibility to P deficiency (Mc Lachlan 1980b; Silberbush et al., 1981; Furlani et al., 1984;
Helal, 1990; Tadano et al., 1993). Nevertheless, the comparison of results is difficult because of

the lack of systematization and standardization of methods and criteria for the plant APase
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activity determination, in such way that, data of the literature are inconsistent or contradictory in

relation to different species, different laboratory techniques and different plant part samples.

Nevertheless, for other plant species, the results are also quite inconsistent, and inverse
relationships between APase activity and root P concentrations or contents have been found for
sorghum (Furlani et al., 1984), white clover (Dracup et al., 1984), and common beans (Helal,
1990); between leaf and root APase activity and P deficiency in wheat plants (Mc Lachlan and
De Marco, 1982). On the other hand, no relationship was found between leaf or root APase
activity and P deficiency in bean, cowpea, pigeon pea, cotton plants (Ascencio, 1994; Fernandez

and Ascencio, 1994) and among maize genotypes (Machado and Furlani, 2004).

Consequently, such results are of difficult interpretation and comparison because APase activity
data are derived from plants growing under different external P concentrations, or from different
plant parts and/or from different genotypes, factors which might influence the gene expression of

the acid phosphatase activity under a specific external P availability.

Besides, the root ability to secrete acid phosphatases can only be evaluated when intact roots are
used for the APase activity determination. Moreover, since the hydrolysis of organic P occurs in
the root surface, its effect on the P uptake could be better assessed if the root APase activity is
measured directly on the surface of intact roots. Another complicating factor to be considered is
that the gene control of acid APase synthesis and activation seems to be independent from the
one that confers to the root the ability of enzyme secretion, which is usually activated under low

P levels (Fukuda et al., 2001).

Although the P efficient genotypes showed a higher P use efficiency than the inefficient ones,
their ability to grown at low P condition, specially in presence of AMF, seems to be more related

with their ability to acquire P.

3.3.6 Root length and root length-shoot ratio

The enlargement of the root system, i.e. larger root surface to exploit the P of larger volumes of
soil, had been identified as an adaptive attribute of genotypes when grown under P deficient
conditions (Marschner, 1995). In the present study, the root length developed by the genotypes
(Table 3.8) cannot explain their P efficiency. For instance, although statistical significant
differences were found among the genotypes within the treatments and at both harvest, both P

efficient and inefficient genotypes had similar root length.
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Table 3.8 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)

and AMF on root length after 45 and 90 days of transplanting (DAT).

Genotype Root length, m plant”
OP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 9.8g  **18.0cd 17.1bc 14.5¢f 17.1ef  *22.0cd
1 17.7cde **34.4a 26.1a  **34.6a 27.4a  **47.0a
6 22.3ab 22.8bc 17.7bc  **11.6f 25.1ab 25.2bcd
10 16.7cde 19.6bcd 12.7de  *15.8ef 23.4bc  *29.0b
9 14.1ef *20.0bcd 10.5e  **20.6de 13.6f  **21.4d
8 25.3a 25.3b 18.6b *14.8f 19.1de  **27.2bcd
3 14.6def 15.6d 13.3cde  14.4f 21.3dc 24.3bcd
7 19.6bc 22.2bc 17.6bc  **27.1bc 17.2ef **28.2bc
5 18.5bed  *22.1bc 16.7bcd **28.6b 16.5ef  **30.0b
4 11.0gf  **19.2bcd 14.2cde **22.5cd 26.1ab 27.6bcd
X 17.0B 21.94B 16.5B 20.5B 20.74AB 28.24
90 DAT

2 29.5d *41.2d 56.4a 51.5bc 52.9d *62.2¢
1 43.8c  **56.4bc 43.0b 51.8bc 77.6ab 77.6ab
6 57.2b  **38.7d 273cd  *42.4c 67.1bc 67.5cde
10 44.0c 46.6cd 24.0de  *44.7c 52.3d  **68.8bcde
9 37.7¢  **60.4b 32.7¢ *51.7bc 77.9a 74.0abcd
8 77.5a  **46.8cd 33.3¢ *47.2bc 52.8d *65.0de
3 22.1ef  **36.8d 19.3e  **46.4bc 65.2¢ *72.7Tabed
7 27.2de **80.7a 32.8¢c  **69.1ab 77.2ab 78.6a
5 38.2¢ 41.8d 28.2cd  **52.1bc 45.3d 50.6f
4 17.7f **48.2¢cd 31.0c  **89.9a 70.2abc  74.6abc
X 39.5CD  49.8BCD  32.8D 54.7ABC  63.84B 69.24

Within a treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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That means that the high shoot P content of the genotypes rated as efficient at OP and 90 DAT
was not because of an enlargement of the root system for exploring larger soil volume.
Moreover, only the addition of 4TSP and at 90 DAT had a statistical significant positive effect
on the root length (Table 3.8).

The AMF evened out the differences among the genotypes at each P treatment and harvest
(Table 3.8). Noteworthy was the positive effect of AMF on the overall mean of root length at
each P treatment and at both harvests compared with —~AMF, even though statistical significant
differences were confirmed only at 20PR at 90 DAT (Table 3.8). Moreover, at 90 DAT the
overall mean of the root length at 20PR and 4TSP was higher than that at OP. That means, that
AMF would enhance the root length growth of the genotypes in order to cover the P demand
imposed by the shoot growth or the enlargement of the root system may be solely the effect of

AMF by improving the overall plant growth and thereby the root growth.

In order to elucidate whether the AMF effect on the root length is related to the ability of the
genotypes to take up P under low P conditions, the root length-shoot ratio (RSR) i.e. the root
length developed to feed the shoot biomass was considered at 45 and 90 DAT. A high root-shoot
ratio (RSR) has been considered as an adaptation mechanism of plants grown under scarce P

availability (Trolove et al., 2003).

At OP and —AMF, the genotypes had not only a similar RSR at both harvest (Table 3.9), but also
the RSR pattern was also similar as those observed in the pot trial of chapter 2 (Figure 2.6). The
efficient genotypes (2, 1, 6) varied in their RSR at 90 DAT (Table 3.9). The most P efficient
genotype 2 (Figure 3.2) had the lowest RSR among all genotypes and it differed statistically
from the efficient genotypes 1 and 6. That means that the P efficiency of genotypes seem to
develop two strategies under low P conditions: the genotypes 1 and 6 enlarged the root system to
exploit the P of larger volume soil, while genotype 2 should be efficient taking up more P per
unit root length. The inefficient genotypes (7, 5, 4) showed variation in their RSR, but in general

their RSR were higher than that of genotype 2.

Only the addition of 20PR decreased statistically significant the overall mean of RSR at both
harvests (Table 3.9). Moreover, at 90 DAT the RSR differences among the genotypes were lower
than that at OP. The shoot P content (Table 3.5) of the P efficient genotypes (2, 1, 6, 10) can be
explained by their RSR. For example, genotypes 2 and 1 had RSR higher than genotypes 6 and
10 and thus higher shoot P content. In contrast, at 4TSP the P efficient genotypes with a higher
RSR than that at 20PR had lower shoot P content.
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Table 3.9 Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP)
and AMF on root length-shoot ratio after 45 and 90 days of transplanting (DAT).

Genotype Root length-shoot ratio, m g™
OP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 3.6¢ 4.0cd 3.8bcd  *2.5ef 7.2bc  **4.0bc
1 9.0b *6.7a 6.1a *6.9ab 11.5a **9.0a
6 8.7bc **4 1cd S5.lab  **2.3f 6.9bcd **3.4c
10 8.6bc  **49bc 3.6¢cd 3.9de 8.3b **5.1b
9 6.4cd 5.8ab 2.8d *4.0de 5.0cd *3.1c
8 15.0a **5.3abc 4.9abc  *3.2def 4.5d 4.3bc
3 6.0de  **3.0d 3.9bcd  *2.6ef 12.6a **4.7b
7 7.3bcd *5.4abc 5.4a **7.5a 8.4b **5.0b
5 8.5bc  **4.4bcd 3.8bcd **5.8bc 7.3bc *5.2b
4 5.0de 4.0cd 3.3d *4.5¢cd 8.0b **4.8b
X 7.84 4.8B 4.3B 4.3B 8.04 4.8B
90 DAT

2 5.3f 5.2e 7.1a *4.5¢ 7.6bc *5.5d
1 9.2cd *7.3¢ 7.0ab 6.0bc 13.7a **6.7bc
6 12.3b **4.9¢ 4.0d 4.9c 8.3bc *6.7bc
10 9.7¢ **7.1cd 4.3d *6.8bc 7.6¢ 7.4b
9 8.5cde 9.2b 6.5abc 7.3bc 12.9a **6.7bc
8 18.4a **5.4de 5.9abc 7.0bc 7.3¢ *5.9¢cd
3 7.0def *5.0e 5.7¢ 5.6¢ 9.9b **7.5b
7 8.5cde **14.9a 6.7abc **11.0a 12.6a **8.8a
5 12.6b *%6.5cde 5.8bc 6.0bc 93bc  **6.0cd
4 6.8ef 6.6cde 5.8¢ **9.0ab 9.2bc *7.4b
X 9.84 7.24B 5.9B 6.84B 9.84 6.94B

Within a P treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).
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Taking into account that no statistically significant differences were found between the P
concentration in the soil solution at 20PR and 4TSP (Table 3.2), this effect could be related to

the provide of Ca and Mg per unit of P added to the genotypes as 20PR.

Inoculation of plants with AMF has shown to decrease the root-shoot ratio (Cui and Caldwell,
1996, Smith and Read, 1997). In agreement to this finding, most of the genotypes at OP and
4TSP had a lower RSR in presence of AMF at both harvest than that at -AMF. A low RSR in
presence of AMF could be related to the effectiveness of the AMF hyphae acquiring P under
limited P conditions, which increases the P uptake efficiency per unit root length and thus the
plant does not need to increase the root system in order to cover its P demand. Consequently, if
the genotypes did not need to increase their root density to cover the P demand, the genotypes
may provide large amount of carbon compounds to increase the AMF mycelium network and

thereby the shoot biomass.

Wilson and Hartnett, (1998) found that grasses adapted to limited P conditions reflected two
alternative strategies in P effectiveness: one P efficient group uses C to develop finely branched
root system with high root hair density, the other allocates C to support well-developed

mycorrhizas.

However, the root length at each P treatment and both harvest increased in presence of AMF
(Table 3.8). A plausible explanation is that AMF had no preferential effect on root growth, but
stimulated overall growth and thereby increased also the root length and explained the reduction
of the shoot P concentration in comparison to -AMF (Table 3.4). Besides the attribute related to
P nutrition, AMF together with specific bacteria, classified as plant growth promoting
rhizobacteria (PGPR), may create a more indirect synergism that supports plant growth (Barea,
1997), including nutrient acquisition (Barea et al., 2002), inhibition of plant pathogenic fungi
(Budi et al., 1999), and enhancement of root branching (Gamalero et al., 2004). Jansa et al.,
(2003) reported that maize plants inoculated with Glomus intraradices took up more P and Zn
than non-mycorrhizal plants and the uptake of both **P and ®Zn was significantly correlated to
the mycelium length density. However, although the Glomus intraradices increased largely the
total P and Zn content of the maize plants, it had little effect on the plant biomass production.
Furthermore, morphological and physiological changes in the plant could be affected by plant
and AMF fungal phytohormone (plant growth regulators) (Gogala, 1991), which may also
affect the RSR. Glomus sp. colonized maize plants (Zea mays L.) have shown an increase of the
concentration of abscisic acid in shoot and root in relationship to the improved P supply for the

plant by the AMF (Bothe et al., 1994; Danneberg et al., 1993) and of the auxins’s derivative



75 Chapter 3

Indol 3 butyric acid (IBA) in roots, even though the endogenous IBA's content was not
correlated with the mycorrhizae infection degree (Kaldorf and Ludwig-Miiller, 2000; Ludwig-
Miiller et al., 1997).

On the other hand, the AMF at 20PR produced in average an increase of the RSR (Table 3.9).
However, this effect was not recorded in the P efficient genotypes (2, 1), which had even a RSR
lower than that at OP and 4TSP. In contrast, the inefficient genotypes (7, 4) had RSR 2-fold
higher than that of genotype 2. This high RSR might be related to a less AMF effectiveness
improving the P uptake. A similar relationship was observed between two ecotypes of
Adropogon gerardii, which appeared to have adapted to contrasting soil P regimes (Schultz et al.
2001); the ecotype growing naturally in the high P soil was much less responsive to AMF, but
had a more highly branched root system. The results confirm observation that crop plants
adapted to highly fertilized environments have low dependence on AMF, even though their root
remain infected by these fungi (Hentrick, et al., 1992; Graham and Eissenstat, 1994). Since the
high P content of the P efficient genotype 2 cannot be explained by the RSR, its high P
efficiency can be based on its ability to acquire higher amount of P per unit root length and time

than the other P efficient genotypes.

3.3.7 The P uptake per unit root length and the P inflow

The P acquisition efficiency of a plant depends not only on root length but also on P inflow, i.e.
the net amount of P taken up per unit root and time, which can be calculated between two
harvests. As large differences between —AMF and +AMF were found in shoot biomass
production (Figure 3.1) and shoot P content (Table 3.5) in the first growth stage (0 - 45 DAT),
the P uptake per unit root length (PURL) was also calculated (Table 3.10) i.e. the total P content
(shoot + root) was divided by the root length at 45 days after transplanting (DAT).

The ability of the genotypes taking up P per unit root length (PURL) at 0P —~AMF would explain
their yield and shoot P content. The high yield and shoot P content of genotypes 2, 3 and 7 were
due to a high PURL, which was remarkable high in the case of genotype 2 (at least 1.6-fold
higher than the other genotypes). In contrast, the low PURL of the genotypes 8 and 10 explain
their low yield and shoot P content. The PURL cannot explain the yield of genotype 6 and 4,
which could be due to a high P use efficiency.

The overall mean of PURL was not increased at 4TSP, whereas at 20PR was 2 times higher than
that at OP (Table 3.10). The ability of some genotypes taking up P per unit root varied at each P



76 Chapter 3

fertilisers. However, in most of the genotypes the PURL would explain the shoot biomass and

shoot P content.

The AMF increased the overall mean of PURL at OP and 4TSP but not at 20PR (Table 3.10),
although the colonisation grade of AMF was similar (Table 3.3). However, the PURL of some
genotypes was not increased in presence of AMF, despite of the fact that their yield increased.
Consequently, the higher yield recorded at OP +AMF of the genotypes 2, 1, 9, 7 and 4 at OP was
not because the AMF enhanced the P uptake per unit root length. Taking into account, that shoot
P concentration decreased in presence of the AMF, an increase on the P use efficiency could
explain the high yield. Moreover, AMF could have influenced other factors which enhanced
plant growth and that were not considered in this study.

Table 3.10 Influence of varying P supply of phosphate rock (PR) and triple superphosphate
(TSP) and AMF on P uptake per unit root length (PURL) at 45 days after transplanting (DAT).

Genotype P uptake per unit root length, mg m™
oP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
2 0.41a *0.31b 0.44abc  *0.60a 0.18de **0.38ab
1 0.19bcd  0.20c 0.25d 0.23cd 0.14e 0.17d
6 0.15de  **0.28bc 03lcd **0.65a 0.23bc  **0.35abc

10 0.14de **0.27bc 0.50ab  *0.41bc 0.22cd  *0.29bc

9 0.24bc 0.24bc 0.56a *0.38bcd 0.35a  **0.44a

8 0.08e  **0.28bc 0.28d  **0.48ab 0.35a 0.33bc

3 0.27b  **0.43a 0.50ab  *0.60a 0.14e  **0.31bc

7 0.21bcd  0.24bc 0.33cd  *0.22d 0.23bc  *0.31bc

5 0.18cd  **0.29b 0.42bc  *0.28cd 0.27b 0.27c¢

4 0.26bc 0.30b 0.47ab  *0.36bcd 0.20cd  *0.28c

X 0.21C 0.28BC 0.404B 0.424 0.23C 0.314BC

Within a P treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05). For each genotype at each P treatment and harvest, the value
with AMF having asterisk differ statistically from the value without AMF at the p<0.05 (*) and
p<0.01(**) level after pdiff-test. Mean values ( X' ) marked with the same capital letter are not
significantly different after Tukey-test (p<0.05).

As figure 3.5 shows, the ability of single roots to absorb P per unit of time (P inflow), varied
greatly among the genotypes when grown at OP without the presence of AMF. Some P efficient

genotypes (2, 10) had a high P inflow, which could be the basis for the P efficiency under this
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low P conditions. However, the P efficient genotypes did not have always a high P inflow. For
instance, the P efficient genotypes 1 and 6 had a lower average P inflow, which was similar to
that of the P inefficient ones.

The addition of fertilisers (20PR and 4TSP) increased the P inflow for all genotypes, but not for
the P efficient 2 and 10, which achieved their maximum P inflow at OP. That means that
although these genotypes (2, 10) had also the highest P inflow, this was reduced by the P supply.
Consequently, if the P inflow decreases when the P supply is increased, that may indicate that P

was not limiting at OP.
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Figure 3.3 Influence of varying P supply of phosphate rock (PR) and triple superphosphate
(TSP) and AMF on P inflow between 45 and 90 days of transplanting (DAT). LSD values are at
the 0.05 probability level after Tukey-test. For each genotype and mean value ( X ), bar with
AMF having asterisk differs statistically from the bar without AMF at the p<0.05 (*) after pdift-
test.

It is interesting to highlight that only the genotypes 2 and 10 were able to achieve also at OP a
high P inflow. This suggested that these genotypes are capable to increase the available P on the
root surface through the development of physiological adaptation mechanisms in the root (root
hair, root exudations, acid phosphatase activity). Although in this trial the soil solution P
concentration was not determined, in chapter 2 was shown that genotype 2 was able to increase
remarkably soil solution P concentration (2-fold) compared to genotypes 1, 4 and 10. That point
at possible chemical P mobilization in the rhizosphere. Several legume crops can mobilise soil
and fertiliser P through the exudation of organic-acid anions from their roots e.g., chickpea

(Veneklaas et al. 2003), pigeon pea (Otani et al. 1996) and white lupin (Gardner et al. 1983;
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Keerthisinghe et al. 1998). This mechanism enables some of these species to acquire P from soil
sources that are not readily available to non-secreting crops (Hocking et al. 1997). A number of
studies have reported improved growth and P nutrition of less P-efficient crops following
organic-anion exuding legumes (e.g., Ae et al. 1990; Kamh et al. 1999; Hocking and Randall
2001).

On average the P inflow increased at each P treatment, when the genotypes were grown in
symbiosis with AMF (Figure 3.5). At OP, the P inflow was not increased in some genotypes (2,
1, 10, 9) similarly as it was found for PURL (Table 3.10). The exception was genotype 4, which
increased statistically significant its P inflow in comparison to ~AMF and this was likely due to
its high colonisation grade at 90 DAT (Table 3.3). The inefficient genotypes (3, 7, 5) showed a
higher effect of AMF on the P inflow than the efficient ones and thereby explained their
remarkable yield (Figure 3.2) and shoot P content (Table 3.5). However, to which extent the
overall stimulation of growth by the AMF was important, cannot be elucidated.

When P was supplied, on average the P inflow increased, but especially at 20PR. It is worthy to
mention that an increased P inflow by AMF means that the P taken up by AMF hyphae was
added to the acquired P per unit of root length. The genotypes displayed different effect on the P
inflow by AMF within and among the P treatments.

As Figure 3.3 shows, some of the inefficient genotypes (4, 5) at each P treatment increased
remarkable the P inflow by its relative high AMF colonization (Table 3.3), i.e. the AMF was a

very important P efficiency mechanism.

Enhanced P uptake in AM-infected plants seems to be facilitated by: (i) the fungal hyphae
exploring a greater volume of soil for P and also intercepting a greater number of point sources
of P; i1) the fungi dissolving sparingly soluble P minerals (e.g. PR); and (iii) the infected roots
increasing the rate of P uptake, by increasing the diffusion gradient by depleting P to a lower
concentrations than non-mycorrhizal roots and by enhancing the transfer of P between living
roots and from dying roots to living roots (Karunaratne et al. 1986; Bolan and Robson, 1987;
Faquin et al. 1990; Sylvia, 1992; Frossard et al., 1995; Lange Ness and Vlek, 2000; Brundrett,
2002). In addition the AM fungi themselves have also been shown to have an impact on the
composition of bacterial communities (Artursson et al., 2005). This impact may be relayed
through the plant root because mycorrhizal establishment has been shown to change the chemical
composition of root exudates and these are often a source of nutrients to associated bacteria in
the zone of soil surrounding the roots and fungal hyphae “mycorrhizosphere” (Harley and Smith,
1983; Linderman, 1992; Azcon-Aguilar and Bago, 1994; Smith et al., 1994; Barea, 1997; 2000;
Gryndler, 2000; Linderman, 2000).
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Taking into account that the organic P concentration in the soil solution was higher than the
inorganic P, the mineralization of organic P could be a explanation for the high P inflow by
AMF at OP. Organic P may be mineralized by bacteria that secrete phosphatases whereas
inorganic P may be released by bacteria that excrete organic acids (Smith and Read, 1997).
Several studies have demonstrated synergistic interactions between phosphate-solubilizing
bacteria and AM fungi (Barea et al., 1997; Kim et al., 1998). For example, Toro and colleagues
(1997) studied phosphate limited systems containing plants, AM fungi and phosphate-
solubilizing bacteria. Their study revealed that the bacteria promoted mycorrhizal establishment
whereas the mycorrhizal symbiosis increased the size of the phosphate-solubilizing bacterial
population. The treatments inoculated with both AM fungi and bacteria significantly increased
plant biomass and N and P accumulation in plant tissues, compared with their controls which
were not dually inoculated. Using *’P isotopic dilution approaches they found that dually
inoculated plants displayed lower specific activities (**P/°'P) than control plants, indicating that
AM fungi and phosphate-solubilizing bacteria interacted to make use of P sources otherwise
unavailable to plants.

All this factors influence the P inflow rates of mycorrhizal roots, which are calculated to be 2-6
times those of non-mycorrhizal roots (Jones et al., 1998). The ion absorption kinetic parameters
are also influenced by several factors in addition to the AMF, and especially by plant age (Edwar
and Barber, 1976; Drew et al., 1984), which could be the case of genotypes 6 and 4 (Figure 3.5).
Cress et al. (1979) found that, under low P concentrations in the solution, the absorption by the
mycorrhizal tomato plant was associated with a lower K, value, i.e., with greater affinity of the
colonized root carriers and/or the hyphae to P. Silveira and Cardoso (2004), reported that
mycorrhizal bean plants showed 1) at the flowering stage higher values of maximum ion uptake
rate (Imax) and net P influx, ii) at the pod-filling stage, lower minimum ion concentration (Cpin)
and Michaelis constant (K,,) values, iii) a higher net P influx in both stages and iv) the C,,;, was
the kinetic parameter more intimately related to P absorption, and a significant correlation was
obtained between this parameter and shoot P content and accumulation in bean plants.

The genotype 6 rated as P efficient, which had at 90 DAT and at OP a high biomass production
(Figure 3.1) and a high effect on P inflow by AMF but presented a low AMF colonization grade
(Table 3.3). Vilarino et al., (1993) found that increases of plant growth caused by higher P
absorption promoted by the presence of mycorrhiza is influenced by the integrity, extension and
distribution of the external mycelium, which may not be necessary correlated with the degree of

colonization (Kucey and Paul, 1982). Thus, the positive response of Glomus fasciculatum in
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mostly Arachis pintoi genotypes could not necessarily be due to root colonization grade, but
perhaps to the external mycelium distribution in the soil.

In contrast, other genotypes (2, 10) had not a significant increase of the P inflow by AMF. This
result could be due to: i) a low development of the external mycelium unable to increase the P
acquisition and therefore the symbiosis with AMF results irrelevant for the genotypes, or ii) the
P taken up by the AMF was not efficiently translocated and/or not more uptaken for the plant,
which could be the case of some efficient genotypes 1 and 6 at 20PR. Menge, et al. (1978) found
that an increase in the level of soil phosphate results in a reduction in chlamydospore production
by the fungus. These spores are involved in root infection and spread of the fungus through the
soil. Additionally, research by Abbott and Robson (1979) concluded that levels of soil
phosphorus greater than that required for plant growth eliminated the development of the
arbuscles of vesicular-arbuscular types of mycorrhizae. Arbuscles are structures produced within
the host plant cells by the AMF. These structures are responsible for the transfer of absorbed
nutrients from the fungus to the plant.

A controversial point of view results from the finding of Smith et al. (2003), who investigated
structural and functional diversity in arbuscular mycorrhizal (AM) symbioses involving three
plant species and three AM fungi and measured contributions of the fungi to P uptake using
compartmented pots and *°P. Through the specific activities of *°P in plants and soil, they
concluded that AM uptake can make a highly significant contribution to total P uptake (100% in
some symbioses involving G. intraradices) implies that the direct uptake pathway via root hairs
and root epidermal cells must cease to function in some plant/fungus combinations and that this
change in the relative contributions of the two pathways is not related to plant responsiveness or
AM colonisation. This extends the earlier findings of Pearson and Jakobsen (1993) and
Ravnskov and Jakobsen (1995), who provided results suggesting that direct uptake pathways in
flax and cucumber ceased to function in roots colonised by Glomus caledonium.

Besides, Smith et al., (2003) proposed that the calculations of AM contributions to P uptake from
total plant P will often be highly inaccurate. Contributions of the mycorrhizal pathway to total
plant P uptake have often been calculated from the difference between total P in AM plants and
in non-mycorrhizal control plants, grown in the same soil (Sanders and Tinker, 1971; Smith,
1982; West et al., 1993; Smith et al., 1994; Graham and Abbott, 2000). This calculation assumes
that colonisation itself has no effect on uptake via the direct pathway in an AM root. It has been
repeatedly suggested that this assumption is too simplistic, partly because plant P status (which

may be increased in AM plants) influences the uptake capacity of roots (Gray and Gerdemann,
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1969; Bowen et al., 1975; Jakobsen, 1995). These results led these authors to suggest that lack of

plant responsiveness does not mean that an AM fungus makes no contribution to P uptake.

The positive effect on average of AMF on the P inflow at 20PR was higher than that at 4TSP.
That could be due to the AMF hyphae has a better ability to use the P from PR source than from
TSP ones. Mycorrhizas are particularly for certain plant species to utilize phosphate rock (Bolan,
1991). This could be caused through dissolution by exuded acids or by a changed chemical
equilibrium between fixed and dissolved P, after efficient removal of P or Ca from the soil
solution. Conversely, Ness and Vlek (2000) reported that the possibility that AMF could increase
the P availability of hydroxy apatite (HA) by taking up Ca was not supported in their study, as
mycelial P uptake from HA-amended root free soil was accompanied by the accumulation of Ca
in the soil. They suggested that it is more likely that the large uptake surface of mycorrhizas
provides a closer contact to the phosphate rock (PR) particles and thereby maintains a low P
concentration in the soil solution surrounding the particles. This would drive the equilibrium

from chemically bound towards dissolved P.

3.4 Concluding discussions

1. The high differences in P efficiency recorded among the Arachis pintoi genotypes under low P
supply decreased remarkable due to a high positive influence of AM fungi on plant growth of the

genotypes rated as inefficient.

2. Without AMF, the Arachis pintoi genotypes had differing P efficiency under low P supply and
the P efficiency order obtained in the present study match with those found in chapter 2.
Genotype 2 was the most efficient due to a high P inflow, and genotype 4 the least efficient
because of a low P use efficiency and root length-shoot weight ratio in addition to a low P
inflow. The high P efficiency was caused either by high P use efficiency and high root length-
shoot weight ratio (genotypes 1, 6, 10) and/or high P inflow (genotypes 2, 1, 10). An increase of
the P availability by P supply decreased the P inflow (genotype 2) probably due to a inhibition of

root exudation.

3. The AMF evened out the P efficiency of the genotypes by finesse and harmonise varying of
the root length-shoot weight ratio and the P inflow or enhancing the root growth. The AMF
decreased the root length-shoot weight ratio both efficient (1, 6, 10) and inefficient (8, 5)
genotypes but increased its P inflow probably because of more carbon compounds were used to

increase the hyphae network in the soil.
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4. The efficiency of the symbiosis genotypes-fungi to increase the P inflow differed from each
other depending not only on the availability of P in the soil but also on the source of P added. An
increase of the available P in the soil by low amount of a high water soluble fertilizer (TSP) may
have decreased more the AMF effectiveness of the genotypes on the P inflow than by a higher
amount of a low water soluble fertilizer (PR). This different effect may be related to an inhibition

of the hyphae formation to enhance the exploitation of P.

5. Differences in P inflow among the genotypes may be caused by differences in the ability to
increase i) the number of point source of P (root hair and/or hyphae of AMF) or ii) the
concentration at the root surface by chemical P mobilisation (root exudate and/or APase

activity), which seem to be the case of genotype 2.

6. The high yield and shoot P content of some genotypes (2, 1, 10, 9, 8) was not related with an

increase on the P acquisition efficiency i.e. the AMF enhance plant growth by the other factors.

7. The genotypes changed its P efficiency with time due to changes in its ability to acquire the P.
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4 The development of P efficiency mechanisms with plant age of perennial peanut (4rachis

pintoi) genotypes and of one groundnut (4rachis hypogea) genotype

4.1 Introduction

The response to low P supply of plant species and cultivars differs greatly and it seems to be also
regulated by the P demand during ontogenesis. The faster a plant grows the higher its P demand
and therefore the more P that has to be absorbed by the root system (Engels, 1993).

Under P deficient growth conditions, some plants achieve a good growth, because they develop
mechanisms which enable them to take up enough P for optimum growth. As was described in
chapters 2 and 3, that was the case of some Arachis pintoi genotypes (1, 2, 6, 10) which were

rated as P efficient.

The high P acquisition efficiency of genotype 6 was attributed solely to a high root length-shoot
ratio (RSR) as Fohse et al. (1988) reported for ryegrass and wheat. A high RSR allows the
exploration of a greater volume of soil to feed the plant, by expanding their root system (length
or surface area). This may occur because of the changing of morphological root properties such
as root radius, root hair, proteoid root and symbiosis with mycorrhizal fungi (Clarkson, 1985;
Marschner, 1995). Genotype 1 and especially genotype 10 based their high P acquisition
efficiency on the combination of a relative high RSR and a high P inflow i.e. a high P uptake per
unit root and time. And genotype 2, which had always had the highest P acquisition efficiency
(see chapters 2 and 3) based it on a high P inflow as Fohse et al., 1988 found for spinach and
oilseed rape, and Bhadoria et al. (2001) reported for groundnut.

There are several reasons to account for a high P inflow at low soil P availability. These include
1) an adapted P uptake kinetics to the P status of the plants, especially by an increased Imax at
moderately low P supply (Jungk, 1974; Jungk et al. 1990; Buhse, 1992) and/or ii) an increase in
the P concentration in the soil solution, as it was observed for genotype 2 in the pot trial (see
chapter 2). This can be achieved by mobilising soil P by excreting organic compounds (e.g.
citrate or cell wall components) capable of solubilizing inorganic soil-bound P (Gardner et al.,
1983; Ae et al., 1990; Ae et al., 2001) or by mineralization of organically bound P by secreting
free phosphatase (Dalal, 1977).

Moreover, the P efficiency of the Arachis pintoi changes with time i.e. genotypes with a high
growth at the second harvest might have a low growth at the first one or vice-verse (see chapter

3). For instance, at the first harvest genotype 6 had a higher growth than that of genotype 1,
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whereas at the second harvest the growth of genotype 1 was higher. These changes on the P
efficiency could be related to the ability of the genotypes to develop and regulate the above

mentioned P efficiency mechanisms with time under low availability of P.

It is well known that with age, plants present changes in the root growth, being exponential for
young plants and later linear. There are also changes in P demand, which is normally highest at
flowering and fruit or grain production. Several experiments have been conducted to identify and
understand how P efficient plants or genotypes achieve optimal growth under P deficient
conditions. Despite that, few studies have been conducted to investigate whether plants are able
to change its P efficiency with age and whether it is possible to find differences among

genotypes in this respect.

Bhadoria et al. (2001) working with groundnut and maize under field conditions, observed that at
early growth stages groundnut was very P efficient; mainly because of a high P inflow (6.8 - 10.3
x10™"* mol ecm™ s™), which declined as the plant continued to grow with a concomitant decrease
in P efficiency. On the other hand, maize had a low P inflow at the beginning of the season and
grew poorly; in the middle of the season the P inflow increased by a factor of 6, and became
almost enough to sustain maximum growth. These results show that P inflow differed greatly
between species as well as with the stage of growth of a particular species. However, in a
nutrient solution experiment with the same plant species under controlled growth conditions,
where four harvests were taken to calculate the P inflow and study changes in plant growth and P
uptake in relation to plant age, Bhadoria et al. (2004) found that the average P inflow decreased
with plant age for both species at 0.2 and 1 uM P concentration. Taking into account the low P
concentration in soil solution in the field (< 1uM), it was surprising to find that at 0.2 uM, the P
inflow was almost nil for groundnut but clearly positive for maize. With a 5-fold increase in the
P concentration, the P inflow of groundnut rose in the first period (1 x10™* mol cm™ s') and
declined later even reaching negative values between the 3™ and 4™ harvest (28 and 35 days after
transplanting - DAT). Maize started with a three times higher inflow as compared to groundnut,
but also declined gradually and in the last phase (24 and 34 DAT) was close to 1 x 10™* mol cm™
s, This shows that maize roots were much more efficient than groundnut roots in absorbing P
from solution in contrast to what happened in the soil. This may indicate that P uptake kinetics is

not decisive for P uptake from soil.

The P inflow may be increased by an increased In.x at moderately low P supply. The ion
absorption kinetic parameters are also influenced by several factors in addition to the AMF, and

especially by plant age (Edwards and Barber, 1976; Drew et al., 1984). Silveira et al. (2004)
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reported that mycorrhizal bean plants showed higher I;,.x and net P inflow at the flowering stage
and lower Cpi, and Ky, values at the pod-filling stage. However, since groundnut was incapable of
obtaining a high inflow in nutrient solution at low P concentration, this would indicate that

groundnut is able to increase chemically the P availability in soil.

The purpose of this study was to investigate whether the development of P efficiency
mechanisms observed in three perennial peanut (Arachis pintoi) genotypes (see chapter 2 and 3)
and of one P efficient groundnut (Arachis hypogea) genotype are influenced with time and by the

ontogenesis.

Hypotheses

The following hypotheses were tested:

1. The Arachis pintoi genotypes differ from the Arachis hypogea genotype in their ability to
growth under low plant P availability and these differences are related with the

ontogenesis.

2. Changes in the P efficiency of the genotypes during the ontogenesis are due to changes in

the P uptake efficiency.

4.2 Materials and Methods

The plants were grown in a growth chamber, which conditions were set to a 16/8 hours light/dark
regime, 30/20°C and a constant relative humidity of 75%. The photosynthetic photon flux
density during daylight was 250 pE m™s™.

Plant material and growth conditions

Three from the ten genotypes of Arachis pintoi (1, 2 and 10) assessed in chapter 2 and 3 were
chosen due to their differences in P uptake attributes. One Arachis hypogea (cv. AK — 12/24)
genotype from India, which showed changes in its P acquisition efficiency with age (Bhadoria et
al., 2001; 2004), was included as control. The plants were grown in the same fossil Oxisol used in
chapter 2. Plant establishment procedures were performed in the same way as described in

chapter 2.

The three rates of P used were 0, 50 and 1000 mg kg™ soil supplied as Ca(H,POy), - H,O and
incorporated by thoroughly mixing them with the soil. A basal fertilization was applied as
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described for the pot trial in chapter 2, except for a higher addition of nitrogen (300 mg kg™) as
Ca(NOs); split in three applications (0, 30 and 60 days). The experimental design and the soil

moisture content were performed as in chapter 2 for the pot experiment.

Measurements and analysis
Shoot sampling

After 30, 60 and 90 days of growth, plants were harvested by cutting them at soil surface, and

plant material for chemical analysis was performed as in chapter 2.

Root sampling, root length (RL) and root radius (ro, cm)

Root length was measured using the line intersection method of Tennant (1975). For more details
refer to the pot trial in chapter 2. Assuming that the specific weight of roots is 1 g cm™, the mean

root radius, ro in cm, was calculated using the following equation:

/ RF
| R
0 nRL

where, RF root fresh weight in g (equal cm’)

RL = root length in cm

Root length density (RL,, cm cm™)

It gives the root length per unit soil volume. It was calculated by dividing the total root length

RL) in cm by the soil volume (SV) in cm® of the pot.
( y p

Average half distance between neighbouring roots (r;, cm)

Assuming that the roots are regularly distributed in the soil, the average half distance between

neighbouring roots was calculated using the root length density RL,,
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Phosphorus concentration in plants

The phosphorus was measured using the molybdate-vanadate method of Kitson and Mellon

(1944). For more details see the pot trial in chapter 2.

Absolute shoot growth rate (GR,, g s™)

It shows the new growth of the plant between two periods. It was calculated using the following

equation,
SW, —SW,
GR=—"7"—
t, -t
where, SW = shoot dry weightin g
t = time in days
indices 1 and 2 mean 1% and 2" harvest
Inflow (I,,))

The average P inflow was calculated as described in chapter 3.

[ _U-u) 2
! (tz - tl) (RLz + RLI)

where, U = nutrient element content in the shoot in mol
RL = root length in cm
t = time in s

indices 1 and 2 means 1% and 2™ harvest

Soil Analysis
Available P in the soil and P concentration in the soil solution

It was determined in the soil using the Bray II extraction (Bray and Kurtz, 1945) and the CAL
(calcium-acetate-lactate) (Schiiller, 1969). The soil solution was obtained using the modified

column displacement technique (Adams 1974). For more details see chapter 2.
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Concentration difference between bulk soil and root surface (ACy)

This is the difference in P concentration between bulk soil solution and concentration at the root
surface needed to drive a flux by diffusion equal to the inflow (I,). AC. was calculated as

follows, (Barraclough, 1986):

ac, = b g ]
4 7 D, of -7, RL, =1, RL,

. . . . . 2 -1
where, Dy = diffusion coefficient of P in water in cm” s
3

0 = volumetric water content in cm® cm’
f = impedance factor
ro = root radius in cm

RL, = root length density in cm cm™

4.3 Results and Discussion

4.3.1 Shoot biomass production and the shoot growth rate

At each growth stage, the overall mean of the genotypes in shoot biomass production (leaf, stem,
and fruit) increased when P was added compared to OP (Figure 4.1). The increase varied strongly
depending on the amount of P added and with age. At 1000P, the genotypes tended to have a
similar yield at 30 and 60 days after establishment (DAE), while at 90 DAE no statistical
significant differences were found among the yield of them. Consequently, the genotypes
growing under ample P availability had a similar growth potential.

In contrast, at OP and 50P the genotypes were P deficient and the yield differences among the
genotypes, which were stronger at early growth stage, were because the genotypes differed in
their P efficiency. Applying the concept that P efficient genotypes are those capable of producing
high biomass under low P availability (OP) at 90 DAE (Figure 4.1), genotype 1 was the less P
efficient among the Arachis pintoi genotypes, yielding at OP and 90 DAE 60 to 70% of the
others. The Arachis hypogea, which achieved 79% of its maximum yield had the highest yield at
each growth stage but at 90 DAE did not differ statistically from genotype 2. This results of
Arachis hypogea agree with the finding of Bhadoria et al., (2001) who observed that under field
conditions groundnut was not limited by low P in the early growth stage (30-50 days after
sowing) producing 75% of its maximum yield (at 400 mg P kg™ soil). Moreover, this P efficient
order was not affected with age i.e. at 30 and 60 DAE the genotypes showed the same P

efficiency order.
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Figure 4.1 Influence of varying P supply on shoot biomass production of three genotypes of
Arachis pintoi and one of Arachis hypogea (Ah) at 30, 60 and 90 days after establishment
(DAE). Within a treatment, bars marked with the same letter are not significantly different after
Tukey-test (p<0.05). Among the treatments, bars of the same genotype marked with the same
capital letter are not significantly different after Tukey-test (p<0.05). The black part of the bars
of Ah is the dry weight of fruits.
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In contrast, as it was observed in chapter 3, the P efficiency of genotype 1 and 10 was changed
positively with time in comparison to the other genotypes (see Figure 3.2). At 50P the Ap
genotypes showed a similar pattern as at OP but at 90 DAE genotype 1 reduced clearly the yield
difference (80 to 90%).

The dry matter measured at each harvest does not necessarily show the effect of age on the plant
ability or growth rate. Table 4.1 shows the absolute shoot growth rate (GR;) of the genotypes
between two periods of time.

In the first period (30-60 DAE) the GR; increased as response of the P supply. However, solely
the GR; of the genotypes at OP differed statistically from 1000P, except for genotype 1 at S0P,
whose GRs differed also statistically from 1000P (Table 4.1). Furthermore, the GR; of the
genotypes differed within each P treatment showing the same pattern as observed in the shoot
biomass production at 30 and 60 DAE (Figure 4.1).

Interesting is that while the GRs of Ah and 4Ap genotypes 2 and 10 at OP and 50P were already by
50% and 80% of that recorded at 1000P, the GR; of genotype 1 at OP and 50P was only by 20
and 30%. Consequently, these results confirmed not only that in the first growth period (30-60
DAE) at OP the genotypes were P inefficient but also that the genotypes at this time differed in
their ability to cover the P demand imposed by the growth.

Table 4.1 Influence of varying P supply on the shoot growth rate (GR;) of three genotypes of

Arachis pintoi and one of Arachis hypogea (Ah) between 30-60 and 60-90 days after
establishment (DAE)

Genotype Shoot growth rate, 107 g s
30 - 60 days 60 - 90 days
OP 50P 1000P 0P 50P 1000P
Ah 7.08a® 10912  13.84a"% 13.11a% 10.52b* 12.56a*
2 535ab®  8.72a*  11.16ab" 13.57a% 13.27ab* 15.30a"
10 477ab%  7.81a" 8.83b" 11.44a% 12.62ab* 12.94a"
1 2.25b" 3.30b" 9.53b" 9.552" 15.65a" 15.72a%

Within a treatment, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<0.05).

In the second growth period (60-90 DAE) most of the genotypes increased the GR; at each P
treatment but in different proportion and thus the statistical differences among the P treatments
and within each P treatment tended to disappear (Table 4.1). The exception was genotype 1,

whose GR; at OP was statistically inferior (40%) than that at 1000P as well as within the OP
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treatment was still lower (at least 20%) than that observed in the other genotypes (Table 4.1).
That indicates that at OP genotype 1 was the only one which had still not achieved its maximum
GR;. In contrast, genotype 1 had not only the highest GR; at both P fertilisations whereas A/ the
lowest one, but also at SOP genotype 1 achieved the same GR; as at 1000P.

It is also important to remark the effect of age on the GR; of each genotype at each P treatment
i.e. between both growth periods, which was most pronounced at low P availability. For instance,
at OP the GR; of genotype 1 increased 4.2-fold followed by genotypes 2 (2.5-fold), 10 (2.4-fold)
and Ah (1.9-fold). When P was added, the 4p genotypes increased the GR;, especially the
genotype 1 at 50P, whereas A/ tended to reduce it. That could be related to an effect of
genotypes’ ability to cover the P demand on the physiological development i.e. although the
genotypes had the same age (DAE), some genotypes had a younger physiological development

than the others as observed among the Ap genotypes.

Additionally, noteworthy is the clear differences in the ontogenesis between Arachis hypogea
and the perennial Arachis pintoi genotypes. While no fruits were produced by the Arachis pintoi
genotypes, Arachis hypogea had already produced fruit at 60 DAE at each P treatment. The fruit
percentage of the total A4 yield at 90 DAE was 39% at OP, 41% at S0P and 33% at 1000P. Duke,
(1981) reported that the flowering of Arachis hypogea commences around 30 days after
germination and 80-150 days are required for fruit maturity. Consequently, it is possible that the
high biomass production and shoot P concentration was influenced by the fast development of
Ah i.e. high P demand at each growth stage compared to the Arachis pintoi genotypes. That
indicates that a comparison between the Arachis pintoi genotypes and the Arachis hypogea may

only be possible at 30 DAE where the plants were still producing only shoot.

4.3.2 Shoot P concentration and P content

At each growth stage, the shoot P concentration (Table 4.2) increased as effect of the addition of
P but varied among them at each P treatment showing the same pattern observed for shoot
biomass production (Figure 4.1) and shoot growth rate (GR;) (Table 4.1). At 1000P and each
growth stage the Arachis pintoi (Ap) genotypes achieved a P status in the shoot at least 2-fold
higher than that reported as sufficient in the leaves (2 mg g") by Rao and Kerridge, (1994) and
the Arachis hypogea (Ah) near to the maximum value considered as sufficient (2.5-5 mg g™') by
Bergmann, (1993). That means, that the genotypes growing under ample P condition were able

to cover totally the P demand imposed by the plant growth potential.
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On the contrary, the deficient P status of the genotypes in the early growth stages when grown
under low P condition explained clearly the low yield and GR; as well as the differences among
the genotypes. At 30 DAE the shoot P concentration of the genotypes ranged between 0.9 and
1.1 mg g at OP and 50P and therefore P deficient. With time (60 DAE) the genotypes achieved
a shoot P concentration around 2 mg g at OP, which seem to be the critical concentration
because the GR; at OP in the second growth period did not differ statistically from 50P and
1000P (Table 4.1). The exception was genotype 1, which at 60 DAE had still a shoot P
concentration of 1 mg g™ and thereby genotype 1 had still not achieved its maximum GR;.

Table 4.2 Influence of varying P supply on shoot P concentration of three genotypes of Arachis
pintoi and one Arachis hypogea (Ah) at 30, 60 and 90 days after establishment (DAE).

Genotype Shoot P concentration, mg g’

30 DAE 60 DAE 90 DAE

0P 50P 1000P 0P 50P 1000P 0P 50P 1000P

Ah 1.0a® 1.1ab® 5.3a" 22a%  2.0a° 3.4c" 1.6a“ 2.1a® 4.1p%
2 1.1a® 112 5.72% 2.0ab® 23a% 57ab*  13b° 150  4.7ab
10 1.0a® 1.0bc® 5.5a" 1.9ab® 2.4a® 5.1p* 136% 1.7 4.5
1 0.9a® 0.9¢°  6.0a" 1.0b° 172 6.3a" 1.4ab” 1.5b° 52a%

Within a treatment, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<<0.05).

Consequently, the growth for 44 and Ap genotypes 2 and 10 at OP and 50P was already
optimum. This could not be recognized by total biomass (Figure 4.1) because of the stunted

growth in the first growth stages.

The content of P in the shoot, which is the product of dry matter and the P concentration in dry
matter, displays the ability of genotypes to acquire P from the soil. Table 4.3 shows the shoot P

content as affected by P fertilization at each harvest.

Since the differences in the shoot P concentration among the genotypes at each P treatment were
small but already at 60 DAE achieved an optimal P status (Table 4.2), the genotypes showed the
same pattern for the shoot P content as those described for the shoot P concentration at each P

treatment and at each growth stage (Table 4.2).
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Table 4.3 Influence of varying P supply on shoot P content of three genotypes of Arachis pintoi
and one Arachis hypogea (Ah) at 30, 60 and 90 days after establishment (DAE).

Genotype Shoot P content, mg plant™
30 DAE 60 DAE 90 DAE
OP 50P  1000P OP 50P  1000P OP 50P  1000P
Ah 1.4a® 13a® 9.1a% 672 8.0a% 182b" 102a° 14.0a°® 35.0ab"*
2 1.1a®  1.3ab” 11.0a" 476 7.7a® 27.0a"  7.5b° 10.5b° 40.7a%
10 1.0ab® 0.9ab® 9.0a"  42b° 7.0a® 20.0b*  6.7b° 10.3b° 32.4b"
1 0.5b° 0.6b° 8.8a*  1.2c¢° 28b° 249a"  50¢° 8.6c° 42.0a"

Within a treatment, values that are followed by the same letter are not significantly different after
Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<<0.05).

Therefore, the variation of shoot P content of the genotypes at OP and 50P point out that 1)
differences among the genotypes were due to different ability to acquire P and ii) the genotypes
at 60 DAE were able to adapt to this low P conditions (e.g. due to more root, P inflow) in order

to achieve a higher concentration than that at 30 DAE (Table 4.2).

4.3.3 Root length shoot ratio and the P inflow (I,

The amount of P taken up by a plant will depend on the root size and the P inflow. At 30 and 60
DAE, the Arachis pintoi (Ap) genotypes had all a similar root length at OP and differed
statistically from Arachis hypogea (Ah) (see Appendix). Noteworthy is that the root system of 44
at OP and at 30 DAE had already developed 81% of its total root length (90 DAE) contrasting
with genotype 10 (58%), 2 (38%) and 1 (30%). The Ap genotypes 1 and 2 enlarged the root
system above 70% at each growth period, while genotype 10 by 40% at the first growth period
and by 20% in the second one. However, the large root length of genotype 1 at 60 DAE was not
able to increase its shoot P content (Table 4.3) i.e. it was not able to cover the P demand at this

time.

The effect of the root growth on the plant feeding may provide a better understand about the
development of adaptation mechanisms under low P availability. As Table 4.4 shows, the root
length-shoot ratio (RSR) of the genotypes decreased at each growth stage by increasing P supply,
which was mostly pronounced at 1000P in the early growth stage. Moreover, the RSR differed

among the genotypes at each P treatment and with time.
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At OP and 30 DAE RSR of 4/ and genotypes 2 and 10 was 2.3-fold higher than that at 1000P,
whereas the RSR of genotype 1 was 3-fold higher. Therefore, the variation of this relation may
reflect the P nutritional status of the genotypes. At 60 DAE while the difference of RSR of
genotype 1 from 1000P to OP still increased (3.5-fold), the other genotypes tended to decrease.
At 90 DAE the RSR of genotype 1 also decreased. These results would be another sign that at 60
DAE, genotype 1 was still not able to develop efficient adaptation mechanisms for improving P
supply under this low P conditions but at 90 DAE it came closer. Consequently, differences on P
efficiency among the genotypes recorded at each growth stage were not because the RSR of
genotype 1 was lower than that of the others but likely because of differences in their ability
taking up P per unit root and time (P inflow).

Table 4.4 Influence of varying P supply on root length-shoot ratio of three genotypes of Arachis
pintoi and one Arachis hypogea (Ah) at 30, 60 and 90 days after establishment (DAE).

Genotype Root-shoot ratio, m g™

30 DAE 60 DAE 90 DAE

oP 50P 1000P oP 50P 1000P oP 50P 1000P

Ah 91a®  8la®  40a° 44v*  29b® 202" 23b*  20ab™®  15ab®
2 50¢h  41b  22b° 35p*  28b%  20a° 22b%  21ab®  12bc®
10 56bc*  46b™ 220 356% 276 17a° 186  156"%  11cP
1 726" 58b°  24ab® 622" 562" 182" 372" 272"  16a°

Within a treatment, values that are followed by the same letter are not significantly different after
Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<0.05).

The differences between both Arachis species seem to be related to the different kind of
ontogenesis. Arachis hypogea has a defined growth period of 90 to 115 days and in this time the
plant needs to develop sequential plant stages such as growth, flowering and pod filling (Figure
4.1) which have different P demand. On the contrary the growth of Arachis pintoi is perennial
i.e. the growth period is undefined and continuously and therefore the growth may be slower

than that of defined growth period as it was observed in Figure 4.1.

The P inflow i.e. the amount of P taken up per unit root and time, can be a measure of the
available P in the soil for the plant, and at limiting soil P availability, it can be a measure of the
physiological capability of the roots to acquire P from the soil. Figures 4.3 show the P inflow in

the first (30-60 DAE) and second (60-90 DAE) growth period.
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The treatment 1000P reflects the inflow, which the plants intend to reach i.e. the required P
inflow for maximum growth. In the first growth period (30-60 DAE), Arachis hypogea (Ah)
growing under ample P conditions had the lowest P inflow because of its large root length shoot
ratio (Table 4.3 in the caption). In contrast, the Arachis pintoi (Ap) genotypes had a high P

inflow and statistically were superior to 44 (Figure 4.3).
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Figure 4.2 Influence of varying P supply on phosphorus inflow of three genotypes of Arachis
pintoi and one Arachis hypogea (Ah) between 30-60 and 60-90 days after establishment (DAE).
Within a treatment, bars marked with the same letter are not significantly different after Tukey-
test (p<0.05). Among the treatments, bars of the same genotype marked with the same capital
letter are not significantly different after Tukey-test (p<<0.05).

The P inflow (10" mol cm™ s™') at 1000P between 30-60 DAE and 60-90 DAE were 1.48 and
1.71 for Ah, 3.46 and 1.62 for genotype 2, 3.00 and 2.18 for genotype 10 and 4.31 and 2.10 for
genotype 1 respectively. The P inflow of the genotypes at 1000P was statistically superior to SOP
and OP.
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Despite their small root system, the P demand was covered likely due to a high P concentration
in the soil solution. In the second growth period (60-90 DAE) while P inflow of 44 was not
changed that of Ap genotypes decreased, probably because a reduction of its P demand i.e. its
shoot P concentration decreased from 60 to 90 DAE although P was not limiting. This high P
inflow at 1000P was by far not achieved by the genotypes growing under low available P
conditions (OP). In the first growth period the genotypes had only between 6 and 38% whereas in

the second growth period they achieved between 20 and 34 % of the maximum P inflow.

The Ah reduced its P inflow at OP but because of its low P inflow at 1000P the differences were
not too large. Taking into account that 44 had a high RSR at OP (Table 4.2) and a relative low P
inflow, the reason for the high P efficiency of Arachis hypogea (Ah) in the present study seems
to be more related to its ability to enlarge the root system. In contrast, Bhadoria et al. (2001),
working with the same plant material, conclude that the high P efficiency of 44 at early growth
stage on the field was mainly due to a high P inflow, which declined in the following growth

stage with a concomitant decrease in P efficiency.

The very low P inflow of genotype 1 at OP, which reached only 6% of the maximum in the first
growth period, explained its low GR; despite its high RSR (Table 4.4). The inflow of genotypes
2 and 10 was statistically superior to genotype 1 (Figure 4.3) and therefore despite its lower RSR
in the first growth period were able to achieve a high GR;. In chapter 3, the same pattern of P
inflow (see Figure 3.5) and RSR (see Table 3.7) was observed as in the current study.

In the second growth period (60-90 DAE) at OP while the P inflow of genotypes 2 and 10
decreased slightly, genotype 1 increase 2.9-fold its P inflow and thus changed the P uptake
efficiency in comparison to the first period. Statistically genotype 1 differed only from AA. The
decrease of P inflow with time of A4 and genotypes 2 and 10 could be because even so they were
able to achieve a growth close to maximum. The combination of a relative high root shoot ratio
(RSR) with a high P inflow was the reason for the increase by 4.5-fold of the shoot growth rate
(GR) of genotype 1 between the first and second growth period (Table 4.1). The higher P
inflows in this low P soil are probably only possible by chemical mobilisation by root exudates.
This property was already present of 44 and Ap genotypes 2 and 10 but genotype 1 only

developed this mechanism with age i.e. in the second growth period.

4.3.4 Phosphorus concentration and pH in the soil solution and the extractable P in the soil

Table 4.5 shows the pH and the P concentration of the soil solution at each growth stage as

affected by the fertilisation and plant growth. The addition of 1000P increased from the
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beginning (at 30 DAE) remarkably the concentration of P in the soil solution of planted soils
(between 25.7 and 21.7 uM) and at 90 DAE ranged between 14 and 18 pM. Consequently, the
genotypes were grown under ample P conditions explaining the high yield (Figure 4.1), shoot P
concentration (Table 4.2) and P inflow (Figure 4.3) of the genotypes at 1000P.

Table 4.5 Inorganic P (P;) concentration and pH in the soil solution at 30, 60 and 90 days after
establishment (DAE)

Genotype pH Pi, uyM
oP 50P 1000P 0P 50P 1000P
30 DAE
Ah 4.9b 4.9b 5.1b 0.08a 0.07c 25.7a
2 5.3a 5.2a 5.3a 0.08a 0.08¢ 21.7b
10 5.2a 5.2a 5.2a 0.08a 0.13ab 23.5ab
1 5.1a 5.1a 5.2a 0.07a 0.10bc 21.9b
unplanted 5.0ab 5.0b 5.1ab 0.09a 0.14a 19.0b
60 DAE
Ah 4.7b 4.6b 4.9a 0.09bc 0.08a 26.0a
2 5.0a 4.9ab S5.1a 0.18a 0.12a 20.7bc
10 5.0a 5.0a 5.0a 0.15ab 0.13a 24.6ab
1 4.8ab 5.0a 5.0a 0.07c 0.06a 20.2¢
unplanted 4.9ab 4.9ab 5.0a 0.09bc 0.10a 19.7d
90 DAE
Ah 4.6¢ 4.6b 4.8b 0.11bc 0.36ab 18.0a
2 4.7bc 4.6b 4.9b 0.59a 0.51a 17.9a
10 4.8b 4.7b 4.9b 0.24ab 0.25b 15.5b
1 4.8b 4.8b 4.9b 0.20b 0.22b 14.0b
unplanted 5.0a S5.1a 5.1a 0.08¢ 0.09¢ 18.7a

Within a treatment, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05). Ah = Arachis hypogea.
The limit of determination (LOD) of Pi =0.065 uM £ 0.016 uM (after Eurachem methodology)

In contrast, the soil solution P concentration was not increased when 50P was added at 30 DAE
in comparison to OP, which was around 0.1 uM for all planted soils. Oxisols and Ultisols, with a
moderate to high P "fixation" capacity, required between 110 to 450 mg P kg 'soil to obtain 3

uM in equilibrium soil solution in these soils (Le Mare, 1982), a level considered adequate for
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crop growth (Smith and Sanchez, 1982). Between 30 and 60 DAE at OP the P concentration in
the soil solution of the genotypes 2 and 10 increased about 1.9 times. In the second growth
period (60-90 DAE) the P concentration in the soil solution increased for all planted soils with
Arachis pintoi at OP and 50P. Genotypes 2 had the highest increase (3.2-fold at OP and 4.3-fold
at 50P) followed by genotypes 1 (2.8-fold at OP and 3.7-fold at 50P) and 10 (1.6-fold at OP and
1.9-fold at 50P). Statistically differences were confirmed among planted soils as well as in
comparison to the unplanted soil (Table 4.5). These results would indicate that these genotypes
had developed mechanisms to release P from the solid phase, e.g. by solubilization through root

exudates.

The fact that even plant species well adapted to extreme low P conditions are not able to grow in
nutrient solution lower than 0.2 pM (Crpin) due to a low P inflow such as groundnut (Bhadoria et
al., 2004), and the cyperaceae Schoenus unispiculatus (Shane et al., 2005), would indicate that
the Ap genotypes in order to achieve the measured P inflow must have higher P concentration at
the root surface (Cyo) than those measured in the soil solution without plants (Cy;) at each growth

stage (Table 4.5).

Ion diffusion to the roots is driven by the concentration gradient. The P concentration difference
(ACL) between the bulk soil (Cyr;) and the root surface (Cpry) needed to drive a diffusive flux
equal to the inflow was calculated after Barraclough, (1986). The calculated ACy values for the
genotypes were by far greater than the Cy; of the bulk soil at both growth stage (Table 4.6). This

would result in calculated negative values of Cro. However, this is physically not possible.

Moreover, the former findings could be proved by the calculation of Cyy from the equation I, =
[((Imax * Cro) = (Imax * Crmin)) / (K + Cro — Crmin)]- Since the P uptake kinetics of the Arachis
pintoi genotypes have still not been studied, this verification is not possible. But for 44 using the
P uptake kinetics reported by Bhadoria et al., (2004) for the same 44 genotype of this study (Imax
=4.8x 10" mol cm™ s'l, CLmin = 0.6 uM, K;, =9 uM) the Cy for the measured P inflow in this
trial at OP between 30-60 DAE (0.56 x 10™* mol cm™ s) and between 60-90 DAE (0.35 x 107
mol cm™ s™') was 2.0 and 1.4 pM respectively. Taking into account that the effect of root hair
and/or AM hyphae on ACp was not considered in the equation of Barraclough (1986), the P
concentration in the bulk soil solution at the root surface (Cry + ACy) should be 4 uM between
30-60 DAE and 2.7 uM between 60-90 DAE. Although these high P concentrations were not
measured in the soil solution of 44 at OP, an increase was recorded at 50P between 60 and 90
DAE as it was observed for the Arachis pintoi (Ap) genotype 2 but also at OP. Assuming root

exudates mobilise P, only the P concentration near to the root surface had to be increased (4 and
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2.7 uM for Ah), but a few millimetres far from the root surface the P concentration would
decrease because the root exudates cannot affect up to this soil far from the root surface.
Therefore, the P concentration of planted soils was higher than without plant (Table 4.6).
Summarizing, soil solution P concentration of 4 and 2.7 uM had to occur at the root surface but
this was not measured because only the average (rhizosphere + bulk soil) was determined.
Moreover, the genotypes do not need to achieve the maximum gradient for P transport calculated

by Barraclough (1986) but a P concentration within the slope of this maximum gradient.

Table 4.6 The P inflow (I,), the initial P soil solution concentration of the “bulk soil” (Cy;), and
the concentration difference in soil solution (ACL) needed between bulk soil and the root surface

to drive the flux by diffusion equal to the measured P inflow of three genotypes of Arachis pintoi
and one of Arachis hypogea (Ah) between 30-60 and 60-90 days after establishment (DAE) at OP

Genotype I, Cui ACL
10" mol cm s™* uM P uM P
30 -60 DAE
Ah 0.56ab 0.07a 2.0b
2 0.81a 0.13ab 3.5ab
10 0.75a 0.12ab 3.2ab
1 0.25b 0.09b l.1a
60 — 90 DAE
Ah 0.35b 0.14a 1.3b
2 0.40ab 0.39a 1.6b
10 0.46ab 0.20a 1.9b
1 0.72a 0.10a 2.9a

For calculating AC. by Barraclough (1986) the following parameters were used:

D =8.9x10° cm®s™, = 0.44 cm’ cm™, £=0.990 - 0.17 and the measured P inflow (see Figure
4.3). The Cy; is the average of Pi between the growth periods.

Within a parameter, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05).

Between 30 and 60 DAE the root radius (ro) ranged between 1.3 and 1.5 x 107 cm, the root
length density (RL,) between 1.9 and 4.3 cm cm™ and the average half distance between
neighbouring roots (r;) between 0.27 and 0.43 cm.

Between 60 and 90 DAE the ry ranged between 1.2 and 1.3 x 1072 cm, the RL, between 2.9 and
4.8 cm cm™ and r; between 0.26 and 0.33 cm.

The very low P concentration measured especially at 30 and 60 DAE, would not necessarily

mean that the plant at this age were not able to mobilise P i.e. the roots had not got exudates at
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the beginning. The P concentration in the soil solution was measured from a mix of bulk and
rhizosphere soil. Taking into account the extreme high P buffer capacity of this Oxisol, likely the
P released into the soil solution of the rhizosphere was adsorbed when diffusing away from the
root. The influence of the buffer capacity on the P sorbed may be related to the ratio between
bulk and rhizosphere soil per pot for each genotype as well as to the ability of the root system to

release P bound to the soil solid phase.

After Jones (1998), the zone of soil immediately surrounding the root system, where ions can
diffuse to the root or influence by root exudation, vary between 0.2 and 1 mm and even more
than 5 mm. Assuming a distance of 0.75 mm from the root surface as the zone of soil influenced

by the root, the rhizosphere soil (RS) in g pot™ can be calculated using the equation:
RS=(V, —V,)xbulk density = [(r22 X T X RL)— (rl2 X 7T X RL)]x bulk density

where 1) is the root radius (0.13 — 0.15 mm,), r; is the root radius plus the soil distance influenced
by the root (I mm) and RL is the total root length per pot and a bulk density of 1.25 g cm™. From
3500 g of soil per pot, at 30 DAE and at OP the Arachis pintoi genotypes had only between 18
and 24% as rhizosphere soil, whereas the Arachis hypogea (Ah) had 40%. At 90 DAE, the
genotypes 1 and 2 had 59% followed by genotypes 10 (41%), whereas Ah had 67%.

Since the amount of rhizosphere soil affected by exudate i.e. increasing the P concentration, is
smaller than the bulk soil, the P concentration in the soil solution decreased to a value similar to
the bulk soil. The increase on the P concentration necessary at the root surface was no measured
because only a small portion of soil near to the root surface, likely 1 mm or less, it would be

enough to get a P transport by diffusion.

The pH in the soil solution did not vary among the genotypes at each P treatment, but with time
tended slightly to decrease. In this soil with mainly P bound to Fe and Al a decrease of pH would
result in a decreased P concentration in soil solution as was actually observed in this soil by
Hoffmann et al. (1994). Therefore the increase of P Cy; in planted soils is not because of the

effect of plant on soil pH.

Both, within and among the P levels at each growth stage the pH in the soil showed slight
changes (Table 4.6), but these were not confirmed statistically in most of the case. However, the
pH decreased in the planted soil with age, especially at 90 DAE as it was also observed in the

soil solution (Table 4.5), and hence it was statistically inferior to the unplanted soil.

At OP, the extractable P was very low by both methods (CAL and Bray II) and statistically equal
among the planted soils at each growth stage (Table 4.6), except Bray II at 30 DAE. The
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statistically confirmed only by the extractable P-Bray II.

The addition of 50P showed a slight increase in the extractable P at each growth stage. In
contrast, the addition of 1000P increase the extractable P at least 20-fold compared to OP at each

growth stage and with age.

Table 4.7 Extractable P in the soil at 30, 60 and 90 days after establishment (DAE)

Genotype P-CAL, mg kg™ P-Bray Il mg kg™’

OP 50P  1000P 0P 50P 1000P
30 DAE

Ah 4.1a 47b 93.7a 7.1c 13.2a 240.8a

2 4.1a 54a 96.5a 69c 11.8a 245.7a

10 4.1a 4.7b 104.8a 7.6bc 12.2a 259.1a

1 4.1a 4.6b 97.7a 8.0b 11.7a 255.5a

unplanted 4.1a 5.1a  90.2a 8.8a 13.2a 252.7a
60 DAE

Ah 3.9a 4.4ab 74.4b 7.1b  10.9b 231.1a

2 4.0a 39b 92.6ab 6.7b  9.9b 228.9a

10 3.9a 4.1b 959a 6.8b 11.2ab 255.3a

1 4.0a 4.3ab 88.6ab 6.6b 11.7ab 229.1a

unplanted 4.0a 4.8a 74.5b 85a 13.3a 250.6a
90 DAE

Ah 3.2b 33b 71.4a 7.6b  9.6b 217.6a

2 3.3b 34b 67.1a 6.8b  9.9b 232.6a

10 3.2b 3.8b 71.0a 8.0b 9.8b 232.5a

1 3.5b 3.7b  68.6a 7.4b 11.0b 223.8a

unplanted 3.9a 5.0a  75.2a 8.6a 12.9a 250.7a

Within a treatment, values that are followed by the same letter are not significantly different after
Tukey-test (p<0.05). Ah = Arachis hypogea

Interesting to note that because of plant growth the amount of available P (CAL-P, BraylI-P)
decreased (Table 4.7), as might be expected, but P in soil solution increased (Table 4.5). This

shows that plants did not increase the amount of “available P” but they are able to increase its

solubility and thereby its availability to the plant.
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4.4 Conclusions
The ontogenesis of both Arachis species influenced their ability to grow under low P availability.

Arachis hypogea covered the P demand at scarce P conditions by a strong enlargement of its root
system i.e. high root-shoot ratio (RSR) and an efficient P uptake per unit root length (P inflow) at
the first growth stages.

The ability to grow under scarce P conditions varied among the Arachis pintoi genotypes and
changed during their ontogenesis. Genotype 1 was P inefficient at start because even thought it
had similar RSR as the genotypes 2 and 10, it had a P inflow of only 1/3 of that of the others.
Later (60-90 DAE) it became P efficient because of a high P inflow. The genotypes 2 and 10
were P efficient not because of many roots but due to a high P inflow from the beginning (at OP
and 50P).

Due to this high P inflow, the Arachis pintoi genotypes 2 and 10 achieved a sufficient P status (2
mg g™') at 60 DAE in order to cover the P demand imposed by the high GRs. Taking into account
the calculated high concentration difference in soil solution (ACp) necessary to achieve the
measured P inflow, the Arachis pintoi genotypes must have a higher P concentration at the root
surface (Cro), than those measured in the soil solution without plants (Cy;). This suggests that

chemical P mobilisation occurred at the root surface.
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5 Root exudation of organic acids and acid phosphatase of two different P efficient Arachis

pintoi genotypes and their influence on P acquisition efficiency

5.1 Introduction

As it was observed in previous chapters, the Arachis pintoi genotypes differed in their abilities to
reach optimum yield in soils with low P availability, which also changed with age of the plant.
Differences in P efficiency were mainly based on varied ability to take up P from plant
unavailable P in the soil as it was observed for genotypes 2 and 1 (see chapter 4). The P
acquisition strategies were 1) the enlargement of root surface to feed the plant (root length shoot
ratio) through root elongation as well as extraradical network of mycorrhizal hyphae to increase
the exploration of soil volume from which P is taken up, ii) a high P uptake per unit root and
time (P inflow) by an increase of soil solution P concentration at the root surface probably
through the exudation of phosphatases to release organically bound soil P and/or of organic acids
and H' to solubilise inorganic P (Marschner, 1995; Uren and Reisenauer, 1988; Raghothama,

1999).

The importance of the enlargement of the root surface in crops (e.g. wheat, maize, thale cress)
and grasses (e.g. rye grass and Brachiaria) as well as the release of protons from roots (e.g. rape,
bean, white clover) under P deficient conditions for improving the P supply of plants is well
documented (Romer et al., 1988; Briick et al., 1992; Sattelmacher et al., 1990;. Krannitz et al.,
1991; Gahoonia and Nielsen, 1998; Rao et al., 1996; Friesen et al., 1997; Grinsted et al., 1982;
Moorby et al., 1988; Trolove et al., 1996; Yan et al., 1996).

Comparative studies have strongly suggested that also the release of organic compounds from
plant roots play an important functional role in many plants in response to phosphorus stress.
However, the composition of root exudates vary highly depending on plant species and cultivars,

nutritional P status, plant age and physiochemical environment (Curl and Truelove, 1986).

Organic bound phosphorus is hydrolyzed by ectoenzymes like root-borne acid phosphatase
(APase). The APase secretion to the rhizosphere is usually enhanced under low P availability in
many plant species, including maize (Clark, 1975), tomato (Goldstein et al., 1988a, 1988b),
lupin, rice and soybean (Tadano et al., 1993). Tarafdar and Jungk (1987) suggested that the
activity of APase in the rhizosphere of wheat and clover under P stress led to a depletion of
organic phosphates due to hydrolysis and to a release of orthophosphate. Helal, (1990) working

with bean and Asmar et al., (1995) with barley reported a positive relation between root APase
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and phosphorus uptake from inositol hexaphosphate. However, McLachlan (1980) found a
negative relationship between root APase and phosphorus uptake by wheat under low P stress. A
comparative study between white clover genotypes with contrasting P efficiency did not show
significant difference in root surface APase activity (Hunter and McManus, 1999). Therefore, the

role of secreted APase in plant adaptation to low phosphorus availability is unclear.

Organic acid (OA) anions released from roots are able to mobilize inorganic phosphate from soil
minerals (Nagarajah et al., 1970; Fox and Comerford, 1990; Staunton and Leprince, 1996) by 1)
the competition for similar P adsorption sites, where P is directly replaced by OA on crystalline
Al- and Fe-oxides by ligand exchange (Earl et al., 1979; Parfitt, 1979; Gerke, 1992; Hue, 1991;
Staunton and Leprince, 1996) and ii) the complexation of metal ions in the exchange matrix
holding the P such as Fe*" and A1*" in Fe- and Al-oxides (Zhang et al., 1985; Otani et al., 1996).
However, as OA can carry varying negative charges depending on the dissociation properties
and number of carboxylic groups, their efficiency to extract P from iron oxide and clay minerals
or to prevent the sorption of new added P, generally decreases in the following order: citrate,
oxalate, malate, sulphate and acetate (Nagarajah et al., 1970; Hue, 1991; Jones and Darrah,
1994). Moreover, since root exudates act not only on P-fixed minerals, but also on other ion
components without P, a negative effect has also been observed on the P availability in the
soil solution to the plant. For example, Traina et al., (1986) showed that citrate, tartrate and

formate can extract metallic ions from mineral surfaces creating new P sorption sites.

It has been demonstrated that some dicots plant roots, in particular legumes, can increase the
synthesis of OA in roots under low P conditions. They are capable of releasing large amounts
of these OA into the rhizosphere (Dinkelaker et al., 1989; Otani et al., 1996; Zhang et al.,
1997). However, high concentrations of organic acids (> 100 uM for citrate, > 1 mM for
oxalate, malate and tartrate) are required to mobilise significant quantities of P into the soil
and its effect is extremely soil-dependent (Earl et al., 1979; Lopez-Hernandez et al., 1986;
Jones and Darrah, 1994; Lan et al., 1995). These concentration can be reached in the
rhizosphere of proteoid roots (or “cluster” roots) of white lupin (Lupinus albus) and other
species with cluster roots (e.g., Banksia), due to high root density in the root cluster and thus
a 13-40-fold increase in the citrate and malate excretion of the cluster roots (Dinkelaker et al.,
1989; Gardner et al., 1983; Grierson, 1992; Johnson et al., 1996a, 1996b). Compared to the
proteoid roots, concentration of OA in the rhizosphere of non-proteoid roots are much less
because of a lower excretion rate and the fast microbial degradation of the organic acids.
Therefore, the importance of OA to solubilise fixed P and to increase P availability in the

rhizosphere is still unclear (Jones et al., 1996).
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The objective of this study was to examine whether the release of OA and/or the APase activity
on the root surface are influenced by P availability conditions in the soil solution (deficient and
sufficient P supply) and to investigate their effect on the P acquisition efficiency at different
plant age, using as unit measure the P inflow (mol cm™ s™). In order to reach this goal, the
Arachis pintoi genotypes 1 and 2, which differed in their P efficiency (see chapters 3 and 4)
were grown under controlled environmental conditions using a split-root design, where half of
the roots were in soil and the remaining in sand. This setup allows 1) to measure P inflow,
APase activity and pH at the root surface in soil and ii) to gain and assess qualitatively and
quantitatively the released root exudates from the sand and soil compartments of the same

plant.

5.2 Materials and Methods

The plants were grown in a growth chamber with a light/dark regime of 16/8 hours, temperature
of 20/30 °C and relative humidity of 70%. The photosynthetic active radiation during the day
was 250 pE m?s’.

Plant material and growth conditions

Genotypes 1 (CIAT 17434) and 2 (CIAT 18744) were chosen due to their different P acquisition
attributes in relation to their growth stage, as shown in chapter 4. After raising the seedlings in
sand (seen chapter 2), these were pre-cultured in a P free nutrient solution. Its composition (M)
was: Ca(NO3), 5.0x10°, KCl 5.0x10%, K,SO4 3.5x107, MgSO, 2.5x107, H;BO5 5.0x107,
MnSO, 5.0x10°, ZnSO4 2.5x10°, CuSO4 1.0x10°, (NH4)sMo7024 5.0x10°, and FeEDTA
1.0x10™. After 5 days the taproot was excised to develop lateral roots for an additional 15 days

until the lateral roots had reached a length of about 5 cm.

Eight seedlings were transplanted into special pots divided in three compartments (Figure 5.1)
and placed on the dividing walls with their roots 50% in soil and 50% in sand. Each one of the
outer compartments was filled with 2 kg of air dry fossil Oxisol, with the same physical and
chemical soil characteristic as described in chapter 2. The middle compartment was filled with 3
kg of air dry sand (size 3-5 mm).The P was removed using 5% HCI solution and the acid washed

with bi-distilled water until the same pH as pure bi-distilled water was reached.
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Figure 5.1 Design of the experimental split-root pot developed to allow different morphological
and physiological root determination at the same time while the plant is alive.

Two P levels 0 and 1000 mg kg as Ca(H,PO4), were applied to the soil compartments. Before
transplanting, these fertilization levels resulted in a soil solution P concentration of 0.13 pM (0P)

and 26.9 uM (1000P), respectively.

A basal fertilization was applied as described in chapter 4. The moisture content of the soil
compartments was adjusted to 65% of the maximum water holding capacity and monitored daily

by weight.

The sand compartment was watered three times per day with the same P free nutrient solution
used for the pre-culture afore described. The drainage, located at the bottom of the sand
compartment, was kept open to allow the percolation of the nutrient solution warranting the root
aeration. One pot from each P treatment was left unplanted to measure soil moisture evaporation
losses and as control of P dynamic under unplanted conditions. There were four replicates for

each treatment. The pot experiment was arranged as described in chapter 4.
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Measurements and analysis

Three harvests (30, 60 and 100 day after transplanting - DAT) were performed to enable the
calculation of shoot and root growth rates and P influx. Before harvesting, the following methods

were conducted:

Collection of root exudates
Two methods for collecting root exudates were used:
a. Localized collection using chromatography paper

After opening the lateral window from each soil compartment (see Figure 5.1), five young roots
per each soil compartment were chosen and small sheets of polyethylene foil were placed under
the roots. Afterwards, at the root tip segment of 1 cm in length, two moist filter paper discs were
laid on (o = 0.5 cm with 60 uL cm™ water uptake capacity of Schleicher and Schiill 1992,
Dassel, Germany), which had been previously washed with methanol and distilled water. After
darkening the windows with aluminium foil to avoid the degradation of root exudates due to
light, the collection was carried out in the growth chamber where the plants were grown. The
filter paper discs used for the exudation sampling were occasionally remoistened with 10 pL of

distilled water and after 2 hrs collected in 1.5 mL Eppendorf reaction vials.

The root exudates collected were extracted by addition of 300 uL of distilled water and then
shaken on trembler three-times for 30 seconds each time to improve the extraction of
carboxylates. The extracted solution was centrifuged at 2000g for 10 min. The supernatant was
collected by a micropipette and stored at —20°C for analysis of organic acid anions with High

Pressure Liquid Chromatography (HPLC).
b. Percolation system

Prior to collection of root exudates, the sand compartment was thoroughly washed with distilled
water until all the nutrient ions had been removed, especially NOs, which disables the accurate
determination of organic acid by HPLC. The sand compartment drainage was closed and then
filled with bi-distilled water for 1 hour. After that, the leached root exudates were collected in
order to avoid O, stress in the roots and immediately the sand compartment was once again filled
with the collected root exudation for another hour. Finally, the collected root exudates were once
again added to the sand with a pressure bottle in order to leach as much root exudates from the

sand as possible.
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The collected root exudates were lyophilized to concentrate them. Later, the dried root exudates
were diluted in 1 mL bi-distilled water and put into 1.5 mL Eppendorf reaction vials. Thereafter,
they were shaken on a trembler three times (30 seconds each time) to extract the carboxylates.
The aliquot was centrifuged at 2000g for 10 min. The supernatant was collected with a

micropipette and stored at —20°C for analysis of organic acid anions using a HPLC.

Analysis of carboxylates

The organic acid anions in the root exudate samples were analyzed with a HPLC reversed phase
in the ion suppression mode. Separation was conducted on a 250 x 4 mm reversed phase column
(LiChrospher 100 RP-18, 5 um particle size) equipped with a 4 x 4 mm LiChrospher 100 RP-18
guard column (Merck, Darmstadt, Germany). Sample solutions (100 uL) were injected into the
column and an 18 mM KH,PO; solution adjusted to pH 2.2 with H3POy, for isocratic elution was
used, with a flow rate of 0.25 mL min” at 24°C and UV detection at 210 nm. Identification of
organic acids was performed by comparing retention times and absorption spectra with those of

known standards.

Determination of root surface acid phosphatase activity (APase)

Excised segments (2-3 root tips at 1.5-2cm from the root tip) were harvested in the soil
compartments and transferred to 1.5 mL Eppendorf reaction vials. The root segments were
washed 2 times with distilled water for 5 min to remove contaminating wounded cells, then 0.5
mL water, 0.4-mL Na-Ac buffer and 0.1 mL pNPP substrate was added. After a reaction time of
10 min at 25-30°C, an aliquot of 0.8 mL of the reaction medium was taken out and mixed with
0.4 mL of 0.5 M NaOH to terminate the reaction. The absorption of reaction solution was
measured at 405 nm. The fresh weight of excised segments of root tips was recorded after

determination of APase activity.

Quantitative determination of the pH values on the root surface with the antimony

electrode

In the soil compartments, the pH values on the root surfaces of young and old roots were
measured potentiometrically with an antimony electrode. Before starting the measurement, the

electrode was calibrated in pH buffer solutions and a calibration curve was calculated for the
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potential range of -200 to - 400 mV. The potentials were measured with a pH meter, which is
connected to the antimony electrode and to the reference electrode (kalomel-electrode).

According to the calibration curve, the potentials measured (mV) were calculated into pH values.

Shoot sampling

The plants were harvested by cutting them at soil surface as separate roots and shoot at 30, 60
and 100 days after transplanting (DAT) them into the split-root pots. Plant material for chemical

analysis was performed as in chapter 2.

Root sampling and root length

Root length was separately determined for each compartment using the line intersection method

of Tennant (1975). Please refer to chapter 2 for more details.

Phosphorus concentration in plants

The Phosphorus was measured using the molybdate-vanadium method of Kitson and Mellon

(1944). For more details see chapter 2.

Absolute shoot growth rate (GR,, g s™)

It shows the new growth of the plant between two periods. It was calculated as described in

chapter 4.

Phosphorus net inflow (I,,)

The average P net inflow was calculated as described in chapter 3.

Soil Analysis
Available phosphorus

It was determined in the soil using the Bray II extraction (Bray and Kurtz, 1945) and the CAL
(calcium acetate lactate) (Schiiller, 1969). The soil solution was obtained using the modified

column displacement technique (Adams 1974). For more details see chapter 2.
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5.3 Results
5.3.1 Dry shoot matter production and shoot growth rate (GRy)

Figure 5.2 shows the shoot biomass production of genotypes 1 and 2 when grown at OP and
1000P at 30, 60 and 100 days after transplanting (DAT). As it was observed in chapter 4, both
genotypes increased statistically significant the yield at 1000P in comparison to OP at each
growth stage, but in similar proportion and thus at 1000P no significant statistical differences
were found between them at each growth stage. These results confirmed the findings in chapter 4
that both genotypes had a similar growth potential when grown under sufficient P conditions,

although in this study the genotypes took P up using only half of their root system.

When not P fertilised (OP), the shoot biomass of genotype 2 was 1.6-fold, 1.8-fold and 4.2-fold
higher and statistically superior to that of genotype 1 at 30, 60 and 100 DAT, respectively.
Despite of the fact that the yield of genotype 2 differed also statistically from genotype 1 at each
growth stage in chapter 4, the strong yield difference at 100 DAT could be in part related to the
experimental setup, where after visual observation the growth of genotype 1 was more depressed

by the split root system at early growth stage than genotype 2.
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Figure 5.2 Influence of different P supply on shoot biomass production of two Arachis pintoi
genotypes at 30, 60 and 100 days after transplanting (DAT). Within a treatment, bars marked
with the same letter are not statistically significant according to the Tukey-test (p<0.05).
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The plant’s ability to produce quickly or slowly new shoot growth can be a measure of the
physiological P requirement during a growth period, as well as of the plant’s efficiency to cover
the P demand put on the root system. As Table 5.1 shows, the addition of 1000P increased
statistically significant the shoot growth rate (GR;) of both genotypes at both growth periods, but
the differences decreased with age. For instance, the GR of the genotypes 1 and 2 at 1000P was
24-fold and 8.5-fold higher than that at OP respectively, whereas with age (60-100 DAT) was 20-
fold and 2.8-fold respectively.

Table 5.1 Influence of different P supply on shoot growth rate, (GR;) of two Arachis pintoi
genotypes between 30-60 and 60-100 days after transplantation (DAT).

Genotype Shoot growth rate, 10”7 g s™
30— 60 DAT 60 — 100 DAT
OP 1000P OP 1000P
2 1.6a" 13.6b" 10.6a" 29.7a"
1 0.7b" 17.0a" 1.5b" 29 42"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).

Moreover, at OP the GR; of genotype 2 was statistically superior to genotype 1 at each growth
period but the differences increased with time from 2.3-fold to 7.1-fold. The large GRg
differences between the genotypes could likely be related to the effect of the experimental setup
on the growth of genotype 1 at the early growth stages. Moreover, when GR; of the genotypes at
each growth period is compared, at OP the GR; increased 2.1-fold and 6.6-fold for genotype 1
and genotype 2, respectively, whereas at 1000P the increase was 1.7-fold for genotype 1 and 2.2-
fold for genotype 2. Consequently, these results indicate that at OP the genotypes differed in their
ability to cover the P demand imposed by the growth at each growth stage i.e. genotype 2 was

more P efficient than genotype 1.

5.3.2 Shoot P concentration and P content

When P was added, the shoot P concentration of the genotypes increased in the same proportion
above the level considered as sufficient (Rao and Kerridge, 1994) at each growth stage (Table
5.2) as it was also observed in chapter 4. For example, on average the P status at 30 DAT was

2.7-fold higher than that considered as sufficient (2 mg g') and 1.5-fold at 100 DAT. That
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indicates that both genotypes grown at 1000P had the same growth potential i.e. yield (Figure
5.2) and shoot growth rate (Table 5.1), because they were able to cover totally the P demand.

Table 5.2 Influence of different P supply on P concentration in shoot of two Arachis pintoi
genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype Shoot P concentration, mg g™
30 DAT 60 DAT 100 DAT
OP 1000P OP 1000P OP 1000P
2 1.06a" 5.82a" 1.07a" 4.25a" 1.40a® 2.96a"
1 0.89b" 5.26a" 0.94b" 4.43a% 1.32b° 2.95a"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).

At OP the genotypes had a deficient nutritional P status (< 2 mg g'') at each growth stage and
even thought the shoot P concentration increased with time (Table 5.2), this was not enough to
achieve optimum growth i.e. yield (Figure 5.2) and GR; (Table 5.1). However, differences in
yield and GR; agreed with a higher and statistically superior shoot P concentration of genotype 2
compared to genotype 1 at each growth stage (Table 5.2). It is interesting to note that with age
the shoot P concentration of genotype 1 increased more than that of genotype 2. The differences
in shoot P concentration between genotypes 1 and 2 decreased from 20% at 30 DAT to 6% at
100 DAT (Table 5.2), indicating that the genotypes achieved with age the same nutritional P
status i.e. genotype 1 improved the P supply with time. Since differences in the ability of both
genotypes to produce biomass per mg of total P uptake (shoot + root) i.e. P use efficiency, were
small (see Appendix), differences in P efficiency between the genotypes must be related to the
ability of the genotypes to take up P from the soil, which can be assessed by the P content in the

shoot biomass.

As Table 5.3 shows, the shoot P content of the genotypes had the same pattern as described for
their shoot biomass production at each growth stage (Figure 5.1), due to their relative similar
shoot P concentration (Table 5.2). For example, at OP the shoot P content of genotype 2 was

higher than that of genotype 1 and statistical significant differences were also detected over time.

Consequently, these results point out that at OP genotype 2 was able to acquire over the time a
higher percentage of the P demand required for a maximum growth at both growth periods (e.g.

due to the enlargement of the root and/or high P inflow) than genotype 1, i.e. differences in yield
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between both genotypes occurred because they had different P acquisition efficiency, as it was

also observed in chapters 3 and 4.

Table 5.3 Influence of different P supply on P content in shoot of two Arachis pintoi genotypes
at 30, 60 and 100 days after transplanting (DAT).

Genotype Shoot P content, mg plant™
30 DAT 60 DAT 100 DAT
OP 1000P OP 1000P OP 1000P
2 0.81a" 14.78a% 1.27a" 25.71b" 6.77a" 48.28a"
1 0.43b" 14.90a" 0.62b" 32.08a" 1.52b° 51.33a"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).

5.3.3 Root length shoot ratio and P inflow

The amount of P taken up by a plant is related to its ability to enlarge the root system (root
surface) to exploit larger volumes of soil and/or its ability to regulate the enlargement of the root
system in relationship to the shoot production i.e. the root length-shoot ratio (RSR). Since the
genotypes were fed only by roots grown in the soil compartment i.e. half of the total root system,

the calculation of RSR and P inflow was done using the root length from the soil compartment.

As a response to the large P addition (1000P), the RSR of both genotypes decreased similarly at
each growth stage in comparison to OP, which was most pronounced with time for genotype 1
(Table 5.4). For example, at 1000P the RSR of genotype 2 was 35% at 30 DAT and 56% at 100
DAT lower than that at OP, whereas the RSR of genotype 1 was 66% and 80% respectively.

Table 5.4 Influence of different P supply on root length shoot ratio of two Arachis pintoi
genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype Root-shoot ratio, m g
30 DAT 60 DAT 100 DAT
0P 1000P 0P 1000P OP 1000P
2 35.7b% 23.2a" 30.6b" 10.82" 13.4b% 5.9a"
1 51.9a" 17.8a° 51.7a% 8.1a° 29.5a" 5.9a"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).
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That indicates that at 100 DAT genotype 2 but especially genotype 1 were still developing

adaptation mechanisms to improve P uptake under scarce P availability.

Since the shoot P content of genotype 2 was higher than that of genotype 1 at each growth stage
(Table 5.3), these results indicate that while genotype 2 was from the beginning more efficient in
taking up P per unit root length in order to cover the P demand imposed by the growth (Table
5.1), genotype 1 tried to cover this inefficiency by enlarging its root system in the first two
growth stages and it seems to be that with age it became more efficient in taking up P per unit

root length, explaining its 43% reduction in the root-shoot ratio.

As the P inflow is the amount of P taken up per unit root and time, it is a measure of the ability
of root to extract P from the soil. Figure 5.3 shows the P inflow in two different growth periods

(30-60 and 60-100 DAT), as affected by different P fertilisations.
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Figure 5.3 Influence of different P supply on P inflow of two Arachis pintoi genotypes between
30-60 and 60-100 days after transplanting (DAT). Within a treatment, bars marked with the same
letter are not statistically significant according to the Tukey-test (p<0.05).

In agreement with the shoot growth rate (Table 5.1) and the yield (Figure 5.2), the genotypes
differed statistically in its P inflow at both P treatments which were remarkably high at OP at the
second growth period (Figure 5.3).
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As it was observed in chapter 4, at 1000P both genotypes were able to achieve maximum growth
1.e. high yield and shoot growth rate (GR;) in both growth periods, in concomitant of a high P
inflow (Figure 5.3). Moreover, the low root length-shoot ratio of both genotypes and their
decreasing over time (Table 5.4) signified that the high P demand imposed by the growth had to
be covered by an increase of the soil solution P concentration surrounding the root surface as a

result of the high P addition.

At OP in the first growth period the genotypes 2 and 1 achieved only 10% and 2.6% of the
maximum P inflow respectively. Whereas with time (60-100 DAT), achieved 43% and 14%
respectively. Furthermore, the P inflow differed statistically between the genotypes at each
growth period and with time in agreement to the GRg (Table 5.1). For instance, at OP the P
inflow of the P efficient genotype 2 was 1.8-fold and 3.3-fold higher than that of the P inefficient
genotype 1 in the first and second growth periods, respectively. However, comparing the P
inflow of each genotype between the growth periods, it is interesting to note that although the
increase of genotype 2 was 6.6-fold, the inefficient genotype 1 also achieved a relative high
increase of 3.3-fold in its P inflow (Figure 5.3). This increase on P uptake efficiency of single
roots of genotype 1 was in agreement with the notable decrease (43%) on the root length-shoot

ratio showed at 100 DAT.

5.3.4 Phosphorus concentration and pH in the soil solution and the extractable P in the soil

Table 5.5 shows the pH and the soil solution P concentration at each growth stage as affected by
the fertilisation. Although at OP and at each growth stage the pH in the soil solution of planted
and unplanted soils did not differ statistically, with time the pH of planted soils tended to
decrease slightly compared to the unplanted (Table 5.5). The addition of P increased the pH in

the soil solution of planted soil, especially in genotype 2.

As Table 5.5 also shows, the P fertilisation increased remarkably the soil solution P
concentration, which at 100 DAT ranged still between 22.9 and 21.1 uM, allowing the genotypes
to achieve their maximum growth at each growth period i.e. maximum yield (Figure 5.2) and

shoot growth rate (Table 5.1).

At OP, the soil solution P concentration of planted and unplanted was extremely low (about 0.1
uM) at 30 DAT and increased at 60 DAT, but with time (at 100 DAT) significant statistical
differences were found (Table 5.5). Similar results were observed in chapter 4. For instance,

differences were observed only from 60 DAT on, where the soil solution P concentration of
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genotype 2 was 1.6-fold and 1.5-fold higher than that of genotype 1 and the unplanted soil,

respectively.

Table 5.5 Influence of different P supply on P concentration (Cy;) and pH in the soil solution of
two Arachis pintoi genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype pH CLi, uYM

OP 1000P OP 1000P
30 DAT

2 53a 5.5a 0.07a 30.9a

1 5.2a 5.4ab 0.08a 28.5a

unplanted  5.1a 5.2b 0.07a 26.9a
60 DAT

2 5.0a 5.4a 0.19a 29.7a

1 4.9a 5.2ab 0.12a 27.0a

unplanted 4.9a 5.1b 0.13a 27.7a
100 DAT

2 5.0a 5.4a 0.75a 22.9a

1 5.1a 5.1b 0.19b 21.1b

unplanted  5.0a 5.0b 0.13b 27.7a

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05).
The determination limit of Pi = 0.065 uM + 0.016 (after Eurachem methodology)

Nevertheless, the soil solution P concentration did not differed statistically. At 100 DAT, the P
concentration of genotype 2 was 3.9-fold and 5.8-fold higher than that of genotype 1 and the
unplanted soil, respectively. In comparison to 60 DAT, a remarkable increase of 3.9-fold and
1.6-fold on soil solution P concentration was recorded for genotype 2 and genotype 1
respectively, which was in agreement with the increase in P inflow at the second growth period
(Figure 5.3). Moreover, the genotypes could only attain the measured P inflow through a higher
P concentration at the root surface (Cyo) than those measured in the soil solution without plants
(Cri) at each growth stage (Table 5.5). Since especially in the second growth period the
calculated ACy values were much larger than the Cy; of the bulk soil at both growth stage (Table
5.6), the calculated (Cyo) values would be negative, which is physically not possible.
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Table 5.6 The P inflow (I,), the initial P soil solution concentration of the “bulk soil” (Cy;), and
the concentration difference in soil solution (ACy) needed between bulk soil and the root surface

to drive the flux by diffusion equal to the measured P inflow of two genotypes of Arachis pintoi
between 30-60 and 60-100 days after transplanting (DAT) at OP

Genotype I, Cui ACL
10"° mol cm s™ uM P uM P
30 - 60 DAT
2 2.1a 0.13a 0.9a
1 1.2b 0.10a 0.5b
60 — 90 DAT
2 12.4ab 0.47a 4.6a
1 3.8a 0.16b 1.3b

For calculating ACy, by Barraclough (1986) the following parameters were used:

Dp = 8.9x10° cm? s'l, 0 =0.44 cm’ cm'3, £=10.990 - 0.17 and the measured P inflow (see Figure
5.3). The Cy; is the average of Pi between the growth periods.

Within a parameter, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05).

Between 30 and 60 DAT for genotypes 1 and 2 the root radius (rp) was 1.4 and 1.3 x 10 cm, the
root length density (RL,) 1.6 and 1.5 cm cm™ and the average half distance between
neighbouring roots (1) 0.45 and 0.47 cm respectively

Between 60 and 100 DAT the ro was 2.3 and 2.2 x 10 cm, the RL, 2.5 and 1.7 cm cm™ and I
0.37 and 0.43 cm.

As it was also observed in chapter 4, the fact that the measured soil solution P concentration of
genotype 2 increased with time and that the ACy, needed between bulk soil and the root surface to
drive a flux by diffusion equal to the P inflow measured in the genotype 2 increased also with
time, implies that genotype 2 had to have mobilised P from the solid phase e.g. by solubilization

of P through exudation of organic acids and/or acid phosphatase.

Concerning the extractable P (P-CAL and P-Bray II) from the soil, the addition of 1000 kg P kg
soil, increased markedly the P availability in comparison to OP (see Appendix). Although
statistical differences were found at some growth stages at both P treatments, at OP differences

between the genotypes and the unplanted soil were small.
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5.3.5 Colonisation grade in roots of native arbuscular mycorrhizae fungi (AMF)

It is well known that the soil contains native mycorrhizae species which are able to establish a
symbiosis with a host plant. As arbuscular mycorrhizae fungae (AMF) was able to improve the P
acquisition abilities of the genotypes growing under P deficient conditions (see chapter 3), the
colonisation grade of native AMF was determined. Table 5.7 shows the colonisation grade of the
native AMF as affected by the P fertilisation. At 1000P a low AMF colonisation in both
genotypes was only found at 100 DAT.

Table 5.7 Influence of different P supply on the native arbuscular mycorrhizae fungae (AMF)
colonisation of two Arachis pintoi genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype Colonisation grade, %
30 DAT 60 DAT 100 DAT
oP 1000P oP 1000P oP 1000P
2 <1a* <1ah <5ah <1a* 562" 12a°
1 <la® <la* <5a* <la® 25b* 52"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<<0.05).

At OP at 60 DAT the genotypes had a low and similar colonisation, which increased 11-fold for
genotype 2 and only 5-fold for genotype 1 (Table 5.7). Therefore, the colonisation grade of
genotype 2 was 2.2-fold higher than that of genotype 1 and this difference was statistically

confirmed.

5.3.6 Acid phosphatase activity (APase) and pH on the root surface

Figure 5.4 displays the enzymatic activity of the acid phosphatase (APase) and the pH on the
surface of young roots as affected by the P fertilisation. At each growth stage and at both P
treatments, the APase activity of the inefficient genotype 1 was higher than that of the P efficient
genotype 2 and these differences were statistically significant (Figure 5.4). However, the APase
activity of the genotypes was negatively affected by the P fertilisation and with age, the
difference between the genotypes had an inverse trend. For example, at OP the differences
between the genotypes increased with time from 1.1-fold at 30 DAT to 1.9-fold at 100 DAT,
whereas at 1000P decreased from 1.3-fold to 1.1-fold respectively.
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Figure 5.4 Influence of different P supply on acid phosphatase activity (bars) of fresh root
weight (FRW) and pH-value (symbols) on the root surface of two Arachis pintoi genotypes at
30, 60 and 100 days after transplanting (DAT). Within a treatment, bars marked with the same
letter are not statistically significant according to the Tukey-test (p<0.05).

At OP at each growth stage, changes in the pH on the surface of young roots of both genotypes
were inversely related to the changes in the APase activity (Figure 5.4). This relation was most
pronounced at the early growth period. For instance, a decrease of 13% and 10% on the pH of
genotypes 1 and 2 was related to an increase of 2.8-fold and 2.3-fold on the APase activity
respectively. Whereas, between 60 and 100 DAT a low decrease (3%) on the pH of genotype 1
was related to an increase of 1.2-fold on the APase activity and the slight increase (4%) on the

pH of genotype 2 was related to a decrease of 12% on its APase activity.

5.3.7 Root exudation of organic acids

The exudation of organic acids (OA) was determined separately from the roots grown in soil
(localized collection by chromatography paper) and from the roots grown in sand (collection by

percolation system) using the split root system.

From the OA used as standard (Acetic, c-aconitic, Citric, Formic, Fumaric, Lactic, Malic,
Malonic, Oxalic, Succinic, t-aconitic, Tartaric), the roots grown in soil exuded only traces of

malic, citric and fumaric at both P treatments. However, in the roots grown in sand, lactic and
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acetic acids were the main carboxylates detected and traces of citric, malonic, malic, formic,
fumaric, c-aconitic and t-aconitic acid were found . Since at each growth stage the exudation rate
of both acids were extremely low when P was added (1000P) and did not differ statistically,
Figure 5.5 shows the exudation rate at each growth stage of lactic and acetic acids from the

proportion of roots grown in sand at OP.
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Figure 5.5 Root exudation rate of lactic acid and acetic acid of two Arachis pintoi genotypes at
30, 60 and 100 days after transplanting (DAT) grown at OP. Within a treatment, bars of the same
acid marked with the same letter are not statistically significant according to the Tukey-test
(p<0.05).

At 1000P the minimum and maximum exudation rate among the growth stages of lactic acid was
0.004 and 0.023 nmol cm™ h™ and of acetic acid was 0.002 and 0.015 nmol cm™ h™",

The root exudation rate (nmol cm™ h™) of both acids was very low. Although the exudation rate
of lactic acid of genotype 1 was statistically superior to genotype 2 at each growth stage, with
time decreased remarkable from 0.11 (30 DAT) to 0.01 (100 DAT). The root exudation of acetic
acid was even lower in both genotypes than that of lactic acid. The maximum exudation rate of
acetic acid (0.02) at each growth stage was achieved by genotype 2. Since the genotypes were
not P efficient at the early growth period, but increased it with time, these results of root

exudation rate were not related to the increase on the P efficiency of the genotypes.
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5.4 General Discussion

Widespread adoption of forage cultivars depends on their ability to efficiently acquire nutrients
from the soil and using them for growth. This is influenced by their genetic potential, and the
environments in which they are grown. From both of them, genetic differences within a species
in their ability to absorb, translocate, distribute, accumulate, and use phosphorus are important

traits in the process of adapting plants to acid soils that are naturally deficient in P.

This low P availability is not because of low total P content but because P is strongly bound to
Fe and Al or to Ca and therefore the P concentration in soil solution (Cy;) is very low, mostly

below 1 uM. At this low P concentration transport to and uptake into roots is restricted.

It is known that the forage legume Arachis pintoi (Ap), native of the Amazon region, grows well
on highly weathered low P soils in comparison to other forage legumes such as Stylosanthes

capitata and Centrosema acutifolium (Rao et al., 1996).

The use of a fossil Oxisol and an Ultisol, which had an extremely low soil solution P;
concentration i.e. Cy; around 0.2 uM (see Figure 2.10, Table 3.2, 4.5 and 5.5), revealed
different responses among ten promising Arachis pintoi genotypes, in relation to their ability to
produce shoot biomass as observed in chapters 2 and 3. These marked yield differences, which

changed with age, were linked more to their capacity to absorb P rather than to their use of P.

The objective of this study was to investigate the reasons behind the different P efficiencies of
Arachis pintoi genotypes, and mainly whether native AM infection, organic acid root exudates or

APase activity could explain the P efficiency of Ap.

Based on the previous results, two genotypes with contrasting P efficiency, that furthermore

underwent changes with age, were used and assessed at different growth stages.

At limited P supply, the efficient genotype 2 outyielded the P inefficient genotype 1 by 1.6-fold,
1.8-fold and 4.2-fold at 30, 60 and 100 DAT respectively (Figure 5.2). Based on the selection
criteria assumed in this study that P efficient genotypes are those capable of producing a high
yield under low P availability, genotype 2 was more P efficient than genotype 1 at each growth
stage (Figure 5.2) and the difference statistically confirmed, as it was also observed in chapters 2

(see figure 2.4), 3 (see Figure 3.1 and 3.2) and 4 (see Figure 4.1).

Differences in P efficiency among genotypes can be related to differences in growth potential.
Dinkelaker (1990) reported that P efficiency differences among nine chickpea genotypes were
not because of specific adaptation mechanisms to low P availability, but rely on unspecific

differences in growth potential.
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However, this was not the case between genotypes 1 and 2. Since when both genotypes were
grown under ample soil solution P concentrations i.e. 31 uM at 30 DAT and 21 uM at 100 DAT
(Table 5.5), both grew equally well and the differences were not statistically significant at each
growth stage (Figure 5.2). Similar results were recorded not only for genotypes 1 and 2 in

chapters 2, (see Figure 2.4) and 4 (see Figure 4.1) but also for genotypes 4 and 10.

Besides the absolute differences in P efficiency at OP, the genotypes differed in their ability to
achieve their maximum growth. In agreement with the results of chapter 4, at 1000P at each
growth stage the yield of both genotypes was statistically superior to that at OP (Figure 5.2).
However, at OP at 100 DAT genotype 2 was able to achieve 30% of its maximum growth while
genotype 1 only 10%. Although the genotypes displayed in chapter 4 the same pattern, at 90
days after establishment (DAE), both genotypes achieved a higher percentage of their maximum
growth i.e. genotype 2 70% and genotype 1 45%. This large yield difference could be related to
differences in the experimental setup, where after visual observation the growth of both
genotypes was depressed by the split root system. Moreover, this negative effect was more

severe for genotype 1 during the early growth stages, but it overcame it with time.

To which extent the effect of age on the differences in P efficiency of both genotypes affected
their growth was observed through their shoot growth rate (GR;). At OP genotype 2 had much
faster growing shoots at both growth periods (2.3 and 4 times) than genotype 1 (Table 5.1),
which was reflected in their yield. Although both genotypes were not able to achieve their
maximum GR; (at 1000P), the fact that differences in GR; of genotype 2 between both P levels
(OP and 1000P) decreased from 8.5 (30-60 DAT) to 2.8 times (60-100 DAT) whereas genotype 1
from 24 to 20 times respectively (Table 5.1), indicate that genotype 2 was more efficient than

genotype 1 in covering the P demand imposed by the growth.

In natural ecosystems, with low availability of nitrogen and phosphorus, species mainly adjust by
decreasing growth rate, because this answers best to the aim of species survival in sub-optimal

conditions (Chapin, 1980)

A similar trend was observed in chapter 4 (see Table 4.1), and the effect of age on the P
efficiency was even more evident. At low P conditions, the GR; of genotype 2 was 2.4 and 1.4
times higher than that of genotype 1 at both growth periods. However, genotypes 1 and 2
attained 24% and 48% of their maximum GR; (1000P) in the first growth period, whereas in the
second one 61 and 89% respectively, and thereby the GR; of genotype 2 at OP was statistically
similar to that at 1000P. Although genotype 1 had still not achieved its maximum GRs in the
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second growth period, the remarkable increase of its GRs at 0P, (4.2-fold) between both growth

periods, is noteworthy.

Consequently, at OP the genotypes were P deficient in the early growth stages and with time
improved their P efficiency in different proportions. Furthermore, these results mean that yield
differences between the genotypes grown in a soil solution P concentration close to 0.2 uM
(Table 5.5), which is the Cpmin found for Arachis hypogea (Bhadoria et al., 2004), occured
because the genotypes differed markedly in their P efficiency with age (Figure 5.2).

The high yield and GR; of both genotypes grown under ample P conditions were because of their
high nutritional P status in the shoot, which at each growth stage was at least 2-fold higher than
that reported as sufficient in the leaves (2 mg g”) by Rao and Kerridge, (1994) (see Table 4.1
and Table 5.2). This signified that the genotypes growing under ample P conditions were able to
cover totally the P demand imposed by the plant growth potential.

On the contrary, differences in yield and GR; in both growth periods under limited P conditions
were closely related to the shoot P concentration. Although both genotypes grown in the split
root system had a deficient nutritional P status (< 2 mg g'l), over time (Table 5.2), statistical

significant differences found between the genotypes explained their low yield and growth.

However, the fact that in spite of the increase with time, at 90 DAE genotype 1 had still a
deficient nutritional P status (1.4 mg g) and that already at 60 DAE genotype 2 attained a
sufficient nutritional P status (2 mg g") (see Table 4.2), explained why genotype 2 at OP
achieved the maximum GR; while genotype 1 had still not done so (see Table 4.1). A similar
behavior as described for genotype 2 was also recorded for genotype 10. This indicates that the
growth in the second growth period (60-90 DAE) of genotypes 2 and 10 was already optimum.
This could not be recognized by the total biomass (Figure 4.1) because of the stunted growth in

the first growth stages.

Genotypical differences in P efficiency could be due to differences in the ability to acquire P
from the soil or/and to use P for the production of yield within plants (Marschner, 1995). The
inverse of the nutritional P status of the genotypes reflects the ability to produce biomass per mg
of total P uptake i.e. the P use efficiency. Therefore, the relative small differences found in shoot
P concentration at OP between the genotypes (see Figure 2.5, Tables 3.4, 4.2, 5.2), indicate that
differences in P efficiency between the genotypes were because of differences in the ability of
the genotypes to take up P from the soil, which was reflected in the statistical significant
differences found in shoot P content at different growth stages (see Figure 2.7, Tables 3.5, 4.3,

5.3). Furthermore, none of the genotypes showed a combination of high P acquisition efficiency



124 Chapter 5

and low shoot P concentration. This combination would further improve P efficiency, i.e.,

external P requirement would be reduced (Fohse et al., 1988).

Therefore, the variation of shoot P content of the genotypes at OP points out that the genotypes
with age were able to adapt to this low P conditions (e.g. due to more roots, P inflow) in order to

overcome the deficient nutritional P status undergone at the early growth stages.

The amount of P taken up by a plant depends on the size of the root and the P inflow: 1) the
enlargement of the root system, i.e. larger root surface to exploit the P in larger volumes of soil,
i) the increase of the root length-shoot ratio (RSR), i.e. the effect of root growth on plant
feeding, and iii) the P uptake rate per unit root length (P inflow) have been identified as the
adaptive attributes of plant species as well as genotypes within a specie when grown under P

deficient conditions (Marschner, 1995; Jungk and Claassen, 1997; Trolove et al., 2003).

Numerous reports have clearly demonstrated the beneficial effects of the ability of plants to
adapt their morphological root characteristics to P acquisition, when soils deficient in available P
limit plant growth (Jungk, 2001; Egle et al., 1999; Marchner, 1995, Sattelmacher et a., 1994).
For instance, spinach enlarged more its root length and had a higher root hair density than that of
bean, wheat and oilseed rape (Fohse et al., 1991). The tolerance to low-P conditions in maize
cultivars relied on an increase of the root length (Gaume, 2000). Differences in P efficiency
between two cabbage varieties (Eticha and Schenk, 2001) and among white clover genotypes
was based on the root hair length (Caradus, 1983), whereas among bush beans was due to an

above-mean RSR and a good root growth (Whiteaker, et al. 1976; Gabelman, et al. 1986).

However, the root length developed by the Arachis pintoi genotypes and their RSR could not
explain the differences in shoot P content i.e. the P acquisition efficiency. Under low P
conditions, the root system of genotypes 1 and 2 evolved similarly at different growth stages and
therefore statistical significant differences were not found (see Appendix chapters 2, 4 and 5).
Moreover, the root length-shoot ratio of the P efficient genotype 2 was statistically inferior to
that of genotype 1 at each growth stage (Table 5.4). Similar results in root length-shoot ratio
were also observed in the previous chapters as well as in other genotypes differing in the P

efficiency such as genotypes 10 and 8 (see Figure 2.8, Tables 3.7 and 4.4).

Consequently, since only the inefficient genotype 1 responded through allocation of more carbon
to roots as strategy for P acquisition under low P conditions, the efficient genotype 2 must cover
the high P demand imposed by its high shoot growth rate through a high P inflow as was also

confirmed in this study.
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Differences in shoot P content between both genotypes under low P conditions (Table 5.3) were
mainly because of the notable differences, statistically significant, in the P inflow at each growth
stage (Figure 5.3) in commitment with the shoot growth rate (GR;) (Table 5.1). The P inflow of
the P efficient genotype 2 was 1.8-fold and 3.3-fold higher than that of the P inefficient genotype
1 in the first and second growth periods, respectively. Similarly Bhadoria et al. (2001) found that
older maize plants were more P efficient because their P inflow increased by a factor of around

five with respect to younger plants.

Moreover, comparing the P inflow of each genotype between the growth periods, it is interesting
to note that although the P inflow increase of genotype 2 was 6.6-fold, the inefficient genotype 1
also achieved a relative high increase of 3.3-fold in its P inflow (Figure 5.3). This increase in P
acquisition efficiency of single roots of genotype 1, was in agreement with the notable decrease
(43%) of the root length-shoot ratio showed at 100 DAT (Table 5.4). Differences in P inflow
with time between both genotypes were also the explanation for differences in shoot P content
when grown in other environments (see Figures 2.9, 3.3 and 4.2). A similar relation was

observed in genotype 10 i.e. high shoot P content was the result of a high P inflow.

Phosphorus acquisition efficiency in oilseed rape and spinach (Fohse et al., 1988) and in
groundnut (Bhadoria et al., 2001) relied on a high P uptake per unit root and time (P inflow). In
tomatoes, P efficient genotypes resulted from high root length and high P inflow (Coltman et al.
1985; Gabelman et al. 1986).

The inflow per unit root length depends on the concentration of the ions on the root surface and
on root properties (Jungk and Claassen, 1997). The symbiosis with mycorrhizae is important for P
supply to forage grasses and legumes in tropical Oxisols (Arias et al., 1991; Sieverding, 1991).
Mycorrhizal hyphae, which with approximately 3pum in diameter are about 10 times thinner than
fine roots and therefore have more surface per unit of assimilation, act as extensions of the root

to take up P (Marschner and Dell, 1994) and thus could increase the P inflow (mol cm™ root s™).

Various mechanisms have been suggested for the increase in the uptake of P by mycorrhizal
plants: 1) exploration of a larger soil volume by increasing the surface area of absorption through
the external hyphae network (Sanders and Tinker, 1973; Tinker, 1978), ii) faster movement of P
into mycorrhizal hyphae by increasing the affinity for P ions (Cress et al., 1979; Howeler et al.,
1982), iii) solubilization of soil P achieved by the release of organic acids and phosphatases.

(Gianinazzi - Pearson and Gianinazzi, 1978; Parfitt, 1979; Moawad, 1986; Vielhauer, 1992).
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Baon et al. (1994) working with rye genotypes, and Caradus (1995) with white clover genotypes,
reported that genotypes with short root hairs were more dependent on root-mycorrhizal

association for growth in a P-deficient soil than genotypes with long root hairs.

In the current study, a low native AMF infection (< 5%) was only found at 60 DAT under low P
conditions. With time, genotype 2 had a grade of infection of 56%, which was 2.2-fold higher
than that of genotype 1 (Table 5.7). This stronger increase of AMF at 90 DAT could be related to
the remarkable increase of P inflow in the second growth period. But since differences in P
efficiency already were evident before 60 days, AM could not be, at least is not the only
explanation for differences in P efficiency. Moreover, at OP and at 90 DAT the P inflow of
genotypes 2, 1 and 10 was not increased (see Figure 3.3), when grown in symbiosis with an

AMEF colonization grade of 22, 18 and 19 % respectively (see Table 3.3).

Taking into account that i) under non fertilised conditions (OP) the soil solution P concentration
(Cri) measured in the fossil Oxisol and Ultisol was close to the Cpni, value found for Arachis
hypogea (0.2 uM) (Bhadoria et al., 2004), ii) the measured soil solution P concentration of
genotype 2 increased with time (see Figure 2.10, Tables 4.5 and 5.5) and iii) the ACy needed
between bulk soil and the root surface to drive a flux by diffusion equal to the P inflow measured
in genotype 2 increased also with time (see Tables 4.6 and 5.6), the high P inflow of genotype 2
had to be because of an increase of the soil solution P concentration in the zone of soil
immediately surrounding the root system through the mobilisation of P from the solid phase e.g.

by solubilization of P through exudation of organic acids and/or acid phosphatase.

Several authors have reported that plant roots respond to P deficiency through enhanced
exudation of constituents (organic acids, acid phosphatases) that increase P availability
(Dinkelaker et al., 1989; Duff et al., 1991; Tadano and Sakai, 1991; Johnson et al., 1994, 1996a;
Gilbert et al., 1998; Gilbert et al., 1999; Neumann and Romheld, 1999).

Plants secrete acid phosphatases (APases) into the apoplastic space, which may be important for
obtaining P; from organic P (P,) sources by the hydrolysis of organic P-ester-forms into

inorganic-P (P;) (Tarafdar and Chhonkar, 1978).

The APase secretion to the rhizosphere is usually enhanced under low P availability in many
plant species, including maize (Clark, 1975, Gaume, 2000), tomato (Goldstein et al., 1988a,
1988b), lupin, rice and soybean (Tadano et al., 1993). However, the relative importance of these
enzymes for plant P nutrition is yet to be determined i.e. it is unclear how high the APase activity
has to be in relation to the amount of P, in the vicinity of the root, in order to be significant to the

plant’s P nutrition under extremely low P availability.
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Tarafdar and Jungk (1987) suggested that the activity of APase in the rhizosphere of wheat and
clover under P stress led to a depletion of P, due to hydrolysis and to a release of
orthophosphate. Helal, (1990) working with bean and Asmar et al., (1995) with barley reported a
positive relation between root APase and phosphorus uptake from inositol hexaphosphate.
Tomscha et al.,, (2004) demonstrated that the root-associated APase pool is increased in
Arabidopsis when P; is limited and documented five APase isoforms secreted from Arabidopsis
roots. Plants grown in solution culture mobilize a variety of P, substrates to fulfill their complete
P nutritional requirements when deprived of Pj, so plant-derived phosphohydrolases have the

capacity to provide for P growth demands (Richardson et al., 2001; Abel et al., 2002).

However, McLachlan (1980) found a negative relationship between root APase and phosphorus
uptake by wheat under low P stress. A comparative study between white clover genotypes with
contrasting P efficiency did not show significant difference in root surface APase activity

(Hunter and McManus, 1999).

In the present study, at OP in the first growth period (30-60 DAT) both genotypes increased in
different proportions the APase activity, but in the second growth period (60-100 DAT) only the
inefficient genotype 1 increased its APase activity (Figure 5.4). This indicates that this property
was not responsible for the higher P inflow nor for the increased P inflow with age in genotype
2. In contrast, the remarkable increase (3.5-fold) of the APase activity of genotype 1 with time
(30-100 DAT) could be in part responsible for the increase (3.3-fold) of its P inflow between
both growth periods (Figure 5.3).

Moreover, even though the fossil Oxisol had extremely low organic matter (0.3%), this relation
could be plausible if it is considered the high P fixing capacity and high buffering capacity of
inorganic P (P;), as compared to P, (Tarafdar and Claassen, 2003), which resulted in a negligible
change in Pi concentration due to fertilization (50 mg P kg™ soil) after equilibrium in soil

solution (see Table 4.5).

While microbes secrete phosphatases that liberate P; for plants, they also compete with plants for
that resource. Mycorrhizal fungi are also a significant source of soil phosphatases, and they can

be major providers of P; to plants when available P is limited (Miyasaka and Habte, 2001).

However, Tarafdar and Claassen (2003), assessing the role of P, in soil solution in the nutrition
of wheat under sterile conditions, concluded that the higher yields by wheat in the P; + P, than
in the P; treatment depends on the higher P uptake due to the higher APase activity found in P,

treatments, which was 5-11 times higher than in the respective P; treatments. Therefore, they
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hypothesized that plants secrete phosphatases in response to the presence of P, in soil solution

and P, might be responsible for the increase in P inflow to wheat.

Moreover, Rao et al., (1999) reported that genotype 1 was able to acquire P from different
sources applied to an Oxisol, where Ca-P=100%, was 43% for Al-P 20, 33% for organic-P, and
54% for dung-P. The high amount of P acquired from organic-P was associated with a higher

activity of the enzyme phosphatase in the roots.

The other well documented factor, which is capable of increasing the soil solution P
concentration, is the exudation of organic acids (OA). It has been demonstrated that some dicots
plant roots, in particular legumes, can increase the synthesis of OA in roots under low P
conditions. They are capable of releasing large amounts of these OA into the rhizosphere
(Dinkelaker et al., 1989; Otani et al., 1996; Zhang et al., 1997). However, these high
concentrations of organic acids needed (> 100 uM for citrate, > 1 mM for oxalate, malate
and tartrate) to mobilise significant quantities of P into the soil can be reached in the
rhizosphere proteoid roots (or “cluster” roots) and other species with cluster roots (e.g.,
Banksia), due to high root density in the root cluster and thus a 13-40-fold increase in the
citrate and malate excretion of the cluster roots (Dinkelaker et al., 1989; Gardner et al., 1983;
Grierson, 1992; Johnson et al., 1996a, 1996b). Compared to the proteoid roots, concentration
of OA in the rhizosphere of non-proteoid roots is much less because of a lower excretion rate
and the fast microbial degradation of the organic acids. Therefore, the importance of OA to
solubilise fixed P and to increase P availability in the rhizosphere is still unclear (Jones et al.,

1996).

Several plant species such as tomato, sugar beet, chickpea, oilseed rape and alfalfa, increase the
exudation rate of citric acid when grown under low P conditions (Imas et al., 1997; Beissner,
1995, Ohwaki and Hirata, 1990; Hoffland et al., 1989; Lipton et al., 1989). P-deficient potato,
radish and oilseed rape increased the exudation rate of succinate acid. However, differences
between maize genotypes in the organic acids content of roots and phloem were not related to

their low-P tolerance (Gaume, 2000).

Two methods were used in order to assess whether the exudation of organic acids explained the
different P inflow between both genotypes and the changes with time. The exudation of organic
acids (OA) was determined separately from the roots grown in soil (localized collection by
chromatography paper) and from the roots grown in sand (collection by percolation system)

using the split root system.
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From the standard used for the detection, only traces of malic, citric and fumaric acids were
found at both P treatments in the chromatography paper put on the roots grown in soil. Taking
into consideration factors such as dilution, time and the sensitivity of the HPLC used for the
determination, this results indicate that the exudation rate of citric, malic and fumaric acids was

lower than 0.078, 0.112 and 0.001 nmol cm™ h™' respectively.

Moreover, the portion of roots grown in sand exuded only measurable amounts of lactic and
acetic acid, while only traces of citric, malonic, malic, formic, fumaric, c-aconitic and t-aconitic

acid were found. Oxalic, tartaric and succinic acid were not detected.

The root exudation rate (nmol cm™ h™) of both acids was very low and decreased with time
(Figure 5.5). The lactic acid of genotype 1 decreased remarkably from 0.11 (30 DAT) to 0.01
(100 DAT). The exudation rate of acetic acid was even lower in both genotypes than that of
lactic acid (< 0.02). Moreover, exudation of lactic acid has been also related to microbial activity

(Gransee, 2002)

From a collaborative project where root exudates were also collected using chromatography
paper, similar results were found in both genotypes grown in nutrition solution without P. Malic
and citric acids were the main carboxylates detected in exudates from tip roots but the exudation
rates were low i.e. at OP and after 38 days of sowing, the exudation rate of malic and citric acids
was 0.49 and 0.22 nmol cm™ h™' for genotype 1 and 0.11 and 0.05 nmol cm™ h'1 for genotype 2.

(G. Neumann, personal communication).

It is noteworthy that the exudation rates detected were extremely low in comparison to many
other plant species (Neumann and Romheld, 2002) and that the efficiency of lactic and acetic
acids to extract P from iron oxide and clay minerals or to prevent the sorption of new added P is
one of the lowest because their dissociation properties and number of carboxylic groups are also

the lowest (Nagarajah et al., 1970; Hue, 1991; Jones and Darrah, 1994).

Otani et al. (1996) also found for Arachis hypogea that OA would not explain its P efficiency
and in a later paper Ae and Otani (1997) proposed cell wall components as related to the P

efficiency of plants. However, this relationship is not very conclusive yet.

Consequently, these results indicate that adaptation mechanisms as organic acids and acid
phosphatase, well known as responsible for improving P efficiency in several plants species
grown under low P conditions, were neither responsible for the high P inflow recorded by
genotype 2 at each growth stage nor for the improvement of the P efficiency observed in

genotype 1 with age. Therefore, the Arachis pintoi had other mechanism to adapt to low P supply
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that were not studied in this research, such as the cell wall components, or other still not known

ways to acquire P from low P available sources.
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6 Summary

In natural tropical ecosystems, P availability is often too low for optimal plant growth due to
their highly weathered soils with strong P buffer capacity. This fact has induced the development
of P efficient plants i.e. plants with the ability to grow well at low P availability. However,

differences in P efficiency occur between species and cultivars.

The main purpose of the study was to assess Arachis pintoi (Ap) genotypes in relation to their P
efficiency and to investigate the reasons behind their different P efficiencies i.e. the
morphological and physiological root characteristics. For this, ten Ap genotypes were
investigated, which did not differ in their growth potential as was observed by growing them at a

high P supply of 1000 mg P kg™ but differed in their growth at low P supply.

To assess P efficiency mechanisms, the Ap genotypes were grown in field, greenhouse and
growth chamber experiments. A fossil Oxisol and an Ultisol were used, which had an

extremely low soil solution P concentration i.e. Cp; about 0.2 uM.

Shoot and root biomass production and P concentration as well as root length data were
obtained in batches to calculate the P inflow. The effect of the symbiosis with arbuscular
mycorrhiza fungi (AMF) on the P use efficiency, in relation to the acid phosphatase activity
(APase) in the leaf, and on the P acquisition efficiency i.e. P inflow, was assessed. To
investigate physiological root properties affecting P acquisition efficiency at different age, APase
activity on the root surface and root exudation of organic acids was studied by growing plants

in a split root system (soil and sand) with and without P supply.

As classification criteria in this study, P efficient genotypes were those capable of producing a
high yield under low P conditions compared to the average yield of all genotypes. Ranking the
genotypes according their efficiency, genotypes 2 (CIAT 18748), 10 (CIAT 22172), 1 (CIAT
17434) and 6 (CIAT 18751) were rated as P efficient, the genotypes 8 (CIAT 22159) and 9
(CIAT 22160) as average P efficient and the genotypes 3 (CIAT 18745), 4 (CIAT 18747), 5
(CIAT 18748) and 7 (CIAT 22155) as P inefficient. These differences in P efficiency among the
genotypes disappeared by the symbiosis with arbuscular mycorrhiza fungi (AMF) (Glomus

fasciculatum), which influenced both total P uptake and use efficiency.

Differences in P efficiency among the genotypes were due to different morphological and

physiological root characteristics, as summarised below:

1. Genotype 6 (CIAT 18751) can be highlighted because of its high P use efficiency (PUE)

which was complemented by an average ability to acquire P per unit root and time (P inflow) and
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a relative high root length-shoot ratio (RSR). The high PUE of genotype 6 was related to a
relative high APase activity in the leaves and thus compensated its low ability to acquire P per

unit root and time (P inflow).

Arbuscular mycorrhiza fungi increased remarkably the P inflow (genotype 6), which was

reflected in a high yield.

2. The high P efficiency of genotypes 2 (CIAT 18744) and 10 (CIAT 22172) was because of a
higher P inflow when compared with the other genotypes. This high inflow was due to an
increase in the soil solution P concentration i.e. the genotypes were able to mobilise P. However,
this mobilisation activity could not be linked to root exudation of APase for hydrolyzing organic

P or organic acids.

The P efficiency of genotype 1 (CIAT 17434) resulted from a high RSR at the first growth
period and the improvement with time of its P inflow, which was related to a remarkable

increase of the APase activity on the root surface with age.
The AMF enhanced the root growth of the genotypes but not their P inflow.

3. Although genotypes 8 (CIAT 22159) and 9 (CIAT 22160) were rated as average P efficient,
their high RSR, allowing them to explore a larger soil volume and an average P inflow, were
responsible for their growth under scarce P availability in the soil. The remarkable high shoot

biomass of genotype 8 with AMF was due to an increase on the PUE.

4. The low P efficiency of genotypes 3 (CIAT 18745), 4 (CIAT 18747), 5 (CIAT 18748) and 7
(CIAT 22155) was because of a relative low RSR with a low P inflow and relative low PUE,

which in genotypes 4 and 7 was related to low APase activity in the leaves.

The genotypes overcame their P inefficiency by AMF, which increased the P inflow and thus the

P demand imposed by the shoot growth rate was covered.

These results show different mechanisms influencing the P efficiency of the genotypes. Among
them, the ability to increase the soil solution P concentration was the most effective and
therefore indicates that the P efficient genotypes are capable to mobilise P. Although the
mechanism by which sparingly soluble inorganic P was solubilized remains unidentified, in

further screening and investigation this P mobilisation strategy should be considered.
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8 Appendix

Chapter 2

Influence of P fertilisation (mg kg™') on P concentration and P content in shoot 75 days after
establishment (DAE).

Genotype P concentration, mg g’ P content, mg plant™
Shoot Root Shoot Root
10P 400P 10P 400P 10P 400P 10P 400P

2 1.5a 2.6 a l4abc 24 a 5.1 a 10.7a 1.3 bcd 24 a
6 1.0 b 1.6 ab 2.7 d 1.4 abc
1 1.6 a 19b 1.5ab 23a 40abcd 87D 1.7ab 3.1 a
10 1.3ab 175D 1.3abc 2.1 a 42 abc 72 b 1.4 abc 23 a
4 1.3ab 20b 1.3abc 2.0 a 33 cd 80D 09d 2.1 a
8 1.4 ab 1.4 abc 4.6 abc 1.9 a
9 1.1 b I.1c 33 cd 09d
3 1.4 ab 1.3 abc 4.7 ab 1.1 dc
5 1.2 ab 1.6a 3.7 bed 1.5 abc
7 1.3 ab 1.2 bc 3.5 bed 1.2 dc
X 1.3 2.1 1.4 2.2 3.9 8.6 1.3 2.5

Within a treatment, values followed by the same letters are not statistically different according to
the Tukey mean test (p<0.05).

Influence of P fertilisation (mg kg™') on root length 75 days after establishment (DAE).

Genotype Root length, m plant™

oP 10P 400P
2 58.4bc 62.5¢ 84.2¢
6 90.1a 78.0bc
1 55.4c 88.5ab  120.7ab
10 76.5abc  73.0bc  102.4bc
4 83.2ab 77.6bc  134.6a
8 102.6a 98.2a
9 80.6abc  77.8bc
3 99.2a 87.5ab
5 75.8abc  74.6bc
7 92.6a 92.1ab

X 81.4 81.0 110.5

Within a treatment, values followed by the same letters are not statistically different according to
the Tukey mean test (p<0.05).




156

Chapter 3

Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP) and AMF
on the overall mean of extractable P-Bray II from planted and unplanted soils and PH 20 in soil
at 45 and 90 days after transplanting (DAT).

P level Soil PHm20) P-Bray I, mg P kg
mg P kg! -AMF +AMF -AMF +AMF
45 DAT

0P planted 4.0ab 3.9a 7.9¢ 10.2b
unplanted 3.9b 7.5¢

20 PR planted 3.9b 3.9a 13.9a 13.2a
unplanted 4.3a 14.9a

4 TSP planted 4.0b 3.9a 9.2b 8.6¢
unplanted 4.0ab 10.3b

90 DAT

OP planted 4.2ab 4.1b 6.4c 6.4b
unplanted 43a 6.9bc

20 PR  planted 4.2ab 4.2b 10.1a 8.6a
unplanted 4.3a 10.7a

4 TSP  planted 4.3a 4.2a 7.2b 6.6b
unplanted 4.1b 7.5b

Among P treatments of planted and unplanted soil within a AMF level, values followed by the
same letters are not significantly different after pdiff-test (p<<0.05).
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Influence of varying P supply of phosphate rock (PR) and triple superphosphate (TSP) and AMF

on the internal APase activity in root after 45 and 90 days of transplanting (DAT).

Genotype Acid phosphatase in root, pmol g min™
OP 20PR 4TSP
-AMF +AMF -AMF +AMF -AMF +AMF
45 DAT
2 1.67a 2.71a 1.83abc  2.11ab 1.37ab 3.55a
1 1.33a 2.53a 1.66abc 1.44b 1.40ab 1.31bc
6 2.09a 3.10a 1.89abc 1.87ab 1.52ab 2.48abc
10 1.59a 2.46a 3.10ab 2.58ab 1.41ab 2.88ab
9 1.17a 2.33a 3.20a 2.80ab 1.69ab 1.86bc
8 1.71a 1.89a 1.32bc 1.49b 2.24a 2.18abc
3 1.16a 2.26a 1.11c 1.62b 0.79b 1.80bc
7 1.71a 2.27a 1.30c 1.28b 1.29b 1.14c¢
5 2.07a 2.93a 2.16abc 3.38a 1.59ab 2.96ab
4 1.71a 2.77a 1.49abc 1.65b 1.57ab 1.54bc
X 1.62C 2.534 1.914B 2.024B 1.49C 2.174AB
90 DAT

2 1.51ab 1.95abc 1.83abc  2.31a 2.36abc  2.52a
1 2.89a 2.49ab 1.84abc 1.53a 2.15abc 2.14ab
6 2.31ab 2.39abc 2.17abc  2.32a 2.35abc  2.34ab
10 2.69ab 2.74a 3.49a 2.44a 3.24a 2.63a
9 1.92ab 1.88abc 3.19ab 2.43a 1.82abc 1.88ab
8 2.03ab 2.69a 1.78abc  2.36a 2.77ab 2.81a
3 1.26ab 1.02¢ 0.84c 0.94a 1.19bc 0.87b
7 1.16b 1.14bc 1.33bc 1.84a 1.06¢ 1.94ab
5 1.93ab 1.61abc 2.36abc  2.29a 2.58abc  3.15a
4 1.10b 1.48abc 1.76abc 1.04a 2.51abc 1.83ab
X 1.884 1.944 2.06A4 1.954 2.20A4 2.214

Within a treatment, values that are followed by the same letter are not significantly different
according the pdiff-test (p<0.05).
* No significant differences between —~AMF and +AMF by treatment after pdiff-test (p<<0.05).
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Chapter 4

Influence of varying P supply on root length of three genotypes of Arachis pintoi and one
Arachis hypogea (Ah) at 30, 60 and 90 days after establishment (DAE).

Genotype Root length, m plant™
30 DAE 60 DAE 90 DAE
0P 50P  1000P 0P 50P  1000P OP 50P  1000P
Ah 1232 95a"% 692  138a% 115a*® 105a® 1522 138a% 1322
2 506" 46b™  40b" 84b™  94ab® 93ab® 131ab® 142a* 103cb®
10 546" 43b*°  36b° 796 78b*  66¢* 94b*  95a%  78c"
1 416" 41" 36b° 716%  88ab" 71cb® 134a® 154a" 130ab"

Within a treatment, values that are followed by the same letter are not significantly different after
Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<0.05).

Influence of varying P supply on the root growth rate (GRr) and the relative (RGRr) of three
genotypes of Arachis pintoi and one of Arachis hypogea (Ah) between 30-60 and 60-90 days
after establishment (DAE)

Genotype 30 - 60 days 60 - 90 days
0P 50P 1000P 0P 50P 1000P
GRr, 10° ms™
Ah 0.6a° 0.8a"B 1.4a" 0.6b™ 0.92* 1.1b%
2 1.3a% 1.9a% 2.0a" 1.8ab™ 1.9a% 0.4b"
10 0.9a" 1.4a% 1.2a% 0.6b" 0.6a* 0.5b"
1 1.2a% 1.8a% 1.4a% 2.4a8 2.6a" 2.3a%

Within a treatment, values that are followed by the same letter are not significantly different
after Tukey-test (p<0.05). Among the treatments, values of one genotype marked with the same
capital letter are not significantly different after Tukey-test (p<0.05).
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Chapter 5

Influence of different P supply on total P use efficiency (shoot and root) of two Arachis pintoi
genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype P use efficiency, g mg™
30 DAT 60 DAT 100 DAT
0P 1000P 0P 1000P OP 1000P
2 0.56b" 0.12a" 0.62a" 0.19a" 0.56a" 0.292"
1 0.65a" 0.13a" 0.65a" 0.18a"° 0.49b" 0.27a"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).

Influence of different P supply on the root length of two Arachis pintoi genotypes at 30, 60 and
100 days after transplanting (DAT).

Genotype Root length, m
30 DAT 60 DAT 100 DAT
0P 1000P 0P 1000P 0P 1000P
2 27.2a° 58.6a" 36.3a" 64.9a" 64.8a" 96.1a%
1 24.7a° 49.8b* 33.9a" 58.4a" 34.3b" 102.3a"

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05). Among the treatments, values of one genotype marked
with the same capital letter are not significantly different after Tukey-test (p<0.05).
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Influence of different P supply on pH and extractable P of the soil of two Arachis pintoi
genotypes at 30, 60 and 100 days after transplanting (DAT).

Genotype P-CAL, mg kg™ P-Bray II, mg kg™

OP 1000P oP 1000P
30 DAT

2 2.9b 103b 5.0a 176b

1 3.0a 118a 5.1a 193a

unplanted 3.0a 120a 4.9a 196a
60 DAT

2 2.7a 95a 4.7b 158b

1 3.0a 87b 4.9b 162b

unplanted 2.9a 88ab 4.9a 203a
100 DAT

2 2.4b 81b 4.1b 135b

1 2.6a 81b 4.6ab 140b

unplanted 2.9b 90a 4.8a 182a

Within a treatment, values that are followed by the same letter are not statistically significant
according to the Tukey-test (p<0.05).
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