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General abstract

GENERAL ABSTRACT

Potato has high phosphorus (P) fertilizer requirement for optimum growth and
yield. However, the low P availability enforces the use of P-efficient genotypes/
cultivars to sustain crop production. The objectives of the present study were to
screen potato genotypes for P efficiency, to identify the mechanism and traits
associated with P efficiency and to evaluate the contribution of root traits to the
predicted P uptake of the genotypes using mechanistic simulation model. To
meet these objectives 20 potato genotypes were first screened in two soil
experiments at low P (100 mg P kg soil) and high P (700 mg P kg soil)
supply. Based on consistent performance in terms of shoot dry matter yield and
relative shoot growth rate, two genotypes (CGN 17903 and CIP 384321.3) were
identified as P-efficient and two other genotypes (CGN 22367 and CGN 18233)
were identified as P-inefficient. These four genotypes were invesigated both in
soil and nutrient solution experiments to identify the mechanism of P efficiency
and traits associated with the P efficiency mechanisms. Results of soil
experiment showed that P efficiency of genotype CGN 17903 was related to
high P utilization efficiency whereas that of genotype CIP 384321.3 was related
to both high uptake efficiency in terms of root-shoot ratio and intermediate P
utilization efficiency. On the other hand, the P inefficiency of genotype CGN
18233 was related to low P utilization efficiency. With genotype CGN 22367,
both low P uptake efficiency (low root-shoot ratio) and intermediate P utilization
efficiency contributed to the P inefficiency. Further investigation of mechanism
of P utilization efficiency of the genotypes in nutrient solution experiment under
three P regimes (10, 45 and 90 uM applied as KH,PQO,) revealed that the high P
utilization efficiency of genotype CGN 17903 under low P supply was related to
higher net assimilation rate (NAR). To the contrary, the low P utilization
efficiency of genotype CGN 18233 was due to low NAR and this lower NAR was
speculated to be due to higher carbon cost of root respiration and/or exudation.
With genotype CGN 22367 the intermediate P utilization efficiency could be
explained by higher leaf dark respiration rate.

Keywords: net assimilation rate, P efficiency, potato genotypes, root-shoot ratio
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Kurzfassung

KURZFASSUNG

Kartoffeln haben einen hohen Phosphordingerbedarf, der durch die
Verwendung P-effizienter Genotypen verringert werden kann. Die Zielsetzung
dieser Arbeit war ein Screening von Kartoffelgenotypen auf P-Effizienz, die
Identifizierung von Mechanismen und Eigenschaften, die in Zusammenhang mit
der P-Effizienz stehen. Hierfir wurden 20 Kartoffelgenotypen bei niedrigem P
(100 mg P kg Boden) und hohem P (700 mg P kg”' Boden) Angebot in zwei
Topfexperimenten gescreent. Aufgrund von Sprosstrockenmasse und relativer
Sprosswachstumsrate wurden zwei Genotypen (CGN 17903 und CIP 384321.3)
als P-effizient und zwei Genotypen (CGN 22367 und CGN 18233) als P-
ineffizient eingeordnet. In Topfkultur und N&hrlésungsexperimenten wurden bei
diesen vier Genotypen der Mechanismus der P-Effizienz und die Eigenschaften,
die mit dem P-Effizienz Mechanismus verknipft sind, untersucht. Die
Ergebnisse des Versuchs im Boden zeigten fir den P-effizienten Genotyp CGN
17903 eine hohe P-Verwertungseffizienz wahrend die P-Effizienz fir Genotyp
CIP 384321.3 einer hohen Aufnahmeeffizienz und einer mittleren P-
Verwertungseffizienz zuzuschreiben war. Die P-Ineffizienz des Genotypen CGN
18233 wurde auf eine niedrige P-Verwertungseffizienz zurlickgeflihrt, die des
Genotyps CGN 22367 dagegen auf niedrige P-Aufnahmeeffizienz (geringes
Wourzel-Spross  Verhaltnis) und mittlere P-Verwertungseffizienz. Weitere
Untersuchungen zum Mechanismus der P-Verwertungseffizienz wurden in
Nahrldsungsexperimenten bei drei P Konzentrationen (10, 45 und 90 uM als
KH>PO4) durchgefiihrt. Die hohe P-Verwertungseffizienz von Genotyp CGN
17903 bei geringen P- Angebot konnte auf eine hohe Nettoassimilationsrate
(NAR) zurlckgefihrt werden. Im Gegensatz dazu war die niedrige P-
Verwertungseffizienz von CGN 18233 einer geringen NAR zuzuschreiben, die
vermutlich aus einem héheren Verbrauch von Kohlenstoff durch
Wourzelrespiration und/oder Exsudation resultierte. Die mittlere P-
Verwertungseffizienz von Genotyp CGN 22367 konnte mit einer hdheren
Dunkelrespirationsrate der Blatter erklart werden.

Schliisselworter: Nettoassimilationsrate, P-Effizienz, Kartoffelgenotypen,

Wourzel-Spross Verhéltnis
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General introduction

GENERAL INTRODUCTION

1. The potato crop and its P requirement

Potato is the fourth largest food crop in terms of fresh produce after rice, wheat
and maize and the world’s most widely grown tuber crop (Mandal and
Chatterjee, 1993). The cultivated potato (Solanum tuberosum L.) requires a
high amount of phosphate fertilizer for optimum growth and yield (Alvarez-
Sanchez et al., 1999; Dechassa et al., 2003). The P requirement of potato is
two-fold greater than that of tomato and pepper crops (Maynard and Hochmuth,
1997). Fertilizer recommendation for optimum potato yield reaches up to 120 kg
ha' P (MAFF, 2000). However, P requirement of potato depends on the type of
variety grown, the processing types demanding more P to allow development of
larger tuber size (Moorehead et al., 1998).

2. Soil phosphorus status and its availability

Despite its importance for normal plant growth and metabolism, P is one of the
least accessible nutrients. Many soils are inherently poor in available
phosphorus content (Barber, 1995) although the total amount of P in soil may
still be high (Wissuwa and Ae, 1999; Vance et al., 2003). This is evident from
the extremely low soil solution P concentration (<1 pM) in sandy soils, alkaline
soils and highly weathered soils of tropics and sub-tropics (Reisenauer, 1966).
Moreover, a large fraction of total soil P is in organic form in many soils and
these forms are not directly available to plants (Jungk et al.,, 1993; Richardson,
1994; Smith, 2001; Vance et al., 2003). Many of the agricultural soils in the
developing countries in particular are P-deficient (Velk and Koch, 1992) and
have an unfavourable condition for P availability (Soltan et al, 1993). It is
estimated that crop productivity is limited by P deficiency on more than 40% of
the world arable lands (Vance, 2001). Additionally, world’s resources of P are
limited (Vance et al., 2003).

Unlike nitrate, which readily moves in soil towards the roots via both mass flow

and diffusion, phosphate ion is highly immobile in mineral soils. Thus, mass flow
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delivers only little phosphate ions (1-5% of plant demand) and the greater
portion of required phosphate ions reach the root surface via diffusion (Lambers
et al., 2006). However, the diffusion coefficient for phosphate ion in soil is very
low compared to those for other nutrients (Clarkson, 1981); consequently,
plants do not deplete the total volume of the rooted soil layer but only that part
of the soil which is in the immediate vicinity of the roots (Féhse and Jungk,
1983).

Phosphorus is commonly bound to iron and aluminium oxides and hydroxides
through chemical precipitation or physical adsorption (Kochian et al., 2004). As
a result of adsorption, precipitation and conversion to organic forms, only 10-
30% of the applied phosphate mineral fertilizer can be recovered by the crop
grown after the fertilization (Holford, 1997; Gahoonia and Nielsen, 2004b). The
rest stays in the soil and may be used by crops in the following years. As a
result of low P solubility and desorption, only a small proportion of phosphate
ions exist in the soil solution for plant uptake even under optimum P fertilization
(Holford, 1997), suggesting that chemical fertilizer application alone is not a cost
effective way of increasing crop production in many P-limiting soils (Tilman et
al., 2002). Therefore, the use of genotypes/cultivars with improved root traits
able to unlock and absorb P from bound P resources and/or effectively utilizing
the absorbed P is of paramount importance for enhancing the efficiency of P

fertilization.

3. Phosphorus efficiency

Phosphorus efficiency is a term that generally describes the ability of crop
species/genotypes of a given plant species to give higher yield under P-limiting
condition (Graham, 1984). Plant species as well as genotypes within the same
species may differ in P efficiency (Féhse et al., 1988; Gourley et al., 1993; Blair,
1993; Gunes et al., 2006; Schenk, 2006). The ability of a crop/genotype to give
higher yield under P-limiting condition may be related to: the ability to take up
more P from the soil under P-limiting condition (uptake efficiency) or the ability
to produce higher dry matter per unit of P in the plant tissue (utilization
efficiency) or a combination of both (Gahoonia and Nielsen, 1996).
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3.1 P uptake efficiency

For increased P uptake efficiency, plant species/genotypes may use various
adaptation mechanisms to gain access to previously unavailable soil P reserves
such as through altered root morphology, exudation of chemical compounds
into the rhizosphere and association of roots with mycorrhiza (Raghothama,
1999; Vance et al., 2003; Lambers et al., 2006). Higher P uptake efficiency is
usually related to either larger root system size (higher root-shoot ratio) or to
higher uptake rate per unit of root length (Féhse et al., 1988; Bhadoria et al.,
2004).

3.1.1 Root morphology

Root architecture

Root architecture refers to the complexity of root system spatial configurations
that arise in response to soil conditions (Vance et al., 2003) and soil P limitation
is a primary effector of root architecture (Williamson et al., 2001). Some plant
species/genotypes alter the architecture of their root systems under P stress
conditions to optimize P acquisition. Adaptations that enhance acquisition of P
from the topsoil are important because of the relative immobility of P in the sail,
with the highest concentrations usually found in the topsoil and little movement
of P into the lower soil profiles (Vance et al., 2003). Studies with Phaseolus
indicated that genotypes that have highly branched root systems and more root
apices are efficient in acquiring P. Additionally, P-efficient genotypes also grow
lateral roots from the basal roots at an angle that enables them to better explore
the upper layers of the soil relatively rich in P (Lynch, 1995; Lynch and Beebe,
1995; Lynch and Brown, 2001). Efficient genotypes develop an architecture that
places active roots in regions of the soil more likely to contain available P
(Smith, 2001).
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Root-shoot ratio

Because of low mobility of phosphorus in the soil, some plant species/
genotypes develop larger root systems that allow a plant to have access to
greater soil volume so that higher quantity of soil P can reach the root surface
for uptake (Jungk, 2001; Bhadoria et al., 2004). Higher root-shoot ratio is often
reported for P stressed plants as compared with P sufficient plants (Gaume et
al., 2001; Bhadoria et al., 2002; Bhadoria et al., 2004). This is due to severely
reduced leaf growth under P stress, which leads to diminished leaf demand for
assimilates, consequently causing translocation of photosynthates to the root
(Cakmak et al., 1994; Ciereszko et al., 1996) for better root growth. Preferential
root growth thus helps the stressed plants to acquire more P from the ambient
environment in response to P stress conditions. Difference in P uptake
efficiency between crop species (Fbhse et al., 1988; Bhadoria et al., 2004) and
genotypes (Schenk and Barber, 1979; Schenk, 2006) was noticed, which was

accounted to difference in root-shoot ratio.

Root hairs

Root surface area alone may not be adequate to feed plants, especially with
nutrient of low mobility like phosphorus. Root hairs are tubular outgrowths on
the root surface and their formation is mediated by ethylene production
(Michael, 2001). Root hairs substantially increase the root surface area for ion
uptake (Gahoonia et al., 1997; Gahoonia and Nielsen, 1998; Jungk, 2001). Root
hairs have a smaller diameter than roots and grow perpendicular to the root
axis, which allows better exploration of soil due to enhanced absorptive surface
area (Féhse et al., 1991; Raghothama, 1999). Root hairs form as much as 77%
of the root surface area of field crops (Parker et al., 2000). Root hairs are also
effective in extending the width of the P depletion zone around the root by
increasing the volume of the soil explored for phosphorus (Misra et al., 1988;
Fbéhse et al., 1991; Smith, 2002).

Some plant species/genotypes are adapted to produce longer and more root
hairs under P deficient conditions (Féhse and Jungk, 1983; Bates and Lynch,
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1996; Gahoonia et al., 1999; Bates and Lynch, 2001; Eticha and Schenk, 2001).
However, due to overlapping of nutrient depletion zones developing around the
root hairs it is not the density but rather the root hair length which is generally
considered to be the most important attribute (Sattelmacher et al., 1994).

Gahoonia and Nielsen (2004a) demonstrated that a barley genotype with a
capacity to form longer root hairs (about 1 mm) took up more P, and tended to
yield better when P was limiting crop growth compared to genotypes having root
hairs half the length (0.5 mm). Gahoonia and Nielsen (1998) reported that root
hairs contribute up to 63% of the total P uptake under P deficient condition.
Thus, plant species or genotypes of the same species with different root hair
length may exhibit different P uptake efficiency (Misra et al., 1988; Eticha and
Schenk, 2001). However, unlike in soil culture, root hairs play no significant role
in P acquisition under hydroponic culture, since diffusion is not a problem
(Bates and Lynch, 2000). Root hair growth is genetically controlled and thus
traits conferring increased root hair length can be utilized in plant breeding
programmes (Féhse et al., 1991; Jungk, 2001).

Root radius

Under P deficient condition, plant species/genotypes produce fine roots that
allow a contact of larger soil volume per unit of root surface area, thereby
increasing P uptake rates (Fbhse et al., 1991; Gahoonia and Nielsen, 2004b).
Thus, plant species/genotypes with thinner roots may be more effective in
absorbing soil phosphorus (Gahoonia and Nielsen, 2004b). However, since fine
roots tend to turnover more rapidly than coarse roots, the carbon cost of
producing finer roots may be higher as these will have to be replaced more
frequently (Sattelmacher et al., 1994; Gahoonia and Nielsen, 2004b). As a
result of this, less consideration is given to select genotypes based on this root
morphological trait and to use this trait in breeding programme.
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3.1.2 Cluster root formation

Proteoid and dauciform root clusters commonly occurring in plant species
belonging to Proteaceae, Retinoaceae, Cyperaceae, Fabaceae and few other
families are induced by P deficiency and they are adaptive mechanism to
maximize P acquisition from unavailable P resources (Shane and Lambers,
2005; Lambers et al., 2006). Both proteoid and dauciform roots are covered
with dense mat of root hairs, which markedly increase the surface area of the
root system and are also specialized in efficient synthesis and secretion of
organic anions (especially citrate and malate) and phosphatases, which help to
solubilize insoluble P resources and hydrolyze organic P for plant uptake
(Gardner et al., 1983; Neumann et al., 1999; Playsted et al., 2006; Lambers et
al., 2006). Cluster roots grown under P deficiency exude 20-to 40-times more

citrate and malate than those grown under sufficient P (Vance et al., 2003).

3.1.3 Association of roots with Arbuscular Mycorrhizae

The vast majority (82%) of higher plant species have the capacity to form a
symbiotic association with mycorrhizal fungi (Brundrett, 2002). The degree of
dependency on mycorrhizal association under P stress could differ with crop
species, those lacking root hairs such as onion being more dependent on the
association (Deressa and Schenk, 2008) and also with cultivars (Baon et al.,
1993; Zhu et al., 2001). The symbiotic association of plant roots with arbuscular
mycorrhiza (AM) enhances the uptake of nutrients with low mobility like P,
especially when the species has a root system that is relatively coarse with few
root hairs (Graham and Eissenstat, 1994; Sattelmacher et al., 1994). A
significant contribution of AM fungi to plant P uptake has been reported
especially for soils with low P content and with high P fixing capacity
(Marschner and Dell, 1994).

Increased P absorption by mycorrhizal hyphae is related to both increased
physical exploration of the soil and modification of the root environment (Bolan,
1991; Smith and Read, 1997; Tinker and Nye, 2000). Enhanced nutrient
absorption through physical exploration of the soil due to mycorrhiza is related
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to large length of hyphae per unit root length, smaller hyphae radius and larger
surface area (Tinker et al,, 1992). Particularly the ability of hyphae to extend
several centimeters out into the surrounding soil allows to expand the effective
volume of the soil that the plant can exploit (Smith, 2002).

Arbuscular mycorrhiza fungi also hydrolyze organic phosphate through
releasing acid phosphatase into the soil thereby contributing to increased P
uptake of the host plant (Tawaraya et al., 2005). Arbuscular mycorrhiza hyphae
store polyphosphates in their vacuoles, which may be hydrolyzed in the
arbuscules and transported as inorganic P into the host plant across the plasma
membrane of cells (Smith and Gianninazi-Pearson, 1988). The contribution of
AM fungi to P uptake reach up to 77% under low P supply compared to only
49% under high P supply (Thingstrup et al., 2000). Furthermore, Deressa and
Schenk (2008) reported that fungal hyphae accounted for nearly the whole of
predicted P uptake by onion.

3.1.4 Root exudation

Organic acids

Plants growing in an ecosystem low in available P have to obtain P from
adsorbed P, sparingly soluble P and organic P complexes. Many plants have
developed elegant biochemical mechanisms to solubilize P from insoluble P
complexes thereby increasing the pool of P available for uptake (Kirk et al.,
1999; Neumann and Rémheld, 1999; Raghothama and Karthikeyan, 2005).
Organic anions such as citrate and malate are the major root exudates
released, in response to P deficiency for mobilizing P for plant uptake
(Keerthisinghe et al, 1998; Neumann and Rémheld, 1999; Dechassa and
Schenk, 2004).

The range of organic anions released is, however, dependent on the plant
species (Ohwaki and Hirata, 1992; Dechassa and Schenk, 2004). Genotypes of

the same species may also differ in their ability to exude organic anions and
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hence in their ability to mobilize P from sparingly soluble P sources (Dong et al.,
2004; Corrales et al., 2007).

Organic anions mobilize inorganic P through complexing metal cations that bind
phosphate and displace phosphate from the soil matrix by ligand exchange
(Gerke, 1992; Ryan et al, 2001; Jones et al., 2003; Raghothama and
Karthikeyan, 2005). Besides its role in P solubilization, organic anions exudation
also protect the roots of some plants from Al toxicity (Ryan et al., 1995; Ma et
al., 2000) thereby enabling root proliferation and increased foraging capacity for
P in acid soils (Smith, 2001).

Acid phosphatase and phytase

A major portion (30-80%) of total P in soil is present in organic forms (Jungk et
al., 1993; Richardson, 1994; Li et al., 1997; Smith, 2001; Richardson, 2001;
Vance et al., 2003). Half of this is in the form of phytin and its derivatives
(Tarafdar and Claassen, 1988; Li et al., 1997). This organic-P complex needs to
be hydrolysed by enzymatic activities before the inorganic P is released into the
rhizosphere for plant uptake. Acid phosphatase and phytase are a group of
enzymes produced by plants in response to P stress that can hydrolyse a range
of organic-P forms thereby enhancing plant P uptake (Tarafdar and Claassen,
1988; Li et al., 1997; Hayes et al., 2000; Tarafdar and Claassen, 2001) from
unavailable P resources. Acid phosphatases functions both as intracellular
(vacuolar) and extracellular (secreted) P salvage systems that catalyze the
hydrolysis of P from phosphate-monoesters. The intracellular acid
phosphatases play significant role in remobilizing P during senescence and P
stress (Plaxton, 2004). Phytases secreted by plant roots into the soil hydrolyze
the inositol-phosphate while the intracellular phytase will degrade phytic acid,
which is the principal storage form of phosphorus in seeds and pollen for
remobilization and use during seedling growth and pollen germination (Li et al.,
1997).

The amount of phytases and acid phosphatases secreted in response to P
deficiency differ between plant species as observed by Li et al. (1997).
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Moreover, an increased exudation of acid phosphatases was observed in
several maize genotypes, except with one genotype under P deficiency,
indicating that genotypes may also differ in acid phosphatase activity under P
stress (Gaume et al, 2001). Similarly, barley genotypes exhibited different

extracellular phytase activity under P deficiency (Asmar, 1997).

Moreover, secretion of RNase may degrade the nucleic acids present in
decaying organic matter (Plaxton, 2004), which still represent an important
source of extracellular P that may be exploited by P stressed plants. Some plant
species/genotypes may also release protons into the soil to acidify the
rhizosphere condition to enhance P uptake from acid-soluble Ca-phosphate
(Neumann and Rémheld, 1999; Tang et al., 2004).

Others

Induction of high-affinity Pi transporters in roots of P deficient plants also play a
crucial role in the acquisition of limited P by some plants (Neumann and
Rémheld, 1999; Plaxton, 2004). Enhanced expression of high-affinity, plasma
membrane-bound Pi transporters in roots and a concomitantly increased P-
uptake capacity, was reported as a typical P-starvation response (Dong et al.,
1999). However, other report indicated that diffusion of P in the soil is the key
limiting factor for P uptake and a change in uptake systems have little effect on
the plants capacity to acquire P from the soil (Raghothama and Karthikeyan,
2005).

3.2 P utilization efficiency

Besides increased acquisition of soil P, efficient utilization of acquired P is also
considered an important adaptation for plant growth on low P soils. Phosphorus
utilization efficiency refers to the ability of a plant species/genotype to produce
higher dry matter per unit of P absorbed (Blair, 1993).

The mechanism of higher internal P utilization efficiency is not clearly known.

However, it may be related to the ability of a plant in releasing inorganic P from
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the storage pool (vacuole) to the cytoplasm (cytoplasmic P homeostasis)
(Plaxton and Carswell, 1999; Raghothama, 1999) or to selective allocation of P
between cytoplasm and vacuole in favour of cytoplasm thereby ensuring
sufficient Pi concentration in metabolically active compartments for normal
functioning of plant metabolism (Lauer et al, 1989a; Lee et al, 1990;
Raghothama, 1999). Additionally, higher internal P utilization efficiency may
also be due to lower metabolic requirement for inorganic P at cellular level
under P stress possibly due to the presence of alternative P-independent
enzymes/metabolic pathways and/or energy sources (Duff et al., 1989;
Sattelmacher et al., 1994; Plaxton and Carswell, 1999).

3.2.1 Cytoplasmic P homeostasis

The fastest and largest manifestation of P starvation is a decline in intracellular
P (Pi) concentration (Natr, 1992). However, plants are still able to maintain
cytoplasmic Pi either through effective buffering with vacuolar Pi (Plaxton and
Carswell, 1999; Raghothama, 1999) or possibly through selective allocation of
Pi between cytoplasm and vacuole to constantly keep sufficient Pi in
metablically active compartment (cytoplasm) despite the P stress as confirmed
by 3'P-nuclear magnetic resonance (NMR) studies (Lauer et al., 1989a; Lee et
al.,, 1990). During nutritional P limitation, vacuolar Pi is released into the
cytoplasm in a regulated manner that correlates with the severity of the Pi
stress, ultimately ensuring a relatively constant Pi concentration in the
cytoplasm (Mimura et al., 1996). The efficiency of this process is, however,
dependent on the relative permeability of the tonoplast to Pi (Mimura et al.,
1990; Schachtman et al., 1998) and may vary between different plant species.

Thus, the decline in cytoplasmic Pi, due to absence of effective Pi homeostasis
directly affects sugar-phosphate export from the chloroplast (Fligge et al.,
1980). This situation leads to the decline in Pi levels in the chloroplast stroma
and an increase in starch synthesis (Heldt et al., 1977; Plaxton and Carswell,
1999 ). The decline in the stromal Pi can limit the photosynthetic capacity and
hence plant growth rate.

10
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There are divergent reports as to how P deficiency results in non-stomatal
induced decline of plant photosynthetic capacity. Most common reports state
that P deficiency reduces photosynthetic capacity through: (i) directly affceting
ATP production (Rao et al., 1989), (ii). inactivation of enzymes involved in the
ribulose bisphosphate (RuBP) regeneration (Rao and Terry, 1989; Fredeen et
al., 1990) (iii) inactivating RuBP carboxylase enzyme which catalyzes CO,
fixation (Lauer et al., 1989b), (iv) combined effect of ii and iii (Brooks, 1986;
Brooks et al., 1988).

High P utilization efficiency (high yield or relative growth rate per unit of P) of a
plant species/ genotype under P deficiency can be related to higher net carbon
fixation (Fujita et al., 2004; Yong-fu et al., 2006) achieved possibly through
effective cytoplasmic P homeostasis or through selectively allocating more Pi to
the cytoplasm. Higher P utilization efficiency under P limiting condition may also
be caused due to lower carbon demand for root respiration (Nielsen et al.,
2001).

3.2.2 The use of P-independent enzymes/pathways in metabolism

In general, little is known about metabolic adaptations of plant respiratory
pathways to P deficiency. Alternative use of P-independent enzymes instead of
P-dependent ones in glycolysis pathways have been reported as plant
respiratory adaptation to P deficiency (Duff et al., 1989; Theodorou et al., 1992;
Theodorou and Plaxton, 1996; Plaxton and Carswell, 1999; Plaxton, 2004).
Moreover, the P-independent glycolytic enzymes may also facilitate
interacellular Pi recycling, since Pi is the bi-product of the reactions catalyzed
by these enzymes, which can be reassimilated into the metabolism of P
stressed plants (Plaxton, 2004).

Besides the use of alternative P-independent enzymes, the use of alternative
energy source such as the use of pyrophosphate (PPi) in stead of ATP have
also been noticed in glycolytic pathways under P stress (Duff et al, 1989;
Dancer et al., 1990; Plaxton and Carswell, 1999). Pyrophosphate is a by-
product of anabolic reactions including DNA, RNA, proteins, lipids and
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polysaccharide biosynthesis (Plaxton and Carswell, 1999). Plant cytosolic PPi
levels are remarkebly insensitive to abiotic stresses such as P-starvation, which
elicit significant reductions in cellular ATP pools. The large amount of PPi
produced during biosynthesis may be employed by plants to enhance the
energy efficiency of several cytosolic processes (Plaxton, 2004).

Active transport of protons into the vacuole by PPi-dependent H" pump in the
tonoplast can use PPi instead of ATP as an energy donor, which can replace
the limited ATP pool under P deficiency (Duff et al., 1989; Theodorou et al.,
1992; Theodorou and Plaxton, 1996; Plaxton and Carswell, 1999).

Plants may also use alternative mitochondrial respiration such as
nonphosphorylative pathways that can bypass energy-requiring sites
(Theodorou and Plaxton, 1993; Vance et al., 2003). This allows continued
functioning of the citric acid cycle and respiratory electron transport chain under
limited ATP production due to P stress.

3.2.3 Maintenance of cell-division and epidermal cell expansion

One of the most striking effect of P deficiency is a reduction in leaf growth both
in terms of leaf number and individual leaf size (Radin and Eidenbock, 1984;
Lynch et al., 1991; Chiera et al., 2002). Leaf initiation at the shoot meristem and
its lateral expansion are controlled by the activities of cell division (Chiera et al.,
2002; Assuero et al., 2004) and Pi was reported to play a significant role in cell
division activities (Sano et al, 1999). However, plants may still differ in
tolerance of P stress effect on leave growth mainly due to difference in the
ability to maintain cell division (Chiera et al.,, 2002; Assuero et al., 2004), leaf
epidermal cell expansion (Radin and Eidenbock, 1984) or both (Kavanova et al.,
2006), under lower tissue P concentration. Alternatively, plants may also
retranslocate limited P from older leaves to younger leaves to maintain Pi at
levels that permit optimal physiological activities including cell division (Plaxton
and Carswell, 1999).
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Other possible mechanism of efficient P utilization includes conservation of Pi
by replacing membrane phospholipids with non-phosphorus galacto and
sulfonyl lipids (Plaxton, 2004).

4. Modeling phosphorus uptake

In general, nutrient uptake is a complex process influenced by many
parameters. It depends on desorption, nutrient transport in the soil towards the
sorbing root surface, ion transport across root membranes and transport to the
shoot through the xylem. The use of models can improve our understanding of
these processes (Claassen and Steingrobe, 1999). Mechanistic simulation
models calculate nutrient uptake of plants based on the information on the
concentration of nutrient in the soil solution, its transport to the roots surface
and size, morphology and uptake kinetics of the root system (Claassen and
Steingrobe, 1999).

4.1 P transport process in the soil

The model calculates nutrient transport towards the root surface by mass flow
and diffusion (Barber, 1962). Mass flow is given as the product of water flow

towards the root (Vg), which is equivalent to the amount of water lost through

transpiration and the concentration of the nutrient in the soil solution (Cy).

Diffusion of nutrient towards the root surface is calculated by Fick’s law adjusted
to the soil conditions (Nye and Tinker, 1977).

AC
FD = —De E .................................................................................................... (2)

where Fp = flux by diffusion, De = the effective diffusion coefficient of P in sail

(determination of De is described in materials and methods of chapter 2), i—C=
X
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the concentration gradient of nutrient available to the plant. The minus sign is a
convention which indicates that the flux proceeds down the gradient.

Transport via mass flow is less significant compared to diffusion due to low
concentration of P in soil solution (Rengel, 1993). The transport of P to the root
surface via diffusion is controlled by the gradient of P concentration that exists
between the bulk soil and the soil solution at the root surface. This gradient is

generated when the soil solution at the root surface is depleted.
4.2 Kinetics of phosphorus uptake

The uptake kinetics describe the relationship between the influx (I,) of ion and
its concentration at the root surface. For the low concentration range, as found
in the soil solution, which is mostly below 1 pmol cm™, this relationship is a
saturation curve that can be described by a modified Michaelis-Menten function
(Nielsen, 1972).

| = Imax(C_Cmin)
: Km + C _len
where |max is the maximum influx at high P concentration; K., is the nutrient
concentration at which |, is half Inax, Cmin is the minimum concentration at which

no net influx occurs and C is the concentration in soil solution.

The values of Inax, Km, Cmin may be different with plant species, genotypes and
other factors such as plant P status, plant age and temperature (Nielsen and
Schjorring, 1983; Jungk et al., 1990; Machado and Furlani, 2004; Li et al.,
2007).

Phosphorus efficiency can be improved by selecting genotypes with high Inax,
low K and low Cmin (Gahoonia and Nielsen, 2004b). However, improvement in
the efficiency of uptake system is of minor significance for nutrients with low
mobility such as P, since transport to the root surface rather than uptake by the
root is the most limiting step (Sattelmacher et al., 1994; Barber, 1995).
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Details of plant and soil parameters used for the model calculation in this study
including the way they were determined as well as basic model assumptions
are descibed in the materials and methods section of chapter 2 and are thus not

addressed in detail in this section.

Reports with several crops demonstrated that genotypes differ in P efficiency. It
was also shown that the mechanism as well as traits involved in P efficiency
was different among genotypes of crop species as described under some of the
plant adaptation mechanisms to P stress discussed in this section. Thus, the

over all objectives of this study were
1. to screen potato genotypes for P efficiency
2. to identify the mechanism and traits associated with P efficiency

3. to evaluate the contribution of root traits to the predicted P uptake of the

genotypes using mechanistic simulation model
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CHAPTER 1

Screening of potato genotypes for phosphorus efficiency

1. Introduction

Potato has a high phosphorus (P) fertilizer requirement for optimum growth and
yield (Alvarez-Sanchez et al., 1999; Dechassa et al., 2003). However, it is
estimated that P availability to plant roots is limited in nearly 67% of the
cultivated soils causing an important constraint to crop production (Batjes,
1997). To avert this problem, the use of genotypes/cultivars with high P
efficiency is an option and makes a better strategy for sustainable potato
production in inherently low P soils as well as in soils with high P fixing capacity.

Plant species as well as genotypes/cultivars of the same plant species differ
greatly in their ability to tolerate P deficient soils and this difference can be
positively exploited. Development of P-efficient cultivars through breeding on
the other hand demands the availability of sufficient genotypic variation for P
efficiency (Gunes et al., 2006). Phosphorus efficiency is defined as the ability of
a genotype to produce higher yield compared to other genotypes under P
limiting condition (Graham, 1984; Buso and Bliss, 1988; Ozturk et al., 2005;
Schenk, 2006; Gunes et al., 2006). Phosphorus efficiency can arise from the
ability of a genotype to acquire P from the soil and accumulate it in the shoots
under P limiting condition (uptake efficiency) and/or the ability of a genotype to
effectively utilize internal P to produce dry matter (utilization efficiency) (Féhse
et al., 1988; Blair, 1993; Gourley et al., 1993).

According to Gerloff (1977), plant genotypes can be classified into four groups
with respect to their response to nutrient deficiency: (1) efficient responders:
plants producing high yield at low nutrient level and showing high response to
nutrient addition, (2) inefficient responders: plants producing low yield at low
nutrient level and showing high response to added nutrient, (3) efficient non-
responders: plants producing high yield at low nutrient level but not responding
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to nutrient addition, (4) inefficient non-responders: plants producing low yields at

low nutrient level and also showing low response to nutrient addition.

To achieve sufficient and useful genetic variation for P efficiency, relatively a
large number of genotypes need to be screened. Thus, the aim of this study is
to screen 20 wild and cultivated potato genotypes collected from Ethiopia, The
Netherlands and Germany for P efficiency so that the P-efficient genotypes can
be further closely investigated for mechanisms of P efficiency and identification
of relevant traits associated with P efficiency.

2. Materials and methods
2.1 Plant material

Twenty wild and cultivated potato genotypes (Table 1) collected from Ethiopia
(Digemegn, Menagesha, Ciro, Zengena, CIP 384321.3, Gorebella and Ambo
Local), The Netherlands (CGN 17903, CGN 22367, CGN 18233, CGN 18247,
CGN 17829, CGN 18003, CGN 17815 and CGN 18109) and Germany (GLKKS
0081, GLKKS 0557, GLKKS 0872, GLKKS 1263 and GLKKS 1587) were used
for the study. Experimental code used to designate each genotype is given in
Table 1. In-vitro plantlets of uniform size were obtained by shoot tips culturing in
MS medium. To obtain uniform sized in-vitro plantlets of each genotype at

transplanting, all the genotypes were propagated on the same day.
2.2 Plant growing in substrate

Eight days old in-vitro plantlets were transplanted into peat substrate for
acclimatization, where they were grown under high air humidity. The peat was
sieved through 5 mm mesh and 7 g CaCO; per liter of peat was applied to
adjust the pH to 6.7. Each plant received 3 mL solution containing in mg L™: 50
N, 50 K, 25 P, 20 Mg applied in the form of NH4sNO; K.SO4 KH,PO, and
MgSQO4.7H,0, respectively. Micronutrients were applied in the form of a
compound fertilizer (Flory ®10) consisting of 10% MgO, 0.5% B, 0.02% Co, 2%
Cu, 3.5% Fe, 0.5% Mn, 0.8% Mo and 0.3% Zn, at the rate of 405 mg L™.
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2.3 Plant growing in soil

A subsoil of Luvisol type derived from loess low in phosphorus content was
obtained from a forest area in the suburb of Hannover. The soil was air dried
and sieved through 2 mm sieve. CaCO;3 (3.2 g kg™ of soil) was added to adjust
the pH to 6.3. Similarly, potassium and magnesium were applied at the rate (in
mg kg™ soil): 50 K and 40 Mg as K>SO, and MgS0,4.7H,0, respectively. Two P
levels were obtained by adding 100 mg P kg™ soil (low P) and 700 mg P kg of
soil (high P) in the form of Ca(H2PO4).. The soil was filled into plastic pots
having a volume of 340 mL and compacted uniformly to the bulk density of 1.38
g cm™. Ten days before transplanting, the pots were watered to a volumetric
water content of 0.23 cm® cm™® and kept under room temperature for
equilibration.

After 10 days of growth in the peat medium, the seedlings were transplanted to
the plastic pots. The pots were watered to a volumetric moisture content of 6 =
0.23 cm® cm™ throughout the growing period. Two days after transplanting
(DAT) to the soil, each plant received N in the form of NH4sNO3 at the rate of 70
mg plant”. Additional 50 mg N and 30 mg K plant™" were given 10 DAT.

The plants were grown in the controlled growth chamber with a day/night
temperature of 20/16°C, relative humidity of 70%/ 80% and light intensity of 200
umol m? s (PAR), supplied for 16 hours day'. The plants were harvested 26
and 38 DAT during first and second screening, respectively.

2.4 Harvesting and determination of plant parameters

At harvest, shoots were cut off at the soil surface and shoot dry weight was
measured after drying at 65°C for 48 hours. Shoot dry weight at transplanting to
the soil was derived from seedling shoot length considering dry matter per cm
shoot length of 6 harvested seedlings. The relative shoot growth rate (RGRs; g
g’ day”) was calculated from the initial and final dry weight assuming linear

growth of the crop:
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SDW1 -SDWj
(t1 —tg)x SDWq

RGRg =

where SDW is the shoot dry weight (g) and t is time. Subscripts 0 and 1 refer to
time at transplanting and final harvest (days).

2.5 Data analysis

The treatments were arranged in Randomized Complete Block Design (RCBD)
with six replications. Data were analysed using the PROC GLM procedure of
SAS (SAS Institute INC., Cary, USA). Treatment means were compared
according to Tukey test and for all analysis, a significance level a = 0.05 was
used.
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Table1: Potato genotypes used for the screening experiments

Code of Actual Name Biological
genotypes status
1 Ciro Cultivar
2 Digemegn “

3 CIP 384321.3

4 Gorebella

5 Menagesha “

6 Zengena “

7 Ambo Local

8 CGN 22367 (S. bulbocastanum subsp. bulbocastan)  Wild spp.
9 GLKKS 1587 (Laura) Cultivar
10 GLKKS 0081 “

11 GLKKS 0557

12 GLKKS 0872

13 GLKKS 1263 “

14 CGN 17815 (Solanum demissum) Wild spp.
15 CGN 17829 (Solanum multiinterruptum) “

16 CGN 17908 (Solanum chacoense)

17 CGN 18003 (Solanum microdontum) “

18 CGN 18109 (Solanum okadae) “

19 CGN 18233 (Solanum tuberosum subsp.andigena) Landvariety
20 CGN 18247 (Solanum brevicaule) Wild spp.

3. Results and discussion

P efficiency parameters

Phosphorus efficiency is defined as the ability of a genotype to give high yield

compared to other genotype under P limiting condition (Graham, 1984; Buso
and Bliss, 1988; Ozturk et al., 2005; Schenk, 2006; Gunes et al., 2006).

However, if initial size of seedlings differs between genotypes, relative shoot

20




Chapter 1

growth rate (RGRs) should preferably be used instead of absolute shoot dry
matter yield (SDMY) for ranking genotypes for P efficiency (Caradus, 1983).

3.1 First screening

Plant growth and P efficiency

The high P supply significantly enhanced the SDMY of all genotypes except for
genotype 15 (Fig. 1A), where SDMY was higher at low P than at high P supply.
Therefore, it was decided not to consider this genotype for the screening
purpose. Thus, the RGR;s of this genotype was excluded from Fig.1B. Shoot dry
matter yield differed significantly among the genotypes both at low and high P
supply. The ranking of genotypes was, however, different at low and high P
supply. At low P supply, genotypes 1, 12 and 3 had significantly higher SDMY
compared to genotypes 20, 14, 15, 18, 17, 19 and 8. Shoot dry matter yield of
the genotypes was on average reduced up to 58% due to P deficiency.

Since genotypes varied in their initial weight consequently affecting the yield,
the RGRs was calculated. Thus, RGR;s given in Fig. 1B followed different pattern
from SDMY. Similar to SDMY, the high P supply significantly enhanced the
RGR:; of all genotypes (Fig. 1B). The pattern of genotypic ranking was different
at low and high P supply. At low P supply, genotypes 12, 11 and 3 had
significantly higher RGRs compared to genotypes 20, 14, 18, 17, 9 and 19.
Thus, genotypes 12, 11 and 3 were regarded as P-efficient whereas genotypes
20, 14, 18, 17, 9 and 19 were considered as P-inefficient. On the other hand, at
high P supply genotypes 11, 12, 10, 2 and 19 had significantly higher RGR;
compared to genotypes 15, 20, 1,4, 6, 5,7, 14, 8, 18 and 17.

According to Gerloff (1977), genotypes with above average SDMY/RGR; at low
P supply are considered as P-efficient whereas genotypes with above average
SDMY/RGRs at high P supply are regarded as responsive. Thus, Fig. 2
demonstrated that genotypes 12, 11, 3, 16, 10 and 13 were both P-efficient and
responsive; genotypes 9, 19 and 2 were P-inefficient but responsive whereas
genotypes 20, 14, 7, 8, 18 and 17 were P-inefficient and non-responsive.
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In the first screening, a total of 9 genotypes (5-efficient) and (4-inefficient) were
selected for further evaluation. Genotypes 16, 3, 11, 12 and 1 were selected as
the five top P-efficient based on RGRs at low P supply (Fig. 2). Except for
genotype 1, all the genotypes selected as P-efficient were also responsive. On
the other hand, genotypes 19 and 2 were selected as responsive but P-
inefficient while genotypes 8 and 17 were selected as non-responsive and
inefficient. Although they were clearly P-inefficient, genotypes 15 and 20 were
not selected, since they were extremely non-responsive to P supply and more
importantly due to poor seedling establishment at transplanting leading to only
50% survival of the seedlings. Genotype 14 was also not selected due to severe
burning and early dropping of most leaves and unhealthy appearance of
remaining leaves at low P supply. Likewise, although it was P-inefficient,
genotype 9 was not selected for fearing the high disease symptoms observed
with this genotype during experimentation.
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Figure 1: Shoot dry matter yield (A) and relative shoot growth rate (B) of potato

genotypes as affected by P supply (different small letters indicate significant

difference between genotypes at the same P level whereas different capital

letters indicate significant difference between P levels for the same genotype,

a= 0.05). See Table 1 for code of genotypes.
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Figure 2: Categorization of potato genotypes for P efficiency and

responsiveness based on relative shoot growth rate at first screening (broken

lines indicate average relative shoot growth rate). See Table 1 for code of

genotypes.

3.2 Second screening

Plant growth and P efficiency

Similar with the first screening, the SDMY at high P supply for all genotypes

was significantly enhanced compared to low P supply (Fig. 3A). Phosphorus

deficiency on average reduced SDMY by 56% compared to high P supply. The

genotypes significantly differed in terms of SDMY both at low and high P supply.

Genotypes 16, 12, 3 and 1 had significantly higher SDMY at low P supply

compared to genotypes 8 and 19.
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As with SDMY, the RGR; for all genotypes was also significantly increased at
high P supply compared to low P supply (Fig. 3B). Relative shoot growth rate of
the genotypes was reduced on average by 60% due to P deficiency. Genotypes
differed in RGRs at both low and high P levels. However, the extent of variability
was much more pronounced at low P than high P level. Genotype 16, 11 and 3
had significantly higher RGRs compared to most of the other genotypes at low P
level. On the other hand, genotypes 1, 19, 8 and 12 had significantly lower
RGRs compared to genotypes 16, 11 and 3 at low P supply. Except for
genotypes 12 and 1, this was consistent with results of the first screening.

Fig. 4 shows that genotypes 16, 11, 17 and 2 were P-efficient and responsive;
genotype 3 was P-efficient and non-responsive; genotypes 8 and 19 were P-
inefficient and responsive whereas genotype 1 and 12 were P-inefficient and
non-responsive. The results of both screening experiments are summarized in
Table 2. Comparison of both screening experiments showed that genotypes 16,
11 and 3 were consistently P-efficient whereas genotypes 19 and 8 were
consistently P-inefficient based on their RGRs at low P supply. The same
genotypes, however, did not differ much in responsiveness to P supply.
Genotypes such as 12, 1, 2 and 17 lack consistency in performance across the
experiments (Table 2) and hence could not reliably be selected either as P-
efficient or P-inefficient.
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relative shoot growth rate). See Table 1 for code of genotypes.

Table 2: Categorization of potato genotypes for P efficiency and responsiveness
based on RGRs at both first and second screening

Code of P efficiency and responsiveness category
genotypes | First screening Second screening

1 Efficient and non-responsive Inefficient and non-responsive
2 Inefficient and responsive Efficient and responsive

3 Efficient and responsive Efficient and non-responsive
8 Inefficient and non-responsive Inefficient and responsive

11 Efficient and responsive Efficient and responsive

12 Efficient and responsive Inefficient and non-responsive
16 Efficient and responsive Efficient and responsive

17 Inefficient and non-responsive Efficient and responsive

19 Inefficient and responsive Inefficient and responsive
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4. Conclusions

Since with both screening experiments ranking of genotypes in terms of SDMY
and RGR;s followed different patterns due to variability in the initial weight of
seedlings, it is suggested that considering the RGRs is more reliable for
evaluating the genotypes for P efficiency and responsiveness than the absolute
SDMY. Due to consistent RGR;s results at low P supply, genotypes 16, 11 and 3
are selected as P-efficient whereas genotypes 19 and 8 are selected as P-

inefficient.
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Abstract

Potato, an important food crop all over the world, generally requires a high
amount of phosphate fertilizer for optimum growth and yield. One option to
reduce the need for fertilizer is the use of P-efficient genotypes/cultivars. Thus,
twenty wild and cultivated potato genotypes were screened for P efficiency in a
growth chamber in soil at low and high P supply. Two efficient and two
inefficient genotypes were then selected for investigation of P efficiency
mechanisms. The contribution of root traits to P uptake was quantified using a

mechanistic simulation model.

For all genotypes, high P supply increased relative growth rate of shoot, shoot P
concentration and P uptake rate of roots but decreased root-shoot ratio, root
hair length and P utilization efficiency. Genotypes CGN 17903 and CIP
384321.3 were clearly superior to genotypes CGN 22367 and CGN 18233 in
terms of shoot dry matter yield and relative shoot growth rate at low P supply,
and therefore can be considered as P-efficient. Phosphorus efficiency of
genotype CGN 17903 was related to higher P utilization efficiency and that of
CIP 384321.3 to both higher P uptake efficiency in terms of root-shoot ratio and
intermediate P utilization efficiency. Phosphorus efficient genotypes exhibited
longer root hairs compared to P-inefficient genotypes at both P levels. However,
this did not significantly affect the uptake rate and the extension of the depletion
zone around roots. The P inefficiency of CGN 18233 was related to low P
utilization efficiency and that of CGN 22367 to a combination of low P uptake
and intermediate P utilization efficiency. Simulation of P uptake revealed that no
other P mobilization mechanism was involved, since predicted uptake
approximated observed uptake indicating that the processes involved in P
transport and morphological root characterstics affecting P uptake are well
described.

Keywords: Genotypic variation, P efficiency, P utilization, P uptake, potato
genotypes, root-shoot ratio, root hairs
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1. Introduction

Potato is an important food crop all over the world. It generally requires a high
amount of phosphate fertilizer for optimum growth and yield (Alvarez-Sanchez
et al., 1999; Dechassa et al., 2003). Phosphorus fertilizer requirement of potato
is about two-fold higher compared to cereal crops such as wheat and barley
and 1/3 higher compared to most vegetable crops (MAFF, 2000). In view of the
high P fertilizer input required by the crop, the use of genotypes/cultivars with
high P efficiency is an option for sustainable production in low P soils.
Phosphorus efficiency is the ability of a genotype to give higher yield under P
limiting condition (Graham, 1984). Phosphorus efficiency normally arises either
from P uptake efficiency (the ability to take up more P from deficient soil) and/
or P utilization efficiency (the ability to produce more dry matter per unit of P
taken up). Phosphorus efficiency mechanisms can differ from genotype to
genotype within the same species (Blair, 1993; Gourley et al., 1993; Gunes et
al., 2006). Under P stress conditions, plants may enhance their uptake
efficiency through increased root-shoot ratio (Raghothama, 1999; Bhadoria et
al., 2004; Schenk, 2006), longer root hairs (Bates and Lynch, 2001; Eticha and
Schenk, 2001), smaller root radius (Sattelmacher et al., 1994; Raghothama,
1999), as well as through release of organic anions and acid phosphatase and
association with mycorrhiza (Raghothama, 1999). Physiological root
characteristics, describing P uptake according to Michaelis—Menten kinetics
such as Imax, Km and Cpin, are of minor significance in contributing to P uptake
efficiency (Barber, 1995). Mechanistic simulation models such as that
developed by Claassen (1990) can be used to quantify the contribution of

morphological root traits to P uptake of plants.

The objectives of this study were to evaluate potato genotypes for P efficiency;
to identify the mechanism of P efficiency and to evaluate the contribution of root

traits to the predicted P uptake by the genotypes.
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2. Materials and methods
2.1 Plant material

Results of four potato genotypes with contrasting P efficiency: CGN 17903 and
CIP 384321.3 (P-efficient) and CGN 22367 and CGN 18233 (P-inefficient) are
discussed in this paper. These four genotypes were selected out of a total of
twenty wild and cultivated potato genotypes collected from Ethiopia (Digemegn,
Menagesha, Ciro, Zengena, CIP 384321.3, Gorebella and Ambo Local), The
Netherlands (CGN 17903, CGN 22367, CGN 18233, CGN 18247, CGN 17829,
CGN 18003, CGN 17815 and CGN 18109) and Germany (GLKKS 0081,
GLKKS 0557, GLKKS 0872, GLKKS 1263 and GLKKS 1587/Laura), which were
screened for P efficiency based on their relative shoot growth rate and shoot dry
matter yield at low P supply in two soil experiments. In both experiments the
four genotypes were consistently classified as P-efficient and inefficient.

2.2 Soil preparation

Subsoil of Luvisol type derived from loess low in phosphorus content was air
dried and sieved through 2 mm sieve. CaCOs; (3200 mg kg™ of soil) was added
to adjust the pH to 6.3. Similarly, potassium and magnesium were applied at the
rate (in mg kg™ soil): 50 K, and 40 Mg in the form of KxSO, and MgS0O,4.7H0,
respectively. Two P levels were obtained by adding 100 mg P kg™ soil (low P)
and 700 mg P kg™ of soil (high P) in the form of Ca(H.PO4)2, which resulted in a
calcium-acetate-lactate (CAL) soluble P concentration of 66.7 and 479.6 mg P
kg™ soil, respectively. The soil was filled into plastic pots having a volume of
340 mL and compacted uniformly to the bulk density of 1.38 g cm™. Ten days
before transplanting, the pots were watered to a volumetric water content of
0.23 cm® cm™ and kept at room temperature for equilibration.

2.3 Growing plants and harvesting

Eight days old in-vitro plantlets were transplanted into peat substrate for

acclimatization where they were grown under plastic cover. The peat was
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sieved and pH was adjusted to 6.7 with CaCOs (7 g L™). Each plant received 3
mL solution containing (in mg L™): 50 N, 50 K, 25 P, 20 Mg applied in the form
of NH4NO3, K:SO4 KH.PO, and MgSO,4.7H.0, respectively. Micronutrients
were applied in the form of a compound fertilizer (Flory ®q 0) consisting of 10%
MgO, 0.5% B, 0.02% Co, 2% Cu, 3.5% Fe, 0.5% Mn, 0.8% Mo and 0.3% Zn at
a rate of 405 mg L.

After 10 days of growth in the peat medium, the seedlings were transplanted to
the plastic pots. The pots were watered throughout the growing period to a
volumetric moisture content of 8 = 0.23 cm® cm™ by weighing the pots at each
watering considering the increasing weight of the plant. Two days after
transplanting (DAT) to the soil, each plant received N at the rate of 70 mg plant’
', Additional 50 mg N and 30 mg K plant" were given 10 DAT.

The plants were grown in a controlled climate chamber with a day/night
temperature of 23/16 C, relative humidity of 70%/80% and light intensity of 200
umol m?s™, supplied for 16 hours day'. The plants were harvested twice, 23
and 38 DAT.

2.4 Determination of plant and soil characteristics
2.4.1 Relative shoot growth rate (RGR;)

Shoot dry weight at transplanting to soil was derived from seedling shoot length
considering dry matter per cm shoot length of 6 harvested seedlings. At harvest
shoots were separated from roots and shoot dry weight was determined after
oven drying at 65°C for 48 hrs. The relative shoot growth rate (RGRs; g g™ day’
') was calculated from the initial and final shoot dry weight assuming linear

growth of the crop:

SDW12 -SDW(
RGRg = 2 e (1)
(t12 —to )xSDWq
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where SDW is the shoot dry weight (g) and t is time. Subscripts 0,1 and 2 refer

to time at transplanting, first harvest and second harvest (days), respectively.
2.4.2 Plant and soil chemical analysis

Shoot P concentration was determined by the vanado-molybdate yellow method
according to Gericke and Kurmies (1952). The plant available phosphorus
concentration in the soil (Cs) was determined by the CAL method as described
by Schiller (1969). For the determination of P concentration in soil solution (Cy),
about 150 g soil sample (6= 0.23 cm® cm™®) was centrifuged and the P
concentration in the supernatant solution was determined with the
spectrophotometer by the molybdate blue method according to Murphy and
Riley (1962).

2.4.3 Quantifying roots and root hairs

Roots were separated from the soil by washing them under a jet of tap water on
a 0.5 mm sieve. After drying between filter papers the total fresh weight was
recorded and roots were cut into 1 cm pieces. Three sub-samples, each
weighing 0.3 g, were taken for root length determination by using a scanner with
WinRHIZO V3.9 software (Regent Instruments, Quebec, Canada).

For the quantification of root hairs, soil was placed under tap water in shallow
trays and soaked for few hours. The soil particles settled as sediment and the
free floating roots were carefully removed with a pair of pincers. Then roots
were cut into pieces of about 1 cm length and kept in plastic vials. Sixty root
pieces per replicate were dyed with 1% acid fuchsine solution and then scored
into low, medium and high root hair density categories using a microscope
(magnification 64x). Root hair length and density for 5 root pieces from each
root hair density category was determined by fitting an eyepiece with inscribed
square grids each 0.066667 cm size and adjusting the horizontal grids line
parallel to the root surface. The number of root hairs crossing the horizontal and
vertical grid lines was counted separately for each line. Root hair parameters
were computed according to Brewster et al. (1976).
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2.5 Modeling P uptake

2.5.1 Model description

The mechanistic simulation model described by Claassen and Steingrobe
(1999) was used to predict P uptake by the different potato genotypes. The
model calculates P uptake based on the assumption that ions are transported to
the root surface by mass flow and diffusion using the transport equation of Nye
and Marriott (1969) and taken up by the root and root hairs based on Michaelis-
Menten kinetics. The model utilizes root morphological characteristics such as
root length, root and root hair radius, mean half distance between neighboring
roots and root hairs as well as root and root hair surface area to simulate P
uptake. A root can only exploit a limited volume of soil ranging from its surface
to the half distance towards the neighboring root (r{). The model assumes that
roots are uniformly distributed throughout the soil and that there is equal
competition between adjacent roots and root hairs. The nutrient flux at r; is
assumed to be zero. The soil is assumed as homogenous and isotropic with
constant water content (6) during the calculation period. A constant buffer
power (b) was assumed for the calculation (Steingrobe et al., 2000). The root
physiological kinetic parameters: maximum uptake rate (I, /l), Michaelis
constant (Ky) and minimum concentration (Cnin) are assumed as constant for
model calculation. The data used for the simulation of P uptake are summarized
in Table 1.

35



Chapter 2

Table 1: Plant parameters of each potato genotype used for the nutrient uptake

model calculation

Physiological root | CGN 17903 | CIP 384321.3 | CGN 18233 CGN 22367

parameters

Low P | High P | Low P |High P | Low P | High P | Low P | High P

Iy (umol cm? ™) 4.84E-7|4.84E-7|3.38E-7|3.38E-7|3.37E-7|3.37E-7|8.40E-7|8.40E-7
Irh (umol cm™® s™) 2.53E-7|2.53E-7|1.91E-7|1.91E-7|1.99E-7|1.99E-7|4.57E-7|4.57E-7
Vor (cm® cm?s™) 6.68E-7|8.72E-7|2.87E-7|5.52E-7|3.34E-7|6.14E-7|5.73E-7|1.40E-6
Morphological root

parameters
ro (cm) 0.011| 0.012] 0.012] 0.013| 0.011| 0.014] 0.009| 0.010
r{ (cm) 0.127| 0.133] 0.122| 0.106| 0.124| 0.121| 0.242| 0.145
L (cm) 2559| 3080| 2823 3023 3127| 4133 1288 2414
L, (cm) 6318| 5868| 7096 8959 7014| 7144| 2357 4709
[k (cm day™) 251 186 285 396 259 201 71 153

where | = maximum uptake rate of root cylinder; Irh = maximum uptake rate of
root cylinder plus root hairs (data for maximum uptake rate (I¢,Ifh) were taken
from high P treatment); Vg = water uptake rate of root cylinder; rg= root radius;
r{ = mean half distance between neighboring roots; L = total root length at first

harvest; L, = total root length at second harvest; k = root growth rate
2.5.2 Determination of Model parameters

2.5.2.1 Soil parameters

The buffer power (b) was calculated according to Barber (1995):

b ACg
ACj;

where Cg = the concentration of P in the soil determined by CAL method and C;
= the concentration of P in the soil solution each measured at both first and
second harvest and the average value considered for calculating the buffer

power.
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Thus, the average value of Cs, Cjiand b was 2.98 pmol cm™, 0.00182 pmol cm’
3 and 1637, respectively for low P and 21.42 umol cm™, 0.189 pmol cm™ and

113, respectively for high P.

The impedance factor (f) was calculated according to Barraclough and Tinker
(1981) as f =1.586-0.17 where 0 is the volumetric moisture content. Since 6

was 0.23 cm?® cm™ the calculated f value was 0.1934.

Effective diffusion coefficient of P in soil (De; cm? s™') was calculated according

to Nye (1966) as follows:

where Dy is the diffusion coefficient of P in water (8.9 x 10® cm? s™') (Edwards
and Huffman, 1959); f is the impedance factor and 6 is the volumetric moisture

content.
2.5.2.2 Plant parameters

The root growth rate constant (k; cm day™') was calculated from total root length

assuming linear growth as follows:

where L is the total root length (cm plant™) and t is the time of harvests (s).

Subscripts 1 and 2 refer to the first and second harvest, respectively.

Mean root radius (rg, cm): was calculated from root fresh weight (RFW; g) and

root length (L; cm) with the formula:

[RFW
[ () T A/ T e e S)
0 Lxm (5)
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Mean half distance between neighboring roots (r{): was calculated from soll

volume (V;cm?®) and root length (L; cm) as follows:

Total surface area of root cylinder (SA; cm? plant™') was calculated as:

SA = 27X XL e (7)

Surface area of one cm root cylinder (SAC; cm?cm™) was calculated as:

SAC = 27X XN e (8)

where h is the length of root cylinder
Surface area of root hairs per cm root length (SAH; cm?cm™) was computed as:

SAH = RHLX2IXIOR «vtveeeeveeeeeeeeeeeeeeeeeeeees e eee oo (9)

where RHL is mean root hair length (cm) per cm root and rgp, is root hair radius

(cm). For ron a value of 5 x 10™ was taken from Féhse et al. (1991).

P uptake rate (I, ; pmol cm?s™) of the root cylinder was calculated as follows:

|- Uo —Uq N 1
" (SA5 +SA{)/2 to -ty

where U is the total P content of the plant shoot (umol plant™); SA is total root
surface area (cm? plant™); and t is time of harvests (s). Subscripts 1 and 2 refer
to the first and second harvest, respectively.

P uptake rate (I¢h; pmol cm™? s™) of root cylinder including root hair surface was

calculated as:
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(SAC)

Lzl ) e, 11
h=lr ™ SAC+SAH) (1)

where SAC is the surface area of 1 ¢cm root cylinder (cm?) and SAH (cm?) is the

surface area of root hairs found on 1 cm root.

Michaelis constant (Ky): A value of 4 uM, which is common for many crops,
was taken from Barber (1995).

Minimum P concentration in the soil solution (Cmin): a value of 0.1 uM, which is
common for many crops, was taken from literature (Féhse et al., 1991; Barber,
1995).

Water uptake rate of smooth roots (Vpr; cm® cm™ s') was calculated from the

water consumption of the plant in analogous procedure with maximum P uptake

rate as follows:

Vor = L N (12)
(SA2 +SA1)/2 to -t

where W is total amount of water transpired (cm®); SA is total root surface area
(cm? plant™); t is time of harvests (s). Subscripts 1 and 2 refer to the first and
second harvest, respectively.

Pots without plants were used to estimate water loss through evaporation. The
amount of water transpired was determined by subtracting the amount of water
evaporated from the amount of the total water lost from the pots with plants.

2.6 Statistical methods

The treatments were arranged in a Randomized Complete Block Design
(RCBD) with 6 replicates per harvest. Data were analysed using the
PROC GLM procedure of SAS (SAS Institute INC., Cary, USA).
Treatment means were compared according to Tukey test and for all
analysis, a significance level a = 0.05 was used.
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3. Results

3.1 Plant growth

High P supply significantly increased shoot dry matter yield (SDMY) of all
genotypes. (Fig.1A). The ranking of genotypes was similar at low and high P
supply. However, relative yield difference between genotypes was more
pronounced at low P supply: genotype CGN 17903 excelled genotype CGN
22367 by a factor of 2.5 and 1.5 at low and high P, respectively. At low P
supply, genotypes CGN 17903 and CIP 384321.3 gave significantly higher
SDMY compared to genotypes CGN 22367 and CGN 18233. Similar results
were observed during the screening experiment (Chapter 1). Additionally,
relative shoot growth rate (RGRg) was calculated since initial size of seedlings
was different between genotypes, affecting the absolute yield. Thus, RGRs
given in Fig. 2 followed another pattern at high P supply: at the first harvest (Fig.
2A) all the genotypes did not differ whereas at the second harvest (Fig. 2B)
genotype CGN 22367 was superior to the P-efficient genotypes. However, at
low P level genotypes CGN 17903 and CIP 384321.3 were superior to the other
genotypes at the second harvest whereas CIP 384321.3 did not differ from
CGN 22367 and CGN 18233 at the first harvest. At low P level, ranking of
genotypes in terms of SDMY was similar to ranking of the genotypes in terms of
RGRs. Compared to low P supply, RGRs at high P level at the second harvest
increased on average by a factor of 2 for genotypes CGN 17903 and CIP
384321.3 and by a factor of 3.5 for genotypes CGN 22367 and CGN 18233.

Similar results were observed during the screening experiment (Chapter 1).
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Figure 1: Effect of P supply on shoot dry matter yield of potato genotypes
(different small letters indicate significant difference between genotypes at the
same P level whereas different capital letters indicate significant difference

between P levels for the same genotype, o. = 0.05 probability level).
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Figure 2: Effect of P supply on relative shoot growth rate of potato genotypes at
first harvest (A) and second harvest (B) (different small letters indicate
significant difference between genotypes at the same P level whereas different
capital letters indicate significant difference between P levels for the same

genotype, a = 0.05 probability level).

For three genotypes, root-shoot ratio at low P supply was about two-fold higher
than at high P (Fig. 3A) while for genotype CGN 22367 root-shoot ratio did not
significantly differ between low and high P. The trend of difference in root-shoot
ratio between genotypes was similar for both P levels. Moreover, pattern of
root-shoot ratio of the genotypes observed at the first harvest was similar to that
of the second harvest except that the absolute value was higher for the first
than the second harvest (data for the first harvest not shown). Genotypes CGN
18233 and CIP 384321.3 had higher root-shoot ratio than the other genotypes
at both P levels. For all genotypes root hair length increased at low P supply
(Fig. 3B). The pattern of ranking the genotypes for root hair length was similar
at both P levels. At low P level, genotypes CGN 17903 and CIP 384321.3 had

about 0.05 mm longer root hairs compared to the other genotypes.
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Figure 3: Effect of P supply on root-shoot ratio (A) and root hair length (B) of
potato genotypes (different small letters indicate significant difference between
genotypes at the same P level whereas different capital letters indicate
significant difference between P levels for the same genotype, o = 0.05

probability level).
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3.2 Plant P concentration and P uptake rate

Shoot P concentration at low P level was about half of that at high P supply
(Fig. 4A). Difference in shoot P concentration among the genotypes did not
follow similar trend at low and high P. At high P level, genotype CGN 17903 had
lower P concentration compared to the other three genotypes, while at low P
level genotype CGN 17903 had lower and genotype CGN 18233 had higher P
concentration compared to the other two genotypes. Phosphorus utilization
efficiency was higher at low P than at high P supply since it was calculated as a
reciprocal of shoot P concentration (Fig. 4B). Consequently, utilization efficiency
was higher for genotype CGN 17903 both at low and high P level while
genotype CGN 18233 had the lowest P utilization efficiency at low P supply.

At high P supply, P uptake rate was on average 4.5 times higher than at low P
level (Fig. 5). Genotypes did not differ in P uptake rate per unit of root length at
low P supply. However, at high P supply P uptake rate of genotype CGN 22367

was significantly higher compared to the other genotypes.

3.3 Simulation of P uptake by the mechanistic model

The relationship between model-predicted and experimentally observed P
uptake of the potato genotypes under low and high P supply can be seen from
Fig. 6A. The P uptake predicted by the model agreed fairly well with the
experimentally observed P uptake at both P levels except for genotype CIP
384321.3. Generally, at high P supply a slight over prediction whereas at low P
level a slight under prediction was observed. The contribution of root hairs to
the predicted P uptake of the genotypes was higher at low P level (Fig. 6B).
Root hairs on average contributed about 70% to the predicted P uptake at low P
supply and 50% to the predicted P uptake of the genotypes at high P supply.
Root hair extended the depletion zone from the root surface by about 0.1 mm
over that of the root cylinder at 80% of the initial soil solution P concentration
after 15 days of P uptake at low P supply. However, this was not different
between genotypes (Fig. 7).
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Figure 7: Depletion pattern at the root surface of potato genotypes as simulated
for root cylinder and the root cylinder including root hairs after 15 days of P
uptake at low P supply (C./Cj is the ratio of the actual soil solution P
concentration after 15 days of growth to the initial soil solution P concentration).

4. Discussion

4.1 P efficiency of genotypes

Phosphorus efficiency is defined according to Graham (1984) as the ability of a
genotype to produce higher yield compared to other genotype under P limiting
condition. Phosphorus efficiency may arise from the ability of a genotype to
acquire P from the soil (uptake efficiency) or to utilize P for the production of
plant biomass (utilization efficiency) (Blair, 1993; Gourley et al., 1993).
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Results of the present study showed that the potato genotypes considerably
differed in shoot dry matter yield (SDMY). As expected, low P supply reduced
SDMY of the potato genotypes on average by 59% (Fig.1A) and similar
observations were reported by Schenk and Barber (1979), Horst et al. (1993)
and Lynch et al. (1991) for corn, wheat and common bean, respectively. Plants
grown at low P level showed stunted growth, and had highly reduced leaf size,
particularly the P-inefficient genotypes. The reduced leaf size might be related
either to reduced epidermal cell production as reported by Assuero et al. (2004)
for maize and Chiera et al. (2002) for soybean or to reduced epidermal cell
expansion as reported by Radin and Eidenbock (1984) or to both mechanisms
as observed by Kavanova et al. (2006) for grass.

Due to variability among genotypes in the initial size of the seedlings at
transplanting, relative shoot growth rate (RGRs) was considered as a more
reliable parameter than SDMY to compare genotypes for P-efficiency. However,
in terms of both parameters the genotypes had similar ranking at low P supply:
the genotypes CGN 17903 and CIP 384321.3 were superior to genotypes CGN
18233 and CGN 22367 (Fig. 1, 2B) while at the first harvest the RGRs of CIP
384321.3 did not differ from that of CGN 18233 and CGN 22367. This might
indicate that efficiency mechanism of CIP 384321.3 developed during plant
growth. However, unlike at low P level, ranking of genotypes in terms of SDMY
and RGRs at high P level followed different pattern indicating that the use of
RGRs was more reliable to describe the effect of P supply on growth of
genotypes. At the second harvest, the P-inefficient genotypes CGN 18233 and
CGN 22367 had higher RGRs and were more responsive to P supply compared
to the P-efficient genotypes (Fig. 2B). At the second harvest, RGRs of the P-
inefficient genotypes was reduced by 72% and that of the P-efficient genotypes
by 50% due to low P supply. Classification of the genotypes into four efficiency
and response groups according to Gerloff (1977) showed that at the second
harvest the P-efficient genotypes CGN 17903 and CIP 384321.3 were non-
responders, while the inefficient genotypes CGN 18233 and CGN 22367 were

responders to P supply.
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4.2 P uptake efficiency

P uptake efficiency is the ability of a genotype to absorb P from the soil under P
limiting conditions, which is associated with a higher P uptake rate per unit of
root length and/ or with a higher root-shoot ratio (Blair, 1993; Gahoonia and
Nielsen, 1996; Bhadoria et al., 2004). In this study, the difference in uptake
efficiency of the genotypes was not related to difference in uptake rate, since all
genotypes had similar uptake rate at low P supply (Fig. 5) although P-efficient
genotypes had longer root hairs. This agrees with the observation that root hair
contribution to simulated P uptake (Fig. 6B) as well as the extension of the
depletion zone from the root surface into the soil (Fig. 7) calculated including

root hairs did not notably differ among genotypes.

The second trait related to P uptake efficiency, the root-shoot ratio, was
different among genotypes (Fig. 3A). However, the highest root-shoot ratio was
observed for the P-inefficient genotype CGN 18233 at both harvests (data for
first harvest not shown). Interestingly the P-inefficient genotype CGN 22367 did
not respond to low P supply by increasing root-shoot ratio at both harvests. Of
the two P-efficient genotypes, CIP 384321.3 had an increased root-shoot ratio
comparable with that of CGN 18233 and hence a high P uptake efficiency
whereas CGN 17903 showed a lower root-shoot ratio. These diverse results
suggest that besides root-shoot ratio, as indicator of P uptake efficiency, P
utilization efficiency might also be relevant for explaining P efficiency. In
contrast, for maize and soybean P efficiency of genotypes was related to P
uptake efficiency in terms of high root-shoot ratio (Schenk and Barber, 1979;
Pan et al., 2008).

At low P, the root-shoot ratio increased by factor of two compared to high P
supply. This observation is in agreement with results reported in literature
(Gaume et al., 2001; Bhadoria et al., 2002; Bhadoria et al., 2004). The higher
root-shoot ratio observed at low P supply was due to the severely reduced
shoot growth (Fig. 1A) compared to root growth (data not shown) as also
observed by Bhadoria et al. (2002). It is discussed that the severely reduced
leaf growth at low P supply leads to diminished leaf demand for assimilates
resulting in enhanced translocation of photosynthates to the root (Cakmak et al.,
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1994; Ciereszko et al., 1996) for better root growth. Preferential root growth
thus helps the stressed plants to acquire more P from the ambient environment

in response to P stress conditions.

4.3 Quantification of P uptake with respect to root traits

The fairly good agreement between experimentally measured and model
predicted P uptake (Fig. 6A) at both P levels indicated that the major processes
involved in P transport and root characteristics of the genotypes affecting P
uptake were well described. These characteristics include root morphological
traits such as root growth rate, root radius, mean half distance between
neighboring roots and physiological root characteristics such as (I/l:v), Km and
Cmin. However, the under prediction (about 30%) for genotype CIP 384321.3
was observed at low P level. This could not be due to additional P mobilization
mechanism, which is not considered by the model, since the P uptake rate per
unit of root length of this genotype was in a similar range with that of the other
genotypes. The possible reason accountable for the under prediction of P
uptake by this genotype could be that some of the physiological root kinetic
parameters taken as common for most crops such as Ky, or Cyin (4 uM and 0.1
UM, respectively) might not be representative for this cultivar. Sensitivity
analysis for these two physiological root parameters revealed that lowering the
Km value by half resulted in a predicted P uptake similar to the observed value.
To the contrary, increasing or decreasing Cmin by a similar factor did not affect
the predicted P uptake. Therefore, the K, value of this genotype might have
been lower than what was assumed for the model calculation. Low K, values
were reported to be indicative of better P uptake efficiency (Machado and
Furlani, 2004). Reports by Nielsen and Schjorring (1983), Machado and Furlani
(2004) and Li et al. (2007) revealed that these parameters differed among

barley, maize and rice cultivars, respectively.

According to the simulation results, the contribution of root hairs to the total
predicted P uptake was on average 70% at low P and 50% at high P. Not far
from our observation, Dechassa et al. (2003) reported a root hair contribution of
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about 60% in potato at a soil P level of 124 mg kg™ soil, which is more or less
similar to our low P level (100 mg P kg™ soil).

4.4 P utilization efficiency

P utilization efficiency refers to the ability of a genotype to produce higher dry
matter per unit of P absorbed (Blair, 1993) and it is calculated as reciprocal of
shoot P concentration. In the present investigation, P utilization efficiency at low
P supply was higher than that at high P supply. This is expected and was
observed previously in other investigations (Akhtar et al., 2008a, b). At low P
supply, the P utilization efficiency was the highest for P-efficient genotype CGN
17903, and intermediate for genotypes CIP 384321.3 and CGN 22367 whereas
it was the lowest for P-inefficient genotype CGN 18233 (Fig. 3B). Thus, P
inefficiency of genotype CGN 18233 is related to low P utilization efficiency,
since this genotype was not inferior in P uptake efficiency but even superior in
terms of root-shoot ratio. On the other hand, P efficiency of genotype CGN
17903 can be explained primarily by high P utilization efficiency, since it was not
superior in P uptake efficiency but even inferior with regard to root-shoot ratio.
For Brassica cultivars, Akhtar et al. (2006, 2008a, b) observed that P-efficient
cultivars had the highest P utilization efficiency compared to P-inefficient
cultivars. Clark (1983) also reported that P-efficient sorghum genotypes had
higher P utilization efficiency than P-inefficient genotypes.

The mechanism of higher internal P utilization efficiency is not clearly known.
However, it could be related to a better ability in releasing inorganic P from the
vacuole to the cytoplasm (cytoplasmic P homeostasis) or possibly through
selective allocation of P between cytoplasm and vacuole in favour of cytoplasm
thereby ensuring a relatively constant Pi concentration in metabolically active
compartments for normal functioning of plant metabolism (Lauer et al., 1989a;
Lee et al., 1990; Plaxton and Carswell, 1999; Raghothama, 1999) or to lower
metabolic requirement for inorganic P at cellular level for maintaining normal
metabolic activities (Sattelmacher et al., 1994 ). These could be (i) alternative
use of P independent enzymes and/or energy sources instead of P dependent
ones in metabolic pathways (Duff et al., 1989; Plaxton and Carswell, 1999) (ii)
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ability to maintain cell division at shoot meristems at lower tissue P
concentration leading to maintenance of optimum leaf number per plant (Lynch
et al., 1991; Chiera et al., 2002). (iii) ability to maintain leaf epidermal cell
expansion at lower P concentration leading to relatively larger individual leaf
area (Radin and Eidenbock, 1984; Kavanova et al., 2006). As a consequence of
larger leaf area, there would be an interception of more light leading to a better
shoot biomass accumulation under low P supply (Plenet et al.,, 2000). High P
utilization efficiency might also be related to the ability to maintain a higher
photosynthetic rate under P deficiency as observed by Yong-fu et al. (2006) for

rice genotypes.

5. Conclusions

Potato genotypes investigated in the present study differed significantly in RGRg
and SDMY at low P supply and this difference was related to both P uptake and
P utilization efficiency. Superiority of genotype CGN 17903 is related to high P
utilization efficiency whereas that of genotype CIP 384321.3 was related to both
uptake efficiency in terms of higher root-shoot ratio and intermediate P
utilization efficiency. Phosphorus uptake efficiency alone may not necessarily
lead to P efficiency as observed for genotype CGN 18233, which had the
highest root-shoot ratio but the lowest P utilization efficiency. Therefore,
selection of genotypes with both efficiency mechanisms appears to be the most

promising approach for a successful breeding program.
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GENERAL DISCUSSION

1. Soil phosphorus management and sustainable crop production

Sustainable crop production aims at maintaining high crop yield without
adversely affecting ecosystems to meet the need of current as well as future
generations (Tilman et al., 2002). Since phosphorus in agriculture is the second
most growth limiting macronutrient after nitrogen, its proper management in soil
contributes significantly to sustainable crop production. In such soils where yield
is limited because of inherent low P concentration (P deficient soils), application
of relatively higher amount of mineral P fertilizers is the only way to enhance
soil available P status to a target value in a long run that can sustain high crop
yield. However, once the target value is reached, the available soil phosphorus
concentration can be kept at a level that can sustain high crop yield through
maintenance fertilization (replacing only the P removed from the field along with
the harvested crops).

The P contained in crop residues left in the field can be recycled by
incorporating the residues into the soil whereas part of P in crop residues feed
to livestock can be returned back to the soil in the form of manure and also as
bone meal. The mineralization of such organic P sources can occur through the
action of microorganisms and plants exuding phosphatases and phytases.
However, the P removed along with cereal grains, other edible vegetable parts
and livestock products such as milk and meat used for human consumption
need to be replaced through mineral P fertilizer application. Therefore, under
condition where P removed from the soil by harvested crop can be returned as
crop residues and manures, the amount of mineral P fertilizer required for
maintenance fertilization becomes less. In a nutshell, regular application of
mineral P fertilizers for crop production and incorporation of crop residues after
harvest instead of removing from field can reduce nutrient mining and contribute

to sustainable crop production.
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2. Problems of mineral P fertilization

The major portion (80-90%) of mineral P fertilizers applied to the soil can not be
absorbed by plants due to adsorption to Fe oxides/hydroxides, Al hydroxides as
well as to Ca and Mg carbonate surfaces and due to chemical precipitation
resulting in the formation of sparingly soluble Fe-phosphates (strengite) and Al-
phosphates (variscite) in acid and Ca-phosphates in alkaline soils. Moreover,
the applied mineral P fertilizer may also possibly be transformed to organic
form, a process known as immobilization (Holford, 1997; Mengel and Kirkby,
2001). Thus, the mineral P fertilizer recovery of crops during the year of

application is usually very low (less than 20%).

Mineral P fertilizer recovery of crops can be improved through proper method of
P fertilizers application. In soils that have a high P fixing capacity in unavailable
forms, band application (where P is concentrated in a narrow zone) enhances P
fertilizer recovery compared to broadcasting, since concentrating P in a small
soil volume saturates the P binding sites and lowers the buffering capacity of
the soil thereby increasing mobility of phosphate ion into the soil solution and its
further diffusion toward the root. Band application especially of mono-and di-
ammonium phosphate fertilizers enhance root proliferation due to both N and P
effect, consequently improving the P uptake capacity of plants. Similarly, in
alkaline soils having a high capacity to precipitate P as calcium phosphate,
addition of organic materials such as farmyard manure along with mineral P
fertilizers improve P solubilization through microbial activities such as excretion
of organic anions, and H,CO3; formed due to respiration as well as H' released
by plant root induced by NH,4* uptake, all of which result in acidification of the
rhizosphere. Besides rhizosphere acidification, the organic anions as well as the
H>CO3; may also play role in desorption of phosphate ions adsorbed to Ca and
Mg carbonates, through ligand exchange reactions. This enhances P availability
contributing to improved mineral P fertilizer recovery by crops.

3. P-efficient cultivars and their role in sustainable crop production

Phosphorus efficiency, which is the ability of a genotype/cultivar to produce high
yield under P limiting condition (Graham, 1984), can be attained through
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improved P uptake efficiency (the ability to take more P from the soil under P
limiting condition) and/or through improved P utilization efficiency (the ability to
produce higher dry matter yield per unit of P taken up) (Gahoonia and Nielsen,
1996). Thus, P-efficient cultivars produce reasonably high yield in low P soils
through either ways and thus can reduce mineral P fertilizer input requirement

in agricultural production.

Phosphorus uptake efficient cultivars may contribute to sustainable crop
production by producing reasonably high yield under P deficient condition due
to their ability to exploit greater soil volume for accessing more P through
producing larger root system (higher root-shoot ratio), longer root hairs or via
forming association with mycorrhiza. Such cultivars may also enhance the
applied mineral P fertilizers recovery and improve P availability, since they may
be adapted to mobilize mineral P fertilizers fixed by the soil after application
through exuding organic anions and protons. Additionally, P uptake efficient
cultivars may also be able to mineralize organic P sources (including those of
plant and microbial origin) by releasing acid phosphatases, phytases and/or
RNase thereby increasing soil available P to sustain high yield. Thus, P uptake
efficient cultivars are able to produce high yield at relatively low soil P status

which can be reached by applying less amount of mineral P fertilizer.

On the other hand, P utilization efficient cultivars produce high yield per unit of
absorbed P under P deficient condition, since they have low internal P demand
for normal metabolic activities and growth and hence have low requirement for
mineral P fertilizer inputs to produce reasonably high yield. Moreover, they
remove less P from soil during growth and therefore the quantity of P removed
along with the harvestable parts of the crop would obviously be less,
consequently reducing the quantity of mineral P fertilizer inputs required for

maintenance fertilization.

4. Genetic diversity of potato genotypes for P efficiency

The results of the screening experiments (Chapter 1) showed that there is
considerable genetic diversity of potato for P efficiency. Phosphorus efficient as

well as inefficient genotypes were observed both among the wild and cultivated
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types as evaluated in terms of both high shoot dry matter yield and high relative
shoot growth rate under P limiting condition (Chapter 1). Overall speaking, the
cultivated types seem more P-efficient than the wild types. Besides for P
efficiency, the genotypes were also genetically diverse in terms of
responsiveness to P supply. The presence of significant genotype*P level
interaction (P<0.001) indicated that ranking of genotypes for P efficiency and

responsiveness was different.

Among the cultivated types, genotype CIP 384321.3 whereas among the wild
types, genotype CGN 17903 were consistently P-efficient as evaluated in terms
of both high shoot dry matter yield and high relative shoot growth rate at low P
supply in both screening experiments. The consistently P-inefficient genotypes
were the wild type CGN 22367 and a land variety CGN 18233. The
inconsistency in case of some genotypes have been related to shortcomings of
the classification method described by Gerloff (1977), since the mean values
used to classify the genotypes to either of the P efficiency or P response
category were changing depending on the number of genotypes classified and
composition of P-efficient and P-inefficient genotypes in each screening
experiments.

5. Mechanisms and traits contributing to P efficiency of selected potato
genotypes

As described earlier, P efficiency can be achieved due to uptake efficiency and/
or utilization efficiency. In the current study, the P efficiency for the genotype
CGN 17903 was related exclusively to higher P utilization efficiency (Chapter 2
and 3), whereas for the genotype CIP 384321.3, it was related to both higher P
uptake efficiency in terms of root-shoot ratio and intermediate P utilization

efficiency (Chapter 2).

Genotype CGN 17903 showed the highest P utilization efficiency compared to
the other selected genotypes (Chapter 2 and 3), which led to the highest
relative growth rates (RGRs/RGRy) of this genotype under low P level. Similarly,
Akhtar et al. (2006, 2008a,b) also reported P efficiency of some Brassica

cultivars to have been due to higher P utilization efficiency. Results of the
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present study revealed that genotype CGN 17903 had higher net assimilation
rate (NAR), which was the cause for high P utilization efficiency of this
genotype. However, the higher NAR of this genotype was not related to higher
net photosynthetic rate since this did not differ between the genotypes. Unlike
the present observation, Fujita et al. (2004) and Yong-fu et al. (2006) accounted
P efficiency of pigeon pea and rice genotypes, respectively to higher net
photosynthetic rate of the P-efficient genotypes compared to the inefficient

ones.

On the other hand, the P-efficient genotype CIP 384321.3 showed both higher
P uptake and intermediate P utilization efficiency. The P uptake efficiency of this
genotype was related to higher root-shoot ratio (Chapter 2). Similarly, higher
root-shoot ratio has been accounted for enhanced P uptake efficiency with
maize, cowpea and soybean genotypes (Schenk and Barber, 1979; Krasilnikoff
et al., 2003; Pan et al., 2008). However, this genotype did not mobilize P since
uptake rate per unit root length was in a similar range with that of other
genotypes (Chapter 2). To the contrary, studies with other crop species
revealed that P uptake efficiency of barley, cowpea, common bean, maize,
rape, rice, soybean and wheat genotypes was also related to their P mobilizing

capacity (Table 1).

The P inefficiency of genotype CGN 22367 was due to both lower P uptake
efficiency (related to low root-shoot ratio) and intermediate P utilization
efficiency (Chapter 2 and 3). The results from an investigation of traits related to
P utilization efficiency in a nutrient solution experiment revealed that
intermediate P utilization efficiency of this genotype was not related to lower net
photosynthetic rate but to higher leaf dark respiration rate (Chapter 3). So far
there is no literature report which supports the present observation. On the
other hand, although genotype CGN 18233 had a higher P uptake efficiency
trait (high root-shoot ratio), this did not lead to high P efficiency of the genotype
since it had low P utilization efficiency (Chapter 2 and 3). The results revealed
that both net photosynthetic and leaf dark respiration rates could not explain the
lower NAR and hence lower P utilization efficiency observed with this genotype.

However, considering the larger dry matter proportion allocated to the root and
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higher P uptake and transport resulting in two-fold higher P concentration in
plant dry matter of this genotype, it may be speculated that this genotype might
have lost more carbon through root respiration, which is supported by results of
Nielsen et al. (2001) who observed considerable carbon loss (amounting to
40% net carbon fixed by photosynthesis) through root respiration under P
deficiency with P-inefficient common bean genotype. The higher carbon loss of
genotype CGN 18233 might also be via root exudation as observed by Bekku et
al. (1997) for different plant species.

Genotypes of crop species may use different P efficiency mechanisms (either
uptake efficiency or utilization efficiency or both). Results of previous studies
summarized in Table 1 show that uptake efficiency and traits associated with it
has been observed with genotypes of several crop plants. However, studies
focusing on mechanism of P utilization efficiency and information on traits

related to P utilization efficiency are scarce.

Phosphorus efficiency in genotypes of barley, cabbage, cowpea, maize, rape,
soybean, tea and wheat was mainly related to uptake efficiency. In Brassica
cultivars, P utilization efficiency was observed whereas in common bean and

rice genotypes, both uptake and utilization efficiency was reported.

With regard to improved root morphological traits, increased root hair length
was for instance an important trait in improving the P uptake efficiency of barley,
cabbage, cowpea and wheat genotypes. Other root morphological traits such as
high root-shoot ratio and root length density at topsoil layer were also significant
in improving P uptake efficiency of cowpea, maize, soybean, wheat and
common bean genotypes. Furthermore, P-efficient genotypes of barley,
cowpea, maize, rape, soybean, tea and wheat were also able to mobilize P via
exudation of organic anions and/or acid phosphatases.

Common bean and rice genotypes demonstrated both P uptake and utilization
efficiency mechanisms. The high P uptake efficiency in common bean
genotypes was related to increased root length density at the topsoil layer for
better topsoil foraging. Similar to most other crop genotypes, P-efficient
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genotypes of common bean and rice were also able to mobilize P through
exudation of either organic anions and/ or acid phosphatases. The high P
utilization efficiency of common bean genotype under P limiting condition was
related to efficient carbon budgeting (low carbon loss through root respiration)
while that of rice genotype was due to high phostosynthetic rate. Similar to the
common bean and rice genotypes, the potato genotypes investigated in the
current study also showed both P uptake and utilization efficiency mechanisms.
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Table 1: Mechanisms and traits associated with P efficiency of genotypes in

some crop plants

P efficiency Crop P efficiency traits References
mechanism
Uptake Barley Longer root hair Gahoonia et al., 1999
efficiency Gahoonia and Nielsen,
2004a
P mobilization through exudation of | Asmar et al., 1995;
organic anions, acid phosphatases | Asmar, 1997;
and phytases Gahoonia et al., 2000
Cabbage | Longer root hair Eticha and Schenk,
2001
Cowpea | Longer root hair Krasilnikoff et al., 2003
High root-shoot ratio
P mobilization
Maize High root-shoot ratio Schenk and Barber,
1979
P mobilization through exudation of | Gaume et al., 2001;
organic anions & acid phosphatase | Yun and Kaeppler,
2001; Singh and
Pandey 2003; Liu et
al., 2004; Corrales et
al., 2007; Li et al., 2008
Rape P mobilization through release of | Zhang et al., 2009
protons and acid phosphatase
Soybean | High root-shoot ratio Pan et al., 2008
P mobilization through increased | Ramesh et al., 2004
phosphatase activity
Tea P mobilization through proton | Zoysa et al., 1999
release
Wheat Increased root hair length Horst et al., 1993
Increased root length density at | Egle et al., 1999;
topsoil layer Manske et al., 2000
P mobilization through exudation of | Manske et al., 2000;
acid phosphatase and phytase Osborne and Rengel,
2002
Utilization Brassica | Efficient re-translocation of P from | Akhtar et al., 2006;
efficiency cultivars | metabolically inactive plant parts | Akhtar et al., 2008b
(older leaves & stems) to active
parts (younger leaves)
Both Common | Increased root length density at | Liao and Yan, 2000;
efficiency bean topsoil layer (UyE)’ Miller et al., 2003
mechanisms
P mobilization through exudation of | Shen et al., 2002
organic anions (UyE)’
Lower carbon loss through root | Nielsen et al., 2001
respiration (U{E)?
Rice P mobilization through exudation of | Ming et al., 2002

organic anions, acid phosphatase
and proton release (UpE)’

High photosynthetic rate (U;E)*

Yong-fu et al., 2001

1) UoE= uptake efficiency 2) U;E = Utilization efficiency
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6. Crop genotypes efficiency mechanisms for other nutrients: the case of
N and K

Similar to P efficiency, genotypes of crop species show an array of efficiency
mechanisms and traits for other macronutrients such as nitrogen (N) and
potassium (K). High N uptake efficiency of genotypes was related to increased
root-length density in subsoil with maize (Wiesler and Horst, 1993,1994; Worku,
2005) and common bean (Kimani and Tongoona, 2008). With K, however, high
uptake efficiency of genotypes was related to smaller root radius with rice (Jia et
al., 2008) and both high root-shoot ratio as well as greater ability to mobilize
non-exchangable K with potato and tomato (Chen and Gabelman, 2000; Trehan
et al., 2005).

The high root-shoot ratio, smaller root radius and mobilizing ability, which were
traits related to high K uptake efficiency were also reported as traits related to
high P uptake efficiency (Table 1). High root-length density at subsoil was trait
related to high N uptake efficiency. With P, however, the high root-length
density at topsoil layer was related to high uptake efficiency as observed with
common bean genotypes (Liao and Yan, 2000; Miller et al., 2003). This is
because P, unlike N, is immobile in the soil and thus available P concentrates in

the topsoil layer.

On the other hand, high N utilization efficiency in maize genotypes was related
to delayed leaf senescence, higher leaf chlorophyll concentration, ability to
retain activities of enzymes related to photosynthesis (higher photosynthetic
efficiency) and ability to remobilize N from vegetative parts at grain filling stage
(Hirel et al., 2001; Maranville and Madhavan, 2002; Paponov et al., 2005;
Worku et al.,, 2007; Schulte auf'm Erley et al,, 2007). With K, high utilization
efficiency was related to greater ability to translocate K from non-
photosynthesizing organs to leaves maintaining higher photosynthetic capacity
at grain filling stage and also to greater ability to maintain PS-II photochemical
efficiency as observed with rice genotypes (Yang et al., 2003, 2004; Jia et al.,
2008).
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Similar to N and K utilization efficiency mechanisms described above, crop
genotypes also showed higher photosynthetic capacity as a mechanism of P
utilization efficiency as observed with rice genotype (Yong-fu et al., 2006). Like
for N and K, high P remobilization ability was also accounted for higher P

utilization efficiency in Brassica cultivars (Akhtar et al., 2008b).

7. Outlook

From results of the present study it was suggested that the high P utilization
efficiency of genotype CGN 17903 was due to high NAR, which was speculated
to be due to lower root carbon cost. It is suggested that this speculation be
further elucidated by investigating the genotypes for the carbon cost of root

respiration and exudation.

Previous studies showed that there was enhanced P uptake due to mycorrhizal
association under P limiting condition with potato, indicating that potato can
benefit from the association (Davies et al., 2005a, b). Moreover, mycorrhizal
colonization of 70-80% was observed with potato (Bhattarai and Mishra, 1984).
However, since the efficiency of the association in enhancing growth and yield
of potato depend on a suitable combination of cultivar and arbuscular
mycorrhiza (AM) fungi specie used (Yao et al, 2002), evaluation of the
genotypes for ability to benefit from inoculation with different mycorrhiza strains
can be suggested for future work.

The useful traits related to P efficiency, in the present study, were identified for
both cultivated and wild genotypes. In case of the wild genotype, the trait
related to P efficiency need to be transferred to adapted P-inefficient cultivars
through breeding. However, since P efficiency is a quantitative trait controlled
by multiple genes (Li et al., 2005) the quantitative trait loci (QTLs) or major
genes linked to P efficiency need to be identified as a first step of the breeding
work. It was reported that quantitative traits related to P efficiency in common
bean have been successfully transferred from P-efficient cultivar into
agriculturally adapted inefficient cultivar (Schettini et al., 1987). Thus following

the detection of QTLs or major genes related to P efficiency, the useful
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quantitative traits related to P efficiency in the wild potato genotype need to be
incorporated into adapted potato cultivars lacking these traits through breeding.
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SUMMARY

Potato has a high phosphorus (P) fertilizer requirement for optimum growth and
yield. However, because of low P availability in nearly 67% of the cultivated
soils, P deficiency is a major factor constraining crop production. To avert this
problem, the use of genotypes/ cultivars with high P efficiency is an option for
sustainable potato production in inherently low P soils as well as in soils with
high P fixing capacity.

This study was conducted with the objectives to screen potato genotypes for P
efficiency, to elucidate the mechanism of P efficiency and to evaluate the
contribution of root traits to P uptake of the genotypes using mechanistic

simulation model.

To achieve these objectives, plants were grown in controlled growth chamber in
soil at two P levels (low and high) and in nutrient solution under three P regimes
(low, medium and high). In screening experiments, the genotypes were grown
in soil at two P levels and evaluated for P efficiency in terms of high shoot dry
matter yield (SDMY) and relative shoot growth rate (RGRs) under P limiting
condition. Four genotypes, two of which were consistently P-efficient and the
other two, which were consistently P-inefficient in terms of both SDMY and
RGRs at low P were selected for investigation of P efficiency mechanisms.
These four genotypes with contrasting P efficiency were further evaluated in soil
experiments and additional plant parameters related to P efficiency such as
shoot P concentration, root length and root hair length were determined. The
influence of morphological root characteristics was evaluated using mechanistic
simulation model. To investigate the mechanism of P utilization efficiency of the
genotypes, a nutrient solution experiment was conducted and data for plant leaf
area, gas exchange rate and leaf starch content were determined.

The results showed that

(1). Both genotypes CGN 17903 and CIP 384321.3 had higher SDMY and
RGRs (P-efficient) compared to genotypes CGN 22367 and CGN 18233 (P-
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inefficient) at low P supply. The P efficiency of genotype CGN 17903 was
exclusively related to high P utilization efficiency whereas for genotype CIP
384321.3 it was related to both high uptake efficiency and intermediate P
utilization efficiency.

(2). The higher P utilization efficiency of genotype CGN 17903 (higher relative
plant growth rate (RGRy) at low P) was caused by higher net assimilation rate
(NAR).

(3). The high P uptake efficiency of genotype CIP 384321.3 was due to higher
root-shoot ratio.

(4). The P inefficiency of genotype CGN 18233 was related to low P utilization
efficiency despite its high uptake efficiency in terms of higher root-shoot ratio.
This indicates that besides P uptake efficiency, P utilization efficiency also
determines P efficiency of a genotype. The low P utilization efficiency of this
genotype was related to low NAR and this low NAR was speculated to be due

to high carbon loss through root respiration and/or exudation.

(5). The P inefficiency of genotype CGN 22367 was related to both low P
uptake efficiency and intermediate P utilization efficiency. The low P uptake
efficiency of this genotype was related to low root-shoot ratio whereas the

intermediate P utilization efficiency might be due to higher leaf dark respiration.

(6). Although the P-efficient genotypes had longer root hairs this did not
differently influence the P uptake rate as well as the width of the P depletion
zone around the root surface of P-efficient genotypes compared to that of the P-

inefficient genotypes.

(7). Since the predicted and observed P uptake agreed fairly well indicating that
the major processes involved in P transport and root characteristics of the
genotypes affecting P uptake were well described and also since there was no
difference in P uptake rate between the genotypes at low P level it is suggested

that P mobilization was not involved.

67



References

REFERENCES

Akhtar, M.S., Oki, Y. and Adachi, T. (2008a): Genetic diversity of Brassica
cultivars in relation to phosphorus uptake and utilization efficiency under
P-stress environment. Archives of Agronomy and Soil Science 54, 93-
108.

Akhtar, M.S., Oki, Y. and Adachi, T. (2008b): Intraspecific variations of
phosphorus absorption and remobilization, P forms and their internal
buffering in Brassica cultivars exposed to a P-stress environment.

Journal of Integrative Plant Biology 50, 703-716.

Akhtar, M.S., Oki, Y., Adachi, T., Murata, Y., Magsood, A.G., Rashid-Khan, M.
H. and Kurimoto, H. (2006): Inter-cultivar variation of phosphorus
deficiency stress tolerance in hydroponically grown Brassica.
Songklanakarin Journal of Science and Technology 28, 601-613.

Alvarez-Sanchez, E., Etchevers, J.D., Ortiz, J., Nunez, R., Volke, V., Tijerina, L.
and Martinez, A. (1999): Biomass production and phosphorus
accumulation of potato as affected by phosphorus nutrition. Journal of
Plant Nutrition 22, 205-217.

Asmar, F. (1997): Variation in activity of root extracellular phytase between
genotypes of barley. Plant and Soil 195, 61-64.

Asmar, F., Gahoonia, T.S. and Nielsen, N.E. (1995): Barley genotypes differ in
activities of soluble extracellular phosphatase and depletion of organic
phosphorus in the rhizosphere soil. Plant and Soil 182, 117-122.

Baon, J.B., Smith, S.E. and Alston, A.M. (1993): Mycorrhizal response of barley
cultivars differing in P efficiency. Plant and Soil 157, 97-105.

Barber, S.A. (1962): A diffusion and mass-flow concept of soil nutrient
availability. Soil Science 93, 39-49.

68



References

Barber, S.A. (1995): Soil Nutrient Bioavailability. a mechanistic approach. 2™
ed. John Wiley and Sons Inc., New York.

Barraclough, B.P. and Tinker, B.P. (1981): Determination of ionic diffusion
coefficient in field soils I: Diffusion coefficient in sieved soils in relation to
water content and bulk density. Journal of Soil Science 32, 225-236.

Bates, T.R. and Lynch, H.P. (1996): Stimulation of root hair elongation in
Arabidopsis thaliana by low phosphorus availability. Plant, Cell and
Environment 19, 529-538.

Bates, T.R. and Lynch, J.P. (2000): The efficiency of Arabidopsis thaliana
(Brassicaceae) root hairs in phosphate acquisition. American Journal of
Botany 87, 964-970.

Bates, T.R. and Lynch, J.P. (2001): Root hairs confer a competitive advantage
under low phosphorus availability. Plant and Soil 236, 243-250.

Batjes, N.H. (1997): A world data set of derived soil properties by FAO-
UNESCO soil unit for global modeling. Soil Use and Management 13, 9-
16.

Bekku, Y., Kimura, M., lkeda, H. and Koizumi, H. (1997): Carbon input from
plant to soil through root exudation in Digitaria adscendens and
Ambrosia artemisiifolia. Ecological Research 12, 305-312.

Bhadoria, P.S., ElI Dessougi, H., Liebersbach, H. and Claassen, N. (2004):
Phosphorus uptake kinetics, size of root system and growth of maize and
groundnut in solution culture. Plant and Soil 262, 327-336.

Bhadoria, P.S., Steingrobe, B., Claassen, N. and Liebersbach, H. (2002):
Phosphorus efficiency of wheat and sugar beet seedlings grown in soils
with mainly calcium or iron and aluminium phosphate. Plant and Soil 246,
41-52.

69



References

Bhattarai, 1.D. and Mishra, R.R. (1984). Study on the vesicular-arbuscular
mycorrhiza of three cultivars of potato (Solanum tuberosum L.). Plant
and Soil 79, 299-303.

Blair, G. (1993): Nutrient efficiency-what do we really mean? In Randall, P.J.,
Delhaize, E., Richards, R.A. and Munns, R. (eds.): Genetic aspects of
plant nutrition. Kluwer Academic Publishers, the Netherlands. pp 204-
213.

Bolan, N.S. (1991): A critical review on the role of mycorrhizal fungi in the
uptake of phosphorus by plants. Plant and Soil 134, 189-207.

Brewster, J.L., Bhat, K.K.S. and Nye, P.H. (1976): The possibility of predicting
solute uptake and plant growth response from independently measured
soil and plant characteristics. V. The growth and phosphorus uptake of
rape in soil at a range of phosphorus concentration and a comparison of
results with the prediction of a simulation model. Plant and Soil 44, 295-
328.

Brooks, A. (1986): Effect of phosphorus nutrition on ribulose-1, 5-bisphosphate
caboxylase activation, photosynthetic quantum yield and amounts of
some Calvin-cycle metabolites in spinach leaves. Australian Journal
Plant Physiology 13, 221-237.

Brooks, A., Woo, K.C. and Wong, S.C. (1988): Effect of phosphorus nutrition on
the response of photosynthesis to CO, and O, activation of ribulose
bisphosphate carboxylase and amount of ribulose bisphosphate and 3-
phosphoglycerate in spinach leaves. Photosynthesis Research 15, 133-
141.

Brundrett, M.C. (2002): Coevolution of roots and mycorrhizas of land plants.
New Phytologist 154, 275-304.

Buso, G.S.C. and Bliss, F.A. (1988): Variability among lettuce cultivars grown at
two levels of available phosphorus. Plant and Soil 111, 67-73.

70



References

Cakmak, ., Hengeler, C. and Marschner, H. (1994): Partitioning of shoot and
root dry matter and carbohydrates in bean plants suffering from
phosphorus, potassium and magnesium deficiency. Journal of
Experimental Botany 45, 1245-1250.

Caradus, J.R. (1983): Genetic difference in phosphorus absorption among white
clover populations. Plant and Soil 72, 379-383.

Chen, J. and Gabelman, W.H. (2000): Morphological and physiological
characteristics of tomato roots associated with potassium-acquisition
efficiency. Scientia Horticulturae 83, 213-225.

Chiera, J., Thomas, J. and Rufty, T. (2002): Leaf initiation and development in
soybean under phosphorus stress. Journal of Experimental Botany 53,
473-481.

Ciereszko, |., Gniazdowska, A., Mikulska, M. and Rychter, A.M. (1996):
Assimilate translocation in bean plants (Phaseolus vulgaris L.) during
phosphate deficiency. Journal of Plant Physiology 149, 343-348.

Claassen, N. (1990): Nahrstoffaufnahme hdéherer Pflanzen aus dem Boden.
Ergebnis von Verfligbarkeit und Aneignungsvermdgen, Severin-Verlag,
Géttingen, p 327.

Claassen, N. and Steingrobe, B. (1999): Mechanistic simulation model for a
better understanding of nutrient uptake from soil. In Rengel, Z. (ed.):
Mineral nutrition of crops-fundamental mechanisms and implications.
Haworth Press Inc. New York. pp 327-367.

Clark, R.B. (1983): Plant genotype differences in the uptake, translocation,

accumulation, and use of mineral elements required for plant growth.
Plant and Soil 72, 175-196.

71



References

Clarkson, D.T. (1981): Nutrient interception and transport by root systems. In
Johnson, C.B. (ed.): Physiological processes limiting plant productivity.
London, Butterworths, pp 307-314.

Corrales, I., Amenos, M., Poschenrieder, C. and Barcelo, J. (2007): Phosphorus
efficiency and root exudates in two contrasting tropical maize varieties.
Journal of Plant Nutrition 30, 887-900.

Dancer, J., Veith, R., Komor, E. and Stitt, M. (1990): Independent changes of
pyrophosphate and ATP/ADP or UTP/UDP ratios in plant cell suspension
cultures. Plant Science 66, 59-63.

Davies, Jr. F.T., Calderon, C.M. and Huaman, Z. (2005a): Influence of
arbuscular mycorrhizae indigenous to Peru and flavonoid on growth,
yield and leaf elemental concentration of “Yungay’ potato. HortScience
40, 381-385.

Davies, Jr. F.T., Calderon, C.M., Huaman, Z. and Gomez, R. (2005b): Influence
of a flavonoid (Formononetin) on mycorrhizal activity and potato crop
productivity in the highlands of Peru. Scientia Horticulturae 106, 318-329.

Dechassa, N. and Schenk, M.K. (2004): Exudation of organic anions by roots of
cabbage carrot and potato as influenced by environmental factors and
plant age. Journal of Plant Nutrition and Soil Science167, 623-629.

Dechassa, N., Schenk, M.K., Claassen, N. and Steingrobe, B. (2003):
Phosphorus efficiency of cabbage (Brassica oleraceae L. var. Capitata),
carrot (Daucus carota L.), and potato (Solanum tuberosum L.). Plant and
Soil 250, 215-224.

Deressa, T.G. and Schenk, M.K. (2008): Contribution of roots and hyphae to
phosphorus uptake of mycorrhizal onion (Allium cepa L.)-A mechanistic
modeling approach. Journal of Plant Nutrition and Soil Science 171, 810-
820.

72



References

Dong, B., Ryan, P.R., Rengel, Z. and Delhaize, E. (1999): Phosphate uptake in
Arabidopsis thaliana: dependence of uptake on the expression of
transporter gene and internal phosphate concentrations Plant, Cell
Environment 22, 1455-1461.

Dong, D., Peng, X. and Yan, X. (2004): Organic acid exudation induced by
phosphorus deficiency and/or aluminium toxicity in two contrasting
soybean genotypes. Physiologia Plantarum 122, 190-199.

Duff, S.M.G., Moorhead, G.B.G., Lefebvre, D.D. and Plaxton, W.C. (1989):
Phosphate starvation inducible bypasses of adenylate and phosphate
dependent glycolytic enzymes in Brassica nigra suspension cells. Plant
Physiology 90, 1275-1278.

Edwards, O.W. and Huffman, E.O. (1959): Diffusion of aqueous solution of
phosphoric acid at 25°C. Journal of Physical Chemistry 63, 1830-1833.

Egle, K., Manske, G., Rdémer, W. and Vilek, P.L.G. (1999): Improved
phosphorus efficiency of three new wheat genotypes from CIMMYT in
comparison with an older Mexican variety. Journal of Plant Nutrition and
Soil Science 162, 353-358.

Eticha, D. and Schenk, M.K. (2001): Phosphorus efficiency of cabbage
varieties. In Horst et al. (eds.): Plant nutrition-food security and
sustainability of agro-ecosystems through basic and applied research.
Kluwer Academic Publisher Dordrecht, the Netherlands, pp 542-543.

Fligge, U.l., Freisl, M. and Heldt, HW. (1980): Balance between metabolite
accumulation and transport in relation to photosynthesis by spinach
chloroplasts. Plant Physiology 65, 574-577.

Fbhse, D. and Jungk, A. (1983): Influence of phosphate and nitrate supply on
root hair formation of rape, spinach and tomato plants. Plant and Soil 74,
359-368.

73



References

Fbéhse, D., Claassen, N. and Jungk, A. (1988): Phosphorus efficiency of plants.
I. External and internal P requirement and P uptake efficiency of different
plant species. Plant and Soil 110, 101-109.

Fbhse, D., Claassen, N. and Jungk, A. (1991): Phosphorus efficiency of plants.
II. Significance of root radius, root hairs and cation-anion exchange
balance for phosphorus influx in seven plant species. Plant and Soil 132,
261-272.

Fredeen, A.L., Raab, T.K., Rao, M. and Terry, N. (1990): Effect of phosphorus
nutrition on photosynthesis in Glycine max (L.) Merr. Planta 181, 399-
405.

Fujita, K., Kai, Y., Takayanagi, M., El-shemy, H., Adu-gyamfi, J.J. and
Mohapatra, P.K. (2004): Genotypic variability of pigeonpea in distribution
of photosynthetic carbon at low phosphorus levels. Plant Science 166,
641-649.

Gahoonia, T.S. and Nielsen, N.E. (1996): Variation in acquisition of soil
phosphorus among wheat and barley genotypes. Plant and Soil 178,
223-230.

Gahoonia, T.S. and Nielsen, N.E. (1998): Direct evidence on participation of
root hairs in phosphorus (*2P) uptake from soil. Plant and Soil 198, 147-
152.

Gahoonia, T.S. and Nielsen, N.E. (2004a): Barley genotypes with long root
hairs sustain high grain yields in low-P field. Plant and Soil 262, 55-62.

Gahoonia, T.S. and Nielsen, N.E. (2004b): Root traits as tools for creating
phosphorus efficient crop varieties. Plant and Soil 260, 47-57.

Gahoonia, T.S., Asmar, F., Giese, H., Gissel-Nielsen, G. and Nielsen, N.E.

(2000): Root released organic acids and phosphorus uptake of two

74



References

barley cultivars in laboratory and field experiments. European Journal of
Agronomy 12, 281-289.

Gahoonia, T.S., Care, D. and Nielsen, N.E. (1997): Root hairs and phosphorus
acquisition of wheat and barley cultivars. Plant and Soil 191, 181-188.

Gahoonia, T.S., Nielsen, N.E. and Lyshede, O.B. (1999): Phosphorus (P)
acquisition of cereal cultivars in the field at three levels of P fertilization.
Plant and Soil 211, 269-281.

Gardner, W.K., Barber, D.A. and Parbery, D.G. (1983): The acquisition of
phosphorus by Lupinus albus L.: lll. The probable mechanism by which
phosphorus movement in the soil/root interface is enhanced. Plant and
Soil 70, 107-124.

Gaume, A., Mé&chler, F., De Leon, C., Narro, L. and Frossard, E. (2001): Low-P
tolerance by maize (Zea mays L.) genotypes: Significance of root growth,
and organic acids and acid phosphatase root exudation. Plant and Soil
228, 253-264.

Gericke,V.S., and Kurmies, B. (1952): Die Kolorimetrische
Phosphorsaurebestimmung mit Ammonium-Vanadat-molybdat und ihre
Anwendung in der Pflanzenanalyse. Zeitschrift flur Pflanzenerndhrung
und Bodenkunde 59, 235-245.

Gerke, J. (1992): Phosphate, aluminium and iron in the soil solution of three
different soils in relation to varying concentrations of citric acid. Zeitschrift
fur Pflanzenerndhrung Bodenkunde 155, 339-294.

Gerloff, S. (1977): Plant efficiencies in the use of N, P and K. In Wright, M.J.
(ed.): Plant adaptation to mineral stress in problem soils. Cornell Univ.
Press, New York. pp 161-174.

Gourley, C.J.P., Allan, D.L. and Russelle, M.P. (1993): Defining phosphorus
efficiency in plants. Plant and Soil 155/156, 289-292.

75



References

Graham, J.H. and Eissenstat, D.M. (1994): Host genotype and the formation of
VA mycorrhizae. Plant and Soil 159, 179-185.

Graham, R.D. (1984): Breeding for nutritional characteristic in cereals. In Tinker,
P.B. and Lauchli, A. (eds.): Advances in Plant Nutrition. Praeger, New
York. 1, pp 57-102.

Gunes, A., Inal, A., Aplaslan, M. and Cakmak, . (2006): Genotypic variation in
phosphorus efficiency between wheat cultivars grown under greenhouse
and field conditions. Soil Science and Plant Nutrition 52, 470-478.

Hayes, J.E., Simpson, R.J. and Richardson, A.E. (2000): The growth and
phosphorus utilization of plants in sterile media when supplied with
inositol hexaphosphate, glucose 1-phosphate or inorganic phosphate.
Plant and Soil 220, 165-174.

Heldt, H.W., Chon, C.J., Maronde, D., Herold, A., Stankovic, Z.S., Walker, D.A.,
Kraminer, A., Kirk, M.R. and Heber, U. (1977): Role of orthophosphate
and other factors in the regulation of starch formation in leaves and
isolated chloroplasts. Plant Physiology 59, 1146-1155.

Hirel, B., Bertin, P., Quillere, I., Bourdoncler, W. and Attagnant, C. (2001):
Towards a better understanding of the genetic and physiological basis for
nitrogen efficiency in Maize. Plant Physiology 125, 1258-1270.

Holford, 1.C.R. (1997): Soil phosphorus: its measurements and its uptake by
plants. Australian Journal of Soil Research 35, 227-239.

Horst, W.J., Abdou, M. and Wiesler, F. (1993): Genotypic difference in
phosphorus efficiency of wheat. Plant and Soil 155/156, 293-296.

Jia, Y., Yang, X., Islam, E. and Feng, Y. (2008): Effect of potassium deficiency

on chlorophyll fluorescence ultrastructure in inefficient and efficient
genotype of rice. Journal of Plant Nutrition 31, 2105-2118.

76



References

Jones, D.L., Dennis, P.G., Owen, A.G. and Van Hees, P.A.W. (2003): Organic
acid behaviour in soils-misconception and knowledge gaps. Plant and
Soil 248, 31-41.

Jungk, A. (2001): Root hairs and acquisition of plant nutrients from soil. Journal
of Plant Nutrition and Soil Science 164, 121-129.

Jungk, A., Asher, C.J., Edwards, D.G. and Meyer, D. (1990): Influence of
phosphate status on phosphate uptake kinetics of maize (Zea mays L.)
and soybean (Glycine max L.). Plant and Soil 124, 175-182.

Jungk, A., Seeling, B. and Gerke, J. (1993): Mobilization of different phosphate
fractions in the rhizosphere. Plant and Soil 155/156, 91-94.

Kavanova, M., Lattanzi, F.A., Grimoldi, A.A. and Schnyder, H. (2006):
Phosphorus deficiency decreases cell division and elongation in grass
leaves. Plant Physiology 141, 766-775.

Keerthisinghe, G., Hocking, P., Ryan, P.R. and Delhaize, E. (1998): Effect of
phosphorus supply on the formation and function of proteoid roots of
white lupin (Lupinus albus L.). Plant, Cell and Environment 21, 467-478.

Kimani, J.M. and Tongoona, P. (2008): The mechanism of genetic control for
low nitrogen (N) tolerance in common bean (Phaseolus vulgaris L.)
Euphytica 162, 193-203.

Kirk, G.J. (1999): A model of phosphate solubilization by organic anions
excretion from plant roots. European Journal of Soil Sciences 50, 369-
378.

Kochian, L.V., Hoekenga, O.A. and Pineros, M.A. (2004): How do crop plants
tolerate acid soils? Mechanisms of aluminium tolerance and phosphorus
efficiency. Annual Review of Plant Biology 55, 459-493.

77



References

Krasilnikoff, G., Gahoonia,T. and Nielsen, N.E. (2003): Variation in phosphorus
uptake efficiency by genotypes of cowpea (Vigna unguiculata) due to
difference in root and root hair length and induced rhizosphere
processes. Plant and Soil 251, 83-91:

Lambers, H., Shane, M\W., Cramer, M.D., Pearse, S.J. and Veneklaas, E.J.
(2006): Root structure and functioning for efficient acquisition of
phosphorus: matching morphological and physiological traits. Annals of
Botany 98, 693-713.

Lauer, M.J., Blevins, D.G. and Sierputowska-Gracz, H. (1989a): *'P-nuclear
magnetic resonance determination of phosphate compartmentation in
leaves of reproductive soybeans (Glycine max L.) as affected by
phosphate nutrition. Plant Physiology 89, 1331-1336.

Lauer, M.J., Pallardy, G.S., Blevins, D.G. and Randall, D.D. (1989b): Whole leaf
carbon exchange characteristic of phosphate deficient soybeans (Glycine
max L.). Plant Physiology 91, 848-854.

Lee, R.B., Ratcliffe, R.G. and Southton, T.E. (1990): *'P-NMR measurement of
the cytosolic and vacuolar Pi content of mature maize roots: relationships
with phosphorus status and phosphate fluxes. Journal of Experimental
Botany 41, 1063-1078.

Li, K., Xu, C., Li, Z., Zhang, K., Yang, A. and Zhang, J. (2008): Comparative
proteome analysis of phosphorus response in maize (Zea mays L.) roots
of wild type and a low P tolerant mutant reveal root characteristics
associated with phosphorus efficiency. The Plant Journal 55, 227-239.

Li, M., Osaki, M., Rao, I.M. and Tadano, T. (1997): Secretion of phytase from
roots of several species under phosphorus deficient conditions. Plant and
Soil 195, 161-169.

78



References

Li, Y., Wang, Y., Tong, Y., Gao, J. and Zhang, J. (2005): QTL mapping of
phosphorus deficiency tolerance in soybean (Glycine max L. Merr.).
Euphytica 142, 137-142.

Li, Y.F., Luo, A.C., Wei, X.H. and Yao, X.G. (2007): Genotypic variation of rice
in phosphorus acquisition from iron phosphate: Contributions of root
morphology and phosphorus uptake kinetics. Russian Journal of Plant
Physiology 54, 230-236.

Liao, H. and Yan Z.L. (2000): Adaptive change and genotypic variation for root
architecture of common bean in response to phosphorus deficiency. Acta
Botanica Sinica 42, 158-163.

Liu, Y., Mi, G., Chen, F., Zhang, J. and Zhang, F. (2004): Rhizosphere effect
and root growth of two maize (Zea mays L.) genotypes with contrasting P
efficiency at low P availability. Plant Science 167, 217-223.

Lynch, J., Lauchli, A. and Epstein, E. (1991): Vegetative growth of common
bean in response to phosphorus nutrition. Crop Science 31, 380-387.

Lynch, J.P. (1995): Root architecture and plant productivity. Plant Physiology
109, 7-13.

Lynch, J.P. and Beebe, S.E. (1995): Adaptation of beans (Phaseolus vulgaris
L.) to low phosphorus availability. Hortscience 30, 1165-1171.

Lynch, J.P. and Brown, K.M. (2001): Topsoil foraging—an architectural
adaptation of plants to low phosphorus. Plant and Soil 237, 225-237.

Ma, J.F. (2000): Role of organic acids in detoxification of aluminium in higher
plants. Plant Cell Physiology 41, 383-390.

Machado, C.T. de T. and Furlani, A.M.C. (2004): Kinetics of phosphorus uptake
and root morphology of local and improved varieties of maize. Scientia
Agricola 61, 69-79.

79



References

MAFF (Ministry of Agriculture, Fisheries and Food). (2000): Fertilizer
recommendations for agricultural and horticultural crops (RB 209). p 94.

Mandal, S.S. and Chatterjee, B.N. (1993): Potato (Solanum tuberosum L.) In:
Vegetable crops. Bose, T.K., Som, M.G. and Kabir, J. (eds.), India.

Manske, G.G.B., Ortiz-Monasterio, J.l., Van Ginkel, M., Gonzalez, R.M.,
Rajaram, S., Molina,E. and Vlek, P.L.G. (2000): Traits associated with
improved P uptake efficiency in CIMMYT’s semidwarf spring bread wheat
grown on an acid andisol of Mexico. Plant and Soil 221, 189-204.

Maranville, J.W. and Madhavan, S. (2002): Physiological adaptation for nitrogen
use efficiency in sorghum. Plant and Soil 245, 25-34.

Marschner, H. and Dell, B. (1994): Nutrient uptake in mycorrhizal symbiosis.
Plant and Soil 159, 89-102.

Maynard, D.N. and Hochmuth, G.J. (1997): Knott's Handbook for vegetable
growers. Fourth ed. John Wiley & Sons. New York.

Mengel, K. and Kirkby, E.A. (2001): Principles of plant nutrition. 5™ edition.
Kluwer Academic Publisher, The Netherlands.

Michael, G. (2001): The control of root hair formation: suggested mechanisms.
Journal of Plant Nutrition and Soil Science 164, 111-119.

Miller, C.R., Ochoa, I., Nielsen, K.L., Douglas, B. and Lynch, J.P. (2003):
Genetic variation for adventitious rooting in response to low phosphorus
availability: potential utility for phosphorus acquisition from stratified soils.
Functional Plant Biology 30, 973-985.

Mimura, T., Dietz, K.J., Kaiser, W., Schramm, M.J. Kaiser, G. and Heber, U.
(1990): Phosphate transport across biomembranes and cytosolic
phosphate homeostasis in barley leaves. Planta 180, 139-146.

80



References

Mimura, T., Sakano, K. and Shimmen, T. (1996): Studies on the distribution, re-
translocation and homeostasis of inorganic phosphate in barley leaves.
Plant, Cell and Environment 19, 311-320.

Ming, F., Mi, G., Zhang, F. and Zhu, L. (2002): Differential response of rice
plants to low phosphorus stress and its physiological adaptive
mechanism. Journal of Plant Nutrition 25, 1213-1224.

Misra, R.K., Alston, A.M. and Dexter, A.R. (1988): Role of root hairs in
phosphorus depletion from a macrostructured soil. Plant and Soil 107,
11-18.

Moorehead, S., Coffin, R. and Douglas, B. (1998): Phosphorus needs of
processing potato varieties. Better Crops 82, 6-7.

Murphy, J. and Riley, J.P. (1962): Colorimetric method for determination of P in
soil solution. Anal.Chim. Acta 27, 31-36.

Natr, L. (1992): Mineral nutrients-a ubiquitous stress factor for photosynthesis.
Photosynthetica 27, 271-294.

Neumann, G. and Rémbheld, V. (1999): Root excretion of carboxylic acids and
protons in phosphorus-deficient plants. Plant and Soil 211, 121-130.

Neumann, G., Massonneau, A., Martinoia, E. and Rdmheld, V. (1999):
Physiological adaptations to phosphorus deficiency during proteoid root
development in white lupin. Planta 208, 373-382.

Nielsen, K.L., Eshel, A. and Lynch, J.P. (2001): The effect of phosphorus
availability on the carbon economy of contrasting common bean
(Phaseolus vulgaris L.) genotypes. Journal of Experimental Botany 52,
329-339.

81



References

Nielsen, N.E. (1972): A transport kinetic concept of ion uptake from soil by
plants. Il. The concept and some theoretic considerations. Plant and Soil
37, 561-576.

Nielsen, N.E. and Schjorring, J.K. (1983): Efficiency and kinetics of phosphorus
uptake from soil by various barley genotypes. Plant and Soil 72, 225-230.

Nye, P.H. (1966): The effect of nutrient intensity and buffering power of a soil,
and the absorbing power, size and root hairs of a root on nutrient
absorption by diffusion. Plant and Soil 25, 81-105.

Nye, P.H. and Marriott, F.H.C. (1969): A theoretical study of the distribution of
substances around roots resulting from simultaneous diffusion and mass
flow. Plant and Soil 30, 459-472.

Nye, P.H. and Tinker, P.B. (1977): Solute movement in soil-root system Oxford,
UK, Blackwell.

Ohwaki, Y. and Hirata, H. (1992): Differences in carboxylic acid exudation
among P-starved leguminous crops in relation to carboxylic acid content
in plant tissues and phospholipids levels in roots. Soil Science and Plant
Nutrition 38, 235-243.

Osborne, L.D. and Rengel, Z. (2002): Growth and P uptake by wheat genotypes
supplied with phytate as the only P source. Australian Journal of
Agricultural Research 53, 845-850.

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

Pan, X., Li, W., Zhang, Q., Li, Y. and Liu, M. (2008): Assessment on
phosphorus efficiency characteristics of soybean genotypes in
phosphorus deficient soils. Agricultural Sciences in China 7, 958-969.

82



References

Paponov, I.A., Sambo, P., Schulte aufm Erley, G., Prestrel, T., Geiger, H.H,
and Engels, C. (2005): Grain yield and kernel weight of two maize
genotypes differing in nitrogen use efficiency at various levels of nitrogen
and carbohydrate availability during flowering and grain filling. Plant and
Soil 272, 111-123.

Parker, J.S., Cavell, A.C., Dolan, L., Roberts, K. and Grierson, C.S. (2000):
Genetic interactions during root hair morphogenesis in Arabidopsis Plant
Cell 12, 1961-1974.

Plaxton, W.C. (2004): Plant response to stress: Biochemical adaptations to P
deficiency. Encyclopedia of Plant and Crop Science. Marcel Dekker, Inc.,
pp 976-980.

Plaxton, W.C. and Carswell, M.C. (1999): Metabolic aspects of the phosphate
starvation response in plants. In Lerner, H.R. (ed.): Plant response to
environmental stress: from phytohormones to genome reorganization.
New York, NY, USA: Marcel-Dekker, pp 350-372.

Playsted, C.W.S., Johnston, M.E., Ramage, C.M., Edwards, D.G., Cawthray,
G.R. and Lambers, H. (2006): Functional significance of dauciform roots:
exudation of carboxylates and acid phosphatase under phosphorus
deficiency in Caustis blakei (Cyperaceae). New Phytologist 170, 491-
500.

Plenet, D., Mollier, A. and Pellerin, S. (2000): Growth analysis of maize field
crops under phosphorus deficiency. Il. Radiation-use efficiency, biomass
accumulation and yield components. Plant and Soil 224, 259-272.

Radin, J.W. and Eidenbock, M.P. (1984): Hydraulic conductance as a factor
limiting leaf expansion of phosphorus-deficient cotton plants. Plant
Physiology 75, 372-377.

Raghothama, K.G. (1999): Phosphate acquisition. Annual Review of Plant
Physiology and Plant Molecular Biology 50, 665-693.

83



References

Raghothama, K.G. and Karthikeyan, A.S. (2005): Phosphate acquisition. Plant
and Soil 274, 37-49.

Ramesh, A., Billore, S.D., Joshi, O.P., Bhatia, V.S. and Bundela, V.P.S. (2004):
Phosphatase activity, phosphorus fractions in rhizosphere of soybean
(Glycine max) genotypes. Indian Journal of agricultural Sciences 74,
150-152.

Rao, M. and Terry, N. (1989): Leaf phosphate status, photosynthesis, and
carbon partitioning in sugar beet. I. Change in growth with gas exchange,
and Calvin cycle enzymes. Plant Physiology 90, 814-819.

Rao, M., Arulanantham, A.R. and Terry, N. (1989): Leaf phosphate status,
photosynthesis and carbon partitioning in sugar beet. Plant Physiology,
90, 820-826.

Rengel, Z. (1993): Mechanistic simulation models of nutrient uptake: A review.
Plant and Soil 152, 161-173.

Richardson, A.E. (1994): Soil microorganisms and phosphorus availability. Soil
Biota, 50-62.

Richardson, A.E., Hadobas, P.A. and Hayes, J.E. (2001): Extracellular secretion
of Aspergillus phytase from Arabidopsis roots enables plant to obtain

phosphorus from phytate. Plant Journal 25, 1-10.

Ryan, P.R., Deelhaize, E. and Jones, D.L. (2001): Function and mechanism of
organic anion exudation from plants. Annual Review of Plant Physiology
and Plant Molecular Biology 52, 527-560.

Ryan, P.R., Delahaize, E. and Randall, P.J. (1995): Characterization of Al-
stimulated malate efflux from root apices of Al- tolerant genotypes of
wheat. Planta 196, 103-110.

84



References

Sano, T., Kuraya, Y., Amino, S. and Toshiyuki, N. (1999): Phosphate as a
limiting factor for cell division of tobacco BY-2 Cells. Plant Cell

Physiology 40, 1-8.

Sattelmacher, B., Horst, W.J. and Becker, H.C. (1994): Factors that contribute
to genetic variation for nutrient efficiency of crop plants. Z
Pflanzenernéhr. Bodenk. 157, 215-224.

Schachtman, D.P., Reid, R.J. and Ayling, S.M. (1998): Phosphorus uptake by
plants: from soil to cell. Plant Physiology 116, 447-453.

Schenk, M.K. (2006): Nutrient efficiency of vegetable crops. Acta Hort. (ISHS).
700, 21-34.

Schenk, M.K. and Barber, S.A. (1979): Root characteristics of corn genotypes
as related to P uptake. Agronomy Journal 71, 921-924.

Schettini, T.M., Gabelman, W.H. and Gerloff, G.C. (1987): Incorporation of
phosphorus efficiency from exotic germplasm into agriculturally adapted
germplalm of common bean (Phaseolus vulgaris L.). Plant and Soil
99,175-189.

Schiller, H. (1969): Die CAL-Methode: eine neue Methode zur Bestimmung des
pflanzenverfigbaren Phosphates in Bbéden. Z Pflanzenerndhrung.
Bodenk. 123, 48-60.

Schulte auf’'m Erley, G., Begum, N., Worku, M., Banziger, M. and Horst, W.J.
(2007): Leaf senescence induced by nitrogen deficiency as indicator of
genotypic differences in nitrogen efficiency in tropical maize. Journal of
Plant Nutrition and Soil Science 170, 106-114.

Shane, M.W. and Lambers, H. (2005): Cluster roots: curiosity in context. Plant
and Soil 274, 99-123.

85



References

Shen, H., Yan, X., Zhao, M., Zheng, S. and Wang, X. (2002): Exudation of
organic acids in common bean as related to mobilization of aluminium —
and iron bound phosphates. Environmental and Experimental Botany 48,
1-9.

Singh, B. and Pandey, R. (2003): Difference in root-exudation among P starved
genotypes of maize and green gram and its relationship with phosphorus
uptake. Journal of Plant Nutrition 26, 2391-2401.

Smith, F.W. (2001): Plant response to nutritional stresses. In Hawkesford, M.J.
and Buchner, P (eds.): Molecular analysis of plant adaptation to the
environment. Kluwer Academic Publishers. The Netherlands. pp 249-269

Smith, F.W. (2002): The phosphate uptake mechanism. Plant and Soil 245,
105-114.

Smith, S.E. and Gianninazi-Pearson, V. (1988): Physiological interactions
between symbiots in vesicular-arbuscular mycorrhiza plants. Annual
Review of Plant Physiology and Plant Molecular Biology 39, 221-224.

Smith, S.E. and Read, D.J. (1997): Mycorrhizal symbiosis. Academic Press,
San Diego, California.

Soltan, S., Rémer, W., Adgo, E., Gerke, J. and Schilling, G. (1993): Phosphorus
sorption by Egyptian, Ethiopian and German soils and P uptake by rye
(Secale cereale L.) seedlings. Z. Pflanzenenéhr. Bodenkd. 156, 501-506.

Steingrobe, B., Claassen, N. and Syring, K.M. (2000): The effect of the function
type for describing the buffer power on calculated ion transport to roots
and nutrient uptake from the soil. Journal Plant Nutrition and Soil Science
163, 459-465.

Tang, C., Drevon, J.J., Jaillard, B., Souche, G. and Hinsinger, P. (2004): Proton
release of two genotypes of beans (Phasolus vulgaris. L.) as affected by
N nutrition and P deficiency. Plant and Soil 260, 59-68.

86



References

Tarafdar, J.C. and Claassen, N. (1988): Organic phosphorus compounds as a
phosphorus source for higher plants through the activity of phosphatases
produced by plant roots and microorganisms. Biology and Fertility of
Soils 5, 308-312.

Tarafdar, J.C. and Claassen, N. (2001): Comparative efficiency of acid
phosphatase originated from plant and fungal sources. Journal of Plant
Nutrition and Soil Science 164, 279-282.

Tawaraya, K., Ohtaki, M., Tanimura, Y. and Wagatsuma, T. (2005):
Mineralization of organic phosphate by hyphal exudates of arbuscular
mycorrhizal. In Li et al. (eds.): Plant nutrition food security, human health

and environmental protection. pp 790-791.

Theodorou, M.E. and Plaxton, W.C. (1993): Metabolic adaptation of plant
respiration to nutritional phosphate deprivation. Plant Physiology 101,
339-344.

Theodorou, M.E. and Plaxton, W.C. (1996): Purification and characterization of
pyrophosphate-dependent phosphofruktokinase from phosphate starved
Brassica nigra suspension cells. Plant Physiology 112, 343-351.

Theodorou, M.E., Cornel, F.A., Duff, S.M. and Plaxton, W.C. (1992): Phosphate
starvation—inducible synthesis of the alpha-subunit of the pyrophosphate
dependent phosphofructokinase in black mustard suspension cells.
Journal of Biological Chemistry 267, 21901-21905.

Thingstrup, I., Kahiluoto, H. and Jakobsen, |. (2000): Phosphate transport by
hyphae of field communities of arbuscular mycorrhiza fungi at two levels
of P fertilization. Plant and Soil 221, 181-187.

Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R. and Polasky, S. (2002):
Agricultural sustainability and intensive production practices. Nature, 418,
671-677.

87



References

Tinker, P.B. and Nye, P.H. (2000): Solute movement in the rhizosphere. Oxford
University Press, Inc.

Tinker, P.B., Jones, M.D. and Durall, D.M. (1992): A functional comparison of
ecto-and endomycorrhizas. In Read, D.J., Lewis, D.H., Fitter, A.H. and
Alexander, J. (eds.): Mycorrhiza in ecosystems. CAB International,
Wellingford, UK, pp 303-310.

Trehan, S.P., El dessougi, H. and Claassen, N. (2005): Potassium efficiency of
10 potato cultivars as related to their capability to use non-exchangeable
soil potassium by chemical mobilization. Communication in Soil Science
and Plant Analysis 36, 1809-1822.

Vance, C.P. (2001): Symbiotic nitrogen fixation and phosphorus acquisition:
plant nutrition in a world of declining renewable resources. Plant
Physiology 127, 390-397.

Vance, C.P., Uhde-Stone, C. and Allan, D. (2003): Phosphorus acquisition and
use: critical adaptation by plants for securing non-renewable resources.
New Phytologist 157, 423-447.

Viek, P.L.G. and Koch, H. (1992): The soil resource base and food production in
the developing world: special focus on Africa. Gattinger Beitrage zur
Land-und Forstwirschaft in den Tropen und Subtropen 71, 139-160.

Wiesler, F. and Horst, W.J. (1993): Differences among maize cultivars in the
utilization of soil nitrate and related losses of nitrate through leaching.
Plant and Soil 151, 193-203.

Wiesler, F. and Horst, W.J. (1994): Root growth and nitrate utilization of maize
cultivars under field condition. Plant and Soil 163, 267-277.

Williamson, L.C., Ribrioux, S.P., Fitter, A.H. and Leyser, H.M. (2001):
Phosphate availability regulates root system architecture in Arabidopsis.
Plant Physiology 126, 875-882.

88



References

Wissuwa, M. and Ae, N. (1999): Genotypic variation for phosphorus uptake
from hardly soluble iron-phosphate in groundnut (Arachis hypogaea L.)
Plant and Soil 206, 165-173.

Worku, M. (2005): Genetic and crop-physiological basis of nitrogen efficiency in
tropical maize: Field studies. Dissertation. Institut fir Pflanzenernahrung,

Leiniz universitat Hannover, Germany.

Worku, M., Banziger, M., Schulte auf'm Erley, G., Friesen, D., Diallo, A.O. and
Horst, W.J. (2007): Nitrogen uptake and utilization in contrasting
nitrogen efficient tropical maize hybrids. Crop Science 47, 519-528.

Yang, X. E., Liu, X.J., Wang, W.M., Li, H., Luo, A.C., Ye, Z.Q. and Yang, Y.
(2003): Genotypic differences and some associated plant traits in
potassium internal use efficiency of lowland rice (Oryza sativa L.).

Nutrient cycling in agroecosystems 67, 273-283.

Yang, X.E., Lui, J.X., Wang, W.M., Ye, Z.Q. and Luo, A.C. (2004): Potassium
internal use efficiency relative to growth vigor, potassium distribution and
carbohydrate allocation in rice genotypes. Journal of Plant Nutrition 22,
837-852.

Yao, M.K., Tweddell, R.J. and Desilets, H. (2002): Effect of two vesicular-
arbuscular mycorrhiza fungi on the growth of micropropagated potato
plantlets and on the extent of disease caused by Rhizoctonia solani.
Mycorrhiza 12, 235-242.

Yong-fu, L., An-cheng, L., Hassan, M.J., Xing-hua, W. (2006): Effect of
phosphorus deficiency on leaf photosynthesis and carbohydrates
partitioning in two rice genotypes with contrasting low P susceptibility.
Rice Science 13, 283-290.

Yun, S.J. and Kaeppler, S.M. (2001): Induction of maize acid phosphatase
activities under phosphorus starvation. Plant and Soil 237,109-115.

89



References

Zhang, H., Huang, Y.,Ye, X., Shi, L. and Xu, F. (2009): Genotypic difference in
phosphorus acquisition and rhizosphere properties of Brassica napus in

response to low phosphorus stress. Plant and Soil (in press).

Zhu, Y.G., Smith, S.E., Barritt, A.R. and smith, F.A. (2001): Phosphorus (P)
efficiency and mycorrhizal responsiveness of old and modern wheat
cultivars. Plant and Soil 237, 249-255.

Zoysa, A.K.N., Loganathan, P. and Hedley, M.J. (1999): Phosphorus utilization
efficiency and depletion of phosphate fraction in the rhizosphere of three
tea (Camellia sinensis). Nutrient cycling in agroecosystems 53 189-201.

90



Acknowledgments

ACKNOWLEDGMENTS

| would like to express my deepest gratitude to my supervisor Prof. Dr. Manfred
K. Schenk for giving me the opportunity to work with him and for his consistent
guidance and support throughout my research work. | would also like to owe
him a great deal of thanks for untiring encouragement and constructive
criticisms from which | learned a lot during my stay at the institute. With out his
guidance this dissertation would not have obtained its present shape for which |
need to owe him a great deal of thanks. | am grateful to Dr. Bernd Steingrobe
for his kind consent to be my second reviewer and Prof. Dr. Jirgen Béttcher
and Prof. Dr. Hartmut Stltzel for their kindness to be may external examiners.

| highly acknowledge the Katholischer Akademischer Auslander Dienst (KAAD)
for providing me with adequate financial support throughout the study period. |
am thankful to Katholische Hochschulgemeinde Hannover (KHG) in general and
Mr. Stephan Ohlendorf in particular for making my stay in Hannover more
comfortable. | would also like to thank my employee Ambo University College
for granting me a study leave and for permitting my family to use all the

privileges | use to get when | was on duty.

| would like to express my sincere thanks to Mrs. Iris Wienkemeier, Mrs. Birgit
Stedeler, Mss. Anne Herwig and Mr. Hartmut Wieland for providing me with
technical assistance and all the necessary help while working in the chemical as
well as in-vitro lab. | would like to thank Dr. Dejene Eticha and Dr. Gunda
Schulte aufm Erley who shared me their experience during the study. | would
also like to extend my thanks to Mr. Azizollah Khandan, Mr. Tesfaye Gashaw,
Dr. Katja Bogdan, Mss. Melanie Bremer, Mr. Andre Specht, Dr. Hendrik, Fuhrs,
and Mr. Benjamin Klug for their friendly help in several occasions. A heartfelt
appreciation is also due to Frau Ingrid Dusy for her administrative support
throughout my study. The assistance provided by Mr Alexander Klein in the
transporting of experimental soils from forest site near Hannover to the institute
is highly acknowledged. | would also like to thank Mr. Herbert Geyer for his
cooperation in all aspects when | was working in growth chamber.

91



Acknowledgments

| would also like to thank Dr. Gemechis Dilba for his help in demonstrating how
to use SAS software for statistical analysis and Dr. Dejene Eticha, Mr. Kefyalew
Negisho, Mr. Yosef Amha and Mr. Henok Kurabachew for going through part of
this dissertation. | also would like to thank Dr. Marc Zahn and Dr. Diro Terefe

with whom | had a fruitful discussion on cultivar improvement aspect.

| would like to thank my mother Tsige Garado and my father Balemi Tufa for
their love, encouragement and for their overall immense contribution to my
educational career. | would like to express my heartfelt thanks and appreciation
to my wife Kidist Adam for her prayer, patience and understanding and for fully
devoting herself to take care of my two children Kenna and Bonson throughout
the period | was away from them. Finally, glory be to the Almighty God Whose

help was ineffable throughout my educational career.

92



Curriculum vitae

CURRICULUM VITAE

. PERSONAL INFORMATION

Name: Tesfaye Balemi

Sex: Male

Marital status: Married

Date of Birth: 19 August 1972

Place of birth: Country: Ethiopia State: Oromiya Zone: West Shoa Town:
Ejaji

Nationality: Ethiopian

Il. EDUCATION

Year School/University academic degree

Tertiary education

Oct. 2005-upto date PhD student at Leibniz PhD in Horticulture
University of Hannover, Faculty

of Natural Science, Germany

Sep. 2000-Jun. 2002 MSc student at Indian MSc in Horticulture
Agricultural Research Institute,
New Delhi, India

Sept.1991-Jul. 1995 BSc student at Alemaya BSc in Plant Sciences
University of Agriculture,
Ethiopia

Secondary education

Sep.1986- May1991 Ambo Comprehensive Senior Ethiopian School
Secondary School, Ethiopia Leaving Certificate

Primary education
Sep.1978- Jun. 1986 Ejaji Junior Secondary School, Certificate
Ethiopia

93



Curriculum vitae

Special course
1 may- 30 Sep. 2005 Intensive German language course at kreuzberg

Institute, Bonn, Germany

lll. WORK EXPERIENCE

Sep. 1995-Aug. 1998 Junior researcher (cereal crop
improvement) at Bako Research
Center, Ethiopia

Sep. 1998- Aug. 2000 Graduate assistant (Ambo College,
Ethiopia)

Sep. 2002-Apr. 2005 Lecturer and Research Extension and

Publication Office coordinator (Ambo
College, Ethiopia)

IV. PUBLICATIONS

Balemi, T. and Schenk, M.K. (2009): Genotypic difference of potato in carbon
budgeting as a mechanism of phosphorus utilization efficiency. Plant and
Soil (DOI: 10.1007/s11104-009-9897-0).

Balemi, T. and Schenk, M.K. (2008): Genotypic variation of potato for phosphorus
efficiency and quantification of P uptake in terms of root characteristics.
Journal of Plant Nutrition and Soil Science (submitted).

Balemi, T. (2008): Response of tomato cultivars differing in growth habit to
nitrogen and phosphorus fertilizers and spacing on vertisol in Ethiopia. Acta
agriculturae Slovenica 91,103-119.

Balemi, T., Pal, N. and Saxena, A.K. (2007): Response of onion (Allium cepa L) to
combined application of biological and chemical nitrogenous fertilizers. Acta
argiculturae Slovenica 89, 107-114.

Balemi, T. (2006): Effect of integrated use of Azotobacter and nitrogen fertilizer on
yield and quality of onion (Allium cepa L) Acta Agronomica Hungarica 54,
499-505.

94



Curriculum vitae

Balemi, T., Pal, N. and Saxena, A.K. (2002): Influence of Azotobacter strains and
inorganic N levels on growth, yield and storage loss of onion. Poster
presentation. National Symposium on Agriculture in Changing Global
Scenario. 21-23 Feb., 2002, New Delhi. p.406.

Musa, A. and Balemi, T. (1998): Demonstration and popularization of improved
crop varieties to smallholder farmers in Eastern Wollega and West Shoa
region. In: Agricultural Research and Technology Transfer attempts and
achievements in Western Ethiopia. Proceedings of Technology Transfer and
Gap analysis Workshop. 12-14 Nov. 1996, Nekemt, Ethiopia. pp113-120.

95



