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Abstract

Abstract

Phosphorus (P) is an essential nutrient for plant growth and reproduction. It is
required for many molecules such as DNA, RNA, phospholipids and ATP. Lack of P
causes problems in agricultural production. P concentration is low in soil compared with
other nutrients. In alkaline soil, P forms unavailable compounds for plant uptake. To
alleviate this, millions of tons of P are applied every year. Up to 80% of the applied P
fertilizer is lost because it becomes unavailable for plant uptake. Therefore, the
development of more efficient plant varieties to use P represents the best alternative to

reduce use of P fertilizers, and achieve more sustainable agriculture.

Pyruvate, Orthophosphate dikinase (PPDK) is an enzyme that catalyzes the
interconversion of ATP, Pi, and pyruvate with AMP, PPi, and phosphoenolpyruvate
(PEP). Some studies reported enhance activity of PPDK in plants under abiotic stress, like
absence of P. Others reported that overexpression of PPDK increased exudation level of
organic acid, and enhanced the tolerance of plants to Al-stress. Organic acids play an
important role in mobilizing the insoluble P and make it available for plant uptake.

Transgenic tobacco plants expressing plastidic (PPDK) or cytosolic (APPDK) M.
crystallinum PPDK, under the control of B33 and CaMV-35S promoters were studied. To
study the PPDK overexpression plants efficient use of sparingly soluble P (HAp), the
plants were grown in alkaline MS medium pH 8.0 with absence (Pi-), presence (Pi+) of P
or in HAp, and in alkaline soil with different amounts of CaCOs (0.0 g kg*, 256 g kg™ and
512 g kg?). 1mM of KH,PO, was added as soluble P source and the sparingly soluble
hydroxyapatite (HAp) containing tacitly 1mM of P was added as insoluble P source in

growth medium.

Several physiological parameters were measured. Both the transgenic and wild-
type plants grown in absence or presence of P, behaved similar in each of them (absence /
presence of P). Interestingly, we found remarkable differences in most of the collected
data from HAp treatment concerning the transgenics compared with the wild-type, where
the growth of the transgenic plants in HAp was better compared with the wild-type. The
transgenics increased exudation of organic acids, accumulated more biomass, and their
content of P was significantly higher than that of the wild-type. The transgenic seedlings

grown in solid MS medium containing HAp, significantly produced less root:shoot ratio
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compared with the wild-type. Acid phosphatase activity of root surface of both transgenic
and wild-type seedlings was similar in all of P treatments of all growth periods.
Transgenic seedlings acidified the growth medium in the presence of HAp better than that
of wild-type. Furthermore, production of secondary root of transgenic seedlings in HAp
was more in number and length than that of wild-type. Surprisingly, the transgenic
seedlings content of P in HAp and Pi+ was similar, and significantly higher than that of

wild-type.

Growth of transgenic plants in alkaline soil was further studied. They strongly
reduced the pH of the soil, grew significantly better and fruited successfully. In contrast,
wild-type plants grown in the same soil, showed only a little acidification and the growth
was strongly restricted. Moreover, they failed to flower. Whole seedlings and shoot
samples of both transgenic and wild-type showed an increase in their content of citric and
malic acid in Pi- compared with those in HAp and Pi+. Interestingly, transgenic and wild-
type root samples showed decrease in citric and malic acid in Pi- and HAp compared with
those in Pi+. In general, the level of amino acid in Pi- was high in all samples, compared
with that in HAp and Pi+. The whole seedlings, root and shoot samples of both transgenic

and wild-type, showed differences in the content of sugars among P treatments.

PPDK enzyme plays an anaplerotic role in the replenishment of intermediates of
the citric acid cycle. The overexpression of PPDK leads to enhance the metabolism of
organic acids. The better growth of transgenics that overexpress PPDK is related to their
ability of high amount of organic acid exudation to the soil, which enhances the

availability of P for plant uptake.
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12 weeks in alkaline soil/ CaCOs mixture, in 0.0 g kg™* CaCO; ( control
treatment ), 256 g kg™ CaCO3 or 512 g kg™ CaCOs treatments.

Tobacco plant height.  The effect of CaCOs; concentration on
Transgenic and wild-type plants grown for 12 weeks in alkaline soil/
CaCOs mixture, in 0.0 g kg CaCOj; (control treatment), 256 g kg™
CaCOszo0r512¢g kg'1 CaCOs treatments.

Content of phosphorus per plant (mg). Transgenic and wild-type plants
gown for 12 weeks in 0.0 g kg™ CaCOs (control treatment), 256 g kg™
CaCO; or 512 g kg™ CaCOj; treatments under greenhouse conditions.
The data are for two independent experiments.

Plant content of phosphorus per gram dry biomass (%). Transgenic and
wild-type plants gown for 12 weeks in 0.0 g kg* CaCO; (control
treatment), 256 g kg* CaCO; or 512 g kg™ CaCOs treatments under
greenhouse conditions. The data are for two independent experiments.
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Figure 4.1:

Reduction of soil pH by plants grown in soil of varying calcium
carbonate content 0.0 g kg® CaCOs (control treatment), 256 g kg™
CaCO; or 512 g kg™ CaCO; during the trial period.

Seed capsules number per plant. Transgenic and wild-type plants grown
for 12 weeks in 0.0 g kg™ CaCOs (control treatment), 256 g kg™ CaCO;
or 512 g kg™ CaCOs under greenhouse conditions.

Cumulative capsule weight per Plant (9).Transgenic and wild-type plants
grown for 12 weeks in 0.0 g kg™ (control treatment), 256 g kg™* CaCO; or
512 g kg™ CaCOj3 treatments under greenhouse conditions.

Single capsule weight per plant (g). Transgenic and wild-type plants
grown for 12 weeks in 0.0 g kg™ CaCO; (control treatment), 256 g kg™
CaCO; or 512 g kg™ CaCOs under greenhouse conditions.

Total seed weight per plant (mg). Transgenic and wild-type plants grown
for 12 weeks in 0.0 g kg™ CaCOs (control treatment), 256 g kg™ CaCOs3
or 512 g kg™ CaCOs under greenhouse conditions.

Citric and malic acid response ratio of two-week old transgenic and
wild-type whole seedlings grown in MS alkaline liquid medium under
Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments
analyzed via GC-MS.

Citric and malic acid response ratio of three-week old transgenic and
wild-type shoot of seedlings grown in MS alkaline solid medium under
Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments
analyzed via GC-MS.

Citric and malic acid response ratio of three-week old transgenic and
wild-type root of seedlings grown in MS alkaline solid medium under
Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments
analyzed via GC-MS.

Phosphoric acid response ratio of transgenic and wild-type seedlings
grown in MS alkaline medium under Pi-starved (Pi-), hydroxyapatite
(HAp) or Pi-sufficient (Pi+) treatments analyzed via GC-MS. A. Whole
seedling B. Shoot and C. Root.

Glutamic acid response ratio of transgenic and wild-type seedlings grown
in MS alkaline medium under Pi-starved (Pi-), hydroxyapatite (HAp) or
Pi-sufficient (Pi+) treatments analyzed via GC-MS. A. Whole seedling B.
Shoot and C. Root.

Glucose response ratio of transgenic and wild-type seedlings grown in
MS alkaline medium under Pi-starved (Pi-), hydroxyapatite (HAp) or
Pi-sufficient (Pi+) treatments analyzed via GC-MS. A. Whole seedling B.
Shoot and C. Root.

Scheme of some key metabolic pathways occurring in plant exposed to
stress factors such as Pi-deficiency, like the anaplerotic function of PPDK
and the enzymes PEPC and MDH, which involve in organic acids
(mainly citrate and malate) synthesis.
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Figure 4.2:  The role of citrate as chelating agent in P mobilizing from HAp.

Figure 4.3: Model for root-induced chemical phosphate mobilization in the
rhizosphere by exuding of carboxylates.
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Introduction

1. Introduction

1.1. Pyruvate, Orthophosphate Dikinase

Pyruvate, orthophosphate dikinase (PPDK) is an enzyme that catalyzes the
reversible phosphorylation reaction of pyruvate, adenosine triphosphate (ATP), and
phosphate (Pi) yielding, phosphoenolpyruvate (PEP), adenosine monophosphate (AMP)
and pyrophosphate (PPi), in the presence of Mg ion (Evans and Wood, 1968; Carroll et
al., 1990; Wei et al., 2001). The reaction takes place according to the following steps:
1-The y and B-phosphate move from ATP to a conserved histidine residue in the active
region of PPDK enzyme. 2-The removal of y-phosphate to orthophosphate and
3- Transferring the remainder of B-phosphate to pyruvate (Xu et al., 1995; Herzberg et al.,
1996; Wei et al., 2001) as shown in (Fig.1.1).

1) PPDK-His + ATP == PPDK- His ~ FE—Py AMP (reaction step 1)

2) PPDK-His ~ F;—PY AMP + Pi = PPDK-His ~ PB + AMP -I;—Pi (reaction step 2)

3) PPDK-His ~ FE+ pyruvate = PPDK-His + I%-EP (reaction step 3)
Mg?

PEP + AMP + PPi

4) Pyruvate + ATP + Pi

Figure 1.1: Chemical steps of pyruvate, orthophosphate dikinase (PPDK) catalyze the
phosphorylation of pyruvate to phosphoenolpyruvate (Evans and Wood 1968). 1- The enzyme
combines with ATP to form an enzyme-diphosphate compound and AMP, with the, B and y phosphates from
ATP bound to the enzyme (reaction step 1). 2- The B-phosphate of the enzyme-diphosphate then combines
with orthophosphate to give pyrophosphate and enzyme-phosphate (reaction step 2). 3- The B -phosphate is
then transferred from the enzyme-phosphate to pyruvate to produce free enzyme and Phosphoenolpyruvate
(reaction step 3). And 4- Summary of the three steps reaction catalyzed by pyruvate, orthophosphate
dikinase, PPDK: pyruvate, orthophosphate dikinase, ATP: adenosine triphosphate, AMP: adenosine
monophosphate, PEP: phosphoenolpyruvate, Pi: phosphate, His: histidine, PPi: pyrophosphate.

1.2. Existence of PPDK in Living Organisms

Pyruvate, orthophosphate dikinase (PPDK) enzyme is found in various living
organisms like bacteria (Evans and Wood, 1968; Reeves et al., 1968; Petzel et al., 1989;
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Watt and Evans, 1999), protozoa (Bruderer et al., 1996; Slamovits and Keeling, 2006) and
plants (Hatch and Slack, 1968; Agarie et al., 1997; Moons et al., 1998), but it is not found

in animal cells (Reeves, 1968; Maldonado and Fairlamb, 2001).

1.2.1. PPDK Role in C, Plant

Pyruvate, orthophosphate dikinase (PPDK) is essential (Parsley and Hibberd,
2006) and most recognized as a chloroplastic enzyme in C4 photosynthesis (Matsuoka et
al., 1993; Chastain et al., 2002). C, plants include some of the most powerful commercial
crops in the world like, sugarcane, crabgrass (Sage, 2004) sorghum and maize (Kirchhoff
etal., 2013).

In the sixties of the last century Kortschak et al. (1965) observed that the primary
product of photosynthesis in sugarcane is not the C3 unit (3-phosphoglycerate), but a unit
of four C atoms. This four C-atom is confirmed and identified as oxaloacetate (OAA),
what is so called, the metabolic pathway of C, photosynthesis (Hatch and Slack, 1966).
These plants can be characterized anatomically, by Krantz-anatomy which is spatially
separated to mesophyll cells (MC) and bundle-sheath cells (BSC) (Hausler et al., 2002).
Biochemically, the C4 plants are classified into three subtypes: NAD-malic enzyme
(NAD-ME), NADP-malate enzyme (NADP-ME) and phosphoenolpyruvate carboxykinase
(PEP-CK) (Edwards et al., 2004).

The first step in C4 cycle is fixation of the atmospheric carbon dioxide (CO,) into
C,4 acid oxaloacetate (OAA), by carboxylation of phosphoenolpyruvate (PEP) through
PEP carboxylase (PEPC) in the mesophyll cells. Then the produced OAA is transferred to
the chloroplast of mesophyll cells, and reduced to malate by NADP-malate dehydrogenase
(NADP-MDH). Thereafter, malate is exported to the chloroplast of bundle-sheath cells,
where it is decarboxylated by NADP-ME, producing CO, and the reducing power
(Weissmann and Brutnell, 2012). The produced CO, is re-fixed by ribulose-1,5
bisphosphate carboxylase oxygenase (RuBisCO) in the Calvin-Benson cycle. Pyruvate is
returned to chloroplasts of the mesophyll cells, where it is phosphorylated by PPDK to
regenerate the primary carbon dioxide acceptor or PEP (Fig. 1.2), (Hausler et al., 2002;
Leegood, 2002; Miyao, 2003; Burnell and Chastain, 2006; Omoto et al., 2012)
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Figure 1.2: Schematic diagram illustrates the role of the enzyme PPDK in C, plants. CO,: carbon
dioxide, CA: carbonic anhydrase, HCOj": bicarbonate, RuBisCO: ribulose-1,5 bisphosphate carboxylase

oxygenase, PEPC: phosphoenolpyruvate carboxylase, OAA: oxaloacetate, NADP-ME: NADP-malate

enzyme, NADP-MDH: NADP-malate dehydrogenase, ATP: adenosine triphosphate, AMP: adenosine
monophosphate, Pi: inorganic phosphate, 3-PGA: glycerate-3-phosphate, TP: triose phosphate,
PPi: pyrophosphate, PEP: phosphoenolpyruvate, RuBP: ribulose-1,5 bisphosphate, PGK:
phosphoglycerate kinase, GPDH: glycerol- 3-phosphate dehydrogenase, PPDK: pyruvate, orthophosphate
dikinase (Leegood, 2013).

PPDK catalyzes the regeneration of PEP in the pathway of C, metabolism
(Hatch, 1987; Carroll et al., 1990; Parsley and Hibberd, 2006; Chastain et al., 2011). The
enzyme activity of PPDK is rapidly regulated by a reversible protein phosphorylation,
which is mediated by a bi-functional regulatory protein, or PPDK regulatory protein (RP)
that has both kinase and phosphotransferase activities. Phosphorylation of PPDK leads to
an inactivation of the enzyme activity, and dephosphorylation of PPDK results in the
activation of the enzyme activity (Astley et al., 2011), in response to the intensity of light
(Fukayama et al., 2001), while it is activated in light, it is deactivated in dark (Burnell and
Hatch, 1986; Nakamoto and Edwards, 1986).



Introduction

1.2.2. PPDK Role in CAM Plant

Crassulacean acid metabolism (CAM) is a specialized mode of photosynthesis. It
improves the assimilation of the atmospheric CO, under / or in response to unfavorable
conditions of growth, like water-limited, terrestrial and epiphytic habitats, and in
COg,-limited aquatic environments (Silvera et al.,, 2010). CAM is taxonomically
widespread among vascular plants. It is present in many succulent species that occupy the
semi-dry lands, tropical forests and water ecosystems (Luttge, 2010). This pathway
of water-conserving metabolism (Winter et al., 2005) that has the capacity of CAM
metabolism, is present in nearly 6% of the vascular plant species from at least 35 families
(Crayn et al., 2004; Holtum et al., 2007; Silvera et al., 2010).

CAM is a mechanism of CO, acquisition, transient, storage and concentrating,
based on the synthesis of organic acid. In this type of photosynthesis, the plant fixes CO,
during the night and uses it during the day in the light (Luttge, 2001). The fixed CO; from
the dark period is converted to the organic acid (malic acid) using the enzyme
phosphoenolpyruvate carboxylase (PEPC), which has affinity toward the inorganic carbon
substrate, bicarbonate (HCOj3"). The produced malate is accumulated in vacuoles during
the dark period (Luttge, 2001). In this type of pathway, the fixed CO, during the night is
used during the daylight, when the light-dependent Cs-cycle runs once again (Cushman
and Bohnert, 1999).

The CAM metabolism is classified into two parts based on their decarboxylation
process type, the phosphoenolpyruvate carboxykinase (PEP-CK) type, and the malic
enzyme (ME) type (Peckmann et al., 2012). Among the (PEP-CK)-CAM, the plants
produce OAA from malate by pyruvate carboxykinase decarboxylation (Hong et al.,
2004). In malic enzyme-dependent plants ME-CAM (Fig. 1.3), malic acid is
decarboxylated by NADP-ME and NAD-ME, and generates pyruvate in the chloroplast.
Pyruvate is phosphorylated to phosphoenolpyruvate (PEP) by pyruvate, orthophosphate
dikinase (PPDK), and then is conserved in gluconeogenesis after transferring to the
cytosol (Kondo et al., 2000a). Then the glucose-6-phosphate (Glc-6-P) is transported to
the chloroplast, and stored in the form of starch. The starch in the chloroplast is
dismantled in the dark period to triose phosphate (TP). The TP is transported to the cytosol

and is converted by glycolysis to PEP which returns to the starting point. This means that
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the starting point of PPDK reaction is gluconeogenesis and not the regeneration of the CO,
acceptor (Cushman, 1992; Kondo et al., 2000b).

Daylight

NADP-ME

Figure 1.3: Function of PPDK in plants with CAM metabolism. 1,3-Bis-PGA :1,3-bisphosphoglycerate,
Glc-6-P: glucose-6-phosphate, NADP-ME: NADP-malate enzyme, OAA: oxaloacetate, PEPC:
phosphoenolpyruvate carboxylase, PEP: phosphoenolpyruvate, 3-PGA: 3-phosphoglycerate, PGM / E:
phosphoglucomutase, PPDK: pyruvate, orthophosphate dikinase, TP: triose phosphate, CO,: carbon
dioxide, CA: carbonic anhydrase, HCOj : bicarbonate, PEPC: phosphoenolpyruvate carboxylase (Taiz and
Zelger, 2010).

1.2.3. PPDK Role in C; Plant

The vast majority of terrestrial plants, which include many of agronomic
substantial crops such as rice, wheat, soybean, and potato are all classified as C;
metabolism plants, that assimilate atmospheric CO, directly through the C3 pathway of
photosynthesis (Miyao, 2003). However, the pathway of Cj; photosynthesis suffers from
low affinity of RuBisCO to atmospheric CO, and is limited by the photorespiration, that
costs more energy (Furbank and Taylor, 1995).
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PPDK is ubiquitous in the cells and tissues of C3 plants in very low amounts, and
unconfirmed role (Chastain et al., 2008). In these plants, it is proposed that the enzyme
PPDK is in conjunction with the enzyme PEPC. The activity of PEPC increases with the
increase of PPDK amount, and decreases with the decrease of PPDK in the cell (Wang et
al., 2012). PEPC plays a central role in the anaplerotic supply of the carbon skeleton for
amino acid biosynthesis in leaves of C3 plants. The produced amino acids could contribute
with the activity of PPDK, in PEPC activity to refix CO,. (Melzer and O'Leary M, 1987;
Rademacher et al., 2002). Consequently, PPDK enzyme enables the PEPC enzyme to re-
fix CO, into metabolic intermediates of the cell (Jansen et al., 1992). As is shown in
(Fig. 1.4) the reaction of alanine and OAA forms aspartate and pyruvate, the formation of
aspartate is catalyzed by aspartate transaminase (AspAT), while, pyruvate formation is
catalyzed by alanine transaminase (AlaAT). The yield of pyruvate from this reaction can
be phosphorylated in the chloroplast by PPDK to produce PEP. Thus, the substrate for
PEPC is provided (Latzko and Kelly, 1983). PPDK could also play a consistent role with
NADP-ME in the gluconeogenesis of Cs, generating PEP from pyruvate during stomata
closure of guard cells of (Vicia faba L). The increase in the activity of PPDK in the guard
cells of stomata increases the supply of PEP. PEP is a substrate for PEPC for the synthesis
of organic acids (malate), malate promotes the opening of the stomata (Schnabl, 1981).

Alanine

Aspartate

Pi
___ PEPC /\

OAA PEP €

\ HCO;

Figure 1.4: Schematic diagram illustrates the role of PPDK in C; plants. PPDK: pyruvate,
orthophosphate dikinase, AMP: adenosine monophosphate, PPi: pyrophosphate, ATP: adenosine
triphosphate, ~ Pi:  inorganic  phosphate, PEP:  phosphoenolpyruvate, HCOj;: bicarbonate,
PEPC: phosphoenolpyruvate carboxylase, OAA: oxaloacetate, ASpAT: aspartate transaminase, AlaAT:

alanine transaminase, (Latzko and Kelly, 1983).
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1.2.4. PPDK-overexpression in C; Plants

PPDK role in Cj3 plants is still unclear and not fully understood (Burnell and
Chastain, 2006). Many studies have been conducted in the last decades to understand the
PPDK role, through producing various transgenic Cs plants able to overexpress the C,
PPDK. For example, Arabidopsis (Ishimaru et al., 1997; Parsley and Hibberd, 2006;
Wang et al., 2012), rice (Imaizumi et al., 1997; Moons et al., 1998; Taniguchi et al., 2008;
Zhang et al., 2010), potato (Ishimaru et al., 1998), overexpress the maize chloroplastic
PPDK. The photosynthetic activity of C; plant that overexpresses the C, PPDK did not
alter, though the PPDK activity of transgenic plants showed an increase compared with
wild-type. For example some of the transgenic lines of rice increased the PPDK 40-fold
(Fukayama et al., 2001), and up to 5.4-fold in potato (Ishimaru et al., 1998).

According to (Taylor et al.,, 2010) the cytosolic PPDK is associated in N
remobilization in Arabidopsis. Overexpression of PPDK during senescence, can
significantly accelerate remobilization of nitrogen from leaves. Thus, data indicate the
important role for the cytosolic PPDK in the leaves of Cj plants. This role is responsible
for the production of transport amino acids during leaf senescence. It increases the size of
seed and the content of nitrogen that are desirable in Arabidopsis. The efficient
remobilization of nitrogen within the plant, reduces the requirement for more applications
of fertilizer. PPDK and the pathway in which it operates, can be used for commercial crop

improvement.

1.3. Phosphorus Importance for Plant Nutrition

Phosphorus (P) is an essential nutrient element (next to nitrogen) limiting of plant
growth and agricultural crop yield (Holford, 1997; Vance et al., 2003; Shenoy and
Kalagudi, 2005; Niu et al., 2012). P is considered as one of the basic components of many
key molecules, like nucleic acids, phospholipids, energy transporters, that form the
structure and function of the cell. P involves in the pathways of energy metabolism and of
signal transduction chains, as well as it regulates the activities of enzymes (Pao et al.,
1998; Plaxton, 2004; Kuo and Chiou, 2011; Péret et al., 2011). P is taken up from the
solution of soil by the root of plants as orthophosphate, basically H,PO, and less as
HPO,* form (Schilling et al., 1998; Frossard et al., 2000; Syers et al., 2008). P is
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available for uptake of the plant in a small range of neutral pH of soil (Fig. 1.5). In
alkaline and calcareous soils, the combination of P with calcium (Ca**) and magnesium
(Mg*") forms a sparingly soluble complex of calcium-phosphate (Ca-P) and magnesium-
phosphate (Mg-P). In acid soils, P combines with (AI**) and (Fe**) forming the low
soluble complex of aluminum-phosphate (Al-P) and ferric-phosphate (Fe-P) (Toro, 2007).
Therefore, the soil content of P could be high, but not available for plant uptake (Holford,
1997).

Fixed as Al-P Fixed as Ca-P

complex complex

Insoluble Insoluble

v

Acidity & Neutral =—————3% Alkalinity

Figure 1.5: Effect of the pH of soil on the availability of P nutrient for plant uptake. The relationship
between the pH of soil and the availability of P for plant uptake, for example: in alkaline soil, most of
phosphate is fixed with (Ca) to form the insoluble complex of calcium-phosphate (Ca-P), and in acid soil,
phosphate is fixed with (Al) to make the insoluble complex of aluminium-phosphate (Al-P), (Troeh and
Thompson, 2005).

1.3.1. Phosphate Deficiency Symptoms in Plant

Pi-deficiency symptoms in plants include stunting, and dark green coloring of the
leaves. In some of the plants, the dark green color of leaves changes to greyish-green or
bluish-green metallic with the increase of Pi-deficiency. In others, the dark green color of
the leaves changes to brown with conspicuous venation. Purple color of leaf is commonly
observed in corn, and other grasses due to the accumulation of anthocyanin under
Pi-deficiency. Old leaves become necrotic due to the Pi translocation from old leaves to
the newly developing tissues under the conditions of severe Pi-deficiency. In the stage of

reproduction; Pi translocates to fruit and seeds. Thus, if Pi-deficiency happens late in the
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season of growing, it will affect the development of seed and the maturity of fruit.
(Gaxiola et al., 2011).

1.3.2. Plant Response to Phosphate Deficiency

A complex array of mechanisms is developed by plants, to acquire and utilize
phosphate in low-phosphate soil. These mechanisms include: morphological,
physiological and biochemical changes, collectively known as Pi-starvation response
(PSR), (Theodorou and Plaxton, 1993; Niu et al., 2012). This response is a consequence of
the coordinated expression of hundreds of Pi-starvation inducible genes (PSI). These
mechanisms involve conserving and using of the internal phosphate efficiently, or
allowing greater access of the soil content of phosphate. Thereby, these modifications
increase the availability of phosphate of the rhizosphere and enhance uptake and use of
phosphate (Raghothama, 1999; Lambers et al., 2006; Richardson et al., 2009; Plaxton and
Tran, 2011). The success of the adaptation mechanisms is displayed in numerous plant

species, for example White lupin (Cheng et al., 2011).

1.3.2.1. Morphological Adaptation of Roots under Pi-deficiency

The morphological response of root to the availability of phosphate in soil is a
key adaptive behaviour. It allows plants to cope with environmental conditions (Lynch,
1995; Al-Ghazi et al., 2003). Therefore, the architecture of the root system determines the
ability of plants to acquire the nutrients. The architecture modification could be a change
in terms of number of lateral root, length of lateral root, density of root hair and length of
primary root (LOpez-Bucio et al., 2002; Peéret et al., 2011). Modification of the root
growth is a well-demonstrated response in Pi-starvation (Lynch, 1995). The increase of
root:shoot ratio under Pi-starvation is a distinguishing feature of the plant response to
Pi-starvation. It enhances the total surface of root area for soil exploration and acquisition
of phosphate (Martin et al., 2000; Nielsen et al., 2001; Agren and Franklin, 2003;
Wissuwa, 2003). This increase of root:shoot ratio leads to an increase of the relative

biomass allocated to root (Nielsen et al., 2001; Hermans et al., 2006). The more
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proliferated root system allows plants a better uptake and utilization of phosphate from
the soil (Robinson, 1994; Hodge, 2004).

A soil of low phosphate changes the distribution of growth between the primary
and lateral roots (Hodge, 2009), that is well-documented in the model plant Arabidopsis
thaliana. While, the primary root (PR) growth of Arabidopsis is reduced, the growth of
the lateral root (LR) is induced (Bates and Lynch, 1996; Williamson et al., 2001; Pérez-
Torres et al., 2008; Niu et al., 2012). Furthermore, a high increase of the length and
density of root hairs are commonly observed in Arabidopsis during Pi-starvation (Bates
and Lynch, 1996, 2000; Ma et al., 2001). Some of the plants respond to phosphate
deficiency by forming proteoid or cluster roots. This type of root modification is
characterized in White lupin (Johnson et al., 1996; Abdolzadeh et al., 2010; Cheng et al.,
2011). Cluster roots are specialized in synthesis and secretion of organic acids to the
rhizosphere (Johnson et al., 1994; Watt and Evans, 1999; Uhde-Stone et al., 2003).

Another adaptation of root to Pi-deficiency is by exploring the rhizosphere and
minimization of metabolic cost. Plants reduce the metabolic responsibility, from the
relatively high biomass root parts, to that metabolically more efficient in P acquisition,
such as root hairs. The production and maintenance of these parts need less biomass,
compared with the basal roots. Moreover, the efficiency of P acquisition is increased
relatively with the enlarged value of the absorptive surface area (Lynch, 2007; Den Herder
et al., 2010). Some of the plants such maize and bean, use another mechanism to adapt to
Pi-deficiency. They reduce the root growth need of P through formation of aerenchyma in
the root. They replace the cells of cortical tissue with air space through breaking the
cortical tissue. Therefore, the liberation of P of the broken cells could be used for

supplying root growth demand of phosphate (Fan et al., 2007).

1.3.2.2. Secretion of Organic Acids under Pi-deficiency

Secretion of organic acids from the root of the plant to the rhizosphere, such as
the citrate, malate and oxalate, is induced under Pi-deficiency and /or the accumulation of
AP (Aono et al., 2001; Wang et al., 2007; Carvalhais et al., 2011; Lin et al., 2011). These

organic acids are involved in many physiological activities, including; enhancing of
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solubiliziation and liberation of P from Al-P complex of acidic soil, or from Ca-P complex
of alkaline soil (Ryan et al., 2001; Yang et al., 2013). Also they displace the toxic AI**
cations of the soil, which leads in Al-detoxification or reducing the toxicity of aluminum
to the root of plant under the conditions of Pi-deficiency (Miyasaka et al., 1991; Delhaize
and Ryan, 1995; Pellet et al., 1996; Chen et al., 2009; Trejo-Téllez et al., 2010;
Arunakumara et al., 2013).

In general dicots; particularly legumes are more efficient than monocots in
producing, and exuding organic acids under the conditions of Pi-deficiency (Raghothama,
1999). The mechanism of organic acids in mobilization of phosphate is through
dissolution of phosphate minerals, or by desorption of adsorbed phosphate (Geelhoed et
al., 1999; Dakora and Phillips, 2002). A role of citrate has been observed in Ca chelating
from hydroxyapatite (HAp) particles of alkaline soil, citrate dissolves Ca-P efficiently by
weakening the nanoparticle stability of HAp, through controlling the availability of free
Ca; thereby, the nucleation rate (Martins et al., 2008). Thus, the release of organic acid
from roots can improve the plant acquisition of P, with the increase of the solubility of
some of the stable pools of soil P, which is important to increase the availability of P in
calcareous and alkaline soils (Gang et al., 2012). In common bean, it is indicated that the
increase of exudation of organic acid, in genotypes of high Pi-solubilizing activity,
increased the acquisition of P, compared with genotypes of less activity. (Shen et al.,
2002). Also, using of  Pi-efficient soybean genotypes which secrete more malic acid,
improved the nutrition of P and the tolerance of plant to Al toxicity (Liao et al., 2006).

1.3.2.3 Acid Phosphatase Activity under Pi-deficiency

Acid phosphatase is widely distributed in plants, and varies in different species
of plants. This enzyme has intracellular and extracellular activity (Ehsanpour and Amini,
2003). Acid phosphatase activity is stimulated under Pi-deficiency, as one of the
biochemical adaptation of strategies of the plant (Del Pozo et al., 1999). Plants that are
grown under low-P of soil, produce and secrete acid phosphatase into the rhizosphere.
This acid phosphatase releases the Pi group of organophosphates which are present in the
rhizosphere to increase the availability of Pi to the plants (Baldwin et al., 2001; Hurley et
al., 2010; Li et al., 2011; Wang and Liu, 2012). The intracellular acid phosphatase is
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ubiquitous within the plant tissues. Most of the plant intracellular acid phosphatase is
assumed to be localized in the vacuoles (Nishimura and Beevers, 1978), and they may
help remobilize and recycle of Pi of the expendable intracellular Pi-monoesters. This is
accompanied by a marked reduction of cytoplasmic phosphate metabolites during the
long-term of Pi-deficiency (Duff et al., 1994; Tran et al., 2010).

1.4. Objectives

The role of PPDK in Cj plants is still unclear up now. In non-photosynthetic parts
of the plants, it plays an important role in the maintenance of pH and replenishment of
citric acid cycle intermediates, thereby, contributing to the biosynthesis of amino acids.
PPDK was found in plants under various types of abiotic stress, such as drought, high
salinity, absence of phosphate and iron, or presence of heavy metals in soil (Doubnerova
and Ryslava, 2011). Trejo-Téllez et al. (2010) found that overexpression of PPDK in
tobacco, leads to the exudation of large amounts of organic acids (citrate and malate), and
increases the plant tolerance to Al-stress. Role of organic acids in mobilization of
insoluble P is well documented in many studies. Our aim is to find out whether
overexpression of PPDK could help plants to utilize insoluble phosphate (HAp) for growth
in alkaline conditions by exudation of organic acid in the root space. Expression of PPDK
of plants that express either plastidic (PPDK) or cytosolic (APPDK) was examined. To
achieve our aim, we grew the transgenic and wild-type seedlings in MS alkaline pH 8.0
medium supplied, with different supplements of P and in alkaline soil. Several

physiological parameters are measured.
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2. Materials and Methods

2.1. Materials
2.1.1. Plant Materials

2.1.1.1. Mesembryanthemum crystallinum L.

Mesembryanthemum crystallinum L. (ice plant), possesses a pathway of Cj
metabolism when unstressed, but shifts to CAM (an ecophysiological modification of
photosynthetic carbon acquisition) (Littge, 2004) under water, salt stress or with the
increase in age (Ostrem et al., 1987; Cushman et al., 1989; Fil3lthaler et al., 1995; Tallman
et al., 1997; Cushman et al., 2000). The plant belongs to the family of Aizoaceae, order of
Caryophyllales. Its native place is South Africa, and is spread worldwide in arid and hot
climates as in Western Australia, along the coasts of the United States and in Mexico
(Bohnert et al., 1988; Adams et al., 1998). This plant produces the enzyme PPDK under
salt stress or with the increase in age (FiBlthaler et al., 1995), (Fig. 2.1).

Figure 2.1: Mesembryanthemum crystallinum L. plant in flowering stage (Ibtissem et
al., 2010).

2.1.1.2. Nicotiana tabacum L.

Transgenic tobacco lines were constructed by transformation with Agrobacterium
tumefaciens by Sheriff (1994) and Stenzel (1997). The transgenic tobacco expresses the
cDNA of pyruvate, orthophosphate dikinase (PPDK) from Mesembryanthemum
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crystallinum into a binary expression vector (Bevan, 1984; Lee and Gelvin, 2008). Sheriff
(1994) overexpressed the gene for PPDK under the control of 35S promoter of cauliflower
mosaic virus (CaMV). The CaMV-35S promoter is well characterized and is the most used
for driving transgene expression in monocotyledonous and dicotyledonous plants. (Benfey
et al., 1990; Benfey. and Chua., 1990; Sunilkumar et al., 2002; Anuar et al., 2011). In
another construct to express the PPDK in the cytosol, the region of the sequence that codes
the chloroplast recognition was deleted. In order to achieve specificity in roots, PPDK
gene expression was carried out under the control of the root-specific promoter B33
(Stenzel, 1997). B33 is a promoter of the class | patatin gene of potato (Rocha-Sosa et al.,
1989; Naumkina et al., 2007). Figure 2.2 shows the schematic representation of the
constructs used for the transformation. Figure 2.3: Schematic drawing shows expression of

Mesembryanthemum crystallinum PPDK in tobacco leaves and roots.

LA
ATG  ATG
= 35S CaMV >—- PPDK 3.2 kbp .— ocs poly A mm BiN10  m—
480bp 200bp
B.
ATG
mm| 355 CaMV >—- APPDK 3.0 kbp .— ocs poly A — BiN10  m—
480bp 200bp
2. A
ATG TG
=l B33-patatin >—i PPDK 3.2 kbp .— ocs poly A e BiNl0
1.5 kbp 200bp

B. ATG

= B33-patatin

"

APPDK 3.0 kbp .— ocs poly A == Binl9 m—

1.5 kbp 200bp

Figure 2.2: Schematic drawing represents the T-DNA construct of the binary vectors containing the
Mesembryanthemum crystallinum PPDK- insertion.
1. PPDK expression controlled via 35S promoter.
2. PPDK expression controlled via B33 promoter.
A. Partial T-DNA scheme of putative plastidic PPDK construct, harboring complete PPDK cDNA
sequence from M. crystallinum (3173 bp).
B. Partial T-DNA scheme of putative cytosolic APPDK construct with a partially deleted pre-sequence
of PPDK cDNA from M. crystallinum (2990 bp). A: represents deletion of (183 bp) at the 5’-end.
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\j—— Plastid 358
¥ W < (Cviosol A3SS

358 constitutive promoter

O\ > Plastid B33

*——— (Cytosol AB33

Tobacco plant

B33 Root specific promoter

Figure 2.3: Schematic drawing shows expression of Mesembryanthemum crystallinum PPDK in
tobacco leaves and roots using non-specific 35S, Sheriff, (1994) and roots-specific B33 promoters,
Stenzel, (1997).

2.1.2. Chemicals and Solutions

All chemicals used in this study were analytically pure and from trusted
companies such as Sigma-Aldrich and Roth.

2.1.3. Proteins

Bovine serum albumin (BSA) ........coooiiiiii Roth, Karlsruhe
(081131 s PO Roth, Karlsruhe
Skimmed milk....... ..o AppliChem, Darmstadt

2.1.4. Laboratory Materials

Aluminum foil ... e ROED, GEPMaANY
Eppendorf tubes (1.5, 2,10,15,50ml) ...........cooviiiiiiiiiin... Eppendorf, Germany
Hybridization transfer membranes (Hybond ™-N)....... Amersham Biosciences, Freiburg
Nitrocellulose membrane (Hybon ™-c extra) ............. Amersham Biosciences, Freiburg
Parafilm ... e Germany
Petri dishes (tissue culture dishes)..................ccoveeninnnii. Greiner Labortechnik, Food
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UV-CUVEIE MICTO ..t e e Roth, Germany
2.1.5. Apparatus
Autoclave (SYSteC DX-150) ...veineiii i, Germany
(ATDUS) o Germany
DiSSECtING MICTOSCOPE .. vvtentteiaiee et etee et et e e e e aee e eeaeeaeeereenaeeaeeennens Germany
Digital Camera .........oouiiiii i e Canon EOS 550, Japan
Deep freezer (URFaLOW) ....oovinriniiiiii e, Sanyo, Japan
Electrophoresis Power Supply PHERO rod. 300 .................... Biotec-Fischer, Germany
GC-MS UNIE .ttt e e Thermo Scientific
Growth chamber ... FU-Berlin, Germany
GIEENNOUSE . ...ut ettt e FU-Berlin, Germany
ICE-MAKET ...t Ziegra, Germany
[Muminator supplier (Schott KL 1500) .......cc.oiiiiiiiiiiii e e Germany
Lab-shaker (KUNNET) ........ouiiiiii e e Germany
(GEL 3005 ot e Germany
(M) e e e e Germany
Laminar air flow hood ... Gelaire, Germany
LyophiliZer ... Germany
Magnetic stirrer (Heidolph)..........cooiii Germany
Magnetic (Electronic speed) .........ccovvviiiiiiiiiiiiiinennn. IKA Labortechnik, Germany
MOtODITECE ... H+P Labortechnik, Germany
MR 3001 .o Heidolph, Germany
OVEN (IMBIMMEIT) . et ettt e e e eaes Germany
PHMEter ..o Schott, Berlin, Germany
PHMEter ..o Knick, Berlin, Germany
pH meter (Flat surface electrode).............coooeiiiiiiiiiiiiiii Schott, Germany
Protein gel electrophoresis equipment ............... workshop at the Free University of Berlin

Refrigerated (2K 15 cooled) centrifuge ............ceeviiviviiiieecieeeieeeneen ... Sigma, Germany

Refrigerated super speed centrifuge .........cooovviiiiiiiiiiiii e Germany
Refrigerated economic sUper automatic .............ooveveiieiinienienneinennn, Bosch, Germany
Radiometer/Photometer Model IL 1400A ....... ..o, Germany
Retsch mill (Type MM301) ....oviniii e Haan, Germany
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Refrigerated centrifuges (Biofuge 28 R).................. Heraeus Sepatech. Berlin, Germany

(Tabletop centrifuge 5415 C) ................ Eppendorf, Germany

Scanner (Epson V100 photo) .......oiuiiiiiiii i e China
Speed vacuum (Univapo 150 H).....oooiniiiii e Germany
Scales (GT 480) OHAUS ..ot e U.S. A
(HIT0) SArtOrTUS ....uveeett ettt ettt e e e e e eee e eaeeas Germany

(KERN ALJI60-4NM) ..ottt Germany
Spectrophotometer (Novaspec ® II)...................... Pharmacia LKB Biochrom, England
(Ultrospec 114050)..........c.en.... Pharmacia LKB Biochrom, England

Thermostat (BlockThermostat BT 100) .................... Kleinfeld Labortechnik, Germany
(Thermostat PIus) ..........coooiiiiiiiiiiiie Eppendorf, Germany

VorteX (K) .o IKA Labortechnik, Germany
(Heidolph)......ooneiii e Elektro KG, Germany

(REAMIX 2789)..ie ittt e e e Germany

Water baths (3042) ..., Kottermann, Germany

(Minitherm S) .........coooiiiiiii, Dinkelberg Labortechnik, Germany

(TOS) GFL e e e Germany
Western-blot-chamber ..o Roth, Germany

2.1.6. Enzymes and Kit-systems

2.1.6.1. Enzymes

Acid phosphatase enzyme .............oovviiiiiiiiiiiiii e, Sigma, Germany

2.1.6.2. Kit-systems.

L-Citricacid UV test .......cooeviiiiiiiiiiiiineen Boehringer Mannheim / R-Biopharm
L-Malic acid UV test .......cooeviiiiiiiiiiiiiiienanns Boehringer Mannheim / R-Biopharm
2.1.7. Antibody

ANti-PPDK ... Schmitt et al., 1989
Anti-mouse 1gG alkaline phosphatase (Anti-GAR-AP) ........cccoiiiiiiiiiiiin.n. Bio Rad

17



Materials and methods

2.1.8. Protein Marker

Blue-Star Pre-stained Protein Marker .................. NIPPON GENETICS EUROPE GmbH

kDa

~245
~180
~135

~100

Tris-Glycine
4~20%

2.1.9. Soil and lime

1. Soil of tobacco planting .........

2. Calcium carbonate (Lime) .............

.......................................... Floragard, Germany

........Vereinigte Kreidewerke Dammann, Germany

18



Materials and methods

2.2. Methods

2.2.1. Preparing Stock Solutions of MS Medium

Stock solutions of MS medium (Murashige and Skoog) have been prepared
manually in the laboratory, by collecting the chemical elements of the medium according
to “Murashige and Skoog formula 1962” (Murashige and Skoog, 1962). The prepared
stock solutions were free of phosphate salts. The stock solutions were stored in the

refrigerator after preparation.

A. Macroelements Stock Solution Components

NH4NOz ..o, 1650 mg/I
KNO3 ..o 1900 mg/I
CaClo.2Ho0 .o, 440 mg/I
M@SO4THO ..o 370 mg/I
KHPOg oo, --.--mg

B. Microelements Stock Solution Components

Kl 0.83 mg/I
HaBOs3 .o 6.2 mg/l
MNSO4LAHO. ..o 22.3 mg/l
ZnSO4THZ0. ..o 8.6 mg/I
Na;M00O4.2H20 ..o, 0.20 mg/I
CuSO45H0 ..o, 0.25 mg/l
CoCl.6H20. ..o, 0.025 mg/I

C. Iron Stock Solution Components

FeSO4.THO..coii 27.8 mg/l
Na; EDTA. 2H0 ... 37.3 mg/
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2.2.2. Seed Germination

Tobacco seeds Nicotiana tabacum L., var Samsun NN (SNN) were germinated
to measure the viability of the seeds under alkaline environment. The seeds were obtained
from our laboratory (Institute of Biology, FU-Berlin, Berlin, Germany). A total of 9 lines,
wild-type (WT) and 8 PPDK overexpression were tested. The tested transgenic lines
are 35S, A35S, B33 group (B33-1, B33-2, B33-3) and AB33 group (AB33-1, AB33-2,
AB33-3). The seeds were surface sterilized in 3.3% sodium hypochlorite (NaOCI) solution
for 15 min, and then washed 3 times for 5 min in  bi-distilled sterilized water. Then the
seeds were placed on a sterile filter paper for drying. After that, they were planted (100
seed / petri-dish) on the surface of MS solid (0.7 % agar) medium pH 8.0, within 9 cm
diameter petri-dishes (three replicates/line) under sterilized conditions, and the petri-dishes
were sealed by parafilm. The seeds were allowed to germinate in controlled growth
conditions, in growth chamber in 16/8h light/dark duration at 24/19 °C, with light intensity

of 150 LE m™s™. The germination rate was observed daily under a dissecting microscope.

2.2.3. Preparing Plant Material for Protein Extraction

To prepare the plant material for protein extraction, the WT and the transgenic
lines were cultivated on cotton gauze in 15 cm diameter petri-dishes. The petri-dishes
were watered every other day with sterilized liquid MS medium pH 8.0, supplemented
with 1ImM KH,PO,. The medium was previously sterilized by autoclave at 121 °C, for 20
min. The pH was adjusted to pH 8.0 after autoclaving at room temperature using a
sterilized pH meter electrode. The petri-dishes were incubated for three weeks under
controlled growth conditions, in growth chamber in 16/8h light /dark duration at 24 /19 °C,
with light intensity of 150 pE m?s™.

For the same purpose, a soil-sand (2/3) mixture was used for Mesembryanthemum
crystallinum plant growth in a greenhouse. The plants were watered with tap water for 6
weeks after germination then they were saline stressed by daily watering with 0.5 M NacCl

for two weeks.
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2.2.3.1. Protein Extraction

Tobaccos WT, transgenic lines roots and leaves tissue of M. crystallinum were
harvested, weighed (1 g fresh weight) and homogenized immediately to fine powder, with
the help of liquid nitrogen in a pre-cooled mortar. All the other steps were performed in
ice. The homogenized material was well mixed with 2 ml of extraction buffer, then
transferred to a 2 ml pre-cooled eppendorf tube, centrifuged in an eppendorf pre-cooled
centrifuge at 4 °C at 14000 rpm for 10 min. The supernatant was transferred to a 2 ml
eppendorf tube and mixed with 1/1 volume of phenol and 1% [-mercaptoethanol,
incubated in ice bath for 30 min with continuous shaking. After 30 min of incubation the
tubes were centrifuged for 5 min at 4 °C and 14000 rpm to separate the phases. Protein
was then precipitated from 250 ul of the lower phenol phase by adding 15ul of 7.5M
ammonium acetate, 1.25 ml of ethanol-glycerin mixture (95/5, v/v) and 10 pl of 2 mM of
1, 4-dithiothreitol (DTT). The precipitation of protein was carried out overnight at -20 °C.
The precipitated protein samples were centrifuged for 15 min at 4 °C and 14000 rpm.
Thereafter, the protein sediment was washed 3-5 times in ethanol-glycerin mixture. The
washing step was conducted by adding 1 ml of (95/5, v/v) ice cooled ethanol-glycerin to
the protein sample, then centrifuged for 5 min at 4 °C and 14000 rpm (Hofner et al.,
1989). The extracted protein was re-suspended in sample buffer for SDS-PAGE.

Protein Extraction Buffer Components

HEPES-TIiS ..o 250 mM
DT T 2mM

€ -amino-n-capronic acid ............... 5mM
Benzamiding .........ccooveeiiniiiiinine 1mM
Leupeptin .......ccceeveeveeieieece e 20 uM
PMSF *. . 1mM
PVP-40.....ciiiieiiee e 1mM
Sodium dithionite ........................ 1mM

* These substances were added from stock solution to the extraction buffer immediately at

the protein extraction time.
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DTT was freshly prepared in water at extraction time.
PMSF stock solution 0.1 M in isopropanol (stored at -20 °C).

Sample Buffer Components

Tris/HCIpH6.8........ccceeeat.. 0.125 M
Bromophenolblue ..................... 0.025% (w/v)
SDS o 5%

Urea ..ooveiiiiiii e, 4 M

*DTT oo 2 mM

*Added freshly to the sample buffer solution

2.2.3.2. Determination of Protein Quantity

Total protein concentration was determined using dot-blot method following the
modified protocol described by (Zlatanova et al., 1994). Protein samples were mixed with
100 pl of sample buffer solution and 5 pl of 2 mM DTT. The mixture was boiled at 100 °C
for 5 min. 5 ul of each sample was taken and applied by dot-plotting on a nitrocellulose
membrane and left to dry at room temperature (RT). After that, the membrane was stained
with amido-black stain for 5 min with continuous careful shaking, and then washed three
times for 5 min with 50% methanol / water (v/v). Identical membrane surfaces of the
samples and blank areas (free of protein as a control sample) were cut out, and the bound
dye was eluted with 1 ml of 25 mM sodium hydroxide (NaOH) in 50% methanol (v/v).
The absorbance was measured by spectrophotometer at 640 nm. The standard curve was
acquired using the bovine serum albumin (BSA) standard of 5-100 pg /I, which was

treated the same way.

Amidoblack .................ceel. 0.1% (w/v)
Methanol (MeOH) .................... 30% (v/v)
Aceticacid ...l 10% (v/v)
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2.2.3.3. SDS Polyacrylamide Gel Electrophoresis

Protein separation was performed according to the method of (Laemmli, 1970).
In this method, the protein separation is according to size under denaturation conditions in
a vertical SDS acrylamide electrophoresis gel. The gel used in protein separation was with
dimensions 10 cm width and 7 cm in height and 1 mm thickness. The lower part or the
separating gel consisted of 12.5 % polyacrylamide, the upper part or stacking gel consisted
of 3.96 % polyacrylamide. 10 ul of each sample and 3 ul of pre-stained protein marker
were put into 12.5 polyacrylamide gel, and subjected to electrophoresis for two hours at 30
V followed by three hours at 150 V. After that, the gel was stained for 60 min in a
coomassie staining solution in a 10 cm? petri-dish with continuous careful shaking. The

protein band was visualized by destaining in 50 % mixture of methanol/water for 2 to 3 h.

Stacking (upper gel) Components

Acrylamide ........................ 3.96%
Tris/ HCIpH 6.8 ...l 0.20 M

SDS o 0.1% (w/v)
APS 0.05% (w/v)
Temed ........ooooiiiiii, 3ul

Separating (lower gel) Components

Acrylamide ...................... 12.5%
Tris/HCIpH8.8 ......covnne. 0.38 M

SDS o 0.1% (w/v)
APS 0.05% (wi/v)
Temed ..., 3ul

SDS-PAGE Running Buffer Components

Tris (pH not fixed) .................. 0.025 M
Glycine (W/V) «ooovviiiiiiiiinnn. 0.192 M
SDS (W/V) v, 0.1%
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SDS-PAGE Coomassie Staining Solution

Coomassie R-250 ................... 1.25¢g
MeOH ..o, 225 mL
HoO oo 225 mL
Glacial acetic acid .................. 50 mL

2.2.3.4. Protein Transfer to Nitrocellulose Membrane (Western Blot)

Protein analysis was performed after the blot method of Towbin et al. (1979).
The protein was transferred from the gel to a nitrocellulose membrane. The protein

transfer was carried out overnight at 100 V and 4 °C.

Western Blot Buffer Components

Tris/HCIpH 8.3 ..., 0.025 M
Glycine (W/V) couoviiiiiiiiiiiieea 0.192 M
MeOH (V/V) coiiiiiiiii i, 20%

2.2.3.5. Ponceau S Staining of Protein on Nitrocellulose Membrane

Nitrocellulose membrane was transferred into a square Petri dish 10 cm?, and
incubated for 5 min with 20 ml of ponceau S stain. Then the strained membrane was
washed under running tap water with gently shaking by hand until the background became

colorless and the protein bands were visible.

Ponceau S Staining Solution Components
Ponceau S (W/V) voovviiiiiiiiiiiiiiinns 0.2%
TCA (V/V) e 3%
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2.2.3.6. Immunological Detection by Specific Antibodies

Membrane was incubated in blocking solution with continuous shaking for about
one hour at RT. The blocking step was followed by three times 5 min washing with TBST
(TBS + 0.05% Tween 20) at RT. After that, the membrane was incubated overnight in
20 ml freshly prepared primary antibodies, Anti-PPDK, Schmitt et al. (1989), 1/3000 at
4 °C with gently shaking. Then it was washed three times for 5 min by TBST at RT with
shaking. Followed by incubation in secondary antibodies, Anti-GAR, (1/1000) for 30 min
at 4 °C, and washed one time for 5 min in TBST at RT.

TBS Buffer
Tris/ HCIpH 7 ..o, 25 mM
NACH ..o 150 mM

Blocking Solution

Skimmed milk powder (W/v)............ 5%
Tween 20 (V/V) coveviiiiiiiiiiiiinee, 0.1%
in TBS

Antibodies Incubation Buffer

Casein (W/V) .ooveiiiiiiiiiiieieeinas 0.2%
Tween 20 (V/V) vevviviiiiiiiieeeen 0.1%
Sodium azide (W/V) ......ccoovvinninnnnn. 0.01%
in TBS

Antibodies Dilution Rate

Primary Anti-Bodies

Anti-PPDK (Everl 13) ................. 1/3000
Secondary Anti-Bodies
Anti-GAR-AP ... 1/1000
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2.2.3.7. Colorimetric Detection by Alkaline Phosphatase

According to the colorimetric detection method for protein, based on BCIP
(5-bromo-4-chloro-3-indolyl-phosphate) and NBT (4-Nitroblautetrazodiumchlorid), the
alkaline phosphatase (AP) catalyzes the phosphate group hydrolysis of BCIP, converts it
into appropriate indoxyl derivatives, oxidizes by NBT, and dimerizes to insoluble deep
blue color (Sambrook J. and D. W. Russell. 2001) . The washed membrane was incubated
in 20 ml of BCIP-NBT solution for 30 s to 2 min with gently shaking in dark at RT until

the band color appeared. The reaction was stopped by washing in tap water.

Alkaline Phosphatase Buffer Components

Tris/HCIpHO9.S ..., 100 MM
Magnesium chloride .......................... 5mM
Sodium chloride ....................oon 10 mM

Membrane Reaction Solution Components

APbuffer ... 10 ml
BCIP Stock ..., 33 ul
NBT Stock ..o, 66 pl

Composition of Membrane Reaction Stock Solution
BCIP Stock: 50 mg BCIP in1 ml 100 % DMF
NBT Stock: 50 mg NBT in 1 ml 70 % DMF

2.2.4. Cultivation of Seedlings in Alkaline Liquid MS

In order to determine the growth of the seedlings in insoluble P source, transgenic
and WT seedlings were grown in alkaline liquid MS medium pH 8.0. The medium was
supplied with three different Pi treatments, Pi-starved (Pi-): growth medium free of
phosphate, hydroxyapatite (HAp): growth medium supplemented with hydroxyapatite
containing tacitly 1mM of insoluble phosphate, and Pi-sufficient (Pi+): growth medium
supplemented with ImM KH,PO,.
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2.2.4.1. Preparation of MS Liquid Medium

Liquid MS medium was prepared by mixing the medium stock solutions that
were previously prepared (see 2.2.1) in a liter volume size flask. The medium was
supplemented with Pi-, HAp or Pi+. pH of the medium was adjusted to pH 8.0 with 1 N
NaOH using pipette, and then sterilized by autoclave for 20 min. The medium was cooled
to RT, and the pH was re-adjusted to pH 8.0. Then it was distributed (20ml /flask) into 100

ml volume sterilized erlenmeyer flasks.

2.2.4.2. Seed Cultivation and Growth Conditions

Twenty mg of transgenic and WT seeds were weighed and surface sterilized
as described previously in paragraph (2.2.2). Then seeds were transferred to 20 ml of
liqguid MS medium in 100 ml flasks, some flasks were left without seeds as a control.
Cultivation process was conducted under antiseptic conditions on laminar airflow hood.
All flasks were transferred to the growth chamber. Growth was performed under
continuous shaking at 150 round /min and 150 ME m™s™ of light intensity in 16 / 8 h light /
dark duration and 24 /19 °C.

2.2.4.3. pH Determination of Growth Medium

In order to determine the ability of transgenic and WT seedlings to change the pH
of the growth medium, the growth medium was collected and pH was measured (using a
pH meter). The experiment was performed by growing transgenic and WT seedlings in
alkaline liquid MS medium pH 8.0 in Pi-, HAp and Pi+ treatments. 20 mg seed from each
line was germinated in 20 ml of MS medium in 100 ml erlenmeyer flasks (medium pH
was adjusted to pH 8.0 before autoclaving, and re-fixed after autoclave). The growth of
the seedlings was stopped at day 10 of growth. The growth medium was then collected
and the pH of the medium was determined. pH of control (negative) medium was also
determined at the same time (Narang et al., 2000).
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2.2.4.4. Fresh and Dry Biomass Determination

Seedlings were harvested after 10 days of growth; this was done by pouring flask
contents into a plastic strainer, and washed three times with bi-distilled water. After that,
they were counted on wet filter paper. The counted seedlings on the wet paper were
centrifuged for 3 min at 5000 rpm and 15 °C (Broyer and Hoagland, 1940) to remove any
water particles and keep them moist. Fresh biomass was determined by weighing. Dry

biomass was determined by weighing samples after they were dried for 72 h at 65 °C.

2.2.4.5. Determination of Total Phosphorus in Whole Seedlings

Total phosphorus of the transgenic and WT seedlings was extracted according to
the method described by (Wang et al., 2009a) with some modifications. 20 mg of seed
from each line was germinated in 20 ml of MS medium in 100 ml erlenmeyer flask
(medium pH was adjusted to pH 8.0 before autoclaving, and re-fixed after autoclave). The

growth medium was supplied with Pi-, HAp and Pi+ treatments.

Seedlings were harvested at day 10 of growth, washed thoroughly in bi-distilled
water then dried in oven for 72 h at 65 °C. 20 mg of dried and powdered samples were
pre-digested with 20 pl of 5 M H,SO4 for (1 h) at 100 °C in 5 ml volume glass tubes. 2 ml
of bi-distilled water was added and the digestion continued at 100 °C for extra (2 h). The
color of the solution was removed by adding 50 mg active charcoal in three steps. After
each step the samples were vortexed and centrifuged for 10 min at 14000 rpm at RT. After
that, the colorless supernatant was transferred to a 2 ml eppendorf tube. (All glass wares

used in phosphorus determination were acid washed).

The total phosphorus was determined by using the method of (Bencini et al.,
1983). This method is based on a one-step spectrophotometric assay that needs a single
stable reagent solution. The reagent solution consists of ammonium molybdate and zinc
acetate at pH 5.0, which produces a stable complex with orthophosphate. To prepare
samples for phosphorus determination, 200 pl of sample was added to 600 pl of the
phosphate reagent mixture in 2ml eppendorf tubes, mixed with care and left in RT for at
least 30 s. The absorbance of the sample solution was determined at 350 nm using a

spectrophotometer.
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Reagent Mixture
Ammonium molybdate ....................... 15 mM
ZINC aCetate ...ouveuiitiiiiiiiei e 100 mM

(in deionized distilled water).

2.2.4.6. Determination of Organic acid in Growth Medium

It is known that organic acid exudation is enhanced in the roots of Pi-stressed
plants (Aono et al., 2001). In order to determine the amount of exuded organic acid in
growth medium of the transgenic roots in hydroxyapatite treatment, we used enzyme Kits
L-citric acid and L-malic acid. The transgenic and WT seedlings were grown in 20 ml
alkaline MS liquid medium pH 8.0 in Pi-, HAp and Pi+ treatments. Growth was
performed by incubating the culture in a growth chamber with continuous shaking at 16/8
h light/dark duration at 150 pE m™?s™. The experiment was stopped at day 10 of growth.
The growth medium was collected and lyophilized. Lyophilized samples were re-
dissolved in 2ml ultrapure bi-distilled water, and then analyzed for malic and citric acids

using the enzyme kits, following procedures provided by the company.

2.2.4.6.1. Citric Acid Determination

Production of oxaloacetate and acetate occurs during the conversion of citric acid
(citrate) in reaction catalysed by the enzyme citrate lyase (CL). In the presence of enzymes
L-malate dehydrogenase (L-MDH) and L-lactate dehydrogenase (L-LDH), oxaloacetate
and its decarboxylation product (pyruvate) are reduced to L-malate and L-lactate
respectively, by reducing nicotinamide-adenine dinucleotide (NADH). The amount of
NADH oxidized in reactions of oxaloacetate and pyruvate is stoichiometric to the amount
of citrate. NADH is determined at 340 nm.
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Citricacid __“ o oxaloacetate + acetate
Oxaloacetate + NADH+H* __“M°H o | -malate +NAD"
Pyruvate + NADH+H* __“PH o [ -lactate + NAD'

2.2.4.6.2. Malic Acid Determination

Detection of L-malic acid requires two enzyme reactions. The first reaction is
catalyzed by L-malate dehydrogenase (L-MDH), L-malic acid is oxidized to oxaloacetate
by nicotinamide-adenine dinucleotide (NAD+). The equilibrium of this reaction lies on the
side of L-malate. Removal of oxaloacetate from reaction system causes displacement of
equilibrium in favor of oxaloacetate. The second reaction is catalyzed by the enzyme
glutamate-oxaloacetate transaminase (GOT), oxaloacetate is converted to L-aspartate in
presence of L-glutamate. The amount of nicotinamide adenine dinucleotide (NADH)
formed is stoichiometric to the amount of L-malate. The increase in nicotinamide adenine

dinucleotide (NADH) is measured by means of its light absorbance at 340 nm.

L-Malate + NADY «—-MPH 5 oxaloacetate +NADH+H"*

Oxaloacetate + L-glutamate < 22T s | -aspartate + 2-oxoglutarate

2.2.5. Cultivation of Seedlings in Alkaline Solid MS

In order to determine the growth of the transgenic seedlings and their response to
insoluble P source in alkaline conditions, we measured the length of the primary and
secondary root, the biomass of the seedling shoot and root, root:shoot ratio, ability of
seedlings to lower the pH of the rhizosphere, and the root surface acid phosphatase

activity.

2.2.5.1. Preparation of Growth Medium

Growth medium was prepared by collecting and mixing appropriate volumes

from previously prepared stock solutions (see 2.2.1). The medium was supplemented with
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different P treatments, Pi-, HAp or Pi+. pH was adjusted to pH 8.0 with 1N NaOH. The
medium was solidified by adding (1%) low melting point agar and boiled to complete
dissolving of agar and then sterilized. After that, pH was re-adjusted to pH 8.0 and poured

into petri-dish after sterilization.

2.2.5.2. Seed Cultivation

Seeds of WT and the transgenic lines were sterilized, washed and dried on
sterilized filter paper. 7 to 8 seeds were transferred onto MS agar surface in 9 cm petri-
dish. Then the petri-dishes were sealed with parafilm. After that, they were incubated
diagonally at 70 ° in growth chamber with 16/8 h light /dark duration at 24 /19 °C, with
light intensity of 150 pE m?2s™.

2.2.5.3. Determination of the Length of Root and Shoot

The length of seedlings root and shoot were determined after 12, 24 and 36 days

of growth in alkaline MS medium at pH 8.0, using a ruler.

2.2.5.4. Determination of Fresh and Dry Biomass of Root and Shoot

In order to determine fresh and dry biomass of root and shoot, seedlings were
harvested and washed with bi-distilled water, then the water was removed using filter-
paper. After that, the roots were separated from the shoots. Fresh biomass of the collected
shoot and root was determined by weighing. Then, the shoots and roots were collected in
small paper sacks, and dried in oven for 72 h at 65 °C. The dry biomass was determined by

weighing.

2.2.5.5. Determination of Shoot Content of Total Phosphorus

Total phosphorus of the shoot was extracted according to method of Wang et al.

(2009b) and measured according to Bencini et al. (1983), as mentioned in (see 2.3.5).
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2.2.5.6. Phosphatase Activity Assay

Acid  phosphatase activity (E.C.3.11.3.2)  orthophosphoric-monoester
phosphohydrolase was measured using the modified protocol as mentioned by
(Dodd et al., 1987).

Assay Reaction Solution
P-nitrophenylphosphate (P-NPP) ......... 50 mM
Sodium acetate buffer (pH 5.2)............. 0.1 M

Seedlings at 12, 24 and 36 days of growth were harvested; roots were separated
from shoots. The excised fresh roots were washed with bi-distilled water, and the water
was removed by spreading the roots on filter paper. 20 mg of each of fresh root samples
was weighed, using the end of primary root (2-3 cm) length and incubated with 1ml of
the assay solution, 200 pl of P-NPP and 800 pl of Na-acetate (NaOAc) at pH 5.2 for 30
min. at 37 °C with continuous shaking at 50 rpm. The reaction was stopped by adding 1 ml
of 0.5 M NaOH. The control sample was assayed by adding 200 pl of P-NPP to
NaOAc buffer solution immediately before adding NaOH. The released nitrophenol
amount during incubation was determined spectrophotometrically at 405 nm. The
recorded activity represented primary root surface acid phosphatase activity, with small
amount of internal root phosphatase exuded from the cut edge. Standard curve was
prepared in NaOAc buffer solution containing 0, 10, 20, 30, 40 and 50 mM
P-nitrophenylphosphate using 10 pl of 1mg / ml acid phosphatase enzyme extracted from
sweet potatoes (Sigma).

2.2.6. Staining Root Surface Acid Phosphatase Activity

Acid phosphatase activity was visualized on the surface of root by incubating the
roots with 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) using the method of (Bozzo et
al., 2006). The BCIP is a colorless soluble substrate, but acid phosphatase hydrolysis
converts it to an insoluble blue color product (Goldstein et al., 1988). Eradicated roots
from 15 days old WT and transgenic seedlings grown in Pi-, HAp or Pi+ were washed in
distilled water, and placed on 15 % agar in a petri-dish. Then they were covered by a layer
of 0.1 mg / ml of BCIP in 50 mM NaOAc, pH 5.3; 10 mM MgClI; mixed with 0.6 % low
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melting point agar. After that, the petri-dishes were sealed, incubated in the dark at 24 °C,
watched and scanned after 4, 8, 12, 24 and 48 h of incubation.

2.2.7. Following Acidification of the Roots

Root ability to change the pH of growth medium was tested using pH color
indicator bromocresol purple (BCP). This color indicator is non-toxic for plants, and its
color changes from violet at pH 6.8 to yellow at pH 5.2. After three weeks of germination
on alkaline MS solid medium pH 8.0, in Pi-, HAp or Pi+, WT and transgenic seedlings
were removed, washed with sterilized bi-distilled water, then placed on alkaline MS
medium at pH 8.0, containing 100 mg / liter BCP in a petri-dish. The petri-dishes were
sealed with parafilm; the colored medium parts of the petri-dishes were covered to protect
roots and medium from light. Then they were incubated in a growth chamber at 24 /19 °C
and 16/8h light /dark duration, with light intensity of 150 pE m™ s, they were scanned
every 12 h. pH values for the medium were measured and recorded after 72 h of
seedlings incubation by using a pH meter with flat surface electrode (Marschner and
Romheld, 1983; Gollany and Schumacher, 1993).

2.2.8. Cultivation of Plants in Alkaline Soil under Greenhouse
Conditions

2.2.8.1. Soil Preparation

To test the ability of plants to grow and yield in low-P soil, various amounts of
CaCO3 were added to the soil, thus obtaining alkaline soil. The prepared ratios were 16,
32, 64, 128, 256 and up to 512 g CaCOs3 / kg of soil, and soil without CaCO3 as control
soil treatment. The soil was sterilized for 24 h before use. After that, the pH of the soil
was determined, two combinations were chosen (256 and 512 g kg™* CaCOs / soil) with pH
of (7.2 and 8.3) respectively, in addition to control soil treatment (0.0 g kg™ CaCOs) with
pH (5.8).
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2.2.8.2. Cultivation of Seeds

Seeds of WT and transgenic seedlings were spread at the surface of well watered
soil in 2.5 volume size liters pots, 12 pots / line for each treatment. They were allowed to
grow under greenhouse conditions with around 24+ °C and 16/8 h light/dark cycle. After 5
to 7 days of germination, one of the best growing seedlings was kept for each pot and the
rest were removed. The plants were watered daily with tap water. To ensure balanced

exposure of plants to light, pots positions were changed every two days.

2.2.8.3. Measurements of Shoot Height and Biomass

The height and biomass were measured after harvest of plants grown for three
months. To measure height of plants, the height measure tool was put in parallel with plant
stem at the point of soil surface to the top of the plant vertically. Plant green part (shoot)
fresh biomass was determined after cutting off the stem from soil surface point. After that,
the plant was cut into small pieces and placed in a paper bag. To measure dry biomass the
shoot was dried from 96 to 120 h in oven at 75 °C. Dry biomass was determined by

weighing.

2.2.8.4. Determination of Soil pH

Soil pH of the transgenic and WT plants was determined after three months of
growth in different soil / CaCO3 mixtures, by removing 1-2 cm® from the surface layer of
soil, and collecting soil from the root zone (50 grams). The collected soil samples were
mixed thoroughly with 100 ml of distilled water. Then the mixture was filtered using
filter paper, and pH was measured for the collected water using a glass electrode pH
meter (Youssef and Chino, 1989).

2.2.8.5. Determination of Plant Leaves Content of Total Phosphorus

Total phosphorus of plant leaves was determined after three months of growth in

greenhouse. This determination was accomplished by extracting plant content of
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phosphorus using the method of Wang et al. (2009b). Plant content of phosphorus was
measured according to the method of Bencini et al. (1983) (see 2.3.5).

2.2.8.6. Yield of Plant and Harvesting of Capsules

The floral parts of the plants were immediately covered with white paper bags at
flowering stage to prevent cross fertilization among lines. The yield of seed capsules of
plants was collected by cutting the flowers from the stem after ensuring that seed capsules
were dry (60-75 days after flowering). Then paper bags containing capsules were
transferred to the laboratory and the capsules were carefully separated from the plant floral
part, counted and weighed. Ratio of seeds weight to capsules gross weight was determined

by weighing the capsule content of seeds.

2.2.9. Transgenic Seedlings Metabolic Response to Insoluble P source

To determine the metabolic changes induced by growing plants under Pi-stress in
alkaline conditions, GC-MS (Gas chromatography mass spectrometry) analysis was done.

The method is based on the protocol of (Lisec et al., 2006) with some modifications.

2.2.9.1. Collecting of Plant Material and Sampling

Transgenic and WT seedlings were harvested at light period after 2 and 3 weeks
of growth in Pi-, HAp or Pi+ in alkaline MS pH 8.0 liquid, and solid medium respectively.
The seedlings in solid medium were removed to a clean petri-dish containing bi-distilled
sterilized water for washing. Water was removed from the washed seedlings using filter
paper. Shoots were rapidly separated from roots, both shoots and roots were immediately
put in 2 ml eppendorf tubes and frozen in liquid nitrogen. In liquid culture, seedlings were
removed from the growth medium and rapidly washed, washing water was removed and

the seedlings were frozen in eppendorf tubes. After that, all samples were stored in -84 °C.
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2.2.9.2. Extraction of Plant Material

Before extraction, all laboratory materials and tools were cooled down to prevent
samples from melting. Frozen samples were crushed and homogenized using clean
stainless steel metal ball mill (5 mm diameter) in mixer-mill grinder (Retsch mill) for 2
min at 25 Hz. Then 50 mg of shoots, roots or whole seedlings material were taken, put into
2 ml eppendorf tubes, labeled and stored at -84 °C. Extraction was started by adding
360 pl methanol (pre-cooled to -20 °C) containing internal ribitol to frozen samples. Then
the samples were transferred to thermo-mixer, and incubated with continuous shaking at
1200 rpm  for 15 min under 70 °C. The pressure of hot methanol was released from the
eppendorf tubes 1 min after shaking start. Then samples were cooled down to RT. After
that, 200 pl of chloroform was added to each sample and the samples were shaken in
thermo-mixer for 5 min at 37 °C and 1200 rpm, 400pul of distilled deionized water was
added to the samples. The samples were vortexed for around 10 s and centrifuged for 5
min at 14000 rpm, 160 ul of supernatant or upper phase (polar phase) of centrifuged
samples was transferred to new 2 ml eppendorf tubes for analysis. Another 160 ul was
kept as backup sample (in case of loss of sample). The samples were dried 2 h in speed
vacuum concentrator at 30 °C and then stored at -20 °C.

2.2.9.3. Deriving of Samples

Dried stored samples were taken out of freezer, and a steel mill ball was put in
each eppendorf tube to help dissolve sediment more quickly. Then (40 ul) of
Methoxyaminhydrochlorid / pyridine solution (20 mg Methoxyaminhydrochlorid/1 ml of
pyridine (w/v)) was added. After that, the tubes were shaken in a thermo-mixer for 90 min
at 30 °C and 1200 rpm. Sample tubes were allowed to spin down for 1 min, (10 pl) alkane
mixture and (70 pl) MSTFA reagent (N-Methyl-N-(trimethylsilyl) trifluoroacetamide)
were added to the tubes and shaken for 30 min at 30 °C and 1200 rpm. After that, the tubes
were centrifuged for 30 s at 14000 rpm and a volume of (90 ul) of sample was collected
and transferred to GC vial. Figure 2.4 illustrates experimental procedure for plant extract
preparation for GC-MS analysis.
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Figure 2.4: Experiment procedure for plant extract preparation of GC-MS analysis samples. A: Plant

material: root, shoot or whole seedlings sampling and rapid freezing, B: Homogenization using steel ball

mill, 2 min. 25 Hz cooled by liquid N at = -60 °C, C: Weighing, the homogenised plant material 50mg /

sample, D: Enzymes deactivation and extraction: add 360 pl ice cold methanol containing internal ribitol,
shake 15 min, 70 °C in thermo-mixer, 1200 rpm, E: Add 200 pl chloroform; shake 5 min. 37 °C, 1200 rpm,
F: Add 400 pl dH,0, vortex = 10 sec, G: Phases separation: centrifugation 5 min, 14000 rpm, H: Polar

phase transferring, transfer 160 ul of supernatant to new Eppendorf tube,

I: Sample drying by vacuum

concentrator, 2 h at 30 °C, J: Derivatization, add 40 pl Methoxyaminhydrochlorid in pyridine, one mill
ball, shake 90 min 30 °C, K: Add 10ul Alkane, 70ul MSTFA, shake 30 at 37 °C, L: Transfer 90 ul to

GC/MS glass vial, M: analyze by GC-MS.
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2.2.10. Statistical Analysis and Software

2.2.10.1. Statistical Analysis

The experiments were repeated at least twice independently. Number of
repetitions for each variant (s) is specified in the appropriate presentation of results. Data
of mean values and associated standard deviations were generated with computer program
(Excel 2010) for Windows (Microsoft Corporation, USA).To compare mean value,
student t-test was generated with graph-pad computer program at significant level of 95%.
Definition of the value of significant (*** p < 0, 0001= an extreme significant; ** p <

0,001= very significant; * p <0, 01= significant; p <0, 01=non-significant).

2.2.10.2. GC-MS Data Analysis Software

1. MetAlign: is a computer software program used for pre-processing, analysis, alignment
and comparison of full-scan mass spectrometry datasets (GC-MS) data

(http://www.wageningenur.nl/en/show/MetAlign-1.htm).

2. Tagfinder: is a computer software tool used for alignment of large GC-MS-based
metabolite profiling experiments into statistically accessible data matrices
(Luedemann et al., 2008).

3. AMDIS: is a computer program that extracts spectra for individual components in a
GC/MS data file (http://chemdata.nist.gov).
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Results

3. Results

This chapter consists of three sections: the first section summarizes the result of
PPDK expression of transgenic tobacco at the protein level. The second section gives an
overview of the influence of phosphate nourishment on growth. We measured the fresh
and dry biomass, length of shoot, length of primary and secondary root, plant content of P,
exudation of organic acid, activity of acid phosphatase, and plant yield of capsules. The

last section deals with the outcome of the metabolic profiling.

3.1. SeedGermination

A germination test is often conducted on seed before planting. Monitoring the
time taken to germinate seed, gives an indication of their viability. In-vitro, germination of
seed is usually carried out on a wet filter paper (Shoemaker and Carlson, 1990; Manz et
al., 2005) or on MS solid medium pH 5.7 (Schernthaner et al, 2003). In order to test the
viability of seed, and time taken to germinate in alkaline conditions, the same age
sterilized transgenic and wild-type seeds were germinated in sterilized MS solid medium
pH 8.0 in petri-dishes (see 2.2.2).

As is shown in (Fig. 3.1) germination of the transgenic and wild-type seeds
started at the same time at day 4. Germination rate of the transgenic seedlings was 93%

and 78% for wild-type at the end of germination time.
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Figure 3.1: Germination rate of the seed Seeds were germinated on alkaline solid MS medium pH 8.0.
A. 35S and A35S transgenic lines rate of germination compared with that of wild-type, B. B33 transgenic
lines rate of germination compared with that of wild-type, C. AB33 transgenic lines rate of germination

compared with that of wild-type. The data represent the mean and standard error of 3 rep, 100 seeds each.

3.2. Testing the Oveproduction of PPDK in the Transgenic Tobacco

The transgenic lines that are used in this study were constructed by A. Sheriff,
(1994) and R. Stenzel (1997). To prove the overproduction of PPDK protein in the
transgenic lines compared with that of the wild-type, SDS-PAGE and western blot were
used. To achieve that, the protein of 14-day old transgenic root was extracted after the
method of (Hofner et al, 1989), (see 2.2.3.1). The extracted protein of the leaves of
Mesembryanthemum crystallinuphant was used as a positive control. The plant was
grown in a greenhouse for 6 weeks. The 6-week old plant continued growing for another 2
weeks under saline stress before it was used for protein extraction. The plant was stressed
by daily watering with 500 mM NaCl (Bohnert et al, 1988). The concentration of total
protein was determined by amido-black method as mentioned previously in section (see

2.2.3.2). 10pl of the protein of the same concentration of the transgenics, wild-type and
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the positive control of M.crystallinum was loaded on SDS-PAGE (see 2.2.3.3). The
specific antibodies (anti-PPDK) that react with the PPDK protein (Schmitt et al, 1989)
was used to detect the PPDK protein on the western-blot membrane (see 2.2.3.6 and
2.2.3.7).

As is shown in (Fig. 3.2A and B) the strength of PPDK protein bands of the
transgenic lines on the SDS-PAGE and western-blot was considerably higher, compared
with the faint band of the wild-type. In contrast, the strength of PPDK bands of the
transgenic lines and the PPDK positive control of M. crystallinumwere similar, which is
consistent with the result of (Trejo-Tellez et al, 2010). The result of western blot test
suggests that our transgenic lines still carry the trait of PPDK overexpression, and are still

capable of overproducing of PPDK.
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Figure 3.2: A 14-day roots of the transgenic tobacco overproduce théMesembryanthemum
crystallinum PPDK protein. A. SDS-PAGE, B. Western blot results of the roots PPDK protein for (35S,
B33-1, B33-2, B33-3) lines, and APPDK (A 35S, A B33-1, A B33-2, A B33-3) lines. M. crystallinum (Mc)
leaf protein was used as positive PPDK control and wild-type roots (WT) protein was used as negative
PPDK control. The PPDK protein molecular mass is shown in right in (kDa). The M. crystallinumplant used
in this analysis was stressed at age of 6 weeks with 0.5M NaCl for 2 weeks to induce the PPDK

overproduction.

3.3. TransgenicPlants Efficient useof Sparingly Soluble HAp as a
Source of P inAlkaline Liquid MS Medium

In order to determine the influence of different P-nutrition on the growth of
seedlings, we grew the transgenic lines, which express either a plastidic pyruvate,

orthophosphate dikinase (PPDK) or a putative cytosolic (APPDK) and the wild-type in
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alkaline liquid MS medium pH 8.0. Three different sources of P-nutrition were used,
Pi-starved (Pi-) treatment: (growth medium free of P source), hydroxyapatite (HAp)
treatment: (hydroxyapatite containing tacitly 1mM of phosphate, used as insoluble P

source) and Pi-sufficient (Pi+) treatment: (1ImM KH,POy, used as soluble P source).

3.3.1 P-stressIinduces Changeof pH in Growth Solution

Soil alkalinity is one of the plant growth challenges. In this soil, P becomes
insoluble and inaccessible for plant uptake. This adversely affects the growth and
development of the plant (Hopkins and Ellsworth, 2005; Lynch and Brown, 2008). In
order to investigate the ability of the transgenic and wild-type seedlings to lower the pH,
the seedlings were allowed to grow for 10 days in alkaline MS liquid medium pH 8.0 in
Pi-, HAp and Pi+ treatments.

An appreciable decrease of pH of growth solution was observed, when the
seedlings were grown in Pi-starved (Pi-) and hydroxyapatite (HAp) treatments. In these
treatments, the transgenic seedlings significantly reduced the pH of the growth solution,
compared with the wild-type. In contrast, when the seedlings were grown in Pi-sufficient
(Pi+) treatment, only a slight reduction in the pH of the growth solution was observed, this
reduction was comparable in both the transgenic and the wild-type (Fig. 3.3), which is
consistent with the results of (Dakora and Phillips, 2002; Shahbaz et al, 2006). This
suggests that the ability of the transgenics to reduce the pH of the growth solution was

relatively higher under Pi-stress (Pi- and HAp), compared with that of the wild-type.
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Figure 3.3: Change in the pH of the growth solution after 10 days.Transgenic and wild-type seedlings
grown in alkaline MS liquid medium with a starting pH of 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp) or
Pi-sufficient (Pi+) treatments. The data are from three independent experiments. (n= 190-210 each, +SD, t-
test: *** p <0, 0001; *p <0, 01).

3.3.2 Determination of the Plant Biomass

Wissuwa et al. (2005), found a significant decrease of the biomass of plants
grown in Pi-deficient medium. According to (Mollier and Pellerin, 1999) the dry biomass
for maize grown for 14 days in Pi-deficient soil was 23 % compared to that in control
treatment. In this study, to determine the growth of the transgenics and wild-type in
different Pi-nutrition sources, the seedlings were grown in 20 ml alkaline MS liquid
medium in Pi-starved (Pi-), hydroxyapatite (HAp) and Pi-sufficient (Pi+) conditions.

As is shown in (Fig. 3.4 and 3.5), the growth and accumulated biomass of the
transgenic seedlings was significantly higher in HAp, compared with those of the wild-
type. The biomass of the transgenic seedlings grown in HAp was comparable to those
grown in Pi+. In contrast, a substantial increase in the biomass of the transgenic seedlings
was observed in HAp, compared with that in Pi-. The biomass of the wild-type in HAp
was comparable to that in Pi-. This suggests that, the transgenic seedlings were able to use
HAp as a source of phosphate more efficiently than the wild-type which showed weak

ability in using HAp.
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Figure 3.4: The transgenic and wild-type seedlings after 7 days of growth in alkaline MS liquid medium at

pH 8.0, supplied with HAp. A. wild-type, and B. B33-3 transgenic line.
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Figure 3.5: Fresh and dry biomass(mg). Transgenic and wild-type seedlings biomass after 10 days of

growth in alkaline liquid MS medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient

(Pi+) treatments. A. Fresh biomass.

(rep.3, n=190-210 each, t-test: *** p <0, 0001; ** p < 0,001; * p <0, 01).
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3.3.3 Measurement of Whole Seedlings Content of Phosphorus

Phosphorus (P) is important for the plant growth (Hernandez et al, 2007).
P deficiency is critical in calcareous and alkaline soils (Shenoy and Kalagudi, 2005).
According to the results obtained by Zia et al. (1988), the P content of maize was
significantly affected by different treatments of P. Therefore, determination of P content in
the plant could be an indication of the plant ability to uptake P in Hydroxyapatite
environment. In order to determine the efficiency of the seedlings in using of different
sources of P (Pi-, HAp, or Pi+), the P content of the whole seedlings was measured as is
shown in (2.3.5).

In (Fig. 3.6A: P/seedling) and (Fig. 3.6B: P/g DW), a significant increase in the
transgenic whole seedlings content of P was observed in HAp, compared with that in the
wild-type. In contrast, the transgenic and wild-type whole seedlings content of P in Pi- and
Pi+ was similar. The P content of the transgenic whole seedlings in HAp was comparable
to that in Pi+. In contrast, the P content of the whole wild-type seedlings in HAp was
appreciably less than that in Pi+. As expected, the P content of the transgenic and wild-
type whole seedlings in Pi- showed decrease, compared with those in HAp and Pi+ (Fig.
3.6A).

The observed increase in P content of the transgenic whole seedlings in HAp
treatment could be due to their ability to utilize HAp more efficiently than the wild-type.
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Figure 3.6: Whole seedlings content of total phosphorustransgenic and wild-type seedlings grown for
10 days in alkaline MS liquid pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+)
treatments. A. phosphorus content per seedling (ug) B. phosphorus content (mg / g DW). The data are from
three independent experiments. (rep.3, n=190-210 each, £SD, t-test: * p <0, 01).

3.3.4. Exudation of Organic Acids

Organic acids such as malate and citrate have been suggested to be involved in
many of the processes in the rhizosphere, including uptake of nutrient and detoxification
of metal. Data obtained from studies conducted on plants like, rape, radish, and white
lupin in alkaline or in calcareous soils, showed an increase of organic acid exudation
under phosphate deficiency (Zhang et al, 1997; Guo-Hui, 2012; Siane, 2012). To
determine the content of organic acids in the growth medium, we used the enzyme kits TC
L-citric acid and TC L-malic acid. The transgenic and wild-type seedlings were grown in
20 ml alkaline MS liquid pH 8.0, in different sources of Pi-nutrition (Pi-, HAp, or Pi+).
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The exudation of citric (Fig. 3.7) and malic acids (Fig. 3.8) of the transgenic
seedlings significantly increased in HAp, compared with those of the wild-type. In
contrast, they did not increase in Pi- and Pi+ compared with those of the wild-type. The
exudation of citric and malic acids of the transgenic seedlings in HAp was considerably
higher than in Pi- and Pi+. In contrast, the exudation of citric and malic acids of the wild-
type in HAp was comparable to that in Pi- and Pi+.

The data indicate that, presence of HAp in the growth medium has stimulated the
transgenic seedlings to increase the exudation of citric and malic acids significantly higher
than the wild-type.

Citric acid pMol
/ seedling

WT 35S A35S B33-1 B33-2 B33-3 AB33-1 AB33-2 AB33-3
Lines

Figure 3.7: Citric acid amount (pMol/seedling). Transgenic and wild-type seedlings grown for 10 days in
alkaline MS liquid pH 8.0 in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments. The
data are from three independent experiments. (rep.3, n=190-210 each, +SD, test *** p <0, 0001).

Malic acid uMol
/ seedling

WT 35S A35S B33-1 B33-2 B33-3 AB33-1 AB33-2 AB33-3
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Figure 3.8: Malic acid amount (uMol/seedling). Transgenic and wild-type seedlings grown for 10 days in
alkaline MS liquid pH 8.0 in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments. The
data are from three independent experiments. (rep.3, n=190-210 each, +SD, t-test: *** p <0, 0001).

47



Results

3.4. TransgenicPlants Efficient useof Sparingly Soluble HAp as a
Source of Pin Alkaline MS Solid Medium

Rhizosphere is a zone where roots react with the physical, chemical and
biological properties of the soil. The structural and functional characteristics of the root
participate in rhizosphere operations, and influence the capability of the root to obtain
nutrients (Richardson et al, 2009). Adaptation of plant to the limitation of P includes
architecture modification of root system (Péret et al, 2011). In order to determine the
ability of the transgenic seedlings to use the sparingly soluble HAp as a source of P in
alkaline conditions, we measured the length of the primary and secondary root, the
biomass of the shoot and root, root:shoot ratio, lowering of the pH of the growth medium

and acid phosphatase activity of the root surface.

3.4.1 Influence of P-nutrition onthe Length of Primary Roots

The ability of the root system architecture to respond to soil availability of
phosphate, is an adaptive key allowing plants to cope with environmental conditions. The
response to phosphate deprivation is reported in many studies (Al-Ghazi et al, 2003; Péret
et al, 2011). To determine the growth of the transgenic seedlings under HAp, we
measured the length of the primary roots. The experiment was performed by growing the
seedlings of transgenic and wild-type on alkaline MS solid medium pH 8.0 in Pi-, HAp or

Pi+ treatments.

The 12-day old seedlings grown in Pi- and HAp showed a marked increase in the
length of their primary roots (Fig. 3.9A and 3.13A-B), compared with the seedlings grown
in Pi+ (Fig. 3.9A and 3.13C). The length of the primary roots of the transgenic seedlings
in Pi- was significantly longer than those of the wild-type. In contrast, both the transgenic
and wild-type seedlings growth of the primary roots in HAp and Pi+ was comparable. The
24 and 36-day old seedlings grown in Pi- showed an increase in the length of their primary
roots (Fig. 3.9B-C, 3.14A and 3.15A), compared with the seedlings grown in HAp and
Pi+ (Fig. 3.9B-C, 3.14B-C and 3.15.B-C).
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It is evident that, presence of HAp in the growth medium could stimulate the

growth of the primary roots of the transgenic seedlings significantly higher compared to

those of the wild-type.
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Figure 3.9: The length of the primary roots (mm). Transgenic and wild-type seedlings grown on alkaline
MS pH 8.0 in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+) treatments. A. 12-day old

seedlings,

B. 24-day old seedlings,

and C. 36-day old seedlings. The data are from three independent

experiments (rep.3, n=25 each, +SD, t-test: *** p <0, 0001; ** p <0,001; * p <0, 01).
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3.4.2. Influence of P-nutrition onthe Formation of Root Hairs

The availability of phosphate in the growth medium, controlled both the growth
and density of the root hair of the transgenic and the wild-type. While the seedlings grown
under Pi-starved and HAp treatments produced long and intensive root hair, the seedlings

grown in Pi-sufficient conditions produced a small number of short root hair (Fig. 4.10).

35S

Pi- HAp Pi+ Pi- HAp Pi+ Ri HAp P+
Figure 3.10: Wild-type and transgeniclines3 5 S a n dl fdkrBaBo& of root hair after 12 days of

growth in alkaline MS medium, in Pistarved (Pt), hydroxyapatite (HAp) or Pi-sufficient (Pi+)
treatments.

3.4.3. Influence of P-nutrition on the Length of SecondaryRoots

The morphology of plant root is dramatically affected by phosphate deficiency.
The growth of the secondary root system is a clear example of this developmental
plasticity. Number and length of the secondary roots are influenced by the soil content of
P (Malamy and Ryan, 2001).

The 12-day old seedlings of transgenic and wild-type grown in all P treatments
showed comparable length of the secondary roots (Fig. 3.11A, 3.12A and 3.13). The 24
and 36-day old seedlings of transgenic grown in HAp and Pi+ (Fig. 3.11B-C, 3.12B-C,
3.14B-C and 3.15B-C) showed significant increase in length of the secondary roots
compared with those of the wild-type. In contrast, the 24 and 36-day old transgenic and
wild-type seedlings grown in Pi- showed no significant difference in the length of their
secondary roots (Fig. 3.11B-C, 3.12B-C, 3.14B-C and 3.15B-C). The length of the

secondary roots of the transgenic seedlings in HAp was high in all growth periods
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compared with those in Pi+. However, the length of the secondary roots of the wild-type
in HAp decreased with the seedlings increase in age compared with those in Pi+ (Fig.
3.12).

The results show, that using the sparingly soluble HAp as a source of P in the
growth medium stimulates the growth of the secondary roots with time. In contrast,
Pi-starvation reduces the secondary roots growth with time. The stimulation of growth in
the secondary roots of the transgenic seedlings was higher under hydroxyapatite treatment

compared with that of the wild-type seedlings in all growth periods.
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Figure 3.11: Average length of secondary root$mm). Transgenic and wild-type seedlings grown on
alkaline MS medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+) treatments. A.
12 days old seedlings, B. 24 days old seedlings, and C. 36 days old seedlings. The data are from three
independent experiments (rep.3, n=25 each, +SD, t-test: *** p <0, 0001; ** p <0,001; * p <0, 01).
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Figure 3.12: Total length of secondary roots(mm). Transgenic and wild-type seedlings grown on alkaline
MS medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+) treatments. A. 12 days
age seedlings, B. 24 days age seedlings, and C. 36 days age seedlings. The data are from three independent
experiments (rep.3, n=25 each, +SD, t-test: *** p <0, 0001; ** p <0,001).

52



Results

"sjuawyeal (+1d) usiouns-id -0 10 ‘(dwH) auredeAxolpAy 'g ‘(-1d) pansels-1d v Ul ‘0’8 Hd Je wnipaw p1jos SIAl dulfex|e

ul sAep ¢T 1oy umolBb atam sBuljpaas adAl-pjim pue dlusbsued ] *(drey 1004 pue 100ys “1004y1molb sbuljpasas 022eqo] €T°S ainbi4

+ld / SGEV .72 +ld / SS€ +d /1M

k

+ld / CEEG - +id / T€€d

—

dvH / Z€€av4

>
—

—

dvH/Teegw’| dvH/e€8d” | dvH/zeggl| dvH/Teed | \dvH/ssev

7

id/€€€aW/ | 1d/zecav A 1d/T1€Eav - id / €-€€4 td / SSEV

—

53



Results

"sjuswyeal) (+1d) us1oins-id -0 10 ‘(dwH) smedeAxolpAy g ‘(-1d) paases-id " Ul ‘08 Hd e wnipaw pi1jos SIA auljexe
ul sAep 7z 1oy umolBb atam sbuljpass adAl-pjim pue dlusbsuel] “(drey 1004 pue Jo0ys ‘100.) yraub sbulpaas 02oeqo] 1€ ainbi4

N

{ X
-\

-Ild / €€EGV

dvH / ¢€€9 ~

2

L

i

L e A
i

0

TR

-Id [ T€€d -Id / SSEV -Id / SS€

dvH / LW

54



Results

'sjuawyeal) (+1d) Jusiolns-1d -0 10 ‘(dvH) anyedeAxolpAy 'g ‘(-1d) pansels-1d v Ul ‘0’8 Hd Je wnipaw p1jos SIAl dulfex|e
ul sAep 9¢ 1oj umolb alam sBuljpaas adAl-pjim pue dlusbsued] “(1rey 1004 pue 100ys ‘1004) b sbuljpaas 022eqo] GT°E ainbiH

g —;

+id / LMW

iy

=

] adi
dvH / T€€8

2

[Ty
1

0

id / e£eav f-d s/ zeeav | Nd / TEEAV J1d / e€Ed dd / zged [Nd_/ T€E8 | ld / SSEV 1d_La6s

L

55



Results

3.4 4. Influence of P-nutrition on the Biomassof Transgenic Seedlings

The biomass of the root and shoot in the seedlings is directly affected by
phosphate deficiency. Plants grown in phosphate deficient soil produce less shoot dry
biomass and more root dry biomass (Li et al, 2009). To determine the effect of Pi-
nutrition on tobacco root and shoot biomass, fresh and dry biomass of the roots and shoots
were measured after 12, 24 and 36 days of seedlings growth on alkaline MS medium pH
8.0 in Pi-, HAp or Pi+ treatments.

3.44.1. Root Freshand Dry Biomass

The root fresh and dry biomass of the transgenic seedlings increased significantly
compared with that of the wild-type, when the seedlings were grown in HAp (Fig. 3.16
and 3-17 HAp / A-B) for all growth periods. No significant difference in fresh and dry
biomass of the transgenic roots was observed, compared with that of the wild-type, when
the seedlings were grown in Pi- (Fig. 3.16 and 3.17 Pi- / A-B) and Pi+ (Fig. 3.16 and 3.17
Pi+/ A-B).

As is shown in (Fig. 3.16 and 3.17 HAp / A-B), the fresh and dry biomass of the
transgenic roots in HAp was higher than in Pi- and Pi+ (Fig. 3.16 and 3.17 Pi-, Pi+ /A-B)
in all growth periods. The fresh and dry biomass of the transgenic roots in Pi- was lower
than in HAp and Pi+ in all growth periods. In contrast, the fresh and dry biomass of the

wild-type roots was considerably higher in Pi+ than that in HAp.
The increase of the root biomass of the transgenic seedlings in HAp, indicates the

ability of the plants to use HAp as a source of phosphate more efficiently for growth,

compared with the wild-type, which showed an inadequate ability to use HAp.
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Figure 3.16: Root fresh biomasgmg). Transgenic and wild-type seedlings grown for 12, 24 and 36

days on alkaline MS solid medium at pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-
sufficient (Pi+) treatments, A: WT with 35S and A35S lines, B: WT with B33 group ( B33-1, B33-2,
B33-3) and AB33 group (AB33-1, AB33-2, AB33-3). The data are from three independent experiments
(rep.3, n=25 each, £SD, t-test: *** p <0, 0001; * p <0, 01).
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Figure 3.17: Root dry biomass(mg). Transgenic and wild-type seedlings grown for 12, 24 and 36
days on alkaline MS solid medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient
(Pi+) treatments, A: WT with 35S and A35S lines, B: WT with B33 group ( B33-1, B33-2, B33-3)
and AB33 group (AB33-1, AB33-2, AB33-3). The data are from three independent experiments
(rep.3, n=25 each, £SD, t-test: *** p <0001, ** p < 0,001, *p <0, O1).
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3.44.2. ShootFresh and Dry Biomass

A significant increase in shoot fresh (Fig. 3.18 HAp / A-B) and dry biomass (Fig.
3.19 HAp / A-B) of the transgenic seedlings grown in HAp was observed in all growth
periods, compared with those the wild-type. When the seedlings were grown in Pi- (Fig.
3.18 and 3.19 Pi- / A-B) and Pi+ (Fig. 3.18 and 3.19 Pi+ / A-B), no significant difference
in shoot fresh and dry biomass of the transgenic seedlings was observed compared with

those the wild-type.

As is shown in (Fig. 3.18 and 3.19 Pi+ / A-B) the fresh and dry biomass of the
shoots of transgenic and wild-type in Pi+ was higher than that in HAp (Fig. 3.18 and 3.19
HAp, Pi- / A-B) and it was lower in Pi- than that in HAp in all growth periods.

Again, the significant increase in the fresh and dry biomass of the shoot of the
transgenic seedlings, shows the ability of the plants to use HAp for growth more
efficiently than the wild-type. The increase in the biomass of seedlings in Pi+ clarifies the
positive effect of the P availability in growth medium for the growth of the plants. In
contrast, the high reduction in the seedlings biomass in Pi- shows the negative effect of P
starvation in growth medium for the growth of the plants.
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Figure 3.18: Shoot fresh biomasg$mg). Transgenic and wild-type seedlings grown for 12, 24 and 36 days
on alkaline MS solid medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+)
treatments, A: WT with 35S and A35S lines, B: WT with B33 group (B33-1, B33-2, B33-3) and AB33
group (AB33-1, AB33-2, AB33-3). The data are from three independent experiments (rep.3, n=25 each,
*SD, t-test: *** p <0, 0001).
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Figure 3.19: Shoot dry biomasgmg). Transgenic and wild-type seedlings grown for 12, 24 and 36 days on

alkaline MS solid medium pH 8.0,

in Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+)

treatments, A: WT with 35S and A35S lines, B: WT with B33 group (B33-1, B33-2, B33-3) and AB33
group (AB33-1, AB33-2, AB33-3). The data are from three independent experiments (rep.3, n=25 each,
+SD, t-test: *** p <0, 0001).
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3.44.3. Influence of Sparingly Soluble P on the Root ShootRatio of Transgenic
Seedlings

A common response of the plants to low nutrient availability, particularly
phosphate is represented by increasing the relative biomass allocation resulting in an
increase in root:shoot ratio (Nielsen et al, 2001; Agren and Franklin, 2003). The plant
growth allocation may be due to, either the over stimulation of root growth at the expense
of shoot growth or the opposite, with the increase of plant in age (Robinson et al, 2010).
To study the response of the plant root and shoot to different availabilities of P in alkaline
nutrient medium, we determined the root:shoot biomass ratio of the transgenic and
wild-type in three growth periods 12, 24 and 36 days.

As is shown in (Fig. 3.20), the root:shoot ratio of the transgenic seedlings in HAp
was significantly less than that of the wild-type. While, no significant difference in
root:shoot ratio was observed of the transgenic seedlings in Pi- and Pi+, compared with
that of the wild-type in all growth periods. But there was an increase in the root:shoot ratio
of both the transgenic and the wild-type in Pi- with the increase in age. Both the transgenic
and the wild-type seedlings grown in HAp and Pi+ (Fig. 3.20 B-C), showed a significant

reduction in their root: shoot ratio compared with Pi- in 24 and 36-day growth period.

The results suggest that the root:shoot ratio increases with the depletion of P in
the growth medium or in the conditions of P starvation, and decreases with the increase of
P concentration in the growth medium. Presumably, the decrease in root:shoot ratio of the
transgenic seedlings in HAp treatment, compared with that of the wild-type is due to the
ability of the transgenic seedlings to utilize HAp as a source of phosphate for plant growth

more efficiently than the wild-type.
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Figure 3.20: Root: shoot ratio.Transgenic and wild-type seedlings grown on alkaline MS solid medium
pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+) treatments. A. 12 days old
seedlings, B. 24 days old seedlings, and C. 36 days old seedlings. The data are from three independent
experiments (rep.3, n=25 each, +SD, t-test: ** p <0, 001).

3.44.4. Influence of Sparingly Soluble Pin ShootContent of P ofthe Transgenic
Seedlings

The content of P in shoot was determined after 12, 24 and 36 days of seedlings
grown in alkaline MS solid medium pH 8.0 in Pi-, HAp or Pi+ treatments. No significant
difference in shoot content of P of the transgenic seedlings was observed, compared with
the wild-type, when the seedlings were grown in Pi- and Pi+ in all growth periods. In
contrast, shoot content of P of the transgenic seedlings showed a significant increase,
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compared with the wild-type, when they were grown in HAp (Fig. 3.21 and 3.22). In
addition, the transgenic and the wild-type seedlings showed a big decline in shoot content
of P, when they were grown in Pi-, compared with those in HAp and Pi+. In contrast, the

seedlings content of P in HAp was comparable to those in Pi+ in all growth periods.

The high content of P in shoot of the transgenic seedlings grown in HAp, could
indicate, that the transgenic seedlings were able to use HAp as a source of P for growth

more efficiently than the wild-type.
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Figure 3.21: Shoot content oftotal P (mg/g DW). Transgenic and wild-type seedlings grown on
alkaline MS solid medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+)
treatments. A. 12 days old seedlings, B. 24 days old seedlings, and C. 36 days old seedlings. The data
are from three independent experiments (rep.3, n=25 each, £SD, t-test: *** p <0, 0001; ** p < 0,001; *

p<0,01).
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Figure 3.22: Shoot content of P per seedlingug). Transgenic and wild-type seedlings grown on alkaline
MS solid medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+) treatments. A. 12
days old seedlings, B. 24 days old seedlings, and C. 36 days old seedlings. The data are from three
independent experiments (rep.3, n=25 each, £SD, t-test: *** p <0, 0001; ** p <0,001; * p <0, 01).
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3.44.5. Determination of Root-secretory Acid Phosphatase Activity

Acid phosphatase exists widely in the plant. This enzyme has intra and extra
cellular activity (Ehsanpour and Amini, 2003), this activity is stimulated in the plant under
low-P availability (Del Pozo et al, 1999). The phosphatase produced by the plant is
supposed to transform organic phosphorus into available Pi (Baldwin et al, 2001). To
determine the acid phosphatase activity of the transgenic seedlings under insoluble P

treatment (HAp), we measured the root surface acid phosphatase activity.

As is shown in (Fig. 3.23) no significant difference in the activity of acid
phosphatase was observed in the transgenic seedlings in all phosphate treatments,
compared with that of the wild-type, of all growth periods. A great deal of acid
phosphatase activity was observed in all tested seedlings in Pi- (Fig. 3.23A), compared
with Pi+ (Fig. 3.23 B-C). Nevertheless, the activity of acid phosphatase in Pi- showed a
significant decline with seedlings increase in age. The seedlings grown in HAp (Fig.
3.23B), showed a marked increase in the activity of acid phosphatase, compared with
those grown in Pi+ (Fig. 3.23C), though, the increase was recorded less than those grown
in Pi- (Fig.3.23A). Interestingly, the activity of acid phosphatase of the seedlings grown in
HAp, showed a significant decrease in a 24-day growth period, and significantly increased
in a 36-day growth period. Also, a significant increase in the activity of acid phosphatase

was recorded in 36 days old seedlings grown in Pi+.

It can be observed that the activity of acid phosphatase patterns is essentially the
same, both in the wild-type and the transgenic seedlings, in the same growth period and
treatment of P. However, the decrease of the activity of acid phosphates of the 24 days old
seedlings grown in HAp, might be referred to the increase of the available Pi in the growth
medium. In other words, the roots were able to remobilize the insoluble phosphate (HAp)
and use it for the growth of the plant. The increase of the activity of acid phosphatase of
roots after 36 days of growth in HAp and Pi+, might be referred to the reduction of P

concentration in the growth medium.
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Figure 3.23: Roots surface acid phosphatase activity. Transgenic and wild-type seedlings grown on
alkaline MS solid medium pH 8.0, in Pi-starved (Pi-), hydroxyapatite (HAp), or Pi-sufficient (Pi+)
treatments. A. Pi- treatment, B. HAp treatment, and C. Pi+ treatment. The data are from three independent

experiments (rep.3, £SD).
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3.44.6. Scanning of the Root Surface Acid Phosphatase Activity

The BCIP-staining procedure was used to visualize the activity of acid
phosphatase (APase) on the surface of the intact roots of the seedlings grown in Pi-, HAp
or Pi+ on alkaline MS medium pH 8.0 (see 2.5). BCIP (5-bromo-4-chloro-3- indolyl-
phosphate) is a colorless soluble substance, turns to blue and becomes an insoluble visible
product, upon its hydrolysis by acid phosphatase (Goldstein et al, 1988).

As is shown in (Fig. 3.24), blue color appeared on the root isolated from
seedlings grown for 15 days in Pi-. No visible difference in the strength of root color
among the transgenic and the wild-type was observed after 4 h of incubation. The color
distribution was along the root surface, particularly the root hair and the root tip region. At
the same time of incubation, no color was observed on root in HAp and Pi+. After 12 h of
incubation (Fig. 3.25), blue color appeared on the regions covered by the root hair of the
root isolated from the seedlings grown in HAp. While the strength of the root color in
wild-type was markedly darker in HAp than the transgenic roots, no color was observed
on the roots isolated from the seedlings grown in Pi+ at the same time of incubation. The
roots isolated from the seedlings grown in Pi+ were colored in blue after 48 h of
incubation (Fig. 3.26).

The result suggests that time variation and strength of the exhibited color on the
root surface could be related to the variation of the activity of acid phosphatase. The
earlier coloring in the roots in Pi- than that of HAp and Pi+, is due to the connection
between the activity of acid phosphatase and the growth medium content of phosphate
(Goldstein et al, 1988). The variation of color strength between the transgenics (faint)
and the wild-type (dark) in a 12 h incubation period is due to the ability of the transgenics
to solubilize and utilize HAp better than wild-type.
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3.4.47. Influence of Sparingly Soluble P on Acidifying Activity of

Transgenic Root

The pH indicator, bromocresol purple (BCP) was used to indicate the change of
pH in the zone of the root in Pi-, HAp, or Pi+ treatments. BCP (5°, 5-dibromo-o-
cresolsulfophthalein) is a non-toxic plant pH indicator with a color ranging from violet at

pH 6.8 and above, to yellow at pH 5.2 and below (Gollany and Schumacher, 1993).

The 21-day old transgenic seedlings grown in HAp, showed a marked change in
the color of the growth zone of the root after 72 h of incubation in BCP-agar medium. In
contrast, no visible change in the color of incubation medium was observed in the root
growth zone of the wild-type seedlings of the same age and treatment (Fig. 3.27B).
Change of the medium color was particularly at the region of root hairs. The root
acidification zone of the lines 35S, A35S, B33-1, B33-3 and AB33-3 was more visible
than that in lines B33-2, AB33-1 and AB33-2. The transgenic and the wild-type seedlings
grown in Pi-, showed less visible change in the color of the incubation medium than those
in HAp (Fig. 3.27A). However, No change in the color of the root growth zone was

observed for both the transgenic and wild-type seedlings grown in Pi+ (Fig.3.27C).

The result suggests that, the transgenic seedlings grown under HAp, were able to
acidify the rhizosphere more efficiently than those of the wild-type. The high acidification
ability of the transgenic seedlings, might be due to the seedlings increase in exuding of the
organic acid under HAp. The increase in exuding of organic acid, plays a visible role in
acidification of the root zone in HAp.
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3.5. Influence of Soil Alkalinity on Growth and Yield of the Transgenic

Plants

In order to investigate the ability of the plants to grow and develop under alkaline
soil, a greenhouse experiment was conducted (see 2.7.1 and 2.7.2). Germination of the
transgenic and wild-type plants started at the same time in day 5 of cultivation in all
CaCO3; combinations. Under the greenhouse conditions, the transgenics showed better
growth in 256 g kg™ and 512 g Kg* CaCOs treatments, compared with wild-type. The
transgenic plants flowered 3 days in control soil, and 6-7 days in 256 g kg* CaCOs;
treatments before the wild-type. The transgenic plants grown in 512 g kg® CaCOs;
treatment reached the flowering stage 9-11 days after the flowering day of the transgenic
plants grown in control soil treatment. In contrast, the wild-type plants in 512 g kg™

CaCOj; treatment failed to flower.

3.5.1. Tobacco PlantFresh, Dry Biomass andHeight Determination

After 12 weeks of growth, no significant increase in the fresh biomass of the
transgenic plants in control soil and 256 g kg™ CaCOs treatments was observed, compared
with the wild-type (Fig. 3.28). The fresh biomass of the transgenic plants increased
significantly in 512 g kg CaCOs treatment, compared with that of the wild-type (Fig.
3.28). The increase in CaCO3 concentration in soil has a negative effect on the growth of
the plants, and their accumulation of fresh biomass for both the transgenic and the wild-
type, especially in 512 g kg CaCOj; treatment. Thus, the effect of increasing the
concentration of CaCO; in the soil on wild-type was greater than its effect on the
transgenic plants. Therefore, around 50 % of the transgenic and 94 % of the wild-type,

fresh biomass was lost, when the plants were grown in 512 g kg™ CaCOs treatment.
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Figure 3.28: Fresh biomassof transgenic and wildtype plants grown for 12 weeksin 0.0 g kg* CaCOs
(control treatment), 256 g kg* CaCOs or 512 g kg' CaCOs under greenhouse conditionsThe data are

for two independent experiments. (n=12 each, £SD, t-test: *** p <0, 0001).

Dry biomass of the plants was determined after 96-120 h of drying the plants in
oven. No significant difference in dry biomass among the transgenic plants and wild-type
was observed in control soil, and 256 g kg™ CaCO? treatments. The accumulated biomass
of the transgenic plants increased significantly in 512 g kg™ CaCOj treatment, compared
with that of the wild-type (Fig. 3.29). The plants dry biomass reduced considerably, when
CaCOj3 concentration was increased in the soil. Thus, in 512 g kg™ CaCOs treatment, the
increase of CaCOgs in the soil severely affected the growth of wild-type, compared with the
transgenic plants growth. The biomass reduction of the transgenic plants was around 52%

and around 96 % of the wild-type (Fig. 3.29).
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Figure 3.29: Dry biomass of transgenicand wild-type plants grown for 12 weeks ir0.0 g kg* CaCOs
(control treatment), 256 g kg' CaCOs; or 512 g kg* CaCO; under greenhouse conditionsThe data are

for two independent experiments. (n=12 each, £SD, t-test: *** p <0, 0001).
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The plant height was measured at the day of harvest. No significant increase in
the height of the transgenic plants was observed, compared with the wild-type in control
soil treatment (Fig. 3.30 and 3.31A 1-3). When the transgenic plants were grown in 256 ¢
kg CaCOj; treatment, a significant increase in the height of the plant was observed,
compared with the wild-type, except the lines B33-2 and B33-3 (Fig. 3.30 and 3.31B 1-3).
All the transgenic plants grown in 512 g kg™ CaCOs, showed significant increase in their
heights compared with the wild-type (Fig. 3.30 and 3.31C 1-3). The growth of the
transgenic plants in 256 g kg™ CaCOj3 treatment was uneven compared with control soil
treatment. Some of the transgenic plants height was higher in control soil treatment than in
256 g kg™t CaCOs; others showed greater height in 256 g kg™ CaCO; compared to
control. The negative effect of CaCO5; was observed clearly at 512 g kg™ CaCO; that
reduced the height of the plant appreciably. Consequently, the effect of the increase of
CaCOs; in soil was greater in wild-type plants, compared with the transgenic plants (Fig.
3.30 and 3.32) In general; the plant height reduction was around 50-55% in transgenic and
90% in wild-type plants in 512 g kg™* CaCOs.

It is apparent that elevation of CaCOj3 concentration in soil has a negative effect
on plant growth. However, this effect seems to be less in the transgenic plants, compared
with the wild-type. Therefore, it can be said, that the transgenic plants are more capable of

uptake of phosphate (see 3.5.2), and grow better in alkaline soil than the wild-type.
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Figure 3.30: Transgenic and wildtype plants height after 12 weeks of growthn soil mixed with 0.0g
kg™ CaCO; (control treatment), 256 g kg* CaCO; or 512 g kg* CaCO; under greenhouse conditions
The data are of two independent experiments. (n=12 each, £SD, t-test: *** p <0, 0001; * p <0, 01).
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3.5.2. Plant Content of Phosphorus

A visible decrease of total P content per plant was observed after 12 weeks of
cultivation in 512 g kg CaCOs, compared with control soil and 256 g kg™* CaCOs
treatments. Furthermore, the wild-type plants were more affected by the increase of
CaCO3 concentration in soil than the transgenic plants. No significant difference was
detected in the plant content of total P between the transgenic and the wild-type plants in
control soil treatment. In contrast, a significant increase in P content of the transgenic
plants in 256 and 512 g kg™ CaCOs treatments was detected compared with the wild-type
(Fig. 3.33). While, the highest percentage of the content of (P/g %) was in control soil
treatment, the lowest percentage was in 512 g kg™® CaCOs treatment (Fig. 3.34). The
transgenic plants content of (P/g %) in treatment 256 g kg™t CaCO5 was comparable to that
in the control soil treatment. In contrast, the wild-type content of (P/g %) in 256 g kg™
CaCOg3 was less than that in control soil treatment. The transgenic plants content of (P/g
%) in treatments 256 and 512 g kg™ CaCOs was significantly higher than that of the wild-
type (Fig. 3.34).
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Figure 3.33: Content of phosphorusper plant (mg). Transgenic and wild-type plants gown for 12 weeks
in 0.0 g kg™ CaCO; (control treatment), 256 g kg™ CaCO; or 512 g kg™ CaCO; treatments under greenhouse

conditions. The data are for two independent experiments. (n=12 each, +SD, t-test: *** p <0, 0001).
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Figure 3.34: Plant content of phosphorus pergram dry biomass(%). Transgenic and wild-type plants
gown for 12 weeks in 0.0 g kg® CaCOs (control treatment), 256 g kg CaCOs or 512 g kg CaCO,
treatments under greenhouse conditions. The data are for two independent experiments. (n=12 each, +SD,
t-test: ** p < 0,001, *** p <0, 0001).

3.53. Determination the Change ofSoil pH

The soil pH was determined after the plant harvest. From the results shown in
(Fig. 3.35), the transgenic plants acidification of soil was significantly higher than that of
the wild-type. The transgenic plants in the treatment of 512 g kg™ CaCOs; were able to

decrease the soil pH up to one unit.

Lines
WT 35S A35S B33-1 B33-2 B33-3 AB33-1 AB33-2 AB33-3

pH change value

m00gkeg-1 m 2156 g kg-1 w512 g kg-1

Figure 3.35:Reduction of soil pH by plants grown in soil of varying calcium carbonate content 0.0g
kg™ CaCO; (control treatment), 256 g kg' CaCOs or 512 g kg' CaCO; during the trial period. The
data represent the mean and standard error of twelve plants. The pH was determined before sowing and after

harvest. The level of significance in relation to the wild-type is indicated (t-test: ** p <0.001, * p <0.01).
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3.54. The Plant Yield of Seed Capsules

The yield of seed capsules decreased markedly with the increase of CaCOj3 soil
content as shown in (Fig. 3.36). In other words, the yield of seed capsules was the highest
averaging (18 capsules / plant) in transgenic plants and (15.9) in wild-type in control soil
treatment. When the concentration of CaCOs was elevated in soil to 512 g kg™, the yield
of capsules reduced by 58 % in the transgenic plants and 100 % in the wild-type (no
capsules were produced). Thus, the transgenic plants ability of produce capsules was

significantly less affected by the increase of CaCO3 concentration compared with the wild-

type.

m0.0gkg-1 256 g kg-1 512 g kg-1

Number of capsules / plant

WT 355 A35S B33-1 B33-2 B33-3 AB33-1 AB33-2 AB33-3
Lines

Figure 3.36: Seedcapsules numberper plant. Transgenic and wild-type plants grown for 12 weeks in 0.0
g kg* CaCO; (control treatment), 256 g kg™ CaCO; or 512 g kg™ CaCOs under greenhouse conditions. The
data are for two independent experiments (n=12 each, £SD, t-test: *** p <0.0001, ** p < 0.001, * p <0.01).

As is shown in (Fig. 3.37) the concentration of CaCOjs in soil negatively affected
the weight of the produced capsules, as it affected the number of the produced capsules
(Fig. 3.36). For example, the weight of the produced capsules in transgenic and wild-type
plants in control soil treatment was averaging 3.3 g, it reduced by 27 % in transgenic and
44 % in wild-type in 256 g kg * CaCOs. When CaCOs; was elevated to 512 g kg ™ the
weight was reduced by 63 % in transgenic and 100 % in wild-type (no capsules were
produced). Consequently, the weight of the transgenic plant capsules was less affected

compared with the weight of the wild-type in all CaCOj treatments.
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Figure 3.37: Cumulative capsuleweight per plant (g). Transgenic and wild-type plants grown for 12
weeks in 0.0 g kg™ (control treatment), 256 g kg™ CaCOj3 or 512 g kg™ CaCOj5 treatments under greenhouse
conditions. The data are for two independent experiments (n=12 each, +SD, t-test: *** p < 0.0001, ** p <

0.001).

Reduction in the weight of single capsule of the transgenic plants in 256 and 512
g kg™ CaCO; was less affected compared with that of the wild-type. The wild-type failed
to produce any capsules under 512 g kg™ CaCO; treatment. However, the transgenic and

the wild-type plants gained the same weight for capsule in soil control treatment (Fig.

3.38).

m00gkg-1 m256 gkg-1 m512 g kg-1
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Figure 3.38: Single apsule weightper plant (g). Transgenic and wild-type plants grown for 12 weeks in
0.0 g kg™ CaCO; (control treatment), 256 g kg™ CaCOs or 512 g kg™ CaCO; under greenhouse conditions.
The data are for two independent experiments (n=12 each, £SD, t-test: *** p < 0.0001, ** p < 0.001,* p <
0.01).
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Concerning the total weight of seed per plant, a significant difference was found
in some of the transgenics, compared with the wild-type, when they were grown in control
soil or in 256 g kg™* CaCO; treatments. In contrast, in 512 g kg™ CaCOj3 treatment the
wild-type plants failed to produce seed, compared with the transgenic plants (Fig. 3.39).
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Figure 3.39: Total seedweight per plant (mg). Transgenic and wild-type plants grown for 12 weeks in
0.0 g kg™ CaCO; (control treatment), 256 g kg-1 CaCOj; or 512 g kg-1 CaCO; under greenhouse conditions.
The data are for two independent experiments (n=12 each, +SD, t-test: *** p < 0.0001, ** p < 0.001,* p <
0.01).

3.6. Metabolic Adaptation of the Transgenic Plantunder HAp

Plants modify metabolic processes of adaptation to low phosphate conditions
through giving priority for utilizing the internal inorganic Pi, and maximizing acquisition
of external Pi (Huang et al, 2008). In order to determine metabolic response of the
transgenic lines to HAp, two-week old whole seedlings and three-week old shoots and
roots from seedlings grown respectively in liquid and solid alkaline MS medium in  Pi-,

HAp and Pi+ were analyzed using GC-MS.
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The content of organic acids, amino acids, sugars, phosphoric acid and nicotinic
acid showed variations in seedlings. In general, an increase in the content of citric and
malic acid was observed, in the seedlings grown in absence of phosphate (Pi-), (Fig. 3.40).
Interestingly, most of the transgenic lines showed slightly less content of citric acid in
HAp compared with wild-type. On the other hand, the seedlings content of fumaric acid in
Pi+ showed an increase, compared with HAp and Pi- (see appendix 7.1.1.2). In addition,

an increase of fumaric acid was found in transgenic seedlings grown in HAp.
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Figure 3.40: Citric and malic acid response ratio of two-week old transgenic and wild-type whole
seedlings grown in MS alkaline liquid medium under Pi-starved (Pi-), hydroxyapatite (HAp) or

Pi-sufficient (Pi+) treatments analyzed via GC-MS.
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Transgenic and wild-type shoot samples of seedlings grown in solid Pi- medium,
showed an increase in citric and malic acids compared with HAp and Pi+ treatments. An
increase in malic acid in wild-type sample in HAp treatment was found compared with the
transgenic sample. In addition, B33 transgenic group accumulated more citric acid in HAp
treatment compared with the WT, 35S, A35S and AB33 groups of transgenic (Fig. 3.41).
The shoots of wild-type and transgenic seedlings showed an increase in fumaric acid in
HAp treatment, compared with Pi- and Pi+ treatments. Wild-type shoots content of
fumaric acid in HAp showed an increase, compared with transgenic seedlings shoots (see
appendix 7.1.2.2).
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Figure 3.41 Citric and malic acid response ratio of three-week old transgenic and wild-type shoot of
seedlings grown in MS alkaline solid medium under Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient
(Pi+) treatments analyzed via GC-MS.
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In contrast, the transgenic and wild-type root samples grown in solid medium
showed higher content of citric and malic acid in Pi+ treatment, compared with HAp and
Pi- treatments. Furthermore, the transgenics showed a marked increase in their content of
citric and malic acid in HAp treatment, compared with the wild-type (Fig. 3.42). No

fumaric acid was detected in the root samples of all treatments.
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Figure 3.42: Citric and malic acid response ratio of three-week old transgenic and wild-type root of

seedlings grown in MS alkaline solid medium under Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient
(Pi+) treatments analyzed via GC-MS.

86



Results

As is shown in (Fig. 3.43), all the analyzed samples (whole seedling, shoot and
root) showed an appreciable increase in their content of phosphoric acid in Pi+ treatment,
compared with HAp and Pi- treatments. Moreover, the transgenics whole seedlings
samples showed an increase in their content of phosphoric acid in HAp treatment,
compared with the wild-type. In addition, an increase in phosphoric acid content of 35S,
A35S and B33 groups of transgenic shoot samples was found in HAp treatment, compared
with wild-type and AB33 group. The B33 and AB33 groups of transgenic root samples
showed an increase in their content of phosphoric acid in HAp, compared with the
wild-type, 35S and A35S. These results are consistent with the results obtained in (3.3.3
and 3.4.4.4), concerning the concentration of P in the plant material using the

spectrometer.

The samples also showed differences in their content of amino acids in response
to Pi-nutrition, and also between the transgenic and wild-type seedlings. All the samples
for example showed an increase in their content of glutamic acid in Pi- treatment,
compared with HAp and Pi+ treatments. Furthermore, the transgenic whole seedling and
root samples showed a slight increase in their content of glutamic acid in HAp, compared
with that of the wild-type. In contrast, the transgenic shoot samples showed a slight
decrease in their content of glutamic acid in HAp, compared with the those of the wild-
type (Fig. 3.44).

Concerning the content of sugars, most of the transgenics tended to increase their
content of glucose in Pi-, compared with HAp and Pi+. The wild-type shoot and root
samples showed a decrease in their content of glucose in Pi- and in Pi+ treatments,
compared with HAp treatment. Interestingly the wild-type samples of all samples (whole
seedling, shoot and root) showed higher content of glucose in HAp compared with
transgenics (Fig. 3.45).

The complete list of the identified metabolites from different plant samples

(whole seedling, root or shoot) grown in liquid or solid MS medium with different P
treatments is shown in the appendix (7.1.1).
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Figure 3.43: Phosphoric acid response ratio of transgenic and wild-type seedlings grown in MS

alkaline medium under Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments
analyzed via GC-MS. A. Whole seedling B. Shoot and C. Root.
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Figure 3.44:Glutamic acid response ratio of transgenic and wild-type seedlings grown in MS alkaline

medium under Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments analyzed via
GC-MS. A. Whole seedling B. Shoot and C. Root.
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Figure 3.45:Glucose response ratio of transgenic and wild-type seedlings grown in MS alkaline medium
under Pi-starved (Pi-), hydroxyapatite (HAp) or Pi-sufficient (Pi+) treatments analyzed via GC-MS.
A. Whole seedling B. Shoot and C. Root.
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