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1. INTRODUCTION 

Plants are exposed to different types of environmental stress conditions. In 1936 H. 

Selye formulated the concept of stress. This concept had a deep impact on the formation.of 

the modem science. Living organisms, except plants, possess a nervous system, which 

determine their normal behaviour. Adverse environmental conditions, named stress, 

change this behaviour at cellular and molecular level. Cellular stress is a term introduced in 

this connection, such as osmotic and oxidative stress. To understand the stress beginning 

from molecular level to the level of a whole organism is crucial to studying the 

mechanisms of signal transduction in the cell. 

The stress concept in plants has been continuously studied in the past 60 years. 

Stress is defined as inadequate conditions that influence plants metabolism, growth or 

development, crop yield, or the primary assimilation processes. The stress is associated 

with stress tolerance that is determined by the capacity of a plant to cope with an extreme 

condition. Different plants show different sensibility to an unfavourable condition. If 

tolerance of the plant increases, the plants are acclimated to stress. Plants can show 

adaptation to stress, which is a genetically determined level of resistance acquired by 

selection over many generations. 

It is important to mention that environmental factors such as temperature and water 

availability determine the geographic distribution of plants. Further connections originated 

from biotic factors such as predation and competition; and abiotic factors such as light 

intensity, nutrients, organic and inorganic pollutants affect the same aspects. 

Plants have developed complex survival strategies to survive and adapt. These 

strategies have been well studied, but it is also important to understand the molecular and 

physiological processes underlying plant responses to stress conditions (Ingram and 

Bartels, 1996; Zhu et al., 1997). 

This work is focused on studying the osmotic stress response in Arabidopsis 

thaliana, a model plant, concentrating on its connection with proline metabolism. Proline 

in an important osmolyte capable of protecting living organisms against osmotic stress. 
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2. HISTORICAL BACKGROUND 

2.1. Abiotic stress 

Abiotic stress factors, such as drought, salinity, extreme temperatures (causing 

osmotic stress) and oxidative stress are key determinants limiting plant growth and crop 

productivity (Bray et al., 2000). These stress factors are interconnected, and they induce 

cellular damages altering the function and certain structures of the cells (Smirnoff, 1998). 

For instance, under osmotic stress certain cell signalling pathways are activated, which 

lead to different cellular responses, like the production of stress proteins, upregulation of 

antioxidants and accumulation of compatible solutes (Wang et al., 2003). During evolution 

plants have evolved specific tolerance mechanisms to adapt to stress conditions. 

In the past 50 years genetic engineering techniques have been based on the transfer 

of genes involved in signalling and regulatory pathways, or genes that encode enzymes 

present in pathways for synthesis of osmoprotectants or antioxidants, or genes that encode 

stress-tolerance-conferring proteins. The importance of these techniques is improving the 

tolerance of the plants to maintain the function and structure of cellular components that is 

important for plant growth and productivity under continuously changing environmental 

conditions. Figure 2.1 shows the genes involved in plant response to drought, salinity or 

extreme temperatures. 
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Fig. 2.1: Plant responses to abiotic stress (Wang et al., 2003) 

2.1.1. Osmotic stress 

2.1.1.1. Salt stress 

There are many habitats throughout the world where the level of soil salinity limits 

crop yield and restricts the use of arable land. Plants encounter high concentration of salts 

close to seashore and in estuaries where seawater and fresh water mix or replace each 

other. Sodium and chloride are the major ions present in the soils and in seawater, but 

other ions, such as sulphate and calcium, also contribute to salinity. Salts can be 

accumulated from irrigation water also, that is an extremely important problem in 

agriculture. Pure water is removed from the soil by evaporation and transpiration, and this 

water loss concentrates solutes in the soil, and salt can reach injurious level that have an 
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adverse effect on plant growth at salt sensitive species. In fact, there are wild plant species 

that complete their life cycle in saline soils, called halophytes; they have evolved 

anatomical and physiological adaptations to counter the ion toxicity and water deficit. The 

glycophytes are not able to resist salts at the same degree as halophytes, showing signs of 

growth inhibition, leaf discoloration and loss of diy weight. Some halophyte species, such 

as Suaeda maritima (herbaceous seep weed) and Atriplex nummularia (giant saltbush) 

show growth stimulation with CI" levels at 300 mM. Spartina sp. (cord grass) and Beta 

vulgaris (sugar beet) tolerate salt (up to 200 mM), but their growth is retarded. Festuca 

rubra (red fescue), Puccinellia peisonis (seewinkel), Gossypium sp. (cotton), Hordeum 

vulgare (barley) are inhibited by high (100 mM) salt concentrations. Many fruit trees 

(citrus, avocado) are very salt sensitive glycophytes, which are severely inhibited or killed 

by 80 mM salt concentrations (Greenway and Munns, 1980). 

Since salinity affects many processes in the plants life cycle, tolerance has to 

contain a complex interplay of characters. Salt injury involves osmotic effects and specific 

ion effect. Osmotic effects occur when dissolved solutes in the rooting zone generate a low 

osmotic potential that lowers the soil water potential, which affects the water balance of 

the plants, because leaves need to develop a lower water potential to maintain a decreasing 

gradient of water potential between the soil and the leaves. Specific ion effects are caused 

when injurious concentrations of Na+, CI" or SO42" accumulate in cells. Under normal 

conditions, the cytosol of plant cells contains 1 to 10 mM Na+ and 100 to 200 mM K+. In 

this condition the enzymes function optimally. A high ratio of Na+ / K+ and high 

concentrations of total salt inactivate enzymes and inhibit protein synthesis. 

Salinity depresses photosynthesis when high concentrations of Na+ and / or CI" 

accumulate in chloroplasts. Mainly the carbon metabolism or photophosphorylation is 

affected, because photosynthetic electron transport is relatively insensitive to salts. 

Enzymes extracted from halophytes are as sensitive to the presence of NaCl as enzymes 

from glycophytes are. So, the halophytes do not possess salt resistant metabolic machinery, 

but other mechanisms are involved in avoiding salt stress, like excluding salt from shoot 

meristems and leaves. Halophytes possess a greater capacity of ion accumulation in shoot 

cells compared with glycophytes. In some salt resistant plants (Tamarix sp.) salt is 

accumulated in salt glands at the surface of the leaves or in salt bush {Atriplex sp.), where 

becomes crystallized to avoid damaging effects. Many halophytes accumulate ions (Na+, 

CI") in the vacuole to prevent cytotoxicity and thus contribute to the cell's osmotic 

potential without damaging the salt sensitive enzymes (Taiz and Zeiger, 1998). 
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To improve the salt tolerance of plants, crop improvement strategies were 

developed, which are based on the use of molecular engineering techniques and 

biotechnology, leading to increasing the production of small osmolytes or stress proteins 

that protect or reduce the damage caused by salt stress. Several osmolytes, such as 

ononitol, proline, glycine betaine, trehalose, ectoine and ffuctan have been engineered in 

transgenic plants to improve salt tolerance or water stress tolerance (Shi et al., 2002, Zhu, 

2007). 

In 2000 Zhu described some Arabidopsis salt tolerant mutants, for example three rs 

{resistant to salt) mutants, that are capable to germinate under saline conditions; and pst 

{photoautotrophic salt tolerance) mutant with increased capacity of plants to detoxify 

reactive oxygen species, enhancing plant tolerance to oxidative stress, as well as to salt 

stress. 

The SOS (salt overly sensitive) salt stress signalling pathway was described to have 

regulatory function in salt tolerance, fundamental of which is the control of ion 

homeostasis. Zhu et al. (2000) identified three groups of ion hypersensitive mutants (salt 

overly sensitive: sosl, sos2, sos3). Genetic and physiological analyses indicated, that the 

mentioned genes are components of a Ca-dependent signal pathway regulating ion 

homeostasis and salt tolerance. SOS1 encodes a plasma membrane Na+/H+ antiporter, SOS2 

encodes a sucrose non-fermenting-like (SNF) kinase, while SOS3 encodes a Ca+-binding 

protein. 

Shen et al. (2001) reported the characterization of ESI47 {early salt stress induced) 

gene, which encodes a protein kinase that is induced by salt stress and ABA (abscisic acid) 

in the salt tolerant Lophopyrum elongatum (wheat grass). They also identified the 

Arabidopsis homologs of ESI47 and demonstrated that salt stress and ABA differentially 

regulate them. 
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2.1.1.2. Drought stress 

Drought acts as an important selective factor on the growth of plants and crop 

productivity. These stress factors cause plant responses at physiological level as well as 

molecular and cellular levels. 

As a physiological response, drought causes specific limitation on leaf expansion 

(Matthews et al., 1984). The earliest responses to stress appear to be mediated by 

biophysical events rather than by changes in chemical reactions due to dehydration. 

Limitation of the size and number of individual leaves appears as an early response to 

water deficit. Water deficit stimulates cell shrinking, leaf abscission, root extension into 

deeper, moist soil, stomatal closure (Radin and Hendrix, 1988), and also limits the 

photosynthetic activity of the leaf (Boyer, 1970). Since the accumulation of ions during 

osmotic adjustment appears to occur mainly within the vacuoles, other compatible solutes 

must accumulate in the cytoplasm to maintain water potential equilibrium in the cell. 

Osmotic adjustment promotes dehydration tolerance but does not have a major effect on 

productivity (McCree and Richardson, 1987). 

The response to drought stress at molecular and cellular level includes perception 

of the signal, signal transduction to cytoplasm and/or nucleus, changes in gene expression, 

and finally the response resulting in tolerance to drought stress (Yamaguchi-Shinozaki et 

al., 2002). 

Genes used to improve drought stress tolerance were those that encode enzymes 

required for the biosynthesis of different osmoprotectants, or those that encode enzymes 

for modifying membrane lipids. Many genes are induced by both dehydration and low 

temperature (causing physiological and developmental changes), and their mRNA levels 

are reduced if stress ceases. These suggest the existence of similar biochemical processes 

functioning in dehydration- and cold-stress responses (Shinozaki and Yamaguchi-

Shinozaki, 2000). The plant stress-inducible genes function in protecting cells by 

producing important metabolic proteins and osmoprotectants, and regulate genes that are 

involved in transducing the stress (drought, cold) response signal. In Arabidopsis, these 

genes are the CAS {cold acclimation- specific), KIN (cold-inducible), LTI {low 

temperature- induced) described by Yamaguchi-Shinozaki et al. (1992), DHN {dehydrin), 

LEA {late embryo abundant), RAB {responsive to ABA) described by Welin et al. (1994), 

COR {cold regulated) described by Thomashow et al. (1999), ERD {early responsive to 

dehydration), and RD {responsive to desiccation) genes, described by Shinozaki and 
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Yamaguchi-Shinozaki (2000). Overexpression of some of these genes lead to enhanced 

stress tolerance in transgenic plants, suggesting that their gene products function in stress 

tolerance. 

Analyses of the expression patterns of dehydration and cold inducible genes 

revealed differences in the timing of their induction and in their responsiveness to ABA. A 

great number of the genes that are induced by exogenous ABA treatment are also induced 

by cold or dehydration in ABA-dejicient (aba) or ABA-insensitive (abi) Arabidopsis 

mutants. At least four independent signal pathways function during dehydration: two are 

ABA-dependent and two are ABA-independent. In addition, two ABA-independent 

pathways are also involved in cold responsive gene expression. There is a common signal 

transduction pathway between dehydration and low temperature induced stress involving 

the DRE/CRT (dehydration-responsive element/C-repeat) m-acting element, and two 

additional signal transduction pathways may function only in dehydration or in cold 

response (Shinozaki and Yamaguchi-Shinozaki, 2000). Molecular analysis of these 

members of the signal-transduction pathways should provide better understanding of the 

drought stress. 

2.1.1.3. Cold stress 

Besides salt and drought stress, low temperature is another important 

environmental factor limiting plant distribution and crop yield. There are two types of cold 

stress: chilling and freezing. Chilling is the temperature where sensitive species (wheat, 

maize, soybean, tobacco, cucumber, sweet potato and cotton) are injured. This temperature 

is too low for normal growth, but not low enough for ice crystals to form. Plants gain 

resistance if they are acclimated to cold. Biochemical studies revealed a positive 

correlation between cold tolerance and a high proportion of cis-unsaturated fatty acids in 

the phosphatidylglycerol molecules of chloroplast membranes (Murata, 1983; Sakamoto et 

al., 2004). Chilling damage decreases if exposure to low temperature is slow and gradual. 

Chilling injury causes change in membrane properties and membrane lipids. Resistant 

plants contain more unsaturated fatty acids compared to chill sensitive species. Freezing 

occurs at lower temperatures than chilling and causes plant death by forming intracellular 

ice crystals (Taiz and Zeiger, 1998). 
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Low temperature induces the accumulation of so-called antifreeze proteins, which 

are bind to the surface of ice crystals and limit the crystal growth. Acclimation to freezing 

involves the installation of dormant state at woody plants. In some woody species (oak, 

elm, rhododendron, apple, pear, peach), acclimation to freezing involves suppression of ice 

crystal formation at temperatures far below the freezing point (Burke and Stushnoff, 1979). 

In the future it is important to develop new methods to analyse the complex 

networks that control the stress responses of higher plants. Genetic approaches are 

important for understanding not only the functions of stress-inducible genes, but also the 

complex signalling processes of the dehydration- and cold-stress responses. 

2.1.2. Osmoprotectants 

Many plants, marine algae, bacteria and other organisms accumulate organic 

solutes in response to stress (Yancey et al., 1982). Osmotic adjustment is maintained 

between cytoplasm and the vacuole by the synthesis of compatible osmoprotectants (or 

osmolytes), such as sugar alcohols (glycerol, methylated inositols), sugars (raffinose, 

trehalose, fructans), quaternary amino acid derivatives (proline, glycine betaine, proline 

betaine, alanine betaine), tertiary amines (1,4,5,6-terahydro-2-methyl - carboxyl 

pyrimidine), and sulphonium compounds (choline osulfate) (Yokoi et al., 2002). The 

accumulated solutes vary with the organism and among plant species. 

Compatible osmoprotectants are accumulated to high levels without interfering 

with normal biochemical reactions of the cell (Bohnert et al., 1995), and have the capacity 

to maintain the activity of enzymes present in saline conditions. Osmolytes can act as 

osmoprotectants, e.g. glycine betaine retain thylakoid and plasma membrane integrity 

under extreme temperature and saline condition (Rhodes and Hanson, 1993). 

Osmoprotectants can act as scavengers of reactive oxygen species that are by-

products of osmotic stresses, and cause membrane dysfunction and cell death (Bohnert and 

Jensen, 1996). Thus, osmoprotectants enhance stress tolerance of plants. 

Although the synthesis pathway of compatible solutes differ in terms of enzymes 

and steps, osmoprotectants are synthesized in response to stress, and are located in 

cytoplasm, chloroplasts and other cytoplasmic compartments that together occupy 20% of 

the cell volume. Inorganic ions such as Na and CI" are often sequestered into the large 
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vacuole, which occupies the remaining of 80% of the cell volume (Bohnert et al., 1995; 

Glenn et al., 1999). Structures of various osmoprotectants are presented in figure 2.2. 

Proline is one of the most widely distributed and thereby the most studied osmolyte 

accumulated under stress conditions. 

ch3 V"3 CH, 
I 

CH, - N" - CH,- COO" CHS - N* - CH,- CH2~COO" 
I CH3

 CH:t 
Glvcinebetaine ß-alanine beta ine 

CH,OH 
I " 

OHCH 
ohc!h 

I 
HCOH 
HCOH j \ CH3 

D-Mannitol 

CH,OH - N - C 0 °" V - C H - C H 2 - C O O -
Proline 

3-DimethyIsuiphoriiopi'opKJtiatt' 

Fig. 2.2: Structures of some osmoprotectants in plants 

2.1.2.1. Proline as an osmoprotectant 

Proline contains a secondary amino group and is therefore an alpha-imino acid (the 

name-giving feature is the NH group), but it is nevertheless referred to as an amino acid. 

Proline, a highly water soluble amino acid, is accumulated in leaf tissues and shoot apical 

meristems of plants during water stress (Jones et al, 1980), in leaves of many halophytic 

(Briens and Larher, 1982), in suspension-cultured plant cells adapted to water stress 

(Rhodes et al, 1986), in root apical regions growing at low water potentials (Voetberg and 

Sharp, 1991) and NaCl stress (Thomas et al, 1992), and in desiccating pollen (Lansac et al, 

1996). Proline accumulation is one of the common physiological responses in higher plants 

exposed to drought and salinity (Handa et al., 1986; Delauney and Verma, 1993). 

In higher plants, proline is synthesized in the cytosol from glutamate and ornithine 

but the levels of free proline are also controlled catabolically (Fig. 2.3). During stress, the 
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glutamate pathway is the dominant one. Proline biosynthesis through the glutamate 

pathway is catalysed by a bifunctional delta-l-pyrroline-5-carboxylate synthetase (P5CS) 

enzyme that yields pyrroline-5-carboxylate (P5C) from glutamate in a two-step reaction 

(Hu et al., 1992). The activity of P5CS represents a rate-limiting step of proline 

biosynthesis, and is controlled at the level of P5CS transcription and through feedback 

inhibition of P5CS by proline (Strizhov et al., 1997). The intermediate product P5C is 

further reduced to proline by the l-pyrroline-5-carboxylate reductase (P5CR) enzyme 

(Delauney and Verma, 1990). In the catabolic pathway, proline is oxidized to glutamate 

through two steps in the mitochondria. The first and rate-limiting reaction of proline 

catabolism is catalysed by proline dehydrogenase (PDH) that reduces proline to P5C (Peng 

et al., 1996). Subsequently, P5C is oxidized to glutamate by P5C-dehydrogenase (P5CDH) 

(Deuschle et al., 2001). Reciprocal regulation of P5CS and PDH genes plays a key role in 

the control of proline levels during and after osmotic stress (Kiyosue et al., 1996). Figure 

2.3 shows the main pathways of proline biosynthesis and degradation in higher plants. 

Fig. 2.3: Proline biosynthesis and degradation in higher plants 
Abbreviations: GSA: glutamyl-semialdehyde, P5C: pyrroline-5-carboxylate, P5CS: delta-1-
pyrroline-5-carboxylate synthetase, P5CR: l-pyrroline-5-carboxylate reductase, PDH: proline 
dehydrogenase. P5CDH: P5C-dehydrogenase, OAT: ornithine aminotransferase. 
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The accumulation of proline in plants is part of a general adaptation to adverse 

environmental conditions, which has been documented in response to various types of 

stress, such as high salinity, drought, low temperature, nutrient deficiency, heavy metals 

and high acidity. Firstly, Kemble and MacPherson (1954) reported the accumulation of 

proline in wilted plant tissue of rye grass. The level of naturally accumulated proline in 

Arabidopsis thaliana seedlings is 1 pmol g-1 fresh weight, and there is an eight-fold 

increase under salt (NaCl: 120 mM) stress. In Nicotiana tabacum (tobacco) leaves there is 

a 20-fold increase of proline concentration under 200 mM NaCl treatment, whereas in 

Glycine max (soybean) leaves there is a 11-fold increase of proline content under 200 mM 

NaCl treatment (Delauney and Verma, 1993). In plants, proline constitutes <5% of the total 

pool of free amino acids under normal conditions. After stress this level can increase to up 

to 80% of the amino acid pool (Chen and Dickman, 2005). 

The transport of amino acids in plants is regulated by both internal and external 

signals. Stress factors, such as desiccation or salt stress, affect long distance transport and 

cause changes in the partitioning of carbon and nitrogen. Meristems, young tissues and 

reproductive organs require importing amino acids to maintain growth and development. 

Two families of plant amino acid transporters have been described: the amino acid 

polyamine and choline transport family, and the family of amino acid transporters (ATF). 

The proline transporters (ProT) are members of the amino acid transporter family. It has 

been reported that in alfalfa, proline transport processes are important in adaptation to 

osmotic stress (Kishor et al., 2005). Using suppression assays of yeast mutants, Rentsch et 

al. (1996) isolated and characterized eight different Arabidopsis amino acid transporters 

clones. Two of them encode specific proline transporters (ProT), and are distantly related 

to the amino acid permease gene family. ProTl is expressed in all organs of the plants, 

with highest levels detected in the floral stalk. This is in accordance with the evidence that 

proline synthesis and degradation play an important role in flowering and seed set 

(Verbruggen et al., 1996). Transcripts of ProT2 are observed throughout the plant, but their 

levels are elevated by water or salt stress (Rentsch et al., 1996). The plant proline 

transporters transport proline, but no other amino acids (Kishor et al., 2005). 
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2.1.2.2. The role of proline accumulation during stress conditions 

Proline has been proposed to act as an important compatible osmolyte and 

osmoprotective compound, which is involved as possible protein folding chaperone in 

osmotic adjustment and protection of cellular structures, proteins, and membranes during 

osmotic stress in bacteria, fungi, invertebrates and plants (Csonka, 1981, 1989; Terao et al., 

2003). Proline overproduction is correlated with protection of plants from UV damage and 

heavy metal stress through reduction of lipid peroxidation (Mehta and Gaur, 1999). 

Antioxidant function for proline is suggested by reduction of free radical levels shown in 

proline accumulating transgenic tobacco plants (Hong et al., 2000). Proline is thought to 

play a role in the stabilization of cellular redox potential and scavenging reactive oxygen 

species, too (Siripornadulsil et al., 2002). 

Although a great number of physiological studies suggest that proline is an 

important molecule in multiple stress protecting mechanisms, it is also obvious that proline 

accumulation does not represent an exclusive condition for mounting stress tolerance. 

Thus, several salt and cold hypersensitive Arabidopsis mutants accumulate proline at high 

levels but without any apparent beneficial effect on stress tolerance (Liu and Zhu, 1997). 

Another noticeable effect of proline on living organisms is the induction of 

apoptosis. Apoptosis is a genetically controlled type of programmed cell death 

characterized by distinct morphological and biochemical changes, including cell shrinkage, 

chromatin condensation, DNA fragmentation, and membrane extemalisation of 

phosphatidylserine on the cell surface. In human tumour cell lines overexpression of PDH 

or P5C treatment caused apoptosis (Deuschle et al., 2004). Further on, defects in 

HsP5CDH (Homo sapiens P5CDH) result in type 2 hyperprolinemia, with patients 

experiencing seizures and different degrees of mental retardation. Spraying Arabidopsis 

leaves with Pro (20 mM) or its degradation product P5C, led to necrotic lesions, a 

phenotype comparable to leaf spot disease or ozone induced lesions. The damaged tissue 

accumulated phenolic compounds, callose and H2O2 (hydrogen peroxide), as indicated by 

autofluorescence or 3-diaminobenzidine (DAB) staining (Deuschle et al., 2004). Chen and 

Dickman (2005) reported the ability of proline to inhibit ROS-mediated apoptosis in the 

fungal pathogen Colletotrichum trifolii, thus providing important insights into the 

mechanism of proline-mediated survival during oxidative stress. Accordingly, in many 

species, synthesis, transport, and degradation of Pro must be tightly regulated to prevent 

cell death. 
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Proline is not just a by-product of stress defence, but a chemically active compound 

with a capital role in the physiology of stress protection. In addition, other positive roles of 

proline have been proposed, which include stabilization of proteins by quenching ROS, 

regulation of the cytosolic pH, and regulation of NAD/NADH ratio (Chen and Dickman, 

2005). 

Proline plays a role in seed set of some dicotyledonous plant species, attracting 

insects, as pollinator visitors. The attraction of insects is accomplished by-productions of 

rich floral nectar that is secreted into the floral tube at the base of the ovary. Nectar is an 

aqueous combination of sugars and amino acids. Recently, Carter et al. (2006) reported the 

amino acid content examination of ornamental tobacco nectar and found that it is rich (2 

mM) in proline. Further investigations of the same authors demonstrated that two soybean 

species showed production of proline rich floral nectar. All these data proved that some 

plants offer proline rich nectars as a mechanism to attract visiting pollinators. 

To characterize the function of genes controlling proline metabolism and clarify the 

physiological role of proline in various stress responses, both biosynthetic and catabolic 

pathways have been modified in transgenic plants. Plants accumulating high levels of 

proline were obtained by overexpression of P5CS in transgenic plants (Kishor et al., 1995). 

Down-regulation of proline biosynthesis by antisense inhibition of P5CS expression is 

reported to reduce free proline content in transgenic Arabidopsis plants and to cause 

developmental alterations and elevated stress sensitivity (Nanjo et al., 1999). In some 

experiments, increased level of free proline is claimed to correlate with improved stress 

tolerance (Hong et al., 2000), whereas in others such correlation is not observed (Mani et 

al., 2002). Alternatively, proline accumulation was achieved by inactivation of the PDH 

gene with T-DNA insertion mutations and antisense inhibition of PDH transcription 

(Nanjo et al., 2003). As P5CS is encoded by two closely related genes {P5CS1 and P5CS2) 

in Arabidopsis, so far it is unknown how conventional antisense approaches affect the 

function of individual P5CS homologues. Table 2.1 presents some phenotypic effects of 

various transgenic plants developed from proline biosynthetic pathway genes that provide 

abiotic stress tolerance. 
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Table 2.1: Effects of proline biosynthetic pathway genes on different transgenic plants 

Gene Species Phenotypic effects of transgenic plants Reference 
VignaPSCS Tobacco Overexpression enhanced flower and seed development under salinity stress. Kishor etal., 1995 
VignaPSCS Tobacco Prevention of feedback regulation of P5CS increased proline accumulation. Zhang etal., 1995 

VignaPSCS Rice 
Overexpression increased biomass production under drought and salinity 
stress. Zhuetal., 1998 

AtP5CS Arabidopsis Antisense plants showed hypersensitivity to osmotic stress 
and morphological changes during non-stress condition 

Nanjoetal., 1999 

AtPDH Arabidopsis Altered levels of proline dehydrogenase conferred salt and freezing tolerance. Nanjo et al., 1999 
VignaPSCS Rice Overexpression reduced oxidative stress under osmotic stress. Hong et ah, 2000 

AtPDH Arabidopsis Antisense plants showed hypersensitivity to proline. Mani et ah, 2002 
AtOAT Tobacco Overexpression increased proline biosynthesis and osmotolerance. Roosens et al., 2002 

VignaPSCS Wheat Overexpression in wheat resulted enhanced proline levels and salt tolerance. Sawahel et ah, 2002 
VignaP5CS Chlamydomonas Transgenic algae expressing Vigna P5CS and had higher free proline 

content and were tolerant to toxic heavy metals. 
Siripomadulsil et ah, 
2002 

VignaP5CS Rice 
Overexpression in transgenic rice plants showed better root growth and 
biomass development during 200 mM NaCl treatment. Anoop et ah, 2003 

AtP5CR Soybean Overexpression enhanced heat and drought stress. De Ronde et al., 2004 
OsP5CS 2 Rice Overexpression enhanced salt and cold stress tolerance. Hur et al., 2004 
VignaP5CS Rice Stress inducible expression of P5CS gene in rice seedlings showed 

higher tolerance to drought and salt stress. 
Su et ah, 2004 

AtPSCSl Potato Transgenic potato plants show increase in proline level and improved 
salt tolerance during 100 mM NaCl. 

Hmida-Sayari et ah, 
2005 
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2.1.3. Oxidative stress 

When aerobic metabolism appeared, molecular oxygen (O2) together with reactive 

oxygen species (ROS) came into our atmosphere by O2 evolving photosynthetic organisms. 

Molecular oxygen is not harmful for cells, but the reduced or activated derivatives of 

oxygen, such as lC>2 (singlet oxygen), O2" (superoxide radical), HO2' (hydroperoxyl 

radicals), H2O2 (hydrogen peroxide), and OH' (hydroxyl radical) are highly reactive and 

toxic, and cause oxidative destruction of cells (Apel and Hirt, 2004). Plants posess a very 

efficient scavenging system against reactive oxygen species. Thus, the reactive oxygen 

species scavenging mechanisms play a pivotal role in further evolution of aerobic 

organisms. During optimal growing conditions there is equilibrium between the production 

and destruction of reactive oxygen species determining the fate of the plant. Under 

unfavourable growth conditions an imbalance occur between the production and 

destruction of ROS that leads to oxidative stress. In recent years, new roles of ROS 

scavenging enzymes were providing the control and regulation of programmed cell death, 

hormonal signalling, stress responses, and development. Therefore, ROS act as toxic by-

products of aerobic metabolism and are key regulators of metabolic and defence pathways. 

The level of ROS in the different cellular compartments is determined by the interplay 

between ROS producing pathways and ROS scavenging mechanisms (Apel and Hirt, 

2004). 

Molecular oxygen (O2) is produced during water oxidation by the photosynthetic 

electron transport chain using oxygen as electron acceptor. 

Singlet oxygen ('02) is produced when chlorophyll pigments associates with the 

electron transport system and can appear as a by-product of lipoxygenase activity too. The 

excited singlet state of chlorophyll is used for the transfer of energy or electrons. 'C>2 reacts 

with biological molecules or transfer its excitation energy to them, thus forming peroxides 

(Halliwell and Gutteridge, 1989; Vranova et al., 2002). Lifetime of 'C>2 is 4 ps in water and 

100 ps in non-polar environment (Foyer and Harbinson, 1994). 

When electrons are transported to oxygen, superoxide (O2 ~) is produced, which is 

not compatible with metabolism and the scavenging system has to eliminate it, while 

phosphoglycolate is recycled to phosphoglycerate. O2 ~ is considered a moderately reactive 

ROS with a half-life of 2-4 ps, thus cannot cross biological membranes and is dismutated 
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easily to H2O2. O2 ~ influences the activity of metal containing enzymes by reducing 

Hydroperoxyl radicals (HO2) are formed from O2 ~ by protonation in aqueous 

solutions, cross biological membranes and extract the hydrogen atoms from 

polyunsaturated fatty acids and lipid peroxides, thus initiating lipid auto-oxidation 

(Halliwell and Gutteridge, 1989). 

High levels of hydrogen peroxyde (H2O2) are generated in peroxisomes by 

glycolate oxidation, and a big part of glycolate is catabolized by catalase. Besides 'C>2, 

H2O2 is considered a moderately reactive molecule that can diffuse from its production 

site. H2O2 appears as a long-lived molecule, its half-life is about 1 ms. H2O2 can inactivate 

enzymes by oxidizing their tiol groups (Vranova et al., 2002). 

The most reactive ROS is the hydroxyl radical (OH ) that is formed from H2O2 by 

the Haber-Weiss or Fenton reactions (Halliwell and Gutteridge, 1989). When OH' reacts 

with biological molecules and is accumulated in excess, it participates in the control of 

programmed cell death, because cells do not posess enzymatic mechanism to eliminate this 

highly reactive ROS (figure 2.4, Vranova et al., 2002). 

Fig. 2.4: Formation of reactive oxygen species from 02 (Vranova et al., 2002) 
Abbreviations: H202: hydrogen peroxide, H20: water, 02: molecular oxygen, '02: singlet oxygen, 
02": superoxide radical, OH': hydroxyl radical. Ground state molecular oxygen (02) is activated by 
energy excess, and by reversing the spin of one of the unpaired electrons, singlet oxygen ('02) is 
formed. The reduction of one electron leads to the formation of superoxide radical (02"), which 
appears in equilibrium with its conjugate acid, hydroperoxyl radical (H02j. Further reduction 
processes form hydrogen peroxide (H202), hydroxyl radical (OH), and water (H20). Metal ions 
present in cells in the oxidized form (Fe3+) are reduced in the presence of 02" and catalyses the 
conversion of H202 to OH by the Fenton or Haber-Weiss reactions. 

One of the most damaging effects of ROS is lipid peroxidation. During this, toxic 

compounds are accumulated, such as 13-hydroperoxy-linoleic acid and malondialdehyde 

quinones and Fe3+- and Cu2+-containing metal complexes (Vranova et al., 2002). 
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(MDA). These molecules attack directly DNA, RNA, proteins, enzymes, and membranes, 

reduce the potential of DNA- and protein synthesis (Mittler, 2002). 

Under favourable life conditions about 240 pM of O2" and 0.5 pM of H2O2 are 

produced, while stress conditions (salt, drought, cold- and heat shock, heavy metals, 

pathogen attack, mechanical stress) increases their production up to 720 pM of O2 ~ and 5-

15 pM of H2O2. 

Table 2.2 summarises the potential sources of ROS in plants. Some sources are 

reactions of normal aerobic metabolism, such as photosynthesis and respiration, whereas 

others are caused by abiotic stress conditions, such as photorespiration. 

Table 2.2: Production and scavenging of reactive oxygen species in plants 

Production of ROS Localization Primary ROS 
Photosynthesis ET and PSI or II Clp O2" 
Respiration ET Mit 02" 
Glycollate oxidase Per H2O2 
Excited chlorophyll Clp o ' 2 

NADPH oxidase PM O2" 
Fatty acid /3-oxidation Per H2O2 
Oxalate oxidase Apo H2O2 
Xanthine oxidase Per O2" 
Peroxidases, Mn2+ and NADH CW H2O2, 0 2 • 
Amino oxidase Apo H2O2 
Scavenging of ROS 
Superoxide dismutase Clp, Cyt, Mit, Per, Apo O2" 
Ascorbate peroxidase Clp, Cyt, Mit, Per, Apo H2O2 
Catalase Per h 2 o 2 

Reduced glutathione Cyt H2O2, ROOH 
Peroxidases CW, Cyt, Vac H2O2 
Thioredoxin peroxidase Clp, Cyt, Mit H2O2 
Ascorbic acid Clp, Cyt, Mit, Per, Apo H2O2 
Glutathione Clp, Cyt, Mit, Per, Apo H2O2 
a-Tocopherol Membranes ROOH, O2 " 
Carotenoids Clp 0 ' 2 

AOX Clp, Mit o 2 -
Abbreviations: AOX: alternative oxidase, Apo: apoplast, Clp: chloroplast, CW: cell wall, Cyt: 
cytosol, ET: electron transport, H202: hydrogen peroxide, Mit: mitochondria, 02": superoxide 
radical, '02: singlet oxygen, Per: peroxisome, PM: plasma membrane, PS: photo system, ROOH: 
hydroperoxy compound, Vac: vacuole. 
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2.1.3.1. Antioxidative systems of plants 

Oxidative stress is a well-regulated process, a balance between the oxidative and 

antioxidative capacities of the plant. Under normal life conditions the antioxidant defence 

system provides eligible protection against ROS. During stress conditions, plants respond 

with increased antioxidative defence mechanisms. These defence mechanisms are located 

intracellularly, but are also found in the apoplasts. The antioxidant defence system of 

plants consists of enzymes (such as superoxide dismutase, catalase, peroxidase) and 

antioxidant molecules (such as ascorbic acid, a-tocopherol, carotenoids, glutathione). 

2.1.3.1.1. Enzymatic defence systems 

Superoxide dismutase (SOD) 

The first step in the antioxidative defence system of plants is represented by 

superoxide dismutases, a family of metal-enzymes present in all aerobic organisms, 

catalysing the disproportionation of superoxide to hydrogenperoxyde and molecular 

oxygen. 

2O2" + 2H4-» H2O2 + O2 

Three isozymes of SOD, namely Fe-SOD, Mn-SOD and Cu/Zn-SOD have been 

described in different plant species. Fe-SOD has been detected predominantly in 

chloroplasts, but was also observed in cytosolic, mitochondrial and peroxisomal fractions. 

Mn-SOD is reported to be present in mitochondria and peroxisomes. There are reports 

describing its presence in the soluble cytosolic fraction, too. Cu/Zn-SOD was initially 

observed in the cytosolic fraction, but lately it was reported to be present in chloroplastic 

and mitochondrial fractions. Thus, it seems that all of the isozymes of SOD have been 

detected in most of the cellular components (Arora et al., 2002). 

Catalase 

Catalase is a hem-containing enzyme, present in peroxisomes, glyoxysomes and 

mitochondria. It disintegrates the very toxic hydrogen peroxyde to water and molecular 

oxygen. 

2 H2O2 H2O + O2 
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McClung (1997) reported a family of three catalase ( C A T ) genes in Arabidopsis 

thaliana, encoding individual subunits, which associate to form six isozymes. CAT1 and 

CAT3 map to chromosome one, while CAT2 map to chromosome four. The individual 

isozymes and subunit mRNAs show organ-specific spatial expression. Two isozymes are 

detectable in roots, and all six isozymes are observable in flowers and leaves. The level of 

all three mRNAs is high in inflorescences and in freshly imbibed seeds, while the mRNAs 

of CAT2 and CAT3 are abundant in leaves. The light response of the three catalase genes is 

different: the expression of CAT I and CAT2 is increased by light, whereas CAT3 is 

negatively regulated. 

Peroxidases 

By removing ROS, families of peroxidases constitute an important role in reactive 

oxygen detoxifying mechanism. They appear as cytochrome c peroxidases in yeast, 

glutathione peroxidases in mammals, ascorbate peroxidases (APX) in plants. APX, as the 

most important antioxidant in plants, is present in high concentrations in chloroplasts, 

cytosol, vacuole and the apoplastic space of leaf cells (Arora et al., 2002). 

Figure 2.5 shows the oxidation of ascorbate by APX in two steps: first producing 

mono-dehydroascorbate and, if not rapidly re-reduced to ascorbate and, the mono-dehydro-

ascorbate disproportionates to ascorbate and dehydro-ascorbate. 

G S S G N A D P H 

H 2 O 2 
A S C O R B A T E 

s u p e r o x i d e a s c o r b a t e m o n o d e h y d r o d e h v d r o g l u t a t h i o n e 
d i s m u t a s e — a s c o r b a t e a s J r b a t e r e d u c t a s e 

r e d u c t a s e 
^ r e d u c t a s e 

N A D P H 

H n X ^ D H A 2 G S H N A D P 

Fig. 2.5: Halliwell-Asada pathway, redox cycling of ascorbate in the chloroplast 
Abbreviations: DHA: dehydro-ascorbate, GSH: reduced glutathione, GSSG: oxidized glutathione, 
H202: hydrogen peroxide, MDHA: monodehydro-ascorbate, NADP: nicotinamide adenine 
dinucleotide phosphate, NADPH: nicotinamide adenine dinucleotide phosphate hydrogen, 02": 
superoxide radical. 

In plants, Beeor-Tzahar et al. (1995) described stress inducible glutathione 

peroxidases (GSH-PX). Another family of plant peroxidases acting as electron donors are 
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the guaiacol peroxidases (GPX), with a key role in lignin and ethylene biosynthesis 
(Quiroga et al., 2000). 

2.1.3.1.2. Non enzymatic defence systems 

Ascorbic acid 

L-ascorbic acid (vitamin C) is an important vitamin in human diet. It is abundant in 

plant green tissues, where ascorbate is present in the same amount as chlorophyll. In 

plants, the ascorbic acid plays an important role in physiological processes, (growth, 

differentiation and metabolism) (Foyer, 1993); and acts as a reductant for free radicals, 

thus minimizing the damage caused by oxidative stress. 

Tocopherol 

Tocopherols, especially the most active «-tocopherol (vitamin E) have been studied 

mainly in mammalian tissues as membrane stabilisers and antioxidants, with a relevant role 

in scavenging reactive oxygen species (Diplock et al, 1989). Because «-tocopherol 

contains a benzoquinone ring and a phytyl chain, it can be located only in the cell 

membranes, stabilizing them. Because of its dietary importance, tocopherol concentrations 

have been studied thoroughly in plant tissues (200 ng g"1 fresh weight in potato tuber, 5 mg 

g"1 in oil palm leaflets) (Hess, 1993). Tocopherol is present in all higher plants, in both 

photosynthetic and non-photosynthetic tissues, but it was mainly characterised as 

constituent of chloroplast membranes. 

Carotenoids 

Carotenoids are C40 isoprenoids (or tetraterpenes), located in the plastids of both, 

photosynthetic and non-photosynthetic plant tissues. In chloroplasts, the carotenoids 

appear as accessory pigments and play a role in light harvesting. The main protective role 

of carotenoids in photosynthetic tissues is direct quenching of triplet chlorophyll, which 

prevents the generation of singlet oxygen, and therefore helps avoiding oxidative stress. 
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Glutathione and glutathione reductase 

The tripeptide thiol glutathione, (glutamyl cysteinyl glycine, GSH), is an important 

antioxidant in plants. The primary biological function of glutathione is to act as disulphide 

reductant to protect thiol groups on enzymes, and preventing oxidative stress in cells by 

regenerating ascorbate and reacting with singlet oxygen and hydroxyl radicals. 

Glutathione regenerates ascorbate from dehydro-ascorbate via the enzyme dehydro-

ascorbate reductase (DHAR) (figure 2.5). During this reaction GSH is oxidized to 

glutathione disulphide (GSSG). Then GSH is regenerated by glutathione reductase (GR) in 

a NADPH-dependent reaction. The reaction takes place in plastids and in the cytosol, 

which are the main centers of glutathione synthesis (Zechmann et al., 2006). The reduction 

of GSSG to GSH is catalysed by the enzyme glutathione reductase, which has been 

purified from different plant tissues (Smith et al., 1989), and its cDNA has been cloned 

from pea (Creisson et al., 1992). 
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3 THE AIMS OF THIS STUDY 

The main purpose of the present study was to define whether P5CS1 and P5CS2 

genes of Arabidopsis thaliana play distinct roles in proline biosynthesis. By identifying 

and characterizing pScsl and p5cs2 mutants, we wanted to answer the following questions: 

1. Is proline accumulation compromised in p5cs mutants? 

2. Do insertion mutations in P5CS have any effect on salt tolerance or on 

. oxidative defence mechanisms? 

3. How water relations change in p5cs mutants during drought stress? 

4. What are the physiological effects of P5CS knockout mutations? 

5. Is there any difference between the spatial expression patterns of the P5CS 

genes? 

6. Knowing that P5CS1 and P5CS2 proteins show 89% identity, is there any 

difference between their subcellular localization? 

By answering these questions, we expected to clarify the function of Arabidopsis 

P5CS genes; and gain better understanding of the physiological role of proline in 

osmoprotection. 
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4. MATERIALS AND METHODS 

4.1. Plant material and growth conditions 

For gene expression assays in vitro cultures of wild-type Arabidopsis thaliana 

(ecotype Col-0) and p5csl and p5cs2 mutant seedlings were grown from surface-sterilized 

seeds. The seeds were treated for ten minutes with 5% calcium hypochlorite solution, then 

washed several times with sterile distilled water, and sown on 0.5 x MSAR medium 

(Koncz et al., 1994). The plants were grown in controlled growth chambers at 22°C under 
2 1 

150 pE m" s" irradiance under an 8 h light/16 h dark cycles. Plants were also grown in the 

greenhouse under 16 h light/18 h dark cycles. 

Stress treatments for proline measurement and RNA analysis were performed with 

three weeks old wild-type and mutant seedlings that were transferred to 0.5 x MSAR 

medium containing 200 mM NaCl for 24 h. For the measurement of the activity of 

antioxidant enzymes, eight weeks old plantlets (Col-0 and pScsl) were used. These plants 

were germinated on 0.5 x MSAR medium, grown for four weeks, and then potted into soil 

and perlite (50%/50%). After another four weeks of growth, the plants were placed for five 

days in Hoagland (Hoagland et al., 1938) liquid medium. 

Stress treatments were carried out with eight weeks old wild-type and p5csl mutant 

plants that were transferred from Hoagland liquid medium to 200 mM NaCl-containing 

Hoagland liquid medium, and kept here for 24 h. 

4.2. Identification and characterization oipScsl andp5cs2 insertion mutants 

T-DNA insertion mutants were identified in the SALK (http://signal.salk.edu/cgi-

bin/tdnaexpress) and GABI-KAT (http://www.gabi-kat.de/) databases. Segregation 

analysis was performed on T2 generation seeds, obtained from the stock centres. In order 

to determine the genotype and test segregation of the tagged alleles, T-DNA specific 

primers, homologous to the left or right border sequences, and gene-specific PCR primers 

were used in combination. The presence of the wild-type allele was confirmed by PCR 

amplification of the genomic DNA sequences flanking the predicted insertion site. The 
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presence of T-DNA inserts was tested by combining T-DNA-specific (fishl) and a gene-

specific primer (P5CS1 gene: P5CSlfor, P5CSlrev; P5CS2 gene: P5CS2for, P5CS2rev) in 

the PCR reaction. The primers used in this study are presented in table 4.1 at the end of this 

chapter. 

4.3. Embryo rescue and in vitro culture of immature p5cs2 mutant seeds 

Green siliques of soil grown p5cs2-]/+ and p5cs2-2/+ Arabidopsis plants were 

surface sterilized, and immature seeds were excised aseptically under stereomicroscope. 

Seeds were cultured in 0.5 x MSAR medium under standard culture conditions, as 

described by Koncz et al., (1994) using 12 h daily illumination. Proline was added to the 

culture medium at 10 mM final concentration following sterilization. After four weeks, 

developing plants were transferred to fresh medium with or without proline. Six weeks old 

plantlets were transferred to soil. 

4.4. Histochemical determination of H2O2 in plants by 3,3-diaminobenzidine reaction 

H2O2 was detected by an endogenous peroxidase-dependent in situ histochemical 

staining procedure using 3,3-diaminobenzidine (DAB) (Sigma). Water cultured control 

leaves and 200 mM NaCTtreated leaves were detached and placed in a solution containing 

2 mg/ml DAB (pH 5.5) for 2 h in the dark conditions. Then the leaves were boiled in 96% 

ethanol for 15 min and stored in 96% ethanol. H2O2 production was visualized as reddish-

brown coloration. 

4.5. Measurement of lipid peroxidation 

For the measurement of lipid peroxidation in leaves, the thiobarbituric acid (TBA) 

test, which determines malondialdehyde (MDA) as an end product of lipid peroxidation 

(Heath and Parker, 1968), was used. Samples of water-cultured control leaves and 200 mM 

NaCl-treated leaves (0.1 g) were homogenized in 0.5 ml 20% (w/v) trichloroacetic acid 

(TCA) solution. The homogenate was centrifuged at 15.000 g for 5 min at 4°C, then 0.5 ml 
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1% (w/v) TBA was added to the supernatant. The mixture was incubated in boiling water 

for 30 min, and then placed in ice to stop the reaction. The samples were centrifuged at 

10.000 g for 5 min, and the absorbance of the supernatant was measured at 535 nm and 730 

nm. The amount of MDA-TBA complex (red pigment) was calculated according to the 

equation: X% = 100 x (OD 535 - OD 730). 

4.6. Determination of chlorophyll content 

Samples (0.05 g - 0.1 g) of water-cultured control leaves and 200 mM NaCl treated 

leaves were homogenized in liquid nitrogen and treated with acetone (Reanal) for 24 h. 

The homogenate was centrifuged at 15.000 gfor 5 min, then 80% acetone was added for 

24 h to the supernatant Pigment composition was determined using spectrophotometer at 

646.8 nm and 663.2 nm. The amount of chlorophylls was calculated according to the 

equation: Chi A = 12.25 A 663.2 - 2.79A 646.8 

C h i B = 2 1 . 5 A 646.8 - 5 . 1 A 6 6 3 .2 

Chi A+B = 7.15 A 663.2 + 18.71 A 646.8 

4.7. Amino acid determination 

Free proline concentration in plant tissues was determined according to Bates 

(1973). 0.1 g fresh weights of three weeks old plants was homogenized in liquid nitrogen 

and mixed with 3% of sulfo-salicilic acid (5 pl/mg fresh weight) on ice. The extract was 

centrifuged at 15.000 rpm for 10 min, then 200 pi of 96% acetic acid and 200 pi ninhidrine 

(2.5% w/v ninhidrine, 60% v/v 96% acetic acid, 40% v/v 6M phosphoric acid) was added 

to 100 pi of the supernatant. After that, the samples were incubated at 96°C for 60 min and, 

after cooling, it was extracted with 1 ml toluene. The red reaction product's concentration 

was determined on the basis of its absorbance at 520 nm using toluene as reference 

solution. Proline content was determined using calibration curve. Total amino acid content 

was measured in three weeks old sterile seedlings using HPLC as described by Stines et al. 

(1999). 
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4.8. Measurement of antioxidant enzyme activities and soluble protein content 

Statistical analyses were performed using the ANOVA program of SigmaStat 3.0 

software. Average values and standard deviation were calculated from three or more 

independent experiments. Differences between means were determined by Duncan's 

multiple range test. 

4.8.1. Determination of superoxide dismutase activity 

Superoxide dismutase activity determination was based on the principle that the 

enzyme inhibits the formation of formazan from nitro-blue-tetrazolium (NBT) during light 

conditions in the presence of riboflavine. 

Tissue samples (1 g) were homogenized at 4°C in 40 mg polyvinyl pyrrolidone 

(PVP-40, Sigma) and 4 ml of 0.1 M Na-phosphate buffer (pH 7.0) containing 0.1 raM 

ethylene-diamine tetraacetic acid (EDTA). The homogenates were filtered and centrifuged 

at 15.000 g for 10 min at 4°C. The supernatant can be used for many enzyme (e.g. SOD: 

superoxide dismutase, GPX: guaiacol peroxidase, CAT: catalase, GR: glutathione 

reductase, GST: glutathione-S-transferase) activity measurements, and can be stored at 

-20°C. 

Reaction mixture (3 ml): 2750 pi 0.1 M Na-phosphate buffer (pH 7.0) containing 0.1 mM 

EDTA and 13 mM methionine 

100 pi 5 mM nitro-blue-tetrazolium (NBT) 

50 pi plant extract 

100 pi 0.2 mM riboflavine 

Following illumination of the samples for 15 min, the absorption of formazan was 

measured at 560 nm. The control samples were kept in the dark. 

One unit (U) of enzyme has been defined as the enzyme quantity, which causes 

50% of NBT suppression. The specific enzyme activity corresponds to 1 mg protein. 

Soluble proteins were determined according to Bradford (1976). 

4.8.2. Determination of guaiacol peroxidase activity 

Reaction mixture (1.5 ml): 925 pi 50 mM Na-phosphate buffer (pH 7.0) 

375 pi 1% guaiacol 

50 pi plant extract 

150 pi 1%H202 
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The measurement of extinction changes is started after waiting 30 sec at 470 nm in 

plastic cuvettes using Na-phosphate buffer as control for 3 min. We calculated the 

quantity of enzyme which catalyses the production of 1 pM tetraguaiacol in 1 min (e 470 = 

26.6 mlVT'cm"1, U.= produced tetraguaiacol pmol / min, specific activity = U/mg protein). 

4.8.3. Determination of catalase activity 

The reaction is based on determination of H2O2 which absorption is measured at 

240 nm. 

Reaction mixture (1 ml): 900 pi 50 mM Na-phosphate buffer (pH 7.0) 

50 pi plant extract 

50 pi 1% H2O2 

The measurement of extinction changes is started after waiting 30 sec at 240 nm in 

quartz cuvettes using Na-phosphate buffer as control for 2 min. We calculated the quantity 

of enzyme which catalyses the degradation of 1 pM H2O2 in 1 min (e 240 = 43.6 mlVf'cm"1, 

U = degraded H2O2 pmol/min, specific activity = U/mg protein). 

4.8.4. Determination of glutathione reductase activity 

The method is based on the increase in absorbance at 412 nm when 5,5'-dithiobis(2-

nitrobenzoic acid, DTNB) is reduced by GSH (glutathione). 

Reaction mixture (1ml): 600 pi 0.2 M Na-phosphate buffer (pH 7.0) 

50 pi 2 mM NADPH 

100 pi 20 mM GSSG (oxidized glutathione) 

50 pi plant extract 

250 pi 3 mM DTNB 

The glutathione reductase activity of the samples was measured after waiting 30 

sec at 412 nm using samples without GSSG as control for 2 min. The specific activity of 

the glutathione reductase was calculated according to the equation: 

e 412 = 13.6 mNf'cm'1, specific activity = reduced DTNB pM/min/mg protein 

4.8.5. Determination of glutathione-S-transferase activity 

The method is based on the cleavage of l-chloro-2,4-dinitro-benzol (CDNB) 

reaction. We measure the quantity of the produced S-2,4-dinitrophenil-glutathione (DNFG) 

at 340 mm. 
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Reaction mixture (1ml): 800 pi 0.1 M Na-phosphate buffer (pH 6.5) 

50 pi 2 mM GSH 

100 pi plant extract 

50 pi 20 mM CDNB 

The measurement of extinction changes is started after waiting 1 min at 340 ran for 

3 min. We calculated the quantity of enzyme which catalyses the production of 1 pM 

DNFG in 1 min in the presence of 1 mM GSH and CDNB. (e 340 = 9.6 mM"1™"1, U = 

produced DNFG pmol/min, specific activity = U/mg protein). 

4.8.6. Determination of ascorbate-peroxidase activity 

0.1 g fresh weight of leaf tissue was powdered in liquid nitrogen and then 

homogenized at 4°C using 500 pi of 50 mM K-phosphate buffer (pH 7.0), 1 mM EDTA, 50 

mM NaCl, 1% PVP-40 and 1 mM L-Ascorbic acid. The homogenate was centrifuged at 

15.000 rpm for 20 min at 4°C. The supernatant was used for ascorbate-peroxidase activity 

measurement. 

Reaction mixture (1ml): 830 pi 50 mM K-phosphate buffer (pH 7.0) 

20 pi L-Ascorbic acid 

50 pi plant extract 

100 pi H202 10 mM 

The ascorbate-peroxidase activity of the samples was measured immediately at 290 

nm for 2 min. One unit of ascorbate-peroxidase means the oxidation of 1 pM of ascorbate 

in 1 min (e 290 ~ 2.8 mM"1™"1, specific activity = ascorbate-peroxidase units/mg protein). 

4.9. Measurement of growth and water relations 

Fresh weights and the length of shoots and roots were used as measures of growth. 
Actual water content (AWC) was expressed as follows: 
AWC% = 100 x (FW-DW) / FW 
FW = fresh weight 
DW = dry weight 

Dry weight was determined after drying the leaves to a constant weight at 80°C. 

For leaf osmotic potential ("Ts) determinations, the leaves were frozen in liquid nitrogen, 

ground in a mortar, thawed and centrifuged for 5 min. The osmotic potential was measured 
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with a digital osmometer (Mikro GMK, Szeged) calibrated against 400 mM mannitol. The 

data for total FW and length are means ± SE values of 10 plants. 

The relative water content (RWC) was calculated by taking the turgid weight of 

plants into account: 

RWC% = 100 x (FW-DW)/(TW-DW) 
TW = turgid weight: the leaves were imbibed in distilled water for 24 h 
FW = fresh weight 
DW = dry weight 

4.10. RNA analysis 

Total RNA was isolated from 500 mg of three weeks old seedlings, using the 

extraction method originally described by Chomczynski and Sacchi, (1987). After grinding 

the plant material in liquid nitrogen, the powder was mixed with 1 ml Trireagent (Sigma). 

Following complete lyses, 0.2 ml chloroform was added, mixed thoroughly, than left for 3 

min at room temperature to allow the separation of the organic and aqueous phases. 

Following centrifugation (15.000 rpm, 4°C, 10 min), the aqueous phase, containing the 

RNA, was transferred to a new centrifuge tube and precipitated with an equal volume of 

isopropanol. The precipitate was collected by centrifugation (15.000 rpm, 4°C, 15 min), 

and then washed with 70% ethanol. The RNA pellet was dried, and then redissolved in 

RNase-free distilled water. RNA concentration was determined on the basis of absorbance 

at 260 nm. Traces of contaminating genomic DNA were removed by treatment with 

RNase-free DNase (Boehringer). 

4.11. Reverse transcriptase - PCR (RT-PCR) analysis 

Transcript levels were monitored by semi-quantitative RT-PCR analysis. Total 

RNA was isolated from three weeks old seedlings using Trireagent. cDNA templates were 

generated from DNase-treated total RNA (5 pg) samples by reverse transcription using 

SuperScript™ II Rnase H" reverse transcriptase (Invitrogen), according to the instructions 

of the supplier. PCR reactions were performed in 50 pi volume, using 2 pi cDNA template 

and Dupla-Taq™ polymerase (Zenon Bio, Szeged) employing the following protocol: 
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denaturation 94°C/2 min, 20 to 35 cycles of 94°C/30 sec, 60°C/45 sec, and 72°C/1 min. 

Gene specific primers P5C1A and P5C1B, and P5C2A and P5C2B (table 4.1) were used 

for detection of P5CS1 and P5CS2 transcripts, respectively. Primers UBQIOfor and 

UBQIOrev were used for amplification of UBIQUITIN 10 cDNA (Bancos et al„ 2002), 

which served as constitutive reference. The P5CS2 transcript was detected by RT-PCR in 

RNA samples prepared from seedlings, leaves or flowers of greenhouse-grown plants 

using the P2for and P2rev primer pair (table 4.1). 

4.12. In situ hybridization 

Dissected developing seeds were fixed in 4% formaldehyde, embedded in 

Paraplast-Plus (Ted Pella, Inc.) tissue embedding medium and sectioned (7 pm). Probes for 

in situ hybridization were labelled with digoxigenin-11-UTP. Both sense and antisense 

RNA probes were transcribed with RNA polymerases according to the instructions of the 

manufacturer. Probes to detect the P5CS1 and P5CS2 transcripts were PCR-amplified from 

cDNA using the following primer pairs: 

P5CS1 probe: P5C1A-T3 and P5C1B-T7, 

P5CS2 probe: P5C2A-T3 and P5C2B-T7, respectively (table 4.1). 

Slides with tissue sections were deparaffmized with Histoclear (Fisher) and 

rehydrated through an ethanol series followed by proteinase K treatment (1 pg/ml in 100 

mM Tris-HCl at pH 8.0, 50 mM EDTA at 37°C for 30 min). Slides were rinsed with PBS 

(Na-phosphate buffer saline) three times and treated with 0.5% acetic anhydride in 0.1 M 

triethanolamine (pH 8.0) for 10 min, washed with PBS, and dehydrated through an ethanol 

series. Hybridization was performed in humidified box in 300 mM NaCl, 10 mM Tris (pH 

6.8) 10 mM NaP04 buffer, 5 mM EDTA, 50% formamide, 1 x Denhardt's solution, 10% 

dextran sulphate, 1 mg/ml tRNA at 50°C. Post-hybridization washes were performed in 0.1 

x SSC three times for 30 min at 50°C. The hybridized probe-RNA was detected with an 

anti-DIG-alkaline phosphatase conjugate and the substrates NBT (nitroblue tetrazolium 

salt) and BCIP (5-bromo-4-chloro-3-indolyl phosphate, toluidinium salt), which give a 

light-blue precipitate. The exposition time was the same in every case of hybridisation. 
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4.13. Protein localization 

P5CS1-GFP and P5CS2-GFP gene constructs were generated by traditional fusion 

of the full-length genomic P5CS1 and P5CS2 sequences and the eGFP marker gene. The 

P5CS1 genomic DNA was cloned as Spel fragment, while the P5CS2 gene was cloned as 

Xbal fragment into pBluescript SK vector (Stratagene). STOP codons of the genes were 

removed by in vitro mutagenesis and replaced by Apal restriction site. GFP (Clontech) 

cDNA was cloned into the Apal sites of the modified P5CS1 and P5CS2 genes, forming in-

frame gene fusion with them. The fused P5CS1-GFP and P5CS2-GFP gene constructs 

were sequenced and cloned into the T-DNA based binary pPCV812 vector (Koncz et al., 

1994) and used for Agrobacterium-mediated gene transfer. Leaves of transgenic plants, 

expressing the P5CS-GFP fusions, were used for protoplast isolation and GFP localization. 

Alternative P5CS1-GFP and P5CS2-GFP gene constructs were made by inserting the full 

length cDNAs of the Arabidopsis P5CS1 and P5CS2 genes in the pMDC83 (Curtis and 

Grossniklaus, 2003) gene fusion vector, where gene expression was controlled by the 

Cauliflower Mosaic Virus 35S promoter (Curtis and Grossniklaus, 2003). In vivo 

fluorescence microscopic observation was made by Olympus Fluoview 1000 confocal laser 

scanning microscope. 

4.14. Microscopic observations 

Embryos were dissected and prepared for microscopic observation according to 

Stangelang and Salehian (2002). Images were captured by Olympus Fluoview 1000 

confocal microscope with 40 x and 60 x water immersion objectives with numerical 

apertures of 0.8 and 0.9, respectively. GFP and chlorophyll fluorescences were excited at 

488 nm. GFP emission was detected between 500 and 550 nm, whereas chlorophyll 

emission was recorded between 650 and 750 nm. Bright field (transmission) images were 

captured using 543 nm HeNe laser to minimize bleaching of GFP fluorescence. Olympus 

Fluoview software was used to capture and overlay the images. 
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Table 4.1: Oligonucleotides used in this study 

Name Sequence (from 5'to3') Gene, reference Position 
p5csl-lfor CCCCAACCGCCATAACCAT AtPSCSl, At2g39800 -611, for 
p5csl-lrev TATCGTCGTCGTCGTCTACCAAAA AtPSCSl, At2g39800 357, rev 
p5csl-3for TGTTTATTGAATTCGTGAATCTG AtP5CSl, At2g39800 550, for 
p5csl-3rev GAGCTGCCGTCACATCAAGCTA AtPSCSl, At2g39800 1451, rev 
p5csl-4for TCTTTTGTTAAACTGGAACCCACCA AtPSCSl, At2g39800 3305, for 
p5csl-4rev TCAATGCCTGTTATGTCGAGTTTCT AtPSCSl, At2g39800 4140, rev 
P2for AGGCGTCACTTTGTATGGTGGGC AtP5CS2, At3g55610 1817, for 
P2rev CCATTCTCAACAGCCTCTGTCCTTTGT AtP5CS2, At3g55610 2252, rev 
ATCAT1 TCTCCAAGCTCTCTTCTCATCAAAC CAT2, At4g35090 47, for 
ATCAT2 GAATTCTTTCACTCGTTTTAGATGCT CAT2, At4g35090 1543, rev 
APX5 ATGACGAAGAACTACCCAAC APX1, Atlg07890 40, for 
APX3 TTAAGCATCAGCAAACCCAAGCT APX1, Atlg07890 792, rev 
UBQIOfor GGACCAGCAGCGTCTCATCTTCGCT UBQ10, At4g05320 882, for 
UBQIOrev CTTATTCATCAGGGATTATACAAG UBQ10, At4g05320 1100, rev 
Fishl CTGGGAATGGCGAAATCAAGGCATC T-DNA (Rios et al., 2002) 
5EGFP-ApaI CCGCGCATAAGGGCCCACCATGGTGAGCAAGGGCGAGG eGFP-5'end 
3EGFP-ApaI CGGAATATGGGCCCTTACTTGTACAGCTCGTCCAT eGFP-3' end 
P5C1A AAACAAGACTTCCGAGTGTGTG AtPSCSl, At2g39800 4803, for 
P5C1A-T3 ATTAACCCTCACTAAAGGGAAAACAAGACTTCCGAGTGTGTG 
P5C1B GGTAGCTTACAATGACAAGAAGAG AtPSCSl, At2g39800 5053, rev 
P5C1B-T7 TAATACGACTCACTATAGGGGGTAGCTTACAATGACAAGAAGAG 
P5C2A GTCTTACAAAGGACAGAGGCTG AtP5CS2, At3g55610 4778, for 
P5C2A-T3 ATTAACCCTCACTAAAGGGAGTCTTACAAAGGACAGAGGCTG 
P5C2B AACATTTCACTATTATACAAGACCAC AtP5CS2, At3g55610 4966, rev 
P5C2B-T7 TAATACGACTCACTATAGGGAACATTTCACTATTATACAAGACCAC 
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5. RESULTS 

5.1. Identification of pScsl and p5cs2 mutants 

In order to investigate the biological function of the two Arabidopsis P5CS genes, 

several alleles of T-DNA insertion mutants of both P5CS genes were identified. Four T-

DNA insertion mutations in the P5CS1 gene (At2g39800) were identified in the SALK 

mutant collection (Figure 5.1, Alonso et al., 2003). Mutant line SALK_058000 (allele 

p5csl-l) carried a T-DNA insertion in P5CS1 sequences corresponding to the 5'-

untranslated region of the mRNA 160 bp upstream of the predicted ATG. In the 

SALK_045245 (pScsl-2) and SALK_037850 (pScsl-3) mutants, the T-DNA insertions 

were localized at 107 bp and 718 bp downstream of the ATG, in introns 1 and 3, 

respectively. In the SALK_063517 line (allele p5csl-4) the T-DNA insertion was found 

3208 bp downstream of the ATG in exon 14. Homozygous mutant lines were identified for 

all four mutant p5csl alleles and subjected to subsequent molecular and physiological 

analysis. Under normal growth conditions all four p5csl mutants proved to be fertile and 

showed no obvious developmental and morphological alterations in comparison to wild-

type plants. 

T-DNA tagged p5cs2 mutant alleles were identified in the GABI-KAT and FLAG 

insertion mutant collections (Figure 5.2). In the mutant line GABI_452G01, a single T-

DNA insertion was localized in intron 16 of the P5CS2 gene (p5cs2-l allele), 4063 bp 

downstream of the ATG. In the FLAG_139H07 line, the T-DNA insert disrupted the 

second exon of the P5CS2 gene (At3g55610), 804 bp downstream of the ATG (p5cs2~2 

allele). Homozygous plants could not be identified in the T2 or T3 generations of the 

GABI_452G01 and FLAG_139H07 lines in sterile culture or soil at 60-70 % humidity. 

p5cs1-2 

p5csl-h SALK 058000, 5' UTR; -160 bp 
p5csl-2: SALK 045245, intronl; +107 bp 
p5csl-3: SALK 037850, intron3; +718 bp 
p5csl-4: SALK 063517, exonl4; +3208 bp 

Mutants: 

11111 » 1111 ( 1111 -111 ) 111 i 111111 ) t > 111 m 11 j 11111111^4 v5csl-3~ 
0 1000 2000 3000 4000 5000 + 

_ > p5cslF+R <3- p5csl-4: 
p5c1 A+B -t>—4-

1000 2000 3000 
p5cslF+R 

Fig. 5.1: Positions of T-DNA insertions in the P5CS1 gene 
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p5cs2-2 
At3g55610 

p5cs2-1 
fish<p 

m—l -BE B m B-BM BB B BB B - B f l - W 
1111 . . . . . . . . 

Mutants: 
p5cs2-l\ GABI_452G01, intronl6; +4063 bp 
p5cs2-2: FLAG_139H07, exon2; +804 bp 

1000 2000 3000 4000 5000 

P2for+P2rev -t>—+ 

Fig. 5.2: Positions of T-DNA insertions in the P5CS2 gene 
In figures 5.1 and 5.2 arrows show the positions of PCR primers used for RT-PCR analysis. 

5.2. Proline accumulation is compromised in the pScsl mutants 

To characterize the T-DNA insertion mutants, after identification of homozygous 

lines, transcript levels of the mutant p5csl alleles were examined using semi-quantitative 

RT-PCR analysis of RNA templates isolated from two weeks old seedlings grown either in 

the absence of salt or treated for 24 h with 200 mM NaCl. Using a primer pair designed for 

amplification of full-length cDNA, residual low-level transcription of P5CS1 was detected 

in the salt-treated p5csl-l and p5csl-3 mutants that carried T-DNA insertions in the 5' 

leader region and intron 3, respectively. The levels of full-length transcripts in the p5csl-l 

and p5csl-3 mutants were respectively below 10% of P5CS1 RNA level of salt-treated 

wild-type control seedlings indicating that these lines represented strong knockdown 

mutants. Because the T-DNA left border of all SALK T-DNA insertions carry a 

Cauliflower Mosaic Virus (CaMV) 35S promoter that drives transcription through the 

insert junctions, we also examined whether P5CS1 sequences located downstream of 

different insertions are transcribed in the mutants. RT-PCR amplification of 3'-UTR region 

of P5CS1 (Figure 5.3, primers p5cl A+B) detected less then 2% transcript in thep5csl-l 

mutant and even lower level of truncated P5CS1 RNA in the p5csl-4 knockout line. By 

contrast, 25% to 35% levels of truncated P5CS1 mRNAs (i.e., compared to transcript 

levels in salt-treated wild-type) were found in the p5csl-2 and p5csl-3 mutants in both the 

presence and absence of salt-induction, indicating that the CaMV 35S promoter transcribed 

the bulk of these truncated RNAs. These data suggested that mutant alleles p5csl-2 and 

p5csl-3 could allow the synthesis of truncated P5CS1 enzymes that lack the N-terminal y-

glutamyl kinase domain but carry intact C-terminal glutamic-7-semialdehyde 

dehydrogenase sequences. Because y-glutamyl kinase activity is absolutely essential for 

the first step of proline biosynthesis, both p5csl-2 and p5csl-3 mutations were expected to 

affect proline biosynthesis analogously to the strong knockdown allele p5csl-l and the 
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p5csl-4 mutation in the coding region of the C-terminal glutamic-7-semialdehyde 

dehydrogenase domain. 

control 

Fig. 5.3: Semi-quantitative RT-PCR analysis of transcription of p5csl alleles 
RT-PCR was performed with RNA templates isolated from 2 weeks old wild-type and p5csl 
mutant seedlings grown either in 0.5 x MSAR medium or after treatment with 200 mM NaCl for 24 
h, UBQ10: UBIQUITIN 10, genomic DNA: total genomic DNA of Col-0. 

Insertion mutants allowed us to investigate the importance of P5CS1 gene in 

proline accumulation in different tissues and under different environmental conditions. In 

vegetative tissues of greenhouse-grown plants proline contents were 15-30% lower in the 

pScsl mutants, while in flowers the difference was 35-45% (Figure 5.4). The morphology 

and growth of the p5csl mutants and those of the wild-type plants were similar. Although 

the analysis of P5CS1-GFP plants suggested that P5CS1 transcription is high in pollen 

grains, the similar fertility of wild-type and p5csl plants indicated that proline content of 

pollen has no major effect on pollination and fertility. 

Proline was measured in leaves and flowers 
of 6 weeks old plants grown under optimal 
conditions in soil; 

Col-0 P5CS1-1 P5CS1-2 P5CS1-3 P5cs1-4
 F W : fresh weight, C o l-° : wild-type. 

Fig. 5.4: Comparison of proline levels in wild-type and p5csl mutant plants 

To determine the effect of p5csl mutations on the salt-induced accumulation of free 

proline, aseptically cultured three weeks old wild-type and mutant plants were exposed to 

200 mM NaCl treatment for 24 h (Figure 5.5). In the absence of salt stress, the level of free 
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proline was 15-30% lower in p5csl mutants than in wild-type plants in sterile conditions. 

After 24 h salt stress, the free proline level increased seven-fold in wild-type plants, as 

compared to two- to three-fold increase in the p5csl insertion mutants, leading to three to 

five times difference in proline levels. 

M 150 
0 
Q_ 
£ 100 
cn 
01 

E 5 0 

0 Col-0 p5cs1-1 p5cs1-2 p5cs1-3 p5cs1-4 

plants 

Fig. 5.5: Free proline content in 3 weeks old seedlings treated with 200 mM NaCl for 
48 h 
Control: seedlings without salt treatment. Error bars indicate standard deviation of means of 4 
different experiments. 

Detailed amino acid analysis showed that in salt-treated wild-type plants proline 

represented about 10% of the free amino acid pool, whereas in p5csl mutants the 

proportion of proline was less than 1% (Table 5.1). As compared to wild-type, the level of 

glutamate was 20-25% higher, whereas glycine level was 40-50% reduced in the salt-

treated p5csl mutants. In addition, some increase was detected in the otherwise low levels 

of free Thr, Ala, Tyr, lie, Leu, Trp, Lys and Phe in the mutants. The levels of other amino 

acids were comparable to those measured in wild-type plants. 
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Tabe 5.1: Amino acid content (%) of 3 weeks old p5csl mutants and wild-type plants 

Amino pScsl-l p5csl-2 pScsi-3 p5csl-4 Col-0 
acids Contr. NaCl Contr. NaCl Contr. NaCl Contr. NaCl Contr. NaCl 
Pro 0,56 0,68 0,36 0,99 038 0,61 038 1,05 0,93 8,83 
Glu 8,2 9,17 831 9,47 9,49 8,15 8,89 9,38 7,43 7,45 
Om 0,29 0,11 0,34 0,11 0,42 0,61 037 033 032 0,33 
Gly 1,74 0,43 2,49 1,47 3,65 131 2,47 1,43 2,73 237 
His 0,56 0,69 0,6 0,73 0,6 0,61 0,59 0,63 0,54 0,58 
Thr 0,96 133 1,06 1,6 1,14 136 1,05 1,36 0,9 0,98 
Ala 1,31 2,98 1,17 3,91 1,3 1,41 1,18 1,75 1,11 1,75 
Ser 8,46 11,33 8,75 10,13 10,7 . 18,42 9,12 15,6 8,41 12,6 
Tyr 0,15 0,14 0,17 0,13 0,16 0,18 0,16 0,13 0,12 0,11 
lie 0,24 039 035 034 034 034 033 03 0,18 0,17 

Leu 0,25 037 036 037 033 036 034 032 0,19 0,19 
Phe 0,24 033 032 035 0,3 0,33 032 037 03 031 
Tip 0,15 0,14 032 0,13 034 032 034 031 0,14 0,16 
Lys 032 033 035 038 0,35 0,4 034 035 035 034 

The plants were stressed by 200 mM NaCl treatment for 24 h before amino acid extraction. 

5.3. Insertion mutations in P5CS1 result in reduced salt tolerance 

Salt responses of wild-type and p5csl mutant plants were compared by assaying the 

reduction of germination frequencies, inhibition of root elongation, induction of chlorosis 

using growth media supplemented by 150 and 200 mM NaCl. The germination rates of 

wild-type and p5csl seeds were similar under all conditions tested, suggesting that the 

P5CS1 gene is not important for seed germination during stress. Root elongation rates did 

not differ between wild-type and p5csl mutant plants in sterile, non-stressed conditions 

(Figure 5.6A and 5.6B). In the presence of 150 mM or 200 mM NaCl, p5csl mutants 

displayed 25% to 50% reduction in root growth rate, as compared to wild-type (Figure 

5.6A and 5.6B). 
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Col-0 p5cs1-1 p5cs1-4 
Fig. 5.6: Comparison of salt responses of wild-type and p5csl mutant plants 
A) Plant growth responses to salt treatment. 5 days old seedlings were transferred onto vertical 0.5 
x MSAR agar plates not supplemented with salt (control) or supplemented with 150 mM or 200 
mM NaCI. Rosette and root growth was measured after 16 days. 
B) Root elongation in response to salt stress. Root elongation of 50 plants in 3 experimental 
replicates was registered between days 5 and 21 after transferring the seedlings on salt-free and 
NaCI containing media. 

The p5csl mutants displayed lower salt-tolerance also in other assays monitoring leaf 

development, fresh weight accumulation and plant survival (Figure 4.7). Bleaching and 

subsequent death of the p5csl mutants was observed on 200 mM NaCI which otherwise 

was not lethal for the wild-type seedlings (Figure 5.7). 

41 



200 mM NaCl 200 mM NaCl 

Fig. 5.7: Survival of wild-type and p5csl-l mutant seedlings on high salt medium 
5 days old seedlings were transferred to 0.5 x MSAR medium containing 200 mM NaCl. The 
picture shows wild-type and p5csl-l seedlings after 4 weeks of salt treatment, Col-0: wild-type. 

Enhanced chlorosis in salt-treated p5csl mutants suggested a potential increase of 

oxidative damage by ROS in photosynthetic tissues. Hence, we compared ROS levels in 

leaves of salt exposed wild-type and mutant plants using a histochemical assay with 3,3 '-

diaminobenzidine (DAB). The DAB assay yielded similar, low intensity staining in leaves 

of non-stressed wild-type and mutant plants. Upon exposure of plants for 24 h to 150 mM 

NaCl, higher DAB-staining intensity was detected in leaves o f p 5 c s l mutants as compared 

to wild-type, suggesting enhanced hydrogen peroxide accumulation (Figure 5.8). 

o u 

2 io 
CL 

CNJ 
I 

I 
a 

8 io a 
control 24h NaCl 

Representative leaves of 10 plants in 3 replicates were 
exposed to 200 mM NaCl treatment for 24 h before 
performing the assay. Note higher level DAB-staining 
in salt treated p5csl mutant leaves, Col-0: wild-type. 

Fig. 5.8: Detection of reactive oxygen species by DAB-reaction in leaves of wild-type 
and pScsl mutant plants 

Hypersensitivity to high salinity of proline deficient p5csl mutants suggested that proline 

accumulation is directly responsible for certain level of stress tolerance. In order to test the 

importance of proline in such adaptation, we examined whether exogenous proline can 

rescue the hypersensitivity of p5csl mutants. Addition of 10 mM proline to the medium 
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alleviated the root growth defects of the p5csl mutants in the presence of 150 mM NaCl 

(Figure 5.9) suggesting direct correlation between reduced salt tolerance and impaired salt-

induced proline accumulation in these mutants. 

Fig. 5.9: Rescue of salt hypersensitivity oip5csl-l mutant by externally added proline 
Wild-type and p5csl-l mutant seedlings were grown for 3 weeks in 0.5 x MSAR medium 
supplemented with 150 mM NaCl, in the absence or in the presence of 10 mM proline. Plants 
carrying other p5csl alleles showed similar responses to proline (data not shown). 

5.4. Water relations in pScsl mutants during drought stress 

Proline is thought to play a role as osmolyte in the control of water relations. To 

test how reduction of stress-induced accumulation of free proline affects water relations in 

the p5csl insertion mutants, drought stress was imposed on greenhouse-grown wild-type 

and p5csl mutants by withdrawing water for ten days. Average water content of the soil 

(i.e., soil humidity) dropped from 60% to 10% during this period (not shown). Whereas the 

concentration of free proline increased up to eight-fold in leaves of wild-type plants, in the 

p5csl mutants no more than two-fold increase in proline levels was measured after ten 

days of drought stress (Figure 5.1 OA). Exposure to drought reduced the relative water 

content (RWC%) from 85% to 67% in wild-type plants. In watered p5csl mutants RWC% 

was 74-78%, which, in response to drought dropped to 50-60% (Figure 5.10B). Reduction 

of proline accumulation in the p5csl mutants thus lead to 10-15% lower RWC values in 

comparison to wild-type plants after drought exposure. By contrast, water loss of detached 

leaves was similar in wild-type plants and p5csl mutants. 

Control Proline 
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400 watered 
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Col-0 p5cs1-1 p5cs1-2 p5cs1-3 p5cs1-4 Col-0 pScs1-1 p5cs1-2 p5cs1-3 p5cs1-4 

Fig. 5.10: Effect of drought on proline accumulation and water relations in wild-type 
and p5csl mutant plants 

A) Comparison of proline content of wild-type and p5csl mutant plants before and after 10 
days of drought treatment. 

B) Relative water content (RWC) of wild-type and p5csl mutant plants before and after 10 
days of drought treatment. The experiments were performed with 20 plants in triplicates. 

5.5. Enhanced oxidative damage in thep5cs l mutants 

Prolonged salt stress leads to enhanced chlorosis of p5csl mutants in comparison to 

wild-type suggesting higher chlorophyll degradation. Change in chlorophyll content of 

p5csl mutants was therefore compared to wild-type plants during salt stress. On salt-free 

medium the total leaf chlorophyll content of wild-type and mutant plants was similar. 

Following 24 h treatment with 150 mM NaCl the chlorophyll content was reduced by 15-

20% in wild-type, compared to 30-40% reduction observed in p5csl mutant plants. Similar 

treatment with 200 mM NaCl decreased the chlorophyll content by 30% in wild-type, and 

by 50-60% in thep5cs l mutants (Figure 5.11). 

Col-0 p5cs1-1 p5cs1-2 p5cs1-4 
Fig. 5.11: Evaluation of oxidative damage in the pScsl mutants 
Comparison of chlorophyll contents of wild-type and p5csl mutant seedlings upon transfer to 0.5 x 
MSAR medium without externally added salt (control), or supplemented with 150 mM or 200 mM 
NaCl. 

Osmotic stress induced by high salinity and drought is typically accompanied by 

oxidative stress caused by the accumulation of reactive oxygen species (ROS). 

Quantitative DAB reactions showed that hydrogen peroxide accumulation was twice as 
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high i np5cs l mutants as in wild-type plants (Figure 5.12A). As lipid peroxidation is one of 

the direct consequences of ROS accumulation, we monitored the levels of malonaldehyde 

(i.e., the end product of lipid peroxidation) in leaves of control and salt-treated plants. 

Lipid peroxidation was similar in non-stressed p5csl and wild-type plants, and did not 

increase significantly in salt-stressed wild-type plants. However, in salt-stressed p5csl 

mutants lipid peroxidation was twice as high as in wild-type plants (Figure 5.12B), 

correlating with the 100% increase in internal hydrogen peroxide levels. Enhanced lipid 

peroxidation indicates a considerable oxidative damage in the proline-deficient p5csl 

mutants during salt stress. 

Col-0 p5cs1-1 p5cs1-2 p5cs1-4 

I control-Oh 
I control-24h 
I NaCI-24h 

Col-0 D5cs1-1 D5cs1-4 
Fig. 5.12: Evaluation of oxidative damage in the p5csl mutants 
A) Quantitative DAB reactions in salt stressed wild-type and p5csl leaves. 200 mM NaCl stress 
was applied for 6 h or 24 h. DAB assays were performed with 20 leaves of wild-type and p5csl 
mutants. Control: leaves without salt treatment. 
B) Lipid peroxidation in leaves of wild-type, p5csl-l and p5csl-4 mutant plants, which were 
treated as described above. Lipid peroxidation (LP%) rates were determined in salt-treated and 
control plants by measuring MDA production. Values show the ratio of degraded lipids. The 
experiments were performed with 20 plants in 3 independent replicates. 

ROS levels are controlled by a well-defined detoxification system, which includes a 

number of enzymes that reduce the amount of reactive oxygen species. In order to monitor 

the key enzymes involved in ROS detoxification, activities of catalase (CAT), superoxide 

dismutase (SOD), glutathione-S-transferase (GST), glutathione reductase (GR), ascorbate 

peroxidase (APX) and guaiacol peroxidase (GPX) were measured in leaves of greenhouse-

grown wild-type and p5csl mutant plants that were subjected to salt stress in hydroponic 

cultures. Catalase eliminates hydrogen peroxide and is one of the most important 

detoxifying enzymes during oxidative stress. 80 to 120% higher catalase activities were 

detected in the p5csl mutants after salt stress, while in wild-type plants the increase was 

40% (Figure 5.13A). Guaiacol peroxidase (GPX) activities were comparable in wild-type 

and mutant plants without salt stress but showed a small but significant enhancement in the 

mutants upon salt stress (Figure 5.13B). Superoxide dismutase (SOD) activities, mediating 

a reduction of superoxide radicals to hydrogen peroxide, did not differ between wild-type 
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and mutant plants with or without salt stress and showed only minor difference in salt-

treated plants (Figure 5.13C). Glutathione-S-transferase (GST), glutathione reductase (GR) 

and ascorbate peroxidase (APX), enzymes function in the stress-regulated glutathione-

ascorbate cycle, which is a mayor detoxification system in higher plants. GST, GR and 

APX showed 40 to 60% higher activities in wild-type plants exposed to salt stress. 

However, only 10 to 20% increase of GST, GR and APX activities were observed in salt-

treated p5csl mutants, suggesting that this detoxifying pathway is less functional in the 

proline-deficient mutants (Figure 5.13D-F.). Northern hybridizations with full length CAT2 

and APX cDNA probes have not revealed alterations in transcript levels of these genes in 

the p5csl mutants, suggesting that the observed differences in these enzyme activities did 

not reflect alterations at the level of transcriptional regulation. 

B120 

pScsl-2 pScsl-4 p5csl-2 pScsl-4 

Fig. 5.13: Activities of detoxifying enzymes in wild-type plants and in two pScsl 
mutants 
6 weeks old soil-grown plants were exposed to 200 mM NaCl treatment for 24 h in hydroponic 
cultures, and enzyme activities were determined in leaves collected from to 10 plants in 3 
independent experiments. A) catalase (CAT); B) guaiacol peroxidase (GPX); C) superoxide 
dismutase (SOD); D) ascorbate peroxidase (APX); E) glutathione-S-transferase (GST) and F) 
glutathione reductase (GR) enzyme activities. Means denoted by different letters indicate a 
significant difference between the treatments (P<0.05, Duncan test). Note enhanced CAT and 
reduced APX, GST and GR activities in the salt-treated mutants. 
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5.6. Knockout mutation in the P5CS2 gene cause embryo lethality 

Differences in transcription level of P5CS1 and P5CS2 genes suggested functional 

differences between the two genes. To study the function of the P5CS2 genes, we 

examined two insertion mutant alleles, carrying T-DNA inserts in exon 2 ( F L A G 1 3 9 H 0 7 , 

p5cs2-2 allele) and intron 16 (GABI 452G01 p5cs2-l allele, Figure 5.2). Genotyping of 

T2 families by PCR identified heterozygous and wild-type lines, but no homozygous ones 

for the p5cs2-l or p5cs2-2 alleles. A 2:1 segregation of heterozygous and wild-type 

progenies of heterozygous T2 lines indicated that the p5cs2 mutations might cause 

lethality. In fact, 3:1 segregation of collapsed and healthy seeds was found in siliques of 

heterozygous p5cs2-l/+ or p5cs2-2/+ plants (Figure 5.14A). Five to seven days after 

pollination one-fourth white seeds were found, but living seeds were found in these 

siliques also. Within ten days after pollination all white seeds turned brown and collapsed, 

suggesting that the p5cs2-l and p5cs2-2 mutations affected either embryo or endosperm 

development (Figure 5.14B). In contrast to wild-type seeds, homozygous p5cs2-l mutant 

seeds were white and aborted 7 days after pollination at 50% humidity level. Examination 

of cleared wild-type and mutant seeds showed that the embryo development was 

considerably delayed in the white mutant seeds. After reaching either torpedo stage at 40-

50% humidity, or U-shape stage at 70-80% humidity, the embryos in white seeds of both 

p5cs2 insertion lines ceased growing and aborted (Figure 5.15). 

A 
A) Seeds in a mature silique of a heterozygous 
p5cs2-l plant containing wild-type and aborted 
mutant seeds (bar: 1 mm). 

B 
& 

£ 1 ' I 
i i 1 f , B) Development of wild-type and mutant seeds 

in p5cs2-l/+ siliques (bar: 0.2 mm). 

5d 7d 9d 12d 
Fig. 5.14: Thep5cs2 mutations cause embryo lethality 
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50% humidity 

5 d ^ - 7d . lOd 
days after pollination 

70% humidity 

Fig. 5.15: Development of wild-type and p5cs2 mutant embryos 
Upper row: early torpedo, late torpedo and U-shape stage embryos in wild-type seeds. 
Middle row: seeds with delayed heart, torpedo stage and collapsed U-shape stage p5cs2-l embryos 
Lower row: development of p5cs2-2 embryos in siliques of plants growing in 70% humidity. Note 
that at day to 10, the early U-shape mutant embryo is brownish and is being collapsed (bar: 100 
p m ) . 

Embryo lethality of the p5cs2-l and p5cs2-2 mutants suggested that the P5CS2 

gene is essential for proline supply during embryo development. Distorted proline 

biosynthesis can lead to proline auxotrophy in the developing embryos and/or insufficient 

osmoprotection during seed dessication. In order to suppress proline deficiency, green and 

white seeds were isolated aseptically from young siliques five to seven days after 

pollination and were cultured on 0.5 x MSAR medium supplemented with 10 mM proline. 

Immature wild-type green seeds germinated normally both in the presence or absence of 

proline (Figure 5.16), whereas white seeds either failed to germinate or produced small, 

aberrant seedlings in the absence of proline. On proline containing medium, over 50% of 

white seeds germinated producing green, viable seedlings. Several seedlings rescued from 

white seeds showed morphological abnormalities, including the development of leaf-like 

structures from hypocotyls, aberrantly shaped cotyledons and leaves (Figure 5.16). After 

few weeks, the rescued p5cs2-l and p5cs2-2 mutants could be transferred to proline-free 

medium. We attempted to transfer to soil some of the rescued p5cs2-l and p5cs2-2 
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mutants. Most mutant plants died soon after transfer to soil under greenhouse conditions. 

In repeated experiments occasionally a mutant plant could survive in soil for a few weeks 

but, nevertheless, died later. 

o 
Q_ 
+ 

O 
L. 

green (wt.) white (mutant) 
seeds cultured 

Fig. 5.16: Rescue of viability of the p5cs2-l mutant by proline 
Wild-type (green) and mutant (white) seeds were excised from green siliques 5 to 7 days after 
pollination, and cultured either in the absence (-Pro) or presence (+Pro) of 10 mM proline. Arrow 
shows a rescued aberrant mutant seedling with extra leaf initial emerging from the hypocotyl. 

Our standard plant growth conditions were characterized by 45-55% humidity. 

When heterozygous p5cs2/+ plants were allowed to flower in more humid (60-80%) 

environment, p5cs2 mutant embryos were able to develop further, occasionally reaching 

U-shape embryo stage. However no homozygous seedlings were recovered from such seed 

stocks on 0.5 x MSAR medium in the absence of externally provided proline, showing 

that, although such mutant embryos reached near maturity, they were not viable. 

To confirm that seedlings and plants obtained from white seeds of heterozygous 

p5cs2 lines were indeed homozygous for the p5cs2-l and p5cs2-2 mutations, DNA 

prepared from single leaves of rescued plants was used as template for PCR genotyping 

(Figure 5.17). Seedlings rescued from immature white seeds proved to be homozygous for 

the p5cs2-l or p5cs2-2 mutations, whereas seedlings from green seeds corresponded to 

either heterozygous or wild-type progenies of heterozygous plants. As limited amount of 

plant material was available for analysis of gene expression, RT-PCR was employed to test 

transcription of the P5CS2 gene in homozygous mutant plantlets. The P5CS2 transcript 

was detected in young seedlings, as well as in leaves and flowers, of wild-type plants. The 

RT-PCR analysis revealed no P5CS2 mRNA in the homozygous p5cs2-l and p5cs2-2 
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mutants (Figure 5.18). Thus, T-DNA insertions in exon 2 or intron 16 abolished 

completely the transcription of the P5CS2 gene, and the p5cs2-l and p5cs2-2 alleles turned 

out to be true knockout mutations. 

PCR: 
P2for+fish1 

P2for+P2rev 

Fig. 5.17: Identification ofp5cs2-l 
homozygous mutants 
PCR genotyping of homozygous (p2/p2), 
heterozygous (+/p2) p5cs2-l and wild-type (+/+) 
seedlings. T-DNA insertion was detected 
with a combination of gene specific 
(P2for) and T-DNA specific (fishl) 
primers, whereas the wild-type P5CS2 allele was 
amplified with the gene specific primers 
P2for and P2rev. 

P5CS2 

UBQ10 

Fig. 5.18: RT-PCR analysis of 
P5CS2 in UN A 
RT-PCR analysis of P5CS2 mRNA 
levels with primers P2for and P2rev in 
homozygous (p2/p2), heterozygous 
(+/p2) and wild-type (+/+) seedlings. 
Control PCR reactions were performed 
with UBIQUITIN 10-specific primers 
(UBQ10) and genomic DNA (DNA). 

5.7. Differences in the spatial expression of P5CS genes 

Transcriptional regulation of the P5CS1 and P5CS2 genes showed considerable 

diffences in tissue specificity, as well as in their responses to abiotic and biotic stress 

(Strizhov et al., 1997; Ábrahám et ah, 2003; Fabro et ah, 2004). In situ hybridization with 

gene-specific probes proved the presence of both the P5CS1 and P5CS2 transcripts during 

all stages of embryogenesis (Figure 5.19A and 5.19B). As these hybridisations were 

performed parallel under identical conditions, differences in relative intensity of signals 

also indicated that the levels of P5CS1 transcript, compared to that of P5CS2, were higher 

throughout embryo development, and especially at the heart and torpedo stages. Thus, 

abortion of the p5cs2 mutant embryos after reaching torpedo stage did not correlate with 

differential downregulation of P5CS1 transcription during late embryogenesis. 
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A 

B 

Fig. 5.19: P5CS1 and P5CS2 expression in developing embryos 
In situ hybridization of sections of globular, heart, torpedo and U-shaped wild-type embryos with 
P5CS1- (A) and F\5CS2-specific (B) hybridization probes (bar: 100 pm). 

To monitor the spatial regulation of P5CS1 and P5CS2 genes during plant 

development, genomic P5CS1 and P5CS2 promoter and coding sequences were fused to 

the enhanced GFP (eGFP) reporter gene in frame, and expression patterns of the generated 

P5CS1-GFP and P5CS2-GFP reporter gene constructs was studied in stable transgenic 

Arabidopsis plants. In young, five days old seedlings P5CS1-GFP activity was not 

detectable in hypocotyls or shoot apices, while P5CS2-GFP was strong in shoot apex and 

was expressed in cotyledons as well (Figure 5.20A). GFP activity remained low in the 

shoots of older P5CS1-GFP plants. P5CS2-GFP was active in emerging leaves and rather 

strong in leaf primordia and stipules, located either in shoot apex (Figure 5.18B,C) or in 

lateral buds (Figure 5.20D) 
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transmitted GFP transmitted GFP transmitted GFP transmitted GFP 

transmitted chlorophyll transmitted merged 

Fig. 5.20: Comparison of spatial expression patterns of P5CS1-GFP and P5CS2-GFP 
fusion proteins during plant development 
Green colour indicates GFP-derived fluorescence, red colour labels autofluorescence of 
chlorophyll. Transmitted: light image. 
A, B) Cotyledons and shoot apical regions of 5 days old (A) and 8 days old (B) seedlings (bar: 1 
mm). Arrow indicates positions of young leaf primordia. 
C) Apical meristems of 12 days old seedlings after removal of leaves. P5CS2-GFP marks the 
positions of leaf primordia indicated by arrows. 
D) Lateral buds of 3 weeks old plants. Leaf primordia and stipules expressing P5CS2-GFP are 
marked by an arrow (C, D bar: 200 pm). Merged image of P5CS2-chlorophyll and P5CS2-GFP. 
E, G) Localization of P5CS-GFP proteins in roots (bars: 50 pm). P5CS1-GFP and P5CS2-GFP 
expression patterns in root tips, elongation zones and root hairs of primary roots (E); lateral roots 
(F); and root tips at higher confocal resolution (G). 

In root system, P5CS1-GFP and P5CS2-GFP constructs were active in both in 

primary and lateral roots. In roots P5CS1-GFP was detectable in the central tissues of the 

root (stele and endodermis), while fluorescence of P5CS2-GFP was present in all cell types 

and was particularly strong in the elongation zone (Figure 5.20E). Both P5CS gene 

constructs were active in lateral roots (Figure 5.20F). Differences in activity was visible in 

root apices, where P5CS2-GFP was active in all cells except the meristem, while P5CS1-

GFP was silent except at the start of the elongation zone (Figure 5.18G). Fluorescence of 

P5CS1-GFP plants showed a particular dotted pattern in roots, and was rather homogenous 

in P5CS2-GFP expressing plants (Figure 5.20E, F, G). 

The expression of P5CS1-GFP and P5CS2-GFP genes was rather different in 

reproductive organs. Although floral buds showed no fluorescence from the outside with 
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either of the constructs, strong P5CS2-GFP fluorescence was detected in apical 

inflorescence meristems and flower primordia (Figure 5.21 A). P5CS1-GFP fluorescence 

was very weak or non-detectable in these tissues (Figure 5.21 A). In flowers, P5CS1-GFP 

expression was present in anthers, while P5CS2-GFP expression could be detected in 

petals as well (Figure 5.2IB). None of the two genes were active in stigma. In developing 

stamens, pattern of GFP fluorescence was rather different: P5CS1-GFP was apparent in 

pollen grains within the transparent anthers, while P5CS2-GFP was present in the anther 

walls (Figure 5.21C). After dehiscence, P5CS1-GFP, but not P5CS2-GFP, gave very 

strong signal in pollen grains, sticked to the stamens (Figure 5.2ID). 

P5CS1 P5CS2 

transmitted merged GFP transmitted merged GFP 

Fig. 5.21: Comparison of spatial expression patterns of P5CS1-GFP and P5CS2-GFP 
proteins during plant development 
Green colour indicates GFP-derived fluorescence, red colour labels auto fluorescence of 
chlorophyll. Transmitted: light image. Merged: images of either P5CS1-chlorophyll and P5CS1-
GFP, or P5CS2-chlorophyll and P5CS2-GFP. 
A) P5CS1-GFP and P5CS2-GFP expression in inflorescence meristem and flower buds(bar:50 pm) 
B) Expression of P5CS-GFP reporters in flower organs (bar: 500 pm). 
C, D) P5CS-GFP expression patterns in immature (C) and mature (D) anthers and pollen grains 
(bar: 50 pm). 
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Monitoring temporal and spatial expression patterns of the P5CS1-GFP and 

P5CS2-GFP embyos, demonstrated that both P5CS-GFP proteins were synthesized in 

all stages of embryogenesis. However, P5CS1-GFP displayed a remarkable dotted 

pattern in embryonic cells (Figure 5.22A, B) contrasting homogeneous cytoplasmic 

distribution of P5CS2-GFP (Figure 5.22C, D). High resolution confocal laser scanning 

microscopy revealed that P5CS1-GFP was sequestered into subcellular bodies, which 

showed no co-localization with chloroplasts, mitochondria and nuclei (Figure 5.22E-

I). 

Fig. 5.22: P5CS1 and P5CS2 expression in developing embryos 
A-D) Detection of P5CS1-GFP (A and B) and P5CS2-GFP (C and D) proteins in heart and late 
torpedo embryos by laser scanning confocal microscopy (bars: 50 pm). E-H) Subcellular 
localization of P5CS1-GFP protein in U-shaped embryos. E: light image; F: GFP fluorescence, 
note dotted pattern; G: labelling of mitochondria with MitoTracer; H: red chlorophyll-derived 
fluorescence of chloroplasts. I) Enlarged image of H with overlay of images F and G. Higher 
resolution of framed image sections in II to 14 show lack of colocalization of P5CS1-GFP with 
mitochondria (yellow fluorescence) and chloroplasts (red fluorescence), (bars: 5 pm). 
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5.8. Subcellular localization of the P5CS proteins 

Differences in the transcriptional regulation of P5CS1 and P5CS2 genes suggested 

that the two Arabidopsis P5CS proteins might have functional differences. GFP 

fluorescence patterns in developing embryos (Figure 5.22) suggested that the intracellular 

localization of the P5CS1 and P5CS2 proteins could be different. However, known 

intracellular targeting signals could not be identified in the polypeptide sequences, protein 

sorting was not predicted by the available informatics tools (PSORT, TARGETP). 

In order to get information on protein targeting and cellular distribution of the 

P5CS proteins in non-embryonic cells, the intracellular localization of P5CS1-GFP and 

P5CS2-GFP proteins was investigated in several Arabidopsis cell types using confocal 

laser scanning microscopy. Transformed cell cultures and transgenic plants were generated 

that expressed the GFP-tagged P5CS1 or P5CS2 genes. In rapidly proliferating 

Arabidopsis cell cultures, P5CS1-GFP and P5CS2-GFP protein fuzions were localized in 

the cytoplasm and in the chloroplasts (Figure 5.23A.B). In about 30% of P5CS1-GFP-

expressing cells, and in about 10% of P5CS2-GFP expressing cells, green, GFP-derived 

fluorescence overlapped with the chloroplast-derived red fluorescence, suggesting that 

P5CS proteins are localized mainly in the chloroplasts (Figure 5.23A,B). 

In order to compare the localization of P5CS1 and P5CS2 proteins in differentiated 

leaf cells, the localization of GFP-tagged P5CS1 or P5CS2 proteins was tested in leaf 

mesophyll cells or in protoplasts prepared from them. GFP-derived green and chloroplast-

derived red fluorescence overlapped in most of the transformed protoplasts, suggesting 

predominant chloroplastic localization of the P5CS1 and P5CS2 proteins in mesophyll 

cells (Figure 5.23C, D). GFP-derived green fluorescence could be detected in the thin 

cytoplasm layer of some protoplasts, expressing the P5CS2-GFP construct (Figure 5.23E, 

F). These results showed that the predominant intracellular localization of P5CS1 and 

P5CS2 proteins in dividing cultured cells is cytoplasmic, while in leaf mesophyll cells the 

major part of the P5CS1 and bulk of the P5CS2 protein is targeted to the chloroplast. 
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GFP chlorophyll transmitted merged 

merged 

mesophyll protoplasts 

GFP chlorophyll merged GFP chlorophyll merged 

Fig. 5.23: Intracellular localization of P5CS1-GFP and P5CS2-GFP proteins in 
transformed green Arabidopsis cell cultures (A, B), and in leaf mesophvll protoplasts 
(C-F) 
Green colour indicates GFP-derived fluorescence, red colour labels autofluorescence of 
chlorophyll. Transmitted: light image. Merged: images of either P5CS1-GFP, P5CS1-chlorophyll 
and transmitted, or P5CS2-GFP, P5CS2-chlorophyll and transmitted. 
A, B) Fluorescence in cultured cells expressing P5CS1-GFP (A) and P5CS2-GFP (B) (bars: 20 pm) 
C-F) Subcellular localization of P5CS1-GFP (C, D) and P5CS2-GFP (E, F) in leaf mesophyll 
protoplasts prepared from the transgenic plants analysed in Figure 5.21. D) Higher resolution of a 
single P5CS1-GFP protoplast. F) Higher resolution of a single P5CS2-GFP protoplast. (C-F bars: 5 
pm). 
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6. DISCUSSION 

6.1. Osmotolerance and proline biosynthesis 

Many key enzymes in plant metabolic pathways are encoded by duplicated genes, 

which are thought to perform redundant functions avoiding that single gene mutations lead 

to lethal auxotrophy. Gene duplications are often accompanied by sequence alterations 

causing changes in transcriptional regulation and contributing to evolution of functional 

divergence (Briggs et al., 2006). Bifunctional P5CS enzymes that in Arabidopsis are 

encoded by the highly homologous P5CS1 and P5CS2 genes control the rate-limiting step 

in proline biosynthesis. Studies of transcriptional regulation of duplicated P5CS genes 

indicate remarkable differences, suggesting that their functions cannot be completely 

redundant (Strizhov et al., 1997, Ábrahám et al., 2003, Fabro et al., 2004). Differences in 

the transcriptional regulation of the two P5CS genes are illustrated by their differential 

organ- and tissue-specific activities in promoter-reporter gene fusions, and by in situ 

hybridization data, as shown in figures 5.19, 5.20 and 5.21. Strong P5CS2-GFP activities 

in shoot apex, flower meristems, root elongation zones confirmed earlier observations that 

this gene is highly expressed in proliferating tissues (Strizhov et al., 1997). On the other 

hand, strong P5CS1-GFP fluorescence in desiccating pollen grains agrees with published 

data, which describe the induction of this gene by dehydration and osmotic stress (Savouré 

et al., 1995, Strizhov et al., 1997, Ábrahám et al., 2003). Duplicated P5CS genes, with 

clear differences in transcriptional regulation, have been identified in alfalfa (Ginzberg et 

al., 1998; Armengaud et al., 2004) and in tomato (Fujita et al., 1998), as well. Separation of 

the housekeeping and environmental response functions of the two P5CS genes can be a 

characteristic feature of many duplicated genes in higher plants. 

In situ hybridization data showed that both P5CS genes are expressed throughout 

embryo development. However, activities of the P5CS1-GFP and P5CS2-GFP genes in 

living embryos revealed striking differences in GFP-derived fluorescence. While GFP 

activity in P5CS2-GFP expressing embryos was uniform, fluorescence in P5CS1-GFP 

embryos was characterized by a dotted pattern throughout embryo development. High 

resolution confocal laser scanning microscopy showed that the fluorescence in these 
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embryos is concentrated in single, 200-600 nm-sized subcellular bodies, which had no 

overlap with chlorophyll-derived fluorescence, mitochondria and nuclei. 

Cytoplasmic localization of the P5CS proteins in dividing cells indicates that 

glutamate-derived proline biosynthesis takes place mainly in the cytosole of the 

meristematic cells. Although known chloroplast transit peptides could not been identified 

in the P5CS1 an P5CS2 polypeptide chains, in leaf mesophyll cells both proteins were 

predominantly localized in chloroplasts, suggesting that this organelle participates in the 

proline biosynthesis in leaves. The second enzyme of the glutamate pathway, P5CR, was 

suggested to be localized in the cytosol, as well as in the chloroplasts (Szoke et al., 1992; 

Verbruggen et al., 1993). Depending on the cell type, the glutamate-derived proline 

biosynthetic pathway can therefore be functional either in the cytosole or in the 

chloroplasts. The ornithin aminotransferase and the arginin pathway were shown to be 

mitochondrial (Taylor and Steward, 1981), suggesting that some proline biosynthesis may 

take place in other organelles, as well. 

6.2. The role of P5CS genes in the regulation of stress-induced proline biosynthesis 

To dissect genetically the functions of the Arabidopsis P5CS genes, we have 

isolated and characterized four insertion mutant alleles of the P5CS1 and two insertion 

mutants of the P5CS2 gene, which all represent recessive, loss of function mutations. 

Nonetheless, some p5csl alleles, such as p5csl-l and p5csl-3, represent knockdown rather 

than knockout mutations, because they carry T-DNA tags in either the 5'-UTR or intron 

regions, allowing residual synthesis and processing of mRNA below 10% of wild-type 

transcript levels. 

Under normal growth conditions, p5csl insertion mutants had reduced, but 

apparently sufficient levels of free proline for undisturbed growth. However, proline 

accumulation was severely reduced under salt stress in all p5csl mutants, where proline 

levels were only 15-30% of wild-type control values. We have accounted this residual 

stress-induced proline accumulation to the activity of P5CS2, which is moderately induced 

by salt and drought (Savouré et al., 1995, Strizhov et al., 1997; Ábrahám et al., 2003). 

Nonetheless, part of the residual proline biosynthesis could also result from the activity of 

less studied ornithine pathway, which also features stress regulation at the transcription 

level (Roosens et al., 1998). 
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Metabolic profiling indicated that under salt stress the proline content can be 

increased ten times, reaching up to 10% of the whole amino acid pool in wild-type plants, 

but remaining less than 1% in the p5csl mutants. Intriguingly, the proportion of glutamate 

in the amino acid pools of p5csl mutants was 25% higher compared to wild-type plants, 

which suggested that this amount is probably destined to stress-induced proline 

biosynthesis by P5CS1 in wild-type plants. Further links between proline biosynthesis and 

metabolism of other amino acids was indicated by secondary alterations of glycine, 

threonine, leucine, iso-leucine and tyrosine levels in the free amino acid pools. 

6.3. P5CS1 controls proline accumulation and response to osmotic stress 

Proline is proposed to act as osmoprotective molecule (i.e., compatible osmolyte) in 

osmotic adjustment, maintenance of redox balance, ROS detoxification, and protection of 

protein structure through chaperone-like features (Handa et al., 1986; Kishor et al., 1995; 

Samaras et al., 1995; Saradhi et al., 1995; Hong et al., 2000; Samuel et al., 2000). 

Nevertheless, recently several experiments have challenged the assumption that proline 

accumulation plays a beneficial protective role under osmotic stress (Mani et al., 2002; 

Maggio, 2002; Nanjo et al., 2003). Our experimental system, employing insertion mutants 

that disrupt the rate-limiting step in proline biosynthesis and prevented stress-responsive 

proline accumulation, offered ideal conditions to study the consequences of proline 

depletion. In comparison with wild-type plants, all p5csl mutants displayed reduced 

capacity to withstand salt stress, which correlated with the reduced proline accumulation 

under salt stress, resulting in impaired root elongation, enhanced chlorosis, and increased 

lethality. 

Impaired proline accumulation can negatively affect water relations and 

macromolecule-solvent interactions under stress, whereas stress-induced proline 

accumulation is expected to improve osmotolerance in plants (Handa et al., 1986; Kishor, 

et al., 1995; Nanjo et al., 1999; Hong et al., 2000). Measurement of relative water content 

under drought stress showed that the p5csl mutants display significantly lower RWC 

values than wild-type plants. In this respect, the p5csl mutants are similar to the low 

proline accumulating Arabidopsis lwr2 mutant, which shows lower osmotic adjustment 

and greater water loss during osmotic stress (Verslues and Bray, 2004). 
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Our results indicate that insufficient proline accumulation in the p5csl mutants 

leads to stress hypersensitivity not only by impaired osmotic adjustment, but also by 

enhanced accumulation of reactive oxygen species (ROS). Higher ROS concentrations 

were detected under salt-stress in the pScsl mutants and correlated with increased lipid 

peroxidation and chlorophyll depletion. ROS can be highly toxic to plant cells, causing 

oxidative damage of proteins, lipids, membranes and nucleic acids (Heath and Parker, 

1968). Chlorosis, higher chlorophyll degradation and lipid peroxidation rates in salt-

stressed p5csl mutants can be attributed to ROS damage. ROS are generated by oxidizing 

metabolic activity in chloroplasts, mitochondria, peroxisomes and microbodies, as well as 

by membrane-bound NADPH-oxidases, cell wall peroxidases and amine oxidases (Heath 

and Parker, 1968; Moller, 2001; Mittler et al., 2004). ROS toxicity is reduced by a complex 

metabolic network, which includes scavenging enzymes, such as SOD, catalase, ascorbate 

peroxidase, GST, etc., and antioxidant molecules, including glutathione and ascorbate 

(Mittler, 2004). Recently, proline has been suggested to protect plant cells from adverse 

effects of ROS through an unknown mechanism (Mehta and Gaur, 1999; Hong et al., 2000; 

Siripornadulsil et al., 2002). Proline was suggested to be a singlet oxygen quencher as well, 

capable of removing active radicals (Alia et al., 2001). 

GR, APX and GST enzymes are important components of the ROS-scavenging 

glutathione-ascorbate cycle controlling the removal of O2" and H2O2. (Mittler, et al., 2004). 

These enzymes had lower activities in the p5csl mutants than in wild-type plants under salt 

stress. Proline accumulation is therefore important to keep enzyme activities of the 

glutathione-ascorbate cycle at optimal levels during stress. Proline may have a protective 

role in stabilizing these enzymes during salt stress as it does with several other enzymes 

(Khedr et al., 2003). In correlation with the significant increase in ROS production, catalase 

activities were found to be higher in the salt-stressed pScsl mutants than in the wild-type. 

The fact that p5csl mutants undergo faster salt-induced bleaching and accumulate higher 

ROS levels than wild-type plants suggests that the observed increase in catalase levels is 

probably not sufficient to compensate for the lower efficiency of the detoxifying 

glutathione-ascorbate cycle. It remains to be clarified how these secondary stress responses 

are affected during progressive drought or salt stress by the reduction of proline levels in 

the pScsl mutants. Our observation that P5CS1 and P5CS2 are chloroplast localized 

enzymes direct particular attention to the importance of further studies to elucidate the 

correlation between defective proline accumulation and ROS generation in chloroplasts of 

the pScsl mutants. 
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6.4. The housekeeping P5CS2 gene is essential for embryo development 

Proline and P5C were considered to be regulatory molecules that play distinguished 

roles in the development of vegetative and reproductive plant organs (Phang, 1985). In 

support of these studies, inhibition of proline biosynthesis by overexpression of an 

antisense P5CS1 cDNA construct was reported to result in severe morphological 

abnormalities, including defects in flower development and vascular differentiation (Nanjo 

et al., 1999). Based on our data, it is now apparent that despite of some decrease in free 

proline levels^ insertional inactivation of the P5CS1 gene alone does not lead to any 

observable developmental alteration in the absence of osmotic stress. All p5csl mutants 

show normal development of vegetative organs, flowers and seeds, and are fully fertile 

under normal, well-watered growth conditions. On the other hand, the p5cs2-l andp5cs2-2 

mutants showed that loss of the P5CS2 function results in abortion of embryos beyond 

either torpedo or U-shape stage depending on the humidity levels and growth conditions. 

Several homozygous p5cs2 mutants rescued by proline feeding still displayed severe 

developmental abnormalities. It is thus apparent that the developmental defects observed in 

previously described P5CS1 antisense plants were caused by simultaneous inhibition of 

both P5CS1 and P5CS2 genes (Nanjo et al., 1999). 

Proline depletion in p5cs2 mutant embryos can directly be responsible for embryo 

lethality, as externally added proline was sufficient to rescue the mutant embryos. Embryo 

lethality in the p5cs2 mutants can be the consequence of proline auxotrophy and 

subsequent impaired protein biosynthesis, insufficient osmoprotection or enhanced ROS 

toxicity. Chlorophyll deficiency of the homozygous p5cs2 mutant seeds prior to abortion 

suggests that proline auxotrophy of embryos could result in similar physiological effects as 

proline limitation during stress, including enhanced ROS formation. ROS accumulation 

could ultimately contribute to the abortion of embryos and the rapid browning of the 

surrounding maternal tissues. Proline depletion of embryos probably also results in 

insufficient osmoprotection, as in humid environment some of the homozygous p5cs2 

mutant embryos undergo abortion at later developmental stages and are able to develop to 

near maturity, indicates that proline is an important protecting agent during seed 

development in dry environment. Furthermore, it appears that the ornithin pathway 
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(Roosens et al., 1998) in embryos is not sufficiently active, if at all, to compensate for the 

P5CS2 deficiency. 

Apparently, the fully functional P5CS1 gene is not able to complement for the 

p5cs2 mutation in developing embryos. As seed development is not affected in pScsl 

mutants, the functional P5CS2 gene provides sufficient proline levels for embryo 

development. Maternal tissues in heterozygous p5cs2 mutants apparently could not provide 

sufficient proline supply for the mutant embryos, probably due to insufficient proline 

transport. In situ hybridization and in vivo data obtained with P5CS1-GFP and P5CS2-GFP 

gene fusions showed that both P5CS genes are transcribed in developing embryos. 

Surprisingly, we found however that P5CS1-GFP is sequestered into subcellular bodies in 

embryonic cells. The lethality of p5cs2 embryos therefore suggests that sequestration of 

P5CS1 into these so far uncharacterized subcellular bodies leads to proline deficiency in 

the absence of cytoplasmic P5CS2 enzyme during embryo maturation. 

6.5. Specification of housekeeping and stress responsive P5CS functions 

Together with previous studies of spatial and temporal regulation of P5CS transcript 

levels and activities of P5CS promoter -GUS fusions (Savoure et al., 1995; Yoshiba et al., 

1995; Strizhov et al., 1997, Abraham et al., 2003), our data show that functional 

diversification of the P5CS functions in Arabidopsis includes characteristic differences not 

only in transcription, but also cell type specific and subcellular localization of the P5CS 

enzymes. We found that P5CS2-GFP expression marks the first leaf primordia in 

germinating seedlings and also marks the positions of differentiating leaf primordia and 

stipules composed of few cells in the apical and auxiliary meristems. As P5CS1-GFP is not 

detectable in these tissues, remarkable specificity of P5CS2-GFP expression suggests that 

defects of leaf development observed in rescued p5cs2 seedlings are due to local proline 

deficiency even in the presence of externally provided proline. As P5CS1-GFP is detected 

in chloroplasts of fully developed leaves, it is apparent that during leaf development P5CS2 

is expressed earlier than P5CS1. Thus, the lack of P5CS2 in leaf primordia could arrest 

further seedling development. It is rather unexpected that proline transport from P5CS1 

expressing tissues cannot compensate for the deficiency of P5CS2 in leaf primordia, and 

this observation calls for further studies of the regulation of proline transport. 
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The expression pattern of P5CS2-GFP in shoot apex, flower meristems, as well as 

primary and side roots confirms earlier data showing that P5CS2 transcript levels are high 

in dividing cells and growing tissues (Strizhov et al., 1997). Although P5CS1-GFP and 

P5CS2-GFP display overlapping expression patterns in roots, the P5CS1-GFP fusion 

protein accumulates in subcellular bodies also in non-photosynthetic root cells as in 

embryos. By contrast, when expressed in dividing cells of suspension cultures, P5CS1 is 

detectable in the cytoplasm and chloroplasts, just as P5CS2. This is consistent with the 

notion that glutamate-derived proline biosynthesis takes place mainly in the cytosole of 

dividing cells. In differentiated leaf mesophyll cells, however, P5CS1 is almost exclusively, 

whereas P5CS2 is predominantly, localized in chloroplasts suggesting that this organelle is 

responsible for proline biosynthesis in leaves. Clearly, this observation requires further 

confirmatory studies, including the analysis of molecular mechanisms mediating the import 

of P5CS proteins into the chloroplast. In this respect, it is interesting to note that P5CR, the 

second enzyme of the glutamate pathway, which is encoded by a single gene in 

Arabidopsis, is localized both in the cytoplasm and the chloroplasts and its spatial and 

temporal expression patterns closely resemble those of P5CS2 (Szoke et al., 1992; 

Verbruggen et al., 1993). Therefore it is probable that, depending on the cell type, the 

glutamate-derived proline biosynthetic pathway is functional both in the cytoplasm and 

chloroplast. By contrast, ornithine aminotransferase and other enzymes of arginine 

metabolism are believed to be mitochondrial (Taylor and Steward, 1981). 

In sumamry, a clear functional difference between the P5CS1 and P5CS2 genes 

was demonstrated by the salt sensitivity of the p5csl mutants and the conditional embryo 

lethality of the p5cs2 mutants, which cannot be compensated by the activity of the other 

wild type P5CS homolog. It is remakable, that the pScsl mutants have no morphological 

aberrations, and are fertile, while the rescuedp5cs2 mutants showed severe growth defects. 

Our data suggest that P5CS2 is the main housekeeping gene, which is required for proper 

embryo and plant development, and protects embryos during the early stages of seed 

development. By contrast P5CS1 functions primarily as a highly stress-responsive gene 

that plays a major role in the regulation of proline accumulation during osmotic stress 

responses. These observations call for refined studies of the cell type- and tissue-specific 

regulation of P5CS1 and P5CS2 expression, as well as that of the specific intracellular 

control of enzyme activities throughout plant development. Such studies are essential 

because it is likely that it is not the overall amount, but the critical threshold of the 

induction of biosynthesis, or inhibition of degradation, which determines the 
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control of enzyme activities throughout plant development. Such studies are essential 

because it is likely that it is not the overall amount, but the critical threshold of the 

induction of biosynthesis, or inhibition of degradation, which determines the 

osmoprotective or developmental function of proline. In addition, it remains to be seen 

whether this intriguing mechanism, constituting a regulatory interplay between an essential 

housekeeping gene and its stress-regulated homolog, is unique to the proline biosynthesis 

pathway, or common for many duplicated genes that control other key metabolic steps in 

plants. 
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7. CONCLUSIONS 

Drought induced accumulation of free proline is primarily controlled by the P5CS1 

gene and the lack of this stress related function cannot be fully compensated by the P5CS2 

gene. Over four-fold reduction in proline accumulation in the p5csl mutants coincided 

with 10-15% decrease of RWC indicating that proline accumulation is only one of the 

factors involved in complex control of RWC. In addition to drought stress, P5CS1 also 

plays a key role in the control of proline accumulation during salt stress and this function 

cannot be fully compensated by P5CS2. Induction of chlorosis in salt treated pScsl 

mutants suggested a possible increase of oxidative damage by enhanced generation of 

reactive oxygen species (ROS) in the photosynthetic tissues. Hypersensitivity of pScsl 

mutants to salt stress therefore suggested that P5CS1 controlled proline accumulation plays 

a significant role in mounting salt tolerance. Significant increase of chlorophyll 

degradation and lipid peroxidation together with enhancement of catalase level suggested 

considerable oxidative membrane damage during stress in the salt hypersensitive p5csl 

mutants. 

Embryo lethality caused by the mutations in the P5CS2 gene suggested that neither 

P5CSJ nor the ornithine pathway could balance the loss of P5CS2 function resulting in 

either proline auxotrophy or insufficient osmoprotection, or both, during embryogenesis. 

Seedling lethality of p5cs2 mutants indicated that contribution of P5CS1 to proline 

biosynthesis could not reach the critical threshold required for complementation of proline 

deficiency caused by the p5cs2 mutation. Sequestration of P5CS1-GFP into subellular 

bodies suggested that the only enzyme, which is likely available for de novo proline 

synthesis in the cytoplasm of embryonic cells, is P5CS2. The fact that p5cs2 mutants could 

not undergo greening and initiation of leaf development upon germination in the absence of 

proline indicated therefore that lack of P5CS2 caused temporal proline deficiency in leaf 

primordial cells preventing their further differentiation and that this deficiency was not 

balanced by P5CS1 expression in roots and hypocotyls due to yet unknown constrains of 

proline transport. 

In summary, our data suggest that P5CS2 is the main housekeeping enzyme 

required for proper embryo and plant development, whereas P5CS1 functions primarily in 

the regulation of proline accumulation during osmotic stress responses. 
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ÖSSZEFOGLALÁS 

A prolin, egy erősen vízoldékony aminosav, szárazság stressz hatására halmozódik 

fel a növények levélszöveteiben és csúcsmerisztémáiban, szárazság stresszhez 

alkalmazkodott sejtszuszpenziókban, valamint alacsony vízpotenciál és NaCl jelenlétében 

a növények gyökércsúcs régióiban. A prolin felhalmozódás a szárazság- és só-stressznek 

kitett magasabbrendü növények egyik legáltalánosabb élettani válasza. 

Magasabbrendű növényekben a prolin szintézisének kiinduló anyaga a glutamát 

vagy az ornitin; e folyamat a sejtek citoplazmájában történik. A szabad prolinszint 

katabolikusan is ellenőrzött folyamat. Stressz hatására a glutamát út dominál, ebben a 

bioszintetikus útban fontos szerepet játszik a bifimkcionális P5CS (pirrolin-5-karboxilát-

szintáz) enzim, aminek hatására kialakul a P5C (pirrolin-5-karboxilát) köztestermék, amit a 

P5CR (pirrolin-5-karboxilát-reduktáz) enzim prolinná redukál. A katabolikus folyamatban 

a prolin glutamáttá oxidálódik a sejtek mitokondriumaiban. A lebontásban korlátozó 

szerepe van a PDH (prolin-dehidrogenáz), valamint a P5CDH (P5C-dehidrogenáz) 

enzimeknek. 

Több különböző vizsgálat fényt derített a prolin élettani szerepére: 

ozmoprotektánsként védő hatást fejt ki a baktériumok, gombák, gerinctelen állatok és 

növények sejtalkotóira; felhalmozódva védi a növényeket az UV sugárzás és nehézfémek 

okozta károk enyhítésében (a lipidek peroxidációját csökkentve); antioxidánsként 

csökkenti a szabad reaktív gyökök mennyiségét, de ugyanakkor gyökcsapdaként is 

működhet. A prolin pozitív hatással bír a kétszikű növények megtermékenyítésében, de a 

humán kutatások apoptózis indukáló szerepét is felfedték. 

A prolin metabolikus szerepének meghatározásában alapvető jelentősége volt az 

Arabidopsis thaliana-ban létrehozott p5cs mutánsok (p5csl és p5cs2) vizsgálata. 

81 



Célkitűzések 

Munkánk célja a prolin bioszintézisében résztvevő gének szabályozásának 

megismerése volt, hogy ezáltal tudomást szerezzünk a P5CS1 és P5CS2 gének Arabidopsis 

thaliana-ban betöltött szerepéről. Legfőképpen a következő kérdéseket kívántuk 

megválaszolni: 

1. Befolyásolja-e a prolin felhalmozódást a P5CS gének mutációja? 

2. Milyen hatással van a P5CS gének inszerciós mutációja a sótűrésre vagy az 

oxidativ védekező mechanizmusokra nézve? 

3. Hogyan befolyásolja a szárazság ap5cs mutánsok relatív víztartalmát? 

4. Milyen élettani változásokat idéz elő a P5CS gének knockout mutációja? 

5. Megfigyelhetők-e különbségek a P5CS gének térbeli kifejeződésében? 

6. Tudva azt, hogy a P5CS1 és P5CS2 fehéije 89%-ban homológ, van-e különbség 

a P5CS fehérjék intracelluláris lokalizációja között? 

Főbb eredmények 

A prolin bioszintézisében résztvevő Arabidopsis P5CS1 és P5CS2 gén 

transzkripciós szabályozásának elemzése során megállapítottuk, hogy e két erősen 

homológ gén funkcionális különbségekkel rendelkezik és bizonyítottuk, hogy szerepük 

nem nélkülözhető. A transzkripciós szabályozásban tapasztalt változásokat a promoter-

riporter génfuziók, valamint az in situ hibridizációs kísérletekből nyert adatok is 

alátámasztják, amely adatok eltérő szerv- és szövetspecifikus működést mutatnak. 

Optimális növekedési körülmények között, a vizsgált p5csl mutáns vonalak 

szabályosan fejlődnek, annak ellenére, hogy a levelükből mért szabad prolinszint 15-30%-

kal, virágzatukban pedig 35-45%-kal maradt el a kontrollként használt vad típusú 

növényekhez viszonyítva. Szárazság- vagy só-stressz hatására a p5csl mutáns növények 3-

4-szer kevesebb mennyiségű prolint halmoznak fel a vad típusú növényekhez képest. 
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Számos irodalmi adat bizonyítja a prolin, mint ozmoprotektív molekula szerepét. 

Ennek tanulmányozására lehetőséget nyújtanak a p5cs inszerciós mutánsok, mivel a 

mutációk meggátolják a prolin bioszintézisét és rámutatnak a prolinhiány 

következményeire ozmotikus stressz alkalmával. Kísérleteinkben, a szárazságnak kitett 

pScsl mutáns növények alacsony prolinszint felhalmozódással válaszolnak, ami 

megegyezik a bennük mért alacsony relatív víztartalommal (RWC). 

A kontrollként használt vad típusú növényekhez viszonyítva, a p5csl mutánsok 

sótűrési képessége alacsonyabb, amit a csökkent gyökérhossz, a levelek feltűnő klorózisa, 

és végül a csíranövények pusztulása bizonyít. A p5csl mutánsok alacsony prolinszintje 

fokozott sóérzékenységhez vezet, nemcsak a hibás ozmotikus szabályozás miatt, hanem a 

magas szintű reaktív oxigéngyökök felhalmozódása miatt is. 

Bebizonyítottuk, hogy ozmotikus stressz hiányában a p5csl mutánsok vegetatív és 

generatív szervei szabályosan fejlődnek és teljes mértékben fertilisek. Másrészt, a p5cs2 

mutációk az embrió halálát okozzák torpedó vagy kifejlett állapotban, a levegő 

páratartalma és a növekedési körülmények függvényében. Az a megfigyelés, hogy a 

homozigóta p5cs2 mutánsok csak külsőleg adagolt prolin hatására képesek fejlődni, de így 

is súlyos fejlődési zavarokat mutatnak, bizonyítja azt, hogy a korábban leírt antiszenz 

p5csl növényeknél tapasztalt fejlődési rendellenességeket a P5CS2 gén részleges gátlása 

okozhatja. A p5cs2 mutáns embriók halálát a magfejlődés során fellépő prolinhiány 

okozhatja, valamint a káros reaktív oxigéngyökök felhalmozódása. 

Az in situ hibridizáció és in vivo P5CS-GFP expressziós elemzések által 

kimutattuk, hogy mindkét P5CS gén átíródik a fejlődő embriókban. Meglepetésünkre, a 

P5CS1-GFP sejten belüli testecskék formájában halmozódik fel az embrió összes fejlődési 

szakaszaiban. Elméletünk szerint a p5cs2 embriók halála azért következik be, mert a 

P5CS1 fehéije e testecskékben való felhalmozódása prolinhiányhoz vezet a 

citoplazmatikus P5CS2 enzim hiányában az embrió fejlődése során. 

Kísérleteink arra utalnak, hogy az Arabidopsis P5CS gének funkcionális 

különbözősége megmutatkozik nemcsak transzkripciós, hanem intracelluláris lokalizációs 

szinten is. A csíranövények gyökérszöveteiben a következő térbeli mintázatot találtuk: a 

P5CS1-GFP a gyökérsüvegben nem expresszálódik, míg a P5CS2-GFP gyökérsüveg 

lokalizációt mutatott. Az oldalgyökereknél P5CS-GFP lokalizációs különbséget nem 

találtunk. A P5CS2-GFP expressziója a levél primordiumban, valamint a csúcs- és 

hajtásmerisztéma sejtekben figyelhető meg. A P5CS1-GFP az említett szövetekben nem 

fejeződik ki. A virágokban a P5CS1-GFP csak a portokokban, míg a P5CS2-GFP a 
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portokokban, a porzószálban, a csésze- és sziromlevelekben is kifejeződik. Sejten belül a 

P5CS1-GFP a kifejlett levelek kloroplasztiszaiban és kevésbé a sejtek citoplazmájában 

expresszálódik, míg a P5CS2-GFP kifejeződése úgy a kloroplasztiszokban, mint a 

citoplazmában is megfigyelhető. 

Összefoglalásként megállapíthatjuk, hogy kutatásaink alapján a P5CS1 enzim 

elsődleges szerepe az ozmotikus stresszválaszra felhalmozódó prolinszint szabályozásában 

van, míg a P5CS2 enzim egyike a megfelelő embrió fejlődésért felelős létfontosságú 

enzimeknek. 
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