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ABSTRACT

Abiotic stresses such as salinity, drought and temperature extremes cause 

extensive loss to agricultural production worldwide. In order to further characterize plant 

responses to salinity, a proteomics-based investigation to identify and validate proteins 

whose levels were altered by salinity in pea (Pisum sativum L.) roots was initiated. 

Several proteins including pathogenesis-related (PR) 10 proteins were identified using 

this approach. In order to test the hypothesis that PR 10 proteins play a crucial role in 

mediating plant responses to stress, we characterized transgenic Brassica napus and 

Arabidopsis thaliana plants expressing two different pea PR 10 cDNAs, PR 10.1 and 

ABR17, respectively. Enhanced germination, early seedling growth and tolerance to 

abiotic stresses were observed in these transgenic plants. PR 10 proteins from various 

species have been demonstrated to be RNases, the RNase activity of pea PR 10 proteins 

was demonstrated by overexpressing the cDNAs of PR 10.1 and ABR17 in Escherichia 

coli and assaying for RNase activity. Since tRNA (and rRNA) can be sources of 

cytokinins (CKs) in plants, it was hypothesized that the PR 10-mediated effects were due 

to CK levels being modulated by the expression of PR 10 cDNAs in transgenic plants. 

Increased levels of CK in both transgenic B. napus and A. thaliana were observed which 

paralleled elevated expression of the primary CK-response regulator, ARR5, in A. 

thaliana. A role for the elevated CKs in mediating enhanced germination and early 

seedling growth of transgenic plants was confirmed by exogenous application of CK 

which increased germination and growth of wild type A. thaliana. Results presented in 

this study have demonstrated a crucial role for PR 10 genes in abiotic stress responses of 

plants.
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1. General Introduction

1.1. Agriculture and food production

The practice of agriculture first began around 8000 BC and, ever since, one of 

the major challenges has been to provide food for the increasing human population. 

Total world population is currently at 6.6 billion and is expected to rise to nearly 9.1 

billion by 2050 posing additional challenges on our capabilities to produce food 

(http://www.un.org/esa/population/). Possible ways to increase food production 

includes increasing arable land and/or yield (http://www.fao.org/docrep/). Increasing 

arable land, however, may not be a viable option due to decreasing area and the 

marginalization of the available land. For example, a loss of 30% of all arable land 

by 2025 and up to 50% by the middle of 21st century due to increased salinization is 

expected (Wang et al., 2003) which leaves increasing crop yield as the only viable 

alternative to address the challenges of a growing world population.

The “green revolution” of the 1960s pioneered by Dr. Norman Borlaug was 

responsible for dramatic increases in yield brought about by the development of high- 

yielding, hybrid varieties and technological inputs. However, the regular yield 

increases enjoyed over the past 50 years have now reached a plateu, and once again 

we are faced with the challenge of having to increase our agricultural yield 

(Yamaguchi and Blumwald, 2005). Conventional breeding strategies have met with 

only limited success in developing abiotic stress tolerant plants. However, the advent 

of molecular techniques and information from genome sequencing projects during the

1
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last decade have rapidly advanced our understanding of the genetic and biochemical 

basis of abiotic stress tolerance, and accelerated the generation of transgenic plants 

that exhibiting tolerance to various abiotic stresses (Apse et al., 1999; Yamaguchi and 

Blumwald, 2005). In order to ensure food security for an increasing world population, 

generation o f novel, stress-tolerant crop varieties will be crucial, and a multivariate 

approach based on conventional plant breeding and modern genetic engineering 

approaches will be required (Flowers, 2004; Yamaguchi and Blumwald, 2005).

1.2. Salinity stress

Soil salinity is a major environmental stress affecting agricultural productivity 

worldwide (Boyer, 1982). In addition to the 25% arid and desert land (dry land 

salinity) of our planet, 20% of the irrigated land (irrigated land salinity) is also 

affected by salinity stress (Yamaguchi and Blumwald, 2005). It is now estimated that 

more than 800 million hectares of land throughout the world are affected by salinity 

(FAO, 2005). Many factors such as evaporation precipitation and weathering of rock 

affect salt concentration (Mahajan and Tuteja, 2005). At present, approximately 10% 

of agricultural land in Western Australia is affected by dryland salinity and in the 

future this area is expected to double due to saline groundwater discharge and 

associated salt load (Taylor and Hoxley, 2003). Salt stress is a major problem on the 

Canadian prairies and a linear increase in the size and severity o f salt-affected areas 

has been reported. For example, saline seeps in the northwestern Great Plains regions 

are increasing at a rate of 5% per year (http://www 1.agric.gov.ab.ca/). Drought also

2
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occurs very frequently in Alberta (especially southern Alberta) and during 2000-2001 

Alberta faced one o f the most severe droughts during the last 78 years 

('http://wwwl .agric.gov.ab.ca/). Heavily irrigated agricultural lands are highly saline 

since drier agricultural land needs intense irrigation and due to evapotranspiration, salt 

delivered along with the irrigation water becomes concentrated in the soil (Mahajan 

and Tuteja, 2005).

1.2.1. Effects of salt stress on plant cells

Salinity causes both hyperionic and hyperosmotic stress in plants (Hasegawa et 

a l, 2000). The ionic component o f stress increases the Na+ and Cl" toxicity and alters 

the K+/Na+ ratios, whereas the osmotic component affects plant water uptake by 

decreasing total soil water potential (Hasegawa et al., 2000). Water potential consists 

of pressure potential and osmotic potential, and as a result of increased salt 

concentrations, leaf water potential and osmotic potential decreases, whereas leaf 

turgor pressure increases to balance the water requirement of the whole plant (Morales 

et al., 1998; Hernandez et al., 1999). Significant changes in water potentials can 

impose osmotic stress which disrupts the cellular activities and ultimately may cause 

plant death (Xiong and Zhu, 2002). Therefore, the overall effects of salt stress are 

three-fold: reduction of water potential, disturbances in ion homeostasis and increased 

ion toxicity (Parida and Das, 2000). Salt stress reduces growth leading to a stunted 

appearance (Hernandez et al., 1995), decreases fresh and dry weight of leaves, stem 

and roots (Hernandez et al., 1995; Chartzoolakis and Klapaki, 2000), increases the

3
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thickness of the epidermal and mesophyll layers as well as the diameter o f palisade 

and spongy cells (Longstreth and Nobel, 1979), and reduces the chlorophyll and total 

carotenoid contents o f leaves (Hernandez et al., 1995; 1999). The exact nature o f the 

spectrum of damages inflicted by high salt concentrations is not entirely clear. 

However, in general salinity affects all major plant physiological processes including 

the activities of various enzymes, photosynthesis, protein synthesis, membrane 

disorganization and nutrient acquisition. The detrimental effects o f salt results in a 

range of symptoms such as chlorosis and necrosis. Furthermore, when the capacity of 

the cell to store salts is exhausted, cell dehydration and the death results (Kurniadie 

and Redmann, 1999; Hasegawa et a l,  2000; Xu et al., 2000).

1.2.2. Sodium transport in plant cells

I.2.2.I. Na+ influx

Under normal physiological conditions, plants maintain a high K+/Na+ ratio in 

the cytosol but an influx o f Na+ results in accumulation of Na+ ions and alteration of 

cytosolic K+/Na+ ratio (Blumwald et al., 2000). Na+ initially enters cells of the root 

epidermis and cortex from the soil solution in an unidirectional Na+ influx which is a 

key determinant of overall shoot Na+ accumulation (Schubert and Lauchli, 1990; 

Davenport and Tester, 2000) and is distinct from net influx, which is the end result of 

both influx and efflux (Essah et al., 2003). The negative membrane potential of the 

plasma membrane favors the passive transport of Na+ which enters the plant cells

4
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through high-affinity K+ transporters (HKT1; Rus et al., 2001), non-selective cation 

channels, such as nonselective outward-rectifying conductance (NORC), and voltage- 

independent cation channels (VIC) (Roberts and Tester, 1997; Tyerman et al., 1997; 

Wegner and deBoer, 1997; Amtmann and Sanders, 1999) or Na+ leakage into the root 

via the apoplast (Yeo et al., 1999). However, the relative contribution of each of these 

pathways varies with species and growth conditions (Tester and Davenport, 2003; 

Zhu, 2003). The plant ‘Salt Overly Sensitive’ (SOS)3 gene encodes a protein that

• “I”contains a Ca -binding domain and it has been demonstrated that Na -influx activity 

of the high-affinity transporter .T. thaliana HKT1 (AtHKTl) is negatively regulated by 

the SOS pathway (Zhu, 2003).

1.2.2.2. Na+ efflux

Plant cells transport Na+ against the electrochemical potential gradient by an 

active process that is mediated by plasma membrane H+-ATPase (Sussman, 1994). 

H+-ATPase uses the energy of ATP hydrolysis and generates a proton motive force to 

allow the function of a plasma membrane Na+/H+ antiporter which couples the efflux 

of Na+ with the inward movement of H+ (Blumwald et al., 2000). It has been 

demonstrated that levels of transcripts of H+-ATPases increase due to salt stress (Niu 

et al., 1993). Na+/H+ antiporters are encoded by the SOS1 gene which coordinates 

between transpirational Na+ flow and the vacuolar sequestration o f Na+ in leaves (Zhu 

2003). The overexpression of SOS1 in A. thaliana enhanced salt tolerance (Shi et al.,
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2003), and the overexpression of H+-pyrophosphatase, A VP I (Gaxiola et al., 2001) 

enhances salt and drought tolerance.

1.2.2.3. Na+ compartmentation

The vacuolar sequestration of Na+ by lowering Na+ concentration in the 

cytoplasm and osmotic adjustment provides an efficient mechanism to prevent some 

of the deleterious effects of Na+ (Zhu, 2003). It has been demonstrated that the 

overexpression o f AtNH Xl, a vacuolar Na+/H+ antiporter in various plants, enhances 

salt tolerance (Apse et al., 1999; Ohta et al., 2002). Although the precise mechanisms 

that regulate the activity of the vacuolar Na+/H+ antiporters during normal and stress 

conditions are not clear, it has been suggested that the vacuolar membrane Na+/H+ 

exchange activity in A. thaliana is regulated by the SOS pathway (Qiu et al., 2002).

1.3. Mechanism of salt tolerance

1.3.1. Complexity of salt tolerance

The generation of salt-tolerant crops has been a quest of plant breeders and 

varietal differences as well as intraspecific selection have been evaluated for salt 

tolerance (Epstein et al., 1980). The first attempt to evaluate the inheritance of salt 

tolerance by an interspecific cross o f Lycopersicon esculentum {Lem.) and 

Lycopersicon pimpinellifolium  (Jusl.) was made by Lyon (1941); however, the

6
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scarcity of new salt-tolerant varieties has limited the success of traditional breeding 

approaches (Flowers and Yeo, 1995). Physiological, as well as genetic, studies 

support the view that salt tolerance is a complex trait and its sub-traits might be 

determined by multiple gene loci (Flowers, 2004). Flowever, increased salinity 

tolerance conferred by the constitutive overexpression of specific genes (Apse et al., 

1999; Gaxiola et al., 2001; Zhang and Blumwald, 2001; Luo et al., 2005) has 

demonstrated that manipulation of cellular processes by genetic engineering may be a 

viable approach for enhancing plant-tolerance to salinity stress (Tester and Davenport, 

2003).

1.3.2. Aspects of plant salt tolerance

1.3.2.1. Homeostasis

As described earlier, salinity disrupts ion homeostasis at both cellular- and 

whole-plant levels and one of the major aspects of plant tolerance to salt stress is 

based on their ability to re-establish this homeostasis during high salinity. Na+ influx, 

vacuolar compartmentation and Na+ contribute to the lower Na+ concentrations in 

cytoplasm (Hasegawa et al., 2000; Zhu, 2001J). Involvement of many ATPases, water 

channel proteins and ion transporters that are regulated by salt stress is crucial for ion 

homeostasis (Xiong and Zhu, 2001). Na+ influx is controlled by various ion 

transporters such as nonselective cation channels (NSCs), HKT1 and LCT1. 

Therefore, investigation of the function of transporters in preventing the Na+ influx is 

very crucial for enhancing salt tolerance (Tester and Davenport, 2003; Zhu, 2003).

7
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Na+ compartmentation is another way of reducing Na+ toxicity in the cytosol. 

Many salinity-tolerant plants use stored Na+ as an osmolyte in the vacuole to establish 

osmotic homeostasis (Flowers et al., 1977). Osmolytes or compatible solutes function 

in osmotic adjustment by lowering cellular osmotic potential to facilitate water 

absorption and restore intracellular salt concentrations (Yancey et al., 1982). 

Compatible solutes can also act as free-radical scavengers or chemical chaperones and 

directly stabilize cell membranes and proteins (Hare et al., 1998; Diamant et al., 

2001). For example, molecules such as proline and glycine-betaine have received 

significant attention with respect to their roles in maintaining osmotic homeostasis 

under salinity stress (Delauney and Verma, 1993; Chen and Murata, 2002). Transgenic 

studies have also demonstrated that increasing cellular concentrations of proline and 

glycine-betaine can increase the tolerance of plants to salinity stress.

In higher plant cells, Na+ ions are extruded from the cells or 

compartmentalized in their vacuoles mainly by Na+/H+ antiporters. Unlike animal, 

fungal or algal cells, plant cells do not appear to possess the Na+-ATPases for Na+ 

efflux; however, they possess a Na+/H+ antiporter (Blumwald et al., 2000) which 

removes Na+ from the cells or compartmentalizes it in their vacuoles. Plasma 

membrane and tonoplast localized antiporters use a pH gradient generated by P-type 

H+-ATPase and V-type H+-ATPases or H+-pyrophosphatases (PPase), respectively 

(Xiong and Zhu, 2002). The overexpression of a vacuolar Na+/H+ antiporter in 

Arabidopsis confers salt tolerance and demonstrates the importance of vacuolar 

transporters for plant salt tolerance (Apse et al., 1999). The overexpression of SOS1 

gene, which encodes a plasma membrane Na+/H+ antiporter also enhances salt

8
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tolerance in Arabidopsis and demonstrates that salt tolerance could be achieved by 

limiting Na+ accumulation in plant cells (Shi et al., 2003). Such studies provide a 

crucial insight into ion homeostasis processes and their regulation.

I.3.2.2. Detoxification of reactive oxygen species (ROS)

Salt stress as well as ionic and water stresses impose oxidative stress via the 

action of excess reactive oxygen species (ROS) such as hydrogen peroxide, hydroxyl 

radicals and superoxide anions. In response to such oxidative stress, plants produce 

stress-induced proteins, antioxidant compounds and ROS scavenging enzymes to 

detoxify the ROS (Xiong and Zhu, 2002; Apel and Hirt, 2004). In addition, as 

mentioned previously, the osmolytes that accumulate in plant cells in response to the 

osmotic stress imposed by salinity also possess free radical scavenging properties. 

ROS scavenging by osmolytes and stress-induced proteins is an effective way of 

coping with the deleterious effects of oxidative stress and such detoxification 

strategies have been utilized in generating many plants tolerant to salt stresses 

(Sakamoto et al., 1998). For example, the overexpression of superoxide dismutase 

(SOD), which catalyses the conversion of superoxide anion to hydrogen peroxides and 

water enhances tolerance to abiotic stresses such as salinity (Bohnert and Sheveleva,

1998). Transgenic tobacco plants overexpressing a cell wall peroxidase (Amaya et al.,

1999) and glutathione S-transferase (Roxas et al., 1997) have higher tolerance to salt 

stress, whereas transgenic plants with reduced catalase activity exhibit sensitivity to 

salt stress (Willekens et al., 1997). Studies of transgenic plants with altered levels of

9
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several enzymes involved in free radical scavenging further support an important role 

played by cellular antioxidant defense systems in protecting plants from salinity stress.

I.3.2.3. Growth regulation

The ability of plant cells to recover, maintain and improve the activity of 

physiological processes that are sensitive to salt is important for their tolerance to such 

stress (Xiong and Zhu, 2002). Salt stress inhibits plant growth and one reason for a 

reduction in growth rate is inadequate photosynthesis due to stomatal closure, which 

reduces uptake of carbon dioxide (Zhu, 200l a). Plant growth may also be reduced due 

to an inhibition of cell division, which was suggested based on the observation that a 

cyclin dependent-protein-kinase inhibitor ICK1 was up-regulated by abscisic acid 

(ABA; Wang et al., 1998). Indeed, during salt stress, the cellular concentrations of 

ABA increases which presumably induces the expression of ICK1, leading to 

decreased cell division as a result of inhibition of cyclin-dependent protein kinase 

(Zhu, 200 l a). Inhibition of cell expansion during salt stress is also possible as a result 

of lower concentrations of the phytohormones auxin, cytokinin, gibberellins and other 

growth promoting substances such as brassinosteroids (Zhu, 200 l a; Xiong and Zhu, 

2002).

10
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1.3.3. Perception of salt stress: the SOS pathway

During salinity stress the levels of cytosolic Ca2+, that are transported from the 

apoplast and intracellular compartments, increase, and this transient increase initiates 

stress signal transduction (Knight et al., 1997). During salt stress Ca2+ signaling is 

linked to the SOS pathway which helps to re-establish cellular ion homeostasis by 

extruding excess Na+ ions via the plasma membrane Na+/H+ antiporter (Zhu, 2002). 

SOS mutants were identified by Liu and Zhu (1998) through positional cloning and 

SOS genes (SOS1, SOS2 and SOS3) were genetically confirmed to function in a 

common pathway of salt tolerance (Zhu et al., 1998).

94- 94-The SOS3 gene encodes a Ca binding protein with Ca binding motifs and a 

myristoylation sequence (MGXXXST/K) at the N-terminus o f the protein (Liu and 

Zhu, 1998; Ishitani et al., 2000). Mutations in the SOS3 gene reduces its Ca2+ binding 

ability and impairs the ionic equilibrium, with the plants becoming sensitive to salt 

stress (Liu and Zhu, 1998). Interestingly, this defect was partially restored by the 

addition of exogenous Ca2+ in the medium which suggested that the mutations reduced 

the affinity of SOS3 for Ca2+ (Liu and Zhu, 1998). In response to the increased Ca2+,

94-even with a lower affinity, SOS3 binds Ca , interacts with an effector kinase and 

transduces downstream signals (Zhu, 2002).

SOS2 encodes a novel serine/threonine protein kinase that has an N terminal 

domain with homology to sucrose non-fermenting kinases (SNF), and a C terminal 

regulatory domain that possesses a 21 amino acid FISL/NAF motif (Albrecht et al.,

2001). In response to salt stress, the SOS2 mRNA was up-regulated in Arabidopsis
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(Liu et al., 2000). SOS3 interacts with SOS2 via the FISL motif, which is an 

autoinhibitory domain, and activates its kinase activity in a calcium-dependent manner 

(Halfter et al., 2000). When Arabidopsis double mutants (SOS3/SOS2) were tested for 

salt sensitivity, additive effects were not observed suggesting that SOS3 and SOS2 

function in the same pathway (Halfter et al., 2000). Furthermore, the constitutive 

over-expression of SOS2 rescued the salt-sensitive phenotype of both SOS2 and SOS3 

mutants, providing further evidence that both SOS3 and SOS2 function in the same 

pathway (Zhu, 2002; Chinnusamy et al., 2004). The SOS1 gene encodes a 127-kDa 

protein with an N-terminal region of 12 transmembrane domains and has sequence 

homology with the plasma membrane Na+/H+ antiporter and a C-terminal region with 

a long hydrophilic cytoplasmic tail, which was identified as the target of the SOS3- 

SOS2 pathway (Shi et al., 2000; Zhu, 2002).

Interaction of the SOS pathway with other proteins such as AtHKTl which is a 

low affinity Na+ transporter that mediates the Na+ entry into the root cells of 

Arabidopsis during high salt stress, has also been reported (Uozumi et al., 2000). A 

mutation in AtHKTl suppresses the SOS3 mutation, suggesting that the SOS3-SOS2 

complex negatively regulates the activity of AtHKTl during salt stress, and prevents 

Na+ entry into the cell (Rus et al., 2001; Zhu, 2002). The AtNHXl gene encodes a 

tonoplast Na+/H+ antiporter that functions in compartmentalizing the excess Na+ into 

the vacuole (Apse et al., 1999). Interaction of SOS2 with a CAX1 (H+/Ca2+) antiporter 

has also been demonstrated where activation of CAX1 via SOS2 assists in the

2d"maintenance o f Ca homeostasis (Cheng et al., 2004). From these observations it is 

clear that the SOS gene products play crucial roles in modulating plant responses to
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salt stress through complex interactions with other proteins involved in maintaining 

salt homeostasis in plant cells.

1.4. Osmotic stress signaling pathways

1.4.1. Plant responses to osmotic stresses

Plant cells adjust their water potential as per requirements o f the whole and 

significant changes in water potential may lead to osmotic stress in plants (Xiong and 

Zhu, 2002). Osmotic stress appears to be a common consequence of exposure to 

salinity, drought and low temperature stresses and the secondary stress signals such as 

ABA, ROS and phospholipids are also triggered in response to it (Hasegawa et al.,

2000). High salinity and drought conditions are the main causes of osmotic stress in 

plants, which disrupts normal cellular activity and results in a wide range of responses 

at the molecular, cellular and whole-plant level, and ultimately may lead to plant death 

(Hasegawa et al., 2000; Xiong and Zhu, 2002). Salt-induced osmotic stress changes 

include adjustment in ion transport and metabolic changes, whereas survival during 

freezing-induced osmotic stress may depend on prevention of ice nuclei formation 

(Chinnusamy et al., 2004). During osmotic stress many changes in gene expression 

occur and it is possible that multiple signal transduction pathways interact at various 

steps in individual pathways (Chinnusamy et al., 2004).
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1.4.2. Sensing systems

1.4.2.1. Kinase sensors

Our knowledge of stress sensors and their role in abiotic stress cross-talk is still 

not clear. Osmotic stress may be sensed by transmembrane protein kinases such as 

two-component histidine kinases (Urao et al., 2000) and wall associated kinases 

(Kohom et al., 2001). The two-component system consists of a sensory histidine 

kinase and a response regulator, functions as a stress sensor. For example, the 

transmembrane two component histidine kinase, HIK 33 in a cyanobacterium 

functions a thermosensor (Suzuki et al., 2000) whereas SLN1 in yeast and AtHKl in 

Arabidopsis function as osmosensors (Maeda et al., 1994). Na+ may be sensed by a 

membrane receptor and the Na+/H+ plasma membrane antiporter, SOS1, is a possible 

Na+ sensor and functioning as both a sensor and transporter o f Na+ (Zhu, 2003).

1.4.2.2. Calcium sensors

2_|_
As articulated above, Ca plays an important role in several physiological 

processes and regulates them through its action on effector proteins such as 

calmodulin (CaM), Ca2+-dependent protein kinases (CDPKs) and Ca2+ regulated 

phosphatases (Knight and Knight, 2001).

14
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I.4.2.2.I. Calmodulin (CaM)

CaM is involved in many biological responses during plant growth and 

development, as well as in response to various stress conditions. CaM contributes to 

the sensing of Ca2+ signals under various stress conditions (Bouche et al., 2005). CaM  

genes are activated in response to salinity stress in tomato (Delumeau et al., 2000), 

mung bean (Botella and Arteca, 1994). In tobacco a Ca2+CaM-binding kinase 

(NtCBK2) is induced by high salt (Hua et a l, 2003); and the CaM-binding protein 

(CaMBP), AtCaMBP25, is induced by salinity, cold, mannitol and dehydration 

(Perruc et al., 2004). CaM is most likely a regulatory component during salinity and 

osmotic stress as well as being associated with signaling pathways responding to 

various other environmental stresses (Bouche et al., 2005). ACA4 encodes a vacuolar 

Ca2+-ATPase containing CaM-binding proteins in Arabidopsis and yeast mutants 

expressing a full-length or a truncated form of ACA4 demonstrate tolerance to osmotic 

stresses (Geisler et al., 2000).

I.4.2.2.2. Ca2+ dependent protein kinases (CDPKs)

CDPKs are calmodulin-independent serine/threonine kinases that play crucial

9+roles in stress- and Ca 'mediated signal transduction (Stone and Walker 1995; 

Poovaiah et al., 1996; Sheen, 1996). A large family of CDPKs has been implicated in 

signaling pathways that respond to various abiotic stresses. Induction of OsCDPK7 

by cold or salt stress in rice (Saijo et al., 2000) and implication of AtCDPKl and
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AtCDPK2 iso forms of Arabidopsis in salt and drought stress suggested that individual 

CDPK isoforms are involved in specific signalling pathways (Urao et al., 1994; Sheen,

1996). The CDPK substrate protein 1 (CSP1) in the common ice plant

94-(.Mesembryanthemum crystallinum) phosphorylates CSP1 in a Ca -dependent manner 

and salt stress induces the co-localization of McCDPKl and CSP1 in the nucleus of 

ice plants providing further evidence for the role o f CDPKs in signaling events 

following salt stress (Patharkar and Cushman, 2000).

I.4.2.2.3. Ca2+ regulated phosphatases

Serine/threonine phosphatases (PPases) are a group of proteins that interact 

with Ca2+ to effect an end response (Luan, 1998) and it includes calcium sensor

94-proteins such as calcineurin B (Kudla et al., 1999). SOS3, encodes a Ca binding 

protein, has significant similarity to the regulatory subunit of yeast calcineurin, and is 

involved specifically in salt stress tolerance (Liu and Zhu, 1998). Cold-induced

9_l_
inactivation of protein phosphatase is controlled by Ca influx in alfalfa (Monroy, 

1998). The ABI1 and ABI2 proteins are homologous to type-2C PPases, and have 

been suggested as negative regulators in the early stages of ABA signal transduction 

(Sheen, 1998; Gosti et al., 1999). These studies suggest that calcium, a secondary 

messenger during abiotic stress signalling, regulates kinases and phosphatases 

involved in the signal transduction and may serve as nodes at which cross-talk can 

occur (Knight, 2000; Knight and Knight, 2001; Chinusamy et al., 2004).
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1.4.3. MAPK cascades

In plants, mitogen-activated protein kinases (MAPKs) are activated by 

hormones, abiotic and biotic stresses (Tena et al., 2001). The phosphorylation cascade 

of mitogen-activated protein kinases typically consists o f a MAP kinase kinase kinase 

(MAPKKK), a MAP kinase kinase (MAPKK), and a MAP kinase (MAPK) (Knight 

and Knight, 2001). MAPKs transfer information from sensors to cellular responses 

and play a very important role in signal transduction pathways (Tena et al., 2001; 

Nakagami et al., 2005). Activation of MAPKs in response to various abiotic stresses 

has been reported: in alfalfa, activation of osmo-sensing protein kinase SIMK (salt 

stress inducible MAPK) in response to hyperosmotic stress (Munnik et al., 1999); in 

tobacco, activation of SIPK (salicylic acid-induced protein kinase) by hyperosmotic 

stress (Mikolajczyk et al., 2000); in Arabidopsis, activation of AtMPK3 in response to 

salt stress (Mizoguchi et al., 1996) and AtMPK4 and AtMPK6 in response to salt, cold 

and low humidity (Ichimura et al., 2000), and in rice, activation of OsMAPK5 in 

response to abscisic acid and various biotic and abiotic stresses (Xiong and Yang,

2003) have been reported. Activation of the MAPK cascade by reactive oxygen 

species (ROS) has also been demonstrated; it includes activation of ANP1 (ANP1; 

Arabidopsis Nicotiana protein kinase (NPK)l-like protein kinase; Kovtun et al., 2000) 

and AtMPK3, AtMPK6 and its positive regulator, NDPK2 (nucleoside diphosphate 

kinase 2; Moon et al., 2003) by H2 O2 . MAP kinase phosphatases (MKPs) are the 

negative regulators of MAPKs. Arabidopsis MKP1 plants exhibit increased resistance 

to salinity and microarray analysis indicated the negative regulation of an Na+/H+
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antiporter (Ulm et al., 2002). Similarly many others studies have also demonstrated 

involvement of the MAPK cascades in various abiotic and biotic stresses, suggesting a 

very crucial role of MAPK in cross-talk during abiotic stress signaling (Chinnusamy et 

a l, 2004).

Overexpression of the rice OsMAPK5 gene (using the 35S cauliflower mosaic 

virus promoter) increases tolerance to drought, salt, and cold stresses and its 

suppression (using double-stranded RNA interference; dsRNAi) enhances resistance to 

fungal (Magnaporthe grisea) and bacterial (Burkholderia glumae) pathogens and 

reduces abiotic stress tolerance (Xiong and Yang, 2003). Suppression of OsMAPK5 

expression also results in constitutive expression of pathogenesis-related (PR) genes, 

such as PR 1 and PR 10, suggesting that OsMAPK5 can negatively modulate the 

expression of PR genes and positively regulate abiotic stress tolerance (Xiong and 

Yang, 2003).

1.4.4. ABA and osmotic stress signalling

ABA is a crucial phytohormone that regulates many aspects of plant 

development such as seed development, synthesis of seed storage proteins and lipids, 

seed dormancy and desiccation tolerance of seeds (Finkelstein et a l, 2002). In 

addition to the broad role of ABA in plant growth and development, it also plays a 

critical role in response to various abiotic stresses such as regulation o f water balance 

and osmotic stress tolerance and therefore, it is also known as a stress hormone 

(Shinozaki and Yamaguchi-Shinozaki, 2000). During salt and drought stress, ABA
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controls guard cells and induces genes that encode dehydration tolerance (Finkelstein 

et al., 2002; Zhu, 2002). Various abiotic stresses result in cell desiccation as well as 

osmotic imbalance, and the overlap in expression pattern of stress genes after various 

abiotic stresses suggests that ABA and various abiotic stress signals share common 

signaling pathways during cross-talk (Shinozaki and Yamaguchi-Shinozaki, 2000; 

Finkelstein et al. , 2002).

There are at least two pathways, ABA-dependent and ABA-independent, that 

regulate stress-responsive genes during osmotic stress (Shinozaki and Yamaguchi- 

Shinozaki, 2000; Finkelstein et al., 2002). Although genetic analysis demonstrates 

that there is no clear demarcation between ABA-dependent and -independent 

pathways, it has been reported that ABA-dependent signalling pathways play a more 

crucial role in stress-responsive gene expression during osmotic stress (Xiong et al., 

2002). Many genes such as RD29A, RD22, COR15A, COR47 and P5CS are regulated 

by ABA during osmotic stresses (Xiong et al., 2001).

1.4.5. Transcription factors

In the past few years significant progress has been made in understanding the 

transcriptional regulation of some stress responsive genes. Many stress-responsive 

genes contain cA-elements such as the drought responsive element (DRE), the abscisic 

acid responsive element (ABRE) and the MYC recognition sequence (MYCRS), and 

MYB recognition sequence (MYBRS) in their promoters (Leung and Giraudat, 1998; 

Zhu, 2002). Many cold stress regulated genes contain DRE/C-repeat (CRT) cis-
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DRE/C-repeat (CRT) c/.v-element in their promoter which has the core sequence 

CCGAC (Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger, et al., 1997).

The ABA-dependent pathway activates basic leucine zipper transcription 

factors such as ABRE-binding protein (AREBs)/ABRE-binding factors (ABFs) which, 

in turn, induce stress-responsive genes (Figure 1-1; Xiong et al., 2002). Expression 

studies of RD29A suggested that its promoter contains both ABRE and DRE/CRT 

elements and that it can be activated by ABA-dependent and independent pathways 

(Narusake et al., 2000). A negative regulator of cold-induced CBF transcription was 

identified as high expression of osmotic responsive 1 (HOS1; Ishitani et al., 1998). 

HO SI encodes a novel protein that contains a RING-finger motif, which may function 

in the degradation of CBF, DREB1 and in the induction of CBF expression 1 (ICE1) 

proteins (Lee et al., 2001). The HOS1 and HOS2 loci encode signaling components 

and regulate gene expression only in response to ABA and osmotic stresses (Ishitani et 

al., 1998; Lee et al., 1999).
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Figure 1-1. Transcriptional regulatory networks of cA-acting elements and 

transcription factors involved in stress-responsive gene expression. Various 

transcription factors triggered in response to abiotic stresses (top) are shown in ellipses 

(middle) and civ-acting elements involved in stress-responsive transcription are shown 

in boxes (bottom). Salinity and drought activates DREB2A, DREB2B, bZIP and 

MYB/MYC transcription factors which interact with CRT/DRE, ABRE or 

MYBRE/MYCRE elements in the promoter of stress genes. Cold temperature 

activates the transcription of CBF/DREB1 family of transcriptional activators. 

CBF/DREB1 proteins bind to DRE/CRT civ-elements in promoters of 

RD/COR/LT1/KIN genes and activate the expression of these genes. HOS1 functions 

as a negative regulator o f ICE1. ABA-dependent abiotic stress signalling is mediated 

in part through IP3 and Ca2+. FRY1 functions as a negative regulator of IP3 during 

drought, cold and ABA-responses and ABI functions as a negative regulator for ABA 

signalling (Zhu, 2001b; Xiong et al., 2002; Zhu, 2002; Shinozaki et al., 2003; Mahajan 

and Tuteja, 2005; Yamaguchi-Shinozaki and Shinozaki, 2006).
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During osmotic stress signaling DREB2A and DREB2B transcription factors 

activate the DRE c/T-elements of a stress-responsive genes in ABA-independent 

pathways (Liu and Zhu, 1998); however, transgenic analysis o f CBF4, a DREB1 

related transcription factor, suggested that regulation of DRE elements can also be 

mediated by an ABA-dependent pathway (Haake et al., 2002). In Arabidopsis, the 

transcription factors DREB1 (or CBF) and DREB2 bind to the DRE/CRT civ-acting 

elements which further activate the transcription of various stress responsive genes 

(Liu and Zhu, 1998; Shinozaki and Yamaguchi-Shinozaki, 2000; Figure 1-1).

Stress responsive genes such as RD22 contain MYCRS (MYC recognition 

sequence) and MYBRS (MYB recognition sequence) elements and transcription 

factors RD22BP1 (a MYC transcription factor), AtMYB2 (a MYB transcription 

factor) bind to these recognition sequences thus activating their expression (Abe et al.,

1997). The SCOF-1 (soybean zinc finger protein) transcription factor which is 

responsive to ABA and cold, was isolated from Soybean and failed to bind to 

CRT/DRE or ABRE elements. However, yeast two-hybrid studies revealed interaction 

of SCOF1 with SGBF1 (Soybean G-box binding bZIP transcription factor). 

Furthermore, in vitro DNA binding activity o f SGBF1 to ABRE elements greatly 

enhanced the levels of SCOF1 (Kim et al., 2001). Therefore, it was suggested that 

interaction of SCOF1-SGBF1 regulates stress-responsive gene expression via the 

ABRE in the ABA-dependent pathway (Kim et al., 2001). A zinc finger 

transcriptional repressor (STZ/ZAT10) may also regulate stress-responsive gene 

expression in Arabidopsis. LOS2 (low expression o f osmotically responsive genes) 

encodes an enolase and acts as a repressor of STZ/ZAT10 (a zinc finger transcriptional
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repressor) (Lee et al., 2002). Transcription factors such as CBF/DREB1 and DREB2 

belong to the Apetala 2 (AP2)/ ethylene response element binding protein (EREBP) 

family, which binds to DRE/CRT c«-element and activate transcription of genes 

RD29A, RD17, COR 6.6, COR 15a, ERD10, KIN1, KIN2 and others in response to 

cold and water stress (Liu et al., 1998; Jaglo et al., 2001; Yamaguchi-Shinozaki and 

Shinozaki, 2006).

1.4.6, Phospholipids signaling during osmotic stress

The plasma membrane plays a crucial role in perception and transmission of 

external stimuli. Osmotic stress results in changing the phospholipid composition in 

plants and may serve as a precursor to generate signaling molecules like inositol 1,4,5- 

triphsophate (IP3), diacyl glycerol (DAG) and phosphatidic acid (PA) (Xiong and Zhu, 

2002; Mahajan and Tuteja, 2005). One of the most studied phospholipases, 

phospholipase C (PLC), catalyzes the hydrolysis o f phosphatidylinositol 4-5- 

bisphosphate (PIP2) to generate the secondary messengers IP3 and DAG (Xiong and 

Zhu, 2002) which may activate protein kinase C and trigger Ca2+ release. In 

Arabidopsis, IP3 levels increase under salt stress (Dewald et al., 2001) and osmotic 

stresses (Takahashi et al., 2001). During salt stress, IP3 increases Ca2+ levels, which 

leads to stomatal closure and water retention in cells (Sanders et al., 1999). 

Transgenic studies describing the overexpression of inositol polyphosphate 5- 

phosphate (Ins-5-Pase) have suggested that modification of Ins 5-Pase may regulate 

IP3 levels and affect stress and ABA signal transduction (Burnette et al., 2001).
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Drought or salt stress also increases PI-PLC isoforms in Arabidopsis (Hirayama et al., 

1995) and potato (Kopka et al., 1998). Phospholipase D (PLD) is involved in 

membrane lipid hydrolysis, cell signaling and cleaving membrane phospholipids to 

produce PA and free head groups (Katagiri et al., 2001). Osmotic stress activates 

phospholipase D (PLD) activity in tomato and alfalfa (Munnik et al., 2000). 

Overexpression of PLD £ in Arabidopsis enhances freezing tolerance (Li et al., 2004).
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1.5. Genetic engineering strategies for abiotic stress tolerance in plants

Abiotic stresses such as salinity, drought, low and high-temperatures, as well 

as oxidative stresses, are often interlinked and they activate similar signalling 

pathways that may induce similar cellular damages (Knight and Knight, 2001; Zhu et 

al., 2002; Wang et al., 2003; Vincour and Altman, 2005). From the literature 

presented earlier it is clear that the mechanism (s) o f abiotic stress signalling is very 

complex and poorly understood. However molecular, physiological, biochemical, 

genomic, proteomic and transcriptomic approaches have revealed a large number of 

genes and proteins responding to abiotic stresses. Increased understanding of the 

regulation of gene expression in response to various abiotic stresses has also revealed 

the involvement of complex gene networks and cross-talk in mediating abiotic stress 

responsive gene expression (Shinozaki et al. , 2003).

Proteome analysis (using two-dimensional gel electrophoresis and mass 

spectrometry, Salekdeh et al., 2002; Askari et al., 2006) and transcriptome analysis 

(using microarrays, Ozturk et al., 2002; Wong et al., 2006) are powerful tools to 

analyze protein and transcript levels and studies using such techniques have resulted in 

identification of several genes induced by abiotic stresses. Gene expression studies in 

various species suggest that plant responses to abiotic stresses may be ubiquitous and 

mediated through similar mechanisms. The number of genes involved in mediating 

abiotic stress tolerance can be categorized into the following groups (as described 

below) and genes from each of these groups have been utilized for making transgenic 

plants tolerant to abiotic stress conditions (Table 1-1).
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Table 1-1. Transgenic strategies for enhancing abiotic stress tolerance

Mechanism Gene
(Species)

Effects on transgenic plants/ 
comments

References

AtNHXl Salt stress tolerance Apse
(Arabidopsis et al., 1999

thaliana)
AtNHXl Enhanced salt tolerance; salt Zhang

(B. napus) accumulates in foliage but not in fruit et al., 2001

AtNHXl Enhanced salt tolerance; seed yield and Zhang and
(.Lycopersicon oil quality are not affected by soil Blumwald,
esculentum) salinity 2001

HAL1 Yeast HAL1 gene increases fruit yield Rus
(Cucurbita and enhances K+/Na+ selectivity under et al., 2001

ft J- .©4->.: u  : "i
melo) salt stress

a• ...
..© AVP1 Vacuolar H+-pyrophosphatase Gaxiola

S3 .■: .**
03
c
«u

u- .
(A. thaliana) enhances drought and salt tolerance et al., 2001

© C: ■ SOS1 SOS1 gene encoding a plasma Shi
o (A. thaliana) membrane Na+/H+ antiporter, improves et al., 2003

salt tolerance; less Na+ accumulates in
xylem transpirational stream and in
shoot

NtHAL3 NtHAL3 gene inhibits the activity of Yonamine
(N. tabacum) protein phosphatases and increases et al., 2004

levels of proline and salt tolerance
AtNHXl Enhances salt tolerance Xue
(Tritivum et al., 2004
aestivum)
AtNHXl Enhances salt tolerance He

(<Gossypium et al., 2005
hirsutum)

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SsVP 
(A. thaliana)

Vacuolar H+-pyrophosphatase gene, 
SsVP, enhances salt and drought 
tolerance

Guo
et al., 2006

CBF1 Induces COR genes and enhances Jaglo-
(A. thaliana) freezing tolerance Ottosen

et al., 1998
DREB1A Drought, salt, and freezing tolerance Kasuga

(A. thaliana) et al., 1999

H 0S2 Enhances expression of RD29A and Lee
(A. thaliana) other stress genes in HOS mutants and et al., 1999

enhances freezing tolerance
CBF3 Increases freezing tolerance of cold- Gilmour

(A. thaliana) acclimated plants et al., 2000
c0) CBFs Induces expression o f Arabidopsis CBF- Jaglo

(Brassica targeted orthologs, increased freezing et al., 2001
+*93 napus) tolerance in non-acclimated and cold-
4>s. acclimated plants
&Dc AtGSKl Overexpression of Arabidopsis Piao

IZ)S_ (A. thaliana) homologue of GSK3/shaggy-like et al., 2001S3
C o-t* kinase, AtGSKl, enhances tolerance toM W

tS salt stress
fl si CBF1 Induces catalase; increases chilling Hsieh
& o (L. esculentum) tolerance et al., 20024.O '£ CBF4 Activates C-repeat/ dehydration Haake
« VIsi (A. thaliana) responsive elements and freezing and et al., 2002
si et

u drought toleranceo H ABF3/ABF4 ABA hypersensitivity and other ABA- Kang
"E (A. thaliana) associated phenotypes and enhances et al., 2002
Vc drought tolerance
«s- Spl7 Mutant analysis of rice spotted leaf Yamanouc
H (Oryza sativa) gene, Spl7 suggestes this is a heat stress hifN
irl transcription factor protein et al., 2002

AtDREB2A EREBP/AP2-type DNA binding protein Shen
(Nicotiana AtDREB2A increases the tolerance to et al., 2003
tabacum) salt
At MYC 2 ABA-induces gene expression of rd22 Abe
A t MYB 2 and AtADHl; AtMYC2 and AtMYB2 et al., 2003

(A. thaliana) functions as transcriptional activator of
ABA induces gene expression under
drought stress

NPK1 Constitutive expression of the Nicotiana Shou
{Zea mays) protein kinase 1 (MAYKKKJNPK1) et al., 2004

gene enhances freezing tolerance
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ABF3 
(A. thaliana)

Enhances freezing, heat and oxidative 
stress tolerance

Kim
et al., 2004

OSISAP1 
(A. thaliana)

Overexpression of a zinc-finger protein 
enhances tolerance to cold, dehydration, 
and salt stress

Mukhopad
hyay
et al., 2004

CpMYBlO Overexpression of CpMYBlO cDNA Villalobos
(A. thaliana) enhances desiccation and salt tolerance et al., 2004

HOS9 HOS9, a homeodomain transcription Zhu
(A. thaliana) factor gene, enhances cold tolerance et al., 2004

through a CBF-independent pathway
vsI* CBF3 Increases tolerance to abiotic stresses Oho

and ABF3 et al., 2005
tS (Oryza sativa)
co AREB1 Enhances drought stress tolerance Fujita
+*a (A. thaliana) et al., 2005

cSJ S.CJ M BFlc Expression of transcriptional co­ Suzuki
bJD
"O = (A. thaliana) activator multi protein bridging factor et al., 2005

t-
H lc (M BFlc) enhances tolerance of

transgenic plants to bacterial infection,
bfl
.5

heat, and osmotic stress

a CaPFl Overexpression of an ERF/AP2 pepper Tang
•SP (Pinus transcription factor (CaPFl) enhances et al., 2005

virginiana) tolerance to heavy metals and heat stress
OsCDPK? Over-expression of a Ca2+-dependent Saijo

s-o (0. sativa) protein kinase enhances cold, salt and et al., 2000
CJ drought tolerance and induces
c expression of RAB16
o
’-M NPK1 Increases tolerance to heat shock, Kovtun
a*
*E (N. tabacum) freezing and salt stress et al., 2000
tj AtNDPK2 Overexpression of AtNDPK2 (NDP Moon
cl (A. thaliana) kinase2) induces AtMPK3 and 6\ et al., 2003
H enhances multiple stress tolerance
<N V)o OsMAPKS Increases tolerance to drought, salt and Xiong and

cb
fl ('0 . sativa) cold stresses Yang, 2003

BvCaM Overexpression of bovine CaM Olsson
(N. tabacum) enhances germination under saline et al., 2004

conditions
AtCaMBP25 Inhibition of seedling germination under Perruc
(A. thaliana) saline and osmotic conditions suggests et al., 2004

that AtCAMBP25 is a negative regulator
of osmotic stress response

SRK2C Overexpresion of SRK2C, a SNF1- Umezawa
(A. thaliana) related protein kinase 2, enhances et al., 2004

drought tolerance
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CNAtr 
(O. sativa)

Expression of a calcineurin gene, a 
Ca +and calmodulin dependent 
serine/threonine phosphatases, enhances 
salt stress tolerance

Ma
et al., 2005

Cu/Zn-SOD Overexpression of a pea gene encoding Gupta
(N. tabacum) chloroplast-localized Cu/Zn SOD et al., 1993

increases resistance to oxidative stress
CuZn-SOD Overexpression of pea cytosolic Cu/Zn- Pitcher and

(N. tabacum) SOD  gene enhances resistance to ozone- Zilinskas,
induced foliar necrosis 1996

Mn-SOD Enhances water deficit stress tolerance McKersie
(Medicago et al., 1996

sativa)
Fe-SOD Enhances oxidative stress tolerance Van Camp

■ a- 1:o (N. tabacum) et al., 1996
d GST  and GPX Overexpression of a cDNA encoding an Roxas

■: .-W (N. tabacum) enzyme with both glutathione S- etal., 1997
. Kv: 0: transferase (GST) and glutathione

. peroxidase (GPX) activity enhances
seedling growth during chilling and salt

'to.'.-.:':'-- stress
: W) ' ■ fl APX Increases protection against oxidative Wang

W3C c€3 (N. tabacum) stress et al.,
o "O'■ «p* 1999b
CJ A;:g : Fe-SOD Increases winter survival and no McKersie

■ rss:
■ *-3

13
<

(M. sativa) oxidative stress tolerance et al., 2000

■: C3 2- Aldose- Protects against lipid peroxidation Oberschall
£ aldehyde during drought and oxidative stresses et al., 2000

... reductase
E
«i. (N. tabacum)

o  . ChyB Overexpression of chyB gene which Davison
m (A. thaliana) encodes beta-carotene hydroxylase (an et al., 2002

enzyme in zeaxanthin biosynthesis)
increased xanthophyll pool increases
tolerance to high light and high
temperature stress conditions

SOD Increases tolerance to oxidative stress Tertivanidi
(Beta vulgaris) s

et al., 2004
GPX Plants expressing a glutathione Yoshimura

(N. tabacum) peroxidase like protein in the cytosol et al., 2004
(TcGPX) or chloroplasts (TpGPX)
enhances oxidative stress
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Mn-SOD 
(0. sativa)

Enhances drought tolerance Wang 
et al., 2005

mtlD Overexpression of mtlD gene which Tarczynski
(N. tabacum) encodes mannitol 1-phosphate et al., 1993

dehydrogenase enhances salt tolerance

P5CS D 1 -pyrroline-5-carboxylate synthetase Kishor
(.Nicotiana gene overexpression increases proline et al., 1995
tabacum) production and conferrs increased

osmo-tolerance
IMT1 Transgenics expressing cDNA encoding Sheveleva

(N. tabacum) myo-inositol O-methyltransferase et al., 1997
(.IMT1) accumulates D-ononitol and

53 enhances salt and drought tolerance
© • M codA Overexpression of codA gene for Hayashi
© (A. thaliana) choline oxidase (enzyme that converts et al., 1997

€ choline into glycinebetaine) enhances
o'*«■» accumulation of glycinebetaine andw

tolerance to salt and cold stress
©at stpdl Transgenics expressing a cDNA Sheveleva
W
WD (N. tabacum) encoding sorbitol-6-phosphate et al., 1998
C
'Sd to dehydrogenas (Stpdl) hyper
<u

©
accumulates sorbitol which leads to

>■S3 13
© osmotic imbalance and necrotic lesions

©to Sto ProDH Antisense transgenics with an AtProDH Nanjo
13 © • PN

W (A. thaliana) cDNA encoding proline dehydrogenase et al., 1999
-D
© (ProDH) accumulates proline and
J-
S- enhances freezing and salinity tolerance

£ CodA Enhances tolerance to salt stress Prasadto©
s (Brassica et al., 2000
©

O juncea)
OtsA  and Overexpression of trehalose Garg

•rl OtsB biosynthetic genes (otsA  and otsB) et al., 2002
(0. sativa) enhances trehalose accumulation and

conferres high tolerance levels to
different abiotic stresses

CodA Enhances salinity tolerance Mohanty
(0. sativa) et al., 2002
Glyoxalase Enhances salinity tolerance Singla-

lo r  II Pareek
(.N. tabacum) et al., 2003

mtlD Expression of the mtlD gene for the Abebe
(Triticum biosynthesis of mannitol in wheat et al., 2003
aestivum) improves tolerance to water stress and

salinity
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TPSP 
{0. sativa)

Expression of a bifunctional fusion 
(TPSP) gene for trehalose-6-phosphate 
(T-6-P) synthase (TPS) and T-6-P 
phosphatase (TPP) increases trehalose 
accumulation and abiotic stress 
tolerance

Jang
et al., 2003

Adc Expression o f Datura adc gene Capell
(0. sativa) modulates polyamine biosynthetic et al., 2004

pathway and confers tolerance to
drought stress

Spermidine Enhances tolerance to multiple Kasukabe
o synthase environmental stresses and up-regulates et al., 2004

(A thaliana) the expression of various stress-
regulated genes such as DREB and
stress-protective proteins like rd29A

Glyoxalase Glyoxalase overexpression enhances Singla-
lo r  II heavy-metal (zinc) tolerance and Pareek

(TV. tabacum) restricted methylglyoxal accumulation et al., 2006
and less lipid peroxidation in transgenic
plants

HSF1 Increases heat shock proteins and Lee
(A. thaliana) enhances thermo tolerance et al. 1995

H spl 7.7 Carrot Hspl 7.7 gene constitutively Malik
(Daucus expressing (CaS lines) or expressing a et al., 1999
carota) heat inducible antisense RNA (AH

I K lines) demonstrates increased or
©u decreased thermo-tolerance,

e a respectively
• hN Cl

i f l Hsp21 Enhances tolerance to oxidative stress Hamdahl
OU T3 (A. thaliana) et al., 1999C.
'"O

©© DnaKl Enhances salt tolerance Sugino
a. (N. tabacum) et al., 1999

TSs. X AtHSP17.6A At-HSP17.6A, encoding a small heat- Sun
cr(/} (A. thaliana) shock proteins (smHSPs) enhances salt et al., 2001
u and drought tolerance
in HSP101 Overexpression of AthsplOl results in Katiyar-Tf (■0. sativa) significant improvement of growth Agarwal

performance during heat stress et al., 2003
HVA1 Enhances tolerance to water deficit and Xu

(0. sativa) salt stress et al., 1996
-< HVA1 Improves biomass productivity under Sivamani

(Triticum water deficit et al., 2000
hJ aestivum)

WCS19 Overexpression of WCS19 which is Ndong
(A. thaliana) related to group 3 LEA proteins et al., 2002
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demonstrates increased freezing 
tolerance

HVA1 
(0. sativa)

Enhances dehydration tolerance via cell 
membrane protection

Chandra
Babu
et al., 2004

L
E

A
WCOR410

(Strawberry)
Overexpression of a wheat acidic 
dehydrin gene ( WCOR410) enhances 
freezing tolerance in strawberry cultivar 
(Fragaria X anassassa cv. Chambly)

Houde 
et al., 2004

DHN  
(A. thaliana)

Dehydrin (DHN) overexpression 
enhances freezing tolerance

Puhakainen 
et al., 2004

PLDz 
(A. thaliana)

Phospholipase D (PLD&) enhances 
freezing tolerance

Li et al., 
2004

O
th

ei PDH45 
(N. tabacum)

Overexpression o f pea DNA helicase 45 
exhibits homology with translation 
initiation factor eIF-4A and enhances 
salt tolerance

Sanan- 
Mishra 
et al., 2005
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1.5.1. Pathogenesis-related (PR) 10 proteins and their role in planta

In response to various biotic and abiotic stresses plants manifest adaptive 

responses by producing or accumulating pathogenesis-related (PR) proteins (Jwa et 

a l,  2001). PR proteins are widely present in the plant kingdom in monocots and 

dicots; they are expressed during development in a tissue-specific manner, and are 

differentially induced by different stress conditions, suggesting that these proteins 

have a general role in plant defense systems (Van Loon and Van Strien, 1999). Based 

on amino acid sequence homology, serological relationship and biological activity, PR 

proteins are grouped into at least 14 different classes (Van Loon et al., 1994; Van 

Loon and Van Strien, 1999). Although the biological function of many PR proteins 

remains unknown, many PR proteins have been recognized as chitinases (PR 3, 4, 8 

and 11), (3-1, 3-glucanases (PR 2), thaumatin-like proteins (PR 5), proteinase 

inhibitors (PR 6), endoproteinase (PR 7), peroxidases (PR 9) and defensins (PR 12) in 

different plant species (Van Loon et al., 1994; Van Loon and Van Strien, 1999).

Most of the PR proteins are secreted, a notable exception to this rule are 

proteins that belong to the class 10 family of PR proteins (PR 10), also known as 

intracellular pathogenesis-related proteins (IPR; van Loon et al., 1994), which were 

first described in cultured parsley cells upon elicitor treatment (Somssich et al., 1988). 

PR 10 proteins are small (15-18 kDa), acidic pi, cytosolic (van Loon et al., 1994; 

Markovic-Housley et al., 2003), and resistant to proteases (Warner et al., 1994). 

Cytokinin-specific binding proteins (CSBP; Fujimoto et al., 1998) and major latex 

proteins (MLP; Osmark et al., 1998) are also included in the PR 10 class on the basis 

of their sequence homology. PR 10 proteins have amino acid sequence similarity with
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a major food allergen o f celery and pollen allergens of trees (Warner et al., 1994), and 

includes proteins such as Bet v 1 and Ara h 8 (Mittag et al., 2004).

The ubiquitous PR 10 proteins are present in a variety o f anthophytes including 

both monocotyledonous and dicotyledonous plants (Biesiadka et al., 2002); they are 

developmentally regulated in certain tissues and constitutively expressed in different 

plant organs such as flowers (Breiteneder et al., 1989, Warner et al., 1994, Constable 

and Brisson, 1995), pollen grains (Apold et al., 1981), fruits (Vanek-Krebitz et al., 

1995) and vegetative organs (Crowell et al., 1992; Mylona et al., 1994; Warner et al., 

1994; Breiteneder et al., 1995; Liu and Ekramodoullah, 2003). PR 10 proteins are 

induced by pathogen attack in a wide variety o f plants (Fristensky et al., 1988; 

Somssich et al., 1988; Ekramoddoullah et al., 1998; McGee et al., 2001; Park et al., 

2004; Liu et al., 2006), as well as in response to abiotic stresses such as salinity 

(Moons et al., 1997; Borsics and Lados, 2002; Hashimoto et al., 2004), drought 

(Hashimoto et al., 2004), heavy metals (Utriainen et al., 1998), ultraviolet radiation 

(Rakwal et al., 1999), ozone stress (Agarwal et al., 2002) and cold (Ekramoddoullah 

et al., 1995, 1998; Liu et al., 2003). These studies suggest that PR 10 proteins have a 

crucial role in plant defense against abiotic and biotic stresses as well as in general 

growth and development (Crowell et al., 1992; Barratt and Clark, 1993; Sikorski et 

al., 1999; Osmark et al., 1998; Wu et al., 2003). The constitutive expression of pea 

PR 10 in potato confers resistance to potato early dying disease caused by Verticillium 

dahliae (Chang et al., 1993) whereas there is no resistance to blackleg disease in 

canola (Leptosphaeria maculans; Wang et al., 1999b). However, interestingly, no
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transgenic approach has been utilized to evaluate the utility o f any PR 10 gene in 

abiotic stress tolerance.

During the last decade many studies have been performed on PR 10 proteins 

but the exact biological function(s) o f these proteins in planta remains unclear. The 

sequence similarities between a ginseng ribonuclease and PR 10 proteins suggested 

that these proteins possess RNase activity (Moiseyev et al., 1994). PR 10 proteins 

from Betula spp. Bet v 1 (Bufe et al., 1996; Swoboda et al., 1996), white lupin 

(Bantignies et al., 2000), Pachyrrhizus erosus (Wu et al., 2002), cotton (Zhou et al.,

2002), hot pepper (Park et al., 2004) and Solanum spp. (Liu et al., 2006) possess 

RNase activity, suggesting that these proteins are involved directly in defense against 

pathogenic infections or during programmed cell death around infection sites (Liu and 

Ekramoddoullah, 2004). Such a role has been demonstrated in PR 10 protein from hot 

pepper which functions as a ribonuclease in an antiviral pathway (Park et al., 2004). 

RNase activity of pollen grains has been suggested to be involved in recognition and 

self-incompatibility during fertilization (Huang et al., 1994; Swoboda et al., 1996), 

and identification o f PR 10 protein in the tapetum of lily anthers suggests a potential 

role in the sporopollenin synthesis pathway (Bolsamo et al., 1995). PR 10 gene 

expression is activated by ABA in pea (Iturriaga et al., 1994), by cytokinins in 

periwinkle callus (Carpin et al., 1998), by jasmonate in rice (Hashimoto et al., 2004), 

as well by other phytohormones in other plant species. PR 10 proteins also bind many 

types of molecules such as cytokinins (Fujimoto et al., 1998; Gonneau et al., 2001; 

Mogensen et al., 2002), brassinosteroids (Markovic-Housley et al., 2003), fatty acids 

and flavonoids (Mogensen et al., 2002) suggesting that these proteins are involved in
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general plant growth and development (Liu and Ekramodoullah, 2003; Markovic- 

Housley et a l, 2003). ABA-responsive proteins (e.g. pea ABR17) are homologous to 

dehydrins and late embryogenesis abundant (LEA) proteins (Skriver and Mundy 1990; 

Close et al., 1993), which play a protective role against the deleterious effects of 

dehydration (Pneuli et al., 2002). Therefore, it is possible that ABR17 proteins may 

have a function similar to dehydrins or LEA.

Many members of the Fabacae family possess PR 10 proteins: drr49 in pea 

(Pisum sativum-, Fristensky et al., 1985; 1988); Abscisic acid (ABA) responsive ABA 

17 and ABR 18 in pea (Iturriga et a l, 1994); PvPRl and PvPR2 in bean (Walter et al., 

1990); SAM22 and H4 in soybean (Glycine max', Crowell et al., 1992); MsPR 10 in 

alfalfa (Medicago truncatula; Breda et al., 1996; Gamas et al., 1998); LaPR 10 in 

white lupin (Lupinus albus; Bantignies et al., 2000); L1PR 10 in yellow lupine 

(Lupinus luteus\ Sikorski et al., 1995); SPE16 in yam-bean (Pachyrhizus erosus; Wu 

et al., 2002); desert legume (Retama raetam; Pneuli et al., 2002) and proteins with 

allergenic characteristic such as Ara h 8 from peanut (Arachis hypogaea; Mittag et al.,

2004). PR 10 proteins from white lupin (Bantignies et a l, 2000), yellow lupin 

(Biesiadka et al., 2002) and SPE16 (Wu et al., 2003) also possess RNase activity.

Pea PR 10 proteins are encoded by a multigene family and comprised o f five 

known members such as Drr49a-c (also known as PR 10.1-10.3), and ABA-responsive 

proteins (ABR) 17 and 18 (also known as PR 10.4 and 10.5) (Tewari et al., 2003). 

Pea ABR17 and 18 are expressed during seed development and induced by exogenous 

application of ABA (Iturriaga et al., 1994; Colditz et al., 2004). A relationship 

between the expression of PR 10 protein and disease resistance has been demonstrated
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(Riggleman et al., 1985), but its RNase activity has not been reported. Most PR 10 

proteins from legumes such as pea (Mylona et al., 1994), bean (Walter et al., 1996), 

soybean (Crowell et al., 1992), alfalfa (Breda et al., 1996), yellow lupin (Sikorski et 

al., 1999) and white lupin (Bantignies et al., 2000) occur in high concentrations in 

roots. Roots are most exposed to environmental stresses such as drought or salinity, 

and a higher expression of PR 10 protein in roots may be part of a constitutive defense 

mechanism (Crowell et al., 1992; Liu et al., 2006). Based on the above mentioned 

observations we were therefore interested in investigating (1) the levels of PR 10 

proteins in pea roots due to salt stress, (2) a possible role of pea PR 10 in plant abiotic 

stress tolerance, (3) its RNase activity, and (4) the putative role o f these proteins.
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1.6. Objectives

The broad objective o f the research described in this dissertation was to test the 

following hypotheses:

1. The pea root proteome exhibits significant salinity-induced changes, including 

the increase in PR 10 levels.

2. Pea PR 10 proteins are important in mediating plant responses to stress, and 

protect plants from its deleterious effects.

3. Pea PR 10 proteins exhibits RNase activity and this activity mediates abiotic 

stress response in plants.

We employed a canola (Brassica napus L. cv. Westar) line that constitutively 

expressed a pea PR 10 gene (PR 10.1), an Arabidopsis thaliana system that 

constitutively expressed another pea PR 10 gene (PR 10.4/ABR17), and an Escherichia 

coli expression system to achieve the above objectives and the results are described in 

subsequent chapters. In the next chapter, I describe the results of a study investigating 

salinity-induced changes in the pea root proteome which demonstrated that the levels 

of several members of the pea PR 10 protein family were increased in salinity-stressed 

roots as previously hypothesized.
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2. Proteome-level changes in the roots of Pisum sativum L.

in response to salinity

2.1. Introduction

Salinity is a major abiotic stress in plant agriculture worldwide, resulting in a 

loss of $US 12 billion annually which is expected to rise as soils are further affected 

(Pitman and Lauchli, 2002). The United Nations Environment Program (UNEP) 

estimated that approximately 20% of agricultural land and 50% of cropland in the 

world are under salinity stress (Flowers and Yeo, 1995). Salinity imposes a type of 

water-deficit stress that invokes responses in plants that are similar to those elicited by 

drought stress (Zhu, 2002). Salt stress arises from excessive uptake of salt by plants 

and is the unavoidable consequence of high ion concentrations in the medium leading 

to water-deficit stress as a result of the low external water potential and excessive 

accumulation of ions inside the plant which results in ion toxicity (Greenway and 

Munns, 1980). Effects of salinity stress include membrane disorganization, generation 

of toxic metabolites, inhibition of photosynthesis, generation of reactive oxygen 

species and attenuated nutrient acquisition followed, eventually, by cell and whole 

plant death (Hasegawa et al., 2000).

A version o f  this chapter has been published: Kav N.N. V., Srivastava S., Goonewardene L. 
and Blade S. (2004) Proteome-level changes in the roots o f  Pisum sativum L. in response to 
salinity, Annals o f  Applied Biology, 145, 217-230.
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Responses of plants to salinity stress and the development o f salt tolerance are 

extremely complex and various mechanisms appear to be involved (Majoul et al., 

2000). Generation of salt-tolerant crop plants has been the quest o f plant breeders who 

have used classical approaches that have not proven to be successful. Molecular 

biological techniques have accelerated the pace of investigation into the identification 

of gene(s) involved in salt stress response pathways and the validation of some genes 

as potential targets for improvement o f salinity stress tolerance in plants. An example 

of a signal transduction pathway that has been well characterized in response to 

salinity stress involves the salt overly sensitive (SOS) genes and a calcium-responsive 

SOS-3/SOS-2 protein kinase complex, which controls the expression and activity of 

SOS1 ion transporter (Zhu, 2002). Overexpression of the Na+ efflux carrier in 

Arabidopsis confers increased salinity tolerance, thereby providing evidence for its 

vital role (Shi and Zhu, 2002). Other salinity and drought stress induced changes 

include phospholipid hydrolysis; changes in Z£Z/dehydrin-type gene expression, 

molecular chaperones and proteinases; activation of enzymes involved in the 

generation and removal of reactive oxygen species and detoxification proteins. 

However, our understanding of the various pathways involved in plant responses to 

salinity stress, as well as the interaction and regulation of these pathways, are far from 

complete (Xiong and Zhu, 2002; Zhu, 2002).

In the post-genomic era, proteomics-based techniques offer powerful 

approaches for the identification of proteins associated with a particular environmental 

and/or developmental signal (Gygi and Aebersold, 2000). Protein amounts are not 

always correlated to mRNA levels (Gygi et al., 1999), probably due to large
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differences in protein turnover and post-translational modifications and, therefore, 

only the study o f proteins themselves can provide information on their real amount 

and activity (Zivy and de Vienne, 2000). Plant responses to salinity and other water- 

deficit stresses such as drought have been investigated using proteomics/genomics- 

based approaches (Ouerghi et al., 2000; Salekdeh et al., 2002; Wang et al., 2003) but 

have been limited to non-leguminous plant species. In legumes, the effects of salinity 

have only been investigated with respect to understanding the role of specific proteins 

in ameliorating the stress, including the role of antioxidant systems in peas (Hernandez 

and Almansa, 2002). In order to fully understand the mechanisms involved in 

mediating the responses of legumes (and perhaps plants in general) to salinity and 

other water-deficit stresses, we have initiated a research program aimed at identifying 

and characterizing proteins whose levels are altered by salinity stress in pea, an 

economically important crop used as human food and animal feed throughout the 

world. In this paper, we present the identities of 35 root proteins identified by Mass 

Spectrometry (MS) that were affected by the imposed salinity stress and discuss the 

role of some of these proteins in mediating responses of pea to salinity stress and their 

potential utility in the genetic engineering of stress tolerance.

2.2. Materials and Methods

2.2.1. Plant material and imposition of stress

Pea {Pisum sativum L. cv. Cutlass) seeds were obtained from Alberta 

Agriculture, Food and Rural Development (AAFRD) and planted in the greenhouse
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for long-term experiments. Seeds were sown individually in plastic pots with a 

diameter of 15.5 cm, containing Metro Mix® 290 (Grace Horticultural products, Ajax, 

Ontario) in the greenhouse (22°C day/18°C night, 16 h photoperiod) supplemented 

with Sylvania 400 watt high pressure sodium (HPS) light 940 pmol m'2 s’1. The 

experiment was designed in a randomized complete block design (RCBD) 

incorporating seven levels of salinity (0, 25, 50, 75, 100, 125 and 150 mM NaCl) over 

three biological replicates. Each pot with one seed and five pots for each treatment in 

replicate were used in the whole experiment. Plants were fertilized for the first two 

weeks with a complete fertilizer (Peters™20-20-20, Plant Products, Bramalea, 

Ontario) containing micronutrients. After two weeks o f normal growth, the plants 

were watered with 200 ml of deionised water (control) or 25, 50, 75, 100, 125 and 150 

mM NaCl solutions on alternate days for six weeks. Morphological appearance of the 

plants was recorded daily and physical parameters (root length and mass) were 

measured at regular intervals (2, 4, 6 and 8 weeks) after the commencement of the 

salt-water regime. The entire experiment was repeated at least three times and the data 

were statistically analyzed.

In the case of the shorter-term (Petri dish) experiments, pea seeds were surface 

sterilized for 1 min in 70% ethanol, 5 min in 5 % (v/v) sodium hypochlorite in water 

and rinsed in sterile deionised water 3-4 times. The seeds (5 per plate) were placed on 

a sterile filter paper in a Petri dish containing 5 ml of deionised water (control) or 25, 

50, 75, 100, 125 and 150 mM NaCl solutions. The plates were sealed with laboratory 

film and incubated in the dark at room temperature (20±2°C) for 7 days after which, 

the length of the roots from the tip of the radicle to the cotyledons was measured. Each
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experiment consisted o f three replicates per treatment concentration. The entire 

experiment was repeated at least three times and the data were statistically analyzed.

2.2.2. Relative water content measurements

Relative water content (RWC) of roots excised from pea seedlings germinated 

in the presence or absence of NaCl was determined as described by Jin et al. (2000). 

Briefly, fresh weights of excised roots (Wf) were measured after which the roots were 

allowed to attain turgor by floating on water for 24 h. Fully turgid roots were then 

weighed (Wt) before they were dried in an oven at 65°C for 24 h to obtain the dry 

weights (Wd). RWC was expressed as the water content in the original sample as a 

percentage of the water in the fully hydrated tissue and was calculated using the 

formula (Jin et al., 2000):

RWC = 100 x [(Wf -  Wd)/ (Wt -  Wd)].

2.2.3. Statistical analysis

Statistical analyses were performed by analysis of variance (ANOVA) 

procedure using the general linear model (GLM) of SAS (Anon., 1989). Root length, 

mass or relative water content was analyzed as a one-way treatment structure where 

the salt concentrations were treatments. Linear trends for treatments were analyzed 

using orthogonal contrasts. The differences between least square means for fixed
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effects were established using the standard error of a difference based on a t-test when 

P<0.05.

2.2.4. Protein extraction

Protein extracts for two-dimensional electrophoresis were prepared according 

to the method of Damerval et al. (1986), with modifications. Pooled root tissues from 

three independent experiments were homogenized to a fine powder in liquid nitrogen 

and 0.2 g of the homogenized tissue material was extracted with 10% w/v TCA in 

acetone containing 0.07% DTT and the extract was incubated at -17°C for 1 h. The 

samples were then centrifuged at 13,000 g for 15 min and the pellet was resuspended 

in ice-cold acetone containing 0.07% DTT and incubated at -17°C for an additional 

hour. The samples were once again centrifuged as described above and the wash step 

was repeated two more times. The washed pellet was dried at room temperature for 

30 min and 500 pL of the sequential protein extraction reagent 3 (Bio-Rad, 

Mississauga, Canada) containing 5 M urea, 2 M thiourea, 2% w/v CHAPS, 2% w/v 

SB 3-10, 40 mM Tris, 0.2% Bio-lyte 3-10 and 5 pi of 200 mM tributylphosphine 

(TBP) was added, vortexed vigorously and incubated overnight at 4°C. Samples were 

subsequently centrifuged at 4°C for 15 min at 13,000 g and the supernatant containing 

the proteins to be analyzed was transferred in fresh tubes. The concentration of protein 

in the samples was determined using a modified Bradford assay (Bio-Rad) using BSA 

as a standard and were stored at -17°C until further analysis.
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2.2.5. Two-dimensional electrophoresis

Pea root protein extracts were analyzed by high resolution 2-D PAGE, with 

isoelectric focusing (IEF) using immobilized pH gradient (IPG) strips in the pH 4-7 

range to separate proteins in the first- and SDS-PAGE in the second-dimensions. IEF 

was carried out using a Bio-Rad IEF system. IPG strips (7cm, 4-7 L, Bio-Rad) were 

rehydrated overnight at room temperature with a total 125 pL solution containing the 

extracted protein (100 pg total protein for shorter-term stress and 40 pg total protein 

for longer-term stress) in the rehydration buffer (Bio-Rad) in a reswelling tray. 

Rehydrated strips were positioned in the focusing tray and covered with mineral oil 

and focused in the IEF unit under maximum field strength of -600 V cm'1 and a 50 

pA limit/IPG strip. Initially, a low voltage 250 V cm '1 for 15 min was applied to 

remove salt ions and charged contaminants, followed by a linear voltage ramping step 

to reach 4000 V in 2 h after which focusing took place at constant 4000 V for 20,000 

Vhours without exceeding the 50 pA/strip limit. At the end of focusing, a 500 V hold 

step that was maintained in order to prevent diffusion of proteins and to minimize 

over-focused artifacts until the run was stopped manually.

The strips were removed from the IEF unit and equilibrated in 10 ml of 50 mM 

Tris-HCl, pH 8.8, containing 6 M urea, 20% glycerol, 2% w/v SDS and 2% w/v DTT 

for 10 min at room temperature followed by another 10 min in 10 ml of 50 mM Tris- 

HCl buffer, pH 8.8, containing 6 M urea, 20% glycerol, 2% w/v SDS and 2.5% w/v 

iodoacetamide to reduce and alkylate the proteins. Separation in the second dimension 

was performed by SDS-PAGE using a vertical slab of 13% acrylamide using a Mini
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PROTEAN 3 system (Bio-Rad) at constant voltage (160 V) until the dye front reached 

the bottom of the gel. Protein spots were visualised by staining with Coomassie blue 

R-250 and subsequent silver staining by first placing them in a solution of Coomassie 

blue R-250 (0.05% in 40% methanol and 10% acetic acid) for 1 h and destained 

overnight with 40% methanol and 10% acetic acid and then stained using the Silver 

Stain Plus kit (Bio-Rad) as per manufacturer’s instructions.

2.2.6. Image analysis

2-D gels stained with Coomassie blue followed by silver stain were scanned 

using a Bio-Rad GS-800 calibrated densitometer. Analysis of the scanned images was 

performed using the Bio-Rad PDQuest software using the automated detection and 

matching and spot identification wizard. After automated spot identification, manual 

validation and addition/removal of spots was performed as required to include spots 

that were missed by the automated identification or to eliminate artifacts that were 

mistaken for spots. Each area of the gels from different treatments (Control, 75 and 

150 mM NaCl) was systematically analyzed and compared between each other and 

spots that were not matched during the automated matching process were matched 

manually or assigned as unique spots. Using default characteristics o f PDQuest 

software (as described by manufacturer) those spots which showed reproducible 

changes in density (up- or down-regulation) as a result of the salinity treatment, were 

selected for ESI-Q-TOF MS/MS analysis.
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2.2.7. ESI-Q-TOF MS/MS analysis

ESI-Q-TOF MS/MS analysis of the excised protein sample was performed at 

the Institute for Biomolecular Design (IBD), University o f Alberta, Canada. Briefly, 

spots of interest were excised from the gels using a sterile scalpel and placed in 

numbered wells o f a microtiter plate and submerged with 40 pL of sterile water. 

Processing of the gel pieces was performed in a fully automated fashion on a Mass 

Prep Station (Micromass, UK). The gel pieces were de-stained, reduced with 10 mM 

DTT, alkylated with 55 mM iodoacetamide and digested with 6 ng/pL trypsin 

(Promega Sequencing Grade Modified) in 50 mM ammonium bicarbonate (25 pL), for 

5 h at 37°C. After enzymatic digestion, the tryptic peptides were extracted and then 

subjected to LC/MS/MS analysis on a Micromass Q-ToF-2 mass spectrometer 

(Micromass, Manchester, UK) coupled with a Waters CapLC capillary HPLC (Waters 

Corp., USA). This procedure involved separation on a PicoFrit capillary reversed- 

phase column (5 p BioBasic C l8, 300 Angstrom pore size, 75 micron ID x 10 cm, 15 

micron tip [New Objectives, MA, USA]), using a linear water/acetonitrile gradient 

(0.2% formic acid) , with a 300 micron x 5 mm PepMap C l8 column (LC Packings, 

CA, USA) used as a loading/desalting column. The eluent was introduced directly to 

the mass spectrometer by electrospray ionization at the tip of the capillary column. 

Data-dependent MS/MS acquisition was performed on detected peptides with a charge 

state of 2 or 3. Protein identification from the generated MS/MS data was performed 

by searching the NCBI non-redundant database using Mascot Daemon (Matrix
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Science, UK). Search parameters included carbamidomethylation of cysteine, possible 

oxidation of methionine and one missed cleavage per peptide.

2.3. Results

2.3.1. Morphological symptoms of salinity stress

Two types o f salinity stress were imposed: (1) plants were grown for two 

weeks in the greenhouse under a normal watering regime and then watered with 

different concentrations of NaCl for an additional six weeks; and (2) seeds were 

germinated and grown for 7 days in Petri dishes containing solutions of varying NaCl 

concentrations. While the greenhouse experiments offered a more traditional 

approach to investigate salinity-induced changes after seeds germinated and plants 

have attained a specific stage of growth and development (two weeks), the Petri dish 

experiments offered a more controlled, sterile system where salt is present during 

other important phases of plant development i.e. germination and seedling growth. 

The longer-term NaCl-stressed pea plants exhibited symptoms including chlorosis, 

rolling and drying o f leaves at the whole plant level. These symptoms started to 

appear after four weeks of continuous NaCl stress and increased as the stress 

continued until five to six weeks. In addition, the above described external symptoms 

were observed at 75 mM NaCl and were further exacerbated at higher concentrations 

(Figure 2-1 A). The appearance of the roots excised from greenhouse-grown plants 

stressed with increasing salt concentrations is shown in Figure 2-1B. There was no
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effect on the root length in plants watered with 25 mM NaCl. However, at higher 

NaCl concentrations a decrease in fibrosity and overall root growth was observed. In 

addition the number o f root nodules on the roots of plants subjected to salinity were 

less than on control plants. The roots of seedlings germinated and grown in Petri 

dishes were not affected at concentrations up to 75 mM NaCl above which there was a 

visible inhibition o f root growth (Figure 2-1C). Based on these morphological 

symptoms as well as the physical indicators of salinity stress described below 75 mM 

and 150 mM NaCl were chosen as the two concentrations for proteome analysis.

2.3.2. Physical indicators of salinity stress

In order to choose appropriate concentration(s) of NaCl for our proteome 

analysis, we measured the lengths and masses of root tissue collected from greenhouse 

grown plants. The effect of increasing concentrations of NaCl on the mean root length 

and mass is shown in Figures 2-2A and 2-2B, respectively. The effects of NaCl on 

mean root length are different from its effect on mean root mass. For example, 75 

mM NaCl (as well as those above it) was significantly detrimental to the mean root 

mass whereas similar concentrations did not negatively affect the root length (Figure 

2-2B). This observation is in complete agreement with our observed decrease in root 

fibrosity as described earlier (Figure 2 -IB).
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Figure 2-1. Effects of salt stress on pea (A) appearance of plants after eight weeks. 

Left to right: plants treated with deionised water (control), 25 mM NaCl, 50 mM 

NaCl, 75 mM NaCl, 100 mM NaCl, 125 mM NaCl and 150 mM NaCl; (B) appearance 

of roots from plants shown in (A); (C) appearance of seedlings after 7 days of 

germination in water or salt solutions.
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Figure 2-2. Effects of salt stress on root length (A) and mass (B) of plants after eight 

weeks and root length (C) and relative water content (D) of 7-day-old seedlings 

germinated in the presence or absence of NaCl. Bars from left to right correspond to: 

control, 25 mM, 50 mM, 75 mM, 100 mM, 125 mM and 150 mM NaCl-stressed 

plants. An estimate of least square means and pooled standard errors are presented. 

Treatments marked by a different letter on the bars for each cluster are significantly 

different (P<0.05).
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In the shorter-term salinity stress experiments, we also observed that at concentrations 

above 75 mM, there was a significant decrease in the mean root length (Figure 2-2C) 

thus establishing clearly that 75 mM was a crucial concentration o f NaCl and could be 

used in our experiments.

2.3.3. Relative Water Content (RWC)

In addition to the morphological assessment of the salinity-stressed seedlings 

and plants, we also measured the RWC of root tissues from seedlings germinated in 

water (control), 75 and 150 mM NaCl as described earlier. RWC measurements after 

7 days of continuous germination in the appropriate solutions indicated that the least 

square mean value o f RWC was 89% for control roots, whereas it was 79% for 75 mM 

NaCl and 97% for the 150 mM NaCl, respectively (Figure 2-2D). The reduction of 

RWC in the root tissues from seedlings germinated in 75 mM NaCl indicates that 

water availability to the roots had decreased at this salt concentration as has been 

observed with numerous plant species in response to salinity and/or osmotic stresses 

(Chen and Plant, 1999; Jin et al., 2000). Interestingly, the RWC of root tissue isolated 

from seedlings germinated in 150 mM NaCl was 97% as indicated earlier. This RWC 

value is significantly (P<0.05) higher than measured in the root tissue of control and 

75 mM NaCl-treated plants. This may be an indication that, due to irreversible 

damage as a result of the imposed salinity stress, the root tissues from seedlings at this 

highest concentration o f NaCl used in these studies may have lost their ability to 

uptake water and revert to the fully turgid state when they are floated for 24 h.
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2.3.4. Changes in root proteome

A large number o f protein spots extracted from the pea roots were resolved on 

the gels stained with Coomassie blue followed by silver staining. The proteome 

profiles shown in Figures 2-3 and 2-4 are quite different and this difference is 

presumably due to the stage of development o f the root tissue used for protein 

extraction, as well as the growth conditions in the two experimental systems. From a 

thorough visual analysis o f the images of our 2-D gels, we selected 15 spots from the 

greenhouse root extracts (longer-term, Figure 2-3) and 20 spots from the Petri dish 

root extracts (shorter-term, Figure 2-4) for identification using Mass Spectrometry 

(MS). The choice o f spots selected for MS analysis was based on the degree of 

deviation of spot intensity (up- or down-regulation) by visual examination of the gels 

and their images as well as confirmation of our choice using the spot density/analysis 

features of the PDQuest software. All the protein spots selected for MS analysis 

exhibited deviations from the control proteome profile which were reproducible 

between independent experiments and are indicated in Figures 2-3 and 2-4 by arrows 

and numbers assigned to each spot. Most of the spots (2-35) were up-regulated in the 

salinity-treated root tissues, whereas spot 1 was down-regulated in the salinity-stressed 

tissues (Figure 2-3).
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Figure 2-3. Silver-stained images of total soluble root proteins from roots of control 

and longer-term salinity-stressed plants grown in the greenhouse separated by two- 

dimensional electrophoresis (A) control (B) 75 mM NaCl (C) 150 mM NaCl. Protein 

spots that exhibited deviation in intensity as a result of NaCl treatment are indicated 

by arrows on all three gels and those that were selected for mass spectrometry by 

numbers.
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Figure 2-4. Silver-stained images of total soluble root proteins from roots of control 

seedlings and those germinated in the presence of NaCl (shorter-term stress), 

separated by two-dimensional electrophoresis (A) control (B) 75 mM NaCl (C) 150 

mM NaCl. Protein spots that exhibited deviation in intensity as a result of NaCl 

treatment are indicated by arrows on all three gels and those that were selected for 

mass spectrometry by numbers.
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2.3.5. Identities of pea root proteins affected by NaCl stress

The identities o f tryptic fragments of selected proteins were established using 

ESI-Q-TOF MS/MS which generates MS/MS data from which the sequence that 

rationally fits the observed MS/MS fragmentation pattern is deduced. As an example, 

the list of fragment ions (Figure 2-5) for spot number 32 is provided. The identities of 

the proteins as established by this MS/MS analysis are provided in Tables 2-1 and 2-2 

for the proteins from greenhouse (longer-term) and Petri dishes (shorter-term).

Among the proteins that were identified, the following were considered to be 

important with respect to their potential involvement in mediating plant responses to 

salinity stress: Superoxide Dismutase (SOD; spot number 2, 28), vacuolar ATP- 

synthase E subunit (spot number 13), isoflavone reductase (spot number 18) as well 

as the pathogenesis-related proteins that belong to the PR 10 family including abscisic 

acid (ABA)-responsive protein (ABR)-17 (spot numbers 5, 7, 8, 27, 33); ABR-18 

(spot number 25); disease resistance response protein P i l76 (spot numbers 4, 9, 26, 

32) and disease resistance response protein Pi49 (spot numbers 9, 32). It is important 

to note that PR 10 proteins were repeatedly identified in pea root protein extracts as 

being up-regulated in response to salinity. A closer examination of the locations of 

these spots on Figures 2-3 and 2-4 indicates the elevated expression of these proteins 

at both salt concentrations that were used in these studies. Furthermore, the analysis 

of the spot densities associated with these proteins using the PDQuest software 

revealed a more than 10-fold increase in the levels of these proteins as a result of the 

imposed salinity stress.
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art -  End Observed Mr (expt) Mr (calc) Delta Miss Sequence
2 2 - 3 3 629.34 1256.67 1256.66 0.01 0 ALVTDADNLTPK
2 2 - 3 3 629.34 1256.66 1256.66 -0.00 0 ALVTDADNLTPK
2 2 - 3 3 629.33 1256.65 1256.66 -0.01 0 ALVTDADNLTPK
4 0 - 5 4 722.88 1443.75 1443.76 -0.00 0 SIEIVEGNGGAGTIK
4 0 - 5 4 722.87 1443.73 1443.76 -0.02 0 SIEIVEGN GG AGTIK
5 6 - 6 5 569.78 1137.55 1137.56 -0.01 0 LTFVEDGETK
5 6 - 6 5 569.78 1137.55 1137.56 -0.00 0 LTFVEDGETK
5 6 - 6 5 569.79 1137.56 1137.56 0.00 0 LTFVEDGETK
5 6 - 6 5 569.79 1137.56 1137.56 0.01 0 LTFVEDGETK
5 6 - 6 5 569.82 1137.62 1137.56 0.06 0 LTFVEDGETK

1 0 4 -1 1 5 536.29 1070.57 1070.57 -0.00 0 LSAGPNGGSIAK
1 0 4 -1 1 5 536.29 1070.56 1070.57 -0.01 0 LSAGPNGGSIAK
1 0 4 -1 1 5 536.29 1070.57 1070.57 -0.00 0 LSAGPNGGSIAK
1 0 4 -1 1 5 536.29 1070.57 1070.57 0.00 0 LSAGPNGGSIAK
1 0 4 -1 1 5 536.29 1070.57 1070.57 -0.00 0 LSAGPNGGSIAK
1 2 4 -1 3 4 572.77 1143.53 1143.54 -0.01 0 GDAAPSEEQLK
1 2 4 -1 3 4 572.77 1143.54 1143.54 -0.01 0 GDAAPSEEQLK
1 2 4 -1 3 4 572.78 1143.54 1143.54 -0.00 0 GDAAPSEEQLK

(A )

(B)
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b' h* 1." h" Sc<|
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\ V \ * V y° ym + : # : 
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i
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4 385.25 193.13 367.23 184.12 T 974.48 487.74 957.45 479.23 956.47 478.7 9

5 500.27 250.64 482.26 241.63 D 873.43 437.22 856.41 428.71 855.42 428.2 8

6 571.31 286.16 5 5 " 277.15 A 758.40 379.71 741.38 371.19 740.39 370.7 7
, 7 686.34 343.67 668 33 334 67 D 687.37 344.19 670.34 335.67 669.36 335.1 6

8 800.38 400.69 783.35 392.18 782 3 / 3 9 l 69 N 572.34 286.67 555.31 278.16 554.33 277.6 5

9 913.46 457.24 896.44 448.72 895.45 448.23 L 458.30 229.65 441.27 221.14 440.29 220.6 4

i 10 1014.51 507.76 997.48 499.25 996.50 498.75 T 345.21 173.11 328.19 164.60 327.20 164.1 3

11 1111.56 556.29
1094.5

4
547.77 1093.5 547.28 P 244.17 122.59 227.14 114.07 2

j 12 K 147.11 74.06 130.09 65.55 1

(C)
Figure 2-5. Representative MS/MS data (A) list of peptides identified in the digestion 

extract, (B) MS/MS fragmentation spectrum of the peptide with molecular weight 

1256.66 which was deconvoluted to generate the sequence ALVTDADNLTPK using 

the mass of the ions, (C) the ions that were actually observed are indicated in bold.
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Another protein of interest with respect to the transduction of stress signals was also 

identified in this study as nucleoside diphosphate kinase (NDPK; spot number 10). 

Interestingly, all these proteins are up-regulated in response to the salinity stress 

(Figures 2-3 and 2-4). The reliability of our approach in identifying novel proteins that 

are regulated by the imposed stress is supported by the identification of well- 

characterized proteins involved in salinity stress (e.g. SOD, vacuolar ATP-synthase) 

and has led to the identification of potentially novel proteins that may play a crucial 

role in salinity stress responses of the pea (e.g. PR-10 proteins and NDPK). Our 

discussion below puts our results in context with those of others and further suggests 

that, upon further validation, the levels of some of these proteins identified may be 

altered via genetic engineering in order to improve plant stress tolerance.
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Table 2-1. Proteins identified by ESI-Q-TOF MS/MS from the roots of longer-term

salinity stressed pea plants

Spot M S/MS (ESI-Q-TOF) Identity 'Access. No. Mr /p i
# aPM/% Sequence b%

identity
1 1/3% NGFTK YT A V GGT ASLK 100 hypothetical protein

[Nitrosomonas
europaea]

gij22954749 44304/
5.80

2 1/5% NL AP V SEGGGEPPK 100 superoxide dismutase 
(EC 1.15.1.1) (Mn) 
precursor - garden pea 
[Pisum sativum]

gi|279456 26678/
7.16

3 1/1% VDEGGAQDK 100 hsc82 protein 
[Saccharomyces 
cerevisiae]

gi| 171723 80823/
4.76

4 2/15% LSAGPNGGSIAK
GDAAAPTEEQLK

100 Disease resistance 
response protein Pi 176 
[Pisum sativum ]

gi| 118931 16967/
5.07

5 2/11% LSILEDGK
GDAALSDAVR

100 ABA-responsive 
protein ABR17 
[Pisum sativum]

gi| 1703042 16619/
5.07

6 2/3% EQLEALQSETR 100 hypothetical protein 
[Cytophaga 
hutchinsonii]

gi|23138320 31932/
4.90

7 34/49% GVFVFDDEYV STVAPPK 
DADEIVPK
EAQGVEIIEGNGGPGTIK
KLSILEDGK
LSILEDGK
GDAALSDAVR
GDAALSDAVRDETK
AIEGYVLANPGY

100 ABA-responsive 
protein ABR17 
[Pisum sativum]

gi| 1703042 16619/
5.07

8 16/41% GVFVFDDEYV STVAPPK 
DADEIVPK
EAQGVEIIEGNGGPGTIK
LSILEDGK
GDAALSDAVR
GDAALSDAVRDETK

100 ABA-responsive 
protein ABR17 
[Pisum sativum]

gi| 1703042 16619/
5.07

9 2/13% ALVTDADNLTPK
LTFVEDGETK

100 Disease resistance 
response protein Pi49 
(PR 10)
[Pisum sativum]

gi[l 18933 16794/
4.94

3/21% ALVTDADTLTPK
LTFVEDGETK
GDAAAPTEEQLK

100 Disease resistance 
response protein Pi 176 
[Pisum sativum]

gi|l 18931 16967/
5.07

10 7/20% IIGATNPAQSEPGTIR
NVIHGSDAVESANK

100 Nucleoside 
diphosphate kinase I 
(NDK I) (NDP kinase 
I) (NDPK I) (P I8) 
[Pisum sativum]

gi| 1346672 16452/
5.94

11 7/23% GYATEPVPER
VAILGAAGGIGQPLSLLMK
ALEGADVVIIPAGVPR
DDLFNINAGIVK
LFGVTTLDVVR
TQDGGTEVVTAK

100 malate dehydrogenase 
(EC 1.1.1.37) 
precursor -  alfalfa 
[Medicago sativa]

gi|7431177 36003/
8.80

12 1/2% IAANMIGQDR 100 COP8 (constitutive g i|21592680 45182/
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photomorphogenic) 
homolog [Arabidopsis 
thaliana]

4.87

13 3/8% ELIVQSLLR
IVFENTLDAR

100 Vacuolar ATP 
synthase subunit E (V- 
ATPase E subunit) 
(Vacuolar proton 
pump E subunit) 
[Mesembryanthemum  
crystallinum ]

gi]3334410 26318/
6.52

14 1/1% VAAISVPR 100 AGR_C_2215p 
[Agrobacterium  
tumefaciens str. C58 
(Cereon)]

gi| 15888538 55519/
6.10

15 1/1% ALALEDLR 100 ribulose-1,5- 
bisphosphate 
carboxylase/oxygenase 
large subunit [Lythrum 
hyssopifolia]

gi[ 168335 53337/
6.22

Note: a Number o f  peptides matched/ sequence percentage coverage.

b Percentage identity between the amino-acids present in MS/MS tag and the sequences in databases. 

c Accession number is Mascot search result using NCBI and other databases.
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Table 2-2. Proteins identified by ESI-Q-TOF MS/MS from the roots of shorter-term

salinity stressed pea plants

Spot MS/MS (ESI-Q-TOF) Identity cAccess. No. M r/p i
No aPM/% Sequence b%

identity
16 7/ 9% DGGSDYLGK

AVDNVNTIIAPALIGK
HIANLAGNK
YNQLLR

100 Enolase
[Lupinus luteus]

gi|6996529 47926/
5.14

17 1/ 3% NVVVSLTNATSTTHK 100 putative protein 
At5g53750.1
[Arabidopsis thaliana]

gi| 15238832 46654/
6.25

18 9/18% AGNPTYALVR
LTEAANPETK
QVDTVICAAGR
HDAVEPVR
AANDPNTLNK
GDAVYEIDPAK

100 Isoflavone reductase 
(IFR)
(NADPH:isoflavone 
oxidoreductase) 
[Pisum sativum]

gi| 1708427 35578/
5.39

19 13/28% DELDIVIPTIR
VPEGFDYELYNR
ASCISFK
YIYTIDDDCFVAK
DPTGHEINALEQHIK
FVDAVLTIPK
VICDHLGY GVK
ASNPFVNLK
CYIELSK
LGTIDPYFIK

100 reversibly 
glycosylatable 
polypeptide 1 - garden 
pea
[Pisum sativum]

gi|7488840 42059/
5.73

20 4/7% VLQAQDDLVNK
QIQQMVR

100 (U84268) YLP 
[Hordeum vulgare 
subsp. vulgare]

gi|4099148 26359/
6.57

21 1/5% LQEQPPFDK 100 Translationally 
controlled tumor 
protein homolog 
(TCTP)
[Pisum sativum]

gi|2507443 18943/
4.71

22 1/5% TETTSFLITK 100 Pea Lectin, Chain A 
[Pisum sativum]

gi|230612 19973/
5.31

23 1/3% VLVVDDEDR 100 similar to two- 
component response 
regulator (ResD) 
[Listeria innocua]

gi| 16801128 27520/
5.11

24 1/0% LIIEVQVK 100 hypothetical protein 
At2g42470.1 
[Arabidopsis thaliana]

gi| 15227946 103863/
6.43

25 1/7% LFEGPNGGSVGK 100 ABA-responsive 
protein ABR18 
[Pisum sativum]

gi| 1703043 17013/
5.25

26 5/22% ALVTDADTLTPK
LSAGPNGGSIAK
GDAAAPTEEQLK

100 Disease resistance 
response protein Pi 176 
[Pisum sativum]

gi|l 18931 16967/
5.07

27 1/6% GDAALSDAVR 100 ABA-responsive 
protein ABR17 [Pisum 
sativum]

gi| 1703042 16619/
5.07

28 2/9% NL APV SEGGGEPPK 
HASEVYEK

100 superoxide dismutase 
(EC 1.15.1.1) (Mn) 
precursor -  garden pea

gi|279456 26678/
7.16
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[Pisum sativum]
29 1/3% LINAEDATVPR 100 hypothetical protein 

[Thermobifida fusca]
gij23018931 31531/

6.05
30 1/2% AGGGLVAVSGDDHR 100 adenine deaminase 

[Methanothermobacter 
thermautotrophicus]

gi| 15678886 58132/
4.75

31 1/1% AGEAQGW R 100 M olecular chaperone
[Rhodospirillum
rubrum]

gi[22965455 73310/
5.37

32 18/37% LSAGPNGGSIAK
LTFVEDGETK
GDAAPSEEQLK
ALVTDADNLTPK
SIEIVEGNGGAGTIK

100 Disease resistance 
response protein Pi49 
(PR 10)
[Pisum sativum ]

gi| 118933 16794/
4.94

20/38% ALVTDADTLTPK
SIEIVEGNGGAGTIK
LTFVEDGETK
LSAGPNGGSIAK
GDAAAPTEEQLK

100 Disease resistance 
response protein Pi 176 
[Pisum sativum]

gi| 118931 16967/
5.07

33 10/19% DADEIVPK
KLSILEDGK
LSILEDGK
GDAALSDAVR
GDAALSDAVRDETK

100 ABA-responsive 
protein ABR17 
[Pisum sativum ]

gi| 1703042 16619/
5.07

34 1/1% LRAEGTL V SPR 100 hypothetical protein
[Azotobacter
vinelandii]

gi|23102685 73007/
5.81

35 1/1% GNDGILY AGSK 100 Ser/Thr protein kinase
[Caenorhabditis
elegans[

gi| 16904242 110437/
6.98

Note: a Number o f  peptides matched/ sequence percentage coverage.

b Percentage identity between the amino-acids present in MS/MS tag and the sequences in databases. 

0 Accession number is Mascot search result using NCBI and other databases.
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2.4. Discussion

Many studies on plant-abiotic stress interactions have demonstrated the utility 

of proteomics research in identifying novel stress-responsive proteins for subsequent 

genetic improvement o f stress tolerance (Dubey and Grover, 2001). Similar 

approaches, based on two-dimensional electrophoretic separation of proteins have also 

been used to investigate root (Majoul et al., 2000) and shoot (Ouerghi et al., 2000) 

proteome-level differences between varieties of wheat exhibiting differential salinity 

tolerance. The results from our current study led to the identification of 35 root 

proteins whose levels are altered as a result of salinity. Some of the proteins identified 

have been well characterized in terms of their response to salinity and other abiotic 

stresses and further validate the utility of a similar approach in applied plant biology. 

Other proteins have not been well-studied with respect to their role in abiotic stress 

responses in pea, but have been with respect to biotic stresses and may represent those 

with a common role.

The family of SODs are among the cell’s first line of defence against reactive 

oxygen species (ROS) generated as a result of various abiotic and biotic stresses and 

their main function is to eliminate the superoxide radicals from the cell (Grene, 2002; 

Hernandez et al., 2002). Three types of SODs (EC 1.15.1.1) are present in plants: iron- 

SOD (Fe-SOD), manganese-SOD (Mn-SOD), and copper-zinc SOD (Cu-Zn SOD) and 

are located in different plant sub-cellular organelles (Grene, 2002). Increased 

activities of several antioxidant enzymes in the leaf mitochondria of salt-tolerant pea 

cultivars under salt stress (Gomez et al., 1999; Hernandez et al., 2000) and drought
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(Wu et al., 1999) have been reported. In the NaCl-tolerant variety, the activity of 

mitochondrial Mn-SOD is increased, while that of Cu-Zn SOD remains constant, 

whereas in NaCl-sensitive plants, Cu-Zn SOD activity decreases by about 35% 

(Hernandez et al., 2000). Our results supports a crucial role for SOD in mediating 

salinity stress responses and further validates the utility of proteomics-based 

approaches for identifying proteins involved in mediating plant responses to stress.

Three primary proton pumps maintain the intracellular trans-membrane proton 

gradient in plant cells, including P-type ATPases, H+-pumping pyrophosphatases (H+- 

PP,ases) and vacuolar-type H+-pumping ATP hydrolase (H+-ATPase, V-ATPase, 

VHA; Kluge et al., 2003). V-ATPase, a housekeeping enzyme and the major H+-pump 

of the tonoplast, maintains cytosolic ion homeostasis during cellular metabolism and 

helps cope with environmental and metabolic changes by modulating its activity and 

the transcription of various subunits of V-ATPase is up-regulated by salinity in 

various plants (Ratajczak, 2000). One of the mechanisms involved in the adaptation of 

plants to salinity stress is the efficient exclusion of excess sodium from the cytoplasm 

into the vacuole (Dietz et al., 2001). The accumulation of sodium ions in the vacuole 

is thought to be mediated by a tonoplast Na+/H+ antiporter that can utilize the proton- 

motive force generated by the vacuolar H+-ATPase (Apse et al., 1999; Dietz et al., 

2001). Furthermore, the main strategy of salt-tolerance in Suaeda salsa seemed to be 

an up-regulation of V-ATPase activity, due to an increase in the levels of V-ATPase 

(Wang etal., 1999).

Isoflavone reductase (IFR) is a NADPH-dependent enzyme involved in the 

biosynthesis of defence-related isoflavonoid phytoalexins (Oommen et al, 1994). IFR
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has been purified and characterized from several leguminous species and cDNA 

clones for pea IFR have been isolated (Paiva et al., 1994), and due to its role in 

phytoalexin biosynthesis, is thought to play a critical role in mediating plant responses 

to pathogens; however, its role in mediating abiotic stress response is not clear. IFR 

can be induced by wounding and UV radiation in addition to pathogen infection in 

grapefruit (Lers, 1998). In maize seedlings, under sulphur starvation conditions an 

IFR-like protein with >70% homology to IFR, is persistently induced, which 

correlates with a decline in cellular glutathione levels (Petrucco et al., 1996). These 

observations led the authors to suggest a possible link between glutathione and IFR- 

like protein and that IFR (IFR-like proteins) plays a crucial role in restoring NADPH 

levels when the levels of this coenzyme are insufficient to meet cellular oxidative 

demands, particularly under abiotic or biotic stress (Petrucco et al., 1996). Further 

investigation of IFR gene expression in response to abiotic stresses may provide 

insights into the mechanisms underlying the coordinated transcriptional activation of a 

complex secondary biosynthetic pathway and its role in cellular defence (Oommen et 

a l, 1994).

Apart from the proteins discussed above, a group of pathogenesis-related 

proteins (PR 10 proteins) were repeatedly identified in the protein extracts of shorter- 

as well as longer-term salinity-stressed root tissues. Pathogenesis related (PR) 

proteins are plant proteins that are induced in response to various stress conditions. PR 

proteins occur as small multigene families in various species, are expressed during 

development in a tissue-specific manner, are generally localized in the apoplast and 

vacuolar compartment, and are differentially induced by endogenous and exogenous
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signalling compounds suggesting that they may have important functions beyond a 

response to pathogens (Van Loon and Van Strien, 1999). The intracellular 

pathogenesis-related (IPR or PR 10) proteins are a family of small homologous, 

primarily acidic proteins, which have been identified in various plants. Usually these 

proteins accumulate due to fungal and bacterial infection, but they may also be 

regulated by stress factors, such as drought, wounding and darkness, or may be 

developmentally regulated in certain tissues (Osmark et al., 1998).

Optimal alignment of Pi49 and PH76 cDNA (disease resistance response 

genes of the PR 10 family; PR 10.1 and 10.2, respectively) revealed an overall identity 

of 95% between these two genes, suggesting that these genes may be part of a 

multigene family (Fristensky et al., 1988). In addition to Pi49 and PH76, two other 

genes encoding proteins induced by ABA and designated as ABA-responsive proteins 

ABR17 and ABR18 have been identified and designated as PR 10.4 and 10.5, 

respectively (Iturriaga et al., 1994). Our current study identified several members of 

the PR 10 protein family as being increased in the roots o f pea plants (spots 25, 26, 27, 

32, 33 and 4, 5, 7, 8, 9 in the shorter-term and longer-term stress, respectively). 

Interestingly, Chen et al. (1999), as well as Jin et al. (2000), performed 2-D 

electrophoretic analysis of proteins synthesized de novo upon salinity stress, which 

revealed the presence of proteins that appear to be in the same molecular weight and 

pi range as some o f the PR 10 proteins identified in our current study. However, the 

identities of the proteins elevated in response to salinity stress were not established by 

Chen et al. (1999) or Jin et al. (2000) and therefore, this constitutes the first report of 

up-regulation of pathogenesis related proteins (PR 10) due to salt stress in pea roots.
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Despite the identification o f several proteins belonging to the PR 10 family 

from several species and their association with pathogenesis as well as abiotic stresses 

in some species, the biological function o f PR 10 proteins has not been clearly 

established and remains controversial. For example, PR 10 proteins from ginseng have 

been shown to possess ribonuclease (RNase) activity (Moiseyev et al., 1997) that may 

potentially be involved in defence against pathogens. The high level of PR 10 proteins 

in roots may also be part of a constitutive defensive mechanism in the plant organ 

most exposed to environmental stress, but high levels o f PR 10 proteins in other 

tissues as well as their varied expression patterns causes doubt about the RNase 

hypothesis (Biesiadka et al., 2002). Another possible role for PR 10 proteins as 

cytokinin-binding proteins (CSBP) has been proposed as a result of the successful 

docking of zeatin in the putative active site o f PR 10 from yellow lupin whose three- 

dimensional structure has been determined at a high resolution (Biesiadka et al., 

2002).

Even though the biological activities associated with the various members of 

the PR 10 protein family still remains unclear, a possible relationship between PR 10 

proteins and salinity stress response has been revealed in rice (Moons et al., 1997). 

This study demonstrated that jasmonic acid induces the expression of PR 1 and PR 10, 

as well as the salt-responsive SalT protein in rice roots, whereas ABA has antagonistic 

effects. Furthermore, induction of Pi? 10 gene expression by ABA in pea (Iturriaga et 

al., 1994) and cytokinins in periwinkle callus (Carpin et al., 1998) as well as 

jasmonate and salicylate in tomato has been demonstrated and correlates with chilling 

tolerance (Ding et al., 2002). These results suggest that there may be an intricate
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relationship between the levels of various phytohormones and PR 10 gene expression 

with relevance to stress tolerance in plants. Furthermore, the overexpression of a 

mitogen activated protein kinase in rice (OsMAPK5) negatively modulates PR 10 gene 

expression with a concomitant increase in tolerance to drought, salinity and cold 

temperature stresses in the transgenic plants (Xiong and Yang, 2003). In addition, 

Borsics and Lados (2002) demonstrated that a large variety of environmental stresses 

including salinity induces the expression of PR 10 genes in the model legume alfalfa. 

These studies further support the hypothesis that the coordinated expression of PR 10 

genes, probably regulated by the action of phytohormones and specific protein kinases 

may play a critical role in mediating plant responses to abiotic and biotic stresses.

In addition to the various members of the PR 10 protein family that were 

induced by salinity stress in pea, the identification of another protein that was up- 

regulated in response to salinity, nucleoside diphosphate kinase (NDPK), further 

supports a potentially crucial role for PR 10 proteins in mediating salinity responses. 

NDPK is a housekeeping enzyme that maintains the intracellular levels of all (d)NTPs 

except ATP, and may play a significant role in signal transduction pathways (Otero, 

2000). In plants, NDPK isoforms are involved in the phytochrome B response, UV-B 

light signalling, hormone response as well as heat stress (Escobar Galvis et al., 2001). 

Furthermore, the constitutive overexpression of AtNDPK2 in Arabidopsis down- 

regulates the accumulation of ROS and enhances tolerance to multiple stresses through 

the coordination of NDPK2 activity with MAPK-mediated H2O2 signalling (Moon et 

al, 2003). The elevated levels of key proteins associated with ROS-mediated signal 

transduction that involves NDPK and MAPK and PR 10 proteins could, therefore, be a
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novel response to salinity stress in peas and perhaps other plant species. The precise 

function of the PR 10 proteins in normal and stress physiology o f plants is unclear and 

the elucidation o f the role(s) of these proteins, as well as their interaction with or 

regulation by NDPK and MAP kinases, may further our understanding of the stress- 

induced signal transduction cascades in plants.

Despite decades of extensive research into understanding plant responses to 

abiotic stresses, the efforts o f plant breeders to improve salinity stress tolerance in 

plants have been largely less successful due to the complexity of the responses 

involved (Zhu, 2002). A detailed understanding of the various signal transduction 

pathways as well as the regulatory mechanisms that underlie specialized gene 

expression during salinity responses, may one day pave the way for rational crop 

improvement. Our proteomics-based investigation in pea has, for the first time, 

revealed the potential involvement of PR 10 proteins and NDPK in mediating salinity 

stress responses in pea roots as part of a potentially novel signal transduction pathway 

involving SOD-H2O2 , NDPK, MAPK and PR 10 proteins. We are currently in the 

process of characterizing the temporal and spatial expression patterns o f the various 

members of the PR 10 protein family as well as NDPK under normal growth and 

development of the pea and in response to various stresses in order to further delineate 

this signal transduction pathway.
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3. Constitutive expression of a PR 10 protein enhances the 

germination of Brassica napus L. under saline conditions

3.1. Introduction

Salinity negatively affects crop production worldwide through numerous 

deleterious effects on plant cells including membrane disorganization, generation of 

toxic metabolites and reactive oxygen species, as well as the inhibition of 

photosynthesis (Hasegawa et al., 2000). Plants respond to salinity by activating a 

varied and complex set o f defense pathways that invoke several responses ultimately 

culminating in tolerance or susceptibility, making the generation of salinity-tolerant 

crops through classical breeding difficult (Zhu, 2002). On the other hand transgenic 

approaches, including the enhanced expression of a Na+/H+ antiporter, have been 

successful (Apse et al., 1999), and the completion of plant genome projects, rapid 

development o f post-genomic techniques including microarrays and proteomics-based 

strategies may identify additional targets for engineering salinity tolerance.

We employed a strategy using two-dimensional electrophoresis and mass 

spectrometry (MS) to characterize proteome-level changes in the roots of pea {Pisum 

sativum L.) plants in response to salinity (Kav et al., 2004). These studies revealed a 

significant salinity-induced increase in the levels of several members of a PR protein 

family (PR 10).

A version o f  this chapter has been published: Srivastava S., Fristensky B. and Kav N.N. V. 
(2004) Constitutive expression o f  a PR 10 protein enhances the germination o f Brassica napus 
under saline conditions, Plant and Cell Physiology, 45, 1320-1324.
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Other researchers have also shown that PR 10 proteins are expressed in response to 

pathogen infection as well as abiotic stress such as drought and salinity (Dubos and 

Plomion, 2001; Park et al., 2004, Moon et al., 2003). PR 10 proteins are encoded by a 

gene family and have been characterized from various plant species (Liu et al., 2003). 

While PR 10 genes were originally identified in peas expressing resistance to fungi 

(Riggleman et al., 1985), PR 10 has also been described as responding to stress and 

abscisic acid, as a pollen allergen and has been shown to be constitutively expressed in 

roots (see refs, in Tewari et al., 2003a). The precise role o f PR 10 in these processes 

has remained elusive although PR 10 proteins from ginseng, white lupin and hot 

pepper have been demonstrated to possess RNase activities (Moiseyev et al., 1994; 

Bantignies et al., 2000; Park et al., 2004). However, molecular docking experiments 

have also suggested that a PR 10 protein from white lupin may be able to bind 

cytokinins (Biesiadka et al., 2002), although this remains to be verified 

experimentally. With respect to disease resistance expression of pea PR 10.1 in potato 

conferred resistance to early dying disease (Chang et al., 1993), but constitutive 

expression of this gene in transgenic canola does not enhance resistance to blackleg 

(Wang etal., 1999).

Our observation that pea PR 10 proteins are significantly induced upon salinity 

stress led us to hypothesize that these proteins may have a significant role in 

protecting plant cellular components from the deleterious effects o f salinity (Kav et 

al., 2004). Transgenic Brassica napus L. lines constitutively expressing the pea PR

10.1 gene were generated to evaluate the utility of this gene in engineering resistance 

to fungal diseases in B. napus (Wang et al., 1999) and the availability of these plants
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allowed us to quickly test our hypothesis. Furthermore, B. napus (canola) is an 

economically important agricultural commodity and increasing its ability to germinate 

and survive under water deficit conditions is highly desired. The results presented here 

indicate that these transgenic plants constitutively expressing pea PR 10.1 gene are 

able to germinate and develop better in the presence of NaCl when compared to 

untransformed control plants. Our findings therefore support our hypothesis that at 

least one member of the pea PR 10 protein family may have a vital role in protecting 

plants from abiotic stresses such as salinity.

3.2. Materials and methods

Brassica napus L. cv. Westar seeds (untransformed and seeds from T2 plants 

of a transgenic line GNl-5#22; Wang et al., 1999) were surface sterilized for 1 min in 

70% ethanol and 5 min in 5 % (v/v) sodium hypochlorite in water. Seeds were rinsed 

with sterile deionized water 3-4 times and were placed on a sterile filter paper in a 

Petri dish containing five mL of deionized water (control) or 75 mM NaCl solution. 

The experiment was designed in a randomized complete block design (RCBD) and 

consisted of five seeds per Petri dish and a total of five replicates for both the 

untransformed control and transgenic seeds at 0 and 75 mM NaCl. The plates were 

sealed with laboratory film and incubated in the dark at room temperature (20±2°C) 

for 7 days at which time root and shoot lengths were measured. The data were 

analyzed using the GLM procedure of SAS (Statistical Analysis System, 1985).
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Root and shoot tissues from 7-day-old seedlings were pulverized under liquid 

nitrogen. Total RNA extraction and subsequent DNase treatment were done using the 

RNeasy Plant Mini Kit and the RNase-free DNase set, respectively (QIAGEN, 

Ontario, Canada). Total RNA (50 ng) was reverse transcribed using the iScript cDNA 

synthesis kit (Bio-Rad Hercules, CA, USA). PCR reactions using the newly 

synthesized cDNA (2 pL) as the template were carried out using primers specific to 

the pea PR 10.1 protein coding sequence (5’-CTAGTTACAGATGCTGATAAC-3’ 

and 5’-CATCCCCCTTAGCTTTG TCAG-3’) using a PCR Master Mix (Promega, 

MD, USA). PCR amplification steps consisted of a preliminary denaturation step at 94 

°C for 2 min, followed by 35 cycles of 1 min steps at 94°C, 62°C and 72°C, performed 

on a Gene Amp PCR System 9700 (Applied Biosystems, CA USA). Plant 18S rRNA 

primers (Duval et al., 2002) were used as an internal control. PCR products were run 

on 1% agarose gel and visualized under UV light after staining with ethidium 

bromide.

Shoot tissue from control and transgenic seeds germinated and grown for 7 

days in Petri dishes in the presence or absence of NaCl (75 mM) were ground in liquid 

nitrogen to a fine powder. The homogenized tissue (0.1 g) was resuspended in 1 mL 

ice-cold 10% w/v trichloroacetic acid (TCA), 0.07% w/v dithiothreitol (DTT) -  

acetone solution and incubated at -20°C for 1 h. Samples were centrifuged at 13,000 

rpm for 15 min, and the supernatants discarded. The pellets were resuspended in 1 mL 

ice-cold acetone containing 0.07% w/v DTT and incubated at -20°C for 1 hour. The 

samples were centrifuged as before and the wash step was repeated twice. Following 

the final wash step, the pellets, which contained the precipitated proteins, were dried
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for 15 min at room temperature and resolubilized with 0.5 mL rehydration buffer 

containing 5 pL tributylphosphine (TBP, Bio Rad, Mississauga, Canada). Samples 

were vortexed vigorously and incubated at 4°C overnight after which they were 

centrifuged as before. The supernatants were collected and the protein concentrations 

were determined using a modified Bradford assay (Bio Rad) with bovine serum 

albumin (BSA; Pierce Biotechnology Inc., Rockford, USA) as the standard.

Protein extracts were diluted to a concentration of 400 ng/pL using the 

rehydration/sample buffer (Bio Rad) and a total of 125 pL (50 pg protein) of this 

diluted protein solution was used to passively rehydrate linear, immobilized pH 

gradient (IPG) strips (BioRad; 7 cm, pH 4-7) overnight at room temperature. 

Isoelectric focusing of the proteins was performed on a PROTEAN IEF Cell (Bio Rad) 

and included a conditioning step (250 V for 15 min). The voltage was increased 

linearly to 4000 V over 2 h and focusing continued for an additional 5 h (20 000 VH). 

Focused IPG strips were equilibrated twice for 10 min each in 0.05 M Tris-HCl, pH 

8.8, containing 6 M urea, 2% sodium dodecyl sulfate (SDS), 20% glycerol and 2% 

(w/v) DTT, and then two times for 10 min each in the same buffer containing 2.5% 

(w/v) iodoacetamide instead of the DTT. Second dimension electrophoresis was 

performed using a Mini-PROTEAN 3 system (Bio Rad) for 80 minutes at 150 Y. 

Following electrophoresis, gels were stained using the Silver Stain Plus kit (Bio Rad) 

according to the manufacturer’s instructions.

Silver-stained gels were scanned using the GS-800 Calibrated Densitometer 

(Bio Rad) and images of the gels were compared using the PDQuest 2D analysis 

software (Bio Rad). The expected region of the gel where PR 10.1 protein normally
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migrates was carefully analyzed. The unique spot present in the transgenic plant in 

that region was excised using a sterile scalpel and placed in a microtiter plate 

containing 40 pL Milli Q water. The excised gel spot was prepared for mass 

spectrometry using a MassPREP Station (Micromass, Manchester, UK). LC/MS/MS 

analysis of the trypsin digested protein was performed using a PicoFrit capillary 

reversed-phase column (New Objectives, MA, USA) connected to a Quadrupole time 

of flight 2 mass spectrometer (Micromass, Manchester, UK.) The tandem mass 

spectrum (MS/MS) data was used to establish the identity of the excised protein.

3.3. Results and discussion

The transgenic B. napus (GNl-5#22) used in this study was one among several 

lines generated earlier in order to evaluate their resistance to diseases (Wang et al., 

1999). This particular transgenic line was chosen for our studies because of the 

relatively higher levels of PR 10.1 mRNA that was detected (Wang et al., 1999) and 

seeds from T2 plants were used in all experiments. In order to confirm the expression 

of the pea PR 10.1 gene, we synthesized cDNA from RNA isolated from both roots 

and shoots of transgenic, as well as non-transgenic, wild-type seedlings. PCR analysis 

of the cDNA using PR 10.1-specific primers revealed the presence of an amplified 

product of the expected size (314 bp) in both roots (Figure 3-1 A) and shoots (Figure 3- 

1B) of the transgenic seedlings. However, in the non-transgenic seedlings, a similar 

amplified product was absent, although the presence of the internal control (18S 

rRNA) was detected in all cases. The fact that an amplification product is not
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observed by RT-PCR in the non-transgenic Brassica napus germinated in 0 or 75 mM 

NaCl may be due to the pea PR  70.7-specific primers used in this study.
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Figure 3-1. RT-PCR analysis of the expression of pea PR 10.1 and 18S rRNA genes 

in roots (A) and shoots (B) of Brassica napus L. seedlings. Seeds from wild-type (W) 

and transgenic (T) B. napus (cv. Westar) plants were germinated in 0 or 75 mM NaCl. 

Shoot and root tissue were excised from 7-day-old seedlings, RNA isolated and used 

for RT-PCR analysis using pea PR 10. /-specific primers.
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Under the conditions used in these RT-PCR experiments, our primers 

specifically amplify only the pea PR 10.1 gene as evidenced by the lack of 

amplification o f the very homologous PR 10.2 gene when a PR 10.2 cDNA clone was 

used as a template (Tewari et al., 2003b).

The detection of mRNA for the transgene does not provide any evidence for 

the presence o f the protein. Ideally, one can detect the presence of the protein by a 

Western blot, however the lack of antibodies to the pea PR 10 proteins precluded this. 

Therefore, to verify the presence of PR 10.1 protein in the transgenic seedlings we 

performed two-dimensional electrophoresis of protein extracted from the shoots of 

both control and transgenic seedlings. Silver stained images of the two-dimensional 

gels of protein extracts from the two seedlings are shown in Figures 3-2 A and B.
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Figure 3-2. Two-dimensional electrophoresis of protein extracts prepared from the 

shoots of wild-type (A) and transgenic (B) Brassica napus L. seedlings. Wild-type 

and transgenic seeds were germinated for 7 days in water and total protein extracts 

prepared from isolated shot tissue. Protein extracts were subjected to two-dimensional 

electrophoresis and the protein spots visualized by silver staining. Panels (C) and (D) 

are subregions o f the gels where a unique protein with the expected molecular weight 

and pi of pea PR 10.1 protein was detected. The location of this protein on all panels 

is indicated by the arrow.
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The region of the gel where the pea PR 10.1 protein is expected to migrate is shown in 

Figures 3-2C and D from which it was clear that an unique protein was present in the 

transgenic shoot extracts. Again, due to the unavailability of specific antibodies, we 

decided to identify the unique protein via MS/MS. The MS/MS data was used to 

deduce the amino acid sequence of the peptides, which revealed the identity of the 

unique protein as pea PR 10.1 (Table 3-1). Our two-dimensional electrophoresis and 

mass spectrometry thus confirms the expression of the PR 10.1 gene and the presence 

of the protein in transgenic B. napus.

Table 3-1. Disease resistance response protein Pi49 (PR 10) identified by ESI-Q-TOF

MS/MS (ESI-Q-TOF) Identity b Access. No. Mr /pi
aPM/% Sequence

4/28% LSAGPNGGSIAK
LTFVEDGETK.
GDAAPSEEQLK
ALVTDADNLTPK

Disease resistance 
response
protein Pi49 (PR 10)

Gi|l 18933 16794/4.94

Note: a Number o f  peptides matched/ sequence percentage coverage.

b Accession number is Mascot search result using NCBI and other databases.
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In order to assess the relative levels of salinity tolerance, particularly during 

germination, we germinated both control and transgenic seeds in Petri dishes with or 

without 75 mM NaCl. The appearance of the transgenic and non-transgenic seedlings 

after 7 days o f continuous germination in Petri dishes in the absence or presence o f 75 

mM NaCl is shown in Figure 3-3. The appearance of five seedlings in a Petri dish that 

formed a typical experimental setup are shown in Figure 3-3A and representative 

control and transgenic seedlings in the absence or presence of NaCl are shown in 

Figure 3-3B. It is obvious that both the root and shoot lengths o f the wild type 

seedlings were affected to a greater extent by the NaCl than transgenic seedlings. In 

order to fully gauge the extent of tolerance of transgenic seedlings to the imposed 

stress, their root and shoot lengths were measured and compared to the non-transgenic 

control. From the data presented (Figure 3-3C), it is evident that the mean shoot 

length of 7-day-old transgenic seedlings was significantly (P<0.05) greater than the 

wild-type controls. Furthermore, the extent of reduction of shoot length as a result of 

the salinity stress was lower in the case of transgenic seedlings, whereas in the control 

seedlings this reduction was significantly greater (Figure 3-3C). In the case of mean 

root lengths there were no significant differences between the transgenic and control 

seedlings in the absence of NaCl (Figure 3-3D). However, in the presence of NaCl, 

the extent of reduction in mean root length was once again significantly (P< 0.05) 

greater in the case of the non-transgenic, wild-type control (Figure 3-3D). There were 

no significant differences observed in the shoot masses of 7-day-old transgenic and 

control seedlings and root masses were too low, especially in the case of salinity 

stressed control seedlings, in order to make valid comparisons (data not shown).
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Figure 3-3. Effect of NaCl on the germination and subsequent growth of wild-type 

(W) and transgenic (T) B. napus seedlings. (A) Appearance of representative seedlings 

germinated in Petri dishes, (B) appearance of all seedlings in a typical Petri dish, (C) 

effect of NaCl on mean shoot length and (D) on the mean root length. An estimate of 

least square means and pooled SE are presented. Wild-type and transgenic seeds were 

germinated in water (0) or 75 mM NaCl (75), seedlings were photographed and the 

root and shoot lengths of 7-day-old seedlings were measured.
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It is evident from the results presented that the pea PR 10.1 gene is expressed 

and the protein product can be detected in the transgenic B. napus line. Furthermore, 

it is also evident that this transgenic line exhibits enhanced tolerance to salinity 

specifically during germination and subsequent seedling development, both of which 

are vital for improved crop productivity in marginal environments. Understandably, 

there is a need to investigate the mechanism by which PR 10.1 protein enhances the 

germination o f B. napus in the presence of NaCl, as well as to test other members of 

the PR 10 protein family for their role(s) in mediating salinity (and perhaps other 

abiotic) stresses. Based on the preponderance o f acidic amino acids in the primary 

structures of PR 10 proteins, Pnueli et al. (2002) proposed a LEA/dehydrin-like role 

for PR 10 proteins in the protection of cells from water-deficit stress damage. It 

would also be of interest to determine whether PR 10 proteins can ameliorate other 

water-deficit stresses such as drought and cold. Indeed, the observation that several 

members of western white pine PR 10 protein family are induced following cold- 

hardening, suggests that these proteins afford protection to a diverse range of stresses 

(Liu et al., 2003).

Our findings demonstrated for the first time that a PR 10 protein is able to 

protect seedlings from salinity, which may have significance in the genetic 

engineering of water-deficit stress tolerance in plants. For example, it may be possible 

to use one or more members of the PR 10 family of proteins to further enhance the 

degree of tolerance to these stresses. Studies are currently underway in our laboratory 

to determine whether other members of the pea PR 10 protein family (specifically PR

10.2 and PR 10.4) enhance germination of canola under saline conditions. Moreover,
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the mechanism underlying PR 10-mediated salinity tolerance remains a conjecture at 

this point and should be investigated. We are in the process o f overexpressing 

recombinant pea PR 10 proteins in E. coli for detailed structure and function analysis, 

which will provide insights into this aspect o f PR 10 biology. In addition, we are in 

the process of characterizing the phytohormone profiles of the transgenic plants in 

order to explore the relationship between various hormones (especially cytokinins) 

and PR 10. Our studies and those o f others will contribute to an enhanced 

understanding of the biology o f PR 10 proteins for which a crucial role in plant stress 

tolerance has now been demonstrated.
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4. Pea PR 10.1 is a ribonuclease and its transgenic expression elevates

cytokinin concentration

4.1. Introduction

Plant pathogenesis-related (PR) proteins are, as the name suggests, expressed 

in response to pathogen challenge, as well as during exposure of plants to abiotic 

stresses. They can be divided into at least 14 different families on the basis of their 

biological activity and are mostly secreted proteins (van Loon et al., 1994). A notable 

exception to this rule are the proteins belonging to the class 10 family of PR proteins, 

the PR 10 protein family (van Loon et al., 1994). PR 10 proteins are small (15-18 

kDa), acidic, active in the cytosol and possess similar three-dimensional stmctures 

even though there may be significant differences at the level o f their primary 

structures (van Loon et al., 1994; Markovic-Housely et al., 2003). Even though PR 10 

proteins have been detected in a number of plant species and are known to be induced 

by pathogens or abiotic stresses, their precise biological activities are currently 

unknown.

Based on similarities in primary structures between plant PR 10 proteins and a 

ribonuclease from ginseng, it has been suggested that these proteins may be RNases 

that are involved in plant defense (Moiseyev et al., 1994). This proposal has had some 

support due to the demonstrated RNase activity o f some PR 10 proteins (Bantignies et 

al., 2000; Wu et al., 2003).

A version o f this chapter has been published: Srivastava S., Emery R.J.N., Kurepin L. V., Reid 
D.M., Fristensky B. and Kav N.N. V. (2006) Pea PR 10.1 is a ribonuclease and its transgenic 
expression elevates cytokinin levels. Plant Growth Regulation, 49, 17-25.
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However, the proposed function of PR 10 proteins as RNases involved in plant 

defense has been questioned due to the expression of PR 10 genes during normal 

growth and development of plants (Liu et al., 2003 and references therein). Moreover, 

researchers have also shown that PR 10 proteins bind many types o f molecules 

including cytokinins, brassinosteroids, fatty acids and flavonoids (Fujimoto et al., 

1998; Mogensen et al., 2002; Markovic-Housely et al., 2003) suggesting that all PR 

10 proteins may not be RNases involved in plant defense. Thus, despite an increasing 

number of studies aimed at characterizing the role(s) o f PR 10 proteins in plant 

processes during normal growth and development as well as during pathogen 

challenge, our understanding of their biological activities is far from being complete.

Abiotic stresses including salinity can also induce the expression of Pi? 10 

genes, suggesting a possible role in ameliorating the deleterious effects of stress 

(Ekramoddoullah et al., 1998; Hashimoto et al., 2004; Kav et al., 2004). Such a role 

is further supported by our observation that the constitutive expression of a pea PR 10 

gene in B. napus enhances their germination and early seedling growth under saline 

conditions (Srivastava et al., 2004). However, the precise biochemical activities of 

pea PR 10 proteins, as well as the mechanism(s) by which the pea PR 10 gene was 

able to enhance germination of B. napus are currently unknown. In this article, we 

overexpressed pea PR 10.1 cDNA in Escherichia coli, purified the recombinant 

protein, and demonstrated that this protein possesses RNase activity. In order to 

further characterize the differences between the transgenic and wild type B. napus 

seedlings, we also determined the endogenous concentration of several 

phytohormones in both seedlings. The potential role(s) of pea PR 10 proteins with
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RNase activity and the observed changes in phytohormone concentration in mediating 

plant responses to abiotic stress are discussed.

4.2. Materials and methods

4.2.1. Overexpression and purification of pea PR 10.1 in E. coli

PR 10.1 cDNA was amplified using two specific primers; 5’-GTG GTC GCA 

TATGGA AAA TTT GTA CTT TCA AGG TAT GGG TGT TTT TAA TGT TGA 

AGA TGA AAT CAC TTC TG-3’ with a Nde I (underlined) and rTEV protease 

(bold) sites and 5’-TAT ATA GCT CGA GTT AGT TGT AAT CAG GAT GAG 

CCA AAC AGT AAC C-3’ with a Xho I site (underlined). Amplified products were 

digested with Ndel and Xhol (New England Biolabs, ON, Canada) and cloned into 

pET28a bacterial expression vector (Novagen, WI, USA) for the expression of an N- 

terminal poly-histidine-tagged fusion protein and used to transform E. coli Rosetta 

(DE3) expression cells (Novagen). PR 10.1 protein was induced as recommended by 

the manufacturer (Novagen) using 1 mM IPTG, at RT for 3 h. Bacterial cells were 

harvested by centrifugation at 8300 g for 10 min at 4°C and the pellet resuspended in 

lysis buffer [50 mM NaH2P 0 4, 300 mM NaCl, 15 mM imidazole, 1% Triton X I00, 

complete EDTA-free protease inhibitor cocktail (Roche Inc., USA), pH 7.5],

Cells were lysed using a SONIC 300 Dismembrator (Artek Systems Corp., 

NY, USA) with 10 cycles of 30 sec each at a setting of 0.8 relative output with one 

minute cooling step (on ice) between each cycle. After centrifugation (13,800 g, 10
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min, 4°C), the supernatant was applied to a Ni-NTA agarose (Qiagen) column 

equilibrated with lysis buffer. The column was washed with 20 column volumes of 

wash buffer 1 (50 mM NafhPO-i 300 mM NaCl, 5 mM (3-mercaptoethanol, 1% Triton 

X I00, 10% glycerol, 15 mM imidazole, complete EDTA-free protease inhibitor 

cocktail, pH 7.5) and then with 15 column volumes of wash buffer 2 (same as buffer 1 

but with 30 mM imidazole) to remove weakly bound bacterial proteins. The PR 10.1 

protein was eluted from the column with wash buffer 3 (same as buffer 1 with 150 

mM imidazole). The eluted, histidine-tagged protein was dialyzed overnight against 

rTEV protease buffer (50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 1 mM DTT) at 4°C. 

The histidine tag was removed by incubation with 1.2 U/pg of the rTEV protease 

(Invitrogen, CA, USA) for 5 h at 30°C followed by an overnight incubation at 4°C and 

subsequent chromatography on Ni-NTA agarose column and collection of the flow 

through.

4.2.2. RNase activity measurements

In-solution RNase activity assays with the purified, recombinant PR 10.1 were 

performed as described by Bantignies et al. (2000) with modifications. Reaction 

mixtures containing 6  pg total RNA from either pea or canola tissue and 3, 6  or 9 pg 

uncleaved or cleaved proteins in rTEV buffer (see above) were incubated at RT for 3 

h, extracted with equal volume of phenol-chloroform and the aqueous layer was 

analyzed on a 1.2% agarose gel. RNA was isolated from the roots o f 7-day-old pea
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seedlings or from the shoots of 2 -week-old canola plants as described earlier 

(Srivastava et al., 2004).

In-gel RNase activity assays with recombinant pea PR 10.1 as well as with 

crude, pea seedling root extracts were performed as described by Yen and Green 

(1991). The glass plates were treated with 0.1% DEPC overnight and autoclaved. The 

gel casting units were treated with RNase Zap (Ambion Inc, USA). The 15% 

acrylamide gel was cast with 2.4 mg/mL yeast tRNA and recombinant or crude protein 

extract was mixed with gel loading dye and loaded in the well without boiling. The 

protein separation was performed in a Mini PROTEAN 3 vertical slab system (Bio- 

Rad) at constant voltage (160 V) until the dye front reached the bottom of the gel. 

After electrophoresis the gels were washed twice with 25% isopropanol (v/v) in 0.01 

M Tris-HCl for 10 min each at RT (20±2°C) to remove SDS and renature the protein. 

The gels were subsequently washed twice with 0.01 M Tris-HCl for 10 min each at 

RT (20±2°C) to remove the isopropanol. Following the washing steps, gels were 

incubated in 0.1 M Tris-HCl at 51°C for 50 min to allow the RNases to renature and 

digest the tRNA in the gel. Gels were stained with 0.2% (w/v) toluidine blue O 

(Aldrich Inc., USA) in 0.01 M Tris-HCl for 10 min at RT and destained by incubating 

twice with 0.01 M Tris-HCl for 10 min each after which the gels were rinsed and 

stored in 10 % glycerol-0.01 M Tris-HCl.
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4.2.3. Phytohormones analysis

Transformation of canola (Brassica napus L. cv. Westar) with the pea PR 10.1 

cDNA and its constitutive expression in the transgenic line GNl-5#22 has been 

previously described (Wang et al., 1999; Srivastava et al., 2004). The experiment was 

designed in a randomized complete block design and wild type and transgenic seeds 

(from T4 plants) were germinated and grown for 7 days in the dark at room 

temperature (20±2°C). The plates were sealed with laboratory film and after 7 days 

the entire seedlings were freeze-dried for phytohormone analysis. Fresh 7-day-old B. 

napus (transgenic and Westar) tissue was collected and immediately frozen in liquid 

N2 and later freeze-dried. The freeze-dried tissue was ground in liquid nitrogen and

extracted with 80% methanol. [2H6] ABA (250 ng), [13C6] IAA (200 ng) and 20 to 33

2 2ng each of [ H2] GAi and [ H2] GA20 were added to the aqueous MeOH extracts as 

internal standards. The extract was then subjected to reversed phase Cis HPLC 

separation followed by identification and quantification analysis on a gas 

chromatograph connected to a mass spectrometer (GC-MS; Agilent 6890) using the - 

selected ion monitoring (-SIM) mode, as described in Fellner et al. (2001). 

Quantification was accomplished by reference to the stable isotope-labeled internal 

standard using equations for isotope dilution analysis, adapted by DW Pearce (see 

Jacobsen et al., 2002) from Gaskin and MacMillan (1991). For CK analysis, 7-day- 

old B. napus seedlings were extracted, purified and quantified by LC-(+) ESI-MS/MS 

using the isotope dilution method as described in Ferguson et al. (2005). One hundred 

nanograms of the following were added as internal standards: [2H6]iP, [2H6][9R]iP,
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trans-[2H5]Z, [iHsJDZ, /ram -[2H5][9R]Z, [2H3][9R]DHZ, [2H6][9RMP]iP, trans- 

[2H5] [9RMP]Z and [2H3][9RMP]DHZ (OlChemlm Ltd, Olomouc, Czech Republic).

4.3. Results and discussion

The recombinant protein was purified from the soluble fraction by 

chromatography on Ni-NTA column (Figure 4-1). RNase activities of recombinant 

pea PR 10.1, with or without the histidine tag, were determined using an in-solution, 

as well as an in-gel RNA degradation assay (Figure 4-2). It was evident that both 

forms of the protein possessed RNase activity capable of hydrolyzing pea and canola 

RNA (Figure 4-2A and B). In order to confirm that the PR 10.1 protein is a RNase, 

we performed in-gel RNase assays as described by Yen and Green (1991) and 

visualized by staining with toluidine blue O (Yen and Green, 1991). Arrows point to 

the clear bands that are indicative of RNase activity.

These in-gel assays produce gels with a dark background and proteins with 

RNase activities are detected on the basis of the clear region observed at molecular 

weights corresponding to the protein(s) of interest. Results shown in Figure 2C 

clearly demonstrate that both forms of recombinant PR 10.1 protein (with or without 

the histidine tags) possess RNase activity. Also included in Figure 4-2C is a crude pea 

seedling root protein extract where RNase activity is observed at the molecular weight 

(-16 kDa) corresponding to PR 10 proteins indicating that the native proteins also 

possess RNase activity.
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Figure 4-1. Over expression and purification of pea (P. sativum) PR 10.1. Lanes 1, 2 

are cell-free extracts from uninduced and induced E. coli cultures, respectively and 

lanes 3 and 4 are the purified, recombinant PR 10.1 proteins with or without the N- 

terminal poly-histidine tag, respectively.
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Figure 4-2. Ribonuclease activity of pea (Pisum sativum) PR 10 protein. In-solution 

RNA degradation assay with histidine-tagged recombinant PR 10.1 (a) or recombinant 

PR 10.1 without the histidine tag (b). In both panels A and B, lanes 1-4 are reactions 

with total RNA from pea and 0, 3, 6  or 9 jug recombinant PR 10.1 protein; lanes 6  and
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7 with total RNA from canola and 0 or 9 ng  recombinant PR 10.1 protein. Lane 5 is 

total RNA from pea incubated with recombinant PR 10.1 protein (9 jug) which had 

been boiled in a boiling water bath for 15 min. In-gel RNA degradation assay (c); 

from left to right are purified, recombinant histidine-tagged protein, cleaved 

recombinant protein and crude pea seedling root extract. SDS-PAGE gels containing 

yeast tRNA are used for electrophoresis and protein bands with RNase activity are 

visualized by staining with toluidine blue O (Yen and Green 1991). Arrows point to 

the clear bands which are indicative of RNase activity.
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As described earlier, PR 10 proteins are induced by abiotic, as well as biotic 

stresses. For example, infection of pea with Fusarium solani (Fristensky et al., 1985), 

rice with Magnaporthe grisea (McGee et al., 2001), barley with Rhynchosporium 

secalis (Steiner-Lange et al., 2003), alfalfa with Cuscuta trifolii (Borsics and Lados 

2002) and sorghum with Cochliobolus heterostrophus (Lo et al., 1999) has been 

reported to induce PR 10 proteins. The ribonuclease activity of PR 10 proteins 

suggests a potential role in defense against pathogenic infections and it has been 

demonstrated that the constitutive expression of a pea PR 10 gene in potato confers 

resistance to potato early dying disease (Chang et al., 1993). However, no resistance to 

the fungal pathogen Leptosphaeria maculans was observed in transgenic B. napus 

constitutively expressing the pea PR 10.1 gene (Wang et al., 1999). Recently, it was 

demonstrated that a capsicum PR 10 protein has RNase-mediated antiviral activity 

against Tobacco Mosaic Virus (TMV) which was enhanced by phosphorylation (Park 

et al., 2004). Although numerous articles report the elevation of PR 10 proteins by 

various abiotic stresses, our previous finding that the constitutive expression of a pea 

PR 10 protein enhances germination under saline conditions remains the only report 

that PR 10 confers a positive effect on growth (Srivastava et al., 2004).

The constitutive expression of the pea PR 10.1 cDNA in B. napus minimizes 

the deleterious effects of salinity on root and shoot growth (Srivastava et al., 2004). In 

the absence of NaCl, there were no appreciable differences in the mean root lengths of 

the 7-day-old transgenic seedlings compared to wild type seedlings of a similar age, 

whereas the mean shoot lengths were slightly higher (Srivastava et al., 2004). The 

appearance of the wild type and transgenic seedlings of different chronological ages is
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shown in Figure 4-3. It is apparent that the radicles of the transgenic seedlings are 

better developed at 48 h than those o f the wild type. This may have resulted from the 

earlier ( — 1 2  h) germination of the transgenic seeds; although, both transgenic and wild 

type seeds had completed germination within the first 24 h (Figure 4-3A). In the case 

of 7-day-old transgenic and wild type seedlings ( 6  days after germination) grown 

either in Petri dishes or soil, the observed differences were negligible supporting our 

previous observations that phenotypic differences of 7-day-old seedlings are minimal 

(Figures 4-3B, C).

In order to further characterize the differences between the transgenic and wild 

type B. napus seedlings that may help in understanding the basis for the observed 

tolerance to salinity during early seedling growth (Srivastava et al., 2004), we 

investigated whether the changes were hormonally mediated. We determined the 

endogenous concentrations of four phytohormones groups in 7-day-old seedlings 

(Table 4-1). Seven-day-old seedlings were used for this investigation in order to 

obtain sufficient tissue to perform all the phytohormone analyses, as well as to ensure 

that there would be minimal developmental differences. No significant differences in 

IAA, GAi and GA4 concentrations were observed, and GA9 could not be detected.
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Figure 4-3. Comparison of germination and early seedling growth of 7-day-old wild 

type and transgenic (pea PR 10.1) B. napus seedlings. Appearance o f wild type (W) 

and PR 10.1 transgenic (T) seedlings after 2 days (a) and 7 days (b) after germination 

and grown in Petri dishes, (c) Appearance of 7-day-old wild type (W) and transgenic 

(T) seedlings in soil.
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Table 4-1. Endogenous concentration of various hormones in 7-day-old wild type and 

transgenic (pea Pi? 10.1) B. napus seedlings

Hormone Cone
N g/gD

entration 
W 1 (n = 2)

Wild-type
(Mean ± SE)

Transgenic
(Mean ± SE)

GA1 0.57 ±<0.01 0.48 ± 0
GA4 5.5 ±0.9 5 ±0.3
GA20 1 0 . 2  ± 1 . 1 19.2 ± 0 .7
IAA 130 ± 7 119 ± 8

ABA 217 ± 4 106 ± 19
Cytokinins Pmol gDW"1 (n = 2)

Trans-Z 118 ± 0 . 2 273 ± 67
cis-Z not detected not detected
iP 2  ± 0 . 8 0.9 ± <0.1
frans-[9R]Z 52 ± 18.4 4865 ± 2263
m -[9R]Z 32 ±28 15 ± 5
[9R]DHZ 2.5 ±0.9 58 ± 2 8
[9RliP 2.7 ± 2.4 3.6 ± 0 .7
trans-
[9RMP1Z

33 ± 5 1614 ±701

cw-[9RMP]Z 101 ± 19 1 0 1  ± 1 2

[9RMP1DHZ 10.3 ±2.8 13.7 ± 4 .9
[9R]iP 6.3 ±0.3 6.3 ±0.5
Cytokinin free 
Bases (FB)

210 ± 7 5215 ±2352

Cytokinin
Nucleotides
(NT)

150 ±26 1734 ±718

Total
cytokinins

360 ±18 6949 ± 3071
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The endogenous concentration of GA20 was higher in PR 10.1 seedlings (Table 4-1); 

however, since GA2 0  is not considered to be biologically active (Santes and Garcia- 

Martinez, 1995), it is unlikely that this difference would have contributed to the 

increased salinity tolerance of the transgenic seedlings. However, the endogenous 

concentration of ABA reduced 50% and cytokinin concentration increased extensively 

in the transgenic seedlings (Table 4-1).

Abscisic acid (ABA) regulates a number o f physiological processes in plants 

including the onset and maintenance o f dormancy (Finkelstein et al., 2002, Gubler et 

al., 2005). The relationship between ABA and GA during germination is well known. 

For example, ABA delays or prevents seed germination and determines dormancy 

levels whereas GA breaks dormancy and promotes germination (Groot and Karssen, 

1992; Koomneef et al., 2002). A relationship between CK and ABA has also been 

reported in the literature including that by Chang et al. (2003) where transgenic 

petunia flowers with elevated concentration o f cytokinins as a result of isopentenyl 

transferase (IPT) overexpression significantly reduces the concentration of ABA. The 

observations of Chang et al. (2003) are consistent with our findings that the transgenic 

seedlings constitutively expressing the pea PR 10.1 cDNA have a lower endogenous 

ABA concentration compared to the wild type seedlings (Table 4-1). This reduction of 

ABA combined with the observed increases in cytokinin (CK) concentration may 

contribute to the enhanced growth o f the transgenic seedlings (see below).

A massive increase in the total cytokinin was observed in 7-day-old transgenic 

seedlings (Table 4-1). Changes in CK were comprised of the free base and ribosides 

(which are presumed to be active), as well as the nucleotide forms. More specifically,
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the biggest difference observed was a dramatic increase in the concentration of trans- 

zeatin riboside (trans-[9R]Z) and its nucleotide (/mm-[9RMP]Z) in the transgenic 

seedlings. Much smaller increases were observed in the concentration of trans-zeatin 

and fr<ms,-[9RMP]DHZ in the transgenic seedlings (Table 4-1). No differences in the 

concentration of [9R]iP, iP or c/.s-[9R]Z were observed between the two types of 

seedlings, and cis-Z was not detected in either genotype (Table 4-1). Due to the large 

number (> 1 0 0 0 ) of seedlings required to perform the endogenous phytohormone 

analyses, the numbers in Table 4-1 reflect the average values from two independent 

extractions and analyses from seedlings that were pooled from several biological 

replicates.

Cytokinins are plant hormones that have been isolated from a number of 

species and are known to be synthesized by the embryonic axes of germinating 

seedlings (Villalobos and Martin, 1992). Cytokinins may also be involved in post­

germination processes such as root and hypocotyl growth (Singh and Sawhney, 1992). 

Two de novo pathways for cytokinin biosynthesis have been demonstrated in plants 

(Kakimoto, 2003) and are thought to be the major sources for endogenous, free 

cytokinins. The significance of such a large increase in CK is that they are thought to 

play an important role in mediating plant responses to stresses (Harding and Smigocki, 

1994; Gan and Amasino, 1995). For example, it has been demonstrated that CKs may 

function as antioxidants in germinating soybean seedlings (Gidrol et al., 1994); 

synthetic cytokinin analogues possess antioxidant activities (Brathe et al., 2002); and 

CKs induce a metallothionein gene during copper stress (Thomas et al., 2005). The 

fact that an elevated CK concentration may contribute in enhancing growth of
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transgenic seedlings under saline conditions is supported by the fact that the greatest 

increases in the PR 10.1 transgenic seedlings were in trans-[9R]Z, one of the most 

active CKs in all known bioassays, and another potentially active form, trans- 

[9RMP]Z (Emery and Atkins, 2005).

Combined with the stress-induced expression o f plant PR 10 proteins, a 

possible implication is that PR 10 proteins mediate their functions through altering 

endogenous cytokinin concentration. Indeed, it is possible that the observed RNase 

activity of the PR 10 proteins may be responsible for the increase in cytokinin 

concentration since in addition to de novo biosynthetic pathways, cytokinins may also 

be derived from modified bases that occur in plant tRNAs (Skoog and Armstrong, 

1970; Haberer and Kieber, 2002). Furthermore, tRNA has been demonstrated to be a 

source of cytokinin and it is possible that their turnover contributes to as much as 40- 

50% of the pool o f free active cytokinins (Barnes et al., 1980; Letham and Palni, 

1983; Taller et al., 1987; Prinsen et al., 1997). However, the isomer profiles of CK 

detected in this study are not consistent with this hypothesis. Since the major CK 

moiety present in plant tRNAs is cis-Z (Taller, 1994), the degradation of tRNA by PR 

10.1 would be expected to enhance the concentration o f cis-Z, c7.v-[9R]Z and cis- 

[9RMP]Z. Our results show (Table 4-1), that there were no difference in the 

concentration of cA-[9RMP]Z, and a reduction in the concentration of 67,v-[9R]Z and 

cis-Z could not be detected. The possibility remains that that both cis-\9R]Z, as well 

as cis-Z, were converted to their respective trans forms by a cis-trans isomerase, like 

that isolated from Phaseolus vulgaris endosperms (Bassil et al., 1993; Mok and Mok, 

2001). Moreover, trans-Z has been detected in the tRNAs of hop plants (Humulus
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lupulus L.) where it constitutes 25% of total tRNA zeatin (Wang, 1994). However, 

neither P. vulgaris nor hop plants belong to the same family as B. napus and the 

presence of an isomerase and/or trans-Z (or its nucleotide forms) in B. napus tRNA 

must be investigated. Another issue that warrants discussion at this stage is the fact 

that the concentration of the active trans-Z in the transgenic seedlings were only ~2 - 

fold higher whereas the concentration of both trans-[9R]Z and rram-[9RMP]Z were at 

least 30-fold higher (Table 4-1). This may be due to the fact that trans-[9R]Z can be 

converted to either [9R]-DHZ or to /ram-[9RMP]Z (Takei et al., 2004). It should be 

stressed that the endogenous CK concentrations were determined at a specific 

developmental stage ( 6  days after germination) that will undoubtedly have a 

significant effect on the proportion of individual species that are present.

In conclusion, although it is tempting to speculate that the RNase activity of 

pea PR 10 protein may lead to the enhanced endogenous cytokinin pool in the 

transgenic B. napus, it is equally possible that the PR 10 protein mediates the increase 

in cytokinins by some other mechanism, including increased de novo biosynthesis or 

reduced degradation/oxidation. Alternatively, the differences in endogenous CK 

concentration may be caused by subtle differences in seedling development, although 

both wild type and transgenic seedlings used for phytohormone analyses were at 6  

days after germination. To rule out this possibility, such hormone analyses must be 

performed encompassing a window of several days during germination and early 

seedling growth. To unequivocally test the role of RNase in elevating the CK 

concentration in transgenic seedlings, we have initiated these as well as additional 

experiments that include the feeding of radiolabelled tRNA (to determine the
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incorporation of the radiolabel in individual species of cytokinins) and the detection of 

any active cis-trans isomerase in B. napus. We are also in the process of expressing 

other PR 10 homologues in Arabidopsis thaliana in order to investigate the effects of 

PR 10 on cytokinin biosynthesis, degradation, conjugation, and signal transduction in 

a system with more comprehensive genomic resources.
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5. Constitutive expression of the pea ABA-responsive 17 (ABR17) 

cDNA confers multiple stress tolerance in Arabidopsis thaliana

5.1. Introduction

Plants encounter a wide range of environmental stresses, including drought, 

salinity, temperature extremes, flooding and ultraviolet radiation, which severely limit 

crop productivity worldwide (Boyer, 1982). Abiotic stresses can occur simultaneously 

and could affect multiple stages o f plant growth and development (Chinnusamy el al, 

2004), leading to serious morphological, physiological, biochemical and molecular 

changes and reduction in yield of more than 50% for most of the crops (Boyer 1982; 

Bray et a l, 2000; Wang et al., 2003). Soil salinity alone can lead to a significant 

decrease in the yield, affecting as much as 7% of the world’s arable land (Hasegawa et 

al., 2000; Zhu, 2003). Furthermore, increased salinization is expected to reduce 

agricultural land by an estimated 30% by the year 2025 and up to 50% by the middle 

of the 21st century (Wang et al., 2003). Therefore, it is extremely important to 

characterize the plant responses to abiotic stresses and identify gene(s) that may be 

useful in improving tolerance to such stresses.

A version o f  this chapter has been published and a provisional patent is filed: Srivastava S., 
Rahman H., Shah S. and Kav N.N. V. (2006) Constitutive expression o f the pea ABA- 
responsive (ABR17) cDNA confers multiple stress tolerance in Arabidopsis thaliana Plant 
Biotechnology Journal 4, 529-549.
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The availability of high throughput genomics and proteomics technologies 

enables us to conduct a comprehensive study of the genome, the transcriptome and the 

proteome under different abiotic and biotic stress conditions (Ramonell and 

Somerville, 2002; Agrawal et al., 2005). Previously, an analysis o f salinity-induced 

changes in the pea root proteome revealed an increase in the levels o f several members 

of a PR protein family (PR 10; Kav et al., 2004), including PR 10.1 and the ABA- 

responsive protein ABR17 (PR 10.4). The PR proteins are part of a multicomponent 

defense response in many plants, which respond to various abiotic and biotic stresses 

(Walter et al., 1990). They are grouped into 14 different families based on their 

serological relations, homology at the nucleotide/amino acid sequence level, and 

similarities in biological functions (van Loon et al., 1994; Van Loon and Van Strien, 

1999).

Proteins belonging to the PR 10 family have been detected in a variety of 

anthophytes, monocots as well as dicot plants (Biesiadka et a l,  2002). PR 10 proteins 

are small (15-18 kDa), acidic and intracellular, unlike other PR proteins that are 

extracellular (Walter et al., 1990; van Loon et al., 1994). These intracellular PR (IPR) 

proteins were first described in cultured parsley cells upon elicitor treatment 

(Somssich et al., 1988) and as described earlier, have subsequently been detected in 

many species. PR 10 genes are known to be induced by pathogens (Fristensky et al. 

1985; McGee et al. 2001; Borsics and Lados 2002), as well as other stresses such as 

salinity, drought, wounding and darkness (Osmark et al. 1998; Flashimoto et al., 2004; 

Kav et al., 2004). In addition to the induction by various stimuli, PR 10 proteins occur 

in high concentrations in roots, flowers and pollen (Biesiadka et a l,  2002 and
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references therein). These observations suggest that in addition to their role(s) in the 

plant stress response, they could play an important role during the normal growth and 

development o f plants (Wu et al., 2003).

The pea ABA-responsive protein ABR17 is similar to pea disease resistance 

response proteins; it is produced late in seed development, and is induced by 

exogenous application of ABA (Iturriaga et al., 1994; Colditz et al., 2004). Many 

proteins with significant homology to the pea ABA-responsive protein, including an 

IPR protein from bean (Walter et al., 1990), garden pea (Fristensky et al., 1988), 

parsley (Somssich et al., 1988), major birch pollen allergen Bet v l (Breiteneder et al., 

1989), potato (Constabel and Brisson, 1992), and SAM22 from soybean (Crowell et 

al., 1992). Several gene products homologous to ABR17, proteins also known as 

dehydrins and late embryogenesis abundant (LEA) related proteins, have been 

identified in different plant systems (Skriver and Mundy, 1990; Close et al., 1993; 

Goday et al., 1994).

Despite the identification o f proteins with significant similarities to ABR17 

(and other PR 10) in many species, a direct role for these proteins in mediating plant 

responses to abiotic stresses has not been convincingly demonstrated. We have 

reported previously (Srivastava et al., 2004) that the constitutive expression o f a PR 10 

(PR 10.1) gene from pea in Brassica napus ameliorates the effects of salinity stress 

during germination and early seedling growth. In this article, we demonstrated that 

ABR17 (classified as a member of the PR 10 family in pea) is able to enhance 

germination as well as tolerance of A. thaliana under multiple abiotic stresses. 

Furthermore, we compared the proteomes of ABR17 transgenic and wild type

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



seedlings in order to probe the mechanisms underlying the enhanced stress tolerance. 

Our findings are discussed within the context of the known biological activities of PR 

1 0 , as well as its potential utility in engineering multiple stress tolerance in plants.

5.2. Materials and methods

5.2.1. Plant expression vectors

The pea ABR17 cDNA clone was kindly provided by Dr. Trevor Wang, 

Department of Metabolic Biology, John Innes Centre, Norwich, UK. The cDNA was 

amplified using the forward (5’-

GT GGTCG A AG CTT AT GGGT GTCTTT GTTTTT GAT GAT G A AT AC- 3 ’) and (5’- 

T AT AT AGCTCG AGTT AGTAACCAGGATTT GCC AAAACGT AACC-3 ’) reverse 

primers, respectively. The restriction enzyme sites Hind III and Xho I are highlighted 

on the forward and reverse primers, respectively. The amplified cDNA fragment was 

ligated between the CaMV35S promoter and the rbcS3’ terminator in the binary vector 

pKYLX71 (Schald et al., 1987), and the resulting gene construct was sequenced to 

ensure ligation of the cDNA in the correct orientation and the absence of any 

mutations/rearrangement.

The gene construct was subsequently introduced into the disarmed 

Agrobacterium tumefaciens strain GV3101 through a triparental mating technique 

using E. coli strain HB101 carrying the helper plasmid pRK2013. Transconjugant A. 

tumefaciens was selected on solid medium containing rifampicin, gentamicin and
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tetracycline. Plasmid DNA was extracted from A. tumefaciens and analyzed by 

restriction digestion to ensure that no rearrangements had taken place during the 

introduction into this bacterium.

5.2.2. Transformation of Arabidopsis thaliana

A. thaliana ecotype WS was transformed using the floral dip method (Clough 

and Bent, 1998). Briefly, plants were grown in growth chambers at 25°C until 

flowering with a 16-h light/8 -h dark photoperiod. Primary racemes were clipped to 

encourage proliferation of secondary bolts. A. tumefaciens cells at mid-log stage of 

growth were centrifuged and resuspended to a density of 0 . 8  (Abs6oo) in 5% sucrose 

solution containing 0.05% silwet L-77. Above-ground parts of A. thaliana plants were 

dipped in this Agrobacterium solution with gentle agitation. Dipped plants were 

covered with plastic wrap (for 16-24 h) to maintain high humidity and were returned 

to growth chambers when the seeds were ready for harvest. Dry seeds (To) were 

surface sterilized and placed on 1/2 strength MS plates containing 50 mg/L 

kanamycin. The seeds were cold treated at 4°C for at least 2 d, and grown at 25°C with

9 116 h light/ 8  h dark, 100 pmol m' s' light for 7-10 d. Plants that survived on the 

kanamycin plates were transferred to soil and maintained in growth cabinets. A 

number of independent transgenic lines were tested for their abilities to germinate on 

MS plates containing 75 or 150 mM NaCl, and those with enhanced germination were 

selected for the production o f homozygous plants. Seeds from the transgenic plants
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(Tj seeds) were screened on kanamycin plates to determine segregation ratios and 

those with a monogenic (3:1) segregation ratio and exhibiting enhanced germination in 

the presence of NaCl were used for homozygous T2 seed production. Bulked 

homozygous seeds from T2 plants were used in all subsequent experiments.

5.2.3. RT-PCR analysis

Total RNA, isolated from wild type and transgenic seedlings, was reverse 

transcribed and subsequently amplified to detect ABR17 transcripts. RNA was isolated 

using the QIAGEN RNeasy Plant Mini Kit (Qiagen, Mississauga, ON, Canada) from 

pooled 2-week-old seedling tissue. The isolated RNA was treated with RNase-free 

DNase (Qiagen) to ensure the complete removal of DNA prior to RT-PCR. Reverse 

transcription and first strand cDNA synthesis of total RNA (50 ng) was performed 

using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). PCR reactions 

were carried out using the newly synthesized cDNA (2 pL) as the template and 

primers (forward: 5’-GGTGATCAAGGAAGCACAAGG-3’ and reverse: 5’-

TTTGGCCTTTGTTTCATCACG-3’) specific to the pea ABR17  coding sequence 

using a PCR Master Mix (Promega, Madison, WI, USA). The ABR17 transcript was 

amplified using the following thermocycling parameters: 94°C, 2 min; 35 cycles at 

94°C, 1 min; 62°C, 1 min; 72°C, 1 min; and a final extension of 72°C, 10 min. Plant 

18s rRNA primers (forward: 5'-CCAGGTCCAGACATAGTAAG-3' and reverse: 5'- 

GTACAAAGGGCAGGGACGTA -3'; Duval et al., 2002) were used as an internal
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control. PCR products were separated by electrophoresis on a 1.2% agarose gel and 

visualized under UV light after staining with ethidium bromide.

5.2.4. Western blot analysis

Two week-old pooled Arabidopsis seedlings were crushed in liquid N2 and 500 

pL extraction buffer (0.5 M Tris-HCl, pH 6 .8 ; containing 10% glycerol; 10% SDS and 

60 mM DTT) was added to 200 mg ground tissue. The tubes were vortexed and a 

small amount of protamine sulfate on the tip o f a spatula was added and incubated at 

RT for 15 min prior to centrifugation at 12,500 g for 15 min. Ice-chilled acetone 

containing 0.07% DTT (5 equal volumes) was added to the supernatants and they were 

centrifuged once more as described above. The pellets were dried for 15 min under 

vacuum and resuspended in 100 pL of 50 mM Tris pH 6 . 8  containing 0.5% SDS. The 

concentration of protein in the resuspended samples was determined using a modified 

Bradford assay and the samples stored at -20°C until subjected to Western blot 

analysis.

Protein (30 pg) was applied to polyacrylamide gels (15%) and subjected to 

electrophoresis according to Laemmli (1970) using a Mini PROTEAN 3 vertical slab 

system (Bio-Rad) at constant 160 V until the dye front reached the bottom of the gel. 

After electrophoresis the gel was equilibrated in transfer buffer (48 mM Tris, pH 9.2 

containing 39 mM glycine, 20% methanol and 1.3 mM SDS) for 15 min and 

transferred to polyvinylidene fluoride (PVDF) membrane for 25 min at 15 V using 

Trans Blot SD, semi-dry transfer apparatus (Bio-Rad). Following transfer, the
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membrane was blocked with TBS (10 mM Tris-HCl, pH 7.5; 150 mM NaCl) containing 

5% non-fat skim milk powder for 2 h and rinsed with TTBS (TBS containing 0.05% 

Tween 20) for 10 min. The primary antibody solution (rabbit anti-PR 10.4 in TTBS; 

1 :2 0 ,0 0 0 ) was added to the membrane and, after 1 h incubation, the membrane was 

washed 3 times for 5 min each with TTBS. The membrane was then incubated with 

secondary antibody solution [goat anti-rabbit immunoglobulin G conjugated with 

horseradish peroxidase (Abeam, Cambridge, MA, USA) in TTBS; 1:10,000] for 1 h 

after which the membrane was washed 3 times for 5 min each with TTBS followed by 

a 5 min wash with TBS. Bands on the blot were visualized by staining the membrane 

with TMB peroxidase substrate kit (Vector laboratories Inc., Burlingame, CA, USA) 

according to manufacturer's instructions.

5.2.5. Plant growth and germination experiments

Wild type and transgenic lines (6.9, 14.9, 25.20) o f A. thaliana, ecotype WS 

seeds were grown on A strength MS medium containing 1.5% sucrose, 0.8% agar, pH 

5.7 and various salt concentrations (0, 75 and 150 mM NaCl) in 25 x 100 mm Petri 

dishes. Seeds were surface sterilized by immersing in 70% ethanol for one min 

followed by rinsing twice with sterile deionized water. The seeds were then placed in a 

solution of 20% bleach for 15 min with occasional mixing, after which they were 

rinsed four times (five min each) with sterile deionized water. The experiment was 

designed in a randomized complete block design (RCBD) and at least five plates per 

treatment and 14 seeds per plates were used in these experiments. The plates were
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2  1 •incubated at 22±1°C under continuous fluorescent light 30 pmol m' s' or at 10°C in a 

growth chamber (Conviron, model PGR15, Winnipeg, Manitoba) with coolwhite 

supplemented with incandescent bulbs 250 pmol m '2 s '1. Germination of seeds was 

monitored every day and the numbers of germinated seeds were recorded daily for two 

weeks. Those seeds where the radicles had emerged were considered to have 

germinated. Each experiment was repeated at least three times.

5.2.6. Imposition of temperature stresses

Wild type and transgenic Arabidopsis lines (6.9, 14.9 and 25.20) were

evaluated for tolerance to cold and high temperature stresses as described by Kim et

al., 2004. Arabidopsis seedlings were grown in MS plates for two weeks at 22±1°C

under continuous fluorescent light 30 pmol m '2 s' 1 and for the imposition of cold stress

open MS plates containing seedlings were placed at -5°C for 4 h in dark after which

the plates were returned to room temperature and photographed after 24 h of recovery.

Similarily, Arabidopsis seedlings were grown in MS plates for two weeks at 22±1°C

2 1under continuous fluorescent light 30 pmol m' s' and for the imposition of heat stress 

open MS plates containing seedlings were placed in an dark incubator set at 48°C for 2 

h after which they were returned to room temperature and photographed after 1 and 3 

days of recovery.
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5.2.7. Measurement of chlorophyll, carotenoid and ion-leakage

The chlorophyll and carotenoid concentrations, as well as ion-leakage, were 

used to assess plant damage due to the stresses. Total chlorophyll and carotenoid was 

extracted from pooled tissue of 2-week-old plants grown on MS plates, using a 

procedure modified from Kirk and Allen (1965). Pooled leaf tissue (0.05 g) was 

homogenized in 5 mL of ice-cold 80% acetone (v/v) and incubated at room 

temperature for 10 min in the dark. Samples were then centrifuged at 2,500 g for 15 

min. The supernatant was decanted and absorbance measured at 663, 645 and 480 nm. 

Total chlorophyll (a+b) was estimated using a nomogram (Kirk, 1968) and the 

carotenoid levels were calculated using the formula (Kirk and Allen, 1965):

AACAR480 = AA48 0  + 0.114 AA663 -  0.638 AA6 4 5 , where A is absorbance and CAR is 

carotenoid content.

Membrane damage was assessed by measuring ion-leakage from cold-stressed 

leaves (Vettakkorumakankav et al., 1999). Leaves from control and stressed plants 

were incubated in 20 mL of distilled water and agitated at room temperature for an 

hour following which the conductivity of the solution (initial value) was determined 

using a conductivity meter (HI 8733, Hanna Instrument, Woonsocket, RI, USA). The 

solutions were incubated at 4°C overnight and subsequently autoclaved to release total 

ions and the final conductivity values were determined. Ion leakage is expressed as a 

percentage of the initial to final values.
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5.2.8. Two-dimensional electrophoresis

Protein extracts for two-dimensional electrophoresis were prepared according 

to the method described by Subramanian et al. (2005) with some modifications. Wild 

type and transgenic (6.9) seedlings (2-week-old) from MS plates were homogenized to 

a fine powder in liquid nitrogen. Homogenized tissue (0.3 g) was further 

homogenized in acetone containing 10% (w/v) trichloroacetic acid (TCA) and 0.07% 

DTT, transferred to eppendorf tubes and the volume was adjusted to 1.5 mL with 

acetone containing 10% (w/v) TCA and 0.07% DTT. Samples were incubated at - 

17°C for 1 h, centrifuged at 13,000 g for 15 min and the supernatants discarded. The 

pellets were washed by resuspending them in ice-cold acetone containing 0.07% DTT 

and centrifuged as described above. This step was repeated four additional times, the 

pellets were dried at room temperature in a speedvac for 30 min and resuspended in 

400 pL Rehydration/Sample buffer (Bio-Rad, Mississauga, ON, Canada) containing 8  

M urea, 2% w/v CHAPS, 40 mM DTT, 0.2% Bio-lyte 3-10 and 3 pL of 200 mM 

tributylphosphine (TBP). The samples were mixed vigorously, incubated overnight at 

4°C and centrifuged at 4°C for 15 min at 13,000 g. The supernatants were placed in 

fresh tubes and protein concentrations determined using a modified Bradford assay 

(Bio-Rad) with BSA as the standard.

Two-dimensional electrophoresis of protein extracts was performed as 

previously described (Subramanian et al., 2005). Briefly, immobilized pH gradient 

(IPG) strips (17 cm, Bio-Rad) were passively rehydrated overnight with 300 pg of 

protein in 300 pL of Rehydration buffer ( 8  M urea, 2% CHAPS, 40 mM DTT, 0.2%
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Bio-Lyte and 2 mM TBP). Isoelectric focusing (IEF) was performed using a Bio-Rad 

PROTEAN IEF unit to provide an optimum, maximum field strength o f 600 V/cm and 

a 50 pA limit/IPG strip at 10,000 V for 60,000 Volt Hours (VH). Prior to second 

dimension separation, proteins in the rehydrated strips were reduced by incubating 

them twice in a solution (5mL/ strip) containing 6  M urea, 2% sodium dodecyl sulfate 

(SDS), 0.375 M Tris-HCl, pH 8 .8 , 20% glycerol, and 130 mM DTT for 10 min each. 

The strips were then incubated in the above solution, but containing 135 mM 

iodoacetamide instead o f DTT, twice for 10 min each in order to alkylate the reduced 

proteins. SDS-PAGE separation of proteins was performed on 13% polyacrylamide 

gels (20 X 20 cm, 1 mm thickness) using a PROTEAN II XI system (Bio-Rad) at a 

constant voltage (90 V) until the dye front reached the bottom of the gel. Protein spots 

were visualised using a Colloidal Blue Staining Kit (Invitrogen, Carlsbad, CA, USA) 

according to the instructions provided. Two-dimensional electrophoresis was 

performed at least three times with the extracted protein samples.

5.2.9. Image analysis

Images of the two-dimensional gels were acquired using a GS-800 calibrated 

densitometer (Bio-rad) and analyzed using PDQuest software (Bio-rad). Three gels 

each of wild type and transgenic (6.9) samples were used to generate the match-sets 

and individual spots were matched using the automated detection and matching feature 

of the software followed by manual refinements in order to eliminate artifacts and 

include spots that were missed by the automated detection process. In order to
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identify the protein spots whose levels were significantly different between the 

transgenic and wild type seedlings, the match sets from three replicate gels of wild 

type and line 6.9 protein samples were analyzed using Student’s /-test feature of 

PDQuest software as described by the manufacturer. Those spots which were 

reproducibly altered in all three replicates and exhibited significant (P<0.01) 

differences were excised from the gels using sterile scalpels, and were subjected to 

electrospary ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF- 

MS/MS) analysis.

5.2.10. ESI-Q-TOF MS/MS analysis

Tandem MS was performed at the Institute for Biomolecular Design, 

University o f Alberta, on protein extracted from isolated gel spots as previously 

described (Subramanian et al., 2005). Briefly, gel pieces were de-stained, reduced 

with 10 mM DTT, alkylated with 55 mM iodoacetamide and digested with 6  ng/pL 

trypsin (Promega Sequencing Grade Modified) in 50 mM ammonium bicarbonate (25 

pi), for 5 h at 37°C in a fully automated fashion on a Mass Prep Station (Micromass, 

Manchester, UK). The tryptic peptides were subjected to LC/MS/MS analysis on a 

Micromass Q-ToF-2 mass spectrometer (Micromass) coupled with a Waters CapLC 

capillary HPLC (Waters Corp., Milford, MA, USA). Peptides were separated on a 

PicoFrit capillary reversed-phase column (5 p BioBasic C l 8 , 300 Angstrom pore size, 

75 p ID x 10 cm, 15 p tip) (New Objectives, Woburn, MA, USA), using a linear 

water/acetonitrile gradient (0.2% formic acid), after desalting on a 300 p x 5 mm
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PepMap C l 8  column (LC Packings, Sunnyvale, CA, USA). Eluent was introduced 

directly to the mass spectrometer by electrospray ionization at the tip of the capillary 

column and data dependent MS/MS acquisition was performed for peptides with a 

charge state of 2 or 3. Proteins were identified from the MS/MS data by searching the 

NCBI non-redundant database with Mascot Daemon (Matrix Science, London, UK) 

including carbamidomethylation of cysteine, possible oxidation o f methionine and one 

missed cleavage per peptide as search parameters.

5.2.11. Statistical analysis

The experiment was designed in a randomized complete block design (RCBD). 

Two way analysis of variance (ANOVA) was performed using the mixed model 

procedure of SAS version 8 e (Statistical Analysis System, 1985, SAS Institute, Cary, 

NC, USA). Mixed model was performed on individual experiments considering 

genotypes as fixed effect and block as random effect. An estimate of least square 

means and pooled standard errors were calculated.

5.3. Results

5.3.1. Generation of transgenic Arabidopsis plants and confirmation of gene 

expression

Transgenic A. thaliana plants were generated using the floral dip method 

(Clough and Bent, 1998). Seeds from To plants (Ti seeds) of 33 independent
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transgenic lines were selected and screened for their ability to germinate in the 

presence of 75 and 150 mM NaCl. The number of copies o f the ABR17 cDNA in 

these lines was estimated based on their segregation on kanamycin plates. Three 

transgenic lines (6.9, 14.9 and 25.20) with single insertions o f the ABR17 cDNA that 

showed best germination in preliminary experiments under saline conditions were 

selected for the production of homozygous lines and further characterization.

The expression of the transgene was verified using ABR17-specific primers 

and along with 18s rRNA primers as an internal control. The presence of an ABR17- 

specific transcript was confirmed by this RT-PCR analysis, which produced the 

expected 319-bp amplification product, which was absent in the wild type as well as 

the negative control (Figure 5-1 A). The quality o f mRNA, cDNA and the 

amplification reactions was confirmed by the successful amplification of the expected 

18s rRNA product in all samples (Figure 5-1 A). The presence of the ABR17 protein 

in all the three transgenic lines was confirmed by Western blot analysis with PR 10.4- 

specific polyclonal antibodies. Protein extracts prepared from the transgenic plants 

revealed the presence of a strongly reacting band with the molecular weight 

corresponding to that of ABR17, whereas extracts from the wild type plants did not 

show the presence o f this band (Figure 5-IB).
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Figure 5-1. Expression of ABR17 cDNA in transgenic A. thaliana. (a) RT-PCR 

analysis of ABR17 and 18s RNA expression demonstrating the presence of ABR17 

transcript in the 3 transgenic lines (6.9, 14.9, 25.20) and its absence in the wild type 

(WT) as well as the presence of 18s transcript throughout, (b) Western blot analysis 

of protein extracts (from 2  week-old seedlings) demonstrating the presence of a unique 

band corresponding to the molecular weight o f ABR17 in the three transgenic lines.
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5.3.2. Effects of salinity and cold on germination

The ability of the three transgenic lines to germinate in the presence o f NaCl 

was evaluated at room temperature and 10°C and the results are shown in Figure 5-2. 

At room temperature, in the absence of NaCl, we observed 100% germination in the 

wild type as well as the three transgenic lines. At the lower temperature (10°C), while 

the germination in all the lines was not 1 0 0 %, there were no significant differences in 

the numbers of germinated seeds on any day (Figure 5-2C). However, the transgenic 

seedlings germinated earlier in the presence o f 75 and 150 mM NaCl at both 

temperatures tested (Figure 5-2). For instance, the transgenic lines 6.9 and 14.9 

initiated germination by day 1 in the presence of 75 mM NaCl, whereas no wild type 

or 25.20 transgenic seeds had germinated at this point (Figure 5-2A). Similarly, in the 

presence of 150 mM NaCl, all three transgenic lines had initiated germination by day 

3 at room temperature, whereas no significant germination in the wild type had 

occurred at this time (Figure 5-2B).

Figure 5-2. Effects of NaCl and low temperature on the germination of wild type and 

ABR17 transgenic seedlings. Effects o f (a) 75 and (b) 150 mM NaCl, respectively at 

room temperature. Effects of (c) 0, (d) 75 mM and (e) 150 mM NaCl, respectively at 

10°C. Germination was recorded from at least 42 seeds in each biological replicate 

and experiment was repeated at least three times. An estimate o f least square means 

and pooled standard errors are presented.
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Figure 5-2.
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The maximum germination observed at room temperature in the presence of 75 mM 

NaCl at the conclusion of the experiment (on day 14) in the wild type was ~74%, 

compared to that of 99%, 99%, 90% for the transgenic lines 6.9, 14.9 and 25.20, 

respectively (Figure 5-2A). In the case of 150 mM NaCl, the maximum germination 

in the wild type was 47% compared to 85%, 89% and 60% in the transgenic lines 6.9, 

14.9 and 25.20, respectively (Figure 5-2B).

When the germination of the seeds was assessed at 10°C, in the presence of 

either 75 or 150 mM NaCl, the differences in germination rates of the transgenic seeds 

were obvious with the transgenic lines clearly performing better than the wild type 

(Figures 5-2D and E). At 10°C, on day 5, in the presence of 75 mM NaCl all three 

transgenic lines had significantly higher germination rates compared to the wild type, 

with the transgenic line 6.9 appearing to be the best among the transgenics (Figure 5- 

2D). The trend remained the same throughout the entire period of the experiment (14 

days) for 75 mM NaCl treatments. At the end of the 14-day experiment, in the 

presence of 75 mM NaCl at 10°C, 70% of the wild type seeds had germinated, 

whereas the germination rates were 94%, 94% and 8 6 % in the three transgenic lines

6.9, 14.9 and 25.20, respectively (Figure 5-2D). In the presence of 150 mM NaCl, the 

differences between the wild type and the three transgenics were apparent on day 6  

and was very clear on day 8  (Figure 5-2E). At this salt concentration, only 17% of 

the wild type seeds had germinated by day 14, whereas the germination rate was 83%, 

67% and 50% in the three transgenic lines 6.9, 14.9 and 25.20, respectively. Once 

again, the transgenic line 6.9 appeared to be better than the other two lines (Figure 5-
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2E). All the observed differences between the germination rates of the transgenic 

and wild type seeds were statistically significant (P < 0.05).

5.3.3. Appearance of seedlings germinated and grown in the presence of NaCl

The appearance of the wild type and transgenic seedlings grown on MS plates 

containing 0, 75 or 150 mM NaCl at room temperature after one and two weeks is 

shown in Figures 5-3A and B, respectively. It is clear that there were no obvious 

differences between the wild type and 3 transgenic lines in the absence of salt after 

one week of growth (Figure 5-3A). However, after 2 weeks, in the absence of salt, it 

appears as though both roots and shoots of the transgenic seedlings were better 

developed compared to the wild type (Figure 5-3B). As previously described for the 

germination experiments, the differences between the wild type and transgenic 

seedlings were more apparent in the presence of NaCl (Figure 5-3), with the 

deleterious effects on root and shoot development being more pronounced at the 

higher (150 mM) NaCl concentration. It is clear from the appearance of the seedlings 

(Figure 5-3) that the deleterious effects of 150 mM NaCl at both 1 and 2 weeks in the 

transgenic lines were considerably less compared to those on the wild type seedlings. 

These observations were confirmed by evaluating the effect of the salinity treatments 

on the chlorophyll and carotenoids levels, which were measured in 2 -week-old control 

as well as 75 mM NaCl-treated tissues.
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Figure 5-3. Effects o f salinity on the seedlings germinated and grown at room 

temperature. Morphology of seedlings germinated after (a) 1 and (b) 2 weeks of 

growth at 0, 75 and 150 mM NaCl.
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Figure 5-3 (contd). (c) Total chlorophyll and (d) carotenoid levels following two 

weeks of growth at 0 and 75 mM NaCl, mean ± standard errors are presented.
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The chlorophyll levels were significantly (PO .05) reduced in the wild type seedlings, 

whereas the levels in the transgenics grown in 75 mM NaCl were not significantly 

different from the untreated samples (Figure 5-3C). The effect o f 75 mM NaCl was 

more pronounced on the carotenoid levels of the wild type seedlings, with the salt 

treatment reducing the carotenoid levels significantly (P<0.05) compared to the 

transgenics (Figure 5-3D). It is also apparent that the carotenoid levels in the 

untreated transgenic seedlings were higher compared to that of the untreated wild type 

seedlings (Figure 5-3D). These elevated levels of carotenoids may be contributing to 

the better tolerance to NaCl exhibited by the transgenic lines.

The appearance o f seedlings after two and three weeks at 10°C in the presence 

or absence o f NaCl is shown in Figure 5-4. It is evident that at this lower temperature, 

in the presence or absence of NaCl, the transgenic seedlings appear to be healthier 

than the wild type after 2 (Figure 5-4A) and 3 weeks (Figure 5-4B) o f growth, 

suggesting that they are able to better tolerate the lower temperature stress. 

Chlorophyll and carotenoid levels could not be measured in the seedlings subjected to 

the NaCl treatment at this lower temperature due to the lack o f sufficient tissue to 

perform those experiments. Therefore, the appearance of the seedlings also support the 

data obtained from the experiments that assessed the abilities o f the transgenic lines to 

germinate under these stress conditions.
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Figure 5-4. Effects of salinity on the seedlings germinated and grown at 10°C. 

Morphology of seedlings after (a) 2 and (b) 3 weeks of growth at 0, 75 and 150 mM 

NaCl.
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5.3.4. Assessment of tolerance to freezing temperature

In addition to the ability to germinate and grow under stress conditions, it is 

also important to enhance the ability of plants to tolerate sub-zero temperatures. We 

were therefore interested in evaluating whether these transgenic lines were capable of 

tolerating exposure to freezing temperature (-5°C). The appearance of plants grown 

on MS plates 24 h after a 4 h treatment at -5°C is shown in Figure 5-5. From the 

appearance of the plants 24 h after returning to room temperature, it is apparent that 

almost all the wild type plants had collapsed, whereas the transgenic lines appeared 

healthier indicating that these lines were more tolerant to the imposed stress.

In order to confirm that this was indeed the case, we determined the percent 

ion leakage in the wild type and transgenic seedlings after 4 h o f stress and 4 h of 

incubation at 4°C as well as after the 24 h recovery at room temperature (Table 5-1). 

The percent ion leakage, which is indicative o f membrane damage, after the stress and 

4°C incubation, was significantly less in all three transgenic lines compared to the wild 

type, even though it appears as if line 6.9 suffered the least amount of membrane 

damage when compared to the other two transgenic lines (Table 5-1). These 

observations are also supported by the ion leakage observed after the 24 h recovery 

period where, once again, it was observed that line 6.9 had the least amount of 

membrane damage (Table 5-1).
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Figure 5-5. Freezing-tolerance o f ABR17 transgenic plants. Appearance o f seedlings 

following 1 day of recovery after exposure to cold stress (-5°C) for 4 h. Observations 

were recorded from at least 28 seeds in each biological replicate and experiment was 

repeated at least three times.
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Table 5-1. Effects of cold stress on ion leakage, chlorophyll and carotenoid
concentration.

Percentage Ion leakage
Cold stress -5°C for 4 h and 4 h incubation at 4°C

Mean ± SE
WT 61.69 ±3.32
6.9 37.17 ±3.66
14.9 47.22 ± 1.49

25.20 44.84 ± 1.17
Percentage Ion leakage

1 day recovery after cold stress -5°C for 4 h
WT 51.36 ±4.17
6.9 38.26 ±4.41
14.9 44.57 ± 6.94

25.20 38.31 ±7.40
Chlorophyll (pg/g FW)

1 day recovery after cold stress -5°C for 4 h
WT 72.45 ± 1.02
6.9 98.47 ± 18.93
14.9 81.83 ±4.29

25.20 74.41 ± 15.64
Carotenoid (pg/g FW)

1 day recovery after cold stress -5°C for 4 h
WT 2.50 ±0.05
6.9 2.95 ±0.56
14.9 2 . 6 8  ±0.16

25.20 2.37 ±0.56
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Even though the appearance, as well as the ion leakage data, indicated that the 

transgenic plants were significantly more tolerant to the cold stress, there were no 

significant differences in the chlorophyll or carotenoid content when measured after 

the stress as well as after the recovery period (Table 5-1).

The enhanced germination of the transgenic lines in the presence of NaCl and 

the increased tolerance of these lines to cold temperature stress prompted us to test 

whether these ABR17 transgenic plants would exhibit enhanced tolerance to heat 

stress. Wild type and transgenic plants (2-week-old) were exposed to 48°C for 2 h and 

allowed to recover for 1 day at room temperature. The appearance of these plants after 

the 1 day recovery period is shown in Figure 5-6. It is evident that all 3 transgenic 

lines appeared healthier compared to the wild type after 1 day of recovery suggesting 

that ABR17 expression could confer multiple stress tolerance. However, we did not 

investigate the heat tolerance of these transgenic lines in greater detail as it was 

beyond the scope of this study.
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Figure 5-6. Heat-tolerance o f ABR17 transgenic plants. Appearance of seedlings 

following 1 day of recovery after exposure to heat stress (48°C) for 2 h. Observations 

were recorded from at least 28 seeds in each biological replicate and experiment was 

repeated at least three times.
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5.3.5. Characterization of proteome-level differences between wild type and 

transgenic A  thaliana

In order to probe the physiological basis for the observed enhancement of 

stress tolerance in transgenic A. thaliana seedlings expressing the pea ABR17 gene, we 

performed two-dimensional electrophoresis to compare proteome-level changes 

brought about by the transgene expression. We selected the transgenic line 6.9 for 

these comparisons because of the fact that it exhibited the highest degree of stress 

tolerance. Representative images of two-dimensional gels obtained from wild type 

and line 6.9 protein extracts are shown in Figure 5-7. The intensities of 24 protein 

spots were observed to be significantly (P<0.01) and reproducibly altered in the 

transgenic line compared to the wild type (Figure 5-7). Out o f these 24 protein spots, 

the intensities o f 7 were greater, 15 were lower and two spots were unique in the 

transgenic line (Figure 5-7). The identities of these 24 spots were established using 

tandem MS and are presented in Table 5-2. In all cases, the Mascot searches of the 

NCBI non-redundant database generated significant hits with scores above the 

threshold value and in most cases these were a result o f multiple peptide matches 

(Table 5-2). These scores are based on individual ion scores where the ion score is - 

10*log (P) and P is the probability that the observed match is a random event. A score 

above the threshold value indicates sequence identity or extensive homology (P<0.05).

Among the proteins that were identified in this study, two were unique and the 

identities of both were established as pea ABR17 (spots 23 and 24; Figure 5-7; Table 

5-2).
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Figure 5-7. Images of two-dimensional gels of protein extracted from wild 

type (W) and transgenic (T) plants, (a) Representative images of whole gels and (b) a 

closer view of changes in the intensities of the spots selected for identification.
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Although only one protein corresponding to ABR17 was expected the fact that 

there are two suggests the possibility that the additional spot may be the result of post- 

translational modification. Most o f the proteins identified in this study were 

associated with photosynthesis and primary metabolic pathways, including putative 

photosystem I subunit PSI-E protein (spot 2; Figure 5-7; Table 5-2), chlorophyll 

binding proteins (spots 6 , 10 and 13; Figure 5-7; Table 5-2), Cp29 (spot 7; Figure 5-7; 

Table 5-2), PSB0-2/PSB02; oxygen evolving protein (spot 12; Figure 5-7; Table 5- 

2), Ribose-5-phosphate isomerase (spot 9; Figure 5-7; Table 5-2), phosphopyruvate 

hydratase (spot 14; Figure 5-7; Table 5-2) and RUBISCO activase (spot 19; Figure 5- 

7; Table 5-2). Other interesting proteins identified in this study were DRT112 (spot 1; 

Figure 5-7; Table 5-2) which is thought to be involved in DNA damage repair, and 

glycine-rich proteins (spots 16 and 17; Figure 5-7; Table 5-2), which are involved in 

post-transcriptional gene regulation.
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Table 5-2. Details of proteins identified by ESI-Q-TOF MS/MS

Spot Protein MS/MS ESI-Q-ToF c Access. M r/pi Fold
No. identity a

PM
%

b

score
Sequence No. change

1 DRT112
[Arabidopsis 
thaliana\

14% 88
(>48)

NNAGYPHNVVFDEDEIPSG
VDVAK

gij 166696 17089/
5.06

3.49
±
0.57
t

2 Putative 
photosystem 
I subunit 
PSI-E protein
[Arabidopsis 
thaliana1

23% 153
(>49)

AAEDPAPASSSSK
RESYWFK

NVGSVVAVDQDPK

gi|24030202 14756/
9.92

18.17
±
10.23
T

3 GDCH 
[Arabidopsis 
thaliana]

15% 147
(>49)

FCEEEDAAH

VKPSSPAELESLMGPK

gi| 15226973 18050/'
5.24

0.14
±
0.13
I

4 Unknown 
protein 
[Arabidopsis 
thaliana]

7% 85
(>42) VEVTEAEVELGFK

gi| 18422918 17603/
4.80

0.68
±
0.07
i

5 Basl protein
[Hordeum
vulgare]

27% 140
(>48)

YVILFFYPLDFTFVCPTEITA
FSDR

SGGLGDLKYPLVSDVTK

EGVIQHSTINNLGIGR

gi|861010 23398/
5.48

0.47
±
0.02
i

6 LHB1B2; 
chlorophyll 
binding 
[Arabidopsis 
thaliana]

59% 483
(>49)

GPSGSPWYGSDR

YLGPFSGEPPSYLTGEFPGD
YGWDTA

GLSADPETFAR

WAMLGALGCVFPELLAR

FGEAVWFK

LAMFSMFGFFVQAIVTGK

GPLENLADHLADPVNNNA
WAFATNFVPGK

YLGPFSGEPPSYLTGEFPGD
YGWDTA

GLSADPETFAR

gi| 18403546 28093/
5.28

0.42
±
0.11
1

LHB1B1; 
chlorophyll 
binding 
[Arabidopsis 
thaliana]

60% 445
(>49)

ASKPTGPSGSPWYGSDR

YLGPFSGEPPSYLTGEFPGD
YGWDTA

GLSADPETFAR

WAMLGALGCVFPELLAR

gi| 18403549 282091 
5.15
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FGEAVWFK

VAGDGPLGEAEDLLYPGGS
FDPLGLA

TDPEAFAELK

LAMFSMFGFFVQAIVTGK

GPLENLADHLADPVNNNA
WAFATNFVPGK

7 Cp29
[Arabidopsis 
thaliana]

27% 499
(>49)

VNAGPPPPK

SSYGSGSGSGSGSGSGNR

LYVGNLSWGVDDMALENL
FNEQGK

GFGFVTLSSSQEVQK

AINSLNGADLDGR

VSEAEARPPR

gi|681904 34602/
5.23

0.86
±
0.05
i

Inorganic
diphosphatas
e/
magnesium 
ion binding / 
pyrophosphat 
ase
[.Arabidopsis 
thaliana]

22% 326
(>49)

VQEEGPAESLDYR

VFFLDGSGK

VSPWHDIPLTLGDGVFNFIV
EIPK

IVAISLDDPK

HFPGTLTAIR

IPDGKPANR

gi| 15242465 33644/
5.71

8 Putative 
asp arty 1 
protease 
[.Arabidopsis 
thaliana]

9% 177
(>49)

GDLASESILLGDTK

SSVSLVSQTLK

VIYDTTQER

LGIVGENCR

gi| 12324588 47745/
6.06

0.47
±
0.10
1

ribosomal 
protein SI 
[Spinacia 
oleracea]

8% 151
(>49)

VSDIATVLQPGDTLK

AEEMAQTFR

IAQAEAMAR

gi[ 18060 45044/
5.41

9 Ribose-5-
phosphate
isomerase
[Arabidopsis
thaliana]

53% 727
(>49)

AVEAIKPGMVLGLGTGSTA
AFAVDQIGK

LLSSGELYDIVGIPTSK

SLGIPLVGLDTHPR

IDLAIDGADEVDPNLDLVK

gi| 15229349 29401/
5.72

1.46
±
0.09
T
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EKMVEAVADK

MVEAVADK

FIVVADDTK

VDGDGKP Y VTDN SNYIIDL 
YFK

FQGVVEHGLFLGMATSVIIA
GK

NGVEVMTK

10 Chlorophyll 
a/b binding 
protein 
(LHCP AB 
180)
[.Arabidopsis 
thaliana]

67% 516
(>49)

GPSGSPWY GSDR

YLGPFSGESPSYLTGEFPGD
YGWDTA

GLSADPETFAR

WAMLGALGCVFPELLAR

FGEAVWFK

VAGNGPLGEAEDLLYPGGS
FDPLGLA

TDPEAFAELK

LAMFSMFGFFVQAIVTGK

GPIENLADHLADPVNNNAW
AFATNFVPGK

gi| 16374 25036/

5.12

0.46
±
0.02
1

LHB1B2;
chlorophyll
binding
[.Arabidopsis 
thaliana]

31% 376
(>49)

GPSGSPWY GSDR

WAMLGALGCVFPELLAR

FGEAVWFK

LAMFSMFGFFVQAIVTGK

GPLENLADHLADPVNNNA
WAFATNFVPGK

gi| 18403546 28093/

5.28

11 2-cys
peroxiredoxi 
n-like protein
[.Arabidopsis 
thaliana]

31% 334
(>41)

AQADDLPLVGNK

APDFEAEAVFDQEFIK

LNTEVLGVSVDSVFSHLAW
VQTDR

SGGLGDLN YPLV SDITK 

EGVIQHST1NNLGIGR

gi|9758409 29714/
5.55

0.8
±
0.04
I

12 PSBO-
2/PSB02;
oxygen
evolving

31% 451
(>42)

RLTYDEIQSK

GTGTANQCPTIDGGSETFSF
K

gi| 15230324 35226/
5.92

2.92
±
0.30
t

195

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[Arabidopsis 
thaliana] FCFEPTSFTVK

VPFLFTVK

GGSTGYDNAVALPAGGR

NT AAS V GEITLK

SKPETGEVIGVFESLQPSDT
DLGAK

33 kDa
oxygen-
evolving
protein
[Arabidopsis
thaliana]

31% 430
(>42)

RLTYDEIQSK

FCFEPTSFTVK

NAPPEFQNTK

VPFLFTVK

GGSTGYDNAVALPAGGR

GDEEELVKENVK

NT AAS V GEITLK

SKPETGEVIGVFESLQPSDT
DLGAK

gi|22571 35285/
5.68

13 Chlorophyll 
a/b binding 
protein 
(LHCP AB 
180)
[Arabidopsis 
thaliana]

59% 393
(>41)

GPSGSPWY GSDR

YLGPFSGESPSYLTGEFPGD
YGWDTAGLS

ADPETFAR

WAMLGALGCVFPELLAR

FGEAVWFK

VAGNGPLGEAEDLLYPGGS

FDPLGLATDP

EAFAELK

GPIENLADHLADPVNNNAW

AFATNFVPGK

gi| 16374 25036/
5.12

0.29
±
0.03
1

LHB1B2;
chlorophyll
binding
[Arabidopsis 
thaliana\

24% 259
(>41)

GPSGSPWYGSDR

WAMLGALGCVFPELLAR

FGEAVWFK

GPLENLADHLADPVNNNA

WAFATNFVPGK

gi| 18403546 28093/
5.28

14 Phosphopyru
vate

20% 416
(>42)

SAVPSGASTGIYEALELR gi| 15221107 51841/
5.79

0.41
±
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hydratase 
[Arabidopsis 
thaliana]

NQADVDALMLELDGTPNK

IGMDVAASEFFMK

AAGWGVMVSHR

SGETEDNFIADLS V GLASGQ 
IK

IEEELGNVR

YAGEAFR

0.13
1

15 TUA3
[Arabidopsis 
thaliana]

16% 363
(>41)

QLFHPEQLISGK

EDAANNFAR

SLDIERPTYTNLNR

LISQIISSLTTSLR

IHFMLSSYAPVISAAK

DVNAAVGTIK

gi| 15241168 50250/
4.95

0.66
±
0.06
1

16 ATGRP8 
(GLYCINE- 
RICH 
PROTEIN 
8); RNA 
binding / 
nucleic acid 
binding 
[Arabidopsis 
thaliana]

44% 515
(>41)

CFVGGLAWATNDEDLQR

TFSQFGDVIDSK

GFGFVTFK

GFGFVTFKDEK

VITVNEAQSR

S GGGGGY SGGGGGGYSGG 
GGGGYER

gi| 15235002 16626/
5.58

2.23
±
0.02
T

17 Glycine-rich 
RNA binding 
protein 7
[Arabidopsis 
thaliana]

53% 581
(>42)

CFVGGLAWATDDR 

ALET AFAQYGDVIDSK 

GFGFVTFK

SGGGGGYSGGGGSYGGGG
GR

EGGGGY GGGEGGGYGGSG 
GGGGW

gi|21553354 16934/
5.85

1.73
±
0.15
T

18 AT4g38970/ 
F 19H22_70 
[Arabidopsis 
thaliana\

36% 650
(>41)

LDSIGLENTEANR

TLLVSAPGLGQYVSGAILFE
ETLYQSTTEGKK

MVDVLVEQNIVPGIK

TAAYYQQGAR

TVVSIPNGPSALAVK

YAAISQDSGLVPIVEPEILLD

gi| 16226653 43029/
6.79

0.65
±
0.02
1
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GEHDIDR

ATPEQVAAYTLK

ALQNTCLK

YTGEGESEEAK

19 RCA
(RUBISCO
ACTIVASE)
[Arabidopsis
thaliana\

22% 620
(>42)

LVVHITK

VPLILGIWGGK

SFQCELVMAK

SFQCELVMAK

MCCLFINDLDAGAGR

IKDEDIVTLVDQFPGQSIDFF
GALR

LME Y GNML VMEQEN VK

VQLAETYLSQAALGDANA
DAIGR

gi| 18405145 52347/
5.87

2.22
±
0.37
T

20 Glutathione 
S-transferase 
(GST6) 
[Arabidopsis 
thaliana]

24% 288
(>41)

QE AHL ALNPF GQIPALEDG 
DLTLFESR

GMF GMTTDP AAV QELEGK 

VLFDSRPK

gi|20197312 24119/
6.09

0.55
±
0.02
1

21 Unknown
protein
[Arabidopsis
thaliana]

10% 169
(>41)

LSVIVAPVLR

FADNLGDDVK

IENIGQPAK

gi|2829916 29986/
6.40

0.44
±
0.06
1

22 Unknown
protein
[Arabidopsis
thaliana]

13% 257
(>41)

S A V ADNDN GESQVSDVR

GKDPIVSGIEDK

LSTWTFLPK

gi|6437556 31235/
5.91

0.67
±
0.03
1

23 ABA-
responsive
protein
[Pisum
sativum]

48% 487
(>41)

GVFVFDDEYV STVAPPK

LD AVDEANF G YN Y SL V GGP 
GLHESLEK

VAFETIILAGSDGGSIVK

GDAALSDAVR

GDAALSDAVRDETK

gi|20631 16619/
5.07

Unique

24 ABA-
responsive
protein
[Pisum
sativum]

39% 250
(>41)

DADEIVPK

EAQGVEIIEGNGGPGTIK

LSILEDGK

gi[20631 16619/
5.07

Unique
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VAFETIILAGSDGGSIVK

GDAALSDAVR

a Percentage identity between the amino-acids present in MS/MS tag and the sequences in databases.

b Ion score is -10 Log (P), where P is the probability that the observed match is a random event. 
Individual ion scores > value indicate identity or extensive homology (p<0.05).

c Accession number is Mascot search result using NCBI and other databases.
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5.4. Discussion

Abiotic stresses such as salinity, drought, cold and heat negatively affect all 

stages of plant growth and development. Enhancing plant tolerance to abiotic stresses 

by introducing genes is a desirable method for many crop plants, but the nature of the 

genetically complex mechanisms of abiotic stress tolerance, and the potential 

detrimental side effects of manipulating gene expression, make the task of generating 

useful transgenic plants very difficult. However, current research efforts to improve 

plant stress tolerance have had significant success. For example, the over-expression 

of vacuolar Na+/H+ antiporter AtNHXl promotes growth and development in saline 

conditions (up to 200 mM NaCl) in Arabidopsis (Apse el al., 1999), and in B. napus 

(Zhang et al., 2001). With respect to tolerance to cold temperatures, transgenic plants 

over-expressing various transcription factors have been demonstrated to have a higher 

tolerance. For example, in Arabidopsis, significant improvement of freezing stress 

tolerance was demonstrated by the over-expression of the transcription factor CBF1 

(Jaglo-Ottosen et al., 1998); enhancement of drought and freezing tolerance by 

overexpression of CBF4 (Haake et al., 2002) and increased tolerance to freezing, 

water and salinity stress by over-expression of DREB1A gene (Kasuga et al., 1999), 

whereas transgenic rice over-expressing CBF3 demonstrated elevated tolerance to 

drought and salinity but very low freezing tolerance (Oh et al., 2005). It appears, 

therefore, that these transcription factors are able to enhance tolerance to a variety of 

stresses. However, such enhancement may be species-specific (Oh et al., 2005). 

Therefore, it is extremely important to identify other genes/gene products capable of
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enhancing multiple stress tolerance so as to augment existing tools to engineer stress 

tolerance. In the extreme cold conditions of the Canadian Prairies, as well as in other 

parts o f the world, successful growth of many crops is based on their ability to 

germinate and survive better in the cold temperature (Coursolle et a l,  1998). Due to 

risk o f early spring or fall frosts, finding novel stress tolerant genes and generation of 

transgenic plants with enhanced germination and early maturity may have very useful 

applications for farmers. The results described here suggest that (1) constitutive 

expression of pea ABR17 gene in Arabidopsis enhances germination and early 

seedling growth in the presence of salt or cold or when both stresses are combined; 

and, (2) two week-old transgenic Arabidopsis plants exhibit increased tolerance to 

multiple environmental stresses.

The phytohormone abscisic acid (ABA) plays a very crucial role in response to 

environmental stresses such as desiccation, salinity and cold and it is also involved in 

regulating events such as dormancy and maturation during late seed development 

(McCarty, 1995; Leung and Giraudat, 1998). Many ABA-inducible genes share the 

cls'-regulatory elements (i.e. ABA-responsive elements; ABREs; Guiltinan et al., 

1990) and have been demonstrated to be involved in the regulation of plant stress 

responses. Constitutive expression of ABF3 in Arabidopsis (Kang et al., 2002) and 

rice (Oh et al., 2005) enhances tolerance to drought stress, as well as enhancing 

tolerance to multiple stresses in Arabidopsis (Kim et al., 2004). The pea ABA- 

responsive ABR17 gene is induced during late embryogenesis, as well by the 

exogenous application of ABA (Iturriaga et a l,  1994), and the level of the ABR17 

protein increases in response to salinity stress (Kav et al., 2004).
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Several gene products homologous to ABA-responsive proteins (also known 

as dehydrins and late embryogenesis abundant or LEA proteins) have been identified 

in different plant systems (Skriver and Mundy, 1990; Close et al., 1993). It has been 

suggested that dehydrins and small heat shock proteins (sHSPs) may protect cells from 

the deleterious effects of dehydration (Pneuli et al., 2002). Expression of: HVA1 gene 

of barley, which encodes a LEA protein, confers tolerance to salinity and water-deficit 

stresses (Xu et al., 1996); the tomato Le25 gene in yeast increases freezing and salinity 

tolerance (Imai et al., 1996); and the wheat chloroplast LEA-like protein (WCS19) in 

Arabidopsis (Ndong et al., 2002) increases freezing tolerance. It is possible that 

ABR17 proteins have a similar function to dehydrins (or LEA) based on the fact that it 

has a higher content of polar amino acids (about 30%) similar to dehydrins, which 

also have a higher amount (50%; Pnueli et al., 2002). Elowever, the biological 

function of ABR17 is currently unknown and, therefore, it is also possible that the 

mechanism by which ABR17 is able to protect plants is entirely different from that of 

the dehydrins and must be investigated further.

Despite the identification and characterization of the ABA-responsive protein 

ABR17, which is similar to the PR 10 proteins from various plant species, its 

biological function(s) remain unclear. Sequence similarities between an isolated 

ribonuclease (RNase) from a callus cell culture o f Panax ginseng, which displays 60- 

70% sequence identity with two IPRs from parsley, suggests that intracellular PR 

(IPR) proteins may be RNases (Moiseyev et al., 1994). Other studies have also 

demonstrated RNase activity of some PR 10 proteins (Bufe et al., 1996; Bantignies et 

al., 2000; Biesiadka et al., 2002; Wu et al., 2003; Park et al., 2004). Recently, we
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demonstrated that the pea PR 10.1 protein is a RNase (Srivastava et al., 2006), and 

because of the similarities between pea PR 10.1 and ABR17 it is possible that pea 

ABR17 may also be a RNase. We have also demonstrated recently that the 

constitutive expression of pea PR 10 cDNA in B. napus enhances their germination 

and early seedling growth (Srivastava et al., 2004).

In order to understand the biological mechanisms underlying ABR17-mediated 

multiple stress tolerance, we compared the proteome of a transgenic A. thaliana line 

expressing pea ABR17  gene with its wild type counterpart. As described previously, 

most of the proteins whose levels were significantly (P<0.01) affected in the 

transgenic line 6.9 are involved in photosynthesis or primary metabolic pathways 

(Table 5-2). Only those with reported roles in enhancing plant growth and 

development and/or mediating tolerance to abiotic stresses are discussed further. For 

example, we observed a significant increase in the levels o f PSI-E (spot 2; Table 5-2), 

a component o f photosystem I (PSI). PSI, a multiprotein complex, consists of core 

proteins and peripheral antenna containing four different light-harvesting Chi a/b 

protein complexes (LHCs) that mediate the light-driven transfer o f electron from 

plastocyanin to the ferredoxin-NADP complex (Jensen et al., 2003). PSI-E is crucial 

for growth and development of A. thaliana as demonstrated by a 50% reduction in 

growth as a result of disruption of the psaE l gene (Varotto et al., 2000). Therefore, it 

is possible that an increase in PSI-E protein in our ABR17 transgenic lines may 

contribute to the observed increase in stress tolerance.

Another protein that exhibited ~ 3 fold significant up-regulation in a transgenic 

line is an oxygen-evolving protein, PSB0-2/PSB02 (spot 12; Table 5-2). The light
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reaction in oxygenic photosynthesis is catalyzed by the oxygen-evolving PS II and PS 

I (Steppuhn et al., 1988). Oxygen evolving proteins like PSB0-2/PSB02, also known 

as oxygen evolving enhancer (OEE) proteins, and two other molecules form the 

oxygen-evolving complex function in water splitting and maintenance of an 

environment conducive for oxygen evolution (James et a l ,  1989). Levels of OEE are 

affected by various abiotic stresses including salinity (Abbasi and Komatsu, 2004) and 

cytokinin treatment (Kasten et al., 1997). Furthermore, OEE from green algae 

possesses thioredoxin activity (Eleide et al., 2004), which can be attributed to well- 

characterized proteins involved in diverse physiological processes such as 

amelioration o f oxidative stress (Balmer et al., 2004). Therefore, it is possible that 

OEE2 enhancies the tolerance o f ABR17 transgenic A. thaliana by reducing oxidative 

damage that accompanies abiotic stresses.

In addition to the aforementioned proteins involved in the light reactions of 

photosynthesis, we also observed a ~2 -fold increase in the levels of rubisco activase 

(RCA), which is involved in the activation of rubisco (Parry et al., 2003). RCA (Spot 

19; Figure 5-7; Table 5-2), a member of the AAA+ family, a class o f chaperone-like 

ATPases, activates rubisco by removing sugar phosphates from its active site (Wang 

and Portis, 1992; Neuwald et al., 1999; Portis, 2003). RCA levels are affected by 

abiotic stresses, including salinity (Parker et al., 2006) and drought (Salekdeh et al., 

2002). It has been suggested that this increase in RCA levels is responsible for 

mediating tolerance to abiotic stresses by increasing rubisco activity under conditions 

of low stomatal conductance and CO2 levels (Parker et al., 2006). It is possible that 

the transgenic line is able to grow and develop better under stress due to increased
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photosynthetic efficiency mediated by increased levels of specific PS components and 

enhanced RCA levels. However, the precise role(s) of these proteins in mediating the 

observed tolerance must be investigated further and such studies are currently 

underway in our laboratory.

Another enzyme involved in primary metabolism, phosphopyruvate hydratase 

(spot 14; Table 5-2), also known as enolase (2-phospho-D-glycerate hydrolase), 

decreased in the transgenic line. The role of enolase in mediating plant stress 

responses has been reported previously (Yan et a l, 2005 and references therein), and 

it has been demonstrated that a mutation in los2 (low expression o f  osmotically 

responsive genes), which encodes an enolase, enhances the tolerance o f Arabidopsis to 

freezing temperature stress (Lee et al., 2002). Therefore, the observed reduction in 

enolase levels in the ABR17  transgenic A. thaliana line may be important for its 

tolerance to cold temperature stress and must be investigated further.

Two proteins involved in post-transcriptional regulation, glycine-rich RNA- 

binding proteins (GR-RBP; spots 16 and 17; Table 5-2), were also observed to be 

increased in the transgenic A. thaliana line used in this study. GR-RBPs contain 

RNA-recognition motifs at the N-terminus and a glycine rich-region at the C-terminus 

that are important for their function (Sachetto-Martins et al., 2000; Kim et al., 2005). 

These proteins have been identified in various species and their involvement in plant 

development, hormone signaling and stress responses has been suggested (Sachetto- 

Martins et al., 2000). Although the role of GR-RBPs in planta  is still not very clear, 

Kim et al. (2005) demonstrated that overexpression of AtRZ-la  (a cold-inducible zinc 

finger-containing GR-RBP) contributes to enhancement of freezing tolerance in
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Arabidopsis. Our finding that the levels of two GR-RBPs are enhanced in the 

transgenic line provides further evidence that this group o f proteins may be involved 

in mediating tolerance to various abiotic stresses.

The results described in this article demonstrated, for the first time, that pea 

ABR 17 is capable o f protecting plants from multiple abiotic stresses, particularly cold 

and salinity. This protection was evident during the germination of the transgenic 

seeds in the presence of salt or a combination of salt and cold and also when 2 -week- 

old plants were subjected to freezing stress. The over-expression of pea ABR17 

protein also resulted in several interesting protein changes including in 

photosynthesis-related proteins, enolase and GR-RBPs. Many of these proteins have 

been previously shown to be associated with enhanced stress tolerance. However, the 

precise roles o f these proteins in mediating the observed tolerance in our transgenic 

lines remain speculative at this stage. Furthermore, the exact nature of the connections 

between ABR 17 and the proteins that are altered in the transgenic lines needs to be 

investigated further in order to shed additional light on mechanism(s) underlying 

ABR17-mediated multiple stress tolerance.
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6. A crucial role for cytokinins in pea ABR17-mediated enhanced 

germination and early seedling growth oi Arabidopsis thaliana under 

saline and low temperature stresses

6.1. Introduction

Plants respond to pathogenic infections and abiotic stress conditions by 

inducing the expression of a number of genes that encode pathogenesis-related (PR) 

proteins. The term pathogenesis-related (PR) proteins was originally proposed by 

Antinov et al. (1980) to describe proteins grouped into 14 different families based on 

their amino-acid sequence, serological relationship and/or enzymatic or biological 

activities (van Loon et al., 1994; van Loon and van Strien, 1999). Most of the PR 

proteins, with the notable exception of the intracellular pathogenesis-related (IPR) 

proteins of the PR 10 class, are secreted (van Loon et al., 1994). PR 10 proteins are 

ubiquitous in the plant kingdom and represent a class o f soluble acidic proteins of 

molecular mass between 15 and 18 kDa (van Loon and van Strien, 1999).

PR 10 proteins are encoded by multigene families and are resistant to proteases 

(Warner et al., 1994) and have been reported to be expressed under the biotic and 

abiotic stress conditions (Srivastava et al., 2006a and references therein).

A version o f  this chapter is communicated and under review: Srivastava S., Rahman H., 
Emery R.J.N. and Kav N.N.V. (2006) A crucial role fo r  cytokinins in pea ABR17-mediated 
enhanced germination and early seedling growth o f  Arabidopsis thaliana under saline and low 
temperature stresses Journal o f  Plant Growth Regulation (in press).
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Some PR 10 proteins are developmentally regulated and are constitutively expressed 

in different plant organs in other plant species (Crowell et al., 1992; Barratt and Clark, 

1993; Sikorski et al., 1999). These species-dependent and developmentally-regulated 

variations in expression patterns suggest their possible involvement, not only in plant 

defence mechanisms, but also in general plant development (Wu et al., 2002). 

Although gene expression patterns under various stress conditions, accumulation in 

various plant organs, and physicochemical properties o f PR 10 are well characterized, 

the precise biological functions o f PR 10 proteins in plant growth and development are 

unknown. Based on high amino-acid sequence similarities between PR 10 proteins 

and ribonucleases, it has been suggested that PR 10 proteins possess RNase activity 

(Moiseyev et al., 1994). Furthermore, PR 10 members from Betula spp. Bet v 1 (Bufe 

et al., 1996), white lupin (Bantignies et al., 2000), Pachyrrhizus erosus (Wu et al.,

2002), hot pepper (Park et al., 2004), pea (Srivastava et al., 2006a) and a few other 

species have been reported to possess RNase activity.

PR 10 proteins also bind many types of molecules including cytokinins, 

brassinosteroids, fatty acids and flavonoids, leading to the suggestion that all PR 10 

proteins may not be RNases (Fujimoto et al., 1998; Mogensen et al., 2002; Markovic- 

Housely et al., 2003). Based on weak sequence homology and secondary-structure 

prediction, the cytokinin specific-binding proteins (CSBPs) have also been included in 

the PR 10 class (Fujimoto et al., 1998). Structural studies by Mogensen et al. (2002) 

and Markovic-Housley et al. (2003) have also suggested that PR 10 proteins function 

as a carrier for hormone during the plant defense response to pathogens, as well as 

during normal growth and developmental processes (Pasternak et al., 2005). Thus,
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despite our increased knowledge of PR 10 expression, the biological function of these 

proteins is currently unknown.

In peas, PR 10 proteins are encoded by a family of genes comprised of five 

known members: PR 10.1-10.3; also known as Drr49a-c; and pea ABA-responsive 

proteins (ABR) 17 and 18, also known as PR 10.4 and 10.5, respectively (Tewari et al.,

2003). Pea ABR17 and 18 are expressed during seed development and are, as the 

name implies, induced by exogenous application of ABA (Iturriaga et al., 1994; 

Colditz et al., 2004). Reports in the literature described increases in levels of PR 10 

proteins in response to stresses; furthermore, we demonstrated previously that the 

levels of pea PR 10.1, as well as ABR17 proteins are increased in the roots of salinity- 

stressed pea plants (Kav et al., 2004). These observations suggested that PR 10.1 and 

ABR17 have roles in protecting plants from the deleterious effects o f salinity stress, a 

hypothesis that is supported by the demonstration that the constitutive expression of 

pea PR 10.1 cDNA in Brassica napus enhances its germination and early seedling 

growth under saline conditions (Srivastava et a l,  2004). We also demonstrated that 

pea PR 10.1 possesses RNase activity and also that the concentrations o f cytokinins 

(CKs) are significantly elevated in those transgenic B. napus seedlings overexpressing 

Pea PR 10.1 cDNA (Srivastava et al., 2006a). Salinity influences the levels of pea 

ABR17 in response to salinity stress in pea roots (Kav et al., 2004), suggesting that 

this protein has a similar protective effect. This hypothesis was tested using the model 

plant Arabidopsis thaliana, which confirmed that ABR17 overexpression enhances 

germination and early seedling growth under saline, as well as low temperature stress 

conditions (Srivastava et al., 2006b).
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Due to the similarities in the stress-protective effects that were observed as a 

result of the constitutive expression o f both pea ABR17 and PR 10.1 in two different 

plant species, we wanted to investigate whether pea ABR17 was mediating its effects 

through CKs. In this paper we tested whether exogenous CK application can simulate 

the protective effects o f ABR17 expression in wild type A. thaliana, particularly within 

the context of enhanced germination and seedling growth. We determined the relative 

levels of ABR17  and a primary CK-responsive gene, and the endogenous 

concentrations of CKs in three independently derived ABR17 transgenic A. thaliana 

plants. Furthermore, the RNase activity of purified recombinant ABR17 was tested.

6.2. Materials and methods

6.2.1. Plant material and growth conditions

Transformation of A. thaliana with the pea ABR] 7 cDNA and the generation of 

three transgenic lines (line 6.9, 14.9 and 25.20) have been previously described 

(Srivastava et al., 2006b). Seeds from transgenic, homozygous plants of the T2 

generation and the wild type (ecotype WS) were germinated and grown in plastic trays 

containing Metro Mix® 290 (Grace Horticultural products, Ajax, Ontario) in the 

greenhouse (22°C day/18°C night, 16 h photoperiod) supplemented with Sylvania 400 

watt high pressure sodium (HPS) lamps, 940 pmol m '2 s' 1 and fertilized with a 

complete fertilizer (Peters™20-20-20, Plant Products, Bramalea, Ontario) containing 

micronutrients. The plants were allowed to grow to seed maturity and phenological
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observations were made. In addition, tissue from 2-week-old plants grown in green 

house was also collected for phytohormone analysis.

Wild type and transgenic lines (6.9, 14.9, 25.20) of A. thaliana, ecotype WS 

seeds were also grown on 14 strength MS medium containing 1.5% sucrose, 0.8% 

agar, pH 5.7 in 25 x 100 mm Petri dishes and at least five plates per treatment and 14 

seeds per plates were used in these experiments. The plates were incubated at 22±1°C 

under continuous fluroscent light 30 pmol m '2 s"1 and sterile tissue from 2-week-old 

plants was collected for RNA and phytohormone analysis. Seeds were rinsed for one 

min with 70% ethanol, surface sterilized with 20% bleach for 15 min after which they 

were washed four times (5 min each) with sterile deionized water to remove the 

bleach. The sterilized seeds were placed on solid 14 strength MS medium containing 

1.5% sucrose, 0.8% agar, pH 5.7, for 2 weeks after which the seedlings were 

harvested.

6.2.2. Exogenous application of CKs

Two different approaches were used to test the ability of various CKs to 

enhance germination and early seedling growth of wild type A. thaliana under 

conditions of stress. In one experiment, wild type A. thaliana seeds were surface 

sterilized as described previously and placed on medium containing various 

concentrations (1 ,5  and 25 pM) of CKs (mixed isomer-zeatin, trans-zeatin riboside, 

BAP, 2-iP or kinetin) with or without 150 mM NaCl in 25 x 100 mm petri dishes. In 

the second approach, surface sterilized wild type seeds were imbibed in 25 pM
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aqueous solutions of different CKs [mixed isomer-Zeatin, trans-zeatin riboside, 6 - 

Benzyl amino purine (BAP), 6 -(y,y- Dimethyl allyl amino) purine (2iP) or kinetin] for 

4 h, washed 4 times (5 min each) with sterile DW, after which they were placed on 

plates containing 150 mM NaCl but without CK. The plates containing seeds were 

then incubated at 21±1°C under continuous fluroscent light 30 pmol m ' 2 s' 1 or at 

10±1°C in a growth chamber (Conviron, model PGR15, Winnipeg, Manitoba) with 

coolwhite supplemented with incandescent bulbs 250 pmol m ' 2 s '1. Both types of 

experiments were designed in a randomized complete block design with at least five 

plates per treatment (14 seeds per plate), and seedlings were grown for two weeks. 

Each experiment was repeated at least three times and the percentage of germinated 

seeds calculated for each and the data statistically analyzed as described below.

6.2.3. Quantitative real time (RT)-PCR

Quantitative RT-PCR was performed using TaqMan® system, to investigate 

the relative levels of expression of the ABR17 and Arabidopsis response regulator 

(AtARR) 5, and expression of actin was used as the control. PCR primer sets for RT- 

PCR were designed using the Primer Premier 3 software (Applied Biosystems Inc., 

CA, USA) to generate PCR products of approximately 70-80 bp. The primer sets used 

in these experiments for the various genes are shown in Table 6-1.
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Table 6-1. Primer sequences for over expression and quantitative real-time PCR

analysis

Gene 

(Access. No.)

Primer pairs and probe used in real time PCR

P sA B R l 7 Forward; 5’- AAAT GGAGGTCC AGGA ACC AT-3 ’

(gi|20630) Reverse; 5’- AGC AC AT AGTT GGTTTTT C C ATCTT-3 ’

Probe; 5'- AGAAGCTATCCATTCTT-3'

AtActin Forward; 5'-GCCATTCAGGCCGTTCTTT-3'

(gi|20465 864) Reverse; 5 ATCGAGC AC A AT ACCGGTT GT-3'

Probe; 5’- TCTATGCCAGTGGTCG-3'

AtARR5 Forward; 5'- TTC ATT AGC ATC ACCGAAACTTCT-3'

(gi|3953598) Reverse; 5'- CGATGAACTTCCGATCAACCA-3'

Probe; 5'- TTCTTGCTGTTGATGATAG-3'
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Total RNA was extracted using the QIAGEN RNeasy Plant Mini Kit (Qiagen, 

Mississauga, ON, Canada) from 2-week-old seedling tissue and treated with RNase- 

free DNase (Qiagen) to remove contaminating genomic DNA. First strand cDNA was 

synthesized by reverse transcription o f total RNA (50 ng) using the iScript cDNA 

synthesis kit (Bio-Rad, CA, USA). The PCR reaction (20 pL) contained 2  pi of 5 X 

diluted cDNA as template, 22.5 pmol of each primer, 5 pmol probe and lx  TaqMan 

UniversPCR Master Mix (Roche, New Jersey, USA). The real time quantification was 

performed in an ABI prism 7700 Sequence detector (Applied Biosystems) using the 

SNP RT template program. The comparative relative expression was determined 

using the delta-delta method employing the formula relative expression = T [ACt sample “ 

Act control] ancj Schmittgen, 2001), where Ct refers to the threshold cycle. Level

of expression in the wild type was considered to be 1 and the relative expression in the 

transgenic lines was normalized against these levels. The reactions were performed in 

duplicate and the experiments were repeated at least three times.

6.2.4. Determination of endogenous CK concentrations

Endogenous concentrations of the various phytohormones in 2-week-old A. 

thaliana seedlings (wild type and the transgenic lines) were grown in the greenhouse 

as well as on solid ‘A strength MS medium as described earlier (Srivastava et al., 

2006a). Tissue harvested from either greenhouse grown plants or aseptic cultures was 

flash frozen in liquid nitrogen, lyophilized and used for phytohormone analysis. CKs
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were extracted, purified and quantified by an isotope dilution assay under conditions 

established by Emery et al. (1998, 2000) and Ferguson et al (2005). Deuterated CKs, 

[2H6]iP, [2H6][9R]iP, trans-[2 HS]Z, [2H3]DZ, fram -[2H5][9R]Z, [2H3][9R]DHZ, 

[2H6][9R-MP]iP and [2 H6][9R-MP]DHZ (OlChemlm Ltd, Olomouc, Czech Republic) 

were added as quantitative internal standards. Nucleotides were converted to 

nucleosides for quantification. Purified CK were separated and analyzed by (LC- 

(+)ESI-MS/MS) using a Waters 2680 Alliance HPLC system (Waters, Milford, USA) 

linked to a Quattro-LC triple quadrupole MS (Micromass, Altrincham, UK).

6.2.5. Over expression and purification of pea ABR17 in E. coli

The overexpression and purification of pea ABR 17 was performed using the 

methods previously described for the purification of recombinant pea PR 10.1 

(Srivastava et al., 2006a). Pea ABR17 cDNA was amplified using two specific 

primers: Forward 5’-GTG GTC GCA TAT GGA AAA TTT GTA CTT TCA AGG 

TAT GGG TGT CTT TGT TTT TGA TGA TGA ATA C-3’ and Reverse 5’-TAT 

ATA GCT CGA GTT AGT AAC CAG GAT TTG CCA AAA CGT AAC C-3’. The 

forward primer possessed an Nde I (underlined), as well as the rTEV protease 

recognition sequence (bold), whereas the reverse primer contained an Xho I 

recognition site (underlined). PCR-amplified products were digested with Nde I and 

Xho I (New England Biolabs, ON, Canada) and ligated into similarly digested pET28a 

bacterial expression vector (Novagen, WI, USA) in order to generate a hexahistidine- 

tagged fusion protein upon expression. E. coli expression cells (Rosetta DE3;
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Novagen) were transformed with the ligation mix and colonies containing the 

recombinant construct were identified and the sequence of ABR17 verified by 

sequence analysis. E. coli cells harboring the recombinant pET28a plasmid containing 

the ABR17 open reading frame were cultured in Luria-Bertani liquid media containing 

kanamycin (50 qg/mL) with agitation (250 rpm) at 37°C to an absorbance of 0.4-0 . 8  at 

600 nm. The bacterial culture was then cooled to room temperature (23°C) and IPTG 

(ImM final concentration) was added to induce PR 10.4 expression. Induction 

proceeded at room temperature with shaking for 3 h, after which the culture was 

centrifuged (at 7,000 rpm, 10 min, 4°C).

The bacterial pellets were resuspended in lysis buffer (50 mM NafBPCE, 300 

mM NaCl, 15 mM imidazole, 1% Triton X I00 and complete (EDTA-free) protease 

inhibitor cocktail -  Roche Inc., USA) pH 7.5. Bacterial cells were lysed using a 

SONIC 300 Dismembrator (Artek Systems Corp., NY, USA) with 10 cycles of 30 sec 

each at a setting of 0.8 relative output. Between each cycle a 1-min cooling step on 

ice was included. After lysis, the bacterial cell suspension was centrifuged at 10,000 

rpm for 10 min at 4°C, the supernatant collected and applied to a Ni-NTA agarose 

column (Qiagen) that was previously equilibrated with lysis buffer. The flow through 

was collected and reapplied to the column once more in order to ensure the complete 

adsorption of the expressed recombinant ABR17. Bacterial proteins that were weakly 

adsorbed were removed by washing first with 2 0  column volumes of wash buffer 1 

(50 mM NaffPCU 300 mM NaCl, 5 mM (3-mercaptoethanol, 1% Triton X I00, 10% 

glycerol, 15 mM imidazole, complete EDTA-free protease inhibitor cocktail, pH 7.5) 

and then with 15 column volumes of wash buffer 2 (similar to buffer 1 but with 30
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mM imidazole). Recombinant ABR17 protein was eluted from the column by 

applying 5 column volumes of wash buffer 3 (buffer 1 with 150 mM imidazole). The 

eluted recombinant ABR17 protein was dialyzed overnight against rTEV protease 

buffer (50 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 1 mM DTT) and cleaved with the 

rTEV protease (Invitrogen, CA, USA; 1.2 U/pg) by incubation at 30°C for 5 h 

followed by an overnight incubation at 4°C. The cleaved ABR17 protein was purified 

by passing it through a Ni-NTA agarose column and collecting the flow through.

6.2.6. RNase activity measurements

RNase activity o f the purified, recombinant ABR 17 was determined using an 

in-solution, as well as an in-gel assay as previously described for the pea PR 10.1 

protein (Srivastava et al., 2006a). Briefly, for the in-solution activity assays, the 

reaction mixtures contained 6  pg total pea or canola RNA and 0, 3, 6  or 9 pg 

uncleaved or cleaved proteins in rTEV buffer (50 mM Tris-HCl, pH 8 , 0.5 mM EDTA 

and 1 mM DTT). After incubation for 3 h at RT, an equal volume of phenol- 

chloroform was added to the reaction mixture and the reaction mixture was vortexed. 

The reaction mixture was centrifuged at 14,000 rpm for 2 min and the upper layer 

(aqueous phase) was placed in a fresh microfuge tube and analyzed on a 1 .2 % agarose 

gel. For the in-gel activity assay, the recombinant ABR17 proteins were separated on 

a 15% acrylamide gel containing 2.4 mg/mL yeast tRNA using a Mini PROTEAN 3 

vertical slab system (Bio-Rad). Following electrophoresis, the SDS was removed and 

the proteins renatured by washing the gels twice in a solution o f 25% isopropanol
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(v/v) in 0.01 M Tris-HCl for 10 min each at RT and then washed twice with 0.01 M 

Tris-HCl for 10 min each at RT. The gel was incubated in 0.1 M Tris-HCl at 51°C for 

50 min and stained with 0.2% (w/v) toluidine blue O (Aldrich Inc., USA) in 0.01 M 

Tris-HCl for 10 min at RT. The gel was destained by incubating twice with 0.01 M 

Tris-HCl for 10 min each after which it was rinsed and stored in 10 % glycerol-0.01 M 

Tris-HCl.

6.2.7. Statistical analysis

The experiment was designed in a randomized complete block design (RCBD). 

All statistical analyses were performed using the mixed model procedure of SAS 

version 8 e (Statistical Analysis System, 1985). Two way analysis of variance 

(ANOVA) was performed using a mixed model and least square means were separated 

using a Pdiff option for significant (P<0.05) fixed effects. An estimate of least square 

means and pooled standard errors are presented in graphs.

6.3. Results

6.3.1. Appearance of A B R 17  transgenic A. thaliana plants

The appearance of wild type and three independently derived transgenic lines 

(lines 6.9, 14.9 and 25.20) at various stages of growth and development are shown in 

Figure 6-1 (A-E). It is clear from the images presented in Figure 6-1 that the
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transgenic lines were developmentally further ahead o f the wild type at all stages. 

Both the wild type and transgenic lines started to bolt during third week, but bolting 

was earlier in all transgenic lines, in particular in line 6.9, as compared to the wild type 

counterpart (Figure 6 -1C). Days-to-opening of the first flower was also earlier (at 

least 24-48 h) in transgenic lines than the the wild type.

The number of lateral branches originating from the primary inflorescence was 

significantly greater (P<0.01) in the transgenic lines. The number of siliques in each 

plant was counted when the stem turned brown (~ 6  weeks) and the number of mature 

siliques was found to be higher in the transgenic lines. The transgenic line 6.9 

possessed a significantly (P<0.05) higher number of siliques as compared to the other 

two transgenic or the wild type line (Figure 6-2B). These results indicate that 

introduction of pea ABR17 cDNA had positive effects on enhancing growth and 

development o f transgenic A. thaliana plants.
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Figure 6-1. Enhanced germination and overall growth o f wild type and transgenic 

(6.9, 14.9 and 25.20) A. thaliana constitutively expressing pea ABR17 cDNA. 

Appearance after (A) 5 days (B) 2 weeks (C) 3 weeks.
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WT 6.9 14.9 25.20

Figure 6-1 (contd). Enhanced germination and overall growth of wild type and 

transgenic (6.9, 14.9 and 25.20) A. thaliana constitutively expressing pea ABR17 

cDNA. Appearance after (D) 4 weeks and (E) 5 weeks.
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Figure 6-2. Increased lateral branching and siliques in ABR17-transgenic A. thaliana. 

(A) Lateral branches and (B) siliques in wild type and three ABR11 transgenic lines 

(6.9, 14.9 and 25.20). An estimate of least square means and pooled standard errors 

are presented.
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6.3.2. Effects of exogenous CK on germination of A. thaliana under salinity and

cold stress

As mentioned previously, the two transgenic lines (6.9 and 25.20) exhibit 

enhanced germination and seedling growth under abiotic stress conditions (Srivastava 

et al., 20062). ABR17 is considered to be one of the members o f the pea PR 10 protein 

family and the constitutive expression of another pea PR 10 protein (PR 10.1) has 

been demonstrated to enhance germination of B. napus (Srivastava et al., 2004) as 

well as endogenous CK levels (Srivastava et al., 2006a). Based on these studies we 

hypothesized that the enhanced germination of ABR17 transgenic A. thaliana under 

abiotic stress may be mediated by CK. In order to test this possibility, we performed 

experiments where we tested the ability of various CKs to enhance germination and 

subsequent development o f wild type A. thaliana seedlings under those conditions 

using two different approaches. In the first approach, where various CKs were 

included in the culture medium at a concentration of 5 pM, the percentage of seeds 

germinating in the presence of 150 mM NaCl at RT was significantly (P<0.05) higher 

on day 5 and remained higher till the conclusion of the 14-day experiment in the 

presence of CKs compared to control plates with no exogenous CK (Figure 6-3A).
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Figure 6-3. Effects of CK on the wild type A. thaliana when included in the MS 

medium. (A) Germination and (B) appearance of wild type A. thaliana germinated and 

grown for 2 weeks in the presence of 150 mM NaCl at RT. An estimate of least 

square means and pooled standard errors are presented.
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Figure 6-3 (contd.). Effects of CK on the wild type A. thaliana when included in the 

MS medium (C) germination and (D) appearance o f wild type A. thaliana germinated 

and grown for 2 weeks in the presence of 150 mM NaCl at 10°C. An estimate of least 

square means and pooled standard errors are presented.
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The appearance of the seedlings after the 14-day experiment for this treatment is 

shown in Figure 6-3B and it is evident that the treated seedlings were developmentally 

more advanced than untreated seedlings. At the end of the 14-day period, the CKs 

zeatin, benzylamino purine (BAP), isopentenyl adenine (2 iP) and kinetin enhanced 

the germination of A. thaliana in the presence of 150 mM NaCl, significantly (Figure 

6-3A). Even though trans-ZR was able to enhance germination under these 

conditions, the extent of this enhancement was lower than the other CKs tested (Figure 

6-3A).

The ability of CKs to enhance germination in the presence of 150 mM NaCl at 

10°C was also evaluated and the results are shown in Figures 6-3C-D. Preliminary 

experiments at this temperature showed that 1 pM CK concentration was the most 

effective in enhancing the germination when included in the growth medium (data not 

shown). In the presence of 1 pM concentration of various CKs and 150 mM NaCl at 

this lower temperature, the percentage of seeds that germinated were significantly 

(P<0.05) higher than in the absence of CKs and this enhancement was apparent on 

day 6  and continued until day 14 (Figure 6-3C). All types of CKs tested were equally 

effective with perhaps BAP being the most effective and trans-ZK  being the least 

when observed at the conclusion of the 14-day experiment (Figure 6-3D). The 

appearance of the seedlings at the conclusion of the experiment (Figure 6-3D) also 

supported the above conclusions.

In the second approach, when wild type seeds were imbibed in 25 pM aqueous 

solutions of different CKs and subsequently placed on V2 strength MS plates in the 

presence of 150 mM NaCl at RT, a significant increase in the percentage of

237

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



germinated seeds was observed even on day 3 and remained high until the conclusion 

of the experiment on day 14 (Figure 6-4A). Thus both approaches demonstrated a 

significant enhancement in germination by exogenous application o f various CKs. 

The notable difference between the two types of approaches to administer the CKs 

was that in the first approach zeatin was most effective, (Figure 6-3A) and in the 

second approach, 2 iP was most effective (Figure 6-4A), and in both the approaches 

the trans-ZR was least effective. Once again, as can be seen from the appearance of 

the seedlings at the conclusion of the 14-day experiment, those that were treated with 

CKs were more advanced than untreated controls (Figure 6-4B).

When the seeds were imbibed in CK solutions as described earlier and placed 

on plates containing 150 mM NaCl at 10°C, germination o f the treated seeds was 

enhanced (Figures 6-4C and D). This enhancement was evident even on day 4 and 

continued until the end of the 14-day experiment at which time all the CKs tested 

enhanced germination significantly (P<0.05). Similar to what we observed in this type 

of CK treatment at RT, trans-ZR. was the least effective in enhancing the percentage of 

germinated seeds at 10°C as well (Figures 6-4C and D).
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Figure 6-4. Effects of CKs when wild type A. thaliana seeds imbibed in aqueous CK 

solutions. (A) Germination and (B) appearance of wild type A. thaliana germinated 

and grown for 2 weeks in the presence o f 150 mM NaCl at RT. An estimate of least 

square means and pooled standard errors are presented.
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Figure 6-4 (contd). Effects of CKs when wild type A. thaliana seeds imbibed in 

aqueous CK solutions. (C) germination and (D) appearance of wild type A. thaliana 

germinated and grown for 2 weeks in the presence of 150 mM NaCl at 10°C. An 

estimate of least square means and pooled standard errors are presented.
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6.3.3. Analysis of A BR 17 and AtARR5 gene expression

The relative levels of expression of the pea ABR17 gene in the three transgenic 

lines (6.9, 14.9 and 25.20) were assessed using quantitative RT-PCR. In addition, to 

further test our hypothesis that the stress protective effects o f ABR17 expression are 

mediated, at least in part, due to an increase in CKs, we also investigated the relative 

expression of the CK primary response gene AtARR5 using Q-RT-PCR. Among the 

transgenic lines, 6.9 had the highest level of ABR17 expression and the other two 

transgenic lines had comparable levels (Table 6-2). The levels o f expression of the 

primary CK response regulator AtARR5 also correlated well with that of ABR17 with 

all transgenic lines showing increased levels o f the AtARR5 transcript (Table 6-2). 

Furthermore, the level o f AtARRS expression was also highest in line 6.9, which also 

correlates with this line exhibiting the highest level of AtABR17 expression (Table 6 - 

2). The other two transgenic lines had approximately half the level of AtARR5 

expression compared to line 6.9.
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Table 6-2. Gene expression analysis (relative fold expression)

Gene Relative fold expression*

WT 6.9 14.9 25.20

PsA B Rl 7 1 3115 ± 1143 961 ±278 1128 ±301

AtARR5 1 9 ± 1 4.3 ±0.5 4.1 ±0.2

* Gene expression in the wild type was considered to be 1 and the relative expression 

in the transgenic lines was normalized against the wild type expression level.
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6.3.4. Endogenous concentration of CKs in ABR17 transgenic A. thaliana

The increase in AtARR5 transcript levels in the three transgenic lines suggested 

a link between the expression of pea ABR17 and AtARR5. Since ARR5 is thought to be 

the primary CK responsive gene, the increase in AtARRS expression in ABR17 

transgenics further strengthens our hypothesis that ABR17 may be mediating its effects 

through CKs. This is also supported by the enhanced germination of wild type A. 

thaliana under abiotic stress conditions in the presence of exogenous CKs as 

previously discussed. In order to further investigate the role of CKs in the ABR17- 

mediated effects, we determined the endogenous levels of CKs in the three transgenic 

as well as wild type A. thaliana seedlings.

The endogenous levels of various types of CKs, their nucleoside and 

nucleotide precursors are shown in Table 6-3. In 2-week-old seedling tissue obtained 

from MS plates, two of the three transgenic lines (6.9 and 25.20) has higher 

concentratins of various endogenous CKs (i.e. cis-Z, trans-Z, ci.v-[9RMP]Z and trans- 

[9RMPJZ), whereas the concentrations o f these CKs were not different in transgenic 

line 14.9 when compared to the wild type (Table 6-3). A dramatic increase in the 

levels of trans-ZR and a moderate increase in [9R]iP were observed in line 25.20 

(tissue from MS plate), but not in the other two transgenic lines (Table 6-3). In 

addition, the concentrations of [9R]iP in tissues of MS-grown transgenic lines 6.9 and

25.20 were also higher than wild type seedlings (Table 6-3).
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Table 6-3. Endogenous concentrations of CK in wild type and transgenic A. thaliana

Cytokini Q uantity (pm ol g D W 1)
ns (Livj

W ild-type  
(M ean ±  SE)

6.9
(M ean ± SE)

14.9
(M ean ±  SE)

25.20  
(M ean ± SE)

MS  
plates 
grown 
plants 
(n = 2)

Soil 
grown 
plants 

(n = 3)

MS 
plates 
grown 
plants 
(n = 2)

Soil 
grown 
plants 

(n = 3)

MS 
plates 
grown 
plants 
(n = 2)

Soil 
grown 
plants 

(n = 3)

MS 
plates 
grown 
plants 
(n = 2)

Soil 
grown 
plants 
(n = 3)

trans-Z 25.1
± 3 .3

46.7
± 0 .8

40.6
± 7 .0

48.2
± 0 .8

28.0
±0.1

41.1
± 2 .0

87.2
± 0 .3

44.2 
± 1.6

cis-Z 66.5 
± 1.3

23.6
± 0 .9

87.0
± 4 .4

42.6
± 0 .9

69.8 
± 1.4

43.7  
± 1.0

105.8
± 2 .7

46.8 
± 1.8

iP 2.6
± 0 .1

2.0
± 0 .1

5.9 
± 1.2

5.2
± 0 .8

2.2
±0 .1

2.5
± 0 .0

38.5
± 0 .6

3.1
±0 .1

trans-
[9R]Z

92.5 
± 1.3

268.9
± 1.9

88.3
± 7 .0

213.3 
± 1.2

63.5
± 0 .3

207.9  
± 1.6

262.2
± 0 .5

151.4
± 5.2

cw-[9R]Z 11.5
± 0 .8

15.1
± 0 .3

9.8
± 0 .7

18.3
± 0 .9

8.9
± 0 .3

11.0
± 0 .6

14.7 
± 1.5

12.6
±0 .5

[9R]DHZ
0.0

± 0 .0
20.6 

± 0.6
0.0

± 0 .0
20.1
± 0 .4

0.0
± 0 .0

22.1
± 0 .5

22.8
± 0 .1

20.8
±2.1

[9R]iP 54.7
± 1.3

95.5
± 0 .6

36.6
± 2 .1

95.6
± 0 .5

38.0
± 0 .4

79.6 
± 1.7

65.2
± 2 .2

86.5 
± 1.5

FB total 252.9
± 0 .3

472.4
± 3 .0

268.2
±21.1

443.3 
± 1.4

210.4
± 2 .4

408.0
± 4 .7

596.3 
± 1.5

365.3
± 2 .9

trans-
[9RMP]Z

203.5
± 2 4 .7

1060.5
± 2 7 .5

315.8
± 0 .8

1058 
± 13.2

209.3 
± 1.9

938.5
±22.1

460.8 
± 10.8

715.7
±72.5

cis-
[9RMP]Z

49.8  
± 11.4

56.9 
± 1.19

75.5 
± 13.4

82.1
± 2 .9

56 
± 1.1

41.7
± 2 .2

93.2
± 3 .5

36.7
± 4 .2

[9RMP]D
HZ

19
± 2 .8

37.3 
± 1.09

21.4
± 8

30.8
± 2 .8

25.6
± 2 .6

36.6
± 0 .9

28.4
± 4 .3

34.2
± 0 .6

[9R]iP 273 
± 1.3

518.8
± 6 .5

342.7
± 5 .6

561.9 
± 11.1

234.2
± 0 .4

482.9
± 0 .3

298
± 4 .7

597.9
± 9 .8

NT total 545.3 
± 17.5

1673.5
± 3 2 .5

755.4  
± 11.7

1732.9
±22 .5

525 
± 1.4

1500
± 2 4

880.4
± 7

1384.4
±83 .7

Total CK 798.2  
± 17.8

2145.8
± 3 5 .5

1023.6
± 3 2 .7

2176.1
±21 .3

735.5
± 3 .7

1907.7
± 2 8 .7

1476.7
± 8 .5

1749.7 
± 80.5

244

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In 2-week-old soil grown plants, that the concentration of cis-Z was higher in all three 

transgenic lines, whereas only line 25.20 demonstrated an increase in concentration of 

m-[9RM P]Z (Table 6-3). The concentrations of trans-Z did not change among four 

genotypes, whereas the trans-ZR and fram-[9RMP]Z showed a decrease in all three 

transgenic lines, which contributed towards the overall reduction in the concentrations 

of free CK bases in all the transgenic lines and a reduction in concentration of CK 

nucleotides in lines 14.9 and 25.20 (Table 6-3). We should emphasize that CKs were 

measured only at a single developmental stage (immediately prior to bolting) and this 

may not have captured all the differences between the three transgenic lines and the 

wild type. However, it is clear that in tissue from MS-grown A. thaliana seedlings, 

significant increases in specific CK forms are found in the transgenic lines.

6.3.5. RNase activity of pea ABR17 protein

PR 10 proteins isolated from different plant species may or may not possess 

RNase activity (Wu et al., 2003 and references therein; Srivastava et al., 2006a). We 

have previously reported that the pea PR 10.1 protein is a RNase (Srivastava et al., 

2006a). In order to determine whether pea ABR17, which also possesses many of the 

amino acid residues implicated in the RNase activity, is also an RNase, we 

overexpressed the cDNA in E. coli and purified the recombinant protein using metal- 

chelation affinity chromatography as previously described for pea PR 10.1 (Srivastava 

et al., 2006a).
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The recombinant protein was expressed at significant levels upon induction 

with IPTG and we were successful in purifying the protein with or without the 

histidine tag (Figure 6-5A). Both forms of the protein (with or without the histidine 

tag) were tested for RNase activity using in-solution and in-gel activity assays 

(Srivastava et al., 2006a). It is clear from the results shown in Figure 6-5B that both 

forms of the protein were able to degrade RNA isolated from pea and canola. As 

described earlier, an in-gel assay was also performed to investigate whether the 

recombinant ABR17 protein is an RNase (Figure 6-5C). Proteins with RNase 

activities upon separation in this gel system containing yeast tRNA produced clear 

regions at the expected molecular weights (Srivastava et al., 2006a). As can be 

observed from the gel shown in Figure 6-5C, we observed a clear region against a blue 

background precisely at the molecular weight of the recombinant protein with and 

without the histidine tag. The identity of the protein was also verified as pea ABR17 

by excising the band from an SDS-PAGE performed under identical conditions but 

without the yeast tRNA and tandem Mass Spectrometry (data not shown).
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Figure 6-5. (A) Over expression and purification of recombinant pea ABR17. Lanes 

1 and 2 represent uninduced and induced E. coli cultures, respectively and lanes 3 and 

4 represent purified recombinant ABR17 protein (Continued on next page)
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with or without the histidine tag, respectively. (B) In-solution RNA degradation assay 

with recombinant ABR17. Lanes 1-3 and 7 are reactions with total RNA from pea, 

and lanes 4-6 and 8  with total RNA from canola. Lanes 2, 5 are reactions with 9 pg 

recombinant ABR17 protein with the histidine tag and lanes 3, 6  are reactions with 6  

pg recombinant ABR17 protein without the histidine tag. Lane 7 is total RNA from 

pea incubated with 9 pg recombinant ABR17 protein with the histidine tag which had 

been boiled in a boiling water bath for 15 min and lane 8  is total RNA from canola 

incubated with recombinant 6  pg ABR17 protein without the histidine tag which had 

also been boiled for 15 min. (C) In-gel RNase activity. Arrows point to clear bands 

that are produced as a result of RNase activity and correspond to the molecular 

weights of recombinant ABR17 with or without the histidine tag.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

248



6.4. Discussion

In this study, we investigated mechanisms underlying previously reported pea 

ABR17-mediated enhancement o f germination of A. thaliana under saline and low 

temperature stress conditions. Results from our previous study indicated that the 

constitutive expression of a pea PR 10 cDNA (PR 10.1) increases endogenous 

concentrations of CKs, suggesting an important role for CKs in ameliorating the 

deleterious effects of salinity stress (Srivastava et al., 2006a). Since pea ABR17 is 

considered to be a member of the pea PR 10 protein family, we hypothesized that the 

observed stress tolerance during germination may be mediated by a modulation of 

endogenous CKs. Thus we performed an experiment where the effects of exogenous 

CKs on the germination of wild type A. thaliana were tested. Our results indicated 

that almost all the CKs tested were able to promote germination under saline and low 

temperature stresses suggesting an important role for CKs in mediating this 

phenomenon.

Our next experiment was to investigate the levels of ABR17 transgene 

expression in three independently-derived (Srivastava et al., 2006b) transgenic A. 

thaliana lines (6.9, 14.9 and 25. 20), as well as the expression of the primary CK- 

responsive gene, ARR5 (Hwang and Sheen, 2001). Our results indicated that all 

transgenic lines had greater ABR17 expression than controls and that this was most 

pronounced in line 6.9. Lines 14.9 and 25.20 were not significantly different with 

respect to ABR17 expression (Table 2). Similarly, we observed a 4-9 fold increase in 

the levels of ARR5 transcript in the transgenic lines with the highest increase (~9 fold)
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in line 6.9, which further suggests a direct relationship between ABR17 and ARR5 

expression in our transgenic A. thaliana lines.

Even though our exogenous CK application, as well as Q-RT-PCR analysis of 

gene expression, suggested a role for CKs in enhancing germination, and a direct 

relationship between ABR17 and ARR5 expression, additional evidence for ABR17- 

mediated modulation of CKs in the transgenic lines is necessary to further substantiate 

our hypothesis. In order to achieve this objective, we determined the endogenous 

concentrations o f various forms of CKs using LC-MS/MS in tissue obtained from 

seedlings grown on MS plates as well as in soil. Tissue from 2-week-old seedlings 

grown on MS plates were used because our earlier study revealed that transgenic 

seedlings grown in this manner are significantly more tolerant to abiotic stresses 

(Srivastava et al., 2006 ). Tissue from soil-grown plants was also used for 

endogenous CK determinations because these plants exhibited differences in their 

phenotypes (Figure 6-1) when compared to the wild type. Some of these differences 

included precocious flowering, a higher degree of lateral branching and increased 

number of siliques (Figure 6-2), all of which are traits that have been connected to an 

increases in CK activity (Bonhomme et al., 2000; Mader et al., 2003; Fiu et al., 2004; 

Riefler et al., 2006; Tanaka et al., 2006). Our results indicated that the total 

endogenous concentrations of CK in tissues of 2-week-old transgenic lines 6.9 and

25.20 grown on MS plates increased, whereas the total concentrations in tissues from 

soil-grown plants generally decreased (Table 6-3). The MS plate results provide 

additional, direct evidence that the expression of pea ABR17 in A. thaliana modulates 

CK levels as previously hypothesized.
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Our results also indicated that levels of specific forms of CKs are being 

consistently altered in the transgenic lines. For example, in tissues from plants grown 

in both conditions, an increase in the concentration of cis-Z was observed. Similarly, 

the endogenous concentration of cA-[9RMP]Z also increased in the transgenic lines 

6.9 and 25.20 when grown in MS plates, whereas in the soil-grown plants an increase 

in cA-[9RMP]Z was observed only in line 6.9 (Table 6-3). The endogenous 

concentration of trans-Z, a form of CK that is considered to be biologically active 

(Yamada et a l, 2001), also increased in tissue of transgenic lines 6.9 and 25.20 

obtained from MS-grown seedlings. However, the tissue from soil-grown seedlings 

did not show any differences in the concentration of this form of CK (Table 6-3). 

Another CK that showed a consistent increase in both the systems is iP, also 

considered to be a biologically active form, where the concentrations increased in the 

two transgenic lines (6.9 and 25.20) when grown on MS plates.

The observed differences in the endogenous concentrations of specific forms 

of CKs in the transgenic lines correlated well with the ability of certain CKs to 

enhance the germination of wild type A. thaliana. For example, zeatin (mixed 

isomers) supplied continuously for 2  weeks in the growth media resulted in enhanced 

germination in the presence of NaCl, as well as under low temperature stress (Figure 

6-3D), which correlated well with an increase in the endogenous concentration of both 

cis-Z and trans-Z in the transgenic lines 6.9 and 25.20. Similarly, the imbibition of 

seeds in aqueous solutions of iP prior to germination under these stresses, enhanced 

germination in the presence of both types of abiotic stresses investigated in this study. 

These results also agreed well with our observation that the endogenous concentration
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of iP was also elevated in the two transgenic lines 6.9 and 25.20. Interestingly, the 

endogenous CK concentrations did not increase in line 14.9 which also did not exhibit 

the enhanced germination and stress tolerance observed with the other two lines (6.9 

and 25.20; Srivastava et al. , 2006b). Furthermore, the levels of ABR17 and ARR5 were 

similar in both lines 25.20 and 14.9, which may be due to positional effects and/or 

other uncharacterized differences between the two lines, which may include 

developmental differences between these lines. However, what is consistent is the fact 

that CKs increased in two out of the three transgenic lines tested and, this increase 

correlates with the observed stress tolerance.

A small number of PR 10 proteins including the pea PR 10.1 possess RNase 

activity. However, the role of RNase activity in the in planta  function of these 

proteins is not clear (Srivastava et al., 2006a). In order to test whether pea ABR17 is a 

RNase, we expressed the cDNA in E. coli and purified the hexahistidine-tagged 

protein to homogeneity and assayed the purified recombinant protein for RNase 

activity. Our results (Figure 6-5) indicated that recombinant pea ABR17 (with or 

without the histidine tag) possessed RNase activity which is similar to that of pea PR

10.1, even though the degree of similarity at the amino acid level is -58%  between pea 

ABR17 and 10.1. Together with an increase in endogenous CK in the ABR17- 

transgenic A. thaliana lines, these results suggest the possibility that the RNase 

activity of ABR17 is responsible for the increase in endogenous CKs as previously 

suggested for pea PR 10.1 protein (Srivastava et al., 2006a).

The likelihood that the RNase activity of ABR17 contributes to increased 

concentrations of CK is supported by existence o f two CK biosynthesis pathways in
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plants: one involves the mevalonate (MVA) pathway, located in the cytosol, that 

prenylates tRNA and is mainly responsible for producing cis-Z derivatives; and, 

another localized in plastids involves the methylerythritol phosphate (MEP) pathway 

and provides the prenyl precursor to trans-CK and iP-type CK (Kasahara et a l,  2004; 

Sakakibara, 2006). tRNAs have been suggested to be a possible source of endogenous 

CKs because of isopentenylation of an adenine residue in these molecules 

(Swaminathan et al., 1977) and it has been estimated that in plants tRNAs contribute 

as much as 40-50% of cytokinin pools (Barnes et al., 1980; Letham and Palni, 1983; 

Prinsen et al., 1997), but others have argued that the slow turnover of tRNAs indicates 

that tRNA molecules do not contribute significantly to endogenous CK pools (Barnes 

et al., 1980; Klambt, 1992). However, it is difficult to determine the rate of tRNA 

turnover and CK production accurately and therefore, it is not possible to properly 

assess the contributions of tRNA degradation as a source of free, active, CKs 

(Miyawaki et al., 2004). It has also been suggested that tRNA degradation is a source 

of cis-Z type CKs (Sakakibara, 2006) and iP is the basic moiety in tRNA reported in 

all biological kingdoms, including plant tRNAs albeit as a minor source of CK 

(Prinsen et al., 1997). The consistent increase in the levels o f cw[9R-MP]Z, cis-Z and, 

to a lesser extent, iP in two of the three transgenic lines (6.9 and 25.20) suggest the 

possibility that increased synthesis of these CK species may occur by degradation of 

tRNA. Based on the results of Kasahara et al (2004), this is the type of CK profile 

that would be predicted in the event of increased tRNA degradation. Moreover, since 

the relative activities of the cis- versus trans-CK, and cytosol- versus plastid-localized 

CK are unknown, focus should be placed on changes in the the cis-CK levels, even
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though the trans-CK levels were higher overall. Our results are also typical of A. 

thaliana found by Kasahara et al (2004), whereby the trend in amount of individual 

CKs was as follows: nucleotide CK > ribosyl-CKs > free-base CK and, overall, that 

cis-Z-type CKs accumulated to much lower levels than those o f trans-Z and iP-type 

CKs. However, it is striking that, compared to WT, the levels of ci5 -[9 RMP]Z and cis- 

Z were higher while the corresponding trans-isomers were the same in soil-grown line 

6.9, one of the transgenics which displayed the best stress performance. In fact, the 

cis-Z: trans-Z ratio was higher in all of the soil-grown transgenics.

Moreover, the rapid interconversion of base, ribosides and ribotides is a typical 

feature of CK metabolism, and plants are able to modulate the levels of cis-Z and 

trans-Z due to isomerization by cis-trans isomerase (Mok and Mok, 2001) so the 

observed increase in the concentration of trans-Z in ABR17 transgenic lines (6.9 and 

25.20) is possible by the interconversion of the cis-Z form generated by the tRNA 

degradation.

CKs are plant hormones that regulate many developmental and physiological 

processes in plants, including promotion of cell division, seed germination, chloroplast 

development, leaf senescence, lateral shoot development, vascular differentiation, 

nutrient mobilization and regulation of gene expression (Mok and Mok, 2001; Haberer 

and Kieber, 2002). Treatment with CKs has been shown to delay leaf senescence in 

many plants (van Staden et al., 1988) and decreased contents of CKs under drought, 

salinity and other stress conditions have been reported (Pospisilova et al., 2000). 

Furthermore, in tobacco isopentenyl transferase (IPT) transgenic plants with elevated 

CK content, an increase in proline and osmotin content was reported, suggesting that
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cytokinin may elicit responses similar to those induced by environmental stresses, 

including perhaps mediating tolerance to these stresses (Thomas et al., 1995). 

Similarly, the maintenance of high concentrations of CKs in maize kernels during heat 

stress was suggested to be important in increasing thermo tolerance and providing 

yield stability (Cheikh et al., 1994), and a role for CKs as antioxidants has also been 

suggested (Gidrol et al., 1994; Brathe et al., 2002).

We have previously demonstrated that the constitutive expression o f pea PR

10.1 cDNA, which is an RNase, in B. napus enhances endogenous CK concentrations 

(Srivastava et a l ,  2006a). In this study, we demonstrated that the constitutive 

expression of pea ABR17 cDNA also results in an increase in endogenous 

concentrations o f CK, which could be mediated via the observed RNase activity of 

this protein. However, the possibility of biosynthesis of these CKs (cis-Z, trans-Z and 

iP) by the tRNA independent pathway couldnot be ruled out. The possibility of tRNA 

degradation by the RNase activity of pea ABR17 and enhanced biosynthesis of free 

CKs via this pathway remains speculative at this stage. Confirmation of this 

hypothesis will have to come from additional experiments, including the site-directed 

mutagenesis of those amino acids that are thought to be important for RNase activity, 

and the introduction of the mutant gene into A. thaliana followed by endogenous CK 

analysis. Additionally, the presence of iP and cis-Z in A. thaliana, as well as pea 

tRNA molecules must be demonstrated together with ABR17-mediated release of 

these CK moieties from the tRNA. Such experiments are currently in progress in our 

laboratory and will form the basis of future communications.
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7. General Discussion

Environmental stresses such as salinity, drought and temperature extremes 

severely limit crop productivity worldwide (Boyer, 1982) and it is estimated that by 

the middle of the 2 1 st century, widespread salinity may cause serious salinization of 

more than 50% of all arable lands (Wang et al., 2003). Plant responses to salt stress 

are very complex and approaches to generate salinity-tolerant plants via conventional 

breeding have had limited success (Zhu, 2002), whereas enhancing plant tolerance to 

abiotic stresses by introducing genes have demonstrated significant success (Apse et 

al., 1999). Identification of novel genes or proteins that can be utilized to confer 

abiotic stress tolerance is a challenging task, but information from plant genome 

projects and the advent o f techniques such as microarrays (Ozturk et al., 2002; Wong 

et al., 2006) and proteomics (Salekdeh et al., 2002; Agrawal et al., 2005) has resulted 

in the identification of many targets that can be utilized to engineer plant abiotic stress 

tolerance. In many legume species, proteins belonging to the PR 10 family are present 

in higher concentration in roots (Sikorski et al., 1999; Bantignies et al., 2000) and the 

levels of these proteins are elevated by many abiotic stresses (Liu and 

Ekramoddoullah, 2003; Hashimoto et al., 2004; Kav et al., 2004), suggesting a 

possible role for them in ameliorating the deleterious effects of stress. Based on these 

observations we hypothesized that in addition to other protein changes, salt stress may 

also increase the levels of PR 10 proteins in pea (Pisum sativum) roots.

Microarray and proteomics are useful techniques for transcript/protein 

expression analysis. However, due to protein turnover and post-translational
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modifications, only the study of proteins provides good information on their 

abundance and activity (Gygi et al., 1999; Zivy and Vienne, 2000). Therefore, we 

used a comprehensive proteomics-based approach to test our hypothesis. Here, 

proteome analysis using two-dimensional electrophoresis and mass spectrometry 

revealed an increase in the levels o f many members of PR 10 proteins, as well as other 

proteins such as superoxide dismutase (SOD) and nucleoside diphosphate kinase 

(NDPK) in salt-stressed pea roots (Kav et al., 2004). Comparison o f the proteome of a 

salinity-tolerant Arachis hypogaea callus with a salinity-sensitive line revealed several 

unique or significantly elevated PR 10 proteins in salinity-tolerant lines (Appendix I, 

Srivastava et al., 2006a). The results from both salinity-stressed pea roots and salinity- 

tolerant peanut callus suggested a crucial role of PR 10 proteins in ameliorating the 

deleterious effects o f salinity.

The pea PR 10 family consists of five members such as pi49 (10.1), p i 176 

(10.2), drrc (10.3), ABR17 (10.4) and ABR18 (10.5) (Tewari et al., 2003) and at least 

four members of the group (10.1, 10.2, 10.4, 10.5) were up-regulated in salt-stressed 

pea roots (Kav et al., 2004). The sequence alignment of PR 10.1 with PR 10.2 and PR

10.1 with PR 10.4 proteins revealed an overall identity of 96% and 56%, respectively. 

Based on the sequence alignments, as well as the abundance of PR 10 proteins (Kav et 

al., 2004) we investigated the role of pea PR 10.1 and ABR17 (PR 10.4) proteins. We 

hypothesized that they play a crucial role in mediating abiotic stress tolerance. 

Testing mutants of Arabidopsis thaliana which lacked these proteins would have been 

a logical first choice to test this hypothesis; however, database searches did not reveal 

presence of PR 10 genes in A. thaliana, although their distant homologues, the major
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latex proteins (MLPs) were present; therefore, we evaluated plants constitutively 

expressing PR 10 genes in order to test our hypotheses.

Canola (Brassica napus L.) is an economically important crop grown on the 

Canadian prairies on 25-30% of the annual crop acreage in Western Canada. Wang et 

al. (1999) constitutively expressed the pea PR 10.1 gene in B. napus and tested 

resistance against blackleg disease (.L. maculans). The transgenic B. napus lines did 

not exhibit resistance to blackleg disease but the availability o f this transgenic material 

enabled us to quickly test our hypothesis. As with A. thaliana, the database searches 

did not reveal any reported PR 10 genes among the B. napus sequences available. The 

presence of PR 10.1 transcript and protein was confirmed in B. napus lines using RT- 

PCR and two-dimensional electrophoresis, followed by mass spectrometry. The 

hypothesis that PR 10 proteins play a crucial role in ameliorating the deleterious 

effects of salinity was tested by germinating the PR 10.1 transgenic B. napus seeds in 

the presence of salt which demonstrated that transgenic B. napus seedlings were able 

to germinate and survive better under these conditions when compared to the wild type 

(Srivastava et al., 2004).

In order to evaluate the potential of another gene of the PR 10 family, ABR17 

(or PR 10.4), in a different species and to understand the role of PR 10 in detail, the 

model plant A. thaliana was transformed. This was due to the availability of wealth of 

information for this model plant and its ability to be quickly transformed. As 

indicated earlier, there is only -56%  sequence homology between PR 10.1 and 

ABR17 at the amino acid level and it was interesting to see whether these two proteins 

elicited the same effects in planta. Transcript and protein expression were confirmed
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in transgenic A. thaliana lines and seeds were tested for abiotic stress tolerance. The 

transgenic A. thaliana seeds constitutively expressing ABR17 cDNA had enhanced

t .

tolerance to salinity and cold stress (Srivastava et al., 2006 ). These results 

demonstrated the utility of at least these two PR 10 genes and perhaps all PR 10 genes 

in enhancing germination and conferring abiotic stress tolerance (Srivastava et al., 

2004; Srivastava et al., 2006b).

In order to test our hypothesis that pea PR 10 proteins possess ribonuclease 

activity, the cDNAs encoding PR 10.1 or ABR17 were expressed in Escherichia coli 

and the recombinant proteins were purified to homogeneity using Ni-NTA and DEAE- 

Sepharose chromatography. An in-solution as well as an in-gel activity assay, clearly 

demonstrated that recombinant pea PR 10.1 and ABR17 proteins possess RNase 

activity (Srivastava et al., 2006°; Srivastava et al., 2006d). In addition, analysis of the 

RNase activity o f salinity-sensitive and salinity-tolerant A. hypogaea lines revealed 

that the salinity-tolerant A. hypogaea line possesses more RNase activity in the region 

corresponding to molecular weight of PR 10 protein (Appendix II). Furthermore, the 

availability o f another purified recombinant protein Pm PR 10 (Pinus monticola cold- 

induced PR 10 protein) led us to test the RNase activity of this protein. Results from 

the RNase in-gel assay demonstrated that Pm PR 10 protein does not possess RNase 

activity. However, in this case the protein had been stored for an extended period of 

time and may have lost its activity (Appendix II). PR 10 proteins from a few plant 

species including legumes have been reported to possess RNase activity (Srivastava et 

a l, 2006c); however, the biological importance of this activity in planta and, its 

relevance to mediating abiotic stress responses is still unclear. RNase activity analysis
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of P. sativum, A. hypogaea and P. monticola PR 10 proteins in this study suggested 

that RNase activity may not be a general feature of PR 10 proteins and that the 

significance of RNase activty in the evolutionary divergence of different plant species 

requires further investigation. However, it is clear that the two pea PR 10 proteins 

tested in this study possess RNase activity, and based on sequence similarities with the 

other three members of the pea PR 10 protein family it is possible to conclude that all 

pea PR 10 proteins possess RNase activity.

RNase activity plays an important role in plant development by modifying the 

RNA levels, and thereby influencing protein synthesis (Tvorus, 1976). Levels of 

RNase have been demonstrated to be altered in response to endogenous or exogenous 

stimuli (Dodds et al., 1996; Liu et al., 2006; Srivastava et al., 2006c), including 

salinity and water stress (Rouxel et al., 1989). The RNase activity o f PR 10 proteins 

may play an important role in defence against pathogen infections and such a role was 

demonstrated by studies on the antifungal and antibacterial activity of SsPR 10 from 

Solanum surattense (Liu et al., 2006), and antifungal and antiviral activity of CaPR 10 

from pepper (Park et al., 2004).

Salt stress inhibits seed germination and seedling growth mainly by delaying 

mobilization of seed reserves (Gomes Filho et al., 1983), and RNase activity plays a 

crucial role in RNA turn over and mobilization from storage tissues that are important 

for seed germination and seedling establishment (Gomes Filho et al., 1983; Gomes 

Filho and Sodek, 1988). Therefore, during germination under normal or saline 

conditions induction of PR 10 proteins and consequent RNase activity may play a 

crucial role by preventing the delayed seed reserve mobilization. The RNase activity
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of SPE16 (another PR 10 protein), which is a constitutive protein rather than a protein 

induced by pathogen invasion or other elicitors, suggests that RNase activity of PR 10 

proteins may also play a crucial role in the regulation of plant growth and 

development even under normal conditions (Wu et a l, 2003).

The PR 10 family contains a highly conserved glycine rich loop which 

resembles the phosphate-binding loop motif (GXGGXGXXK) present in many 

nucleotide-binding proteins. This P-loop is suggested to play an important role in the 

biological function of PR 10 by binding the phosphate group of RNA in order to 

mediate the RNase activity (Saraste et al., 1990; Wu et al., 2003). Structural studies 

in the PR 10 homologue Bet v 1 predicted that three conserved amino acids Glu-96, 

Glu-148, and Tyr-150 are involved in RNase activity (Moiseyev et al., 1997), site- 

directed mutagenesis of these conserved amino acids in SPE 16, as well as those in the 

P-loop, affected RNase activity, thereby providing additional evidence for the 

importance of these amino acids for the RNase activity o f these PR 10 proteins (Wu et 

al., 2003). In addition, similarities of PR 10 proteins with cytokinin-specific binding 

proteins at the primary structural level have led many authors to speculate that PR 10 

proteins may be binding ligands such as cytokinins (CKs; Fujimoto et a l, 1998; 

Mogensen et al., 2002). In addition, in vitro studies have demonstrated that some PR 

10 proteins indeed interact with CKs as well as several other ligands (Biesiadka et al, 

2002; Markovic-Housley et al., 2003).

PR 10 proteins have several putative phosphorylation sites, and using Pro-Q- 

diamond phosphoprotein specific stain we demonstrated that Ara h 8  proteins in 

peanut (Srivastava et al., 2006a) are phosphorylated. Park et al. (2004) reported that
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the Capsicum PR 10 protein is phosphorylated upon TMV inoculation and the 

phosphorylated protein functions as an RNase that is able to cleave viral RNA. These 

observations suggest that phosphorylation o f PR 10 proteins is important for their 

biological activities, and may give specificity to certain RNA substrates or against 

non-self RNA; otherwise, their explicit activity would be detrimental for plants 

(McGee et al., 2001; Park et al., 2004). Specificity o f RNase activity o f PR 10 is 

evident in proteins such as Bet v 1 from major birch pollen allergens where RNase 

activity in pollen grains could be related to the defense reaction of pollen against 

pathogen attack (Breiteneder et al., 1989) or in recognition and self-incompatibility 

during fertilization (Huang et al., 1994; Swoboda et al., 1995) or, as the results from 

the studies described in this dissertation have demonstrated (at least for seeds) they 

may play a role in seed germination. Specificity of PR 10 was also evident in a 

previous transgenic study where overexpression of PR 10 gene in potato (Constabel et 

al., 1993) or canola (Wang et al., 1999a) does not exhibit any phenotypic abnormality.

The RNase activity o f PR 10 proteins, the presence of CK moieties in some 

tRNAs (Prinsen et al., 1997; Hwanga and Sakakibarab, 2006), the interaction of some 

PR 10 proteins with CKs, and phosphorylation-mediated specificity of the RNase 

activity all led us to speculate that the RNase activity and CK binding are related. For 

instance, the CK-binding activity of some PR 10 proteins may be that the RNase 

activity is specific for the CK-moieties present in tRNAs, and this specific binding is 

mediated via phosphorylation. In order to test whether the overexpression of PR 10 

genes modulates endogenous CK levels we determined the concentrations of CKs, as 

well as other phytohormones, in transgenic B. napus expressing the PR 10.1 cDNA
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and in transgenic A. thaliana expressing the ABR17 cDNA. Results from those studies 

revealed an increase in CK, a decrease in abscisic acid (ABA) and no significant 

changes in gibberellin (GA) or indoleacetic acid (IAA) levels in 7-day-old B. napus 

seedlings (Srivastava et al., 2006°). In the case of ABR17 A. thaliana seedlings, we 

observed an increase in total CK levels, and specifically those specific forms of CKs 

that would be expected as a result of tRNA hydrolysis (Srivastava et al., 2006d). 

There was a slight decrease in IAA and GA4. We were unable to detect ABA and 

GA1 (Appendix III).

CKs are plant hormones that regulate many developmental and physiological 

processes in plants, and they antagonize many physiological processes induced by 

water stress (Mok and Mok, 2001; Haberer and Kieber, 2002). An increase in CK 

levels in B. napus and A. thaliana transgenic lines suggested that pea PR 10 activity 

modulates the CK levels (Srivastava et al., 2006°; Srivastava et al., 2006d). Gene 

expression analysis o f a cytokinin-response regulator ARR5 revealed a 4-9 fold 

increase in three ABR17 A. thaliana transgenic lines, and by exogenous application of 

CKs germination of A. thaliana seeds under abiotic stress conditions increased by 

exogenous application of CK up to an extent comparable to that of ABR17 A. thaliana 

transgenic plants (Srivastava et al., 2006d).

The RNase activity associated with pea PR 10 proteins and the modulation of 

CK levels suggests that RNase activity of PR 10 proteins is responsible for the 

increase in endogenous CK levels (Srivastava et al., 2006°; Srivastava et al., 2006d). 

Support for the hypothesis is derived from the suggestion that tRNAs are possible 

source of endogenous CKs (Swaminathan et al., 1977); it has been estimated that
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tRNAs contribute 40-50% of CK pool in plants (Barnes et al., 1980; Letham and 

Palni, 1983; Prinsen et al., 1997). The CK profile o f PR 10.1 B. napus and ABR17 A. 

thaliana transgenic plants, ARR5 expression analysis and phenocopying experiments 

by exogenous application provided some evidence for such a hypothesis (Srivastava et 

al., 2006°; Srivastava et al., 2006d). However a direct experimental proof is required 

to confirm such a hypothesis, and future research in this direction may enhance our 

understanding of PR 10 biology as well as that of CK biosynthesis pathways.

7.1. Future prospects

Results presented in this study have established a very crucial role of Pi? 10 

genes in engineering abiotic stress tolerance in plants and suggested that RNase 

activity of PR 10 proteins may modulate the CK levels. Knowledge gained from the 

studies described in this dissertation enhanced our understanding of some of the roles 

of PR 10 proteins in planta. However, many questions still remain and may be 

answered in the future by investigating other aspects of PR 10 biology including:

1. Testing the utility of five members of pea PR 10 genes, individually and in 

combination, in other crops (e.g. wheat, rice and elite varieties of canola) for their 

ability to enhance germination under abiotic stress conditions.

2. Additional experiments to provide direct evidence for the RNase and CK 

hypothesis:
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(a) Producing mutant genes via site-directed mutagenesis of amino acids such as Glu- 

96, Glu-148, Tyr-150 and P-loop, which have been predicted to be important for 

RNase activity (Moiseyev et al., 1997; Wu et al., 2003), followed by introduction of 

mutant gene (s) individually and in combination into A. thaliana and B. napus in order 

to test their influence on germination and stress tolerance, as well as analyzing their 

endogenous CK profile.

(b) Isolating tRNA from A. thaliana, B. napus and P. sativum, their (i) hydrolysis; (ii) 

incubation with PR 10 proteins (iii) feeding with radiolabels, and analysis of 

endogenous CK profile to investigate the presence o f CK moieties such as iP and cis-Z 

which have been predicted to be source of tRNA degradation (Prinsen et al., 1997; 

Sakakibara, 2006); and,

(c) Testing the possibility of CK biosynthesis by tRNA independent pathways such as 

isopentenyl transferase (IPT) and reduced degradation/oxidation by cytokinin oxidase 

(CKX).

3. RNase activity of PR 10 proteins and its ability to modulate CK levels seem very 

important but diverse role (s) played by this group of proteins are evident by their role 

in sporopollenin pathway (PR 10 protein in the tapetum of lily anthers; Balsamo et al., 

1995; Wang et al., 1999b), role in phenylpropanoid biosynthesis (PR 10 protein in 

Asparagus AoPRl; Warner et al., 1994), a role in signal transduction (Kav et al., 

2004), a role similar to dehydrin/LEA like proteins (Pneuli et al., 2002), and ability to 

bind various ligand (e.g. cytokinins, fatty acids, flavonoids and brassinosteroids;
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Fujimoto et al., 1998; Mogensen et al., 2002; Markovic-Housely et al., 2003; 

Koistinen et al., 2005), which suggests that PR 10 proteins may be multifunctional.

4. From the literature it is evident that CK affects the levels of Nitrate Reductase (NR) 

(Ferrario-Mery et al., 1998; Yu et al., 1998). A preliminary analysis by semi- 

quantitative PCR using primers specific for NR1 and NR2 revealed increased transcript 

levels in ABR17 transgenic Arabidopsis lines. Further analysis o f NR expression in 

PR 10 transgenic plants, their nitrogen utilization efficiency and a possible relation 

between PR 10, CK and NR levels requires further detailed investigation.

5. Testing the involvement of PR 10 proteins in signal transduction pathways.

6 . Analyzing RNase activity of different PR 10 proteins within the context of 

evolutionary divergence o f different plant species.
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7.2. Conclusions

Discovery and use of novel targets to confer abiotic stress tolerance in plants 

has been the subject o f ongoing efforts and microarray and proteomics-based 

techniques have accelerated the pace of such research. In this research, we used a 

proteomics-based approach to investigate the proteome-level changes in salt-stressed 

pea roots and salinity-tolerant A. hypogaea callus. Results from these studies 

demonstrated that PR 10 proteins are expressed at higher levels under saline 

conditions. Based on these results, a crucial role of PR 10 gene (s) in mediating 

responses to salinity and other abiotic stresses was hypothesized and transgenic lines 

overexpressing pea PR 10.1 gene in B. napus and ABR17 gene in A. thaliana were 

tested for their ability to germinate and grow under various abiotic stress conditions. 

Results from these investigations demonstrated enhanced germination and tolerance to 

multiple abiotic stresses in PR 10 transgenic plants.

The biological activity of PR 10 protein was tested by overexpressing the 

cDNA of PR 10.1 and ABR17 in E. coli and purifying the recombinant proteins to 

homogeneity. The purified proteins were used to test their RNase activity which 

demonstrated that pea PR 10 proteins possess RNase activity. Transgenic plants were 

characterized to investigate the effects of constitutive expression of PR 10 gene (s). 

Analysis of their endogenous phytohormones levels revealed a significant increase in 

CK levels. The increased CK level was also accompanied by an increase in the 

transcript levels of ARR5 which is a primary cytokinin response regulator. Under 

abiotic stress conditions, exogenous application of various CKs enhanced germination
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of wild type A. thaliana to a level similar to ABR17 transgenics, suggesting a role of 

CK in mediating such responses.

Results presented in this study also suggest that PR 10 proteins have a very 

important role in plant growth and development and it may open a novel avenue to 

engineer abiotic stress tolerance in plants. Although the precise mechanism by which 

PR 10 is able to modulate CK levels remains a conjecture at this point, it is possible 

that the RNase activity of these proteins contributes to the endogenous pools of CK. 

The significance o f RNase activity in relation to CK and the multifunctional role (s) of 

PR 10 proteins needs further investigation and may further enhance our understanding 

of the biology of PR 10 proteins in planta.
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Appendix I

Proteomics reveals elevated levels of PR 10 proteins in saline-tolerant

peanut (Arachis hypogaea) calli

A I.l. Introduction

Environmental stresses such as drought and salinity severely limit agricultural 

productivity by reducing average crop yield by more than 50% (Boyer, 1982). 

Salinity is particularly a global concern due to the widespread salinization of soils, 

which is estimated to reach a staggering 50% of all arable land by the year 2050 

(Wang et al., 2003). Salinity-induced damage to plants include membrane 

disorganization, increase in levels of toxic metabolites, inhibited nutrient uptake and 

photosynthesis, generation of reactive oxygen species (ROS) and ultimately cell and 

plant death (Hasegawa et al., 2000). Due to this intricate and complex nature of plant 

responses to salinity, the quest for salinity-tolerant plants that are generated via 

conventional breeding has remained largely unsuccessful (Zhu, 2002) whereas, 

biotechnological approaches have had some success (Apse et al., 1999; Nagaoka et 

al., 2003)

The relatively homogenous population of cells provided by in vitro cultures of

plant cells offers an excellent system to investigate the effects o f salinity stress.

A version o f this chapter has been published: Srivastava S., Jain S., Sarin N. and Kav N.N. V. 
(2006) Increase in levels o f pathogenesis-related (PR) 10 proteins in saline-tolerant Arachis 
hypogaea L. calli. Plant Physiology and Biochemistry 44: 253-259.
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Furthermore, the growth of plant cells in culture under prolonged salinity stress often 

results in tolerance and therefore may offer clues as to the molecular mechanisms that 

may be crucial to the development of tolerance (Singh et al., 1985; Murota et a l, 

1994; Jain et al., 2001). In today’s post-genomic era, techniques that investigate 

changes in the protein component of the genome, i.e. the proteome, are being 

increasingly used in various disciplines in order to investigate molecular changes that 

occur in response to stresses (Salekdeh et al., 2002; Kav et al., 2004; Subramanian et 

al., 2005). In this report we describe the characterization o f proteome-level 

differences between a salinity-tolerant (ST) and -sensitive (SS) callus cell lines of 

Arachis hypogaea with a view of further understanding the molecular differences 

between the two lines that may be responsible for the higher tolerance to NaCl.

AI.2. Materials and methods 

AI.2.1 Plant material

Salinity-tolerant A. hypogaea callus lines from leaf explants were developed as 

previously described through a stepwise selection process that involved challenging 

the callus initially with 50 mM NaCl in semi solid MS medium (Murashige and 

Skoog, 1962) supplemented with lmg/1 each of BAP and NAA (MSB IN I) and gelled 

with 0.8% agar followed by a gradual increase in NaCl concentration up to 200 mM 

(Jain et al., 2001). The surviving, actively growing and green microcalli were isolated 

after two weeks and placed on salt free semi solid MSB1N1 medium for an additional
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two weeks to allow the cells to recover. After the recovery period, the cells were 

continuously maintained in MSB IN I medium supplemented with 200 mM NaCl and 

sub-cultured every 15 days. In order to assess the inhibitory effect of NaCl on the 

growth of the tolerant and sensitive cell lines they were transferred to semi-solid 

MSB1N1 media containing 0-300 mM NaCl. The fresh weight of the cell lines on day 

1 at 0 mM NaCl was considered to be 100% and the change in fresh weight on day 12 

was calculated and expressed as a % of the initial value. All the experiments were 

performed with callus tissue harvested on 12th day of subculture in semisolid MSB1N1 

medium and the data analyzed using Student’s /-test.

AI.2.2. Protein Extraction, two-dimensional electrophoresis and Mass 

Spectrometry

Protein extracts for two-dimensional electrophoresis were prepared from three 

independent lyophilized callus tissue as described in (Srivastava et al., 2004) with 

some modifications. Modification included a desalting step by using ReadyPrep 2D 

cleanup kit (Bio-Rad) according to the supplier’s instructions. Two-dimensional 

electrophoresis, staining with Coomassie blue or Silver Stain Plus kit (Bio-Rad) and 

analysis of gel images using the PDQuest software (Bio-Rad) were performed as 

described in Srivastava et al. (2004). A thorough analysis of each region of each of the 

three SS and ST gels was performed and replicate groups were created using PDQuest 

software. The unique spots as well as those whose levels were significantly increased
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(P<0.05 using Student /-test) were selected for ESI-Q-ToF MS/MS analysis 

(Srivastava et al., 2004).

AI.2.3. Phosphoproteome analysis

The phosophoproteome was analyzed using Pro-Q Diamond Phosphoprotein 

stain (Molecular probes, Eugene, OR). The protein extract prepared for two- 

dimensional gel analysis was delipidated and desalted as recommended by the 

manufacturer and the resulting pellet was dissolved in rehydration/sample buffer (Bio- 

Rad). This protein sample (300 pg) was used to perform two-dimensional 

electrophoresis as described above. Following electrophoresis the gels were immersed 

in 500 mL of fixing solution (50% methanol and 10% TCA) and incubated at room 

temperature with gentle agitation for 1 h. The fixing step was repeated once with fresh 

fixing solution to ensure complete removal of SDS from the gels. The gels were 

subsequently rinsed with water and incubated in 500 mL water for 15 min. This 

process was repeated four times to ensure that all the methanol and TCA was 

removed. Following these washing steps, the gels were incubated at room temperature 

in the dark in 500 ml of Pro-Q Diamond Phosphoprotein gel stain for 2 h with gentle 

agitation. Gels were destained by placing them in 500 mL of destaining solution and 

incubation in dark for 1 h with gentle agitation. The destaining process was repeated 

four times to get the optimal signal intensity and the images of the destained gels were 

captured using a UV transilluminator. This experiment was repeated at least three 

times.
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AI.3. Results and discussion

A salinity-tolerant cell line of Arachis hypogaea cv. JL 24 has been obtained 

by exposing the callus cells to NaCl as previously described (Jain et al., 2001) and the 

tolerant cell line (ST) appears to grow better on NaCl than the sensitive lines (SS). 

Appearance of the SS and ST lines cultured on semi-solid media are shown in Figure 

AI-1A and the effects of NaCl on fresh weight of both lines are shown in Figure AI- 

1B. It is evident that the ST line appears to be healthier than the SS line at high 

concentrations of NaCl and is supported by the increased gain in fresh weight of the 

ST (Figure AI-1). Fresh weight of the SS line is significantly reduced (P<0.01) even 

at NaCl concentrations as low as 50 mM whereas in the ST line, fresh weight declined 

only slightly at the same concentration.

In order to identify proteins whose levels may be altered in the ST line, we 

subjected the proteins extracted from the SS and ST lines to two-dimensional 

electrophoresis. Images of two-dimensional electrophoresis gels of protein from ST 

and SS lines are shown in Figure AI-2. Images of Coomassie blue-stained gels from 

the SS and ST lines cultured in the absence of NaCl are shown in Figure AI-2A and B, 

respectively and those stained with silver are shown in Figure AI-2C and D.
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Figure AI-1. Appearance of Arachis hypogaea callus lines (A) grown in the presence 

or absence of NaCl. The letters SS and ST refer to the sensitive and tolerant lines, 

respectively and the numbers on the Petri dishes refer to the concentration of NaCl in 

mM. Effects of NaCl on the growth o f the SS and ST lines (B). Fresh weights of 

tissues were measured 12 days after transfer to media containing different 

concentrations of NaCl and the change in fresh weight was expressed as a percentage 

of the weight on day 0. Solid and dashed lines represent SS and ST lines, respectively.
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A detailed comparison of these images using the Student /-test feature of the 

PDQuest software (Bio-Rad) revealed at least 21 protein spots whose spot volumes 

were significantly higher (P<0.05) or were unique in the ST gels compared to the SS 

gels (spots 1-13; Figure AI-2A and B; spots 14-21; Figure AI-2C and D. In addition, 

the silver-stained images of two-dimensional gels obtained with extracts prepared 

from SS and ST lines cultured in the presence of 200 mM NaCl are shown in Figure 

AI-2E and F. An analysis of these gels revealed an increase in the levels o f at least 3 

proteins (Figure AI-2F; spots 22-24). The MASCOT scores for most of the identified 

spots were higher than the threshold scores (Table AI-1) which is indicative of 

extensive identities between the MS fingerprint and the sequence in the databases and, 

that the observed match is not a random event.

The 24 spots (Table AI-1) were excised from the two-dimensional gels and 

identified using tandem MS. Remarkably, a large number o f spots (1-15, 17-19, 21- 

22; Table AI-1) generated peptide mass fingerprints that identified them as proteins 

belonging to the PR 10 protein family such as the Ara h 8 allergen. Other proteins 

identified as being elevated in the ST line in response to salinity included an RNA- 

binding protein (spot 23), and a 14-3-3 protein (spot 24).
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Figure AI-2. Two-dimensional electrophoresis of protein extracts prepared from the 

callus o f SS and ST lines of Arachis hypogaea. Two-dimensional gels stained from the 

SS and ST lines cultured in the absence of NaCl and stained with Coomassie blue are 

shown in (A) and (B), respectively whereas those stained with silver from SS and ST 

lines are shown in (C) and (D), respectively. Panels (E) and (F) represent silver- 

stained gels of protein extracts from callus cells cultured in the presence of 200 mM 

NaCl from the SS and ST lines, respectively. The arrows indicate spots which were 

identified using tandem Mass Spectrometry.
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Table AI-1. Details of proteins identified by ESI-Q-TOF

Sp
ot
No

M S/M S (ESI-Q -T O F) Identity ^Accession
No.

^fScor
e

(Thre
shold)

M r/pi fFold
change*PM/

%
Sequence

1 3/23% S VEIVEGN GGPGTIK
LTIVEDGETK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 198
(>47)

16942/
5.03

162
± 68.45

2 3/23% S VEI VEGN GGPGTIK
LTIVEDGETK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 198
(>48)

16942/
5.03

73.09 ± 
32.6

3 2/20% GVFTFEDEITSTVPPA
K
S VEI VEGN GGPGTIK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 80
(>47)

16942/
5.03

U

4 3/23% S VEI VEGN GGPGTIK
LTIVEDGETK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 230
(>48)

16942/
5.03

3.92
±
0.25

5 1/7% LVEGANGGSIGK PR10.2C
protein
[Lupinus
luteus]

ail 12958727 75
(>48)

16802/
4.81

U

6 2/20% GVFTFEDEITSTVPPA
K
SVEIVEGNGGPGTIK

A rah 8 
allergen 
[Arachis 
hypogaea]

eil37499626 74
(>47)

16942/
5.03

12.17 ± 
2.26

7 4/25% GVHTFEEESTSPVPPA
K
GVHTFEEESTSPVPPA
K
LIPAIQSIEIVEGNGGP
GTVK
LIPAIQSIEIVEGNGGP
GTVK

PR10
protein
[Arachis
hypogaea]

ail52547774 78
(>47)

16208/
5.34

10.73 ± 
0.84

8 5/31% SVEIVEGNGGPGTIK
LTIVEDGETK
LVEGPNGGSIGK
LVEGPNGGSIGK
GDAKPDEEELKK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 231
(>48)

16942/
5.03

443.01
± 93 .06

9 4/23% SVEIVEGNGGPGTIK
SVEIVEGNGGPGTIK
LTIVEDGETK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 201
(>48)

16942/
5.03

U
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10 4/28% GVFTFEDEITSTVPPA
K
GVFTFEDEITSTVPPA
K
SVEIVEGNGGPGTIK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

eil37499626 143
(>48)

16942/
5.03

U

11 2/17% SVEIVEGNGGPGTIK
LVEGPNGGSIGK

A rah 8 
allergen 
[Arachis 
hypogaea]

sil37499626 124
(>47)

16942/
5.03

211.9 ±  
26.43

12 1/9% SVEIVEGNGGPGTIK Pathogene 
sis-related 
protein 1 
(PvPR l)
[Phaseolus
vulgaris]

ail21044 48
(>47)

16518/
4.83

U

13 1/9% SVEIVEGNGGPGTIK Pathogene 
sis-related 
protein 1 
(PvPRl)
[Phaseolus
vulgaris]

ei!21044 44
(>46)

16518/
4.83

U

14 2/14
%

LTIVEDGETK
LVEGPNGGSIGK

Arah 8 
allergen 
[Arachis 
hypogaea]

ail37499626 137
(>46)

16942/
5.03

17.82 ± 
5.36

15 2/14% LTIVEDGETK
LVEGPNGGSIGK

Arah 8 
allergen
[Arachis
hypogaea]

ail37499626 118
(>47)

16942/
5.03

U

16 1/1% ELLENSPK RNA
polymeras 
e sigma 
factor 
[Bacillus 
subtilis]

ail2633716 38
(>49)

16942/
5.03

U

17 1/7% LVEGPNGGSIGK Arah 8 
allergen 
[Arachis 
hypogaea]

sil37499626 92
(>48)

16942/
5.03

U

18 1/7% LVEGANGGSIGK PR10.2C
protein
[Lupinus
luteus]

ail 12958727 78
(>49)

16802/
4.81

U
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19 1/7% LVEGANGGSIGK PR10.2C  
protein 
[Lupinus 
luteus]

ail 12958727 81
(>48)

16802/
4.81

U

20 1/2% TDLPNVVEK Alcohol 
dehydroge 
nase 
[.Pisum  
sativum ]

eil20639 25
(>48)

41870/
6.09

U

21 1/7% LVEGPNGGSIGK Ara h 8 
allergen 
[Arachis 
hypogaea]

ai!37499626 69
(>48)

16942/
5.03

U

22 4/16% DADEIVPK
LSILEDGK
LSILEDGK
GDAALSDAVR

Pathogene 
sis-related 
protein 17 
[Pisum 
sativum ]

S42649 165
(>46)

16619/
5.07

2.37 ±  
0.24

23 1/1% LELSDIAGR RNA
binding
protein­
like
[Arabidops
is
thaliana\

ail9293981 43
(>38)

107590/
5.67

23.55 ± 
19

24 1/4% EAAESTLAAYK 14-3-3 
protein 
[ Vigna 
angularis]

ail 13928452 73
(>48)

29299/
4.66

3.55 ± 
0.65

1/1% NQADSVVYQTEK heat shock
protein
hsp70
[Pisum
sativum]

gi|445605 56
(>48)

75521/
5.22

* Number of peptides matched/ sequence percentage coverage.

§ Accession number is Mascot search result using NCBI and other databases, 

f Spots unique (U) or up-regulated (P < 0.05) and their fold change ± SE values.

]f Score is -10 Log (P), where P is the probability that the observed match is a random 

event. Individual ion scores greater than the threshold value indicate identity or 

extensive homology (P <0.05).
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Due to this abundance of PR 10 proteins in the ST line, we have focused our 

discussion on this group of proteins although it is possible that the other proteins may 

also have important roles in mediating salinity tolerance in this line. For example, the 

14-3-3 group of proteins has been shown to interact with a number of signaling 

molecules such as kinases and phosphatases and, may thus play vital roles in 

mediating important cellular processes in response to environmental changes (Fu et 

al., 2000).

PR proteins are a group of proteins that are induced in response to both abiotic 

and biotic stresses and are classified into 14 families based on their biological function 

or similarities in primary structures (Van Loon and Van Strien, 1999). Among the 

known families o f PR proteins, PR 10 is unique in that they are located in the cytosol 

and unlike the other families o f PR proteins their function is not yet established (Van 

Loon and Van Strien, 1999). As the name suggests, PR 10 proteins are induced in 

response to pathogens as well as various abiotic stresses (Van Loon and Van Strien, 

1999; Liu et al., 2003; Kav et al., 2004). Furthermore, a recently discovered novel PR 

10 has been shown to be specifically induced in the roots o f rice plants in response to 

abiotic stresses via the jasmonate signaling pathway (Hashimoto et al., 2004). The PR 

10 family also includes proteins that have allergenic characteristics such as Bet v 1 

and Ara h 8 gene products (Mittag et al., 2004).

It was particularly intriguing that most of the proteins identified in this study as 

being elevated in the ST line belonged to the family of PR 10 proteins. It is possible 

that the large number of PR 10 proteins, particularly those that were identified as the 

Ara h 8 proteins are different isoforms of the same gene product and represent
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differentially phosphorylated states. In order to investigate this hypothesis we have 

predicted the various potential phosphorylation sites using the Net Phos 2.0 server 

(Blom et al., 1999). These sites are indicated in Figure AI-3A which also shows the 

alignment of the amino acid sequences of the Ara h 8 and PR 10 proteins from peanut 

with a PR 10 protein from lupin. Results from our analysis suggest that there may be 

several forms o f both the peanut PR 10 as well as the Ara h 8 proteins due to 

phosphorylation at more than one potential site.

Pro-Q Diamond phosphoprotein gel stain is suitable for fluorescent detection 

of phosphoserine, phosphothreonine- and phosphotyrosine containing proteins in 

polyacrylamide gels (Steinberg et al., 2003). Image of a two-dimensional gel of 

protein extracts from the ST line is shown in Figure AI-3B along with the 

corresponding region from the Coomassie blue stained gel Figure AI-3C. It is 

apparent that several spots (1-6, 8, 11) whose identities were established as PR 10 

proteins (including Ara h 8; Table AI-1) appear to be phosphorylated. The fact that 

phosphorylation may be important for the biological activities of PR 10 proteins is 

further supported by the observation that the activity o f a PR 10 protein isolated from 

hot pepper increases by phosphorylation (Park et al., 2004).
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Figure AI-3. (A) Multiple sequence alignment of PR 10 (.Arachis hypogaea), Ara h 8 

(Arachis hypogaea) and PR 10.2C (Lupin luteus) are shown and potential 

phosphorylation sites serine (S), threonine (T) and tyrosine (Y) are highlighted. 

Multiple sequence alignment was performed using MultAlin software (Corpet, 1988) 

and prediction of potential phosphorylation sites by Net Phos 2.0 Server (Blom et al., 

1999). (B) A section of two-dimensional gel of protein from ST lines stained with Pro- 

Q Diamond showing the phosphorylation of many spots identified as PR 10 proteins 

and, (C) the corresponding region from a Coomassie stained gel.
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In order to verify whether the proteins identified by Pro-Q Diamond 

phosphoprotein stain are indeed phosphorylated, we subjected spots 1, 4, 7 and 8 

(which were most abundant) once again to MS/MS analysis and searched the non- 

redundant NCBI database after including phosphorylation as an additional search 

criterion. These searches revealed that the first two significant hits for spots 1 and 4 

were the Ara h 8 protein followed by a PR 10 protein from Phaseolus vulgaris. One 

of the peptides, AVDSFKSVEIVEGNGGPGTIK was identified as being 

phosphorylated by MASCOT and for spot 8, the second significant hit was a PR 10 

protein from Vigna unguiculata where the same peptide was identified as being 

phosphorylated. This peptide corresponds to a highly conserved region among all PR 

10 proteins characterized thus far and has been predicted to possess two potential 

phosphorylation sites (Figure AI-3A). Although we observed the same 

phosphorylated peptide for spot 7 as well, the score obtained was not significant for it 

to be a strong hit. Additional experiments, however, are required to unequivocally 

demonstrate phosphorylation o f A. hypogaea PR 10 proteins and its role in their 

biological function(s).

Although there is a strong correlation between the expression of various PR 10 

proteins and plant cell responses to stress, their intracellular function remains 

unknown. PR 10 proteins from some sources have been shown to possess RNase 

activity (Moiseyev et al., 1994), which may be involved in defense against pathogens 

(Park et al., 2004). Another plausible function for PR 10 proteins may be in ligand- 

mediated signaling processes in response to plant stress as evidenced by the ability of 

many PR 10 proteins to bind ligands including cytokinins, fatty acids, flavonoids
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(Fujimoto et al., 1998; Mogensen et al., 2002) and brassinosteroids (Markovic- 

Housely et al., 2003). Despite the controversy surrounding the physiological 

activities of PR 10 proteins in planta, an emerging role for this protein in mediating 

plant stress tolerance is becoming increasingly clear. In fact, we have previously 

demonstrated that the constitutive expression of a pea PR 10 gene in B. napus 

enhances their germination and early seedling growth suggesting a role in salinity 

tolerance (Srivastava et al., 2004).

AI.4. Conclusion

The results from this current study indicate that the role of PR 10 proteins in 

ameliorating abiotic stress responses, in particular salinity, may be conserved in more 

than one species as evidenced by a clear increase in a number o f PR 10 proteins in the 

ST line of groundnut callus. Additional studies aimed at characterizing the 

biochemical activity of the peanut PR 10 proteins and the role o f phosphorylation is 

currently underway in our laboratory. Our current findings may lead to the 

development o f novel biochemical markers for selecting salinity-tolerant plants as 

well as in the engineering of salinity-tolerant crops.
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Appendix II
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Figure AII-1. In-gel RNase activity assay (A) A. hypogaea salinity-sensitive (SS) and 

salinity-tolerant (ST) lines. Arrow points to clear band that is produced as a result of 

RNase activity in ST line (B) Recombinant Pm PR 10 protein. Arrow points to the 

region where white band is expected and which corresponds to the molecular weight 

of PR 10 protein.
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Appendix III

Table AIII-1. Endogenous concentration o f hormones in 2-week-old A.thaliana

plants grown in soil.

Hormone Quantity 
ng/g DW 1 (n = 3)

Wild-type

(Mean ± 
SE)

Transgenic
6.9

(Mean ± SE)

Transgenic
14.9

(Mean ± SE)

Transgenic
25.20

(Mean ± SE)

IAA 138 ± 10.8 101.4 ±2.4 130.4 ±9.1 112.17 ± 9.2

GA1 Not detected
GA4 6.6 ± 1.3 3.9 ±0.6 8.2 ± 1.5 4.4 ± .3
ABA Not detected
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