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Abstract 

         Many abiotic stresses such as drought, high salinity, high or low temperatures, and biotic 

stresses such as insect attacks or pathogen infection affect plant growth and development.  Plants 

have developed specific mechanisms to detect external signals with proper physiological 

responses in order to survive under these challenges.   In order to respond to these effects, many 

pathways are activated and protein phosphorylation is required for this activation.  One of the 

phosphorylation pathways is mitogen activated protein kinase (MAPK) pathway. The MAPK 

pathway consists of at least three enzymes including MAPK, MAPK kinase (MAPKK), and 

MAPK kinase kinase (MAPKKK).  MAPK is activated by MAPKK, which is in turn activated 

by a MAPKKK.   In response to abiotic and biotic stresses, programmed cell death (PCD) may 

also be triggered.  In this study, we have examined PCD in wheat (Triticum aestivum) leaves 

from a susceptible and a resistant cultivar to Fusarium head blight.  The results have shown that 

there was cell death in wheat, which appeared to be necrosis and associated with concurrent 

accumulation of reactive oxygen species (ROS).  Furthermore, a set of DNA repairing genes has 

been studied by RT-PCR including RAD50, RAD51, and MSH2.  Our results have indicated that 

RAD50 and RAD51 could be involved in DNA damage repairing in wheat leaves when treated 

with fungal toxin Fumonisin B1 (FB1) or plant defense signaling molecule salicylic acid (SA). 

However, there was no change at transcriptional level for MSH2, indicating that some DNA 

repairing genes may work at protein level with other components in the DNA repairing system. 

β-1, 3-glucanase (a defense enzyme) and glutamine synthetase (a vegetative growth related 

enzyme) have been studied.   There was no change in the enzyme activities after FB1 or SA 

treatment.  We have also examined FLR (a MAPKKK) gene expression by RT-PCR.  Its 
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transcript level was not changed by either SA or FB1 treatment.  Our work may contribute to the 

development of a strategy to manipulate wheat disease resistance.   

  



v 
 

TABLE OF CONTENTS 

Title page…………………………………………………………………………...i 

Acknowledgements……………………………………………………………......ii 

Abstract…………………………………………………………………………...iii 

Table of Contents…………………………………………………………………..v 

Abbreviations…………………………………………………………….........…viii 

List of Figures……………………………………………………………………..xi 

List of Tables ..........................................................................................................xii 

 

Chapter I General Introduction……………………………………….................…1 

1.1. Protein phosphorylation .....................................................................................1 

1.2. Programmed cell death ......................................................................................2 

   1.2.1. DNA ladders ................................................................................................4  

   1.2.2. DNA repairing genes ...................................................................................5 

1.3. Enzymes activity ...............................................................................................6 

1.4. MAPK pathways in plants.................................................................................7 

1.5. Wheat (Triticum aestivum) project...................................................................11 

 

Chapter II Methods and Materials………………………………….….….............15  

2.1. Plant materials and growth conditions…………………………..….….…….15 

2.2. SA and FB1 treatment…………………………………………….……..…...15 



vi 
 

2.3. Programmed  cell death…………………………………………….…..….…16 

   2.3.1. Trypan blue staining………………………………..………….…….…...16 

   2.3.2.DNA Laddering analysis………………………………………………….16 

   2.3.3. Expression analysis of DNA repairing genes…………………………….17 

2.4. Expression analysis of FLR gene by RT-PCR…………………...…………..18 

2.5. β-1, 3-glucanase assay ....................................................................................18 

   2.5.1. Protein extraction......................................................................................18 

   2.5.2. Bio-Rad protein assay……………………………………………...…….19 

   2.5.3. β-1,3-glucanase assay..................................................................................19 

2.6. Glutamine synthetase assays.............................................................................20 

 

Chapter III Results...................................................................................................21 

3.1. Introduction......................................................................................................21 

3.2. SA and FB1 induced cell death in Frontana and Roblin…………………….23 

3.3. SA and FB1 treatment and DNA ladders in Roblin and Frontana…….…….36 

3.4. Expression of DNA repairing genes in wheat leaves treated with  

      SA and FB1…………….………………………………………..…................40 

   3.4.1. Radiation sensitive 50 (RAD 50) and RAD 51……………………….…40 

   3.4.2. MSH2 mismatch repairing gene expression…………………………..…40 

3.5.  β-1, 3 glucanase assay…………………………………………………...….47 

3.6. Glutamine synthetase assay………………………………………….....….…49 
 

3.7. SA and FB1 effects on FLR……………………………………………....….51 
 
 
Chapter IV Discussion, Conclusion and Future Work…………..……............…..55 



vii 
 

4.1. SA and FB1 induce cell death and programmed cell death in wheat………...55    

4.2. DNA repairing genes……………………………………………………........56 

4.3. β-1, 3-glucanase assay……………………………………………………......57 

4.4. Glutamine synthetase……………………………………………………..….57 

4.5  FLR gene…………...………………………………………………….……...58 

4.6. Conclusion and future work……………………………………………....….60 

References……………………………………………………………………..….62 
 

  



viii 
 

ABBREVIATIONS 

 

 Avr: avirulence  

ATM: ataxia telangiectasia mutated 

ATR: ATM and Rad3 related 

BTH: benzothia diazole 

CC-NB-LRR: coiled coil nucleotide binding leucine-rich repeat 

DAMPs: danger-associated molecular patterns 

Dmc1: meiosic-specific homolog 

DON: deoxynivalenol 

DSBs: double-strand DNA breaks 

DTT: dithiothneitol 

ET: ethylene 

FB1: fumonisin B1 

FHB: fusarium head blight 

FLR: fusarium leaf rust 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

GS: glutamine synthetase 

HCL: hydroxylamine 

HR: hypersensitive response 

JA: jasmonic acid 

LRR: leucine-rich repeat 

MAPK: mitogen-activated protein kinase 

MAPKK: mitogen-activated protein kinase kinase 

MAPKKK: mitogen-activated protein kinase kinase kinase



ix 
 

 

MAMPs: microbe associated molecular patterns 

MMR: mismatch repair 

MRE 11: meiotic recombination 11 

MRN: Mre1 1-Rad51-Nbs1 

NADPH: key enzyme in ROS productions 

NB: nucleotide binding domain 

NbMKK1: Nicotiana benthamiana mitogen activation protein kinase kinase 1 

NBS1: Nijmegen breakage syndrome 1 

NHEJ: nonhomologous end-joining 

OsBIMK1: Oryza sativa L BTH-induced MAPK1 

PAMPS: pathogen associated molecular pattrens 

PCD: programmed cell death 

PCR: polymerase chain reaction 

PIKK: phosphatidylinositol 3-kinase-related kinases 

PKC: protein kinase c 

PMSF: phenylmethanesulfonyl fluoride 

PR: pathogenesis-related gene 

PRRs: pattern recognition receptors 

RAD50: radiation sensitive 50 

RAD51: radiation sensitive 51 

ROS: reactive oxygen species 

RT-PCR: reverse-transcriptase polymerase chain reaction 

R:   resistance 

SA: salicylic acid



x 
 

 

SAR: systemic acquired resistance 

SIRK: SA-induced protein kinase 

TCA: trichloroacetic acid 

TEA: triethanolamine 

TIR-NB-LRR: Drosphila toll and human interleukin 1 receptor 

WIPK: wound-induced protein kinas



xi 
 

LIST OF FIGURES 

Chapter 1  

Figure 1-1: The final effectiveness of MAPK pathway in plants defense is  

   controlled by dynamic regulatory mechanisms .......................……….....……...............9 

Figure 1-2:  Overview of my project on wheat MAPK pathways genes…………….....……14  

 

Chapter 3 

Figure 3-1: Light Microscopy images of Frontana and Roblin leaves………………....…......24 

Figure 3-2: Images of Frontana and Roblin leaves……………………………………...........31 

Figure 3-3: Wheat leaf DNA smearing after SA and FB1 treatments…………………...........37 

Figure 3-4: DNA repairing genes expression on wheat leaves treated with SA and FB1........42 

Figure 3-5: β-1,3-glucanase enzyme activity in Roblin and Frontana wheat leaves…….........48 

Figure 3-6: Glutamine synthetase activity in Roblin and Frontana wheat leaves……........…50 

Figure 3-7: Effect of SA and FB1 on FLR gene expression……………….....……………52



xii 
 

LIST OF TABLES 

Table 3-1: The comparison of cell death measured using trypan blue in Roblin and Frontana 
under SA and FB1 treatments……………………………………………………...............34 
Table 3-2: DNA repairing genes with their  GenBank accession numbers……………….46 

 



1 
 

Chapter І 

General Introduction 

 

          Plants are affected by biotic stresses such as insect attack or pathogen infection, or by 

abiotic stresses such as drought, high or low temperatures, or high salinity.  Plants have 

developed specific mechanisms to detect external signals with proper physiological responses 

in order to survive under these challenges (Bohnert et al., 1995).  

 
1.1. Protein Phosphorylation 
 
          Protein phosphorylation is one of the crucial post-translational modifications, and it 

plays important roles in plant growth and development (Luan, 2002).  Also, it is a step to 

regulate some protein kinases and to modify enzymes for catalysis (Newton, 2003). Protein 

stability, biological activity, cellular location, and its interaction with other proteins can be 

changed by phosphorylation (Xing et al., 2002). Protein phosphorylation is involved in plant 

response to pathogen attack (Xing et al., 2002), and i t  i s  one  of  the  earliest events during 

plant-pathogen interactions (Xing  and Laroche, 2011).  For instance, oxidative burst, which 

involves releasing of reactive oxygen species (ROS), is considered one of the ways that is 

used in plant defense mechanisms (Xing et al., 2002).  NADPH oxidase, a key enzyme in 

ROS production, consists of three cytosolic subuni ts  and two plasma membrane subunits in 

mammalian cells (Xing and Jordan, 2000).  It remains unfunctional until the cytosolic 

components are phosphorylated by protein kinase C (PKC) and form a complex with the 

plasma membrane components (Xing and Jordan, 2000). The final effectiveness  of  defense  

mechanisms  can  be  determined  by  the  collective  effect  of complex phosphorylation 

machinery. In Arabidopsis, there are about 200 phosphatase genes and 1000 protein kinase 
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genes (Arabidopsis genome initiative, 2000).  In the past few  decades,  many  kinases,  

phosphates,  and  other  molecules  that  are  involved  in phosphorylation pathways have 

been studied  (Zhang and Klessig, 2001; Xing et al., 2002; Xing and Laroche, 2011). 

1.2. Programmed Cell Death 

 
          One of the physiological cell death processes involved in selective elimination of 

undesirable cells is programmed cell death (PCD) (Ellis et al., 1991). Plant and animal cells 

may have resemblance in some functions. In animal cells, the apoptosis is similar to 

hypersensitive response (HR) process in plant cells during plant-pathogen interactions (Lam et 

al., 2001).  Some characteristics of cell death are shared by plants and animals (Watanabe and 

Lam, 2006).   

      Plants and animals respond to pathogen infection through programmed cell death.  

During immune responses, plants and animals have specific characters of cell death; however, 

the immunity system is diverse.  Pathogens can penetrate the layers of host defense leading to 

disease expansion. Plant cells are more complicated than animals to a certain extent; for 

example, it is enclosed with a rigid cell wall which leads to the evolution of a primary cell-

autonomous immune system (Coll et al., 2011). In plants and animals, the first line of defense 

that triggers immune signaling and recognizes microbe associated molecular patterns (MAMPs) 

or danger associated molecular patterns (DAMPs) is provided by pattern recognition receptors 

(PRRs) (Coll et al., 2011). Considerable progress has been made in the research of molecular 

mechanisms of cell death process in animals and plants.  

       In all living cells from prokaryotes to eukaryotes, PCD is recognized as a universal 

cellular suicide process (Beers and McDowell, 2011).  There are three main PCD research areas: 
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terminal differentiation, disease resistance, and senescence (Jones, 2001). PCD plays an 

essential role in disease resistance, cell and tissue specialization, and tissue sculpting, and cell 

death occurs in diverse plant tissue (Jones, 2001; Greenberg and Yao, 2004).  Some factors can 

induce cell death such as heat shock (Fan and Xing, 2004), leaf senescence (Munne-Bosch and 

Alegre, 2004), and water stress (Duan et al., 2010).  During pathogen attack, localized cell 

death arises in immune plants and susceptible plants. In resistant plants, a pathogen 

avirulence (Avr) gene product is detected by a host resistance (R) protein, triggering a 

hypersensitive response, which leads to localized programmed cell death (Pozo et al., 2004). 

During this process, in addition to the production of ROS, changes in ion fluxes, activation 

of MAPK cascades, and proteolysis may also occur (Xing and Jordan, 2000).  For 

necrotrophic pathogens, the host cells are killed by the activated host PCD or the injected 

toxins, and  on the other hand, pathogen spread can be limited by early activation of host 

PCD for biotrophic pathogens (Pozo et al., 2004).    

          During the plant-pathogen interaction, MAPKs are involved in cell death regulation (Pozo 

et al., 2004; Yang et al., 2001; Zhang and Liu, 2001).  In tobacco, two MAPKs, wound-induced 

protein kinase WIPK and SA-induced protein kinase SIRK, are regulated by the upstream 

NtMEK2, a MAPKK (Yang et al., 2001).  The expression of many defense genes, ROS 

generation and HR-like cell death were all activated by the active mutant of NtMEK2 through 

the endogenous WIPK and SIPK (Yang et al., 2001).  Another kinase that has been identified in 

tomato as a positive regulator associated with plant disease and immunity is MAPKKKα that is a 

MAPKKK (Pozo et al.,2004).  Furthermore, a high throughput overexpression screen of 

Nicotiana benthamiana cDNAs has verified that NbMKK1, a MAPKK, is a potent inducer of 

HR-like cell death (Takahashi et al., 2007).  ROS plays a role between PCD and MAPK 
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cascades. ROS can activate callose and lignin deposition and attempt to block the pathogen by 

supporting cell walls in response to pathogen attack (Pontier et al., 1998).  Thus, in plants, 

another significant feature of PCD is the callose deposition.  

           Fungal toxin is often applied to cell death studies as it often provides a pathogen-free 

system.  Of the toxins, Fumonisin B1 (FB1) has been applied to Arabidopsis (Asia et al., 2000; 

Plett et al., 2009) and wheat (Gao, 2011).  FB1 induces programmed cell death in plants and 

animals (Asai et al., 2000).  In animal cells, FB1 treatment causes nuclear DNA fragmentation 

leading to apoptosis; and in Arabidopsis, the treatment causes the loss of membrane integrity 

(Asai et al., 2000).  Studies have also indicated that FB1 regulates plant defense reactions at   

transcriptional, and post-translational (reversible protein phosphorylation) levels (Asai et al., 

2000; Plett et al., 2009; Fan et al., 2009).  Asai et al. (2000) and Plett et al. (2009) have indicated 

that FB1 induced cell death in Arabidopsis protoplasts or plants may involve SA, jasmonic acid 

(JA) and ethylene (ET) signaling pathways.   

1.2.1. DNA ladders  

          During PCD in plant and animal cells, specific DNA fragmentation into DNA laddering or 

oligonucleosomal units occurs (Danon et al., 2000).  Nuclease activities cause necrosis and DNA 

smear on agarose gels (Wyllie et al., 1980).  Many studies have described DNA damage under 

various environmental stresses such as heat (Balk et al., 1999; Swidzinski et al., 2002) and cold 

(Koukalovā et al., 1997). Danon et al. (2000) suggested that DNA ladders are used at the 

molecular level to discriminate apoptosis from necrosis.  

 DNA damage can be triggered by cellular metabolism products such as reactive radicals 

or by the action of exogenous agents such as radiation and chemicals mutagens (Rich et al., 
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2000).  The breaks of DNA lead to chromosomal translocations and rearrangements, cell death, 

and senescence (Rich et al., 2000).   

1.2.2. DNA repairing genes  

          In order to respond to DNA damage, cells activate complex signaling pathways that 

regulate DNA repairing and cell cycle arrest (Shiloh, 2006; Cimprich and Cortez, 2008).  These 

processes depend on the function of some proteins (Shiloh, 2006; Cimprich and Cortez, 2008).  

Protein kinases are involved as regulators in DNA damage response.  For example, protein 

kinase ataxia telangiectasia mutated (ATM), and ATM and Rad3 related (ATR) are activated in a 

diverse category of damage.  ATR belongs to the family of phosphatidylinositol 3-kinase-related-

kinase (PIKK).  ATM is activated in response to the presence of double-strand DNA breaks 

(DSBs).  Multiple events occur to preserve genomic integrity such as cell cycle arrest, chromatin 

remodeling, DNA repair, and cell death when ATR is triggered (Amiard et al., 2010).   Mre1 1-

Rad50-Nbs1 (MRN) complex is also involved in DNA damage repair, DNA replication, meiosis, 

and telomere maintenance, and it consists of  Meiotic recombination 11 (MRE11), Nijmegen 

Breakage Syndrome 1 (NBS1), and radiation sensitive 50 (Rad50) (Czornak et al., 2008; 

Lamarche et al., 2010).  RAD50-Mre11-Xrs2 complex is essential for replication of telomere and 

preparation of DNA ends for telomerase (Gallego and White, 2001).  Double strand breaks may 

cause rearrangements such as deletion, duplications, insertions, and reciprocal translocation 

when misrepaired (Schubert et al., 2004).  DSBs are repaired by nonhomologous end-joining 

(NHEJ) or by homologous recombination.  An intact homologous duplex is needed by 

homologous recombination to form heteroduplex for repairing the damage site (Barzel and 

Kupiec, 2008).       
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           During meiosis, some other proteins are expressed such as RAD51 (Czornak et al., 2008; 

Lamarche et al., 2010).  The first discovered RAD51 was from Saccharomyces cerevisiae  

(Bishop et al., 1992).  RAD51 gene exists in tomato and Arabidopsis as a single copy, while 

maize and Physcomitrella patens contain two copies (Devisetty et al., 2010).  RAD51 and Dmc1 

are required for many mitotic homologous recombination events (Smith and Nicholas, 1998; 

Devisetty et al., 2010).  RAD51 and Dmc1 play important roles in homology search, binding of 

single stranded DNA, and strand invasion (Devisetty et al., 2010).  RAD51 protein forms a 

nucleofilament with ATP-dependant strand-exchange activity, which has roles in meiosis, DSB 

repair, and homologous recombination (Devisetty et al., 2010).   

             Mismatch repair (MMR) system has a  significant character in its participation in 

response to DNA damage (Stojic et al., 2004), promoting genetic stability by repairing DNA 

replication errors (Kornberg and Bake, 1992; Modrich and Lahue, 1996), preventing productive 

meiosis in interspecies hybrids (Hunter et al., 1996), and inhibiting recombination between 

divergent DNA sequences (Petit et al., 1991). The plant MSH-like genes are involved in the 

maintenance of genome stability (Emmanuel et al., 2006). For example, AtMsh1 is involved in 

the maintenance of mitochondrial genome stability (Abdelnoor et al., 2003), and AtMsh2 is 

involved in the repair of replication errors (Leonard et al., 2003; Depegies et al., 2005).  

1.3. Enzymes activity 
          The enzyme β-1, 3-glucanase and glutamine synthetase (GS) were selected. A fungal cell 

wall is composed of polysaccharides β-glucans, chitin, and mannans.  The structure of the 

fungal cell wall is a branched β-1, 3-glucan cross-linked to chitin. In plant-fungus  interactions, 

fungal specific molecules such as cell membrane sterols  and  cell  wall  polysaccharides  can  

be  recognized  by  the  plants  as  pathogen associated molecular patterns (PAMPs) through  



7 
 

pattern  recognition receptors (PRRs) (Fujikawa et al., 2012). During plant defense response, 

β-1, 3-glucan linker in fungal cell wall is hydrolyzed by the induced plant β-1, 3-glucanase. 

Overexpressing β-1, 3-glucanase gene increased resistance against fungal pathogens (Liu et al., 

2009). 

    Glutamine synthetase (GS) is involved in the reassimilation of ammonium released by 

many processes such as deamination of amino acids, protein catabolism, and photorespiration 

(Seabra et al., 2010).  During plant growth and development, nitrogen can be assimilated with 

the action of glutamine synthetase, forming glutamine. Transgenic approach has been applied 

in the attempt to enhance GS activity and to improve nitrogen assimilation (Man et al., 2011; 

Seabra et al., 2010).  Ectopic expression of bacterial glutamine dehydrogenate in transgenic 

tobacco and corn was the main focus in order to enhance nitrogen utilization (Mungur et al., 

2005), resulting in the ammonium incorporation into glutamine (Man et al., 2011). Some  

purine bases for nucleic acid biosynthesis, for the synthesis of a number of essential 

coenzymes, and  for the biosynthesis of signaling molecules, are provided  by the  

intermediate  products  of  this  pathway  (Man  et  al.,  2011).        

 
 1.4. MAPK pathways in plants 
 

          One of the principal phosphorylation pathways that are used by plants in biotic and 

abiotic  stress  responses  is  mitogen-activated  protein   kinase (MAPK) pathway,  which 

consists  of  MAPKKK,  MAPKK,  and  MAPK  (Cvetkovska  et  al.,  2005).  MAPKKK 

activates  the  downstream  MAPKK,   and   MAPKK  activates  MAPK,  then,  MAPK 

activates  downstream  transcriptional  factors  (Cvetkovska  et  al.,  2005).  The general 

composition of an MAPK pathway is: 



8 
 

 

   Stimulus     receptor    MAPKKK   MAPKK 

 

  MAPK   target    response 

 

          Many kinases themselves can be regulated at transcriptional, translational, and post-

translational levels. Generally, kinase functions can be analyzed at transcriptional level and by 

motif modifications in amino acid sequence (Cvetkovska et al., 2005). 

          Recent studies have shown that in Arabidopsis genome, there are 60 MAPKKKs, 10 

MAPKKs, and 20 MAPKs (Xing et al., 2002).  There are 15 MAPK genes in rice and 21 

MAPK genes in poplar (Hamel et al., 2006).  Also, rice families are smaller than poplar 

(Hamel et al., 2006). OsMAPK5 is one of the MAPK genes in rice, and it consists of OsMAPK5a 

and OsMAPK5b (Xiong and Yang, 2003).  OsMAPK5 is regulated in roots when there is 

drought, high salinity, or low temperature (Xiong and Yang, 2003).  OsMAPK5a belongs to the 

plant MAPK family A1 subgroup (Ichimura et al., 2002). It is 1396 bp long and contains all 

subdomains that are preserved between all MAPK families (Hirt, 1997). In rice, OsMAPK5a is 

involved abscisic acid, SA or JA pathways (Xiong and Yang, 2003).   

           Different approaches have been taken to improve plant resistance to pathogen 

infections. Previously in our lab tMEK2, a tomato MAPKK, was overexpressed in wheat and 

it enhanced wheat resistance to leaf rust (Gilbert et al., 2006).  One of the most common 

diseases in rice is bacterial blight, which is caused by Xanthomonas oryzae PV. Oryzae (Yuan 

et al., 2007). By suppressing OsMPK6, the rice enhanced resistance to different pathogens 
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(Yuan et al., 2007). In Arabidopsis, activation of AtMPK3 and AtMPK6 can increase disease 

resistance (Zhang and Klessig, 2001; Asia et al., 2002).   In tobacco, activation of NtWIPK 

(wound-induced protein kinase) and NtSIPK (SA-induced protein kinase) also enhanced 

disease resistance (Yuan et al., 2007).  In tomato, LeMPK2 and LeMPK3 are activated during 

plant response to pathogen attacks (Pedley and Martin, 2004). MAPK pathways are involved 

in changing redox chain activities, hypersensitive response, cell death, generation of (ROS), 

systemic acquired resistance (SAR), activation of pathogenesis-related (PR) genes, and other 

protective genes (Figure1-1). 

 

 

 
 
 
Figure 1-1: The final effectiveness of MAPK pathway in plants defense is controlled by 

dynamic regulatory mechanisms (Xing et al., 2002).  

 Figure 1-1 shows how MAPK is regulated and how it regulates its downstream 

activities in plant defense.  Multiple MAPK cascades can be regulated in parallel pathways 
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by a single stimulus (Xing et al., 2002).    

 Cascades are able to respond to stimulus within minutes since MAPK components 

are associated with each other by scaffold proteins (Xing et al., 2002). HR-like cell death, 

redox chain, SAR, and PR represent some major downstream responses in an MAPK cascade 

(Xing et al., 2002). In rice, MAPKs are important in defense signal transduction (Liberherr 

et al., 2005; Reyna and Yang, 2006).  Some of the well-studied rice MAPKs include 

OsMAPK1, OsMAPK2, OsMAPK4, OsMAPK6, OsMAPK7, OsMAPK8, OsMAPK13, 

OsMAPK15, and OsMAPK17 (Liberherr et al., 2005; Reyna and Yang, 2006).  Another vital 

rice MAPK is OsBIMK1 (Oryza sativa L BTH-induced MAPK1), which was activated by 

biological and chemical treatment  or pathogen attacks such as benzothia diazole (BTH), 

dichloroisonicotinic acid, probenzole, JA, a n d  w o u n d i n g  (Song and Goodman, 2002).  

O v e r e x p r e s s i o n  o f  r i c e  OsMAPK6 improved disease resistance (Yuan et al., 2007).  

BWMK1, another rice MAPK, is activated by a fungal elicitor (Cheong et al., 2003).  When 

BWMK1 was overexpressed, PR gene expression was increased (Cheong et al., 2003).  In 

order to see if BWMK1 enhanced the resistance or not, transgenic plants and wild type plants 

were challenged by Phytophthora parasitica pathogen (Cheong et al., 2003). Transgenic 

plants were healthy after 8 days; however, the wild type plants showed disease symptoms 

(Cheong et al., 2003). In tobacco, two MAPKs, SIPK and WIPK, can be activated by 

abiotic signals and pathogen-related signals (Cheong et al., 2003) and the activation is 

probably mediated by NtMEK2, an upstream   MAPKK   (Cheong   et   al.,   2003). Activation   

of   NtMEK2   can   cause hypersensitive cell death and the expression of defense genes (Yang 

et al., 2001; Zhang and Liu, 2001); therefore, SIPK and WIPK are important for defense 

(Cheong et al., 2003).   
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1.5. Wheat (Triticum aestivum) project 

          The model used in this study is wheat (Triticum aestivum).  A few MAPKs have been 

identified in wheat and other monocot species such as rice and maize (Yang and Xiong, 2008).  

Wheat is one of the most significant food crops in the world representing a stable food supply 

for 35% of the world’s population (Niu et al., 2005).  One of the major factors that affect wheat 

growth and development is disease.   

          The fungus Puccinia triticina causes wheat leaf rust, a common disease that has been a 

worldwide problem that resulted in a wheat yield loss of up to 15% (Kolmer, 1996).  The wheat 

leaf rust disease is a good example to use to study the fungal disease of plants (Jordan et 

al.,2006).  A common model to study the pathogen-plant interactions is the gene-for-gene 

model, which works when a pathogen Avr gene product interacts with a host R gene product 

(Flor, 1971).  At the site of the infection, the presence of single leaf rust resistance genes in 

near-isogenic lines confer resistance to avirulent races, which results in a hypersensitive  

response  with  localized  cell  death  (Kolmer, 1996; Jordon et al., 2006). Another fungal 

pathogen is Fusarium graminearum that causes Fusarium head blight (FHB) in wheat (Gilbert 

and Tekauz, 2000).  Associated m y c o t o x i n s  s u c h  a s  d e o x y n i v a l e n o l  ( DON), 

m o n i l i f o r m i  a n d  zearalenon cause the problem of grain contamination, which is the most 

serious threat of FHB (Yang et al., 2006).     

 
          Many defense responses in plants depend on recognizing the pathogen via gene-for-

gene interactions. R genes may consist of a leucine-rich repeat (LRRs) and a nucleotide binding 

domain (NB). The NB-LRR R genes are divided into subfamilies that contain (CC-NB-LRR), a 
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coiled coil structure, or TIR-NB-LRR, a Drosophila Toll and Human interleukin 1 receptor 

(Xing, 2007). The R gene product detects the presence of pathogen avirulence (Avr) factor 

and initiates downstream signaling responses (Xing, 2007).  

           The activated defense pathways also include the MAPK cascades.  Protein kinases are 

important for plants to defend against pathogens by evoking the transcription of different genes 

and regulating the activity of downstream proteins (Xing et al., 2008).  The defense responses 

may appear in the form of systemic acquired resistance (SAR), redox status change, the 

activation of pathogenesis-related (PR) genes, and hypersensitive response (HR)-like cell death 

(Xing et al., 2008). The receptor-like kinase XA21 is needed for resistance to the Xanthomonas 

oryzae bacterial pathogen in rice.  The effector AvrPto  from Pseudomonas Syringae can be 

recognized by Pto, a Ser/Thr protein kinase in tomato (Tang et al., 1996; Kim et al., 2002). 

           A common fungus Fusarium verticillioides produces a toxin named fumonisin B1 

(FB1) (Asia et al., 2000). Th i s  fungal toxin acts as a ceramide synthase competitive inhibitor 

to disrupt sphingolipid metabolism in eukaryotes (Desai et al., 2002). Ceramid synthase is a 

key enzyme in sphingolipid biosynthesis (Stone et al., 2000). Sphingolipid acts as a  

secondary messenger regulating growth, differentiation and apoptosis (Stone et al., 2000), and 

as  an anchor for membrane proteins (Futerman, 1995). Numerous stress-activated protein 

kinases and phosphatases are activated by the sphingolipid ceramide (Nickels and Broach, 1996; 

Stone et al., 2000).  In Arabidopsis protoplasts, cell death signaling was induced by FB1 (Asai 

et al., 2000).      

          For my thesis, the following work will be presented: (1) microscopic study of cell death in 

Frontana (FHB resistant) and Roblin (FHB susceptible) wheat cultivars under salicylic acid 

(SA) and Fumonisin B1 (FB1) treatments;  (2) DNA ladders in Frontana and Roblin under SA 
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and FB1 treatments; (3) regulation of DNA repairing genes including RAD50, RAD51, and 

MSH2; (4) analysis of enzyme activities including β-1, 3-glucanase, and glutamine synthetase; 

(5) the analysis of gene expression levels of FLR under SA and FB1 treatments.  The plan is 

shown in Figure 1-2. 
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Figure 1-2:  Overview of my project on wheat defense pathways.   Green arrows indicate that 

wheat leaves will be treated by SA and FB1.  Blue arrows indicate that programmed cell death, 

PR enzyme activity, and FLR transcript levels will be examined.  Red arrow indicates the 

methods and RT-PCR for repairing genes that are used to show PCD.  
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Chapter П 
 

Methods and Materials 
 

2.1. Plant materials and growth conditions 

          Wheat seeds (Roblin a n d  F r o n t a n a ) were k i nd l y p rov ided  b y  Dr . Therese 

O u e l l e t  i n  Agriculture and Agri-Food Canada. To begin with, 70% ethanol was used to 

sterilize the seeds for 2 minutes and the seeds were then transferred to another sterilization 

solution (25% Bleach v/v and 0.01% Triton X-100 v/v) for 8 minutes.  Then, the seeds were 

washed with distilled water 10 times.  Seeds were planted in autoclaved soil Pro-mix BX 

(Ritchie Feed & Seed Inc. Ottawa, Ontario).  Each pot of wheat was fertilized with 7-9 

mL granular 14:14:14 slow release fertilizer.  Wheat seeds were grown in growth chambers 

(ENCONAIR Technologies Inc, Winnipeg, Manitoba) in 16 hr of light at 17° C and 8 hr of 

dark at 15° C. 

 
2.2. SA and FB1 treatment 

          Leaves of three-week-old Roblin and Frontana leaves were collected, cut into ~ 2 cm 

segments, infiltrated in 5µM FB1 or 100µM SA (Segma).  Then, in Petri dishes, the leaf 

segments were covered by the solution by placing them upward on filter papers.  An equal 

volume of distilled water was used as a control treatment.  Leaf segments were collected 

after 24 hr and 48 hr incubation.  Liquid nitrogen was used to freeze the leaves after collecting 

them in falcon tubes.  They were stored at – 80 ° C and used for RNA extraction within 3 

months. 
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2.3. Programmed cell death 
 
2.3.1. Trypan blue staining 

          An Axioplan 2 microscope was used to photograph the cells of the wheat leaves (Carl 

Zeiss, Germany).  Methods described by Tang et al. (1999) and Stone et al. (2000) were used 

with minor adjustments for detection of cell death.  To begin with, wheat leaves were placed 

in 10 mL of ethanol-lactophenol (2 volumes of ethanol and 1 volume of phenol-glycerol-lactic 

acid-water (1:1:1:1)) that contained 0.05% trypan blue. The samples were incubated for 4 

minutes at 95° C, and were then kept for 20 min at room temperature. Following this, 1.5 mL 

chloral hydrate destaining solution (2.5 g/mL of nano pure water) was added to each tube after 

removing the staining solution. For 2 days, the destaining solution was replaced twice to 

clear the leaves.  After destaining, the leaves were suspended in 50% glycerol and put on 

microscope slides, and they were examined with white light under Axioplan 2 microscope 

(Carl Zeiss, Germany). 

2.3.2.  DNA laddering analysis 

          DNA was extracted from wheat leaves using the TRIzol Reagent kit (Invitrogen, USA).  

A volume of 1 mL of TRIzol was added to the leaf tissue (100 mg) followed by immediate 

homogenization. After homogenization, the samples were incubated at room temperature for 5 

min to permit the complete dissociation of nucleoprotein complexes.  Then, 200 µL of 

chloroform  was  added and the samples were  shaken  by  hand  for  15  seconds  and  then 

incubated at  room  temperature for 2-3 min.  The samples were centrifuged at 12,000g at 4° 

C for 15 min.  The brown aqueous bottom phase, which is DNA, was transferred into a new 

tube. Approximately 10 µg of DNA was loaded in a 1.5% agarose gel to examine DNA 
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laddering in wheat leaves treated with SA and FB1 at 0 hr, 24 hr, and 48 hr time intervals.  

2.3.3. Expression analysis of DNA repairing genes 

          RNA was first extracted from wheat leaves treated with SA and FB1 (described in 2.4. 

RNA extraction).  GAPDH gene (GenBank accession number EU022331.1) was used as an 

internal standard (Llyod et al., 2007).  For RT-PCR, the primers were 5'-

GTGAGGCTGGTGCTGATTACG-3' (forward) and 5'-TGGTGCAGCTAGCATTTGAGAC-3' 

(reverse). The following conditions were used for RT-PCR wheat  GAPDH gene: 94° C for 1 

min; 94° C for 1 min, 60° C for 1 min, and 72° C for 30 seconds for 2 8  cycles; and then 10 min 

at 72° C.  The size of the gene was 198 bp. 

        RAD50 gene (GenBank accession number EU159424.1) is a DNA repairing gene. The 

primers for RAD50 were 5'-CAGGGACACATTGACTGGTG-3' (forward) and 5'-

TTTCCTCGGCAAAATGTACC-3' (reverse).  The following conditions were used for RT-

PCR: 94° C for 1 min; 94° C for 1 min, 67° C for 1 min, 72° C for 30 seconds for 28 cycles; 

and then 72° C for 10 min.  The size for the RAD50 gene PCR product was 176 bp. 

       RAD51 gene (GenBank accession number EU915557.1) is another DNA repairing gene. 

The primers for RAD51 were 5’-CAGAAGGCACATTCAGACCA-3' (forward) and 5'-

GCAAACCTTGTCTCCACCAT-3' (reverse).   The RT-PCR was 94° C for 1 min; 94° C for 1 

min, 71° C for 1 min, 72° C for 30 second for 28 cycles; and then 72° C for 10 min.  The 

size for RAD51 gene was 166 bp. 

      For MSH2 gene (GenBank accession number AJ131671.1), the RT-PCR protocol was 94° 

C for 1 min; 94° C for 1 min, 64° C for 1 min, 72° C for 30 seconds for 28 cycles; and then 

72° C for 10 min. The MSH2 gene primers were   5'-AGACCAGACATCACAACATCGGAG-

3' (forward) and 5'-GCCATCAAGACATTTACACCAACC-3' (reverse).  The size for MSH2 
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gene was 206 bp. 

 
2.4. Expression analysis of FLR gene by RT-PCR 

          RNA extraction and cDNA synthesis protocols were the same as those described in 

TRIzol Reagent kit (Invitrogen, USA).  For RT-PCR, a wheat actin gene (GenBank accession 

number AB181991) with the primer sequences 5’-GCCACACTGTTCCAATCTATGA-3’ and 

5’-TGATGGAATTGTATGTCGCTTC-3’ was used as a control. The primers for the FLR 

gene were 5’GGCCATTCGAGGAACATCTA-3’ (forward) and 5’-

TTGTCGTCATTATCGGCGTA-3’ (reverse).   The following conditions were used for RT-

PCR wheat actin gene: 94° C for 1 min; 94° C for 1 min, 61° C for 1 min, and 72° C for 30 

second for 34 cycles; and then 10 min at 72° C.  For the FLR gene, the RT-PCR protocol was 

94° C for 1 min; 94° C for 1 min, 61° C for 1 min, 72° C for seconds for 28 cycles; and then 

72° C for 10 min.  The size for the wheat actin gene PCR product was 369 bp and for the 

FLR PCR product was 218 bp.   

 
 
2.5. β-1, 3 Glucanase assay 

2.5.1. Protein extraction 
 
 
          Leaf materials (Roblin H2O 0 hr to 48 hr, SA 0 hr to 48 hr, FB1 0 hr to 48 hr, and 

Frontana H2O 0 hr to 48 hr, SA 0 hr to 48 hr, FB1 0 hr to 48 hr) were homogenized in 0.05 

mol/L sodium acetate buffer (pH 5.2) containing sodium acetic acid pH 5.19, DL-

dithiothreitol (DTT) 5mM, a nd  PMSF 1mM, using a pestle and mortar at 4º  C.  Then, the 

samples were centrifuged at 12,000g for 20 min at 4º C. The clear phase was used as a crude 

extract. 
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2.5.2. Bio-Rad protein assay 
 
 
           First, 50mLof  t he  dye reagent was prepared by mixing 10mL of the dye reagent (Bio-

Rad, USA) with 40mL distilled de-ionized water. Secondly, protein standard dilutions were 

prepared ranging from 0.05 mg/mL to 0.50 mg/mL.  Then, into separate microtiter plate wells, 

10 µL of each standard and each sample were loaded.  To each well, 200 µL of the diluted 

dye reagent was added.  The samples and the dye reagent were then mixed, and then they 

were incubated for 5 min at room temperature. The absorbance was measured at 595 nm using 

Epoch Microplate Spectrophotometer (BioTek Instruments, USA).  Following this, a BSA 

standard curve was plotted using the absorbance at 595nm against the concentration of the 

protein standard dilutions (mg/mL).  Therefore, the concentration of the protein samples was 

determined using the BSA standard curve. 

 
2.5.3. β-1,3-glucanase assay 
 

          β-1,3-glucanase assay activity was determined according to the rate of reducing-sugar 

production with  laminarin. The reaction mixture consisted of 0.4 mL of McIIvaine’s citric 

acid-phosphate buffer (pH 5.6) containing 1 mg/mL laminarian and 0.1 mL of enzyme 

solution. The reaction mixture was then incubated at 37° C for 15 min. The mixtures were 

immediately heated for 10 min at 100°C after adding 0.5 mL of the alkaline copper reagent.  

The samples were then cooled on ice, and 0.5 mL of the arsenomolybdate reagent was then 

added. After the development of a blue color,  3.0 mL of double distilled water was added.  

The absorbance was measured at 660 nm using Epoch™ Multi-Volume Spectrophotometer 

System. 
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2.6. Glutamine synthetase assays 

          Fresh wheat leaves or frozen leaves were homogenized in 0.05 M sodium acetate buffer 

(pH 5.2) containing sodium acetic acid (pH 5.19), DTT 5mM, and PMSF 1mM, using a pestle 

and mortar at 4° C.  The s a m p l e s  w e r e  t h e n  centrifuged at 12,000g for 30 min at 4°C. 

The clear phase was used as a crude extract. Following this, 100 µL of leaf extract was 

transferred to a tube and 380 µL of assay mix was added to it.  This assay mix consists of 100 

mM Triethanolamine (TEA), 80 mM glutamate, 6 mM hydroxylamine HCl, 20 mM MgSO4, 

and 4 mM EDTA at pH 7.6.  To start the reaction, 20 µL of 0.2 M ATP at pH 7.6 was added. 

The reaction was incubated for 10 min at 30°C.  Then, 500 µL of ferric chloride reagent 

containing 0.24 M Trichloroacetic acid (TCA), 0.1 M ferric chloride, 1.0 M HCl, was added to 

stop the reaction. Finally, the samples were centrifuged for 5 min at 10,000g,  and the 

absorbance was read at 505 nm. 
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CHAPTER III 

 
RESULTS 

 
 
3.1. Introduction 

 Plants are under the threat of biotic and abiotic stresses. One type of response to these 

stresses is programmed cell death (PCD) (Beers and McDowell, 2001).  During pathogen 

attack, cell death occurs in susceptible and resistant plants (Pozo et al., 2004). 

        Cell death is a characteristic of immune responses in both plants and animals.  Pathogens 

can penetrate the multiple layers of host defense causing disease development, activating the 

immune system to minimize the damage. They respond to the infection of pathogens by 

programmed cell death (Coll et al., 2011).  

      Most of the information about PCD was obtained using the cell culture system (Ning et 

al., 2002).  One of the common characteristics of PCD is DNA ladder in animals and plants. The 

DNA ladder characteristic is described as DNA fragmentation that occurs during cell death 

while cell structures including lysosomes and vacuoles are conserved (Danon et al., 2000). 

         In reproducing organisms, recombination and DNA repair are necessary processes that 

occur during meiosis. Genes that have been identified in bread wheat (Tritium aestivum) that 

may have a role in the control of these processes include RAD50, RAD51, and MSH2 (Lloyd et 

al., 2007).  

         RAD50 (GenBank accession number EU159424.1) is involved in DNA damage 

repairing, DNA replication, meiosis, and telomere maintenance (Czornak et al., 2008; Lamarch 

et al., 2010).  RAD51 was discovered in Saccharomyces cerevisiae (Bishop et al., 1992) and is 
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responsible for DNA strand exchange (Shinohara et al., 1992).  Wheat RAD50 (GenBank 

accession number EU915557.1) is involved in meiosis (Khoo et al., 2008).  

          In this work, a pathogenesis-related enzyme and a growth-related enzyme were also 

studied. Pathogen recognition and downstream responses have been the focus of many studies. 

However, an intriguing, but understudied, phenomenon is how plants are able to recruit energy 

or reduce nutrient loss during the defense response. Recognition of pathogens results in a 

massive reprogramming of the plant cell to activate and deploy defense responses to halt 

pathogen growth. Such responses are associated with increased demands for energy, reducing 

equivalents, and carbon skeletons that are provided by primary metabolic pathways (Bolton, 

2009; Fan et al., 2009). 

        The enzymes β-1, 3-glucanase and glutamine synthetase (GS) were selected. A fungal 

cell wall is composed of polysaccharides, β-glucans, chitin, and mannans.  The structure of the 

fungal cell wall is a branched β-1, 3-glucan cross-linked to chitin. In plant-fungus  interactions, 

fungal specific molecules such as cell membrane sterols  and  cell  wall  polysaccharides  can  

be  recognized  by  the  plants  as  pathogen associated molecular patterns (PAMPs) through  

pattern  recognition receptors (PRRs) (Fujikawa et al., 2012). During plant defense response, 

β-1, 3-glucan linker in fungal cell wall is hydrolyzed by the induced plant β-1, 3-glucanase. 

Overexpressing β-1, 3-glucanase gene increased resistance against fungal pathogens (Liu et al., 

2009). 

         In addition, during plant growth and development, nitrogen can be assimilated with the 

action of glutamine synthetase, forming glutamine. Transgenic approach has been applied in 

the attempt to enhance GS activity and to improve nitrogen assimilation (Man et al., 2011; 
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Seabra et al., 2010).  Ectopic expression of bacterial glutamine dehydrogenate in transgenic 

tobacco and corn was the main focus in order to enhance nitrogen utilization (Mungur et al., 

2005), resulting in the ammonium incorporation into glutamine (Man et al., 2011). The 

intermediate products of this pathway are a source of some purine bases used for nucleic acid 

biosynthesis, the synthesis of a number of essential coenzymes, and for the biosynthesis of 

signaling molecules (Man  et al.,  2011).  

       SA signaling plays a role in the defense response and it leads to PR gene induction and 

systemic acquired resistance (SAR) (Delaney et al., 1994; Morris et al., 2000).  Fusarium  

verticillioides produces FB1 (Asai et al., 2000) and it was used as a biotic stressor in this 

project.  To determine whether FLR may play a role in response to the biotic stressor FB1, the 

transcriptional level of FLR was tested by RT-PCR upon SA and FB1 treatment. 

3.2. SA and FB1 induced cell death in Frontana and Roblin 

    Leaves from three-week old Frontana and Roblin were used.  The leaves were 

treated with water, 100 µM SA, or 5 µM FB1, for up to 72 hr.  Trypan blue was used to 

stain the dead cells. Under the light, dead cells appeared to be dark blue, and cell death did 

not occur in whole leaves.   Microscopic images were used to  show the death sites. By 

focusing on one of several representative leaf areas, the pictures were taken from leaves that 

were treated with water, SA or FB1 for 0 hr, 24 hr, and 48 hr.  It seems that cell death occurred 

on the leaf vein in all of the treatments (Figure 3-1-a-b-c); however, it occurred outside of 

the vein only when the leaves were treated with FB1 for 24hr and 48hr (Figure 3-1-f). Cell 

death first appeared in both Roblin and Frontana leaves that were t reated with 24 hr  FB1. 

Cell death did not occur in leaves treated with water. Meanwhile, SA did not affect Roblin, but 

in Frontana there was an SA effect. Microscopic data are shown in Figure 3-1 and 3-2.  
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Figure 3-1: Light Microscopy images of  Frontana and Roblin leaves. All plants were grown in 

a growth chamber (16hr light/8hr dark). After three weeks, leaves were treated with water, 

100µM SA and 5µM FB1 treatment. Trypan blue was used on the treated leaves. A white light 

by Axioplan 2 microscope was used for microscope images of the treated leaves. Two 

experiments were carried out with similar results. 

a. Cell death of  Frontana and Roblin leaf veins under water (control) treatment by    

trypan blue assay.  

b. Cell death of  Frontana and Roblin leaf veins under 100µM SA treatment by    

 trypan blue assay. 

c. Cell death of  Frontana and Roblin leaf veins under 5µM FB1 treatment by    

trypan blue assay.    

d. Cell death outside of  Frontana and Roblin leaf veins under water (control) treatment by    

trypan blue assay.  

e.  Cell death outside of  Frontana and Roblin leaf veins under 100µM SA treatment by    

trypan blue assay.  

f. Cell death outside of  Frontana and Roblin leaf veins under 5µM FB1 treatment by    

trypan blue assay.  
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a) Water (control), in leaf vein 

 
                           Frontana(resistance)                            Roblin(susceptible)  

 

            H2O 0hr                                  

         H2O 24hr                              

         H2O 48hr                                   
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b) 100µM SA treatment, in leaf veins 

 

             Frontana(resistance)                         Roblin(susceptible)  

 

  SA 0hr                            

  SA 24hr                         

 SA 48hr                         

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



27 
 

 
c)   5µM FB1, in leaf veins 

                     Frontana(resistance)                                Roblin(susceptible)  

 

        FB1 0hr                             
                          

         FB1 24hr                               

        FB1 48hr                              
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d) Water (control), outside leaf  veins  

 
 
                       Frontana(resistance)                           Roblin(susceptible)  

 
 

        H2O 0hr                                                              
 

      H2O 24hr                  

    H2O 48hr                  
 

    H2O 72hr                           
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e) 100µM SA treatment, outside leaf veins 

 
                       Frontana(resistance)                        Roblin(susceptible)  

 

          SA 0hr                   
 

         SA 24hr                  
 

         SA 48hr                  

        SA 72hr                            
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f) 5µM FB1, outside leaf veins 
 
                       Frontana(resistance)                      Roblin(susceptible)  

 

        FB1 0hr                                         

      FB1 24hr                                         

      FB1 48hr                       
 

      FB172hr                         
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Figure 3-2: Images of Frontana and Roblin leaves with SA and FB1 treatment. 

Plants were grown in a growth chamber (16hr light/8hr dark). Three-week old 

leaves were treated with 100µM SA and 5µM FB1. Images were captured by a 

digital camera. Two experiments were carried out. 

a) Frontana and Roblin leaves treated with 100µM SA. 

b) Frontana and Roblin leaves treated with 5µM FB1. 
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a) 100µM SA 
 
                  Frontana                                       Roblin 
 

           0hr                          
 

        24hr               

        48hr                           

         
72hr                          
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b)  5µM FB1 

 
 
                        Frontana                                                Roblin 
 
 

               0hr                           

              24hr                          

               48hr                                             
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Table 3-1:The comparison of cell death measured using trypan blue in Roblin and Frontana 
under SA and FB1 treatments 

 

Hours-treatment Roblin Frontana 
Water  0 hr No cell death No cell death 

Water  24 hr Cell death No cell death 

Water  48 hr Cell death Cell death 

Water  72 hr Cell death Cell death 

SA 0 hr No cell death No cell death 

SA 24 hr No cell death Cell death 

SA 48 hr No cell death Cell death 

SA 72 hr No cell death No cell death 

FB 0 hr No cell death No cell death 

FB 24 hr Cell death Cell death 

FB 48 hr Cell death Cell death 

FB 72 hr Cell death Less Cell death 
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 Plants   have   many   defense   mechanisms   in   response   to   pathogen   attacks. 

Programmed cell death is one of those defense mechanisms.  Fumonisin B1, a PCD-eliciting 

fungal toxin, has been shown to trigger dosage-dependent cell death in Arabidopsis (Asai et al., 

2000).  In  our work,  it was  shown  that  FB1  induced  cell  death  in  Frontana (a resistant 

cultivar) and Roblin (a susceptible cultivar). It has been suggested that the activation of cell 

death is necessary in some host-pathogen interactions,  while in others cell death is not 

essential for disease resistance (Lam et al., 2001). 
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3.3. SA and FB1 treatment and DNA ladders in Roblin and Frontana 

     It is valuable to understand PCD at the tissue level (such as leaves) or the whole plant 

level.  One of the most common characteristics of PCD in animals and plants is the DNA ladder.  

The DNA ladder refers to DNA fragmentation during part of the cell death process while cell 

structures such as vacuoles or lysosomes are preserved (Xing et al., 2005).  Our previous work 

has indicated that DNA laddering occurred in wheat leaf cells when they were stressed by heat 

shock (Fan and Xing, 2004).   

         Using agarose gel electrophoresis, we tried to examine the integrity of DNA in wheat 

leaves after biotic stress treatment. Fresh Roblin and Frontana leaves were treated with 100µM 

SA and 5µM FB1 for different periods of time (0 hr, 24 hr, and 48 hr). DNA was isolated from 

untreated leaves and treated leaves.  As shown in Figure 3-3, there was no DNA laddering or 

smearing in treated Roblin and Frontana leaves. 
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Figure 3-3: Wheat leaf DNA smearing after SA and FB1 treatments. 

a) Roblin leaves DNA laddering and smearing after SA and FB1 treatments. 

b) Frontana leaves DNA laddering and smearing after SA and FB1 treatments. 

The gel lane setting is: 

1- Water, 0 hr 

2- Water, 24 hr 

3- Water, 48 hr 

4- SA, 0 hr 

5- SA, 24 hr 

6- SA, 48 hr 

7- FB1, 0 hr 

8- FB1, 24hr 

9- FB1, 48 hr 
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b) Frontana    
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3.4. Expression of DNA repairing genes in wheat leaves treated with SA and 

FB1 

3.4.1. Radiation sensitive 50 (RAD 50) and RAD 51 

        DNA repairing genes including RAD50 and RAD51 have been identified in yeast, 

animals and plants and they are involved in various processes such as DNA damage repairing, 

DNA replication, meiosis, and telomere maintenance (Lloyd et al., 2007; Czornak et al., 2008; 

Lamarch et al., 2010). In order to examine whether RAD50 and RAD51 (GenBank accession 

number  EU159424.1 and EU915557.1, respectively, Table 3-2 ) are involved in DNA damage 

repairing in the case of a pathogen attack or a defense response,  the DNA integrity of three-

week old wheat leaves from Roblin and Frontana treated with water, 100µM SA, and 5µM FB1 

for 0 hr, 24 hr, and 48 hr was examined. The size of the RT-PCR products was 179bp for RAD50 

and 166bp for RAD51. There was no significant change in the expression levels of either RAD50 

or RAD51 in Roblin.  However, there was an increase in the transcript levels of RAD50 and 

RAD51 at the 24hr time interval after the FB1 treatment in Frontana (Figure 3-4). It seems 

possible that the DNA repairing mechanism may help reduce the damage in Frontana during a 

fungal toxin treatment.     

3.4.2. MSH2 mismatch repairing gene expression 

     Mismatch repair (MMR) genes play a key role in DNA integrity maintenance by 

correcting DNA mismatches that arise during DNA replication and antagonizing genetic 

recombination between diverged sequences (Bray and West, 2005; Iyer et al., 2006; Lloyd et al., 

2007).  To examine whether there is a difference between Roblin and Frontana in their DNA 

mismatch repairing mechanism, we studied the expression of MSH2 gene after treatment. 



41 
 

       Three-week old wheat leaves were treated with water, 100µM SA, and 5µM FB1 for 0 hr, 

24 hr, and 48 hr. According to the PCR primers adopted from Lloyd et al., 2007, the size for 

MSH2 is 206bp.  It was noticed that MSH2 gene expression was not altered with all the 

treatments in both cultivars (Figure 3-4).  As enzyme MSH2 forms heterodimers with other 

MMR proteins during the repairing process and many MSH genes are involved, it is reasonable 

to assume that its expression may not necessarily be altered (Li, 2008; Lloyd et al., 2007).  
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Figure 3-4: DNA repairing genes expression on wheat leaves treated with SA and FB1. Leaf 

RNA was extracted from three week old plants (Roblin and Frontana) treated with water, SA, 

and FB1 for 0hr, 24hr, and 48hr. GAPDH gene (GenBank accession number EU022331.1) was 

used as an internal standard (Jin and Bian, 2004).  Five experiments were carried out with similar 

results. 

a) RAD50, RAD51, MSH2, and GAPDH gene expression in wheat leaves treated with 

water (control).  

b) RAD50, RAD51, MSH2, and GAPDH gene expression in DNA repairing in wheat leaves 

treated with SA.  

c) RAD50, RAD51, MSH2, and GAPDH gene expression in DNA repairing on wheat 

leaves treated with FB1. 
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a) Water 
  
Roblin        0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 
 

 GAPDH      198bp                                                   

 RAD50       179bp                             

 RAD51       166bp                            

 MSH2          206bp                           
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b) SA treatment  
 
 
 
 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr  

GAPDH                                                      

 RAD50                                         

 RAD51                                         

 MSH2                                         
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c) FB1 treatment 
 
 
 
Roblin     0hr     24hr    48hr                       Frontana     0hr     24hr    48hr 

GAPDH   369bp                                  

RAD50                                                     

RAD51                                                  

MSH2                                              
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Table 3-2: DNA repairing genes with their GenBank accession numbers. 
 
 

GENES GenBank accession number 

RAD50 EU159424.1 

RAD51 EU915557.1 

MSH2 AJ131671.1 
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3.5. β-1, 3- Glucanase assay 

 It is known that β-1, 3-glucanase is a defense enzyme (Xing, 2007).  In this study, β-1, 3- 

glucanase assay was carried out in order to see whether plants increase the production of 

defense enzymes and reduce the production of some of the growth-related enzymes in the case 

of a pathogen attack or toxin treatment. 

 β-1, 3-glucanase activity was measured in Roblin and Frontana after treatment with SA 

and FB1 for 0hr, 24hr, and 48hr. A spectrophotometer was used to measure the absorbance at a 

wavelength of 660nm.  Statistic analysis seems to indicate that there is no significant change 

in the enzyme activity in t he  t e s t ed  48-hour period in Roblin and Frontana (Figure 3-5). 

Data varied in five independent experiments and the mean and standard deviation were 

calculated (Figure 3-5). 
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Figure 3-5: β-1, 3-glucanase enzyme activity in Roblin and Frontana leaves. β-1, 3-glucanase 

activity was determined according to the rate of reducing-sugar production with  laminarin. A 

spectrophotometer was used to measure the absorbance at a wavelength of 660nm. Protein 

extraction was done using three week old Roblin and Frontana leaves treated with water, 

100µM SA, and 5µM FB1 for 0hr, 24hr, and 48hr.  Five independent experiments were carried 

out. 
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0hr-Frontana fumonisin B1 treatment at 0hr, FFB1 48hr-Frontana fumonisin B1 treatment at 48hr 
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3.6. Glutamine synthetase assay 

 Since we expected a metabolism shift from the vegetative growth state to a defense state 

during a pathogen attack, we examined GS activities in Roblin and Frontana after SA and 

FB1 treatment. However, data varied greatly in five independent experiments. There was no 

significant change in the enzyme activity in Roblin and Frontana in all the treatments (Figure 

3-6). The enzyme assay should be further standardized for the stability.  
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Figure 3-6: Glutamine synthetase activity in Roblin and Frontana leaves. Protein was 

extracted from three week old Roblin and Frontana leaves treated with SA and FB1 for 0hr, 

24hr, and 48hr. A spectrophotometer was used to measure the absorbance at 505nm. The data 

was obtained from five independent experiments. 
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FSA 0hr-Frontana salicylic acid treatment at 0hr, FSA 48hr-Frontana salicylic acid treatment at 48hr, FFB1 0hr-Frontana 
fumonisin B1 treatment at 0hr, FFB1 48hr-Frontanafumonisin B1 treatment at 48hr   
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3.7. SA and FB1 effects on FLR 

 Three-week old wheat leaves were treated with SA and FB1. The transcript levels of 

FLR (GenBank accession number AY173961) did not change when the wheat leaves were 

treated with SA and FB1 (Figure 3-7-a-b-c).    

SA is a key signaling component in the plant defense response to biotic stresses 

(Grant and Lamb, 2006).   After SA treatment, the  FLR transcript levels did not change, 

indicating that this gene may not be involved in SA-mediated pathways, or it could be 

involved at the post-translational level (Figure 3-7-b). 

 To study plant cell death in pathogen response pathways, FB1 has been used. In  this  

project,  the  result  indicates  that  FB1  did  not  induce  FLR  changes, suggesting that FLR 

transcriptional regulation may not play a role in wheat response to FB1 (Figures 3-7-c).  It is 

possible that the MAPK cascade components are regulated at  translational and post-

translational levels (Zhang et al., 2000).  In the study of diverse stresses, the activation of the 

Arabidopsis MAPK, ATMPK4 and ATMPK6, are induced rapidly by low temperature, touch, 

wounding, humidity, and hyper-osmolarity. Tyrosine phosphorylation of proteins can 

contribute to the activation of ATMPK4 and ATMPK6 (Ichimura et al. 2000).  Also, upon 

treatment with flagellin, a bacterial elicitor, some of the proteins were phosphorylated in 

Arabidopsis.  Some of these phosphorylated proteins were also found to be regulated at 

transcriptional level (Peck, 2003). 

 Overall, there was no change in the FLR expression levels under SA and FB1 treatments 

with 30 cycles.  Also, the experiment was repeated with 28 cycles and there was no change in 

the FLR gene expression (Figure 3-7-d-e-f). 
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Figure 3-7: The effect of SA and FB1 on the FLR gene expression. RNA was extracted from 

Roblin and Frontana leaves treated with water, 100µM SA, and 5µM FB1 for 0hr, 24hr, and 

48hr. The 30 cycle RT-PCR protocol of the FLR gene was done with two biological replicates, 

and the same RT-PCR was performed a third batch of treatments with 28 cycles. Wheat actin 

(GenBank accession number AB181991) was used as the internal standard.  Three experiments 

were carried out. The results were similar. 

a) FLR gene expression in Roblin and Frontana treated with water (30 cycle) 

b) FLR gene expression in Roblin and Frontana treated with SA (30 cycle) 

c) FLR gene expression in Roblin and Frontana treated with FB1 (30 cycle) 

d) FLR gene expression in Roblin and Frontana treated with water (28 cycle) 

e) FLR gene expression in Roblin and Frontana treated with SA (28 cycle) 

f) FLR gene expression in Roblin and Frontana treated with FB1 (28 cycle) 
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a) Water  
  
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 
 

Actin      369bp                                                 

FLR        218bp                               
 
 

b) SA treatment 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 

Actin     369bp                                         

FLR      218bp                               
 
 
c) FB1 treatment 

 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 

Actin     369bp                                  

FLR       218bp                                  
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d) Water  
 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 
 

 Actin       369bp                                    

   FLR        218bp                            
 
 
e)  SA treatment  

 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 

Actin     369bp                                         

 FLR     218bp                              

f) FB1 treatment  
 
Roblin     0hr     24hr    48hr                       Frontana    0hr     24hr    48hr 

Actin     369bp                                  

FLR      218bp                                  
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Chapter IV 
 

Discussion, Conclusion and Future Work 
 

4.1. SA and FB1 induce cell death and programmed cell death in wheat     

         Plants, in order to survive, possess various defense pathways when encountered by a biotic 

or abiotic stress.  When a pathogen infects a plant, a rapid death of plant cells occurs, referred to 

as programmed cell death (PCD) (Beers and McDowell, 2001; Lam, 2004).  Many host 

responses lead to the production of reactive oxygen and nitrogen species, in addition to changes 

in ion fluxes, activation of MAPK cascades, and proteolysis (Pozo et al., 2004). Some studies 

have shown that the plant hormone salicylic acid (SA) is required for many plant defense 

responses, while in others SA is not required (Dat et al., 2007).    Our results showed that SA had 

no effect on Roblin (an FHB susceptible cultivar) while there was a cell death effect in Frontana 

(an FHB resistant cultivar) (Figure 3-1) suggesting that SA-induced cell death in Frontana could 

be associated with its resistance to FHB.     

          FB1 induces PCD in plants and animals (Asai et al., 2000).  FB1 treatment caused nuclear 

DNA fragmentation leading to the loss of membrane integrity, which resembles apoptosis 

associated with PCD in animal cells (Stone et al., 2000).  This activation is dosage-dependent in 

Arabidopsis and cell death shares many features with avirulent pathogen-induced cell death 

(Stone et al., 2000; Asai et al., 2000).  Our results showed that FB1 induced cell death in Roblin 

and Frontana at an early stage.  In a previous work of our lab, more cell death occurred in Roblin 

leaves than in Frontana leaves after a 2 to 3 days treatment with FB1, and it was suggested that 

early activation of host PCD in Frontana would likely limit pathogen proliferation (Gao, 2010).  

Also, in the same work, upon SA and FB1 treatment, the cell death levels detected by aniline 

blue assay and by trypan blue assay correlated well, indicating that the cell death is associated 
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with callose deposition, which is triggered by ROS (Gao, 2010). When we examined the 

integrity of DNA in wheat leaves after biotic stress treatment by a 2% agarose gel 

electrophoresis, DNA laddering or smearing was not observed in wheat leaves treated by either 

SA or FB1, further indicating that DNA laddering may not be common in plants (De Jong et al., 

2000). 

4.2. DNA repairing genes 

Chromosomal DNA breaks trigger the start of the DNA repair process to maintain 

genome stability, which is important for all cellular organisms. Reactive radicals, radiation and 

chemical mutagens can negatively affect cellular DNA stability. In response to these forms of 

DNA damage, DNA repairing system is activated by complex signaling pathways (Amiard et al., 

2010).  A sensor protein recognizes the damage and activates the transducers that send the signal 

to the effector proteins that activate a cellular response (Shiloh, 2006; Cimprich and Cortez, 

2008).    

          Some of the repairing genes that were studied in this thesis include RAD50, RAD51, and 

MSH2.  The expression level of these genes has been studied by RT-PCR in two different 

cultivars (a susceptible and a resistance) treated with SA or FB1.  For RAD50 and RAD51, there 

was no change in the gene expression in either Roblin or Frontana leaves treated with SA (Figure 

3-4).   For leaves treated with FB1, the most significant change was observed in Frontana leaves 

after 24hr treatment and the expression of RAD50 and RAD51 increased, suggesting that DNA 

repairing may contribute to the defense response in Frontana.  MSH2 expression, however, was 

not induced (Figure 3-4).  Studies have shown that MSH2 forms heterodimers with other MMR 

proteins during the repairing process. However, since many other MSH genes are involved, it is 
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reasonable to assume that its expression may not necessarily be altered (Li, 2008; Lloyd et al., 

2007).    

4.3 . β-1, 3 glucanase assay 
                  The fungal cell wall is composed of polysaccharides β- and α-glucans, chitin, and 

mannans.  The structure of the fungal cell wall is a branched β-1, 3-glucan cross-link to chitin.  

In plant fungus interactions, fungus specific molecules such as cell membrane sterols and cell 

wall polysaccharides can be recognized by the plants as pathogen associated molecular patterns 

(PAMPs) through pattern recognition receptors (PRRs) (Fujikawa et al., 2012).  

                  Plant β-1, 3-glucanase plays a critical role in the defense response. Generally, pathogenesis 

related genes (PR) are activated by plant-pathogen interactions leading to the expression of PR 

proteins including β-1,3-glucanases.  The β-1, 3- glucan linker component of the fungal cell wall 

is hydrolyzed by β-1, 3-glucanases.  Many β-1, 3-glucanases inhibit the fungal growth in vitro. It 

has been shown that overexpressing β-1, 3-glucanase gene increased resistance against fungal 

pathogens (Liu et al., 2009). 

                  In my work, the effect of SA and FB1 treatments on an FHB susceptible and an FHB 

resistant cultivar has been studied.  There is no significant change in the β-1, 3-glucanase  

activity in either Roblin or Frontana (Figure 3-5).  It was expected that there would be an 

increase in the β-1, 3-glucanase enzyme activity under the FB1 treatment in Frontana.  However, 

the results obtained from five biological repeat experiments did not agree with our hypothesis.  

Thus, further studies will be done in the future. 

4.4. Glutamine synthetase 
          Glutamine synthetase has two isoforms: a cytosolic GS1, which is involved in nitrogen 

remobilization, and a chloroplastic GS2, which is involved in nitrogen assimilation (Pegeau et 

al., 2006).   GS is involved in the reassimilation of ammonium released by a number of 
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biochemical processes such as protein catabolism, deamination of amino acids, and 

photorespiration (Seabra et al., 2010).  The effects of SA and FB1 on glutamine synthetase 

activity have been studied in Roblin and Frontana.  The results showed that glutamine synthetase 

activity did not change significantly in response to SA or FB1 treatment (Figure 3-6). It was 

assumed that GS decreases after the treatments since the infected plants may slow down its 

production.  GS isoforms are determined by different nuclear genes (Perez-Garcĺa et al., 1998).   

GS isoforms play non overlapping physiological roles in plant metabolism when it is expressed 

in different cell types (PeÂrez-GarcõÂa et al., 1998). In angiosperms, there is a cytosolic 

isoform (GS1) and a chloroplast located isoform (GS2).  GS1 could be involved in the generation 

of glutamine for nitrogen transport when it is associated with phloem cells (Carvalho et al., 

1992; Kamachi et al., 1992).  Tomato plants present high levels of GS2 in response to infection, 

suggesting that it may contribute to the development of disease symptoms or defense responses.  

In response to bacterial infection, GS expression changed and different isoforms of cytosolic GS 

were induced (PeÂrez-GarcõÂa et al., 1998).  Our data do not agree with the hypothesis and 

further studies are needed. 

4.5. FLR gene 

         In a MAPK cascade, an MAPKKK activates MAPKKs, and then an MAPKK activates 

downstream MAPKs.  Multiple members have been found at each cascade level in model plants 

such as Arabidopsis and rice.   In a rice study, 75 MAPKKKs were identified and they are 

grouped into subtypes including Raf, MEKK, and ZIK (Rao et al., 2010).   FLR belongs to ZIK 

family (Gao, 2010), since the conserved signature ‘GTPEFMAPE’ motif was found on its 

sequences (Rao et al., 2010).  Serine and serine/threonine residues in the S/TXXXXXS/T motif 

are phosphorylated by MAPKKKs, leading to the activation of MAPKKs in the MAPK cascade 
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(Ichimura et al., 1998).  Gao et al. (2010) illustrated that amino acid residues 30 to 301 in FLR 

are recognized as a potential serine/threonine protein kinase domain, suggesting that FLR is a 

kinase and may phosphorylate downstream serine/threonine kinases.  An alignment analysis has 

also indicated that a Homo sapiens MAPKKK and FLR both have a ZIK signature motif (Gao, 

2010). 

Acting as an endogenous signal, SA induces systemic acquired resistance (SAR) (Grant 

and Lam, 2006).  In transgenic tobacco plants harboring salicylate hydroxylase, a bacterial gene, 

the contribution of SA to systemic acquired resistance was explored (Gaffney et al., 1993).  As 

the transgenic plants rapidly hydroxylated endogenous SA, the SAR response could not be 

induced against tobacco mosaic virus attack (Gaffney et al., 1993; Glazebrook, 1999; Grant and 

Lamb, 2006).  SA is not required for some plant defense responses even though it is important in 

many other cases.  Figure 3-7-b shows the expression of FLR after SA treatment. FLR may not 

be involved in SA-mediated pathways since there was no change in the mRNA level of FLR.    

FB1, a PCD-eliciting mycotoxin, is also used as a biotic stress in this study.  There was 

no change in the expression levels of FLR under the FB1 treatment (Figure 3-7-c), suggesting 

that transcriptional regulation of FLR may not play a role in wheat response to FB1. 

          MAPK cascade components are structured at multiple levels and each level of components 

can be regulated at the transcriptional, translational and post-translational levels (Xing and 

Laroche, 2011). One or more covalent modifications of the polypeptide chain can create diverse 

variations of a protein.  Modifications such as acetylation, glycosylation, phosphorylation, 

isoprenylation, and others result in hundreds of variant amino acids (Roberts, 2002).   In 

response to a pathogen attack, protein phosphorylation is one of the most predominant post-

translational modifications in plants and in many organisms. A few proteins that were 



60 
 

phosphorylated in Arabidopsis upon treatment with flagellin, a bacterial elicitor, were found to 

be critical for the elicitor induced defense responses (Peck, 2003; Xing and Laroche, 2011).   

         The relative contribution of transcriptional, translational and post-translational modification 

to the overall response, might be different.  During the induction of cell death by a fungal 

elicitor, the tobacco WIPK gene (wound-induced protein kinases; which encodes a MAPK) is 

activated at several stages (Zhang et al., 2000).  In order to activate kinase activity and the onset 

of hypersensitive-response (HR)-like cell death, de novo transcription and translation are 

necessary (Zhang et al., 2000).   Some stresses induce quick activation of Arabidopsis MAP 

kinase ATMPK4 and ATMPK6 such as touch, wounding, hyper-osmolarity, low humidity, and 

low temperature (Ichimura et al., 2000).  Activation of ATMPK4 and ATMPK6 was not 

associated with the amounts of mRNA or protein but with tyrosine phosphorylation (Peck, 

2003).  Rudd et al. (2008) demonstrated that  during a defense response wheat mitogen-activated 

protein kinases, TaMPK3 and TaMPK6, were regulated at multiple levels.  

4.6. Conclusion and future work 

          In my thesis, several possible defense mechanisms were studied in Roblin, a susceptible 

wheat cultivar to FHB, and Frontana, a resistant cultivar to FHB.  FB1 seemed to induce a 

necrosis type of cell death in both Roblin leaves and Frontana leaves, and the cell death was 

associated with concurrent accumulation of ROS.  However, there was no DNA laddering in 

Roblin and Frontana.  Gene expression analysis of DNA repairing genes RAD50, RAD51, and 

MSH2 has suggested that enhanced expression of RAD50 and RAD51 may contribute to FHB 

resistance in Frontana.  Wheat FLR gene, which encodes a MAPKKK kinase was studied.   At 

transcriptional level, FLR did not respond to SA or FB1.  
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         Cell death was detected microscopically in this work.  For future work, another method that 

can be used for cell death detection is a lactate dehydrogenase (LDH).   LDH was found in 

animals and plants.  This assay can detect cell death that occurs via necrosis (Chan et al., 2013; 

Lobner, 2000).  Also, viable and dead cells can be distinguished by fluorescent dyes such as 

calcein-acetoxymethyl (calcein-AM) and ethidium homodimeer-1 or propidium iodide (PI).  

Calcein-AM is membrane permeable, but not fluorescent. It can trigger the living cells to 

generate fluorescent calcein, producing a green fluorescence.  PI can be applied to identify dead 

cell.  When PI enters the damaged cells and binds to nucleic acid, it generates a bright red 

fluorescence (Zhou et al., 2010).  Also, to detect DNA damage, TUNEL, dUTP nick end 

labeling, will be useful.  All these additional methods would help to further confirm the cell 

death work in this thesis. 

         FLR did not change at transcriptional level in this work.  In order to test its activity such as 

phosphorylation of its substrates, we may need to study the phosphorylation levels of its 

substrates upon SA and FB1 treatments. 

         It is hoped that our study on RAD50, RAD51 or FLR could lead to a strategy 

development for the manipulation of plant disease resistance to pathogen attacks. 
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