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IV.1 ABSTRACT 

 Orobanche aegyptiaca is a parasitic plant that attacks the roots of many important 

crops.  Orobanche penetrates the host root and forms connections to the host vascular 

tissue, from which it will draw all of its water and nutrient requirements.  In order to 

investigate how the host plant responds to this attack, we are studying the patterns of 

expression of defense related host genes.  These responses are complex and involve the 

coordinate regulation of several distinct defense pathways.  One such pathway that leads 

to systemic acquired resistance (SAR), is activated by necrotizing pathogens and can 

provide resistance to a broad range of pathogens.  SAR is also associated with the 

hypersensitive response (HR) and the production of pathogenesis related (PR) proteins.  

These PR proteins can be expressed both at the site of parasitization and systemically 

throughout the plant.  In recent years, PR genes have been intensely studied due to their 

potential use in engineering long-term broad-spectrum resistance in crop plants.  Tobacco 

and Arabidopsis serve as model systems for understanding PR gene expression and SAR.  

In this study, plant gene expression in response to parasitism was investigated using 

northern hybridization analysis of tobacco and Arabidopsis roots using probes specific 

for PR-1a (tobacco) and PR-1, PR-2, and PR-5 (Arabidopsis).  Additionally, leaves of 

infected tobacco plants were sprayed with known inducers of SAR, salicylic acid (SA) 

and benzothiadiazole (BTH), and the effects of SAR induction on parasite attachments 

were studied.  Results from northern analysis indicated that O. aegyptiaca parasitization 

did not induce any of these genes. The failure of Orobanche to induce these PR genes 

suggests that Orobanche somehow avoids inducing the SAR response.  Results from SA 

and BTH treated plants indicated that neither treatment affected O. aegyptiaca 

attachments.  This ability to avoid activating the SAR pathway may hold the key to the 

success of Orobanche as a parasite, and hence aid in the development of Orobanche 

resistant crops.   

IV.2 INTRODUCTION 

IV.2.1 Parasitism by Orobanche  

Orobanche spp. are root holoparasites that are totally dependent on a host plant 

for all water and mineral nutrients.  These parasites attack many dicotyledenous crops in 

both temperate and semitropical regions (Parker and Riches, 1993; Musselman, 1980).  
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Orobanche reduces crop value and yield by diverting resources from the host plant to the 

parasite.  The underground life cycle of Orobanche and its close association with the host 

crop roots minimizes the effectiveness of conventional control techniques.  The best 

long-term strategy for limiting damage by Orobanche is the development of Orobanche-

resistant crops.   

The Orobanche-host interaction is a complex process which includes signaling 

and physiological responses.  The initial communication between the parasite and the 

host involves the Orobanche seed perception of a germination signal exuded from the 

roots of a compatible host plant.  Upon germination, a radical emerges from the seedling, 

elongates via cell expansion and adheres to a nearby host root.  Once contact is achieved, 

Orobanche uses lytic enzymes to digest the middle lamella holding the host cells together 

(Mussleman, 1980; Joel, and Losner-Goshen, 1994; Losner-Goshen et al., 1998).  

Orobanche appears to use a combination of pectin methylesterase (PME) and 

polygalacturonase (PGA) to loosen the adhesion between host root cells, allowing the 

haustorium to grow between these host cells (Graham et al., 1993; Joel and Losner-

Goshen, 1994).  While Orobanche penetrates and forms connections to the host vascular 

tissue, the host reacts to this invasion with attempts at self-defense (Westwood et al., 

1998). 

IV.2.2 Plant Defense Responses 

Plants are versatile and possess the ability to defend themselves against various 

types of pathogens.  These defense responses may be pre-existing or may be induced in 

response to pathogen attack.  In terms of inducible defenses, at least three types of 

microbial-induced resistance pathways appear to exist in plants (Van Loon and Van 

Strien, 1999).   One of these pathways, the wound response or jasmonic acid (JA) 

pathway, is triggered by wounding or insect feeding and induces the expression of 

defense genes only in the region of wounding or pathogen invasion. This pathway is 

mediated by JA and ethylene, involves increases in JA, and ethylene, and is known to 

result in the induction of proteinase inhibitor (PI) genes as well as salicylic acid (SA)- 

independent pathogen-related (PR) proteins (Fig. I.1) (Ryan, 1990; Van Loon and Van 

Strien, 1999).   
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A second pathway, systemic acquired resistance (SAR), develops both locally and 

systemically in response to recognition of specific pathogens.  This pathway is SA 

mediated, and may be effective in conferring resistance in plant parts distant from those 

originally exposed to a pathogen.  The resistance expressed is associated with the 

production of SA-dependent PR proteins and the hypersensitive response (HR) which 

results in necrotic lesions (Hammerschmidt, 1999).  Resistance induced by SAR is 

characterized by metabolic alterations within the host plant that impede the spread of the 

pathogen as well as an enhanced resistance to subsequent infection by other types of 

pathogens (Van Loon, 1997; Hammerschmidt, 1999). 

A third and less studied pathway, induced systemic resistance (ISR), is 

independent of the production of SA and is not associated with the accumulation of PR 

proteins (Van Loon et al., 1998).  Additionally, few defense-related compounds 

responsible for ISR have been identified.  Please see Chapter I for details. 

IV.2.3 Systemic Acquired Resistance 

SAR has been best characterized in tobacco, cucumber, and Arabidopsis 

(Cameron et al., 1999).  Studies with these species suggest that SAR occurs in three 

stages: 1) infection of a host plant by a necrotizing pathogen 2) localized necrosis in the 

area of attack 3) accumulation of SA and subsequent expression of a set of proteins (PR 

proteins) that act to limit further infection of the host (Cameron et al., 1999; Kuć, 1982; 

Malamy, et al., 1990; Uknes, et al., 1992; Ward et al., 1991).  In tobacco and 

Arabidopsis, SA has been shown to be both necessary and sufficient for the induction of 

the SAR pathway as shown by salicylic acid-deficient plants (Glazebrook, 1999).  These 

plants express a bacterial salicylic acid hydrolase gene (nahG) and thus are unable to 

accumulate SA.  NahG plants are also unable to activate the SAR pathway, providing 

direct evidence that SA accumulation is required for the expression of SAR (Malek and 

Dietrich, 1999: Gaffney et al., 1993).   Additionally, SAR can be induced by exogenous 

application of SA or synthetic compounds with structural similarities to SA such as 2,6-

dichloroisonicotinic acid (INA) or benzothiadiazole (BTH).   Application of SA, INA or 

BTH induces the same group of genes as in the SAR response and resistance to the same  
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range of pathogens is also achieved (Van Kan et al., 1989; Uknes et al., 1992; Dempsey 

and Klessig, 1994; Klessig and Malamy, 1994; Ryals et al., 1994; Hammerschmidt, 

1999).   

The PR proteins produced during SAR are host-encoded polypeptides that are 

grouped into families based on shared amino acid sequences, serological relationship, or 

enzymatic or biological activity (Van Loon and Van Strien, 1999).  PR proteins are also 

divided into acidic or basic groups based on signaling and localization.  Basic PR 

proteins are associated with JA signaling while acidic PR proteins are associated with SA 

signaling (Eyal and Fluhr, 1991; Reymond and Farmer, 1998). Localization studies 

involving PR proteins in tobacco indicate that acidic PR proteins tend to be located 

extracellularly and are coordinately expressed upon pathogen infection whereas basic PR 

proteins are targeted to vacuoles and are expressed in a controlled cell-type and organ-

dependent manner (Van Loon and Van Strien, 1999).     

The biological function of most PR proteins is not known, but several groups have 

been shown to have antimicrobial/antifungal activity allowing them to act directly on the 

invading pathogen.   Some examples of these PR proteins include PR-3, 4, 8, and 11 

(chitinases), and the PR-2 family (β-1,3-glucanases) which can digest the cell walls of 

some fungi (Epple et al., 1995; Van Loon and Van Strien, 1999); the PR-5 family 

(thaumatin-like proteins) which are thought to possess the ability to permeabilize fungal 

membranes (Abad et al., 1996; Hajgaard et al., 1991; Vigers et al., 1992; Woloshuk et 

al., 1991); and members of the PR-6 family (proteinase inhibitors) which are thought to 

act by inhibiting proteolytic enzymes used by insects and microbes (Hammerschmidt, 

1999; Koiwa et al., 1997; Ryan, 1990).  Additionally, the PR-1 family is notable because 

related sequences have been identified in yeast (genes involved in hyphae formation), 

insects (allergens from the white-face hornet wasp, Dolichovespula maculata), and 

vertebrates (cysteine-rich secretory proteins), indicating that the function of PR-1 

proteins may be essential to all living organisms (Fang et al., 1988; Schuren et al., 1993; 

Eberspaecher et al., 1995).  Although the mechanism of action of most PR-1 proteins is 

not known, they are induced by pathogens or SA and are therefore commonly used as 

markers for SAR in most species (Van Loon and Van Strien, 1999).   
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Although several of the PR proteins have been characterized, not all families of 

PR proteins have been identified and the specific subset of PR genes involved in SAR 

varies from species to species.  In Arabidopsis, SAR correlated marker genes include PR-

1, PR-2, and PR-5 (Uknes et al., 1992; Malek and Dietrich, 1999; Reymond and Farmer, 

1998).  In tobacco and tomato, approximately 11 families of PR proteins (PR-1 to PR-11) 

are induced by pathogens (Van Loon et al., 1994).   

Constitutive expression of other PR genes has provided enhanced resistance to a 

variety of pathogens (Broglie et al., 1991; Lin et al., 1995; Datta et al., 1999).  

Transgenic potato plants over-expressing osmotin, a member of the PR-5 family, showed 

enhanced resistance to the fungal pathogen Phytophthora infestans (Liu et al., 1994; Zhu 

et al., 1996).  In another study, rice plants containing an over-expressed rice PR-5 

provided enhanced resistance to Rhizoctonia solani, the fungus causing sheath blight 

disease (Datta et al., 1999).  Another method used to study PR genes focuses on plants 

that are mutated in their ability to resist pathogen invasion. Reuber et al. (1998) tested the 

ability of a set of non-expresser of PR (npr) and enhanced disease susceptibility (eds) 

mutant Arabidopsis plants to express PR-1, PR-2, and PR-5 upon infection by Erysiphe 

orontii, a known inducer of SAR.  Several of these plants showed a reduced level of PR 

gene expression and an increased susceptibility to the pathogen, indicating that the 

expression of one or more of these genes is required for SAR.   

The first PR gene purified and characterized was PR-1a from tobacco (Antoniw 

and Pierpoint, 1978). PR-1a encodes an acidic PR protein that is expressed in response to 

SA or specific pathogens, but not by wounding or other elicitors (Eyal et al., 1992).  

Transgenic tobacco plants containing a constitutively expressed PR-1a gene 

demonstrated an increased tolerance to the fungal pathogens Phytophthora parasitica var. 

nicotianae and Peronospora tabacina (Alexander et al., 1993; Van Loon and Van Strien, 

1999).   The gene encoding the basic PR protein, PRB-1b is JA-mediated and expression 

is correlated with pathogenic micro-organisms, ethylene, TMV, darkness or elicitors 

(Eyal and Fluhr, 1991).  Joel and Portnoy (1998) recently provided evidence from 

transgenic tobacco plants containing PRB-1b promoter:GUS fusions that PRB-1b is also 

induced in host root tissue parasitized by O. aegyptiaca.  
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Our objective is to understand the molecular-level interactions that occur during 

Orobanche parasitization with the long-term goal of developing genetically engineered 

crops resistant to Orobanche.  Previous results from tobacco indicate that Orobanche 

induces host defense genes associated with response to wounding and pathogen elicitors 

(Westwood et al., 1998; Chapter III). This chapter discusses the role of PR genes in host 

plants parasitized by O. aegyptiaca focusing on PR-1a from tobacco, and PR-1, PR-2, 

and PR-5 from Arabidopsis.  

IV.3 MATERIALS AND METHODS 

IV.3.1 Tissue Preparation for Northern Analysis  

Tobacco (Nicotiana tabacum L. var. Coker) and Arabidopsis thaliana (var. 

Columbia) were grown from seed in soil for approximately 12 days at which time they 

were transplanted into polyethylene (PE) bags containing glass fiber filter paper [as 

described in Westwood et al. (1996)] and watered with 0.5X Hoagland solution 

(Hoagland and Arnon, 1950).  Plants were grown under 100 µmol/m2/sec light, 12 hr 

days at 25 ± 3°C.  Seven days after transplanting, plants were divided into treatment 

groups (Fig. III.1) and plants were treated and harvested as described in Chapter III.  

IV.3.2 Transformation and Probe labeling 

 pGEM plasmids containing a 0.8 Kb EcoR1 fragment for tobacco PR-1a  

(provided by Dr. Daniel Klessig, Rutgers University) were transformed into DH10B E. 

coli cells using a Beckman electroporator.  Successful transformants were grown 

overnight in LB medium with 100 µg/ml ampicilin.  Plasmids were purified (Qiagen, 

Valencia, CA) and diluted for use in subsequent PCR reactions.  Probes were labeled by 

incorporating 1 mM digoxygenin (dig) dUTP�s (Roche Molecular, Indianapolis, IN) in 

the reaction mix along with 20 µM T7 and SP6 primers, 2 mM dNTPs, and 2.5 units Taq.  

The PCR conditions were as follows: (1) 94°C, 1 minute; (2) 49°C, 1 minute; (3) 72°C, 2 

minutes, 49 cycles.  Dig labeled products were purified (Qiagen, Valencia, CA) and then 

quantitated against control DNA. 

 BAC clones T6B13, F28O9, F9E10 containing PR-1, PR-2, and PR-5 Arabidopsis 

genomic DNA were acquired from the Arabidopsis Biological Resource Center (ABRC).  

BACs F2809 and F9E10 were grown overnight at 37ûC on LB agar plus 50 µg/ml 

kanamycin while BAC T6B13 was grown on LB plus 30 µg/ml chloramphenicol.  Five 
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ml liquid LB plus antibiotic was then inoculated from these overnight cultures and grown 

for 20 h at 37ûC.  The BACs were then purified using the recommended protocol 

provided by Ohio State University (http://aims.cps.msu.edu/aims).  BAC DNA was 

quantitated and 50 ng/µl was used in subsequent PCR reactions with gene specific 

primers designed based on known cDNA sequences (Uknes et al., 1992). The primers 

also contained upstream 5� HindIII and downstream 5� EcoR1 linkers as follows:  

PR-1 upstream 5�CCCAAGCTTGGGTGTAGCTCTTGTAGGTGCTC 

 downstream 5�CCGGAATTCCGGCATCCTGCATATGATGCTCC 

PR-2 upstream 5�CCCAAGCTTGGGATGCTACGGGATGCTAGGCG  

 downstream 5�CCGGAATTCCGGGATCTGGATGAAACAGTCCCC  

PR-5 upstream 5�CCCAAGCTTGGGGCGGCATTGCTGTTATGGCC 

 downstream 5�CCGGAATTCCGGCAGCTGAGTGTAACAACTGAC  

 PCR conditions were: (1) 94°C, 1 minute; (2) 49°C, 1 minute; (3) 72°C, 2 minutes, 49 

cycles.  25 ng of each PCR product was then labeled using RTS RadPrime DNA labeling 

System and 5µl α-32P (Invitrogen, Carlsbad, CA). A 517 bp PR-1, a 864 bp PR-2, and a 

814 bp PR-5 PCR product was obtained.  Probes were sequenced to ensure accuracy.  

IV.3.3 Extraction and Northern Analysis of Total RNA 

Blots containing tobacco RNA were prepared and hybridized at 60ûC with an 800 

bp PR-1a dig probe as described in Chapter III.  Blots containing Arabidopsis RNA were 

pre-hybridized at 60°C in 5X SSC, 5X Denhardt�s solution, 1% SDS (v/v), and 100 

µg/mL denatured salmon sperm.  Hybridization to random primed 32P-labeled DNA was 

performed under the same conditions using either a PR-1, PR-2, or PR-5 DNA clone 

from Arabidopsis and incubation was for 24 hr.  After hybridization, the blots were 

washed twice in 2X SSC, 1 % SDS at room temperature, and then twice in 0.1X SSC, 0.1 

% SDS at 60°C for 20 min.  Blots were exposed to x-ray film at -80°C.  After exposure, 

the membrane was stripped of the hybridized probe by boiling twice for 20 min in 0.1X 

SSC, 0.5 % SDS and then rinsed with 5X SSC.  The membrane was placed on film to 

check for any remaining radioactivity and then hybridized with a second gene specific 

probe as described above.  
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IV.3.4 SA Treatment 

 Tobacco plants (var. Coker) were infected with O. aegyptiaca seeds as previously 

described in Chapter III.  Plants were grown under 100 µmol/m2/sec light, 12 hr days at 

25 ± 3°C.  After 20 d, plants were separated into three replicate groups that were treated 

with a concentration of SA (50 mM) known  to induce SAR.  Plants received one of two 

treatments: 1) injection of 50 mM SA into the back of the polyethylene bag to directly 

treat roots or 2) application of 50mM SA directly to leaf tissue by spraying plants to 

saturation.  Plants were placed back under light as described earlier and O. aegyptiaca 

attachments were examined under the microscope at 3, 6, 14, and 21 d after SA 

treatment.  Orobanche growing on the treated plants were compared to those on tobacco 

plants not receiving SA. 

IV.4 RESULTS AND DISCUSSION  

Studying the induction patterns of host plant genes in response to parasitization 

can provide a greater understanding of host-parasite interactions.  With respect to local 

defense responses, it is known that Orobanche induces genes involved in isoprenoid 

metabolism (Westwood et al., 1998; Chapter III).  Evidence also indicates that 

Orobanche induces PRB-1b in parasitized host plants (Joel and Portnoy, 1998).  To 

further study the SAR defense response in Orobanche infected plants, the expression of 

additional PR genes was analyzed. 

To determine if parasitization induces tobacco PR-1a, northern analysis was 

performed on non-inoculated control, O. aegyptiaca parasitized, SA, and cellulase-treated 

tobacco root tissue (Fig. IV.1 A).   Results indicated that tobacco PR-1a was highly 

induced in the SA treated root tissue, expressed only at trace levels in the untreated 

control, cellulase, and O. aegyptiaca infected samples, and undetectable in wounded 

tissue.  These results support previous data from Eyal et al. (1992) which indicated that 

PR-1a was inducible by fungal elicitors or SA and not by wounding or other elicitors.  

However, the lack of PR-1a expression in O. aegyptiaca infected tissue contrasts with 

results obtained from Joel and Portnoy (1998) in which O. aegyptiaca parasitization 

induced PRB-1b. The differential expression between the acidic and basic PR-1 proteins 

is logical given that PR-1a is SA dependent, and not wound inducible whereas PRB-1b is 

JA dependent, wound inducible, and expressed at only low levels in SA treated tissue. 
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Thus O. aegyptiaca exhibits differential induction of PR proteins similar to that reported 

in tobacco plants infected by Erwinia carotovora or treated with SA in which E. 

carotovora infection induced expression of PR-2b and PR-3b, but not PR-1a whereas SA 

treatment induced PR-1a but not PR-2b or PR-3b (Vidal et al., 1997; Vidal et al., 1998).  

To further study the effects of SAR induction on O. aegyptiaca, infected tobacco 

plants were treated with known elicitors of SAR.  Plant leaves were sprayed to saturation 

or roots were directly treated with SA and then harvested at 3, 6, 14, or 21 d after 

treatment.  O. aegyptiaca attachments present on treated plants were then compared to 

those on O. aegyptiaca plants not receiving SA treatment.  There were no observable 

differences between tubercle size, color, or overall health in the SA treated plants as 

compared to plants not treated with SA.  Results indicated that O. aegyptiaca attachments 

were not affected by SA treatments (data not shown), however, leaf necrosis, which is 

indicative of the HR response, was apparent 24 h after SA leaf and root treatment.  

Although SAR was induced, O. aegyptiaca attachments were not affected as compared to 

untreated O. aegyptiaca infected plants.  These results are surprising given that the 

induction of SAR is known to provide protection against several pathogens such as TMV 

and E. carotovora (Van Loon, 1997; Vidal et al., 1998; Hammerschmidt, 1999).  The 

results from these SA treatments may indicate an ability of Orobanche to inhibit the local 

expression of genes involved in SAR or that O. aegyptiaca possesses a physical 

resistance to enzymes such as glucanases and chitinases activated during SAR.   

Arabidopsis has become a model system for studying PR gene expression and 

SAR (Uknes et al., 1992; Mauch-Mani and Slusarenko, 1993; Hu and Reddy, 1997; 

Reymond and Farmer, 1998; Hammerschmidt, 1999).  In order to further study the SAR-

mediated response to O. aegyptiaca parasitization, PR-1, PR-2, and PR-5 genes from 

Arabidopsis were analyzed by northern hybridization.  The PR-1 acidic gene from 

Arabidopsis shares less than 60% homology with PR-1a from tobacco.  Previous reports 

indicated that PR-1, PR-2, and PR-5 are induced by INA treatment, pathogen infection, 

and SA treatment (Uknes et al., 1992) and thus represent a cross-section of SA-mediated 

PR genes.    

O. aegyptiaca parasitization did not induce PR-1, PR-2, or PR-5 expression (data 

not shown).  In fact, data from PR-2 indicated that O. aegyptiaca parasitization repressed 
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expression as compared to control tissue.  No mRNA was detected in the O. aegyptiaca 

infected tissue, whereas PR-2 mRNA was present at low levels in control and wounded 

samples, and induced in SA treated tissue (Fig. IV.2 A).  The high level of expression of 

PR-2 in response to SA provided a positive control and correlated with the reported 

induction of PR-2 (Uknes et al., 1992).  The expression in the untreated control tissues 

was not unusual because the presence of PR-type proteins such as PR-2 in healthy plant 

tissues appears to be common in dicots (Van Loon and Van Strien, 1999).  However, the 

detection of PR-2 in wounded tissue does contrast with results obtained from Moran and 

Thompson (2001) in which BGL2, an apoplastic form of β-1,3-glucanase with 94% 

homology to PR-2 at the DNA level, was not expressed in wounded tissue 72-96 hours 

after wounding.  However, BGL2 gene induction was only studied in leaf tissue and 

mRNA levels in root tissue were not analyzed.  Previous studies (Westwood et al., 1998; 
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Chapter III) suggest that O. aegyptiaca induces genes associated with wound responses, 

so these results indicating that the infected tissue has less PR-2 mRNA than the wounded 

tissue raises the possibility that the parasite can somehow inhibit the synthesis or enhance 

the degradation of PR-2 mRNA.   

Northern analyses of Arabidopsis PR-1 and PR-5 indicated no expression of these 

genes in control, O. aegyptiaca parasitized, SA treated, or wounded tissue samples (data 

not shown).  The lack of induction in the O. aegyptiaca treated tissue was not surprising 

based on our previous results from PR-1a from tobacco, and PR-2 from Arabidopsis.  

However, the lack of expression in the SA treated lane was unexpected and led to the 

conclusion that the six hr of SA treatment used in this study did not allow enough time 

for the accumulation of PR-1 or PR-5 mRNA.  Most studies in Arabidopsis involving 

analysis of PR-1, PR-2, or PR-5 gene expression in SA treated tissue allowed 2-5 days 

for mRNA accumulation before RNA isolation (Dong et al., 1991; Datta et al., 1999; 

Cameron et al., 1999; Hu and Reddy, 1997; Moran and Thompson, 2001). To confirm the 

expression pattern of PR-1 and PR-5 in plants parasitized by O. aegyptiaca, experiments 

in which Arabidopsis plants are treated with SA and harvested over a longer time course 

(ie. 24-96) hours are needed. 

 This variation in PR gene induction times is supported by studies on the role of 

PR-1, PR-2, and PR-5 expression in pathogen defense signaling related to SAR.  For 

instance, Mauch-Mani and Slusarenko (1994) found that Arabidopsis PR-2 gene 

expression was induced within one day following inoculation with Fusarium oxysporum, 

a fungus that causes vascular wilting, while PR-1 induction did not occur until four days 

after inoculation.  Additionally, Moran and Thompson, (2001) found that in Arabidopsis 

shoots, BGL2 was clearly induced by aphid feeding after 24 hours while PR-1 mRNA 

accumulation was not detectable until 48 hours after infestation.   

 The mechanism by which Orobanche invades the host root tissue may provide a 

method of attack that avoids induction of PR genes and SAR.  Unlike necrotizing 

pathogens, which often use proteases or cutinases to degrade plant cell wall components, 

Orobanche uses a less disruptive mechanism of penetration involving enzymes such as 

PME and PGA which allow the pathogen to loosen the adhesions holding the host cells 

together and physically push itself in between the host cells (Ben-Hod et al. 1993, Joel et 
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al. 1994).  By using this method of penetration, Orobanche may decrease the number of 

host cell fragments produced that might trigger additional defense responses within the 

plant.  Additionally, it is well known that plants possess pathogen resistance genes (R 

genes) that are specific for certain pathogens that contain corresponding avirulence (avr) 

genes.  It appears that Orobanche does not possess avr genes that are recognized by 

tobacco or Arabidopsis and therefore can invade the host plant without triggering a HR 

response.  

 Although O. aegyptiaca parasitization of susceptible plants induces defense genes 

related to wounding and pathogen infection, these plants are unable to defend themselves 

against the parasite.  O. aegyptiaca parasitization induced the localized expression of 

hmg2 and other defense related genes involved in the isoprenoid pathway (Westwood et 

al., 1998; Chapter III).  Orobanche-triggered defense signaling appears to be dependent 

on the wound response/ JA pathway and does not seem to involve the expression of PR 

proteins associated with SAR.  The fact that JA-mediated defense responses are not 

effective in deterring O. aegyptiaca suggests that the parasite has a mechanism to avoid, 

inhibit the synthesis of, or detoxify the phytoalexins produced by this pathway (see 

Chapter III).  The products of the SA-mediated pathway may prove more effective in 

defense against O. aegyptiaca, but induction of this pathway has yet to be demonstrated.  

Thus the success of O. aegyptiaca may be explained by the ability of the parasite to avoid 

inducing genes involved in SAR.  Additionally, since the products of SAR are not toxic 

to the host plant, and are usually aimed at fungal or bacterial pathogens, O. aegyptiaca 

may be resistant to these effects based on the simple fact that it is an angiosperm.  To 

better understand the role of PR proteins in defense responses to parasitization, and to 

verify these hypotheses, additional acidic and basic PR genes, as well as other genes 

involved in SAR signal transduction, need to be studied.   

IV.5 AKNOWLEDGEMENTS 

 This project was supported by USDA NRI award # 97-35315-4206.  The authors 

are grateful to Dr. D. Klessig for the PR-1a clone, and the Arabidopsis Biological 

Resource Center for the T6B13, F28O9, F9E10 BACs.  The authors are also thankful to 

C. Denbow for help in radioactive probe labeling. 



 55 

IV.6 REFERENCES 
 
Abad, L.R., D�Urzo, M.P., Liu, D., Narasimhan, M., Reuveni, M., Hu, J.K., Niu, X.,  

Singh, N.K., Hasegawa, P.I., and Bressan, R. 1996. Antifungal activity of tobacco 
osmotin has specificity and involves membrane permeabilization. Plant Science 
118:11-23. 

 
Alexander, D., Goodman, R.M., Gut-Rella, M., Glascock, C., Weyman, K., Friedrich, L., 

Maddox, D., Ahl-Goy, P., Luntz, T., Ward, E., and Ryals, J. 1993. Increased 
tolerance to two oomycete pathogens in transgenic tobacco expressing 
pathogenesis-related protein 1a. Proceedings of the National Academy of 
Sciences, U.S.A. 90:7327-7331. 

 
Antoniw, J.F. and Pierpoint, W.S. 1978. Purification of a tobacco leaf protein associated 

with resistance to virus infection. Biochemical Society Transactions 6:248-250. 
 
Ben-Hod, G., Losner, D., Joel, D.M., and Mayer, M. 1993. Pectin methylesterase in calli  

and germinating seeds of Orobanche aegyptiaca. Phytochemistry 32:1399-1402. 
 
 Broglie, K., Chet, I., Holliday, M., Cressman, R., Biddle, P.H., Knowlton, S., Mauvais,  

C.J., and Broglie, R. 1991. Transgenic plants with enhanced resistance to the 
fungal pathogen Rhizoctonia solani. Science 254:1194-1197. 

 
Cameron, R.K., Paiva, N., Lamb, C., and Dixon, R. 1999. Accumulation of salicylic acid  

and PR-1 gene transcripts in relation to the systemic acquired resistance (SAR) 
response induced by Pseudomonas syringae pv. tomato in Arabidopsis. 
Physiological and Molecular Plant Pathology 55:121-130. 

 
Datta, K., Velazhahan, R., Oliva, N., Ona, I., Mew, T., Khush, .S., Muthukrishnan, S., 

and Datta, S.K. 1999. Over-expression of the cloned rice thaumatin-like protein 
(PR-5) gene in transgenic rice plants enhances environmental friendly resistance 
to Rhizoctonia solani causing sheath blight disease. Theoretical and Applied 
Genetics 98:1138-1145.  

 
Dempsey, D.A. and Klessig, D.F. 1994. Salicylic acid, active oxygen species and  

systemic acquired resistance in plants. Trends in Cell Biology 4:334-338. 
 
Dong, X., Mindrinos, M., Davis, K.R., and Ausubel, F.M. 1991. Induction of Arabidopsis  

defense genes by virulent and avirulent Pseudomonas syringae strains and by a 
cloned avirulence gene. The Plant Cell 3:61-72. 

 
Eberspaecher, U., Roosterman, D., Krátzshmar, J., Haendler, B., Habenicht, U-F.,  

Becker, A., Quensel, C., Petri, T., Schleuning, W-D., and Donner, P. 1995. Mouse 
androgen-dependent epididymal glycoprotein CRISP-1 (DE/AEG): isolation, 
biochemical characterization, and expression in recombinant form. Molecular 
Reproduction and Development 42:157-172.   

 



 56 

Epple, P., Klaus, A., and Bohlmann, H. 1995. An Arabidopsis thaliana thionin gene is  
inducible via a signal transduction pathway different from that for pathogenesis-
related proteins. Plant Physiology 109:813-820. 

 
Eyal, Y. and Fluhr, R. 1991. Cellular and molecular biology of pathogenesis related  

proteins. Oxford Surveys of Plant Molecular and Cell Biology 7:223-254. 
 
Eyal, Y., Sagee, O., and Fluhr, R. 1992. Dark-induced accumulation of a basic  

pathogenesis-related (PR-1) transcript and a light requirement for its induction by 
ethylene. Plant Molecular Biology 19:589-599. 

 
Fang, K.S.Y., Vitale, M., Fehlner, P., and King, T.P. 1988. cDNA cloning and primary  

structure of a white-face hornet venom allergin, antigen 5. Proceedings of the 
National Academy of Sciences, U.S.A. 85:895-899. 

 
Gaffney, T., Friedrich, L., Vernooji, B., Negrotto, D., Nye, G., Uknes, S., Ward, E., 

Kessman, H., and Ryals, J. 1993. Requirement of salicylic acid for the induction 
of systemic acquired resistance. Science 261:754-756. 

 
Glazebrook, J. and Ausubel, F.M. 1994. Isolation of phytoalexin-deficient mutants of  

Arabidopsis thaliana and characterization of their interactions with bacterial 
pathogens. Proceedings of the National Academy of Sciences of the United States 
of America. 91:8955-8959. 

 
Glazebrook, J. 1999. Genes controlling expression of defense responses in Arabidopsis. 

Current Opinion in Plant Biology 2:280-286. 
 
Graham, B.H., Losner, D., Joel, D.M., and Mayer, A.M. 1993. Pectin methylesterase in  

calli and germinating seeds of Orobanche aegyptiaca. Phytochemistry 32:1399-
1402. 

 
Hajgaard, J., Jacobsen, S., and Svendsen, I. 1991. Two antifungal thaumatin-like proteins 

from barley grain. FEBS Lett 291:1727-131. 
 
Hammerschmidt, R. 1999. Induced disease resistance: how do induced plants stop 

pathogens? Physiological and Molecular Plant Pathology 55:77-84. 
 
Hoagland, D.R. and Arnon, D.I. 1950. The water-culture method for growing plants 

without soil. California Agricultural Experiment Station Circular 347:1-32. 
 
Hu, X. and Reddy, A.S.N. 1997. Cloning and expression of a PR-5-like protein from  

Arabidopsis: inhibition of fungal growth by bacterially expressed protein. Plant 
Molecular Biology 34:949-959. 

 
Joel, D.M. and Losner-Goshen D. 1994. The attachment organ of the parasitic 

angiosperms Orobanche cumana and O. aegyptiaca and its development. 
Canadian Journal of Botany 72:564-74. 



 57 

Joel, D.M. and Portnoy, V.H. 1998. The angiospermous root parasite Orobanche L. 
(Orobanchaceae) induces expression of a pathogenesis related (PR) gene in 
susceptible tobacco roots. Annals of Botany 81:779-781. 

 
Klessig, D.F. and Malamy, J. 1994. The salicylic acid signal in plants. Plant Molecular  

Biology 26:1439-1458. 
 
Koiwa, H., Bressan, R.A., and Hasegawa, P.M. 1997. Regulation of protease inhibitors  

and plant defense. Trends in Plant Science 2:379-384. 
 
Kuć, J. 1982. Induced immunity to plant disease. Bioscience 32:854-856. 
 
Lin, W., Anuratha, C.S., Datta, K., Potrykus, I., Muthukrishnan, S., and Datta, S.K. 1995.  

Genetic engineering of rice for resistance to sheath blight. Bio/Technology 13: 
686-691. 

 
Liu, D., Raghothama, K.G., Hasegawa, P.M., and Bressan, R.A. 1994. Osmotin  

overexpression in potato delays development of disease symptoms. Proceedings 
of the National Academy of Science USA. 91:1881-1892. 

 
Losner-Goshen, D., Portnoy, V.H., Mayer, A.M., and Joel, D.M. 1998. Pectolytic 

Activity by the haustorium of the parasitic plant Orobanche L. (Orobanchaceae) 
in host roots. Annals of Botany 81:319-326. 

  
Malamy, J., Carr, J.P., Klessig, D.F., and Raskin, I. 1990. Salicylic acid: A likely  

endogenous signal in the resistance response of tobacco to viral infection. Science 
250:1002-1004. 

 
Malek, K. and Dietrich, R.A. 1999. Defense on multiple fronts: How do plants cope with 

diverse enemies? Trends in Plant Science 4:215-219. 
 
Mangnus, E.M., Stommen, P.L.A., and Zwanenburg, B. 1992. A standardized bioassay 

for evaluation of potential germination stimulants for seeds of parasitic weeds. 
Journal of Plant Growth Regulation 11:91-98. 

 
Mauch-Mani, B. and Slusarenko, A.J. 1993. Arabidopsis as a model for studying plant- 

pathogen interactions. Trends Microbiology. 1:265-270. 
 
Mauch-Mani, B. and Slusarenko, A.J. 1994. Systemic Acquired Resistance in 

Arabidopsis thaliana Induced by a Predisposing Infection with a Pathogenic 
Isolate of Fusarium oxysporum. Molecular Plant-Microbe Interactions 7:378-
383. 

 
Moran, P. and Thompson, G. 2001. Molecular Responses to Aphid Feeding in  

Arabidopsis in Relation to Plant Defense Pathways. Plant Physiology 125:1074-
1085.  



 58 

Musselman, L.J. 1980. The biology of Striga, Orobanche, and other root-parasitic weeds. 
 Annual Review of Phytopathology 18:463-489. 
 
Parker, C. and Riches, C.R. 1993. Parasitic Weeds of the World: Biology and Control. 

Cab International, UK. 
 
Pieterse, C.M.J., Van Wees, S.C.M., Van Pelt, J.A., Knoester, M., Laan, R., Gerrits, H.,  

Weisbeek, P.J., and Van Loon, L.C. 1998. A novel signaling pathway controlling 
induced systemic resistance in Arabidopsis. The Plant Cell 10:1571-1580. 

 
Reuber, T.L., Plotnikova, J.M., Dewdney, J., Rogers, E.E., Wood, W., and Ausubel, F.M.  

1998. Correlation of defense gene induction defects with powdery mildew 
susceptibility in Arabidopsis enhanced disease susceptibility mutants. Plant 
Journal 16:473-485. 

 
Reymond, P. and Farmer, E. 1998. Jasmonate and salicylate as global signals for defense 

gene expression. Current Opinion in Plant Biology 1:404-411. 
 
Ryal, J. Uknes, S., and Ward, E. 1994. Systemic acquired resistance. Plant Physiology 

104:1109-1112. 
 
Ryan, C.A. 1990. Protease inhibitors in plants: genes for improving defenses against 

 insects and pathogens. Annual Review of Phytopathology 28:425-449. 
 
Schuren, F.H.J., Ásgeirsdóttir, S.A., Kothe, E.M., Scher, J.M.J., and Wessels, J.G.H.  

1993. The Sc7/Sc14 gene family of Schizophyllum commune codes for 
extracellular proteins specifically expressed during fruit-body formation. Journal 
of General Microbiology 139:2083-2090. 

 
Uknes, S., Mauch-Mani, B., Moyer, M., Potter, S., Williams, S., Dincher, S., Chandler,  

D., Slusarenko, A., Ward, E., and Ryals, J. 1992. Acquired resistance in 
Arabidopsis. The Plant Cell 4:645-656. 

 
Van Kan, J.A.L., Van de Rhee, M.D., Zuidema, D., Cornelissen, B.J.C., and Bol, J.F.  

1989. Structure of tobacco genes encoding thaumatin-like proteins. Plant 
Molecular Biology 12:153-155. 

 
Van Loon, L.C. 1985. Pathogenesis-related proteins. Plant Molecular Biology 4:111- 

116. 
 
Van Loon, L.C., Pierpoint, W.S., Boller, T., and Conejero, V. 1994. Recommendations  

for naming plant pathogenesis-related proteins. Plant Molecular Biology 
Reporter. 12:245-264. 

 
Van Loon, L.C. 1997. Induced resistance in plants and the role of pathogenesis-related  

proteins. European Journal of Plant Pathology 103:753-765. 



 59 

Van Loon, L.C., Bakker, P.A.H.M., Pieterse, C.M.J. 1998. Systemic resistance induced  
by rhizosphere bacteria. Annual Review of Phytopathology 36:453-483. 

 
Van Loon, L.C. and Van Strien, E.A. 1999. The families of pathogenesis-related proteins,  

their activities, and comparative analysis of PR-1 type proteins. Physiological and  
Molecular Plant Pathology 55:85-97. 

 
Vidal, S., DeLeon, I.P., Denecke, J., and Palva, E.T. 1997. Salicylic acid and the plant  

pathogen Erwinia carotovora induce defense genes via antagonistic pathways. 
Plant Journal 11:115-123. 

 
Vidal, S., Eriksson, A.R.B., Montesano, M., Denecke, J., and Palva, E.T. 1998. Cell wall- 

degrading enzymes from Erwinia carotovora cooperate in the salicylic acid-
independent induction of plant defense response. Molecular Plant-Microbe 
Interactions 11:23-32. 

 
Vigers, J.J., Wiedemann, S., Roberts, W.K., Legrand, M., Selitrennikoff, C.P., and Fritig, 

B. 1992 Thaumatin-like pathogenesis-related proteins are antifungal. Plant 
Science 83:155-161. 

 
Ward, E.R., Uknes, S.J., Williams, S.C., Dincher, S.S., Wiederhold, D.L., Alexander,  

D.C., Ahl-Goy, P., Metraux, J.P., and Ryals, J.A. 1991. Coordinate gene activity 
in response to agents that induce systemic resistance. The Plant Cell 3:49-59.  

 
Westwood, J.H., Yu, X., Foy, C.L., and Cramer, C.L. 1996. Parasitization by Orobanche 

induces expression of a defense-related gene in tobacco. Pages 543-550 in: 
Advances in Parasitic Plant Research. Moreno, M.T., Cubero, J.I., Berner, D., 
Joel, D., and Musselman, L.J. eds. Junta de Andalucia, Cordoba, Spain. 

 
Westwood J.H., Yu X., Foy C.L., and Cramer C.L. 1998. Expression of a  

defense-related 3-hydroxy-3-methylglutaryl CoA reductase gene in response to 
parasitization by Orobanche spp. Molecular Plant-Microbe Interactions 11:530-
536. 

 
Woloshuk, C.P., Meulenhoff, E.J.S., Sela-Buurlage, M., Van den, P.J.M., and  

Cornelissen, B.J.C. 1991. Pathogen-induced proteins with inhibitory activity 
toward Phytophthora infestans. Plant Cell 3:619-628. 

  
Zhu, B., Chen, T.H.H., and Li, P.H. 1996. Analysis of late-blight disease resistance and  

freezing tolerance in transgenic potato plants expressing sense and antisense 
genes for an osmotin-like protein. Planta 198:70-77. 
 
 

 



 60 

Appendix I 

A.I Introduction  

 A.I.1 Microarray Technology  
One method recently developed to study the interaction of thousands of genes 

involves the use of microarray technology.  This method requires a probe with a known 

identity that can be fluorescently labeled and then hybridized to a chip containing 

thousands of spots representing different DNAs.  If the probe contains a cDNA whose 

sequence is complimentary to a spot on the chip, then the cDNA will hybridize to the 

spot and later be detected.  This technique provides a means of analyzing thousands of 

genes simultaneously.   

For our purposes, we would like to utilize this technology to discover additional 

genes of interest.  We are currently collaborating with the Bioinformatics Institute at 

Virginia Tech to prepare an Affymetrix chip. We have isolated total and polyA RNA 

from control and O. aegyptiaca infected Arabidopsis plants and are now awaiting 

preparation of the chip.   

A.I.2 Materials and Methods 

Isolation of PolyA RNA for Use in Microarray Technology 

 Arabidopsis plants were infected with O. aegyptiaca seeds as described in 

Chapter III.  Untreated control plants were also treated as described in Chapter III, 

however, to ensure equal treatment conditions, GR-24 was also added to the control 

plants 14 days after transplantation into polyethylene bags.  Total RNA was isolated from 

roots using the following modified Trizol method suggested by Dr. Maureen Dolan, 

Virginia Tech: 1) 1.5-2.0 g of frozen root tissue was ground in liquid nitrogen 2) frozen 

samples were immediately added to ice cold oak ridge Teflon tubes containing 14 mL 

Trizol Reagent (Invitrogen, Carlsbad, CA) (14 mL Trizol/ 1.5 g tissue) and tubes were 

placed laying sideways on a shaker and gently rocked for at least 10 minutes 3) 2.8 mL 

chloroform (0.2 mL/ 1 mL Trizol) was added to each sample, and tubes were mixed 

gently in a back-and-forth motion 4) tubes were placed at room temperature for 10 

minutes and then centrifuged at 12,000 rpm for 15 min at 4ûC 5) centrifugation caused 

the samples to separate into three layers and the top colorless layer was removed and 

placed in a clean chloroform treated oak ridge tube 6) 3.5 mL isopropanol (0.25 mL/ 1 
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mL Trizol) was then added to each sample, and tubes were mixed gently in a back-and-

forth motion 7) 3.5 mL of 0.8M DEPC treated NaCl/NaCitrate (0.25 mL/ 1 mL Trizol) 

solution was added to each sample.  Tubes sat at room temperature for 30 min at which 

time they were centrifuged at 12,000 rpm for 15 min at 4-25ûC 8) after centrifugation, the 

supernatant was removed from each sample and the remaining pellet was washed with 75 

% EtOH (DEPC treated water + 100 % EtOH).  Each pellet was then flicked loose from 

the wall of the tube and all samples were placed at  �20ûC overnight 9) samples were 

spun at 12,000 rpm at room temperature, the supernatant was removed from each, and all 

samples were placed under the hood to dry the RNA 10) each dried pellet of RNA was 

then resuspended by adding 300 µl DEPC treated water and heating at 50ûC.  Next, 30 µl 

3M DEPC treated Na-acetate, pH 5.2, and 660 µl 100 % EtOH was added to each sample 

and all samples were gently mixed and stored overnight at �20ûC 11) the next day, the 

samples were centrifuged, the supernatant was removed from each, and pellets were 

rinsed in 75 % EtOH.  Pellets were then dried as in step 9 and resuspended in DEPC 

treated water by heating at 50ûC.  PolyA RNA was then isolated from total RNA (Qiagen, 

Valencia, CA). 

 

 
 

   


