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Abstract 
 
Fire blight is a serious disease of apple and pear trees caused by the bacterium, Erwinia 

amylovora.  This bacterium harbors a pathogenesis mechanism known as the Hrp 

secretory operon which induces some resistance genes and suppresses other resistance 

genes in the host plant following invasion.  While previous researchers analyzed 

expression of defense genes in apple flowers on detached branches maintained in water 

(Venisse et al 2002), I used a novel method to examine gene induction in flowers on 

whole trees.  In addition to an avirulent mutant of the pathogen, I also applied biological 

control agents of fire blight Pseudomonas fluorescens A506 and Pantoea agglomerans 

C9-1 to flowers to analyze the defense response of apple trees to nonpathogenic epiphytic 

bacteria.  Plant resistance-related proteins were induced early after inoculation with the 

bacterial treatments, confirming that these genes are part of an immediate defense 

response.  However, since the regulation of genes expressing enzymes in the 

phenylpropanoid pathway, chalcone synthase and chalcone isomerase, was not limited as 

a response to colonization by Erwinia amylovora, the expression of these genes may not 

be dependent on a hrp cluster.  The difference in results from previous research may 

illustrate the variability of plant defense behavior in a changing environment. 
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Induction of Apple Defense Genes by Erwinia amylovora  

and Biological Control Agents 

 

Introduction 

 

Erwinia amylovora is a gram-negative bacterium that causes a disease known as fire 

blight.  The disease is characterized by scorched, blackened leaves or branches, browning 

and wilt of flowers or fruit, and production of bacterial ooze (van der Zwet and Beer 

1999).  In the western US, the disease is most severe during bloom of apple and pear.  

The bacterial pathogen colonizes the stigmas of flowers and may grow rapidly to 

populations in excess of 106 CFU per flower. The growth rate of the bacterium is 

influenced by temperature and favored above 15°C (Thomson et al 1982).   

 

 After establishment of large epiphytic populations on stigmas, the bacterium then 

migrates to the nectary.  The bacterium invades floral tissues through the nectarthodes or 

natural pores for the secretion of nectar on the surface of the nectary.  After invasion, the 

pathogen grows as an endophyte, killing tissues as it travels through the branches on the 

plant.   Disease control measures described below focus on prevention of infection of 

floral tissues; no method is effective to stop the disease after infection, except the 

removal of infected tissues. 

 

Fire blight is one of the most devastating diseases to pear and apple crops, causing large 

economic losses in the United States, New Zealand, and Europe.  To illustrate the 
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seriousness, in 1998, the NW USA had losses of up to $68 million (Vanneste 2000).  

Currently, the antibiotic streptomycin is licensed for prevention of the disease on apple 

and pear in the US (McManus et al. 2002; Thomson et al 1975).  The efficacy of this 

antibiotic is limited due to presence of streptomycin-resistant strains of E. amylovora in 

California, Washington, Oregon, and Michigan (McManus and Jones 1994; McManus et 

al. 2002).  For disease prevention on pear, growers also may use the antibiotic 

oxytetracycline.  Although resistance to oxytetracycline in E. amylovora has not been 

observed, the antibiotic is only bacteriostatic and moderately effective for disease 

prevention (McManus et al. 2002).  Therefore it is imperative that alternative methods 

are developed for limiting the occurrence of fire blight. 

 

In addition to antibiotics, another option for disease control is the use of biological 

control agents.  BlightBan A506 is a commercial biological control agent sold by 

NuFarm Americas, Sugarland, TX.  BlightBan A506 contains the bacterium 

Pseudomonas fluorescens strain A506 (A506), a naturally occurring epiphyte isolated 

from a pear tree in California (Lindow 1984).  The bacterium A506 was proven to be an 

effective suppressor of fire blight when applied to flowers prior to E. amylovora (Wilson 

et al. 1993).  A506 acts as a competitive inhibitor to reduce growth of E. amylovora if 

A506 is established at populations in excess of 105 CFU/flower.  Another biological 

control agent Pantoea agglomerans strain C9-1 (C9-1), formerly Erwinia herbicola strain 

C9-1) is undergoing registration approval for commercial use with the US Environmental 

Protection Agency.   C9-1 is a naturally occurring epiphyte isolated from apple fruit in 

Michigan (Ishimaru et al 1987). Like A506, C9-1 is applied to flowers before the 
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pathogen for effective biological control.  C9-1 likely competes with the pathogen for 

nutrients and sites important for growth of the pathogen on stigmas.  C9-1 also produces 

antibiotics that are inhibitory to E. amylovora (Ishimaru et al 1987).  The production of 

antibiotics by C9-1 likely contributes to its ability to suppress E. amylovora and reduce 

the incidence of fire blight (Stockwell et al. 2002).  Both A506 and C9-1 are epiphytic 

bacteria which mean that they colonize the exterior surfaces of the plants.  They are not 

pathogenic like E. amylovora, but they may act as guards of the outer layer of plant tissue 

by sequestering sites and nutrients required by the pathogen on the surface of the plant 

(Johnson and Stockwell 2000).  The biological control agents provide moderate disease 

control by preventing infection; but, like antibiotic treatments, biological control agents 

are considered ineffective in reducing disease severity after the pathogen invaded tissues.   

 

Recently, researchers have examined the use of chemicals to induce host resistance genes 

as a new method to control fire blight.   One chemical that has been tested and is 

commercially available for use on trees is Acibenzolar-S-Methyl, or Actigard.  The 

diseases caused by many types of pathogens including bacteria, fungi, and viruses have 

been shown to be efficiently reduced by Actigard (Maxon-Stein et al 2002) through its 

ability to trigger plant defense genes.  Pear trees pre-treated with Actigard are less likely 

to develop scab from infection with Venturia nashicola (Faize 2004).  In addition, 

Maxon-Stein et al. (2002) found that Actigard specifically induced systemic acquired 

resistance and pathogenesis-related (PR) proteins. 
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Researchers also have found that avirulent strains of E. amylovora may induce the 

expression of genes associated with resistance of plants to infection (Venisse et al 2002).  

Pathogenic strains of E. amylovora possess a functional type III Hrp secretory operon 

(Kim and Beer 2000).  The hrp cluster is a genomic region in E. amylovora for producing 

proteins that essentially cause disease in the host plant (Figure 1).  Hrp itself stands for 

hypersensitive reaction and pathogenesis.  Although the precise function of the hrp 

proteins secreted is still unclear, they are shown to cause the production of radical oxide 

species that are toxic to plant cells (Kim and Beer 2002).  From Figure 1, it is evident that 

hrpL plays a key role as the master switch for the entire hrp pathway.  Therefore, a hrpL 

mutant strain of E. amylovora would not be able to produce disease in the host plant (Wei 

and Beer 1995), but may be able to induce the expression of host defense genes during 

colonization of surface tissues (Venisse et al 2002). 

 

Generally, there are two different pathways induced in an apple plant during the infection 

process by phytopathogenic bacteria that may produce a defense response.  The first is 

thought to be stimulated by bacteria like E. amylovora containing a hrp cluster (Figure 1).    

E. amylovora elicits a hypersensitive reaction (HR) or rapid cell death in the host (Kim 

and Beer 2000).  The Hrp and Dsp proteins of E. amylovora cause the production of 

radical oxide species that likely has a role in host defense gene expression (Venisse et al 

2002).  The first response stage is the immediate reaction occurring in the plant cells first 

in contact with the pathogen.  Radical oxide species are usually produced, killing infected 

cells.  The HR response signals neighboring cells to prepare for an incoming invader.  

This localized acquired resistance includes strengthening cell walls or producing other 
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antioxidative enzymes and PR proteins.  These PR proteins further trigger widespread 

preparation of the host plant; a process called systemic acquired resistance.   The 

production of PR proteins would be expected in plant tissues invaded by pathogenic 

bacteria with a functional hrp cluster but not in plant tissues colonized on the surface by 

avirulent, epiphytic bacteria. 

 

A second pathway that is known also to produce compounds aiding in the defense of the 

plant against infection is the phenylpropanoid pathway (Figure 2).  In contrast, this 

pathway is known to be stimulated by many types of bacteria, and is not necessarily 

limited to induction by bacteria containing a hrp cluster.  The pathway also is a natural 

metabolic process in plants.  Two important intermediate enzymes in this pathway are 

chalcone synthase and chalcone isomerase, the second catalyzing a reaction downstream 

to the first.  Ultimately, many antimicrobial compounds, particularly phenolics, are 

produced by this pathway that includes flavanoids, salicylic acid, and structural 

components for strengthening cell walls (Venisse et al. 2002). 

 

Effective, timely induction of plant host resistance genes may protect apple and pear trees 

from systemic invasion by the fire blight pathogen and provide growers another option to 

minimize the severity of the disease.   By understanding the natural host defense genes 

stimulated or repressed during pathogenesis, it may be useful to target these genes 

associated with host resistance with other harmless stimuli.  Previously, a research group 

studied the involvement of particular genes in the defense response of apple to E. 

amylovora or an avirulent mutant of the pathogen (Venisse et al 2002).  In their research, 
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they studied gene expression in flowers on detached branches of apple that were 

maintained at a constant temperature of 20°C that is favorable for disease.  It was my 

goal to study host plant gene expression induced by E. amylovora and an avirulent hrpL 

mutant of the pathogen on flowers on whole apple trees maintained in a variable 

environment.  Gene expression was monitored by extracting RNA from flowers, using 

reverse-transcription PCR to create cDNA, followed by PCR to amplify the genes using 

specific primers.  I also broadened my study to include other bacterial treatments, A506 

and C9-1, to discover if these biological control agents induce host defense gene 

expression in flowers on apple trees.  
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Figure 1.  The regulation of hrp gene expression in E. amylovora, a key component for 
pathogenesis, is shown as a tentative model developed by Kim and Beer (2000).  HrpL is 
the master switch that controls expression of all the Hrp and Dsp secretory proteins.  Two 
important activator proteins that regulate hrpL are HrpX/HrpY, a two component sensor 
kinase, and HrpS, an enhancer protein.  In the schematic, the thin arrows represent the 
signaling flow, while thick arrows represent genes. 

 
Figure 2.  The phenylpropanoid pathway in Malus spp. (Treutter 2001).  Genes of 
interest are those encoding for CHS=chalcone synthase and CHI=chalcone isomerase.  
Also note the potentially antimicrobial products produced by different branches of the 
pathway: flavonols, dihydrochalcones, and cinnamic acid derivatives. 
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Materials and Methods 

 

Bacterial and chemical treatments. 
 
 
Four different bacterial treatments were utilized in this experiment, including a virulent 

strain of E. amylovora strain Ea153N (Ea153N) and an avirulent hrpL mutant of E. 

amylovora Ea153 (HrpL-).  E. amylovora Ea153N and the hrpL mutant were formulated 

as lyophilized cells and kindly provided by Dr. Kenneth Johnson, Dept. of Botany and 

Plant Pathology, Oregon State University.  The other bacterial strains are biological 

control agents for fire blight, Pantoea agglomerans strain C9-1 (C9-1, formerly Erwinia 

herbicola C9-1) and Pseudomonas fluorescens strain A506 (A506).  Commercial 

formulations (BlightBan A506 and BlightBan C9-1) consisting of lyophilized cells of the 

biological control agents were donated by NuFarms Americas, Sugarland TX.  C9-1 

competes with E. amylovora and produces antibiotics that are inhibitory to E. amylovora 

(Ishimaru et al. 1987).  The biological control agent A506 reduces the growth of E. 

amylovora on flowers when it is applied prior to the pathogen (Wilson et al.1993).  

Wilson and Lindow (1993) also speculated that A506 induces host defense genes.  A 

chemical treatment, Acibenzolar-S-Methyl (Actigard 50WG, Syngenta Crop Protection, 

Greensboro, NC) stimulates natural defense mechanisms in apple and pear trees and was 

used as a positive control for the induction of resistance genes (Faize et al. 2004; Maxon-

Stein et al. 2002).  Sterile MilliQ water was used as a negative control treatment. 

 

To prepare the above treatments for application, MilliQ water was filtered (0.22 μm pore 

size) into 1L bottles.  For flower application, C9-1, A506, and HrpL- were added to 1L 
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water to obtain a final concentration of 1x108 CFU/ml.  Ea153N was added to 1L water 

to give a concentration of 1x107 CFU/ml.  Actigard was dissolved in water at a 

concentration of 1g/L or 10-fold greater than the label rate.  For leaf application, the 

concentrations of the bacterial strains and Actigard was the same as that used for floral 

inoculations and a silicon surfactant (1% (v/v), Breakthru, NuFarms Americas) was 

added to each treatment to aid in the penetration of the bacteria or materials through the 

leaf cuticle.  Bacterial concentrations applied to leaves were slightly different, consisting 

of a final concentration of 1x107 CFU/ml for A506, C9-1, and Ea153N treatments.  The 

final concentration of the HrpL- treatment was 1x108 CFU/ml. 

 

Plants and environmental conditions. 
 
 
Golden Delicious apple trees were used for host defense gene induction experiments.  

The trees were maintained in a screen house at the Oregon State University Botany and 

Plant Pathology Field Laboratory near Corvallis, OR and used for experimental trials 

during 21 April to 25 April 2004 and 13 April to 22 April 2005 (flower), and 15 August 

to 20 August 2005 (leaf).   For flower trials, the screen house was divided into four 

replication plots and six trees were randomly selected within each plot, one for each 

treatment.  Each tree was labeled with ribbons corresponding to their assigned treatment 

and untreated flowers or buds were removed so that only treated flowers remained.  For 

leaf trials, only three replication plots were designated and seven trees were randomly 

selected within each plot for each treatment. 
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Another trial was conducted with branches clipped from Rome apple trees and distributed 

into buckets of water kept in the screen house on 23 April to 29 April 2005 and 5 May to 

10 May 2005.  For these trials, six groups of buckets for each treatment were set up 

containing four replicate buckets per group.  Again, unused flowers or buds were 

removed from the branches.  The temperature during the trials was recorded by an 

AgriMet weather station near the Botany and Plant Pathology Field Laboratory courtesy 

of Northwest Cooperative Agricultural Weather Network, Bonneville Power 

Administration and the US Bureau of Reclamation, Boise, ID and the data was 

documented online.  The mean daily temperature from the time of inoculation of the 2005 

flower field trials to 5 days later ranged from a minimum of 9°C to a maximum of 13°C.  

During the April 2004 trial, the mean daily temperature fluctuated over 5 days from a 

minimum of 13.5°C, reaching a high of 24°C.  The mean daily relative humidity over 

five days from inoculation ranged from 47 to 85% in April 2005 and from 40 to 70% in 

April 2004. 

 

Application of materials to flowers. 
 
 
Approximately 30 recently-opened flowers per tree were hand inoculated using a 

Pipetman with 10 μl of water, bacterial treatment or Actigard directly into the nectary in 

the center of the flower. 
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Application of materials to leaves. 
 
 
To apply treatments to the leaves, the stock of bacterial or chemical treatments were 

placed into large plastic two liter beakers.  Three new shoots with young leaves from 

each tree were selected and dipped into the plastic beaker containing its appropriate 

treatment and held in the treatment for five seconds.  Three branches were sufficient to 

provide at least 15 leaves required for sampling. 

 

Sampling of tissues for RNA extraction and estimation of bacterial population size. 
 
 
A sterile area was setup in the screen house for sample collection on days 2, 5, and 8 after 

inoculation (Golden Delicious flowers 2005 trial), days 2 and 5 (Golden Delicious 

flowers 2004 trial), days 2, 4, and 6 (1st trial Rome Beauty detached branches with 

flowers), days 2 and 5 (2nd trial Rome Beauty detached branches with flowers), and days 

0, 1, 2, 3, and 5 (Golden Delicious leaf trial).  Figure 3A shows examples of the trees and 

flowers used for these trials in the screen house.  For each sampling day for flower 

experiments, five flowers were collected from each treated tree.  The petals, stem, and 

anthers were removed from each flower, and all of the five flowers of the same treatment 

and replication were combined in a piece of labeled aluminum foil.  The foil packet was 

immediately dipped and stored in liquid Nitrogen until all the packets could be 

transferred into ziplock bags and stored in a -80°C freezer.  Replication packets #1-4 

were obtained for each treatment (water, Actigard, C9-1, A506, the hrpL mutant, and 

Ea153N) to give a total of 24 packets (Figure 3B).   
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To determine the average bacterial population size inhabiting the flowers, three flowers 

per tree were collected in 24-well plates.  The nectary of each flower was placed in 1 ml 

sterile 10 mM potassium phosphate buffer and sonicated for three minutes.  Samples 

were vortexed and 10 μl transferred into a dilution tube containing 1 ml phosphate buffer 

and vortexed.  To enumerate bacterial populations, 10 μl of the dilution was transferred 

into 1 ml phosphate buffer.  10 μl of the sample and two dilutions were spread on 

solidified Pseudomonas agar F (Difco, Detriot MI) amended with 50 μg/ml 

cycloheximide and incubated at room temperature for two days.   

 

For sampling of leaves, three leaves were collected per tree and clipped into three 1cm-

wide strips.  The three strips from the three collected leaves were combined into a piece 

of labeled aluminum foil, plunged in liquid Nitrogen and stored at -80°C.  A total of 21 

packets were obtained from the replication packets #1-3 for each treatment (water, 

breakthrough, Actigard, C9-1, A506, hrpL, and Ea153N).  One clipping per replication 

was saved and placed in phosphate buffer for determining the bacterial populations on the 

leaves (Figure 3C).  Dilutions from the samples in phosphate buffer were made as 

described above for flowers.  
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Figure 3.  Flowers were inoculated with 10ul of the assigned treatment (A).  On 
sampling days, flowers were selected from each tree representing a specific treatment.  
The petals and stigmas were removed and the remaining nectary packaged into 
Aluminum foil and plunged in liquid nitrogen (B).  Variation in sampling methods for the 
inoculation of leaves is shown (C). 

A. 

The screen house and Golden Delicious trees Treated branches are tagged 

Opening flowers ready for inoculation Flowers removed and collected on sampling days 

 
B. 

Sample flower     Petal removal 

Stem and stigmas cut leaving only the nectary 
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Multiple flower nectaries combined for each treatment replicate and packaged in Aluminum foil

Packets plunged in liquid nitrogen 
Flowers for sampling bacterial populations 

placed in 24-well plate  
 

C.  

Selected branches treated by 
immersing in solution in a bucket

Each leaf is cut into multiple strips

Strips for each treatment replicate are packaged in Aluminum foil 
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Primer development. 
 
 
Primers used in PCR for amplification of the target apple genes were designed based 

upon those previously used by Venisse et al. (2002). It was of interest to obtain primers 

that would produce single fragments with lengths between 200 to 500-bp and the ability 

to anneal at 50 to 55°C.  For the amplification of the gene for Malus spp. PR-5 protein, 

the following forward and reverse sequences were used (5’ to 3’): PR5-F 

AACACTGTTTGGCCAGGAACC (Tm 58.3°C) and PR5-R-

GTTGAAGCCGTCAACAAGGC (Tm 57.2°C), which produces a 309-bp fragment.  

Forward and reverse sequences, CHI-F-TTCAAGTGACAACGATACTGCC (Tm 

55.2°C) and CHI-R-CGATCGACTCTAGAACTGCC (Tm 54.7°C), were used to 

amplify a 362-bp fragment of the gene for Malus chalcone isomerase.  For the 

amplification of the gene for Malus chalcone synthase, CHS-F-

CTAGTGACACCCACCTTGACA (Tm 56.4°C) and CHS-R-

CAGAATAGCAGGGCCACCTG (Tm 58.1°C) primers were used, producing a fragment 

of 442-bp.  Additional primers for amplification of the gene for Malus elongation factor 

1-alpha (constitutively expressed gene as a positive control) were designed using Vector 

software.  The forward and reverse primers, EF1α-F 

GGTCATTCAAGTATGCCTGGGTG (Tm 58.0°C) and EF1α-R 

TGGGAGTGGTGGCATCCA (Tm 59.2°C), produce a fragment of 327-bp.  The 

alignment of this fragment with the Malus EF1α gene sequence on BLAST is shown in 

Figure 4. 
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Genomic DNA extraction. 
 
 
To obtain a positive control for use in PCR reactions, DNA was extracted from untreated 

Golden Delicious flowers using the Mo Bio (Carlsbad, CA) UltraClean Plant DNA 

Isolation Kit.  To obtain a starting mass of approximately 50 mg, a flower nectary was cut 

in half.  The flower tissue was added to the Bead Solution Tube and 60 μl of Solution P1, 

a solution containing sodium dodecyl sulfate (SDS), was added to lyse the plant cell 

walls and release denatured single stranded DNA.  The alkaline conditions are also 

favorable for the digestion of unwanted RNA since RNaseA is active.  The tube was 

vortexed once to mix and then placed in a 65°C water bath for 10 minutes.  Next the 

flower tissue was homogenized by attaching the tube to a flat-bed pad with tape and 

vortexed at maximum speed for 10 minutes.  The tube was then centrifuged at 9,000 x g 

for 30 seconds, allowing tissue debris to settle.  The supernatant (approximately 400-450 

μl) was removed and transferred to a new microfuge tube. In order to precipitate and 

separate unwanted proteins from the DNA, 250 μl of Solution P2 was added to the 

supernatant and vortexed for 5 seconds.  Then the tube was incubated at 4°C for 5 

minutes to precipitate unwanted proteins.  Next the sample was centrifuged at 10,000 x g 

for 1 minute and the supernatant (approximately 500 μl) transferred to a new microfuge 

tube.  Then 1ml of Solution P3, a binding salt, was added to the supernatant and vortexed 

for 5 seconds.  650 μl of the sample (not the entire solution) was loaded onto the spin 

filter column and centrifuged for 30 seconds at 10,000 x g.  Solution P3 helps the DNA to 

bind to the silica spin filter, so the flow through was discarded.  The rest of the 

supernatant was added to the spin filter and centrifuged for 30 seconds at 10,000 x g and 

the flow through discarded.  300 μl of Solution P4, the wash buffer, was added to the spin 
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filter to wash the excess salt from the filter and centrifuged for 30 seconds at 10,000 x g.  

Flow through was discarded and the filter was centrifuged again for 1 minute.  To elute 

the DNA, the spin filter was placed in a new microfuge tube, 50 μl of Solution P5 added, 

and centrifuged for 30 seconds.  The P5 solution contained 10mM Tris buffer that 

allowed the DNA to be released from the spin column filter. 

 

RNA extraction from flower samples. 
 
 
Apple flower tissue samples were retrieved from -80°C and kept in liquid Nitrogen on the 

lab bench.  Liquid nitrogen was poured into four different mortars so that four samples 

could be processed at a time quickly to avoid degradation of RNA.  One floral nectary 

from a packet of a sample treatment was placed in a mortar with liquid nitrogen and 

crushed with a pestle.  Liquid nitrogen was added continuously to the samples during 

grinding in the mortar.  The debris of each sample (approximately 100 mg of tissue per 

nectary) was poured into a 1.5 ml sterile microfuge tube for extraction of RNA by the 

Qiagen (Valencia, CA) RNeasy Mini Protocol for isolation of total RNA from Plant Cells.  

For each sample, 450 μl of buffer RLT (guanadine thiocyanate plus β-mercaptoethanol) 

was added and vortexed to disrupt plant cells.  As much liquid as possible was transferred 

into a QIAshredder column, and centrifuged for 2 minutes at maximum speed (14, 000 

rpm).  The supernatant from the flow-through column was transferred to a new microfuge 

tube and the pellet was discarded.  To the supernatant, 225 μl of 100% ethanol was added 

and the solutions mixed.  This solution was transferred to a RNeasy mini column and 

centrifuged for 15 seconds at maximum speed.   
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For DNase treatment, 350 μl of RW1 buffer containing 2.5% to 10% guanadine 

thiocyanate and ethanol each, was added and centrifuged for 15 seconds at maximum 

speed.  10 μl of DNase 1 stock and 70 μl buffer RDD were mixed together, applied to the 

column and incubated for 15 minutes at room temperature on the column filter to digest 

any DNA present.  Another 350 μl of RW1 buffer was added to the column to remove the 

DNase and centrifuged for 15 seconds at maximum speed.  The column was transferred 

into a new 2 ml collection tube and 500 μl of RPE containing ethanol, was added to wash 

the column.  The column was centrifuged for 15 seconds at maximum speed.  Another 

500 μl of RPE was added to the column and centrifuged 2 minutes at maximum speed.  

After the second RPE treatment, the column was centrifuged again for 1 minute at 

maximum speed.  The column was transferred to a new 1.5 ml tube and 50 μl of RNase-

free water (DEPC) was added.  The column was incubated for 1 minute and then 

centrifuged for 1 minute at maximum speed.  The elution was repeated by adding a 

second 50 μl  volume of RNase-free water, incubated,  and centrifuged for 1 minute at 

maximum speed.  The elutions were combined for a total 100 μl volume.  At this point, a 

second DNase treatment was performed following the Qiagen RNA Mini Cleanup 

protocol consisting of a modified version of the initial extraction process.  The RNA used 

for subsequent steps was eluted in two 30 μl volumes of RNase-free water.   

 

RNA extraction from leaf tissues. 
 
 
The same procedure using the Qiagen kit to extract RNA from flowers was tested for leaf 

tissues, however, very low yields of RNA were obtained.  Other labs also have had this 

problem.  It is theorized that leaf RNA adheres to the elution column and is more difficult 
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isolate   The Trizol protocol of Invitrogen (Carlsbad, CA) was recommended, which is 

described below.  One leaf sample was homogenized in liquid Nitrogen and 1 ml of 

Trizol solution was added until the sample thawed.  In a microfuge tube, tubes were 

incubated for 5 minutes at room temperature until phases separated.  To each tube, 200 μl 

of chloroform was added, tubes were shaken for 15 seconds, and incubated for 2 to 3 

minutes at room temperature.  The sample was centrifuged for 15 minutes at 12,000 x g 

at 2 to 8°C.  The lower, phenol-chloroform phase was discarded. The extraction was 

repeated until no interphase remained.  The aqueous phase was transferred for RNA 

precipitation and 500 μl isopropyl alcohol was added.  The sample was incubated at room 

temperature for 10 minutes and centrifuged for 10 minutes at 12,000 x g at 2 to 8°C.  The 

pellet was retained and washed with 1 ml of 75% ethanol.  The pellet and ethanol was 

vortexed and centrifuged at 7,500 x g for 5 minutes at 2 to 8°C.  The pellet was dried for 

5 to 10 minutes and then dissolved in 100 μl RNase-free water.  The quantity and quality 

of RNA obtained from this method was evaluated with a UV spectrophotometer and 

agarose gel electrophoresis described below. 

  

RNA quantification and evaluation.  
 
 
The RNA was quantified with a UV spectrophotometer using 1 μl from the extraction 

procedure plus 9 μl DEPC water.  After concentration of RNA was determined, all 

samples were diluted to obtain a concentration of 100 ng/μl.  If initial concentration of 

RNA was lower than the desired value, the sample was concentrated under vacuum to 

obtain at least 13 μl of an RNA solution containing 100 ng/μl.  PCR was performed on 

the resulting RNA samples to check for remaining genomic DNA contamination.  The 
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PCR reaction contained 18.5 μl water, 2.5 μl buffer, 0.5 μl dNTPs, 0.5 μl Taq polymerase, 

0.5 μl of the forward and reverse primers for CHI, and 2 μl of the RNA template.  PCR 

conditions consisted of initial heating at 98°C for 3 minutes, followed by 35 cycles of 

98°C for 30 seconds, 51°C for 30 seconds, and 72°C for 30 seconds, and then a final 

extension cycle at 72°C for 10 minutes.  The PCR products were loaded on a 1% Agarose 

gel containing ethidium bromide and electrophoresed at 70V for 1 hour. 

 

Reverse-transcription (RT) PCR. 
 
 
The Invitrogen RT-PCR kit was used for creating cDNA from RNA samples.  In PCR 

tubes the following components were mixed: 1μl Oligo (dt)12-18 (random primers that 

vary in length from 12 to 18 nucleotides), 1 μl dNTP mix (50x), up to 10 μl RNA for a 

total of 250 ng, and 0 to 10 μl of water as needed for a final volume of 12 μl.  The tubes 

were placed in a thermocycler and heated at 65°C for 5 minutes.  When the temperature 

returned to 10°C, the tubes were removed for a quick chill on ice.  To each tube, the 

following ingredients were added and mixed gently: 4 μl 5x buffer, 2 μl 0.1M 

dithiothreitol (DTT, a sulfide bond reducing agent), and 1 μl of RNase-out (recombinant 

ribonuclease inhibitor).  The tubes were heated at 42°C for 2 minutes, removed, and 

placed on ice for another quick chill.  1 μl SuperScript II RT or 1 μl H2O for negative 

control group were added, and the tubes were incubated at 42°C for 50 minutes, and then 

incubated at 70°C for 15 minutes.  The final concentration of cDNA generated was 

quantified in a 1 μl sample with a UV spectrophotometer as described above and the 

concentration of DNA in samples was adjusted to 100 ng/μl. 
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PCR was performed with the cDNA obtained from the RT-PCR procedure.  The reaction 

mixture contained: 19.5 μl MilliQ water, 2.5 μl ThermalAce buffer (contains 200mM 

Tris-HCL (pH 8.4), 500mM KCl), 0.5 μl dNTP mixture, 0.5 μl Taq polymerase 

(ThermalAce), 0.5 μl forward and reverse primers for the gene of interest, and 1 μl cDNA 

(or 1 μl sterile MilliQ water for control tubes) for a total of 25 μl.  PCR conditions 

consisted of initial heating at 98°C for 3 minutes, followed by 35 cycles of 98°C for 30 

seconds, 51°C for 30 seconds, and 72°C for 30 seconds, and then a final extension cycle 

at 72°C for 10 minutes.  Four primer sets to amplify gene fragments of interest were used 

for each cDNA preparation generated from RNA extracted from floral nectaries.  Thus, 

for a six treatment trial, 24 total PCR reactions were used to specifically generate the 

gene products of interest.  The intensity of these single fragments for a gene was 

quantified by loading the PCR products in a 1% Agarose gel containing ethidium 

bromide and electrophoresed at 70V.  Band intensities for each fragment from an 

expressed gene were visualized under UV irradiation and calculated using AlphaImager 

software.  The band intensity data were normalized by comparison to standard molecular 

weight markers.  The fold increases of gene expression for each treatment was compared 

as ratios over EF1α expression, a plant cell elongation protein, which is constitutively 

expressed within every flower, or leaf independent of conditions. 
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Results  

 

Detached branches maintained in water compared to whole tree samples. 
 
 
Previous researchers studying gene expression in apple flowers treated with E. amylovora 

or an avirulent mutant used branches cut from trees and maintained in buckets of water.  

Branches from Rome Beauty apple trees were cut and placed in buckets of water in the 

screen house.  However, I found that samples maintained with this method were 

unsuitable to study host-microbe interactions. After only two days following inoculation 

of the branches, the flowers and leaves already were beginning to wilt and brown.  When 

day five came, it was difficult to find healthy looking flowers for sampling. Therefore, 

the flowers sampled from detached branches were not evaluated further because I did not 

consider these tissues to be a good representation of the E. amylovora disease process and 

host response. 

 

In contrast, flowers on intact trees looked healthy and exhibited a normal progression of 

development from early bloom to petal fall in the duration of the experiment.  The 

bacteria treatments applied to flowers on whole trees either maintained steady levels of 

colonization or populations increased (Figure 4).  In 2004, final bacteria populations 

reached 104-105 CFU/nectary, while in 2005, they reached 106-107 CFU/nectary.  All 

flowers processed for RNA extraction and gene expression were harvested from whole 

trees. 
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Figure 4.  Bacterial population sizes of Pseudomonas fluorescens A506, Pantoea 
agglomerans C9-1, Erwinia amylovora Ea153N, and the avirulent hrpL mutant of Ea153 
on flowers sampled on day 2 and 5 in April 2005 (A), and on day 0 and 5 in April 2004 
(B) in Corvallis, OR orchards.  The population size is recorded as log CFU/nectary of the 
bacteria from the sampled flowers.  Vertical bars represent one standard error of the mean. 
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Attempts to isolate RNA from leaf samples. 
 
 
Other researchers have examined defense gene expression genes in pear and apple leaf 

tissues.  I established another trial on inoculated leaves of Golden Delicious trees.  

Unfortunately, very low levels of RNA were isolated from leaves with the same Qiagen 

extraction kit and methods used for flowers.  After discussing the problem with other 

researchers, we speculated that the kit is insufficient for extracting RNA from leaves, 

perhaps due to irreversible adhesion of RNA to the extraction column.  When this 

procedure failed, the Invitrogen method with Trizol was used to extract RNA.  This 

process also produced low levels of RNA, and upon separating the RNA in a 1% Agarose 

gel, degradation was seen.  This indicates that it is difficult to stabilize the RNA during 

the Trizol procedure.  Because the extraction methods for RNA from leaf samples was 

not successful, no data of gene expression from leaf tissue was obtained. 

 

Isolation of RNA from floral samples.  
 
 
As described in the methods section, 100 mg of each flower nectary used for RNA 

extraction.  This flower mass was suitable for RNA extraction with the Qiagen Mini Kit, 

since a sufficient amount of RNA was produced for each treatment sample without 

degradation.  Apple genomic DNA was successfully isolated from flowers using the 

MoBio kit and used as a positive control for the PCR reactions.  
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Primer evaluation. 
 
 
Each primer PCR product amplified from genomic DNA was sequenced and analyzed 

with BioEdit and GenBank software.  All of the PCR product sequences aligned well 

with known sequences for the genes being amplified.  Using BLAST, EF1a aligned with 

93% and 92% identities respectively to pear and apple EF1α genes.  The CHS gene 

product showed 95% identity with the apple gene encoding for CHS and BLAST showed 

99% alignment of the CHI gene product with the known apple gene encoding for CHI.  

PR-5 had 95% identity with the recorded sequence for apple PR-5.  The alignment for the 

EF1α gene product obtained is compared to EF1α genes from apple and pear genomes, 

indicating the experimental gene product is a reliable representative for the full length 

genes for EF1α (Figure 5).  Therefore, the primers are accurate in amplifying the genes of 

interest and could be successfully used with the experimental samples of RNA.  The 

agarose gel in Figure 6 illustrates successful gene expression of EF1α, CHS, CHI, and 

PR-5 by flower tissues treated with water, the hrpL mutant, and C9-1. 
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Figure 5. Alignment of EF1α 
 
The gene fragment sequence (306-bp) obtained from primers designed to amplify the 
gene for elongation factor 1-alpha in apples is shown aligned against sequences for Malus 
domestica and Pyrus pyrifolia elongation factor 1-α.  Sequences for Malus and Pyrus 
EF1α were obtained from GenBank under accession numbers DQ341381 and AY338250 
respectively. 
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Figure 6.  Chalcone isomerase (CHI), chalcone synthase (CHS), and PR-5 gene 
expression in flowers that were inoculated with water, the avirulent hrpL mutant of E. 
amylovora, or P. agglomerans C9-1.  Flowers were sampled in the April 2005 trial on 
days 2 and 5 and RNA extracted.  Gene expression is compared to EF1α (elongation 
factor 1-α), a constitutive gene always expressed in the apple nectaries.  The polymerase 
chain reaction amplification products were viewed on 1% agarose gels stained with 
ethidium bromide. 
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B. CHI Expression
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C. PR5 Expression
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Figure 7.  Gene expression of CHS (A), CHI (B), and PR-5 (C) in single flowers treated 
with water, P. fluorescens A506, P. agglomerans C9-1, an avirulent hrpL mutant of E. 
amylovora, Ea153, the pathogenic E. amylovora Ea153, or Actigard (2005 only).  The 
gene expression was quantified using AlphaImager to measure the band intensity of the 
PCR amplification products and the intensity value processed as a ratio over EF1α 
expression.  Results are shown for single flowers sampled in 2005 and 2004.  Zero gene 
expression of CHI or PR-5 relative to expression of EF1α was indicated with a “*” mark. 
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CHS expression. 
 
 
Expression of CHS in apple nectaries treated with the pathogen, Ea153N, was seen early 

in 2005 and maintained about the same level of expression for three days (Figure 7A).  In 

2004, the pathogen induced a 4.25-fold increase in CHS expression.  On the other hand, 

treatment of flowers with the chemical inducer, Actigard, showed a 4-fold increase in 

gene expression in 2005.  With treatment of flowers with the avirulent hrpL mutant of 

Ea153, CHS expression rose to approximately the same level on day 2 both years, but 

slightly decreased expression in 2005, and slightly increased expression in 2004.  C9-1 

induced CHS expression in nectaries earlier after inoculation in 2004 than in 2005 and 

therefore followed with a 3-fold decrease in expression.  In contrast, the expression of 

CHS in nectaries treated with C9-1 increased 4.75-fold in 2005.  In 2005, nectaries 

treated with A506 exhibited an increase in CHS expression 2.75-fold, while in 2004, the 

increase was slight.  Water induced CHS in nectaries earlier in 2005 and therefore 

decreased 2.75-fold over time.  Since CHS expression started later in 2004 in nectaries 

treated with water, gene expression increased 4.75-fold from day 2 to day 5. 

 

CHI expression. 
 
 
The pathogen, Ea153N, induced expression of CHI in nectaries 5-fold from day 2 to day 

5 in 2005 and 4.5-fold in 2004 (Figure 7B).  Chemical inducement with Actigard was 

stronger and showed an 8-fold increase in CHI expression in 2005.  The flowers treated 

with the hrpL mutant exhibited a slight decrease in CHI expression in both 2005 and 

2004, and the gene was induced early with this particular treatment in 2005 (0.825-fold 
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vs. next highest expression of 0.25-fold from A506).  The level of CHI expression 

induced by C9-1 increased 11.75-fold from day 2 to day 5 in 2005.  However, in 2004, 

gene expression decreased over the three day span, since the CHI gene was induced much 

earlier after inoculation.  Like C9-1, gene expression induced by A506 was seen earlier in 

2004 followed by a decrease, while in 2005, gene expression started lower and increased 

about 2-fold.  Finally, the trends seen from water treatment were similar between 2005 

and 2004.  In both years, CHI expression increased 7-fold and 3-fold respectively.  

 

PR-5 expression. 
 
 
Like most of the treatments, the pathogen strongly induced PR-5 expression in nectaries 

early following inoculation to 1.2-fold over EF1α expression (Figure 7C).  This was 

followed by an immediate drop to non-detectable expression on day 5 in 2005.  The 

pathogen also showed early PR-5 expression in 2004, however, there was only a slight 

decrease in gene expression on day 5.  Actigard also induced PR-5 expression early and 

instead continued to induce expression as seen by a 1.75-fold increase.  Like results with 

the pathogen, nectaries treated with the hrpL mutant showed high PR-5 expression early 

in 2005, which dropped from a 0.925-fold ratio over EF1α to expression below detection 

on day 5.  In 2004, PR-5 expression decreased more slowly over the three day time span, 

reaching 0.40-fold intensity of expression instead.  Nectaries treated with C9-1 behaved 

similarly to those treated with the hrpL mutant in both years, exhibiting a rapid and large 

decrease of 8.5-fold in 2005, while a slower decrease was observed in 2004.  The gene 

expression in nectaries treated with A506 on day 2 in 2005 was only half as much as all 

of the other treatments.  Over time, expression in nectaries treated with A506 decreased 
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5-fold to below detection. The results in samples from 2004 are in contrast to those of 

2005.  In 2004, A506 induced much more PR5 expression in nectaries on day 2, which 

then decreased about 4-fold by the day 5 sample.  Water largely induced PR-5 in 2005 in 

day 2 samples, followed by only a slight decrease.  In 2004, PR-5 expression in nectaries 

treated with water increased 3.25-fold from day 2 to day 5.  
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Discussion 

 

The concept of induction of resistance as a method for protecting apple and pear trees 

from possible bacterial invasion is attractive.  Since the use of antibiotics has failed to 

fully protect orchards against pathogens such as E. amylovora and antibiotic resistance is 

a concern, it is vital that we continue to search for new treatments in order to minimize 

crop losses.  Many groups have investigated induction of resistance by first determining 

which genes are involved in host defense.  The primary research on monitoring the 

defense response specific to E. amylovora in apple trees was conducted by Venisse et al. 

(2002).  In their study, flowers on detached apple branches maintained in water in 

buckets were inoculated.  I found that apple flowers maintained in water under variable 

environmental conditions deteriorated rapidly and may not represent the disease process 

and host plant gene expression realistically.  The experiment described in this paper is 

unique by the use of flowers on living trees, exposed to variable environmental 

conditions.  My research also is unique because I evaluated expression of plant genes 

associated with resistance response on flowers inoculated with biological control agents 

for fire blight.  I developed methods to evaluate gene expression in flowers maintained in 

these variable conditions.  Therefore, I anticipate that the data gained from this study can 

further enhance our understanding of how an apple tree reacts in a natural setting when 

exposed to E. amylovora and other bacteria. 

 

Although the sample size used to collect RNA and analyze gene expression was limited, 

there was some agreement with past literature.  Comparing the results of expression of 
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PR-5, the enhancement by all treatments was comparable to trends seen by Venisse et al. 

(2002), Faize et al. (2004), and Maxon-Stein et al. (2002).  Our data showed that PR-5 

was induced early on day two after inoculation, which was also observed by all the 

previously mentioned groups.  Concerning the effect of Actigard, PR-5 was induced, but 

not to the extent that was seen in the induction of PR-1, 2, and 8 (Faize et al. 2004; 

Maxon-Stein et al. 2002).  E. amylovora and the hrpL mutant both induced expression of 

PR-5 which is similar to the results of Venisse et al. (2002).  In my research, the 

pathogen stimulated a longer sustained expression of PR-5 than reported by Venisse et al. 

(2002).  A novel aspect of my research was the evaluation of gene expression on flowers 

treated with the biological control agents C9-1 and A506.  I found that C9-1 and A506 

also induced expression of PR-5.  These results indicate that this gene is responsive to 

chemical inducers and colonization by epiphytic bacteria, independent of the presence or 

absence of a hrp cluster in the strain.  Plants that express the gene encoding for PR5 

generally have decreased disease severity (Kim and Beer 2000).  In my research, the 

genes encoding for PR-5 were up regulated due to treatment with each bacterium tested.  

It is possible that the process of colonization of nectaries by epiphytic bacteria or 

potentially invasive bacteria can promote an immediate response by PR-5.  The 

possibility of a direct correlation of the bacteria triggering the response, however, 

remains undetermined. 

 

The phenylpropanoid pathway also has been suggested as a participant in the defense 

responses of an apple tree.  The genes used by previous studies to represent the activity of 

this pathway are CHS and CHI.  Though the products of these genes don’t inhibit 
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pathogens themselves, they lead to the synthesis of antimicrobial compounds and their 

intermediates associated with defense responses.  Previously, it was observed that a hrp 

mutant strain of E. amylovora induced expression of CHS, whereas the pathogen did not 

(Venisse et al. 2002).  I found that both the hrpL mutant and the pathogen induced 

expression of the genes for CHS.   In contrast to previously published research, I did not 

observe suppression of CHS in nectaries inoculated with the pathogen.  It is possible that 

in my study the pathogen didn’t invade the flower nectaries, but instead behaved more 

like an epiphytic hrp mutant strain. Disease symptoms were not observed in flowers 

treated with the pathogen in my study.  The temperature that the treated trees were 

exposed to was much lower in 2005, which could explain slower bacterial growth and the 

absence of symptoms on the flowers.  In the study by Venisse et al. (2002), the flowers 

that showed strong suppression of expression of genes encoding for CHS also were 

necrotic and wilted within eight days; exhibiting obvious disease symptoms.  The lack of 

suppression of the genes encoding CHS, therefore, may be due to lack of invasion by the 

pathogen and death of the host tissues in my experiment.  Expression of the gene 

encoding for CHS was influenced by inoculation of nectaries with the biological control 

agents C9-1 and A506.  In nectaries treated with C9-1 and A506, early induction of CHS 

was observed in 2004, but not sustained by day 5, whereas in 2005, induction occurred 

later.  Because the gene encoding for CHS was induced by each bacterium independent 

of genera and pathogenicity, I conclude that there is an indication that induction of CHS 

is non-specific and colonization by each bacterium may lead to expression in apple 

nectaries. 
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In respect to the expression of CHI, the effect of Actigard agrees with previous results on 

studies on pear leaves.  Faize et al. (2004) observed a two- to three-fold increase in 

expression of genes encoding for CHI when Actigard was applied to leaves.  I observed 

an eight-fold increase in expression of genes encoding for CHI in apple nectaries.  The 

greater magnitude of increase in CHI could be due to a higher dose of Actigard that was 

applied to apple nectaries or may reflect different host tissues studied.  As for induction 

by the bacterial treatments, it was expected that expression was hrp-dependent and 

therefore only the pathogen would induce CHI (Venisse et al. 2002).  Although E. 

amylovora induced CHI in 2004 and slightly less in 2005, several other bacterial 

treatments lacking a functional hrp cluster, such as C9-1 and the hrpL mutant, also 

induced expression of CHI.  CHI expression cannot be associated with colonization of 

enteric bacteria, since the one pseudomonad, A506, also induced expression.  I conclude 

from these results that CHI expression is not necessarily limited to exposure to bacteria 

that possess a functional hrp cluster. It also is possible that other factors are able to 

induce a CHI response.  For instance, the phenylpropanoid pathway may be operational 

in developing apple flowers and the expression could be due to this metabolic process 

independent of bacterial colonization. 

 

In general, the disparities of the results from previous data may be due to the differences 

in environmental conditions to which the tissue were exposed.  While previous studies 

were performed in contained environments in which temperature remained fairly stable, 

the use of the screen house in my study added variable conditions to the experiment.  The 

outdoor environment provides other variables such as temperature, humidity, and wind, 
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which are uncontrollable.  These factors may influence which genes are expressed, and 

the intensity and duration of gene expression in apple nectaries.  These variable 

environmental effects would apply to the results obtained for all of the targeted genes 

across all treatments.   

 

In the midst of all the other treatments, treatment of apple nectaries with water also had 

great effects on gene expression.  Because of the absence of a non-treated control, we are 

unable to identify the exact reason behind this effect.  Either water is actually able to 

induce these genes or a slight disturbance to the flowers when handled for inoculation or 

sampling may have caused an increase in gene expression.  Another possibility to 

consider is that the pattern of gene expression seen may simply be a natural part of floral 

development.  Unfortunately no research has been published on the types of genes that 

are expressed at specific times in the development of a flower into an apple.  We must 

remember that the flower is a dynamic system where the host is continuously changing, 

responding to its environment, and transcribing relevant genes.  This is supported from 

observations that the window of susceptibility to bacteria is very narrow, generally within 

the first four days after initial opening (Gouk and Thomson 2003).  The precise nature of 

changes in flowers that make them less amenable to colonization by bacteria is not 

known.   Nonetheless, variation in expression of genes in this dynamic and rapidly 

changing plant tissue may be influenced greatly by aging rather than application of a 

particular treatment.   
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In order to minimize these possibilities and produce more precise and consistent results, 

some improvements can be made to the procedure.  It would be ideal to use real-time 

PCR to improve the quantification of the gene products.  Also, monitoring the actual 

enzyme activity or production of the protein products of the genes concurrently with gene 

expression would add to our ability to visualize what processes are really occurring 

within the host plant.  Previously, Venisse et al. (2002) observed a good positive 

correlation between gene expression and the measured enzyme activity associated with 

the gene product.  Next, we should consider revising the extraction process by combining 

flowers as bulk samples from a time point rather than processing individual flowers.  The 

combined flowers would create more of an average value of gene expression from the 

treatment group as a whole.  The last step would be to apply this optimized method to 

flowers on trees in orchards, without the confinement of the screen house.  Other variable 

conditions would be added to the experiment such as insect activity, rainfall, colonization 

by indigenous microbes, and direct sunlight.  Analyzing gene expression in flowers in 

orchards may provide a more realistic depiction of the processes of expression and 

suppression of genes associated with host resistance responses under conditions in which 

the disease actually occurs.   

 

Overall, it is too early to say whether induced resistance may be a useful tool for 

protecting crops from fire blight or if the commercial biological control agents effectively 

induce the expression of genes associated with host resistance.  Although the induction of 

these targeted genes may have shown promise in previous studies (Faize et al. 2004; 

Maxon-Stein et al. 2002; Venisse et al. 2002), we are still unsure precisely how the apple 
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flowers respond to colonization and invasion in a multiple variable environment.  

Additional information is necessary, which may be obtained by performing the suggested 

improvements above.  If we can indeed induce an effective defense response in apple 

crops, the severity of disease caused by E. amylovora may be diminished by the 

development of efficient chemical or biological control agents to induce the expression of 

these genes.   
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