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Several plant hormones, including ethylene and jasmonates, are known to 

mediate responses against biotic and abiotic stress.  The first and second objectives of 

this thesis were (i) to elucidate the role of ethylene in defense responses against 

Botrytis cinerea and specifically (ii) to determine the potential contribution of ethylene 

response factors (ERFs) to induced resistance.   

Besides being involved in plant protection, the gaseous plant hormone ethylene 

is an important developmental signal, controlling fruit ripening and other events.  With 

respect to plant-pathogen interactions ethylene can accelerate or inhibit infection 

depending on the plant species, organ, or age.  Ethylene is known to contribute to 

foliar resistance against B. cinerea.  This pathogen causes gray mold and other 

diseases.  It attacks more than 200 plant species, including apple (Malus domestica) 

and pear (Pyrus communis).  However, effects of ethylene on B. cinerea infection of 

fruits are not well understood.  I specifically examined the role of ethylene in defenses 



 
 

 

of pome fruits against B. cinerea.  Ethylene was manipulated exogenously and 

endogenously.  Inhibition of ethylene action and biosynthesis was found to stimulate 

infections of pear and apple fruits by B. cinerea, respectively.  This implicates 

ethylene in protecting fruits against B. cinerea. 

ERFs are known to specifically bind to ‘GCC’-boxes of defense-related target 

gene and to induce foliar resistance against necrotrophic pathogens.  To understand the 

defensive functions of this class of transcription factors in fruits, I characterized 

members of the ERF gene family in apple.  Four MdERF genes, which are expressed 

in apple fruits, were identified.  To determine dependence of gene expression on 

ethylene, untransformed and ethylene-silenced apples [Dandekar et al. (2004) 

Transgenic Res. 13: 373-384] were compared.  Only one of them, MdERF3, was 

induced by wounding and B. cinerea infection in ethylene-silenced apple fruits.  To 

test the function of MdERF3, the gene was transiently expressed in tobacco leaves.  

Elevated expression of MdERF3 was correlated with increased expression of the 

GCC-box-containing gene Chitinase 48.  Thus, MdERF3 appears to be part of the 

ethylene/pathogenesis-related defense response against B. cinerea in apple fruits.   

The third objective of my thesis was to investigate interactions between 

jasmonate and oligogalacturonic acid (OGA) signaling during defense responses 

against B. cinerea.  The Cervone hypothesis [Cervone et al. (1989) Plant Physiol. 90: 

542-548] states that OGAs generated from in vitro interactions between fungal 

polygalacturonases (PGs) and PG-inhibiting proteins (PGIPs) activate phytoalexin 

biosynthesis and other plant defense responses.  I tested the in vivo significance of this 



 
 

 

hypothesis using genetics.  The tomato mutant coi1 with a defect in the jasmonate 

signaling was crossed to a transgenic line constitutively expressing PGIP from pear.  

The results suggest that both jasmonates and PGIP independently alter resistance to 

this fungal pathogen, thus refuting the hypothesis that OGAs activate the jasmonic 

acid pathway. 
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CHAPTER 1 

 

General Background 

 

Agriculture is essential for modern societies.  Efficient and stable crop 

production is necessary to confront the increase in human population, to solve food 

security and starvation, and to reduce economic losses by attacks of plant pathogens.  

If plants are grown without rotation, disease occurs; this threatens stable crop 

production.  Crops have been bred to improve their eating quality and, more recently, 

to resist or tolerate diseases.  On the other hand, pathogens have evolved and adapted 

to cultivated crops.  An understanding of the mechanisms of plant-microbe interaction 

is necessary for maintaining stable crop production.  Protection from disease threats 

includes generation of cultivated plants that resist or tolerate plant pathogens; this 

helps to improve human life. 

In this first chapter, I will provide an overview of induced defense mechanisms 

after invasion of host plants by pathogens.  Because my investigations focused on 

fruits, recent findings on fruit ripening will also be summarized. 

 

Fruit Ripening 

The model plant used for studying organ development, maturation, ripening, 

shelf-life, and nutritional quality is tomato (Solanum lycopersicum) (Giovannoni, 

2007).  This species has been used to better understand mechanisms undyling the 
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ripening of climacteric fruit.  Ethylene production concomitantly increases with an 

increase in respiration during ripening of climacteric fruits.  In contrast, fruits such as 

citrus and grapes do not exhibit rises in respiration and ethylene production rise and 

are called non-climacteric fruits.  However, a recent study shows that ripening of 

climacteric fruits is also regulated by ethylene-independent mechanisms (Giovannoni, 

2007).  

Two transcription factors, Ripening-inhibitor (RIN) and Colorless non-

ripening (CNR), were determined to be necessary for tomato fruit ripening (Vrebalov 

et al, 2002; Manning et al, 2006).  RIN encodes a MADS-box protein; other members 

of this gene family are known to regulate floral development (Vrebalov et al, 2002).  

CNR encodes a SQUAMOSA promoter binding protein (SBP) gene; members of this 

gene family are reported to be involved in maize kernel development (Manning et al, 

2006).  Ethylene production was inhibited and both mutants do not ripen, but ethylene-

inducible genes are turned on in rin and Cnr mutants.  Although how RIN and CNR 

proteins are involved in fruit maturation is unclear, these results suggest that RIN and 

CNR play important roles upstream of ethylene signaling by a non-ethylene-mediated 

mechanism (Giovannoni, 2007).  Also, Rin and Cnr are considered to be common 

regulators of climacteric and non-climacteric fruits because the latter ripen without 

ethylene (Giovannoni, 2007).   

In terms of ethylene-mediated regulation of the fruit ripening, Kevany et al 

(2007) recently showed an interesting finding about the relationship between ethylene 
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receptors and fruit ripening.  Tomato ethylene receptors are classified into two groups: 

LeETR1, LeETR2, and NR belong to the subfamily l, and LeETR4-6 belong to 

subfamily ll (Klee, 2004).  Subfamily ll lacks one or more conserved histidine kinase 

domains.  Ethylene receptors are negative regulators of the ethylene signaling 

pathway.  In other words, receptors are active and suppress the ethylene signaling 

pathway in the absence of ethylene.  Ethylene treatment of immature fruits leads to the 

increase in mRNA expression of tomato ethylene receptor NR, LeERT4, and LeETR6 , 

whereas other receptors, LeETR1, LeETR2, and LeETR5, remain at a low level of 

expression (Kevany et al, 2007).  However, the abundance of ethylene receptor NR, 

LeERT4, and LeETR6 proteins is highest in immature fruits; these proteins are 

degraded during ripening and their disappearance causes an early-ripening phenotype.  

Although we are ignorant of the details of cumulative ethylene measurement in fruits, 

degradation of ethylene receptors plays a key role in the onset of ripening through 

sensing of cumulative ethylene levels (Kevany et al, 2007).    

 

Plant Pathogens  

Plants are infected by pathogens, but diseases differ between plants and 

animals.  Most of the plant diseases are caused by fungi, whereas other 

microorganisms are primary infective agents of animals.  According to Agrios (1997), 

8,000 species of fungi cause ~100,000 diseases.  At least 200 bacteria, ~75 mollicutes, 

more than 500 viruses, 20 viroids, and more than 500 other species cause diseases in 
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North America.  Infection by microorganisms does not always have disadvantages for 

plants.  Beneficial interactions with microbes include symbioses with mycorrhizae 

(Limpens and Bisseling, 2003) and nitrogen-fixing rhizobia (Parniske and Downie, 

2003).  Although plants are attacked by pathogens, they have sophisticated ways of 

preventing invasion.  Animals have a circulatory blood system with lymphocytes 

(Abbas et al, 1996); plants lack such a system.  Nevertheless, plants can recognize 

pathogen attack at the level of individual cells.  Upon pathogen recognition, signals 

are transmitted to activate various kinds of plant defense responses (Nϋrnberger et al, 

2004). 

Plant pathogens can be classified into three groups based on the host status: 

biotrophic, facultative biotrophic, and necrotrophic plant pathogens.  Hemi-biotrophic 

pathogens, such as Magnaporthe grisea, live on living organisms, but they can also 

survive on dead tissues depending on the condition.  Obligate biotrophic pathogens, 

such as powdery mildew, downy mildew, and rust, can only live in association with 

another living organism.  Haustoria, which are specialized hyphae for nutrient 

absorption and metabolism, are formed in infected host cells (Mendge and Hahn, 

2002; Panstruga, 2003).  Mendgen and Hahn (2002) proposed that, in association with 

the host, secretion of lytic enzymes by biotrophic hyphae is limited.  Compatible 

interactions are established between host plants and biotrophic pathogens without host 

cell death. 
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Certain factors that condition compatibility between biotrophic pathogens and 

their host plants are known.  Although Erysiphe graminis, the causal pathogen of the 

powdery mildew, forms appressoria and tries to invade the barley mlo mutant, fungal 

penetration is stopped at the level of the host cell wall (Wolter et al, 1993).  Vogel et 

al (2002) selected Arabidopsis mutants with decreased symptom formation in response 

to the powdery mildew fungus E. cichoracearum.  They identified six recessive loci, 

powdery mildew resistant (pmr) 1-6 (Vogel and Somerville, 2000; Vogel et al, 2002; 

Vogel et al, 2004).  Efficiency of fungal penetration was not different from wild type, 

but mycelial growth was greatly reduced and, eventually, fungal growth completely 

stopped.  PMR6 encodes a putative pectate lyase, which is predicted to be cell wall 

localized (Vogel et al, 2002).  The pmr6-mediated resistance does not require 

activation of defense pathways induced by the plant hormones salicylic acid, jasmonic 

acid, and ethylene.  Vogel et al (2002) hypothesized that resistance mediated by pmr6 

is based on accumulation of pectin between fungal haustorial cell and plant 

extrahaustorial membrane due to the lack of pectate lyase and decreased nutrient 

availability to the fungus.  PMR5 belongs to a large plant-specific gene family of 

unknown function and pmr5 cell walls are enriched in pectin (Vogel et al, 2004).  

Double mutant analysis of pmr5 and pmr6 suggests that both genes affect pectin 

composition (Vogel et al, 2004).  

Necrotrophic pathogens kill host cells using toxic molecules and lytic enzymes 

(van Kan, 2006).  The fungal pathogen Botrytis cinerea and Alternaria brassicicola 
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are necrotrophs.  These fungi kill host cells at very early stages of infection.  In 

contrast to biotrophic plant pathogens, gene-for-gene resistance mechanisms are not 

known to control interactions between necrotrophic pathogens and plants (Glazebrook, 

2005; Wolpert et al, 2002).    

 

Gene-for-Gene Resistance  

The plant resistance mechanisms have been classified into two groups: one is 

very specific induced through direct (Dodds et al, 2006) or indirect recognition of 

pathogen avirulence (avr) proteins by corresponding resistance gene products in 

specific cultivars.  This genetic interaction has been termed gene-for-gene resistance 

(Flor, 1955).  The second mechanism confers resistance to a broad range of pathogens.  

This type of resistance is considered to be similar to the innate immune system of 

animals (Nurnberger et al., 2004).   

Although avr genes are termed avirulence genes based on the gene-for-gene 

hypothesis, avr genes can function as virulence factors in compatible host plants not 

containing R genes.  Examples of bacterial avr genes acting as virulence factors are 

avrBs2 from Xanthomonas campestris pv. vesicatoria (Swords et al, 1996), avrE from 

Pseudomonas syringae (Lorang and Keen, 1995), avrRpm1 from P. syringae pv. 

maculicola (Ritter and Dangl, 1995), and avrXa7 from Xanthomonas oryzae pv. 

oryzae (Yang et al, 2000).  Virulence functions of avr genes have also been reported in 

fungi.  NIP1 from Rhynchosporium secalis, the causal pathogen of the leaf spot 
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disease of barley, is the avirulence gene that interacts with Rrs1 resistance genotypes 

of barley.  Lack of NIP1 results in reduced virulence, clearly implicating NIP1 as a 

virulence factor (Schurch et al, 2004).  

Few host-pathogen associations are controlled by gene-for-gene type 

mechanisms through direct interactions between avr and R gene products (Dodds et al, 

2006).  By comparison, most R genes recognize a modified host component.  The 

guard hypothesis has been formulated to account for this latter type of recognition of 

modified self.  RPM1 interacting protein4 (RIN4) is the target of three avr gene 

products, i.e., avrRpt2, avrB, and avrRpm1, all of which are secreted through the type 

lll secretion system of P. syringae.  The R gene Rps2 forms a complex with RIN4, but 

RIN4 is degraded by avrRpt2, which has cysteine protease activity (Axtell et al, 2003; 

Mackey et al, 2003), leading to defense responses activated via Rps2.  On the other 

hand, avrB and avrRpm1 gene products phosphorylate RIN4 and activate the R gene 

product RPM1 (Macjey et al, 2002). 

One class of R genes has extracellular leucine-rich repeats                         

(LRRs) (Nurnberger et al, 2004; Baker et al, 1997).  These types of R gene products 

are anchored in the membrane; some have a cytosolic protein kinase domain, e.g., 

Xa21; others do not have a cytosolic domain, e.g., Cf-9.  Signaling occurs via a MAP 

kinase cascade (Asai et al, 2002), resulting in activation of WRKY transcription 

factors (Asai et al, 2002).  LRR transmembrane receptor kinases play important roles 

in plant development (Shpak et al, 2003) and meristem differentiation (Fletcher et al, 
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1999).  This family of receptor-like kinases has therefore not been exclusively selected 

for R gene function (Fletcher et al, 1999).  Another class of R genes that is dedicated 

to defense against pathogens is located in cytosol and contains nucleotide binding site 

(NBS)-LRR domains.  This category of R genes contains a Toll-Interleukin receptor 

(TIR) or a coiled-coil domain at the amino terminus. By comparison, Drosophila Toll 

and mammalian Toll-like receptors, which contain extracellular LRR and cytosolic 

TIR domains, activate innate immune responses.   

 

Elicitor-induced Defense Responses 

Upon pathogen exposure, the initial step of triggering the immune system is 

that the pathogen- or microbe-associated molecular patterns (PAMPs/MAMPs) are 

recognized by pattern recognition receptors (PRRs).  This concept has initially been 

formulated by an immunologist (Janeway, 1989) and recently been applied to plants 

(Jones and Dangl, 2006; Nϋrnberger et al, 2004).  PAMPs/MAMPs represent 

conserved molecules that perform essential microbial functions.  Evolution of 

resistance against recognition by the host is therefore highly unlikely.  As a 

downstream response to recognition of PAMPs by PRRs, PAMPs-triggered immunity 

(PTI) ensues.  Characterization of flagellin and its plant receptor FLAGELLIN 

SENSITIVE2 (FLS2) has provided genetic evidence for PTI in plants (Robatzek et al, 

2006).  Similarly, chitin and β-(1-3)-glucan fragments may act as PAMPs/MAMPs.  

These fungal surface epitopes and oligogalacturonides (OGAs) have long been known 
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as oligosaccharide elicitors, which can induce resistance to wide range of pathogens 

(Shibuya and Minami, 2001).  Responses of plant cells to elicitor signals include 

induced synthesis of anti-microbial compounds, such as antimicrobial peptides, 

phytoalexins and cell wall fortification through formation of lignin.  The β-glucan 

from Phytophthora spp. activates phytoalexin accumulation; a putative membrane-

bound receptor of the glucan elicitor was found in soybean (Yoshikawa et al, 1983; 

Umemoto et al, 1997).  Also, chitin oligosaccharides (N-acetylchitooligosaccharides), 

a breakdown product of fungal cell walls, activate phytoalexin accumulation; a 

putative receptor with a structure similar to symbiotic receptors recognizing Nod 

factors from rhizobia (Limpens et al, 2003) was found in rice cell cultures (Yamada et 

al, 1993; Kaku et al, 2006).  Therefore, polysaccharides not only serve as an energy 

source, but they are also an important signal for triggering defense response.  In 

contrast to bacterial PAMPs, the role of oligosaccharide elicitors in vivo has not been 

clarified (Shibuya et al, 2001).      

Endo-polygalacturonase (endo-PG) hydrolyzes homogalacturonan consisting 

of polygalacturonic acid in plant cell walls.  This action may release elicitor-active α-

1,4-linked OGAs  (Lee et al, 1999) although this has been disputed to occur because 

fungal endo-PGs are active enough to break down polygalacturonic acid into 

monomeric and dimeric uronide products in the presence or absence of pear PGIP 

(Sharrock and Labavitch, 1994).  A receptor interacting with OGAs remains elusive.  

However, OGAs were shown to interact with plasma membranes from plants and to 
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specifically phosphorylate the protein remorin (formerly known as pp34) in potato 

membranes (Farmer et al, 1991; Reymond et al, 1996).  Interestingly, E. coli-

expressed remorin itself bound to OGAs, polygalacturonic acid, and fractionated 

pectin (Reymond et al, 1996).  Remorin was isolated from plasma membranes and 

shown to be a hydrophilic protein.  Amino acids related to uronide binding were 

conserved between pectate lyase C and remorin (Reymond et al, 1996).  Based on 

genome-wide annotation of remorins, 16 and 19 remonin genes were identified in 

Arabidopsis and rice (Oryza sativa), respectively (Raffaele et al, 2007).  Homogygous 

insertion mutants are not available, possibly indicating a lethal phenotype when 

remorin function is abolished (Raffaele et al, 2007).  The exact mechanism of remorin-

mediated OGA signaling remains to be elucidated. 

 

Plant Hormone-induced Defense Responses 

Brassinosteroids, one class of plant hormones, have been reported to induce a 

broad range of defense responses (Nakashita et al, 2003).  Genetic evidence suggests 

that brassinosteroid and flagellin signaling utilize similar molecular components 

(Chinchilla et al, 2007).  Nevertheless, two classical hormone response pathways are 

known to induce pathogen resistance in plants.  Ethylene and jasmonates activate a 

wound-related signaling pathway.  Another pathway is activated by salicylic acid to 

induce both local and systemic acquired resistance (SAR).  SAR results from previous 

challenge by plant pathogens, leading to induced resistance in previously unchallenged 
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parts of the plant.  Methyl salicylate has recently been proposed to be the mobile 

signal in tobacco (Park et al, 2007) although a lipid-derived molecule may also be 

translocated to induce SAR (Maldonado et al, 2002).  Induced systemic resistance 

(ISR) is different from SAR because it is induced by non-pathogenic bacteria, e.g., 

Pseudomonas fluorescens, that colonize roots.  As a result, Arabidopsis plants induced 

by ISR are resistant to foliar infection by P. syringae pv. tomato.  Based on mutant 

studies, jasmonate and ethylene signals are necessary for ISA, but not salicylic acid 

(van Wees et al, 2000).  Nevertheless, non-expressor of pathogenesis-related protein 1 

(NPR1) is required for both ISR and SAR.  NPR1 is homologous to IκB, which is a 

component of the interleukin1 receptor pathway and inhibitor of nuclear factor kappa 

B (NFκB), a transcriptional activator in mammalian cells (Ryals et al, 1997).  IκB and 

NFκB act downstream of TIR activation, demonstrating that not only receptors, but 

also the downstream regulators, are evolutionarily conserved between plants and 

animals to induce the immune responses. 

Interestingly, MPK4 kinase activity and its downstream components 

PAD4/EDS1 (phytoalexin deficient4/enhanced disease susceptible1) mediate both 

salicylic acid and ethylene signaling for defense (Brodersen et al, 2006).  Certain 

regulatory components are therefore essential for both ethylene- and salicylic acid-

induced defense responses.  

Ethylene is produced in response to wounding, but ethylene can also contribute 

to disease resistance depending on the plant-pathogen combination (van Loon et al, 



 
 

12

 
 

2006).  Ethylene response factor 1 (ERF1) overexpression up-regulates basic PR 

proteins in Arabidopsis; transgenic plants are more resistant to necrotrophic 

pathogens, such as B. cinerea and Plectosphaerella cucumerina, than untransformed 

controls (Berrocal-Lobo et al, 2002).  In contrast, susceptibility of ERF1-

overexpressing plants to Pseudomonas syringae pv. tomato DC3000 increased.  This 

pathogen is known to be controlled by the salicylic acid pathway.  In conclusion, 

ethylene induces resistance against necrotrophic pathogens but susceptibility to 

biotrophic pathogen.   

The notion that ethylene contributes to induction of foliar resistance against B. 

cinerea has been supported by genetic studies (Alonso et al, 1999; Thomma et al, 

1999; Berrocal-Lobo et al 2002).  However, the contribution of ethylene to disease 

resistance of fruits during ripening has not yet been sufficiently explored (Fig. 1.1). 

The second chapter of this dissertation describes of the contribution of ethylene 

to induced defense responses against B. cinerea in pear fruits.  In addition to the role 

of ethylene, relationships among fruit firmness, pathogen polygalacturonase activity, 

and B. cinerea lesion expansion were investigated.  Ethylene was exogenously 

manipulated with the help of chemicals in chapter 2, but ethylene-suppressed 

transgenic apples were used instead of chemical treatments in the third chapter.  The 

effect of ethylene via ethylene response factors in disease resistance to B. cinerea was 

investigated in ethylene-suppressed apple fruits and by transient expression in tobacco 

leaves.  Chapter 4 is about jasmonate-inducible defense responses against B. cinerea.  
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This was a collaborative effort with Dr. Ann Powell’s group at U. C. Davis as part of 

the NSF-sponsored study on resistance mechanisms in green tomato fruits.  The 

Powell group has previously shown that immature tomato fruits are resistant to B. 

cinerea whereas ripening tomatoes are not.  Polygalacturonase inhibitor proteins 

(PGIPs) are known to reduce fungal growth in plants.  Endogenous pear PGIP 

amounts are high in immature fruits but low in red ripe tomatoes (Powell et al, 2000), 

suggesting that PGIP is negatively regulated by ripening.           

The hypothesis that PGIP induces resistance against B. cinerea via the 

jasmonate pathway through production of OGAs was tested in vivo using tomato 

genetics (Fig. 1.2).  This hypothesis is a modification of Cervone’s hypothesis.  He 

proposed that interaction between PG and PGIP increases the size of polygalacturonic 

acid breakdown products, OGAs, to activate plant defense responses based on in vitro 

results.  Jasmonic acid is known to contribute to resistance against B. cinerea in 

Arabidopsis (Thomma et al, 1998; Ferrari et al, 2003a) and OGAs have been proposed 

to activate jasmonate signaling (Howe et al, 1996). 
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Fig. 1.1. The purpose of this dissertation was to provide a better understanding of 
defense responses that are induced by plant hormones against B. cinerea in apple and 
pear fruits and in tomato leaves.  A model of potential effects of ethylene on defense 
and development are shown here.  Sources of ethylene are either fruits or pathogens.  
Ethylene is known to trigger ripening of climacteric fruits but the relationship between 
ethylene and defense responses in fruits was not clear at the beginning of these studies. 
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Fig. 1.2.  Model depicting the hypothesis tested that PGIP induces resistance against 
B. cinerea via the jasmonate pathway through production of OGAs. 
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Abstract 

The plant hormone ethylene regulates developmental processes as well as 

responses to abiotic stress and pathogens.  Ethylene influences interactions between 

the gray mold pathogen Botrytis cinerea and its hosts.  The primary objective of this 

study was to determine the effect of ethylene on gray mold susceptibility of pear fruits.  

B. cinerea induced ethylene emission from infected pear fruits.  As expected, ethylene 

production and softening of pear fruits were accelerated by propylene and inhibited by 

1-methylcyclopropene (1-MCP), but these chemical treatments had a relatively small 

effect on the rate of lesion expansion after wound inoculation with B. cinerea.  Co-

treatment of pear fruits with 1-MCP and aminoethoxyvinylglycine (AVG) delayed the 

onset of ethylene emission well beyond the onset of lesion expansion.  The trace 

amount of ethylene produced after inhibition with AVG and 1-MCP was at least 

partially produced via 1-aminocyclopropane-1-carboxylic acid.  Gray mold 

susceptibility was cultivar-dependent; d’Anjou pears were more susceptible than 

Bartlett fruits.  Storage enhanced the susceptibility of pear fruits.  Virulence of the B. 

cinerea strain B05.10 was dependent on the polygalacturonase gene Bcpg1, but not on 

the pectin methylesterase gene Bcpme1.  Thus, we conclude that, unlike exogenous 

manipulation of ethylene and associated changes in fruit softening, pectin catabolism 

plays a major role in gray mold susceptibility of pear. 

 

 



 
 

18

 
 

Introduction 

 The plant hormone ethylene regulates various developmental processes and 

stress responses (Wang et al., 2002).  Plant ethylene is synthesized from methionine 

via S-adenosylmethionine (SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC) 

(Adams and Yang, 1979).  The conversion of SAM to ACC is catalyzed by ACC 

synthase, which is considered to be rate-limiting (Sato and Theologis, 1989).  ACC 

oxidase catalyzes the conversion of ACC to ethylene.  ACC synthase and ACC 

oxidase are encoded by multigene families.  Two systems regulate ethylene 

biosynthesis in plants.  Ethylene is autoinhibited during system 1, but increases 

autocatalytically during system 2 (Klee, 2004).  

Ethylene triggers and promotes ripening of climacteric fruits, including pear 

(Pyrus communis) (Hiwasa et al., 2003).  Transcription of pear polygalacturonase 

genes, which encode enzymes that hydrolyze pectins in cell walls of ripening fruits, is 

dependent on ethylene (Hiwasa et al., 2003).  Pear fruits are generally harvested at the 

preclimacteric stage and stored at low temperatures to enhance ripening via induction 

of ethylene biosynthesis (Gerasopoulos and Richardson, 1997; Lelievre et al., 1997).  

Chilling treatments are crucial for ripening of winter pears like d’Anjou (Gerasopoulos 

and Richardson, 1997) and Passe-Crassane but not for early cultivars like Old Home 

(El-Sharkawy et al., 2004) and Bartlett.  Ethylene biosynthesis changes from system 1 

to system 2 during cold storage of pear fruits (El-Sharkawy et al., 2004).  Different 

ACC synthase genes are activated when pear fruits are exposed to cold temperatures 



 
 

19

 
 

(El-Sharkawy et al., 2004).  Chilling treatments also increase ACC oxidase activity 

(Lelievre et al., 1997) and expression of the ethylene receptor Pc-ETR1a gene in pear 

fruits (El-Sharkawy et al., 2003).  

In order to investigate ethylene effects, chemicals can be used to inhibit or 

accelerate ethylene biosynthesis or action.  Aminoethoxyvinylglycine (AVG), which 

inhibits ACC synthase activity (Adams and Yang, 1979), is used commercially as a 

plant growth regulator in the form of Retain (Valent Biosciences).  Retain applications 

delay ripening and softening of Bartlett pear fruits (Clayton et al., 2000).  1-

Methylcyclopropene (1-MCP) binds to ethylene receptors and suppresses ethylene 

biosynthesis in Braeburn apples (Sisler and Serek, 1997; Tian et al., 2002) and a 

variety of pear fruits (Kubo et al., 2003; Rizzolo et al., 2005), including d’Anjou 

(Argenta et al., 2003) and Bartlett (Trinchero et al., 2004).  SmartFreshTM, a 

commercial formulation of 1-MCP, has been approved to treat fruits after harvest in 

order to enhance shelf life during long-term cold storage (Hewett, 2006).  The effect 

of 1-MCP on storage durations of many fruits, vegetables, and floricultural crops have 

been studied (Blankenship and Dole, 2003).  Kubo and others (Kubo et al., 2003) 

reported that 1-MCP can also inhibit ethylene production after the initiation of 

ripening.  The ethylene analog propylene can be used to activate and monitor ethylene 

biosynthesis (Starrett and Laties, 1991; Gerasopoulos and Richardson, 1997). 

Botrytis cinerea (teleomorph: Botryotina fuckeldiana), the causal agent of gray 

mold, produces ethylene via 2-keto-4-methylbutyric acid (KMBA), a methionine-
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dependent but ACC-independent intermediate (Chague et al., 2002; Cristescu et al., 

2002).  B. cinerea attacks more than 200 host species, including pear (Jarvis, 1980), 

causing fruit decay during postharvest storage (Lennox and Spotts, 2004).  B. cinerea, 

a necrotrophic pathogen, colonizes dying plant tissues and produces endo-

polygalacturonases to hydrolyze pectic components of plant cell walls.  The 

polygalacturonase gene Bcpg1 was found to be required for complete virulence on 

tomato and apple fruits (ten Have et al., 1998).  

There is convincing genetic evidence for the involvement of ethylene in 

resistance of Arabidopsis thaliana to B. cinerea.  Mutation in a central component of 

the ethylene signaling pathway, ein2, renders Arabidopsis plants hyper-susceptible to 

B. cinerea (Alonso et al., 1999; Thomma et al., 1999).  Constitutive overexpression of 

the ethylene response factor ERF1, a transcriptional activator acting downstream of 

EIN3 (Solano et al., 1998), activates expression of pathogenesis-related (PR) proteins 

in A. thaliana and enhances resistance to necrotrophic pathogens, including B. cinerea 

(Berrocal-Lobo et al., 2002).  Similarly rigorous genetic analysis of ethylene-

dependent resistance to B. cinerea is lacking from other plant species.  Instead, 

experiments have relied on chemical treatments, leading to conflicting results.  

Pretreatment of tomato (Lycopersicon esculentum) cv. Pearson and the ethylene 

receptor mutant Never ripe with ethylene induced expression of PR proteins and foliar 

resistance to B. cinerea strain B05.10 (Diaz et al., 2002).  However, Elad (Elad, 1990) 

reported that exogenously applied ethylene accelerated gray mold decay of VF198 
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tomato leaves while the ethylene biosynthesis inhibitors aminooxyacetic acid (AOA) 

and AVG and ethylene action inhibitor silver-thiosulphate retarded it.  Ethylene also 

increased the susceptibility of mature green but not ripening tomato fruits cv. Faculta 

38 to B. cinerea (Barkai-Golan and Lavy-Meir, 1989).  Different tomato cultivars 

were used for these three publications.  Elad (Elad, 1990) and Barkai-Golan and Lavy-

Meir (Barkai-Golan and Lavy-Meir, 1989) used different B. cinerea isolates, but Diaz 

et al. (Diaz et al., 2002) used the B. cinerea strain B05.10.  It is, therefore, possible 

that the effect of ethylene on this host-pathogen interaction depends on specific 

combinations of B. cinerea strains and tomato cultivars.  Alternatively, differences in 

treatment applications and inoculation methods may have contributed to these 

conflicting results in tomato (Diaz et al., 2002).  Treatment of Golden Delicious apples 

with 1-MCP prior to storage reduced the severity of Botrytis decay after 5 months of 

storage (Saftner et al., 2003), but this may be a secondary effect on pectin metabolism 

because ethylene controls the accumulation of polygalacturonase. 

It may be challenging to use ethylene for disease protection while maintaining 

fruit quality because this phytohormone promotes ripening.  Cristescu et al. (Cristescu 

et al., 2002) proposed that softening fruit may provide a physically favorable condition 

for fungal invasion.  The objective of this study was to evaluate the potential 

contributions of ethylene and fruit firmness to resistance of pear fruits against B. 

cinerea.  We determined the influence of fruit ripening on Botrytis susceptibility by 

analyzing two developmental stages, preclimacteric and climacteric.  We intentionally 
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studied the short-term effects of 1-MCP because this would allow us to study 

ethylene-specific effects that are directly related to Botrytis interactions during two 

different developmental stages.  Lastly, we analyzed the influence of pathogen 

polygalacturonase on disease progression. 

 

Materials and Methods 

Biological material 

Fruits of two pear cultivars, Bartlett and d’Anjou, were collected.  Bartlett 

fruits were harvested 121 days after full bloom (DAFB) and 124 DAFB on the 

commercial harvesting dates of August 9, 2004 and August 12, 2005, respectively.  

D’Anjou pears were harvested on August 27, 2004 (143 DAFB) and August 30, 2005 

(146 DAFB).  All fruits were harvested at the Mid-Columbia Experiment Station, 

Hood River, OR.  Fruits were divided in two batches for each cultivar, placed in 

polyethylene bags, packed into cardboard boxes, and transferred into cold storage (-

1oC).  Bartlett was stored for 10 days and d’Anjou was stored for 108 days.  These 

disparate storage conditions have previously been reported as adequate to elicit similar 

ripening behaviors in early and late ripening cultivars (Gerasopoulos and Richardson, 

1997; El-Sharkawy et al., 2004).  In a separate experiment, pear fruits cv. d’Anjou, 

which were treated with AVG and/or 1-MCP after 60 days of cold storage, were 

harvested at USDA/ARS National Clonal Germplasm Repository, Corvallis, OR, on 

September 20, 2004.   
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B. cinerea strain B05.10, the mutants ΔBcpg1 and ΔBcpme1, and the double 

mutant of ΔBcpg1 and ΔBcpme1 were obtained from Jan van Kan (Wageningen 

University, Netherlands) and cultured on potato dextrose agar.  

 

Chemical treatments 

Freshly harvested or stored pears were transferred to room temperature 1 day 

prior to chemical treatment.  Fruits were surface sterilized by dipping in 0.01% sodium 

hypochlorite for 2 min and rinsing with sterilized water.  Pear fruits were exposed in 

19.8 liter jars to humidified propylene (500 ppm) supplied at a flow rate of 45-60 

ml/min for 24 h prior to fungal infection (Starrett and Laties, 1991).  1-MCP was 

supplied as SmartFreshTM (AgroFresh, Spring House, PA) powder (0.14% active 

ingredient).  According to the direction provided by AgroFresh, 16 mg of 1-MCP 

powder was mixed with 1 ml of water to generate 300 ppb of volatilized 1-MCP 

around pears in a sealed 47.3 liter plastic container.  Fruits were exposed for 24 h prior 

to fungal infection.  Pears were soaked for 3 min in a Retain (Valent Biosciences, 

Walnut Creek, CA) solution containing 500 ppm AVG, 0.01% Tween 20 and then 

dried.  Control fruits were surface sterilized but not soaked in 0.01% Tween 20.  

Retain was administered first and 1-MCP last when pears were treated with both 1-

MCP and Retain.  Fruits that were not treated with chemicals were kept in a sealed 

container for 24 h prior to fungal infection.   
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Fungal inoculation 

Ten and five fruits per treatment were inoculated in 2004 and 2005, 

respectively.  Fruits were first treated with chemicals, as mentioned above, and then 

subjected to the following inoculation methods.  Fruits were punctured along the 

equator with the tip of a syringe to generate a 4 mm deep and 4 mm wide hole.  Fruits 

were inoculated with 2 μl  of a conidial suspension of B. cinerea (1.25 x 105 conidia/μl 

in 2004 and 5 x 102 conidia/μl in 2005) in water (Spotts et al., 1999).  The high 

concentration was used whenever fungal concentration was not mentioned in the text.  

The same amount of sterilized water was used for mock inoculations (wounded 

controls).  Unwounded control fruits were left intact and placed in the same moist 

chamber, a closed container with wet cheesecloth on the bottom, as mock-inoculated 

and infected fruits.  

 

Measurement of ethylene and lesion diameters 

Ethylene was measured in 2004.  Each pear was sealed in a 1-liter container for 

1 h before each measurement.  A sample of 1 ml was withdrawn from the headspace 

of the container with a syringe.  The ethylene evolution of this sample was analyzed 

using a gas chromatograph equipped with a 121.92 cm × 0.3175 cm activated alumina 

column packed with 80/100 mesh and a flame-ionization detector (Gow-Mac 

Instrument Co., Series 580, Bethlehem, PA).  The first measurement was recorded 6 h 

post inoculation, followed by daily measurements for 1 week.  Individual fruits were 
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handled gently for repeated ethylene measurements and no peel injury or bruising was 

observed. 

Once lesions were visible on the pear surface, lesion diameters were measured 

daily using a caliper.  

 

Firmness measurement 

The fruit skin was removed and firmness of the fruit flesh was measured as 

penetration force using a U. S. firmness tester with a 0.78 cm penetrometer tip 

diameter (Western Industrial Supply, San Francisco, California).  Measurements were 

recorded twice per fruit on the non-diseased equatorial area of the fruit 7 days post 

inoculation.  

 

Quantification of ACC 

ACC was measured as described by Lizada and Yang (Lizada and Yang, 1979) 

using pear fruits 7 days post inoculation.  Infected and uninfected parts of three pear 

fruits were cut, pooled, and skin and flesh were frozen in liquid nitrogen.  ACC was 

extracted from 5 g of frozen pear tissue with 10 ml of 5% sulfosalicylic acid.   

 

Statistical analysis 

Data are presented as means ±SE.  F-tests were used to compare variances and 

two-sample T-tests of two-tailed distributions were used to determine significant 
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differences in softening (Microsoft Excel).  In addition, a general linear model (GLM) 

was used to determine the influence of cultivar, chemical treatment, and infection on 

fruit firmness.  Differences in lesion expansion were analyzed using the repeated 

measures procedure of a GLM (α = 0.05).  Contrasts were used to determine 

significant differences between treatment and control means (SAS Institute, Cary, 

NC).  Least Squares Means (LSM) were used to determine significant differences 

among mean comparisons.  The significance threshold was P = 0.05.   

 

Results 

Figures 2.1 to 2.4 show interactions of time in cold storage with ethylene-

promoting or ethylene-inhibiting chemicals with or without Botrytis infection for 

Bartlett and d’Anjou pear cultivars, respectively.   

Ethylene production was monitored in wounded (mock-inoculated) fruits to 

distinguish the effect of B. cinerea infection from ripening.  Control experiments 

suggested no significant difference in ethylene production between wounded and 

intact pear fruits (data not shown).  The onset of ripening-related ethylene biosynthesis 

was evident in Bartlett pears at harvest maturity (Fig. 2.1A) and d’Anjou fruits after 

108 days of cold storage (Fig. 2.3D).  A climacteric peak of ethylene production 

became apparent in Bartlett pears after a cold storage period of 10 days (Fig. 2.1D).  

Ethylene was not detected in wounded fruits of cv. d’Anjou immediately after harvest 

(Fig. 2.3A).  This does not exclude the possibility that ethylene was produced below 
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detection level, which could have been measured using a laser-based photoacoustic 

detection system (44). 

Ethylene production increased when fruits were challenged with B. cinerea.  In 

the case of Bartlett fruits, propylene accelerated (Fig. 2.1A and B) and 1-MCP 

suppressed ethylene production (Fig. 2.1B and E).  Compared to causing highly 

significant differences in ethylene biosynthesis, 1-MCP and propylene had no 

substantial effect on the rate of lesion expansion after wound inoculation of Bartlett 

pear fruits with B. cinerea (Fig 2.1C, 2.1F, 2.2A, and 2.2B). 

Inhibition of ethylene production by 1-MCP was stronger in pathogen-

challenged d’Anjou pears (Fig. 2.3B and E) than in infected Bartlett fruits after harvest 

and cold storage (Fig. 2.1B and E).  However, unlike Bartlett fruits, d’Anjou pears did 

not respond to propylene treatments with a change in ethylene production (Fig. 2.3B 

and E).  Compared to the highly significant inhibition of ethylene biosynthesis by 1-

MCP, changes in the rates of lesion expansion were relatively minor, suggesting that 

ethylene does not play an important role in controlling pathogen invasion of wounded 

pear fruits. 

A comparison of decay progression illustrates that d’Anjou pears are more 

susceptible to B. cinerea (Fig. 2.3C, 2.3F, and 2.4) than Bartlett fruits (Fig. 2.1C, 2.1F, 

and 2.2A).  Moreover, susceptibility to B. cinerea of Bartlett (Fig. 2.1C and 2.2A 

versus Fig. 2.1F and 2.2B) and d’Anjou pear fruits (Fig. 2.3C versus F) increased 
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during cold storage, as expected (Lennox and Spotts, 2004).  Cold storage had a larger 

effect on gray mold susceptibility of Bartlett than d’Anjou pears. 

Propylene accelerated (P = 0.0224) and 1-MCP inhibited fruit softening (P < 

0.0001) after transfer of stored Bartlett (Fig. 2.5A) and d’Anjou pear fruits (Fig. 2.5B) 

to room temperature.  Softening occurred at a faster rate when Bartlett and d’Anjou 

pear fruits were infected with B. cinerea relative to wounded (mock-inoculated) fruits 

(P = 0.0036).  The overall significance of this data was not influenced by the 

unexpected firmness retention of inoculated Bartlett versus mock-inoculated control 

fruits (Fig. 2.5A).  Although 1-MCP maintained the firmness of stored pear fruits (Fig. 

2.5A and B), this ethylene action inhibitor had no effect on the susceptibility of stored 

pears to B. cinerea (Fig. 2.1F and 3F). 

Co-treatments with 1-MCP and Retain (AVG) were used to further suppress 

ethylene biosynthesis.  For this experiment, d’Anjou pear fruits were moved to room 

temperature after 60 days of cold storage.  Unwounded control fruits did not produce 

any ethylene (data not shown), suggesting that the physiology of these pears was 

similar to fruits at harvest maturity.  Fruits of d’Anjou pears started to produce 

ethylene 1 day post inoculation with B. cinerea (Fig. 2.6A).  Despite pretreatment with 

Retain (AVG) and/or 1-MCP, ethylene production of infected d’Anjou fruits increased 

significantly 5 days post inoculation (Fig. 2.6B and C).  In addition to ethylene, ACC 

was detected 7 days post inoculation of d’Anjou fruits that were pretreated with both 

1-MCP and AVG (Fig. 2.6D).  The presence of ACC suggests that ethylene was 
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produced by the host via conversion of SAM.  Despite large changes in ethylene 

production in response to ethylene inhibitors (Fig. 2.6A to C), differences in lesion 

expansion were relatively minor (Fig. 2.6E).  After co-treatment with 1-MCP and 

AVG, lesions started to expand 2 days prior (Fig. 2.6E) to a rise in ethylene 

production (Fig. 2.6C), suggesting that the onset of lesion expansion is independent of 

ethylene biosynthesis. 

A mutant of B. cinerea with a deletion in the polygalacturonase gene Bcpg1 

exhibited reduced virulence when d’Anjou pear fruits were wound-inoculated 

compared to wild type B. cinerea (Fig. 2.7A).  In contrast, a B. cinerea mutant with a 

deletion in the pectin methylesterase gene Bcpme1 did not alter lesion expansion in 

d’Anjou pears (Fig. 2.7B).  The reduced virulence of the ΔBcpg1 ΔBcpme1 double 

mutant was likely caused by the deletion in the polygalacturonase gene because the 

deletion in the pectin methylesterase gene did not alter lesion expansion by itself (Fig. 

2.7B).  Thus, the endo-polygalacturonase gene Bcpg1 increases the rate of gray mold 

progression in pear fruits, but the pectin methylesterase gene Bcpme1 appears to be 

dispensable.  

Fruits of d’Anjou pears infected with the ΔBcpg1 mutant strain were slightly 

firmer than those infected with wild type B. cinerea (Fig. 2.7C; t-test, P = 0.013).  

Infection by the ΔBcpg1 mutant did not change the firmness of fruits treated with 

AVG and 1-MCP (Fig. 2.7C; t-test, P = 0.309).  Treatment with 1-MCP and AVG 

caused a 3- to 4-fold increase in firmness of pear fruits that were infected with the 
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fungal mutant ΔBcpg1.  Despite this major change in fruit softening, there was no 

change in the susceptibility of pear fruits to the ΔBcpg1 mutant (Fig. 2.7A).  

Conversely, the fungal polygalacturonase gene Bcpg1 caused small changes in 

firmness compared to the wild type strain B05.10, but large differences in 

susceptibility of pear fruits to B. cinerea, suggesting that pectin degradation is a major 

factor in gray mold susceptibility.  Thus, fruit firmness affected the virulence of 

neither the ΔBcpg1 mutant nor wild type B. cinerea (Fig. 2.5 and 2.7). 

 

Discussion 

The relationship between ethylene biosynthesis and gray mold decay of pears 

Our results demonstrate that, although ethylene production was drastically 

manipulated by 1-MCP, AVG, and propylene, ethylene had little effect on the disease 

progress of B. cinerea strain B05.10 in d’Anjou and Bartlett pear fruits.  Lesions 

consistently started to expand two or three days after inoculation depending on the 

conidium concentrations, but the rise in ethylene production was delayed for another 

two days when both 1-MCP and AVG were used to inhibit ethylene biosynthesis.  

Thus, initiation of symptom development and ethylene production did not coincide.   

Statistically significant differences in lesion expansion among treatments were 

revealed in several trials, but the magnitude of these differences were very small (Fig. 

2.1, 2.2, 2.3, 2.4, and 2.6).  The suggested effects of propylene were inconsistent 

because, in one case, an acceleration of lesion expansion was observed (Fig. 2.3F) 



 
 

31

 
 

even though no impact on ethylene biosynthesis was measured throughout the 

experiment (Fig. 2.3E).  Moreover, the susceptibility-enhancing effect of 1-MCP on 

mature pear fruits (Fig. 2.1 to 2.4) contradicted the effects of propylene (Fig. 2.1C) 

and AVG (Fig. 2.6E).  For these two reasons, we conclude that these small treatment 

effects on gray mold susceptibility are stochastic in nature and not biologically 

relevant. 

Variable results have previously been obtained using 1-MCP within the 

context of postharvest decay.  Saftner and others (Saftner et al., 2003) observed that 

susceptibility of apples to B. cinerea was reduced by prestorage but not by poststorage 

application of 1-MCP.  Conversely, Janisiewicz and others (Janisiewicz et al., 2003) 

reported that 1-MCP treatment before storage increased the susceptibility of Golden 

Delicious apples to two other major postharvest pathogens, bitter rot caused by 

Colletotrichum acutatum and blue mold caused by Penicillium expansum.  Our study 

differs from these published data because we evaluated the ripening-dependent short-

term effects of this ethylene blocker.   

Okumura and others (Okumura et al., 1999) hypothesized that ethylene 

produced in sweet potato (Ipomoea batatas) during infection by the black rot fungus 

Ceratocystis fimbriata is independent of the ethylene biosynthetic pathway of the host.  

Externally supplied ACC did not increase ethylene generation and methionine was not 

converted to ethylene effectively (Okumura et al., 1999).  In contrast, our data clearly 

show that ethylene was produced via the SAM-ACC pathway in pear fruits.  We 
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detected 0.018 nmol g-1 fresh weight of the ethylene precursor ACC even when 

ethylene biosynthesis was strongly suppressed in d’Anjou pear fruits by 1-MCP and 

AVG.  Thus, B. cinerea induced the ethylene biosynthetic pathway of the host during 

a developmental stage that did not support endogenous ethylene biosynthesis.   

B. cinerea, including strain B05.10 (8), produces ethylene in vitro using the 

KMBA pathway (Chague et al., 2002; Cristescu et al., 2002), but our data demonstrate 

that pear fruits are the significant source of ethylene biosynthesis during B. cinerea 

infection.  Nevertheless, we can not exclude the contribution of fungal ethylene 

biosynthesis because 1-MCP and AVG decreased pathogen-induced ethylene 

production only 10-fold (Fig. 2.6A and C), whereas ACC content was reduced 29-fold 

(Fig. 2.6D).  Tomato pericarp, treated with AOA prior to infection with B. cinerea, 

generated low levels of ethylene compared to tomato pericarp treated with water prior 

to infection (Cristescu et al., 2002).  Cristescu and others (Cristescu et al., 2002) 

concluded that this low amount of ethylene is produced by B. cinerea itself, but they 

did not measure ACC.  It is, therefore, possible that tomato pericarp was producing 

ethylene despite treatment with AOA prior to inoculation.  Activation of ACC 

synthases may be responsible for the production of ACC and ethylene that we 

observed in pear fruits after pretreatment with both AVG and 1-MCP and subsequent 

inoculation with B. cinerea.  A multigene family encodes ACC synthases, and distinct 

ACC synthase isoforms are activated during different stages of fruit ripening (El-

Sharkawy et al., 2004).  Based on our ACC and ethylene measurements, we conclude 
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that, during infection, both pear fruits and B. cinerea produce ethylene, even after 

treatment with AVG and 1-MCP. 

 

Softening and disease progression 

Cristescu and others (Cristescu et al., 2002) proposed that ethylene leads to 

softening of plant tissue and provides a physically favorable environment for fungal 

invasion.  However, our data showed that 1-MCP-dependent inhibition of fruit 

softening did not influence the susceptibility of pear fruits to B. cinerea.  

Manipulation of polygalacturonase levels in transgenic tomatoes suggests that 

the activity of this cell wall hydrolase increases the susceptibility of fruits to pathogen 

attack (Bennett et al., 1993).  However, this enzyme is not necessarily required for 

tomato softening (Smith et al., 1988; Giovannoni et al., 1989).  In pears, a low level of 

polygalacturonase PC-PG1 is transcribed during the preclimacteric stage, but ethylene 

induces high levels of PC-PG1 gene expression (Hiwasa et al., 2003).  Correlated 

changes in polygalacturonase gene expression also occurred after inhibition and 

acceleration of ripening by 1-MCP and propylene, respectively (Hiwasa et al., 2003).  

We investigated the effect of fungal polygalacturonase activity on softening using the 

B. cinerea mutant ΔBcpg1 because transgenic pears with altered polygalacturonase 

expression do not exist.  The reduction of firmness was significantly less when 

ΔBcpg1 infected pear fruits compared to the wild type fungus.  However, the change 

in firmness was relatively minor, and, in the presence of AVG and 1-MCP, the 
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ΔBcpg1 mutant had no effect on pear fruit softening.  Thus, 1-MCP had a much larger 

impact on pear fruit softening than the presence or absence of a single 

polygalacturonase gene in B. cinerea.   

B. cinerea produces various endo-polygalacturonases during plant infection 

and the expression of individual polygalacturonase genes depends on the host and the 

stage of infection (ten Have et al., 2001).  In the present study, polygalacturonase 

Bcpg1 was necessary for full virulence of B. cinerea in pear fruit, but pectin 

methylesterase Bcpme1 was dispensable.  These results are consistent with previous 

reports (ten Have et al., 1998; Kars and van Kan, 2004).  In contrast to B. cinerea 

strain B05.10, Bcpme1 in a different genetic background, B. cinerea strain Bd90, has 

been shown to contribute to virulence on various hosts (Valette-Collet et al., 2003).  

Gene replacement of Bcpme2 by itself or in combination with Bcpme1 did not alter 

growth on 75% methylated pectin or virulence of the B. cinerea B05.10 strain on 

tomato or grapevine leaves (Kars et al., 2005).  The full genome sequence of B05.10 

strain suggests the existence of Bcpme3, but the only enzyme activity that was 

detected in wild-type fungus was Bcpme1.  It was therefore concluded that B. cinerea 

strain B05.10 can degrade pectin without prior demethylation.   

In conclusion, our data suggest a major influence of pectin catabolism on 

lesion expansion when pear fruits were infected with B. cinerea B05.10.  Increased 

susceptibility of pear fruits during cold storage may be a direct consequence of pectin 

breakdown.  In contrast, changes in ethylene biosynthesis and fruit softening had no 
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major effect on the susceptibility of d’Anjou and Bartlett pear fruits to B. cinerea.  The 

previously reported increase in resistance of apples to B. cinerea by 1-MCP (Saftner et 

al., 2003) may be based on a long-term inhibition of pectin metabolism because 

ethylene regulates the accumulation of pear polygalacturonase in fruits (Hiwasa et al., 

2003).  It is possible that differences in gray mold susceptibility among cultivars are 

based on pectin composition and/or polymerization. 
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Fig. 2.1.  Effects of 1-MCP and propylene on ethylene production and lesion 
expansion during infection of Bartlett pear fruits by B. cinerea in 2004.  Fruits were 
analyzed after harvest (A to C) or 10 days after cold storage (D to F).  Ethylene 
production (A, B, D, and E) and lesion expansion (C and F) were measured in Bartlett 
fruits that were untreated or treated with 1-MCP or propylene prior to inoculation with 
B. cinerea.  Fruits were wounded and mock-inoculated with water (A and D) or 
inoculated with 2 μl of a 1.25 x 105 conidia/μl suspension of B. cinerea (B, C, E, and 
F). Vertical bars show ± SE of 10 replications.  The repeated measures option of a 
GLM was used for statistical analysis.  Contrasts suggest significant differences in 
gray mold susceptibility between propylene-treated and untreated fruits (P = 0.0011 in 
C) and between 1-MCP-treated and untreated fruits at harvest maturity (P < 0.0001 in 
C). 
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Fig. 2.2.  Effects of 1-MCP and propylene on lesion expansion during infection of Bartlett pear fruits by B. cinerea in 2005.  
Fruits were analyzed after harvest (A) or 10 days after cold storage (B).  Lesion expansion was measured in Bartlett fruits that 
were untreated or treated with 1-MCP or propylene prior to inoculation with B. cinerea.  Fruits were inoculated with 2 μl of a 5 
x 102 conidia/μl suspension of B. cinerea.  Vertical bars show ± SE of 5 replications.  The repeated measures option of a GLM 
was used for statistical analysis.  Contrasts suggest significant differences in gray mold susceptibility between 1-MCP-treated 
and untreated fruits at harvest maturity (P = 0.0192 in A). 
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Fig. 2.3.  Effects of 1-MCP and propylene on ethylene production and lesion 
expansion during infection of d'Anjou pear fruits by B. cinerea in 2004.  Fruits were 
analyzed after harvest (A to C) or 108 days of cold storage (D to F).  Ethylene 
production (A, B, D, and E) and lesion expansion (C and F) were measured in d'Anjou 
fruits that were untreated or treated with 1-MCP or propylene prior to inoculation with 
B. cinerea.  Fruits were wounded and mock-inoculated with water (A and D) or 
inoculated with 2 μl of a 1.25 x 105 conidia/μl suspension of B. cinerea (B, C, E, and 
F). Vertical bars show ± SE of 10 replications.  The repeated measures option of a 
GLM was used for statistical analysis.  Contrasts suggest significant differences 
between 1-MCP-treated and untreated fruits after harvest (P < 0.0001 in C) and 
between propylene-treated and untreated fruits (P = 0.0117) after cold storage (F). 
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Fig. 2.4.  Effects of 1-MCP and propylene on lesion expansion during infection of d'Anjou pear fruits by B. cinerea in 2005.  
Fruits were analyzed after harvest.  Lesion expansion was measured in d'Anjou fruits that were untreated or treated with 1-
MCP or propylene prior to inoculation with B. cinerea.  Fruits were inoculated with 2 μl of a 5 x 102 conidia/μl suspension of 
B. cinerea.  Vertical bars show ± SE of 5 replications.  The repeated measures option of a GLM was used for statistical 
analysis.  Contrasts suggest significant differences between 1-MCP-treated and untreated fruits (P = 0.0017). 
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Fig. 2.5.  Effects of gray mold infection and treatments with 1-MCP or propylene on softening of pear fruits.  Bartlett (A) and 
d'Anjou fruits (B) were used after 10 d and 108 days of cold storage, respectively.  Firmness of the healthy area of fruits that 
were exposed to B. cinerea for 7 days was compared to mock-inoculated fruits.  Vertical bars show ± SE of ten replications.  A 
GLM in conjunction with LSM was used to determine the significance of cultivar, infection, and chemical treatment effects. 
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Fig. 2.6.  Effects of 1-MCP and/or AVG on ethylene and ACC production after 
inoculation with B. cinerea of d'Anjou pear fruits 60 days after cold storage.  Ethylene 
production was measured in d'Anjou fruits that were mock-inoculated or challenged 
with B. cinerea (A).  Ethylene production in d'Anjou fruits treated with 1-MCP prior 
to mock inoculation or gray mold infection (B).  Ethylene production in d'Anjou fruits 
treated with 1-MCP and AVG prior to mock inoculation or gray mold infection (C).  
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ACC content was measured in d'Anjou fruits that were not treated or pretreated with 
1-MCP and AVG and subsequently exposed to B. cinerea for 7 days (D).  Lesion 
expansion in gray mold infected d'Anjou fruits that were not treated or treated with 1-
MCP, AVG, or 1-MCP and AVG before inoculation (E).  Vertical bars show ± SE of 
≥ 4 replications.  The repeated measures option of a GLM was used for statistical 
analysis.  Contrasts suggest significant differences between AVG-treated and 
untreated fruits (P = 0.0003) and between 1-MCP-treated (P = 0.0238) and untreated 
fruits (E).



 
 

 

Fig. 2.7.  Unlike pectin methylesterase Bcpme1, the polygalacturonase gene Bcpg1 is required for full virulence of B. cinerea 
in pear fruits.  Fruits of d'Anjou pears were used after 60 days (A and C) or 108 days of cold storage (B and D).  Fruits were 
pretreated with 1-MCP and AVG and subsequently infected with a deletion strain of B. cinerea, ΔBcpg1, or the parental wild 
type B05.10 (A and C).  Otherwise, fruits were infected with B05.10, ΔBcpme1, or the double mutant ΔBcpg1 ΔBcpme1 (B and 
D).  Lesion expansion (A and B) or firmness (C and D) was measured.  Vertical bars show ± SE of ten replications.
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Abstract 

The plant hormone ethylene regulates plant development, including fruit 

ripening, and a subset of plant defense responses against necrotrophic pathogens.  In 

this study, we investigated the role of ethylene in the defense responses of apple 

(Malus domestica) fruits against the gray mold pathogen, Botrytis cinerea.  Ethylene-

silenced apple fruits, containing a sense construct of 1-aminocyclopropane-1-

carboxylic acid synthase [Dandekar et al. (2004) Transgenic Res. 13: 373-384], were 

more susceptible to B. cinerea than untransformed apples, demonstrating that ethylene 

plays an important role in fruit resistance to B. cinerea.  Ethylene response factors 

(ERFs) are known to contribute to induced resistance against B. cinerea via the 

ethylene-signaling pathway [Berrocal-Lobo et al. (2002) Plant Journal. 29: 23-32].  

We cloned cDNAs of MdERF3, 4, 5, and 6.  Expression of all four MdERF mRNAs 

was ethylene-dependent and induced by wounding and B. cinerea infection.  MdERF3 

was the only mRNA that was induced by wounding and B. cinerea infection in 

ethylene-suppressed apple fruits, although induction levels further increased in wild 

type apples.  Regulated expression of MdERF3 is therefore partially independent of 

ethylene.  Promoter regions of all four MdERF genes were cloned.  Various putative 

cis-elements were identified in each promoter; their comparative analysis is discussed.  

Transient expression of MdERF3 in tobacco increased expression of the GCC-box 

containing gene Citinase 48.  Thus, MdERF3 appears to be part of the 

ethylene/pathogenesis-related defense response against B. cinerea in apple fruits. 
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Introduction 

The plant hormone ethylene is involved in many plant developmental 

processes such as seed germination, fruit ripening, senescence, abscission, and 

epinasty.  Ethylene is also induced by biotic and abiotic stimuli, including wounding 

(Wang et al, 2002).  ERFs (ethylene response factors) are transcription factors (TFs) 

that regulate various response pathways; they act downstream of plant hormones to 

regulate ethylene, jasmonate, abscisic acid, and the cytokinin signaling pathways; they 

also mediate plant development (Pirello et al, 2006; Tournier et al, 2003) and 

environmental-stress responses to cold temperature, dehydration, and salinity (Suzuki 

et al, 1998; Fujimoto et al, 2000: Sakuma et al, 2002; Brown et al, 2003; Shen et al, 

2003: Song et al, 2005; Wei et al, 2005; Yang et al, 2005; Nakano et al, 2006; 

Rashotte et al, 2006; Xu et al, 2006; Wu et al, 2007).   

AP2/ERF proteins are members of the second largest superfamily of TFs in 

Arabidopsis thaliana (Riechmann et al, 2000).  This superfamily was considered to be 

plant-specific, but the AP2/ERF domain is also present in the cyanobacterium 

Trichodesmium erythraeum, the ciliate Tetrahymena thermophila, and the viruses 

Enterobacteria phageRb49 and Bacteriophage Felix 01 (Magnani et al, 2004).  This 

superfamily consists of three subfamilies: the APETAL2 (AP2) family has two 

AP2/ERF domains, the ERF family contains one AP2/ERF domain, and the RAV 

(related ABI3/VP1) family has one AP2/ERF domain and one B3 domain (Nakano et 

al, 2006). All 122 Arabidopsis and 139 rice ERF genes have been classified into 12 

and 15 subfamilies, respectively, based on structural similarities of AP2/ERF domain 
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sequences and conserved motifs, which lie outside the DNA-binding domain (Nakano 

et al, 2006).  Functions of only a few AtERFs have been analyzed and information 

about the function of most ERF subfamilies is limited.   

ERF1, 2, 3, and 4, were cloned by specifically binding to the GCC-box, a motif 

in the target DNA (Allen et al, 1998; Hao et al, 2002), using a cDNA library 

constructed from ethylene-treated tobacco mRNA (Ohme-Takagi and Shinshi, 1995).  

This AP2/ERF domain is composed of three β-sheets and one α-helix; the β-sheets 

interact with the GCC-box (Allen et al, 1998).  

The ethylene signal activates different sets of target genes depending on the 

specific developmental, abiotic, or biotic signal.  The post-translationally regulated TF 

EIN3 indirectly induces defense-related genes via ERF1 (Solano et al, 1998).  The 

GCC-box acts as a consensus sequence in promoter regions of ethylene-regulated 

defense genes.  In contrast, EIN3 directly activates ethylene-induced ripening genes 

(Solano et al, 1998).  Although LeERF2 expression is increased during tomato fruit 

ripening (Tournier et al, 2003), the ripening-related gene E4 and the flower petal 

senescence gene GST1 do not contain GCC-box motifs in their regulatory regions 

(Ohme-Takagi et al, 2000).  Conversely, HOOKLESS1, which contains a GCC-box in 

its promoter region, was not induced in ERF1-overexpressing Arabidopsis, suggesting 

that ERFs selectively activate GCC-box-containing genes (Solano et al, 1998).   

Ethylene treatment increased ERF mRNA levels in tobacco leaves (Ohme-

takagi et al, 1995).  Basic chitinase was constitutively expressed and expression of the 

ethylene-responsive element binding protein AtEBP was also high in the ctr1 
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(constitutive triple response 1) mutant.  Conversely, basic chitinase did not respond to 

ethylene and AtEBP was expressed at low levels in the etr1 mutant (Buttner and Singh, 

1997).  In addition, wounding increased each ERF mRNA expression independently of 

ethylene in transgenic tobacco leaves containing a GCC-box::GUS, but GUS 

expression was not induced without ethylene (Suzuki et al, 1998).  This indicates that 

GCC-box-mediated gene expression requires both ERF expression and ethylene 

biosynthesis.  In general, however, ethylene activates transcription of ERF and 

regulates GCC-box-mediated gene expression.  

Pti, encoding Pto-interacting protein, is one of the best characterized ERF 

genes, which is involved in gene-for-gene resistance determined by the interaction 

between Pto and avrPto.  Pti4 is phosphorylated by Pto kinase and this 

phosphorylation enhances binding of Pti4 to the GCC-box (Gu et al, 2000). The 

tomato (Lycopersicon esculentum) disease resistance gene Pto, encoding a 

serine/threonine protein kinase, confers resistance to the bacterial pathogen 

Pseudomonas syringae pv. tomato carrying the avirulence gene avrPto (Martin et al, 

1993).  Pti 4, 5, and 6, which interact with Pto, have been isolated (Zhou et al, 1997).  

Overexpression of tomato Pto in tobacco showed that Pto recognizes avrPto and 

induces pathogenesis-related (PR) proteins such as basic PR1, basic chitinase, and 

osmotin, encoding PR-5, all of which contain GCC-boxes in their promoters (Zhou et 

al, 1997). Overexpression of tomato Pti4, Pti5, and Pti6 in Arabidopsis differentially 

activates jasmonate- and ethylene-regulated genes such as PR3, PR4, PDF1.2, and 

Thi2.1 (Gu et al, 2001).  Interestingly, overexpression of tomato Pti4, Pti5, and Pti6 in 
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Arabidopsis activates salicylic acid-regulated PR1 and PR2 genes.  Exogenous 

application of salicylic acid to Arabidopsis plants expressing Pti4 suppressed PDF1.2 

but stimulated PR1 expression.  Thus, Pti4 is involved in both ethylene- and salicylic 

acid-inducible resistance pathways.  Pti4 regulates gene expression in Arabidopsis 

directly by binding to either GCC-box or non-GCC box elements and indirectly by 

physically interacting with other TFs or by activating expression of other TF genes 

(Chakravarthy et al, 2003).  

In addition to Pti genes, other ERF genes contribute to induced disease 

resistance; AtERF2, AtERF4, and AtERF14 enhance resistance against the wilt fungus 

Fusarium oxysporum (McGrath et al, 2005; Onate-Sanchez et al, 2007), NtCEF1 

enhances resistance to P. syringae pv. tomato DC3000 (Lee et al, 2005), and the 

tobacco Tsi1 gene, encoding an EREBP/AP2-type TF, enhances resistance to P. 

syringae pv. tabaci (Park et al, 2001).  EMSA showed that TMV infection increased 

binding of nuclear proteins to GCC-box-containing sequences (Alonso et al, 1995). 

Botrytis cinerea, the causal agent of gray mold, has more than 200 host plants, 

including apple.  Ethylene contributes to foliar resistance of A. thaliana to B. cinerea.  

EIN2 acts upstream of EIN3 and is required for resistance of A. thaliana to B. cinerea 

based on mutant analysis (Alonso et al, 1999; Thomma et al, 1999).  Constitutive 

overexpression of ERF1 in A. thaliana activates expression of pathogenesis-related 

proteins and enhances resistance to necrotrophic pathogens, including B. cinerea 

(Berrocal-Lobo et al, 2002).   
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Ethylene may activate resistance to pathogens in fruits because climacteric 

fruits, such as apple, produce ethylene during ripening.  The objective of this study 

was to evaluate the potential contribution of ethylene to disease resistance in apple 

fruit against B. cinerea.  Ethylene production can be manipulated for long-term 

storage of climacteric fruits, and it is therefore important to know about effects of 

ethylene on fruit defenses.  In this study we specifically used, 130Y, a sense-

suppressed line containing a 1-aminocyclopropane-1-carboxylic acid (ACC) synthase 

construct (Dandekar et al, 2004), to evaluate the influence of ethylene on disease 

progress.  To determine the mechanism of regulation of ethylene-induced partial 

resistance in apple fruits, we cloned B. cinerea-inducible ERF cDNAs.  Putative cis-

elements in the promoter regions may differentially regulate apple ERF genes.  

Induction of a putative target chitinase gene by MdERF3 was also tested. 

 

Materials and Methods 

Biological materials and treatments 

Apple (Malus domestica) cv. Jonagold fruits and leaves were obtained for 

cloning of ERF coding and promoter sequences from a commercial orchard at 

Corvallis, OR.  Three sets of fruits were subjected to one of three treatments: (i) 500 

ppm of the ethylene analogue propylene for 1 or 3 hours; (ii) multiple sites were 

wound-inoculated with 1,000 conidia of B. cinerea per site and incubated in a 

moisture chamber for 6 hours, 1 day or 3 days; (iii) no treatment (control).  Each 

sample was frozen and stored at -80°C. 
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The ACC synthase sense-suppressed line 130Y (Dandekar et al, 2004) was 

chosen and used for ethylene- and defense-related and MdERFs gene expression 

studies because ethylene levels were very low.  The untransformed cultivar 

Greensleeves was used as a control.  Fruits were harvested at the preclimacteric stage 

from an experimental orchard in Davis, CA from 2005 to 2007.  Pooled samples 

containing three fruits each were collected for gene expression studies by RT-PCR 

every three days after harvest in 2006.  The same sampling strategy was used for 

MdERF expression studies by real-time PCR two weeks after harvest in 2007.  

 

Fungal inoculation 

B. cinerea strain B05.10 was cultured on potato dextrose agar (Akagi and Stotz, 

2007).  Fruits were wound-inoculated with a conidial suspension of B. cinerea strain 

B05.10 (1000 conidia per inoculum) in water or mock-inoculated with the same 

amount of water as described (Akagi and Stotz, 2007).  Diameters of visible lesions 

were measured daily using a caliper.  

 

Ethylene measurement 

The ethylene concentration was measured daily for one week using a gas 

chromatograph equipped with a flame-ionization detector (Hach-Carle series 400 

AGC, Loveland, CO) as described (Akagi and Stotz, 2007).   
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Cloning of MdERF and chitinase cDNAs and promoter sequences 

Total RNA was extracted from apple fruit at time points and for treatments 

(Asif et al, 2006) indicated above.  Three µg of total RNA were pooled per sample.  

First-strand cDNA synthesis was performed using a commercial kit (GE Healthcare, 

Piscataway, NJ). 

Degenerate primers were designed to amplify the AP2/ERF domain based on 

sequences from different species, such as Arabidopsis thaliana, Lycopersicon 

esculentum, Malus domestica, Oryza sativa, Vitis amurensis, and Cucumis sativus, 

using CODEHOP (bioinformatics.weizmann.ac.il/blocks/codehop.html).  A 142 bp 

product was amplified from cDNA by touchdown PCR.  Amplification conditions 

were: 1 cycle of 94°C for 3 min; 7 cycles of 94°C for 30 s, 63 to 57°C for 1 min (1°C 

decrease per cycle), and 72°C for 1 min; 28 cycles of 94°C for 30 s, 56°C for 1 min, 

and 72°C for 1 min followed by a final extension at 72°C for 7 min and 5 min at 4°C.   

Amplification products were fractionated by electrophoresis in 2% NuSieve 

GTG agarose gels (BMA, Rockland, ME).  The most intense band was excised and 

electro-eluted from the gel.  Eluted DNA was extracted with phenol/chloroform and 

precipitated using ethanol and sodium acetate (Sambrook et al., 1989).  

Purified PCR product was ligated with pGEM-T Easy Vector System1 

(Promega, Madison, WI) and transformed into competent Escherichia coli cells 

JM109.  Recombinant plasmid DNA containing PCR products was purified using a 

Qiaprep spin miniprep kit (Qiagen, Valencia, CA) and inserts were sequenced.  A total 

of 16, 42, and 56 clones were sequenced for control samples, propylene-treated, B. 
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cinerea-infected, and respectively.  DNA was sequenced at Gene Gateway (Hayward, 

CA) or at the Center for Gene Research and Biotechnology, Oregon State University 

(Corvallis, OR).   

ESTs of AP2/ERF domains that appeared more than twice were used to design 

primers for rapid amplification of cDNA ends (RACE).  Both 3’- and 5’-end cDNA 

clones were obtained (Ambion, Austin, TX, USA) using gene-specific outer and inner 

primers designed from each EST (Table 3.1).  The 5’-end of chitinase was obtained 

using gene-specific outer and inner primers based on partial chitinase sequence 

(GeneBank accession number: AF494397).  Cloning and sequencing was carried out 

as mentioned above.  For confirmation, full-length cDNAs were amplified by PCR 

and sequenced.  All kits were used according to manufacturers’ protocols. 

Genomic DNA was used to check for the presence or absence of introns.  Plant 

GDB GeneSeqer program in Plant Genome database (http://www.plantgdb.org/) was 

used to find introns.  This program predicted an intron site in the cloned genomic 

DNA sequence of MdERF6, which is closely related to MdERF3. 

 

Phylogenetic analysis 

ERF amino acid sequences of apple and Arabidopsis were aligned using 

Clustal W.  This alignment was converted back to nucleotide sequences to generate a 

parsimony tree using PHYLIP (Felsenstein, 1989).  SEQBOOT was used to generate 

100 bootstrapped data sets.  DNAPARS was used to generate trees from the 100 data 

sets.  Finally, CONSENSE was used to generate the majority rule consensus tree 

http://www.plantgdb.org/
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containing bootstrap values.  The numbering system for AtERF genes is based on 

Nakano’s classification (2006). 

 

RT-PCR and real-time PCR 

Five μg of total RNA were extracted from stored apple fruit tissue of ACS 

sense-suppressed line 130Y (Dandekar et al, 2004) and untransformed apple cv. 

Greensleeves as described (Asif et al, 2006).  Three μg of total RNA were extracted 

from tobacco (Nicotiana benthamiana) using a phenol-based method (Martin et al, 

2005).  Potential genomic DNA contaminants were removed by digesting total RNA 

with FPLC-pure RNase-free DNase (Amersham Bioscience, Piscataway, NJ) for 10 

min at 37°C.  The enzyme was inactivated at 65°C for 10 min.  Apple and tobacco 

cDNAs were synthesized with oligo-dT and random hexamers, respectively, using a 

first-strand cDNA synthesis kit (GE Healthcare, Piscataway, NJ).  Primers and probes 

used are summarized in Tables 3.2 and 3.3. 

PCR primers and TaqMan probes (Table 3.3) were designed using the Primer 

Express software (Applied Biosystems, Foster City, CA).  Regions were considered 

that were not conserved and did not contain the AP2/ERF domain (Nakano et al, 

2006); comparison to AtERF genes increased specificity for each of the MdERF genes.  

The constitutively expressed glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

gene (CN494000) was used to normalize expression data.  The reporter dyes VIC and 

FAM were used for GAPDH and MdERF genes, respectively, at the 5’-end.  The non-

fluorescent quencher MGB was used at the 3’-end.  Real-time PCR was performed 
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using an ABI Prism 7500 Sequence Detection System (Applied Biosystems).  

Standard thermal conditions were used: 50°C for 2 min, 95°C for 10 min, 40 cycles of 

95°C for 15 s, and 60°C for 60 s.  Fluorescent signals were collected at the 

annealing/extension cycle.  Ct values were determined using autothreshold.  Relative 

expression levels (∆Ct) in each cDNA sample were obtained by normalization to 

transcript levels of a control gene GAPDH.  Relative gene expression was derived by 

using 2-∆∆CT, where ∆∆Ct represents the ∆Ct of a gene of interest minus ∆Ct of the 0 

hour value for each genotype.  All values at 0 hours were set to 1.  All kits were used 

according to the manufactures’ protocols. 

Expression levels of MdERF3, Chn48, and rRNA, as a control, in N. 

benthamiana were analyzed by absolute quantification.  The mean value from 

triplicate real-time PCR reactions of each sample was normalized to 18S rRNA as an 

internal control.  The standard curves for rRNA was generated using salmon sperm 

DNA with primers and probe of eukaryotic 18S rRNA endogenous control (Applied 

Biosystems, Foster City, CA).   

 

Isolation of promoter regions 

Genomic DNA was extracted from apple cv. Jonagold leaves (Kim et al, 

1997).  The 5’-upstream region of each MdERF gene was obtained using the Universal 

Genome Walker Kit (Clontech, Palo Arto, CA) using gene-specific primers (Table 

3.4) according to the manufacture’s instruction.  PCR-amplified DNA products were 

cloned and sequenced as described above.  To verify each promoter sequence, a 
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promoter-specific forward primer was designed for the predicted promoter region in 

combination with a reverse primer located in the open reading frame.   

Promoter sequences were analyzed with the programs Signal Scan and 

Homology Search in the database PLACE (http://www.dna.affrc.go.jp/PLACE/).  

TATA boxes were found using the neural network promoter prediction program from 

the Berkeley Drosophila genome project     

(http://www.fruitfly.org/seq_tools/promoter.html). 

 

Transient expression in N. benthamiana 

Binary plasmid with (pDU08.0313) and without (pDU99.2215) MdERF3 were 

transferred to competent Agrobacterium tumefaciens strain EHA101 by heat-shock 

(Escobar et al, 2001).  Agrobacterium-mediated transient assays in N. benthamiana 

leaves were as described (Llave et al, 2000) modified by Taiowa Montgomery.  Three 

biological replicates were infiltrated at a concentration of 0.5 OD600.  Samples were 

collected 1, 2, and 3 days after infiltration.  Also, intact leaves without infiltration 

were also used as a control to determine effects of Agrobacterium infiltration on gene 

expression.  Agrobacterium suspension was injected into the leaves using a 3 ml 

disposal syringe without a needle.  The same leaf was inoculated at different sites with 

MdERF3-containing vector or empty vector.    

 

 

 

http://www.dna.affrc.go.jp/PLACE/
http://www.fruitfly.org/seq_tools/promoter.html
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Results  

Reduction of susceptibility to B. cinerea in apple fruits by ethylene  

Suppression of 1-aminocyclopropane-1-carboxylic acid synthase (ACS) in 

transgenic apples of line 130Y (Dandekar et al., 2004) inhibited endogenous ethylene 

biosynthesis and increased susceptibility to B. cinerea relative to untransformed apples 

cv. Greensleeves (Fig. 3.1).  Fruits were analyzed immediately after harvest (Fig. 3.1A 

and B) or after incubation at room temperature for 2 weeks (Fig. 3.1C and D).  ACS-

suppressed apple fruits lacked the climacteric rise in ethylene biosynthesis (Fig. 3.1A 

and C) as observed previously (Dandekar et al., 2004).  The magnitude of genotype-

dependent inhibition in ethylene biosynthesis was more dramatic during the 

climacteric peak (Fig. 3.1C) than immediately after harvest (Fig. 3.1A).  At the 

climacteric peak, ethylene production was ~60-fold higher in untransformed than in 

ethylene-suppressed apple fruits.  By contrast, the difference in freshly harvested fruits 

was less than 7-fold. 

Ripening-related differences in ethylene biosynthesis and susceptibility to B. 

cinerea between both genotypes were correlated.  The increase in susceptibility to B. 

cinerea was relatively small when freshly harvested transgenic fruits were compared 

to untransformed apples (Fig. 3.1B).  However, this difference in susceptibility 

became much larger when ACS sense-suppressed and cv. Greensleeves fruits were 

allowed to ripen for 14 days at room temperature (Fig. 3.1D).  These data were 

confirmed during three consecutive years (data not shown) and strongly suggest that 
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defenses of apple fruits against B. cinerea are dependent on endogenous ethylene 

biosynthesis. 

Apple fruits were also placed in jars and exposed to 80 μL L-1 of humidified 

ethylene at 20°C for 14 days to overcome the lack of ethylene biosynthesis in sense-

suppressed fruits.  Although this treatment was reported to activate ACC oxidase 

(ACO; Defilippi et al., 2005), it neither stimulated autocatalytic ethylene production 

nor altered susceptibility to B. cinerea (data not shown). 

 

Cloning of fruit-expressed MdERF cDNAs 

ERF genes contribute to resistance against B. cinerea in Arabidopsis (Berrocal-

Lobo et al, 2002).  In order to investigate the role of the ERF genes in resistance of 

apple fruits to B. cinerea, MdERF genes were cloned.  A total of 16, 42, and 56 partial 

ERF domain sequences were obtained from control, propylene-treated, and B. cinerea-

infected fruits, respectively.  Fifteen of these sequences were represented two to five 

times depending on the EST and were differentially expressed in response to these 

treatments (Fig. 3.2A).  Based on the similarity of amino acid sequences, ESTs were 

classified into four groups.  Groups 1, 2, and 3 responded to both B. cinerea infection 

and ethylene treatment.  Aside from group 1, ESTs were identified in control fruits, 

but members of all four groups were more frequently isolated from ethylene treated 

tissue.  The two ESTs of group 4 were distinct from members of the other groups 

because they were not induced by B. cinerea infection and because their sequences 

around the third β-sheet were clearly different from the rest.  EST sequences, which 
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were induced by B. cinerea infection or ethylene treatment, were used for cloning of 

full-length cDNAs.  Design of gene-specific primers to differentiate ERF genes was 

difficult because EST sequences were short and the size of the gene family large.  For 

instance, 122 ERF gene family members are present in the Arabidopsis genome.  

We cloned three full-length cDNAs of MdERF, which were expressed in apple 

fruits (Fig. 3.2B and C).  Rapid amplification of cDNAs was used to clone the 5’ and 

3’-ends of expressed MdERF sequences.  The lengths of the translated MdERF3, 

MdERF4, and MdERF5 coding sequences were 472, 323, and 160 amino acids, 

respectively.  Each MdERF cDNA encodes a single AP2/ERF domain containing a 

predicted DNA binding site.  Similarly to ERF genes from Arabidopsis (Nakano, 

2006), each MdERF genes has conserved motifs outside the AP2/ERF domain.  

Specifically, MdERF3 and MdERF6 contain conserved motif (CM) 10-1, MdERF4 

contains CM1-2, CM1-3, and CM1-4, and MdERF5 contains CM2-1.  Comparisons of 

the AP2/ERF domains of the full-length cDNAs (Fig. 3.2C) and the partial ESTs (Fig. 

3.2A) demonstrate that MdERF3 is identical to sequences of group 1 and that 

MdERF5 is identical to AA45.  However, MdERF4 is fairly divergent from the EST 

sequences of group 3. 

In order to check for the presence of introns, full-length ERFs were amplified 

from genomic DNA.  Genomic amplification of MdERF4 and MdERF5 yielded no 

evidence of introns (data not shown), indicating that the gene structure has been 

conserved between apple and Arabidopsis.  However, apple homologs of subfamily 10 

were of particular interest because members of this subfamily contain introns in 
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Arabidopsis (Nakano et al, 2006).  Amplification of genomic DNA with MdERF3-

specific primers yielded a product that was 500bp larger than expected from the cDNA 

sequence.  This product was sequenced and investigated for the presence of an intron.  

The Plant GDB GeneSeqer program of the Plant Genome Database 

(http://www.plantgdb.org/) identified an intron.  However, the amplified sequence was 

not identical to MdERF3.  We therefore named this gene MdERF6.  Our MdERF6 

sequence lacked a stop codon.  We have annotated the combined analysis of our 

genomic sequence and three published ESTs (CN919204, EB155223, CN495178).  

PCR was performed to amplify MdERF3 sequences surrounding the intron from 

genomic DNA.  Our inability of amplifying this region using regular Taq polymerase 

suggests the presence of a large intron.       

Phylogenetic comparison of the four MdERF coding sequences with all known 

Arabidopsis genes revealed clustering of MdERF4 and MdERF5 with AtERF genes 

from subfamilies 1 and 2a (Nakano et al, 2006), respectively, whereas MdERF3 and 

MdERF6 were shown to be members of subfamily 10 (Fig. 3.2D).  AtERF109, 

annotated as a member of subfamily 10 (Nakano et al, 2006), did not cluster with 

subfamily 10 in our phylogenetic comparison (Fig. 3.2D).  Detailed functional 

analysis of AtERF genes belonging to these three subfamilies is lacking. 

 

mRNA expression of MdERF, ethylene- and defense-related genes 

Expression of defense- and ethylene-related mRNAs in ripening fruits was 

investigated by RT-PCR (Fig. 3.3).  As expected, a climacteric rise in ethylene 

http://www.plantgdb.org/
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production occurred in untransformed apple fruits whereas ACS-suppressed apples 

produced negligible ethylene (Fig. 3.3A).  While ACS mRNA expression increased in 

untransformed fruits, no transcripts were detected in ACS-suppressed apples (Fig. 

3.3B).  In contrast, ACO and lipoxygenase (LOX) mRNAs were expressed in both 

untransformed and ACS-silenced fruits.    Polygalacturonase inhibitor protein (PGIP) 

transcripts were expressed in both apple genotypes, indicating PGIP expression is 

independent of ethylene.  Chitinase is a pathogenesis-related (PR) protein, which can 

be induced by ethylene (Buttner and Singh, 1997), but chitinase and PR1 genes were 

not expressed in ripening fruits. 

Each MdERF gene expression was quantified by real-time PCR (Fig. 3.4).  

GAPDH was equally expressed in all samples (Fig. 3.4A).  Although ACS was not 

expressed in the ACS-silenced line 130Y, this gene was expressed in wild-type apples.  

ACS expression was strongly induced 3 hours after wounding, but ACS mRNA levels 

were barely detectable 6 hours and 1 day after wounding.  ACS expression gradually 

increased during B. cinerea invasion and the highest level of ACS induction was 

observed 3 days after inoculation. 

MdERF3 expression was distinct from that of MdERF4, 5, and 6 (Fig 3.4B).  

Only MdERF3 was induced in the ACS-silenced line 130Y, whereas MdERF 4, 5, and 

6 were suppressed in 130Y.  This demonstrates that MdERF3 can be induced 

independently of ethylene, whereas MdERF 4, 5, and 6 expression is completely 

dependent on ethylene.  Although MdERF3 expression is not entirely dependent on 

ethylene, MdERF3 expression was more strongly induced when endogenous ethylene 
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biosynthesis was functional.  Only MdERF3 was induced by B. cinerea infection in 

ACS-silenced apple fruits.  MdERF4, 5, and 6 expression in untransformed apple 

fruits was highly induced 3 hours after wounding, thus mimicking ACS expression.  In 

contrast, MdERF3 mRNA levels in untransformed apple fruits increased and reached a 

peak 6 hours after wounding, a relative delay compared to MdERF4, 5, and 6.  

Nevertheless, all four MdERF mRNAs increased 3 days after wounding in 

untransformed fruits.   

 

MdERF promoter sequence analysis 

The sizes of the amplified MdERF3, 4, 5, and 6 promoter regions were 706 bp, 

778 bp, 877 bp, and 583 bp, respectively.  All four promoter regions were analyzed for 

putative cis-acting regulatory elements (Higo et al, 1999).  Three criteria were used to 

select cis-elements; motifs located on the plus strand upstream of the predicted 

transcriptional start site, motifs ≥ 5 nucleotides, and motifs related to plant hormones, 

pathogens, or stress responses were chosen.   A summary of motifs found in the 

promoter regions of MdERF3, 4, 5, and 6 is shown in Fig. 3.5.  Numbers in the Fig. 

3.5 refer to positions relative to the transcriptional start site of each motif.  Consensus 

sequences of cis-acting elements related to hormone, abiotic or biotic stress were 

found in all four promoter sequences.  An important cis-element regulated by ethylene 

signaling, the EIN3 binding site, was found in MdERF3, 5, and 6.  Another ethylene 

responsive element was found in MdERF5 and 6 (Fig 3.5B).  TGA binding sites and 

MYB binding sites are a common feature of all MdERF genes analyzed.  The unique 
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cis-element in MdERF3 is three BELL-type homeodomain TF binding sites.  W-boxes 

and a wound-activating region were unique to the MdERF4 promoter.  Although cis-

elements indicated that all MdERFs respond to drought stress, different sets of MdERF 

genes contain different motifs:  MdERF4 and 5 have ABA-responsive elements, 

whereas MdERF 3 and 6 have dehydration-responsive elements. 

 

Activation of chitinase mRNA expression by MdERF3  

MdERF3 was introduced into N. benthamiana by Agrobacterium infiltration 

(Fig. 3.6).  MdERF3 mRNA expression increased from 1 to 3 days after infiltration, 

but expression of this gene remained low in leaves that were infiltrated with 

Agrobacterium containing an empty vector control (data not shown).  One day after 

Agrobacterium infiltration, mRNA levels of the chitinase gene Chn48 increased in 

leaves that expressed MdERF3 relative to leaves that were treated with the empty 

vector control.  Agrobacterium infiltration with an empty vector construct induced 

expression of Chn48 relative to unchallenged leaves, suggesting that this chitinase 

gene responds to either wounding or A. tumefaciens.  Since we did not mock-infiltrate 

leaves, we cannot distinguish between these two possibilities. 

 

Discussion 

Ethylene limits B. cinerea-related lesion expansion in ripening apple fruits  

Two lines of evidence illustrate that ethylene is necessary in apple fruits for 

induction of defenses against B. cinerea.  Firstly, ethylene-suppressed apple fruits are 
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hypersusceptible to B. cinerea (Fig. 3.1).  Secondly, the genotypic difference in 

susceptibility hypersusceptibility increased with fruit ripening.  Ethylene-suppressed 

fruits were slightly more susceptible to B. cinerea than wild-type apples immediately 

after harvest, but this difference in susceptibility was much larger 14 days after harvest.  

Wild-type fruits did not produce ethylene immediately after harvest, but ethylene 

biosynthesis reached the climacteric peak 14 days after harvest.  Thus, activation of 

ethylene biosynthesis prior to inoculation is necessary to induce resistance against B. 

cinerea, implicating ripening-related ethylene production in priming of defense 

responses against B. cinerea (Conrath et al., 2006).  Our findings are compatible with 

mutant studies in Arabidopsis.  Based on analysis of ein2-1 mutant (Thomma et al, 

1999) and ERF1-overexpressing transgenic plants (Berrocal-Lobo et al, 2002), 

ethylene was shown to be involved in resistance of Arabidopsis to B. cinerea.  In 

contrast to Arabidopsis, genetic modification of the ethylene signal transduction 

pathway has not yet been accomplished in apple.  Nevertheless, our results using 

genetic suppression of ethylene biosynthesis in apples can be considered analogous.   

We previously tested the hypothesis that ethylene induces defenses against B. 

cinerea in pear fruits using 1-MCP (Akagi and Stotz, 2007).  Although we did not find 

biologically significant effects of ethylene on disease resistance of pear fruits, 

inhibiton of ethylene by 1-MCP in pear fruits resulted in a statistically significant 

increase in susceptibility to B. cinerea.  As no transgenic pear fruits with defects in 

ethylene production or signal transduction were available, we used exogenous 

application of chemicals to accelerate or inhibit ethylene biosynthesis.  However, the 



67 
 

 

new data on endogenous suppression of ethylene biosynthesis in apple fruits presented 

here showed a stronger and clearer increase in susceptibility to B. cinerea relative to 

our previous study on exogenous manipulation of ethylene action in pear fruits.  A 

stronger suppression of ethylene was observed in Botrytis cinerea-infected transgenic 

apple fruits (Fig. 3.1C) compared to1-MCP-treated pear fruits (Akagi and Stotz, 2007). 

We tested the expression of several ethylene- and defense-related genes, but 

could not find defense-related mRNAs that increased in conjunction with climacteric 

ethylene production in apple fruits.  Our data agree with Yao et al. (1999) in that PGIP 

was expressed in healthy apple fruits.  Although PGIP is regulated independently of 

ethylene (Fig. 3.3), PGIP was found to be strongly induced in response to B. cinerea 

infection (Yao et al, 1999).  

B. cinerea produces ethylene in vitro using the 2-keto-4-methylbutyric acid 

pathway, which differs from the ethylene biosynthesis pathway of plants (Chague et al, 

2002; Cristescue et al, 2002).  Ethylene production of ethylene-silenced fruits was 

higher during B. cinerea infection (Fig. 3.1) than during fruit ripening (Fig. 3.3), 

suggesting that the fungus produces ethylene in vivo.  Previous comparison of 1-MCP- 

and aminoethoxyvinylglycine-sensitive ACC and ethylene production during B. 

cinerea infection of pear fruits confirms this notion (Akagi and Stotz, 2007).  It is 

therefore possible that ethylene produced by B. cinerea triggers defense responses in 

apple fruits, although we cannot rule out the contribution of oligosaccharide elicitors 

(Campbell and Labavitch, 1991).  In the former case, fungal ethylene production 

might be a disadvantage for B. cinerea. 
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Regulation of MdERF Expression    

MdERF3 was the only gene, which was induced by B. cinerea infection in 

ethylene-silenced apple fruits (Fig. 3.4).  Interestingly, the sequences of MdERF3 and 

MdERF6 are very closely related (Fig. 3.2D), but the response of MdERF6 to B. 

cinerea was entirely ethylene-dependent, which indicated that important pathogen-

responsive regulatory sequence elements are lacking in MdERF6.  Members of ERF 

subfamily 10 have not been functionally analyzed in Arabidopsis.   

Expression of MdERF4, 5, and 6 was completely dependent on ethylene in 

contrast to MdERF3, which was induced ethylene-independently although ethylene 

further stimulated MdERF3 expression.  These MdERF3 data are similar to the 

regulation of MdERF1, the expression of which increased with apple fruit ripening 

(Wang et al, 2007).  However, MdERF1 was not completely suppressed by 1-MCP 

treatment during fruit ripening, suggesting that regulation of MdERF1 is also partially 

independent from ethylene (Wang et al, 2007).  AtERF1 integrates jasmonate and 

ethylene signaling; downstream target genes are activated either coordinately by both 

hormones or specifically by each hormone (Lorenzo et al, 2003).  It remains to be 

determined what hormones, including jasmonates, or elicitors regulate ethylene-

independent MdERF3 expression. 

Transcript levels of all MdERF genes increased 3 days after wounding of apple 

fruits.  This might be a response to wounding or ripening, a stress response to 

placement of apple fruits into a closed moisture chamber, or a response to ethylene 
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accumulation in this chamber.  A flow-through system allowing for exchange of air 

inside the box would have eliminated the latter possibility.   

 

Putative cis-elements in MdERF promoters   

To our knowledge, no one has investigated promoter sequences and differential 

regulation of several ERF genes.  We did not conduct functional analysis of promoter 

regions, but the putative TF binding sites we identified are consistent with the 

differential regulation of MdERF expression we observed by real-time PCR.  Cis-

elements are typically located within 1 kb upstream of the translation start site in 

Arabidopsis (Maleck et al, 2000).  The four MdERF promoter sequences we analyzed 

were ~500 to ~800 bp long, too short for a complete description of MdERF promoters.     

EIN3 is known to bind and activate ERF1 expression in response to ethylene 

signaling in Arabidopsis (Solano et al, 1998).  Promoter sequences of MdERF3, 5, and 

6 contain a putative EIN3 binding site.  Although the MdERF4 gene did not contain a 

putative EIN3 binding site in its predicted promoter region, this site was found 

downstream of the predicted transcriptional initiation site and upstream of ATG.   

Two ethylene response elements (EREs) have been reported. The 

A(A/T)TTCAAA motif is found in the promoters of the fruit-specific tomato gene E4 

(Montgomery et al, 1993) and the carnation senescence-related GST1 gene (Itzhaki et 

al, 1994).  The second ERE is the GCC-box, but this box is not present in the 

promoters of fruit ripening or flower petal senescence genes (Ohme-Takagi et al, 

2000), indicating that the GCC-box is specific to pathogen responses.  Ethylene may 
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regulate MdERF 5 and 6 during fruit ripening because both genes contain 

A(A/T)TTCAAA motifs.  GCC-boxes, which are apparently needed for its 

autorepression, were found in the promoter of the NtERF3 gene (Nishiuchi et al, 2004).  

We found no evidence for GCC-boxes in the limited promoter sequence information 

of all four MdERF genes.   

Abiotic stress such as wounding, cold, and drought activates AtERFs in the 

ein2 mutant plants, indicating that induction of AtERF genes by these stresses is 

independent of the ethylene signaling pathway (Fujimoto et al, 2000).  On the other 

hand, expression of AtERF3 and 4 by salt stress seems to be regulated by EIN2 

(Fujimoto et al, 2000).  Thus, AtERF genes are controlled by ethylene-dependent and 

independent pathways. 

A TGA binding site was found in all four MdERF genes.  TGA belongs to the 

bZIP family of TFs.  Some TGAs directly interact with nonexpressor of PR genes 1 

(NPR1), which is the important regulator of induced systemic acquired resistance 

(Subramaniam et al, 2001).  Also, TGA binds to the as-1 cis-element located in the 

promoter of PR1, mediating induced disease resistance via salicylic acid (Strompen et 

al, 1998; Zhang et al, 1999; Despres et al, 2000; Niggeweg et al, 2000; Zhou et al, 

2000).  In addition to the salicylic acid-dependent regulation of disease resistance, our 

finding suggests that TGA might have a role in ethylene-dependent regulation of 

disease resistance.   

The MYB binding site, (A/T)AACCA, was also found in all four MdERF 

genes.  MYB proteins belong to a large gene family in Arabidopsis, and several 
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different MYB recognition sites have been reported.  The (A/T)AACCA motif is 

recognized by MYB via ABA under drought stress (Abe et al, 2003).  The same region 

containing the MYB binding motif, AACCA, was also found in GhERF4 from cotton 

(Jin and Liu, 2007).  

Another MYB recognition site, ACC(A/T)(A/T)CC, was unique to MdERF6.  

This motif is present in promoters of 4-coumarate:CoA ligase (4CL), phenylalanine 

ammonia lyase (PAL) (Logemann et al, 1995), and the chalcone synthase gene Chs15 

(Faktor et al, 1997).  This motif is necessary for fungal, elicitor, or light-mediated PAL 

and 4CL activation (Logemann et al, 1995; Faktor et al, 1997; Maeda et al, 2005).   

Although all MdERF genes responded to wounding (Fig. 3.4), only promoters 

of MdERF4 contained motifs indicative of wound responses.  WRKY TFs are known 

to regulate ERF genes (Nishiuchi et al, 2004).  Wound-responsive transcription of 

ERF3 in tobacco is regulated by WRKY through binding to W-boxes in the promoter 

(Nishiuchi et al, 2004).  Wounding was shown to increase transcription of NtWRKY1 

and 2 prior to activation of ERF3.  MdERF4 also has W-boxes in its promoter region 

suggesting regulation via WRKY factors.  Jasmonic acid and elicitor-responsive 

elements were only found in MdERF4 and 6, and a wound activating region is present 

exclusively in MdERF4.  To prove the function of the wound activating region (Elliott 

and Shirsat, 1998), EMSA analysis would be needed.  Based on Genevestigator, only 

AtERF56 of subfamily 1 was induced 8.9-fold by methyl jasmonate, but other AtERFs 

of subfamily 1 were induced less than 2-fold or suppressed by wounding, ethylene, or 

methyl jasmonate.  On the other hand, AtERF108, which is related to MdERF6, was 
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induced 11-fold by methyl jasmonate but less than 2-fold by ethylene and wounding 

according to Genevestigator, indicating that the jasmonate- and elicitor-responsive 

element in MdERF6 promoter may be active. 

The regulatory regions of all four MdERF genes are indicative of responses to 

drought stress.  Genevestigator (https://www.genevestigator.ethz.ch/gv/index.jsp) data 

also supports this premise.  AtERF genes of subfamilies 1 and 10 are activated by salt 

stress.  It is interesting that promoters of MdERF4 and 5 contain ABA responsive 

elements, whereas MdERF3 and 6 have dehydration responsive elements.  We 

therefore speculate that dehydration activates different sets of MdERF genes.   

Several studies provide strong support for auxin responsive elements (Ulmasov 

et al, 1999; Goda et al, 2004).  Developmental processes such as abscission are 

antagonistically regulated by auxin and ethylene (Tucker et al, 1988).  Ethylene 

promotes abscission, whereas auxin suppresses it.  An auxin response element was 

found in the MdERF6 promoter, suggesting this gene might be regulated through an 

interplay of auxin and ethylene.    

Six AtERF genes in subfamily 6 responded to cytokinin (Rashotte et al, 2006).  

A cytokinin binding motif (Fusada et al, 2005) was found in MdERF3. 

The soybean (Glycine max) calmodulin SCaM-4 has a GT-1 cis-element, 

GAAAAA, that helps induce this gene in the presence of salt and P. syringe (Park et al, 

2004).   In the current study, four and one GT-1 motifs were found in MdERF4 and 6, 

respectively.  Interestingly, several AtERF genes of subfamily 1 and 10 were induced 

2- and 61-fold by P. syringae respectively, according to Genevestigator.  Although 
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MdERF4 and 6 were activated by B. cinerea in an ethylene-dependent manner late 

during infection, these two genes might also be activated by biotrophic plant 

pathogens. 

Interestingly, three BIHD cis-elements (Luo et al, 2005), which bind to the 

BELL-type homeobox protein from rice, were found exclusively in the MdERF3 

promoter.  In contrast to the function of this gene family in animal development (Ariel 

et al, 2007), none of the homeodomain (HD)-containing TFs from plants exert 

homeotic effects.  Evidence exists that BIHD is an important cis-element activated by 

B. cinerea.  The ocp3 (OVEREXPRESSIOR OF CATIONIC PEROXIDASE 3) mutant 

with a defect in a homeodomain-containing gene enhanced jasmonate-dependent 

resistance to the necrotrophic pathogens B. cinerea and Plectosphaerella cucumerina 

whereas interactions with biotrophic pathogens, including oomycete 

Hyaloperonospora parastica and bacterium P. syringae pv. tomato DC3000 remained 

unaffected (Coego et al, 2005).  OCP3 is expressed at very low level in healthy plants 

but its expression further decreases during P. cucumerina infection.  The OCP3 gene 

is different from other classes of homeodomain genes such as KNOTTED1 and HD-

Zip.  The HD-Zip type homeobox gene H52 in tomato limited the spread of 

programmed cell death (Mayda et al, 1999).  Arabidopsis and parsley PHD-type 

homeodomain proteins bind to and regulate PR2 expression (Korfhage et al, 1994).     

Some AtERF genes were not represented on the microarrays, but we could find 

trends for each of the AtERF families based on Genevestigator.  AtERF genes 

belonging to subfamily 1 are induced 2- to 36-fold in response to P. syringae, 
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hydrogen peroxide, senescence, ABA, salt, and ozone.  AtERF genes belonging to 

subfamily 2a were induced 2- to 26-fold by P. syringae, ABA, brassinolide, cold, 

senescence, and hydrogen peroxide.  AtERF genes belonging to subfamily 10 are 

highly induced by several necrotrophic and biotrophic pathogens.  Specifically, 

expression of this subfamily of genes is induced more than 4-fold by osmotic stress, 

senescence, light and treatment with B. cinerea, P. syringae, A. tumefaciens, methyl 

jasmonate, ABA, salt, or ozone.   

The combined analysis of MdERF promoter sequences and expression of 

homologous AtERF genes highlights the complex transcriptional regulation of this 

superfamily of TFs. 

 

MdERF3 regulates chitinase expression 

In order to identify potential target genes containing cis-elements important for 

their induced expression, MdERF3 was transiently expressed in tobacco and chitinase 

Chn48 expression was measured by real-time PCR.  Chn48 is known to be induced by 

ethylene; its promoter contains GCC-boxes and this motif is necessary for 

transcriptional activation of pathogenesis-related genes regulated by ethylene (Shinshi 

et al, 1995).  Chitinase expression increased in plants transiently expressing MdERF3.  

These data show that chitinase is a target of MdERF3.  Further experiments are needed 

to prove that MdERF3 interacts with GCC boxes.  Bean chitinase is known to be 

induced by ethylene (Broglie et al, 1986).  Transgenic tobacco plants expressing 

endochitinase from Trichoderma harzianum were highly resistant to B. cinerea (Lorito 
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et al, 1998).  Moreover, transgenic strawberry plants expressing the chitinase gene ch5 

from Phaseolus vulgaris are highly resistant to B. cinerea but not to the anthracnose 

pathogen Colletotrichum acutatum (Vellicce et al, 2006).  It is therefore possible that 

induction of chitinase in apple fruits limits growth of B. cinerea via ethylene signaling 

(Fig 3.7) but we have not tested this hypothesis.   

Although ERFs are reported to target the GCC-box, certain ERFs regulate non-

GCC-box elements (Chakravarthy et al, 2003).  Solano et al. (1998) suggested that 

ERF1 activates a subset of ethylene responsive GCC-box-containing genes.  The 

promoters of defense-related genes, which were increased or decreased in Arabidopsis 

overexpressing the Pti4 gene from tomato relative to wild-type plants, were analyzed 

to investigate cis-elements regulated by Pti4 (Chakravarthy et al, 2003).  Interestingly, 

only 9 out of 35 of Pti4-regulated promoters had GCC-boxes.  Myb1 elements 

(GTTAGTT) and G boxes (CACGTG) were also common.  MdERF3 may therefore 

regulate cis-elements other than GCC-boxes in the chitinase we tested.  Genome-wide 

analysis of MdERF3 targets would be the next step in analyzing promoter motifs.   
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Fig. 3.1.  Effect of ethylene on susceptibility to B. cinerea in apple fruits.  Apples were 
tested immediately after harvest (A and B) or after incubation for 2 weeks at room 
temperature (C and D).  Ethylene production (A and C) and lesion expansion (B and 
D) were measured in pathogen-challenged ACS-sense-silenced (130Y) and 
untransformed apple fruits cv. Greensleeves (GS).  Means and SE of 10 replicates are 
shown. 
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Fig. 3.2.  Identification of MdERF genes expressed in apple fruits.  (A) Alignment of 
amino acid sequences of AP2/ERF domains.  Designated names and numbers of 
partial cDNAs expressed in ethylene-treated, pathogen-challenged, or untreated apple 
fruits are shown to the left and to the right of the amino acid sequences, respectively.  
ESTs were classified into four groups.  (B) Diagrams of four coding sequences 
belonging to groups 1, 3, and 4 are shown.  Genes are not drawn to scale.  Subfamilies 
shown in parentheses and conserved motifs (CM) are based on classifications of 
genomic ERF sequences from rice and Arabidopsis (Nakano et al., 2006).  Amino 
acids are abbreviated (A.A.).  MdERF6 is a partial coding sequence.  (C) Predicted 
amino acid sequences of AP2/ERF domains and CM corresponding to full-length 
cDNA clones shown diagrammatically in Fig. 3.2B.  Note that AP2/ERF domain 
sequences shown in Fig. 2A and 2C differ slightly.  (D)  Three clades of a 
phylogenetic comparison of 122 AtERF and four MdERF genes are shown.  Clades of 
the most parsimonious tree are shown together with percentages of 100 bootstrap 
replicates. 
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Fig. 3.3.  Changes in mRNA expression during ripening of apple fruits.  (A) Ethylene 
production in untransformed apples cv. Greensleeves (GS) and ACS-suppressed fruits 
(130Y).  (B) RT-PCR analysis of LOX (30 cycles), PGIP (35 cycles), ACS (30 cycles), 
ACO (25 cycles), and GAPDH (30 cycles) expression during ripening. 
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Fig. 3.4.  MdERF expression after wounding or pathogen challenge.  Apple fruits were 
wounded or inoculated with B. cinerea two weeks after harvest.  Total RNA was 
extracted 0, 3, 6, 24, and 72 hours after onset of treatment.  (A) RT-PCR analysis of 
GAPDH, used as a loading control, and ACS expression in untransformed (GS) or 
sense-suppressed fruits (130Y).  (B) MdERF expression measured by real-time PCR in 
wounded or B. cinerea-infected fruits.  MdERF expression was normalized to GAPDH 
expression.   
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Fig. 3.5.  Putative cis-acting elements in MdERF promoters.  Sizes of MdERF3, 4, 5, 
and 6 promoter regions are 706 bp, 778 bp, 877 bp, and 583 bp, respectively.  (A) 
Signal Scan and (B) Homology Search options of the PLACE program were used to 
identify cis-elements.  Numbers indicate locations of motifs relative to the predicted 
transcription start site at +1. 
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Fig. 3.6.  Induction of chitinase expression by transiently expressing MdERF3 in 
tobacco.  MdERF3 was transiently expressed in Agrobacterium-infiltrated tobacco 
leaves and expression of the chitinase gene Chn48 was determined relative to the 
empty vector control.  Ratios of expression in the presence or absence of MdERF3 are 
shown.  Expression in unchallenged leaves relative to Agrobacterium-challenged 
leaves are also shown.  Means and SE of three replicates are shown. 
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Fig. 3.7.  Proposed protective role of ethylene during B. cinerea infection of fruits.  
The model depicts a portion of the signal cascade that activates defense responses and 
fruit ripening.  Ethylene is produced by B. cinerea and the fruit.  Homeodomain 
transcription factors (HD) may regulate the expression of MdERF3.  MdERF3 binds to 
the GCC box and activates the expression of defense-related genes such as chitinase. 
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Table 3.1. Gene-specific primers for RACE 
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      Table 3.2. Primers for RT-PCR 
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 Table 3.3. Real-time PCR primers and probes  
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Table 3.4. Gene-specific primers for Genome Walking PCR  
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Polygalacturonase-inhibiting protein and jasmonic acid separately affect the 
interaction between tomato and Botrytis cinerea 
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Abstract 

Oligogalacturonic acids (OGAs) generated from in vitro interaction between 

fungal polygalacturonase (PG) and bean PG-inhibiting protein (PGIP) were shown to 

activate phytoalexin biosynthesis in soybean [Cervone et al. (1989) Plant Physiol. 90: 

542-548].  Based on this observation, it was hypothesized that PGIP-dependent 

generation of OGAs activates plant defense responses in vivo.  In this report, we test 

this hypothesis genetically.  A population of tomato plants segregating for the 

jasmonate signaling pathway mutant coi1 and overexpression of pear PGIP were 

challenged with Botrytis cinerea.  The additive effect of these two genes suggests that 

both independently alter resistance to this fungal pathogen, thus refuting the 

hypothesis that OGAs activate the jasmonic acid pathway. 

 

Introduction 

Botrytis cinerea causes gray mold and other agronomically important diseases.  

This necrotrophic plant pathogen has more than 200 host plants including many crop 

species.  Endo-polygalacturonase (endo-PG) is an important virulence factor of B. 

cinerea, hydrolyzing polygalacturonic acid of plant cell walls into elicitor-active α-

1,4-linked oligogalacturonides (OGAs).  B. cinerea has six PG isoforms, but these six 

genes are differentially expressed depending on the stage of infection, the host species 

and tissues (ten Have et al, 2001).  Targeted deletion of Bcpg1 demonstrated that it is 

required for full virulence (ten Have et al, 1998).  
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PG-inhibiting proteins (PGIPs), present in plant cell walls, are known to reduce 

fungal growth in planta.  Based on overexpression of pear PGIP in tomato and 

Arabidopsis (Powell et al, 2000; Ferrari et al, 2003b) and suppression of AtPGIP1 

(Ferrari et al, 2006) in Arabidopsis thaliana, this gene contributes to resistance against 

B. cinerea.  Grape PGIP1 reduces B. cinerea susceptibility in VvPGIP1-expressing 

tobacco (Joubert et al, 2006).  PG isoforms from Aspergillus niger and B. cinerea are 

differentially inhibited by VvPGIP1 (Joubert et al, 2006). 

PGIP isoforms were differentially upregulated by OGAs and plant hormones in 

A. thaliana (Ferrari, 2003b).  AtPGIP2 expression was regulated by the jasmonic acid 

pathway, which requires CORONATINE INSENSITIVE 1 (COI1) and JASMONIC 

ACID RESISTANT 1 (JAR1), but not by exogenously supplied OGAs.  AtPGIP1 

expression was strongly induced by exogenously supplied OGAs but unaffected by 

salicylic acid, jasmonate, or ethylene based on mutants defective in each hormone 

pathway (Ferrari, 2003b). 

PGIPs are thought to reduce pathogen growth in two ways: 1) PGIPs directly 

bind and inhibit PGs; 2) PGIPs indirectly induce defense responses (Stotz et al, 2004).  

In this report, we investigated the latter effect of PGIP.  Aspergillus niger PG 

generated elicitor-active OGAs from polygalacturonic acid in the presence of P. 

vulgaris PGIP (Cervone et al, 1989).  Cervone’s group hypothesized that interaction 

between PG and PGIP increases the size of the polygalacturonic acid breakdown 

products to activate plant defense responses in vivo. 
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The plant hormones ethylene, salicylic acid, jasmonic acid, and 

brassinosteroids (Nakashita et al, 2003) have been reported to induce defense response 

in plants.  Application of OGAs with a degree of polymerization (DP) from 4 to 6 to 

young tomato explants increased the amount of jasmonic acid by approximately 2.5 

times compared to control seedlings (Doares et al, 1995).  The amounts of 

phenylalanine ammonia lyase (PAL) activity and salicylic acid were increased by 

exposing tobacco cell cultures to OGAs with a DP from 4 to 15 and an average DP of 

10 (Klarzynski O, 2000).  Thus, exogenous application of OGAs activates two major 

disease-related signaling systems. However, this is indirect evidence for induction of 

defense responses.   

OGAs with different DPs produced contradicting results with respect to 

activation of defense-related compounds.  OGAs (DP 11) activate H2O2, defense-

related genes, chitinase and glucanase activities in grapevine cell cultures (Aziz et al, 

2004).  Aziz’s group proposed that OGAs activate an oxidative burst to induce defense 

responses in grapevine against B. cinerea.  However, another group showed that 

OGAs (mixture of DP from 9 to 20) did not activate lipoxygenase (LOX3) in 

grapevine cell cultures (Poinssot et al, 2003).  We assume that this is not because 

OGAs (DP11) have a strong effect, but because different OGAs-induced PAL1, 

glutathione-S-transferase (GST), glucanase, PGIP, and stilbene synthase (VST1) 

transcripts accumulated less compared to induction by BcPG1 from the B. cinerea 

strain T4 (Poinssot et al, 2003).  Poinssot’s group concluded that T4BcPG1-induced 
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H2O2 production did not result from OGA release by the enzyme based on the lack of 

desensitization following supply of OGA in T4BcPG1-treated cells and vice versa.   

On the other hand, it was reported that OGA-induced resistance of A. thaliana 

to B. cinerea is independent of salicylic acid, ethylene, and jasmonate signaling but 

dependent on PHYTOALEXIN DEFICIENT3 (PAD3) (Ferrari et al, 2007).  Each 

phytohormone-related mutant was exogenously treated with OGAs 24 hours prior to 

infection, and lesion size was measured.  OGA-treated ethylene-insensitive (ein2), 

nonexpressor of pathogenesis-related genes1 (npr1), jar1, npr1ein2jar1 (nej), and 

coi1 mutants as well as nahG plants, which express salicylate hydroxylase, showed a 

reduction in lesion size compared to untreated plants, suggesting salicylic acid, 

ethylene, and jasmonate activate defense responses independently from OGAs.  

COI1 is required for jasmonate singaling (Feys et al, 1994).  This protein forms 

a part of an enzyme complex called Skp/Cullin/F-box (SCFCOI1), a type of E3 ubiquitin 

ligase.  In the absence of jasmonate, JASMONATE ZIM-DOMAIN (JAZ) proteins 

(Chini et al, 2007: Thines et al, 2007) are bound to transcription factors to inhibit their 

activity.  Presence of the jasmonoyl-isoleucine (JA-Ile) stabilizes interactions between 

COI1 and JAZ proteins.  As a result, JAZ proteins are covalently modified by 

ubiquitin and targeted for destruction (Thines et al, 2007).  Thus, transcription factors 

are released and start to activate jasmonate-inducible defense and developmental 

genes. 

coi1 and jar1 mutants of A. thaliana (Thomma et al, 1998; Ferrari et al, 2003a) 

as well as the jasmonate-deficient mutant def1 (Defenseless) and prosystemin 
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antisense tomato plants (Diaz et al, 2002) are susceptible to B. cinerea, indicating that 

jasmonic acid contributes to induced defense responses against B. cinerea.  BOS1 

(BOTRYTIS SUSCEPTIBLE1), which encodes an R2R3MYB, is required for B. cinerea 

resistance, and COI1 was shown to regulate BOS1 expression (Mengiste et al, 2003).  

OCP3 (OVEREXPRESSOR OF CATIONIC PEROXIDASE 3), which encodes a 

homeodomain transcription factor, is also important for COI1-dependent resistance to 

B. cinerea (Coego et al, 2005). Volatile C6-aldehydes and allo-ocimene activate 

jasmonate-dependent and –independent defense responses against B. cinerea, 

respectively (Kishimoto et al, 2005).  The treatment of allo-ocimene induced 

accumulation of camalexin and lignification of cell walls in leaf veins (Kishimoto et al, 

2006).  All of these reports suggest that jasmonic acid induces defense responses that 

are required for plant protection against B. cinerea.   

OGAs (DP 2 to 5) were able to activate the jasmonate pathway in the Erwinia 

carotovora system.  E. carotovora is a soft-rot-causing bacterium, which secrete many 

kinds of cell-wall degrading enzymes.  Allene oxide synthase (Aos), a jasmonate 

biosynthetic enzyme, was isolated from A. thaliana by differential mRNA display 

comparing plants treated with culture filtrates from E. carotovora to untreated controls 

(Norman et al, 1999).  Aos, and Atvsp, which is known to be induced by MeJA, were 

induced by MeJA, dimers and trimers of polygalacturonic acid, PehA 

polygalacturonase from E. carotovora, and oligogalacturonic acid digested by PehA 

(Norman et al, 1999).  Taken together, Norman’s group concluded that short OGAs 
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are involved in activation of the jasmonate pathway during infection of A. thaliana by 

E. carotovora. 

Cervone suggested that OGAs accumulate in the presence of PGIP, thus 

perhaps activating jasmonate-inducible defense pathways similar to the E. carotovora 

system (Fig. 4.1).  To test this hypothesis in vivo, we generated plants that expressed 

pear PGIP (pPGIP) in the coi1 mutant background by crossing mutant (Li et al, 2004) 

and transgenic plants (Powell et al, 2000). 

 

Materials and Methods 

Identification of pPGIP-expressing tomato in coi1 mutant background 

Tomato cv. T5 plants overexpressing pPGIP (Powell et al, 2000) were crossed 

with a heterozygous COI1/coi1 tomato cv. Castlemart (Li, L. et al, 2004).  

Heterozygous F1-progeny was selected and selfed.  To determine the genotype of the 

F2 progeny, genomic DNA was extracted using a published method (Miklas et al, 

1993).  According to Li’s paper (2004), COI1 or coi1 genes were amplified using the 

upstream primer 5’-GTGGAGACGATATGTTGAGACTAA-3’ in combination with a 

second primer 5’-CCATGGAGTCCATCACCTAACAGT-3’ or a third primer 5’-

GTGGTCAGATCAGAGCCCTATATT-3’.  PCR conditions were 35 cycles of 30s at 

94°C, 45s at 65°C, and 45s at 72°C.  DNA from wild-type plants led to amplification 

of a 525 bp product with upstream and second primers and homozygous coi1 plants 

led to the production of a 777 bp fragment with upstream and third primers, whereas 

DNA from heterozygous plants yielded two fragments, 525 bp and 777 bp. 
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Presence of pPGIP in pPGIP-overexpressing seedling was checked by PCR in 

the F2 generation using a forward primer in 35S promoter region 

(5’GTTCATTTCATTTGGAGAGGACAGGCTT-3’) and a reverse primer in pPGIP 

gene (5’-CTTGCAGCTTGGGAGTG-3’).  Seeds from each seedling were harvested.  

Segregation of the transgene was tested by selection on kanamycin in the F3 progeny.  

The original paper reported (Li et al, 2004) that the coi1 mutant did not produced 

viable seeds.  Therefore, homozygosity of pPGIP in coi1 mutant seedling was checked 

by Southern blot and PCR in the F2 generation.  

Although tomato cv. Castlemart and cv. T5 did not statistically differ in 

susceptibility to B. cinerea (Fig. 4.2), the segregating F2 progeny was analyzed.  Thus, 

analysis of coi1 mutatant and pPGIP overexpressing plants occured in the same 

genetic background derived from the initial cross between tomato cultivars Castlemart 

T5. 

 

Fungal Inoculation 

Fungal inoculation was done as described (Guimaraes et al, 2004) with some 

modification. A total 10 drops of 2 μl (1000 spore) conidial suspension were placed on 

detached leaves after the incubation with Gamborg’s medium containing 10 mM 

sucrose and 10mM potassium phosphate (pH6) for 2-3 h.  A total of 41, 32, 10, and 11 

replicate leaves were inoculated for wild-type, coi1, pPGIP, and coi1 expressing 

pPGIP, respectively.  Lesions expansion started after 3 days.  Lesion diameter and 
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disease frequency were scored.  The latter is a reflection of whether B. cinerea 

successesfully colonized or not (Guimaraes et al, 2004), 

 

Measurement of Salicylic Acid  

Multiple sites of excised tomato leaves were inoculated with B. cinerea and 

placed in a moisture chamber (Guimaraes et al, 2004).  Salicylic acid levels were 

measured in four replicates of pooled leaf samples as described (Engelberth et al, 

2004).  Salicylic acid levels were measured 1 and 2 days post inoculation. 

 

Statistical analysis 

A general linear model (GLM) was used to determine the influence of 

genotype (SAS Institute, Cary, NC).  Least squares means (LSM) were used to 

determine significant differences among mean comparisons.  Two-sample t tests of 

two-tailed distributions were used to determine significant differences in susceptibility 

of T5 and Castlemart.  The significance threshold was P = 0.05.     

 

Results 

Inoculation assays were conducted twice and no experimental effects were 

detected by statistics.  The combined data of two experiments are shown in Fig. 4.3.  

The coi1 mutant was very susceptible to B. cinerea, both in terms of frequency of 

infection and lesion diameter.  Although there was a trend towards reduction of 

disease diameter in pPGIP-overexpressing plants when compared to wild-type plants, 
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these differences were not statistically significant, both in terms of frequency of 

infection and lesion diameter.  The susceptibility of plants constitutively expressing 

pPGIP in coi1 mutant background was intermediate with respect to the coi1 mutant 

and pPGIP-overexpressing plants, in terms of lesion diameter.  There was relatively 

less genotypic variation in frequency of infection (Fig. 4.3B).  The coi1 mutant was 

significantly more susceptible than wild-type tomato.  Although pPGIP 

overexpression in the coi1 background reduced the frequency of infection, this effect 

was not statistically significant.  Collectively, these data provide genetic evidence that 

jasmonate- and pPGIP-related defense mechanisms are independent. Salicylic acid 

levels increased 14-fold in the coi1 mutant 1 day post-inoculation with B. cinerea 

relative to infected wild-type plants (Fig. 4.4).  Salicylic acid levels in B. cinerea-

infected wild-type plants were not elevated relative to mock-inoculated plants.  

Interestingly, overexpression of pPGIP in the coi1 background suppressed the coi1-

dependent increase in salicylic acid after infection. 

 

Discussion 

Based on the susceptibility of the coi1 mutant constitutively expressing pPGIP 

to B. cinerea relative to the coi1 mutant and pPGIP-overexpressing plants, we suggest 

that pPGIP-dependent plant defenses are independent of jasmonic acid.  Our data 

support a recent report that OGA-induced resistance in A. thaliana to B. cinerea is 

independent of jasmonate, salicylic acid, and ethylene signaling (Ferrari et al, 2007).  

Although OGAs were reported to activate jasmonic acid (Doares, S. H., 1995) and 
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salicylic acid production (Klarzynski O, 2000), Ferrari et al. (2007) have shown that 

exogenously applied OGAs activates plant defenses independently of these 

compounds.  Our data suggest that pPGIP may act independently of defense activation, 

perhaps merely by inhibiting fungal PGs.   

T-DNA insertion alleles of ZFAR1 encoding a putative zinc-finger protein with 

ankyrin-repeat domains showed increased susceptibility to B. cinerea (AbuQamar et al, 

2006).  Interestingly, ZFAR1 expression was induced in ein2, coi1, nahG during B. 

cinerea infection, indicating that ZFAR1 acts independently of ethylene, jasmonic acid, 

and salicylic acid to induce resistance.  ZFAR1 was also induced by OGAs in 

microarray experiments (Ferrari et al, 2007).  Ferrari’s group proposed further studies 

to determine whether ZFAR1 is required for OGA-induced resistance.   

In contrast to wild-type plants, salicylic acid levels increased when the coi1 

mutant was infected with B. cinerea.  To our knowledge, this is the first report of a B. 

cinerea-induced increase in salicylic acid.  Similarly to our wild-type results, Gorvrin 

and Levine (2002) observed no increase in salicylic acid after B. cinerea infection of  

wild-type Arabidopsis plants.  Interestingly, exposure to Pseudomonas syringae of the 

coi1 mutant elevated salicylic acid levels, increased expression of PR1, and enhanced 

resistance to the bacterial pathogen (Kloek et al, 2001).  The effects of salicylic acid 

on the susceptibility to B. cinerea are unclear because nahG plant carrying salicylate 

hydroxylase increased susceptibility to B. cinerea (Gorvrin and Levine, 2002) whereas 

the npr1 mutant by itself does not differ from wild-type plants in terms of 

susceptibility to B. cinerea (Ferrari et al, 2003a).   
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Our analysis of pPGIP expression in the background of the coi1 mutant 

contradicts Cervone’s hypothesis (Cervone et al, 1989).  Cervone’s group showed that 

the size of OGAs generated by fungal endo-PGs increased in the presence of PGIP and 

hypothesized that the generated OGAs activate defense pathway.  However, our data 

showed an additive effect of pPGIP expression in the background of the coi1 mutant, 

suggesting that jasmonic acid signaling is not related to pPGIP action (Fig. 4.5).   
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Fig. 4.1.  Model depicting the hypothesis tested that PGIP induces resistance against 
B. cinerea via the jasmonate pathway through production of OGAs.. 
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Fig. 4.2.  Susceptibility to B. cinerea of two tomato cultivars used in this study.  
Lesion diameter and frequency of infection were determined after fungal inoculation 
of cultivars Castlemart and T5.  Castlemart and T5 were the genetic background for 
coi1 and pPGIP overexpression the mutant, respectively.  Vertical bars show ±SE of 5 
replicates.  Differences were not statistically significant (P = 0.2588 in A, P = 0.1150 
in B). 
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Fig.4.3.  Effect of pPGIP and jasmonic acid on defense against B. cinerea (A). Disease 
diameters and (B). Disease frequencies were measured 3 d post inoculation.  A total of 
41, 32, 10, and 11 replicates were used for wild type, coi1, pPGIP, and coi1 carrying 
pPGIP, respectively.  A GLM in conjunction with LSM was used to determine the 
significance of genotype effects.  Vertical bars show ±SE.  A GLM with LSM 
separation suggests significant differences in lesion diameter as indicated by letters; P 
< 0.0001.  Differences in frequency of infection between wild-type and coi1 mutant 
plants were also significant; P = 0.0003,  
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Fig. 4.4.  Salicylic acid levels in wild type, coi1 mutant, pPGIP, and coi1 mutant 
overexpressing pPGIP after 1 and 2 days after mock or B. cinerea infection  Vertical 
bars show ±SE of 4 replicates. 
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Fig. 4.5.  Proposed model of PGIP- and jasmonic acid-induced defense responses 
against B. cinerea in tomato leaves.  PGIP and jasmonic acid independently activate 
the defense responses, thus rejecting the initial hypothesis that jasmonic acid is 
activated downstream of PGIP.  Jamonic acid and pPGIP suppressed the elevation of 
salicylic acid.  
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CHAPTER 5 

 

General Conclusion 

 

Ethylene protects pome fruits against Botrytis cinerea 

Ethylene is known to trigger defense responses depending on the plant- 

pathogen association (van Loon et al, 2006).  Ethylene contributes to the foliar 

resistance of Arabidopsis thaliana to B. cinerea.  EIN2, which acts upstream of EIN3, 

is required for resistance to B. cinerea based on mutant analysis (Alonso et al, 1999; 

Thomma et al, 1999).  Constitutive overexpression of an ethylene response factor 

(ERF1) in Arabidopsis activates expression of pathogenesis-related proteins and 

enhances resistance to necrotrophic pathogens, including B. cinerea (Berrocal-Lobo et 

al, 2002).  My studies definitively demonstrate that ethylene is essential to induce 

resistance against B. cinerea in pear and apple fruits (Chapter 2 Fig. 2.1, 2.2, 2.3, and 

2.4; Chapter 3 Fig. 3.1).  I therefore propose that ethylene induces resistance against 

necrotrophic pathogens in apple and pear fruits, consistent with previous findings in 

Arabidopsis (Fig. 5.1). 

Two sources of ethylene exist during B. cinerea infection of fruits, one is the 

pathogen and the other one are ripening fruits.  The possibility that ethylene produced 

by B. cinerea triggers defense responses is an interesting next question to test.  B. 

cinerea produces ethylene in vitro and we have found evidence for ethylene 
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production by B. cinerea in vivo.  However, tracer studies would be needed to 

conclusively prove ethylene biosynthesis by the pathogen in fruits.  Ethylene is well 

known to increase during fruit ripening concomitant with respiration.  However, one 

more role of ethylene produced during fruit ripening was found in this study, which is 

to activate defense responses.  The ethylene action inhibitor 1-MCP was shown to 

suppress ethylene production.  1-MCP is currently being used for long-term storage in 

commercial settings.  Management of ethylene is certainly necessary for storage of 

climacteric fruits, but my data show that this might decrease plant immunity against 

pathogens.  

MdERF3 was the only one of four MdERF genes that was induced by B. 

cinerea infection in an ethylene-independent manner early during infection (Chapter 3, 

Fig. 3.4).  These data imply that MdERF3 activates defense responses at an early stage 

during the interaction between B. cinerea and apple fruits.  This notion was confirmed 

by transiently expressing MdERF3 in tobacco.  MdERF3 increased the expression of 

the GCC-box-containing gene Citinase 48.  Genome-wide analysis to find promoter 

and transcriptional targets of MdERF3 would be an interesting next step. 

 

Softening did not alter the susceptibility of pear fruits to B. cinerea 

 Soft fruits are generally considered more susceptible to pathogens than 

firm fruits as hypothesized by Cristescu et al (2002).  However, my data proved that 1-

MCP-treated firm pear fruits did not influence the susceptibility to B. cinerea (Fig. 

2.5).  In contrast to my data, Cantu el al (2008) reported that cosuppression of both 



112 
 

 

expansin and polygalacturonase tomato fruits resulted in fruits that were firmer than 

wild type but more resistant to B. cinerea.  In the case of my pear study, reduction in 

lesion growth of Bcpg1 mutant compared with B05.10 strain confirmed that pectin 

catabolism plays an important role in susceptibility to B. cinerea (Fig. 2.7). 

 

Jasmonic acid and PGIP independently affect defense responses against B. 
cinerea  

The hypothesis that PGIP-dependent generation of OGAs triggers defense 

responses against B. cinerea was evaluated in vivo.  In order to test this hypothesis, 

pear PGIP was overexpressed in the jasmonate signaling pathway mutant coi1 and 

plants were inoculated with B. cinerea.  The additive effect of these two genes 

suggests that both independently alter resistance to this fungal pathogen, thus refuting 

the hypothesis that OGAs activate the jasmonic acid pathway (Fig. 5.2).      

PAD3, which encodes a cytochrome P450 enzyme involved in camalexin 

biosynthesis, was strongly up-regulated by OGAs in A. thaliana (Ferrari et al, 2007).  

Phytoalexin such as pisatin in pea originates from phenylalanine via PAL, whereas 

camalexin originates from tryptophan (Glawischnig, 2007).  Although we have no 

evidence of enhanced OGA accumulation in pPGIP transgenic plants, measurement of 

the phytoalexin rishitin in tomato (Floch et al, 2005) may provide further insights into 

the relationship between OGAs and phytoalexins. 
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Fig. 5.1.  Proposed protective role of ethylene action during B. cinerea infection of 
fruits.  The model depicts a portion of the signaling cascade that activates defense 
responses and fruit ripening.  Ethylene is produced by both B. cinerea and the fruit.  
Homeodomain transcription factors (HD) may regulate the expression of MdERF3.  
MdERF3 is proposed to bind to the GCC box and activate the expression of defense-
related genes such as chitinase. 
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Fig. 5.2.  Proposed model of PGIP- and jasmonic acid-induced defense responses 
against B. cinerea in tomato leaves.  PGIP and jasmonic acid independently activate 
defense responses.  Jasmonic acid and pPGIP suppress the elevation of salicylic acid.  
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