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CHAPTER 1 

 

A REVIEW OF KNOWN VIRULENCE FACTORS IN ERWINIA 

AMYLOVORA.  WHAT ELSE CAN WE LEARN FROM THE GENOME 

SEQUENCE? 

 

ABSTRACT 

This dissertation presents two views of one broad objective: to 

understand the process of virulence of the fire blight pathogen Erwinia 

amylovora. The global view is described in Chapters 2 and 3. In Chapter 2, I 

describe the analysis of the genome sequence of Erwinia amylovora, several 

novel virulence factors; and their relationship to known virulence factors in 

other bacterial genomes. In Chapter 3, I present a list of candidate genes 

predicted to be up-regulated during infection by a specific sigma factor using 

bioinformatic techniques. I also present the characterization of the proteins 

encoded by two genes on the list of candidates shown to be up-regulated 

during infection. The specific view is a molecular study of the process of 

delivery of a specific pathogenicity factor into plant cells, which is described in 

Chapter 4. In this Chapter, I present a summary of the disease and the 

pathogen, and I review of the current knowledge of virulence factors of E. 

amylovora. Finally, I reflect on how the genome of E. amylovora might 

contribute to the understanding of this organism as a pathogen.  

 

FIRE BLIGHT AND ITS CAUSAL AGENT ERWINIA AMYLOVORA 

Fire blight is a devastating disease of rosaceous plants. It affects all 

four subfamilies of the Rosaceae family, infecting about 200 species (Momol 
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and Aldwinckle 2000). However, the main economic importance of this 

disease is its effect on the apples and pears throughout the world. During 

warm, humid and wet weather, fire blight can devastate entire orchards as 

happened in Southwest Michigan in 2000 when over 250,000 apple trees were 

killed with a total loss for the region estimated at $42 million (Longstroth 2002). 

The disease was first reported in the late 1700’s in the Hudson Valley of New 

York State; and since then it has spread to more than 40 countries around the 

world and is currently considered a worldwide problem (van der Zwet 2002).  

The Gram-negative bacterium Erwinia amylovora is the causal agent of 

fire blight. There is no known plant host for E. amylovora outside the family 

Rosaceae. Although there is no formal proposed pathovar designation, there 

are reports of two groups of strains that are capable of infecting Rubus 

species but not pear (Pyrus communis) or apple (MalusXdomestica) (Laby and 

Beer 1992). Since at least one strain isolated from naturally infected “Boyne” 

raspberry could not infect apple (Evans 1996), there are two groups of strains 

of E. amylovora separated by host-specificity. E. amylovora is the type species 

of the genus Erwinia, which was created to contain members of the 

Enterobacteriaceae that are associated with plants (Paulin 2000). It is an 

aerobic bacterium and a facultative anaerobe, motile by two to seven 

peritrichous flagella. Unlike other plant pathogenic bacteria, it requires nicotinic 

acid when grown in minimal medium. The optimal temperature for growth is 

25ºC to 27ºC (Paulin 2000). E. amylovora is capable of endophytic survival in 

host tissue (Bonn 1979) and limited epiphytic growth on the surface of host 

plants and in soil; however, it can grow to high populations on the stigmatic 

surfaces of flowers (Thomson 2000). 
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When weather conditions are favorable (high humidity and optimal 

temperature), the pathogen enters the host plant through wounds or natural 

openings, preferentially through the nectarthodes that are present in the floral 

cup (Thomson 2000). The pathogen can migrate from flowers or other points 

of infection to the pedicels and to twigs and larger branches. The progression 

of the pathogen in plant tissues results in necrotic tissues and wilting 

symptoms associated with disruption of water flow in the Xylem vessels and 

by the collapse of the parenchyma (Vanneste and Eden-Green 2000). The 

characteristic “sheperd’s crook” symptom in infected young shoots presumably 

results from the latter. How E. amylovora migrates through the host tissue to 

distant points of plants is largely unknown. 

E. amylovora is phylogenetically related to important animal and plant 

pathogenic enterobacteria, such as Escherichia coli, Salmonella spp., Shigella 

spp., Yersinia spp., Pectobacteium carotovorum, and E. chrysanthemi.  E. 

amylovora shares many biochemical and morphological characteristics with 

members of this family, suggesting that many survival and environmental 

responses could be conserved. However as a plant pathogen, E. amylovora 

has several features, such as a Type-Three Secretion System (T3SS) 

pathogenicity island (Oh et al. 2005), that resemble those of phylogenetically 

more distant Gram-negative bacteria, such as Pseudomonas syringae. As a 

species, E. amylovora seems to be more homogeneous (Vantomme et al. 

1982) than other species of plant pathogens that have many defined 

pathovars. This may be due to the fact that hosts of E. amylovora may take 

several years or decades to produce new generations, thus, reducing the 

selective pressure for diversification on the pathogen.  
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Molecular genetic studies of E. amylovora have typically focused on 

individual systems or factors, but the availability of the genome sequence has 

allowed the scientific community to gain a more comprehensive understanding 

of the pathogen, increasing the knowledge of its life-style, its survival 

capabilities and its virulence determinants. The known genomic virulence 

factors of E. amylovora will be reviewed in more detail below. 

 

FIRE BLIGHT DISEASE DEVELOPMENT AND VIRULENCE FACTORS  

Several virulence factors have been characterized in E. amylovora that 

contribute to virulence or are determinants for pathogenicity; however, their 

exact role during disease development remains obscure. 

E. amylovora as an epiphyte 

E. amylovora can survive transiently as an epiphyte on leaf surfaces of 

host plants since the bacterium has been detected following infection of the 

blossoms, but not under any other conditions (Miller 1984).  High populations 

do not develop in or on non-host plants (Miller and van Diepen 1978). The only 

report of soil survival of E. amylovora suggested that it may survive in non-

sterile soil for a few weeks (Thomson 2000). However, it survives very well as 

an endophyte, multiplying in internal tissues without causing disease (Bonn 

1979). It is not clear whether these endophytic populations can become 

pathogenic since although the bacteria have been detected in host trees over 

many years, there is no evidence that these populations are responsible for 

any outbreaks of the disease (Thomson 2000). In contrast with marginal 

survival on leaf surfaces or soil, E. amylovora grows to high populations on the 

stigmas of healthy flowers (Thomson 1986). The combination of a high 
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sucrose concentration and protected environment also support the 

multiplication of epiphytic bacteria as well (Johnson and Stockwell 1998).  

Conditions for successful colonization and infection 

Little is known about the regulation of virulence factors that occurs in 

the transition from the non-pathogenic to the pathogenic state. When high 

populations of E. amylovora develop at potential sites of entry, such as 

wounds, or natural openings like stomata and nectarthodes (Thomson 2000) 

infection can occur. Other plant pathogenic bacteria such as the 

phylogenetically closely related Pantoea stewartii ssp. stewartii synthesize 

acyl homoserine lactones (AHL), compounds that mediate intercellular 

communication and density dependent regulation. In P. stewartii AI-1 type 

AHLs regulate the synthesis of exopolysaccharides, which are known 

virulence factors. Although the presence of type AI-2 AHLs has been 

confirmed in E. amylovora (Mohammadi and Geider 2007), their influence on 

bacterial regulation is still unknown. To date, no evidence has been presented 

for a density-dependent signal that might trigger the virulence apparatus in the 

fire blight pathogen.  

Environmental conditions such as temperatures between 18ºC and 

26ºC, and high humidity favor development of the disease, probably by 

favoring colonization of plant tissues by the pathogen.  

During colonization, E. amylovora shares its niche with other plant 

bacterial epiphytes (Nuclo et al. 1998). The competition for space, nutrients, 

and the production of antimicrobials or the detoxification of foreign 

antimicrobials are important mechanisms of survival. NorM, a multidrug efflux 

pump, which confers tolerance to toxins produced by the epiphytic bacteria 

that colonize plant blossoms, was identified recently by screening for 
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temperature-dependent gene expression (Burse et al. 2004b). NorM seems to 

be widely distributed among E. amylovora strains and other enteric animal and 

plant pathogens (Burse et al. 2004b). A norM mutant was fully virulent when 

inoculated in open wounds on shoots of rootstock apple plants but was 

sensitive to antibiotics produced by the epiphyte Pantoea agglomerans, which 

suggests that NorM provides protection against other epiphytes. It is likely that 

other multi-drug pumps, yet to be discovered, contribute to the fitness of E. 

amylovora. 

 Although plants of rosaceous plants use sorbitol primarily for transport 

and storage of carbohydrates, sucrose is also an important storage and 

transport sugar (Geider 2000; Wallaart 1980). The highest concentration of 

sucrose in Malus sp. plants is found in the nectaries (Braun and Hildebrand 

2005), which are the preferred entry point for the pathogen. In this 

environment, the ability of the pathogen to process sucrose provides a 

competitive advantage. E. amylovora metabolizes sucrose intracellularly 

through the products of the characterized scr operon: five ORFs encode 

functions for the uptake and metabolism of sucrose. The level of induction of 

this operon was correlated to sucrose concentration in vitro; the optimal 

concentration was ca. 20% sucrose. However unlike other bacteria, E. 

amylovora grows well in presence of 40% sucrose (Bogs and Geider 2000). 

When inoculated into leaves of apple seedlings, E. amylovora scr mutants 

tagged with GFP did not move from the zone of inoculation. In contrast, the 

GFP-tagged wild type strains (Bogs and Geider 2000) colonized host plant 

tissues. Additionally, E. amylovora can metabolize sucrose extracellularly by 

the levansucrase enzyme, which is secreted from the bacterium during 

infection. Levansucrase, encoded by the lsc gene, cleaves sucrose producing 
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glucose and fructose. Lsc mutants show delayed development of necrotic 

symptoms in shoots of pear seedlings but no difference in inoculated immature 

pear fruits, where there is little expectation of levan synthesis due to low 

content of sucrose in the immature pear fruits (Geier and Geider 1993). 

Regulation of levansucrase is not dependent on sucrose, but on three 

apparently independent regulators encoded by the rlsA, rlsB and rlsC genes 

(Du and Geider 2002; Du et al. 2004; Zhang and Geider 1999). Interestingly, 

rlsA is located in the hrp pathogenicity island, which is up-regulated by the 

HrpL sigma factor (Wei and Beer 1995). RlsA is a homologue of the LysR 

transcription factors family (Henikoff et al. 1988). The nature of the regulation 

is not known, but temperature-dependent control has been proposed because 

when cultures of natural levan-deficient strains were grown at 18ºC, instead of 

28º C, expression of lsc was increased considerably (Bereswill et al. 1997). 

Systemic infection and migration inside host-tissues 

Few plant-pathogenic bacteria share the ability to migrate in the host 

tissue, but E. amylovora can advance inside the plants equally well through 

the parenchyma (as evidenced by water soaking, wilting and necrosis of leaf 

and stem tissues) or through the vascular tissue. The process of migration of 

E. amylovora in plant tissues is still largely unknown, perhaps in part due to 

the lack of appropriate tools to record the progress of the disease and better 

means to inoculate the plants (Vanneste and Eden-Green 2000).  The process 

of infection and disease progress was followed with strains of E. amylovora 

expressing the fluorescent marker GFP to localize the bacteria with a confocal 

microscope (Bogs et al. 1998). Inoculation was accomplished by placing paper 

disks soaked with a bacterial suspension on the lower epidermis of young 

apple leaves, without causing any injury. The authors observed bacterial 
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multiplication in leaf tissue around the anchor sites of leaf hairs, suggesting 

that E. amylovora could enter plant tissues through broken leaf hairs. They 

also observed advance through the parenchyma until bacterial populations 

gained access to the xylem vessels from where they migrated to the roots of 

apple seedlings. Other researchers have observed bacteria advancing through 

the intercellular spaces along the vein (Vanneste and Eden-Green 2000).  

The survival of E. amylovora in the host tissue requires special 

competitive abilities. Sorbitol is the primary carbohydrate used by most 

Rosaceous plants for storage and transport, except for raspberry plants 

(Rubus sp.) (Braun and Hildebrand 2005; Wallaart 1980). The srl operon of six 

genes, which encode proteins for the uptake and metabolism of sorbitol, was 

characterized in E. amylovora (Aldridge et al. 1997a). The operon is similar to 

the gut cluster in E. coli, except for the transcriptional activator srlM which 

might reflect adaptation to the host-plant environment. Strains of E. amylovora 

mutated in key enzymes of the sorbitol metabolic pathway caused drastically 

reduced disease symptoms in apple seedlings, whereas they were still virulent 

in pear fruits assays, in which sorbitol content is low (Aldridge et al. 1997a). 

Expression of the srl operon was repressed by the presence of glucose and 

enhanced in presence of sorbitol. These results suggest that the ability to 

metabolize sorbitol aids in colonization of the host-tissues. 

In iron-limited environments, E. amylovora produces trihydroxamate 

siderophores belonging to the desferrioxamine family (DFO), where DFO E is 

the most notable (Feistner et al. 1993). DFO E is secreted extracellularly, 

where it acquires ferric iron with high affinity. The iron-siderophore complex is 

recognized and internalized to the periplasm by an outer membrane protein 

FoxR and then transported by a TonB specialized ABC transporter machinery 
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to the cytoplasm of the bacterial cell (Kachadourian et al. 1996). Mutants 

lacking one of the biosynthetic proteins (dfoA) or the ferrioxamine receptor 

(foxR) were not affected in virulence when inoculated in apple seedlings. 

However, they were severely reduced in virulence when blossoms were 

inoculated (Dellagi et al. 1998a), suggesting that DFO E is needed for flower 

colonization but not for survival inside the host tissue. Additional siderophores 

might contribute to iron acquisition in the apoplast of the plant tissue, but they 

are yet to be identified.  

Some factors have been suspected to play a role in migration and 

movement of the pathogen through the plant tissue, including proteases that 

might aid in degrading large polymers to facilitate the movement of the 

bacteria. A few proteases have been identified in E. amylovora, but there is no 

evidence that they affect virulence (Seemuller and Beer 1977). The prt operon 

(Zhang et al. 1999) encodes a metalloprotease that depends on metal ions 

such as Zn2+ for activity. Metalloproteases are common in developmental 

processes and extracellular matrix remodeling (Chang and Werb 2001). The 

prt operon also encodes a protease type I transport proteins needed to secrete 

the protease. A mutant unable to secrete the protease PrtA was not affected in 

virulence in immature pear fruit assays, however when followed with a GFP 

marker, it showed reduced ability to advance in the parenchyma adjacent to 

the inoculation site (Zhang et al. 1999). The contribution to virulence of this 

protease proved marginal, which supports previous observations of the 

irrelevance of proteases to virulence of E. amylovora (Seemuller and Beer 

1977). 
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Fitness during infection 

Another aspect of pathogen fitness during invasion is the protection 

against defense responses of the host plant. A multi-drug efflux pump (AcrAB), 

of the Resistance Nodulation Division (RND) type, widespread in enteric 

pathogenic bacteria (Nishino and Yamaguchi 2001), was characterized in E. 

amylovora (Burse et al. 2004a). The acrB mutant in E. amylovora grew poorly 

in apple shoot tissues compared with the wild-type parent. The AcrB deficient 

strains were unable to counteract the toxic effects of phytoalexins present in 

extracts of apple leaves and the phytoalexins phloretin, naringerin, quercetin, 

and (+)-catequin (Burse et al. 2004a). The acrAB operon was up-regulated in 

vitro by the addition of phloretin and naringerin (Burse et al. 2004a). 

Motility has also been implicated in virulence of bacterial pathogens. E. 

amylovora is motile by peritrichous flagella, as are other enteric bacteria. 

Recent evidence for down-regulation of flagellar biosynthesis during infection 

suggests that flagella might be advantageous for colonization at the entry 

points but deleterious during migration inside the host tissue (Cesbron et al. 

2006). Interestingly, a possible contribution of the HrpL sigma factor in down 

regulation of the flagellar biosynthesis cluster also was shown. 

The involvement in virulence of pEa29, the ubiquitous plasmid of E. 

amylovora has not been determined. The identification of genes involved in 

thiamine biosynthesis, protection from osmotic stress, and transcriptional 

regulation (McGhee and Jones 2000a) might explain the thiamine auxotrophy 

and altered exopolysaccharide production in minimal medium of plasmid-cured 

strains of E. amylovora. Recently, a fully virulent strain of E. amylovora was 

isolated from Crataegus sp., and characterized as lacking pEA29; this 
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suggests that pEA29 does not contribute to virulence of E. amylovora in nature 

(Llop et al. 2006). 

Extracellular polysaccharide is a pathogenicity determinant  

During infection, E. amylovora produces ooze, which consists of 

exopolysaccharides (EPS), plant sap and bacteria. The main component of 

EPS is amylovoran, which is composed primarily of the sugar galactose. It 

presumably acts by restricting water uptake, rather than by disrupting host cell 

membrane semipermeability or inducing water loss from leaves (Sjulin and 

Beer 1978). The EPS matrix also contains the fructose homopolymer levan, in 

lower percentages. E. amylovora strains unable to synthesize amylovoran are 

non-pathogenic (Steinberger 1988). Their non-virulence apparently is due to 

their inability to proliferate in plant tissues (Bellemann and Geider 1992) and/or 

to move in the vessels (Bogs et al. 1998). Amylovoran is produced by the 

function of 12 genes encoded in a cluster of around 17 kbp called the ams 

region (Geider 2000). The involvement of individual genes in amylovoran 

synthesis has been shown by functional analysis (Geider 2000). For example, 

GalE, an enzyme involved in the synthesis of galactose, was shown to impact 

amylovoran synthesis. A mutant of GalE was deficient in amylovoran synthesis 

and was non-pathogenic in pear fruits and apple seedlings (Metzger et al. 

1994).  

The regulation of the ams cluster is complex since environmental 

factors, such as temperature, pH, salt concentration, copper ions, and carbon 

source seem to affect production of amylovoran (Geider 2000). Two genes 

rcsA (Bernhard et al. 1990) and rcsB (Bereswill and Geider 1997a) have been 

shown to regulate production of amylovoran. rcsA and rcsB encode proteins of 

a two-component regulatory system conserved in enteric bacteria. In E. coli, 
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RcsA is an enhancer of the RscB response protein, which activates 

transcription. The other component is an RscC sensor which responds to 

environmental signals and activates the RscB response component. RcsA of 

E. amylovora was able to complement rcsA mutants of P. stewartii and E. coli. 

Mutants of either RscA, or RscB were drastically reduced in amylovoran 

synthesis and severely reduced in virulence on immature pear fruits (Bereswill 

and Geider 1997a; Bernhard et al. 1990). Both proteins, individually, were 

required for efficient production of amylovoran.  

In E. coli, (Stout et al. 1991) showed that an ATP-dependent serine 

protease (Lon) cleaves the RscA regulator as part of a complex regulatory 

system, where Lon is activated by environmental conditions, including heat 

shock. The identification of the RscA and RscB homologues, led to the 

identification of a Lon homolog in E. amylovora by complementation of a lon 

mutant of E. coli. Lon was shown to respond to heat; lon mutants had 

increased sensitivity to UV and produced increased levels of EPS. However 

when they were inoculated in apple seedlings they did not affect virulence 

significantly (Eastgate et al. 1995). 

Hrp and Disease-Specific genes are major pathogenicity factors  

Although EPS constitutes one of the major pathogenicity determinants 

of E. amylovora, EPS alone is not sufficient for the pathogen to cause disease. 

A second major determinant was discovered when mutated bacteria, unaltered 

in EPS production were found non-pathogenic in host plants, and also 

incapable of eliciting the hypersensitive response (HR) (Steinberger 1988). 

The HR is a rapid, incompatible reaction of resistant plants that causes 

programmed death of cells surrounding bacteria-infiltrated tissue (Goodman 

and Novacky 1994). The genes controlling this phenotype were termed hrp 
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genes for hypersensitive response and pathogenicity (Lindgren et al. 1986). 

The hrp genes were found in a cluster in E. amylovora (Bauer and Beer 1991; 

Steinberger 1988), and they have been studied for almost two decades. The 

hrp genes are clustered in a genomic island (PAI) which encodes a T3SS. The 

hrp cluster has been reviewed in (Kim and Beer 2000), and a comprehensive 

description of the PAI and its genes, was recently published (Oh et al. 2005). 

Briefly, the PAI is approximately 62 kb long and it contains a complete set of 

genes that encode a typical T3SS apparatus. T3SS are known to secrete and 

deliver proteins into host cells and are associated with virulence and 

pathogenicity in many Gram-negative animal and plant bacteria (Hueck 1998). 

Currently, evidence exists for the involvement of the T3SS in mutualistic 

interactions between bacteria and insect hosts (Dale et al. 2005). In addition, 

some of the proteins that constitute the secretion apparatus have high 

homology with proteins that constitute the flagellar synthesis system (Cornelis 

and Van Gijsegem 2000). Thus, the T3SS is conserved across Gram-negative 

bacterial species. 

The T3SS apparatus consists of approximately 20 proteins, which form 

a structure similar to a syringe (He et al. 2004), with a pilus which differs in 

animal pathogenic and plant pathogenic bacteria. The pilus of plant pathogens 

is several μm long, in contrast is only ca. two μm for animal pathogens (He et 

al. 2004). The length of the pilus is related to the requirement for plant 

pathogens to reach the plasma membrane through the thick cell wall.  

The PAI in E. amylovora also encodes T3-secreted proteins and T3-

translocated proteins. T3SS translocate proteins to the cytoplasm of host cells, 

where they function to alter normal cellular processes (Mota and Cornelis 

2005). Translocated proteins are termed effectors, in the case of plant 
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pathogens, they function to suppress defense responses by host cells 

(Mudgett 2005). Not surprisingly, plants have developed evolutionarily genetic 

strategies that recognize effector proteins and trigger defense responses, 

including the HR (Alfano and Collmer 2004). In these cases, the effector is 

termed an avirulence gene, and the host becomes resistant to the pathogen. 

This evolutionary “arms race” has driven the diversification of effector proteins. 

Thus, in many systems, numerous paralogs with weak similarity to effectors of 

related organisms are present in one genome (Alfano and Collmer 2004).  

In E. amylovora, one effector, disease specific protein DspA/E was 

extensively characterized, by two different groups simultaneously (Bogdanove 

et al. 1998a; Gaudriault et al. 1997). It is a large protein of ca 190 KDa 

secreted under hrp gene-inducing conditions (Nissinen et al. 2007). It is a 

critical pathogenicity factor, because strains defective in DspA/E are not 

pathogenic in host plants, but still elicit HR in non-hosts. DspA/E interacts with 

proteins involved in signaling in apple (Meng et al. 2006a) and with pre-

ferredoxin (Bonasera et al. 2006a), and it was suspected of being translocated 

into plant cells by the T3SS apparatus. I report in Chapter 4 that DspA/E is 

translocated into plant cells and that its translocation requires other bacterial 

proteins.  

Another putative effector of E. amylovora is Eop1(Nissinen et al. 2007), 

which does not seem to have an effect on virulence of E. amylovora in apple. 

However, recently it was found to be involved in host-specificity (J.E. Asselin, 

pers. comm.). Also recently, three virulence factors, HsvC, HsvB, and HsvA, 

were characterized: one is an amidinotransferase and the other two are 

proteins associated with the nikkomycin-biosynthetic pathway in P. syringae  
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(Oh et al. 2005). These factors were shown to contribute to disease progress 

in inoculated apple shoots. 

An important secreted protein, encoded by the hrpN gene of the PAI 

(Wei et al. 1992) is secreted into the apoplast (Perino et al. 1999). I provide 

evidence in Chapter 4 that HrpN is also translocated to a limited extent. HrpN 

is small, acidic, glycine-rich, heat-stable and sensitive to proteases and plays 

an important role in virulence in host plants and elicitation of HR in non-host 

plants. The HR-elicitation phenotype was extensively studied and yielded 

important findings such as HrpN suspensions sprayed on plants increase their 

defense responses (Dong et al. 1999; Wei et al. 1992) providing the 

agricultural community with a biocontrol weapon for use against disease. 

Moreover HrpN appears to enhance plant growth, which makes it even more 

interesting for agriculture. HrpN mutants of E. amylovora are severely reduced 

in virulence in apple shoots and in immature pear fruits. The mechanism of 

HrpN in host defense response is unclear, however, the bacterial protein was 

found to interact with a specific apple protein, which may be key to its action. 

 HrpN belongs to a class of proteins called harpins with little sequence 

similarity but grouped because they share some characteristics, such as being 

acidic, glycine rich and heat stable, and elicit HR in non-host plants. HrpN 

along with harpins from other plant pathogenic bacteria has been shown to 

form pores in plasma membranes (Justin Lee and Thorsten Nürnberger, pers. 

comm.; (Lee et al. 2001). In Chapter 4, I provide evidence that HrpN is part of 

the DspA/E translocator apparatus, which previously had been poorly 

characterized. Another harpin in the PAI, HrpW, also elicits HR in non-host 

plants and is acidic and glycine-rich, but in contrast with HrpN, it has a 
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pectate–lyase domain at its C-terminus and seems not to have any effect on 

virulence in E. amylovora (Gaudriault et al. 1998; Kim and Beer 1998).  

Other proteins have been shown to be T3-secreted (Nissinen et al. 

2007). The most notable is HrpJ (Bogdanove et al. 1996) which I show in 

Chapter 4 that is needed for translocation of DspA/E by regulating secretion of 

HrpN. Although the PAI has been demonstrated to be important for 

pathogenicity and virulence of E. amylovora, there remain several proteins 

encoded in the PAI that have not been characterized, perhaps because to the 

lack of apparent influence on virulence of E. amylovora.  

The T3SS and its associated proteins are regulated by the alternative 

sigma factor HrpL, which up-regulates most of the operons in the PAI (Wei 

and Beer 1995). Promoter sequences of genes and operons with a conserved 

pattern that is recognized by HrpL have been identified (Wei and Beer 1995). 

In several other plant pathogenic bacteria, including P. syringae (Fouts et al. 

2002) these sequences are termed hrp boxes. In the PAI of E. amylovora ten 

hrp boxes were identified and their response to HrpL was determined (Oh et 

al. 2005).  

A two-component system also encoded in the PAI, might be involved in 

the reception (HrpX) and transduction (HrpY) of environmental factors 

associated with environmental conditions of the apoplast of host plants, 

including temperature, pH, nutrients, and osmolarity. HrpL is partially 

controlled by HrpS (Wei et al. 2000), which is homolog of sigma 54-dependent 

enhancer–binding proteins. HrpS partially regulates hrpL expression (Wei and 

Beer 1995). The model of Wei and associates (Wei et al. 2000) proposes that 

HrpS exists in a complex with HrpY, which binds to the promoter region of 

hrpL to directly regulate its expression. The involvement of the HrpX sensor is 
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not clear since it appears to be partially involved in the regulation during 

infection; however its expression is up-regulated under hrp-gene inducing 

conditions. Interestingly, HrpL has been characterized as a global regulator of 

virulence-associated genes in several phytopathogenic bacteria (Ferreira et al. 

2006). 

High throughput studies to identify putative virulence factors  

Recent research has been focused on identifying genes potentially up 

or down regulated during infection using high-throughput methods (Zhao et al. 

2005). For example, AvrRpt2Ea, and HopPtoCEa, homologs of effector proteins 

in P. syringae recently were identified by an in vivo expression screen (IVET) 

designed to detect genes that are induced during infection of immature fruits 

(Zhao et al. 2005; Zhao et al. 2006). An avrRpt2Ea mutant was reduced in 

virulence on immature pear fruits but a hopPtoCEa mutant was not affected in 

virulence. The IVET screen also identified a lytic murein transglycosilase 

MltEEa, which contributes to virulence and growth in immature pear fruits 

(Zhao et al. 2005). 

A signature-tagged mutagenesis technique was used to detect mutants 

of E. amylovora that wouldn’t survive inside the apple host (Wang and Beer 

2006). Fourteen mutants had insertions in loci that were implicated in 

biosynthesis or transport of particular amino acids or nucleotides and several 

putative proteins of unknown function. 

I summarize the current knowledge of virulence factors in E. amylovora 

characterized genetically in Table 1.1. This review highlights the efforts made 

for two decades to understand E. amylovora as a plant pathogen and the need 

for new approaches to understand it as an organism. 
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Table 1.1 List of genes or clusters coding characterized virulence factors 
in Erwinia amylovora 
 
Name of genes Rol in virulence Accession 

numbers 
References 

luxS Bacterial population 
regulation?  

AM117929 (Mohammadi, 
and Geider, 
2007) 

norM Antibiotic efflux 
pump  

AY307101 (Burse et al., 
2004a) 

acrAB Antimicrobial efflux 
pump 

AY307102 (Burse et al., 
2004b) 

scr operon Uptake and 
metabolism of 
sucrose 

AJ250722 (Bogs and 
Geider, 2000) 

lsl Production of the 
EPS levansucrase 

X75079 (Geier and 
Geider, 1993) 

rlsA Regulation of 
levansucrase 

AJ131559 (Zhang and 
Geider, 1999) 

rlsB Regulation of 
levansucrase 

AJ344351 ( Du and Geider, 
2002) 

rlsC Regulation of 
levansucrase 

AJ831831 (DU et al 2004) 

pEa29 Plasmid contributes 
to fitness 

AF264948 (McGhee and 
Jones, 2000) 

srl operon Uptake and 
metabolism of 
sorbitol 

Y14603 (Aldridge et al. 
1997) 

foxR ferrioxamine 
receptor 

AJ223062 (Dellagi et al., 
1998) 

prt operon Metalloprotease 
needed for systemic 
infection 

Y19002 (Zhang et al., 
1999) 

fliH Flagella contributes 
to colonization of 
host 

AY743587 (Cesbron et al., 
2006) 

galE Galactose 
biosynthesis. 
Needed for EPS 
production 

X76172 (Metzner et al., 
1994) 

ams operon Amylovoran EPS 
production 

X77921 (Metzner et al., 
1994) 

rcsA Regulation of 
amylovoran 

M34050 (Bernhard et al., 
1990) 
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Table 1.1 (Continued) 
 
Name of genes Rol in virulence Accession 

numbers 
References 

rcsB Regulation of 
amylovoran 

Y09848 (Bereswill and 
Geider, 1997) 

lon Protease. 
Contributes to 
fitness 

X77706 (Eastgate et al., 
1995) 

avrRpt2Ea Contributes to 
virulence in 
immature pear fruits

DQ344487 (Zhao et al, 
2006) 

hopPtoCEa Similar to effector in 
P. syringae 

AY887538 (Zhao et al., 
2005) 

mltEEa Contributes to 
virulence in 
immature pear fruits

AY887539 (Zhao et al., 
2005) 

mltC Murein lytic 
transglycosilase not 
yet characterized 

AY906859 (Oh et al., 2005) 

orfB (Eop1) and 
chaperone orfA 

Putative effector of 
the HopZ3 family 

AF083619 (Kim et al., 1998) 

hrpW operon Harpin with  U94513 Kim et al., 1998 
hrpN Harpin contributes 

to virulence and HR 
M92994 Wei et al., 1992 

hrc cluster T3SS conserved 
apparatus. 
Determinant for 
virulence 

U56662 Kim et al., 1995 

hrpJ operon HrpJ contributes to 
virulence and HR 

L25828 Wei and Beer, 
1993 

hrpL, hrpS, 
hrpY, hrpS   

Regulation of the 
hrp/hrc cluster 

AF083877 Sneath et al., 
1990 
 

hsvC, hsvB, 
hsvD 

Contribute to 
systemic infection in 
apple shoots 

AY906858 Oh et al., 2005 
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CONTRIBUTION OF THE GENOME SEQUENCE TO THE 

UNDERSTANDING OF E. AMYLOVORA 

 

In the previous section I presented a review on the current status of 

genomic knowledge in E. amylovora. Besides the hrp cluster (Oh et al. 2005), 

the number of genes or operons related to virulence reported in the NCBI 

databases was18, before the genome sequence became available (Table 

1.1). The molecular genetic studies of E. amylovora were typically focused on 

individual systems or factors, and virulence factors were typically identified 

either by biochemical approaches or through forward or reverse genetic 

screens. For example, screen for virulence factors were done by random 

transposon mutagenesis and isolation of mutants that were non-pathogenic or 

attenuated in virulence (Bellemann and Geider 1992; Bereswill et al. 1997; 

Steinberger 1988), or by testing a gene that were coordinately regulated with a 

known virulence gene (Wei and Beer 1995). The drawbacks of these methods 

were the single gene approach, the difficulty of identification when no obvious 

phenotype was seen, perhaps due to redundancy of the function in the 

pathogen and the difficulty to identify the whole system associated with the 

function of the single gene or operon. Identification of essential genes during 

infection or colonization was also difficult, thus indirect approaches to identify 

essential genes, such as signature-tagged transposon mutagenesis were used  

in E. amylovora in an attempt to identify globally essential genes during 

colonization of the host (Wang and Beer 2006).  

 Bacterial genomics has facilitated these approaches and has also 

allowed for identification of virulence genes through other strategies, such as 

bioinformatic methods, genetic signatures, and association with specific 
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genetic elements; or high-throughput genomics, proteomics and other “omics” 

approaches (De Keersmaecker et al. 2006).  

The availability of genomic sequences has revolutionized the study of 

bacterial pathogens. Following the steps of the animal and human pathogen 

research, plant-pathogens benefited from the earlier collectively accumulated 

functional and genomics information for the application of computational 

methods to predict and identify putative virulence factors. P. syringae is the 

most striking example. Using bioinformatic methods, a vast inventory of 

effector proteins was identified (Petnicki-Ocwieja et al. 2002), and targeted 

genomics was utilized to characterize many of those effectors (Schechter et al. 

2004). Using a combination of computational methods and high-throughput 

methods such as real time PCR and expression microarrays a comprehensive 

list of genes putatively regulated by HrpL was produced and refined (Ferreira 

et al. 2006; Vencato et al. 2006). Other systems in P. syringae were also 

characterized using genome-wide analysis, such as the twin-arginine 

translocation pathway (Bronstein et al. 2004). 

Other plant pathogens also benefited by the genomics approach 

including R. solanacearum (Cunnac et al. 2004; Genin and Boucher 2004), X. 

campestris (Buttner et al. 2003; Qian et al. 2005), X. axonopodis (Moreira et 

al. 2004), and  P. carotovorum (Bell et al. 2004a; Toth et al. 2006). 

Post-genomics studies can utilize directly the analysis of sequence 

information itself in order to predict putative features of interest and allow the 

formulation of hypothesis. Genomic sequences also can be used to 

characterize candidates found through screening different high-throughput 

methods (Raskin et al. 2006).  
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Direct computational methods include bioinformatic methods to identify 

features of interest, such as genes, ORFs, nucleotide composition, or can be 

based on statistical and/or probabilistic databases to predict patterns 

associated with promoter regions, proteins structures, including domains, 

localization signals, and others. Computations may also include similarity 

searches of comprehensive databases of other sequenced organisms, 

characterization of genomic structures and direct comparison with other 

genomic sequences to predict possible evolutive, physiological and functional 

characteristics based on analysis of sequence (Fraser-Liggett 2005). These in 

silico analysis allow for the prediction of features of interest, for example, 

putative virulence genes can be recognized by looking for genes encoding 

secreted proteins that are associated with such genes (Nissinen et al. 2007). 

Many genome-level screening methods have been developed to search 

for specific functions or specific regulation networks. These include microarray 

technologies, proteomics methods and molecular genetic studies based on in 

vitro or in vivo screening, transposon libraries etc. (Raskin et al. 2006). For 

example, a variety of methods have been described that identify genes 

expressed in vivo (Zhao et al. 2005). Genomic microarrays have been used to 

define virulence gene regulons either by comparing expression profiles of 

regulatory mutants against their wild types (Ferreira et al. 2006) or by 

expression in vivo during infection with expression in rich media (Snyder et al. 

2004). DNA microarrays have been also used to compare pathogenic vs. non-

pathogenic strains (Welch et al. 2002) or multiple pathogenic strains (Tettelin 

et al. 2005). However microarray-based analysis cannot detect genes that 

have not been identified by sequencing. 
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Proteomics analysis can be used efficiently to identify and characterize 

proteins produced by an organism under specific conditions, such as growth 

stage, colonization stage in the host; environmental condition etc. using the 

genomic sequence for such identification. For example, a proteomic screen 

has identified secreted factors involved in virulence in Mycobacterium 

tuberculosis, comparing secretomes of wild type and a mutant of a locus 

involved in pathogenicity (Fortune et al. 2005). 

Recently, small RNA analysis has been used for comparative genomics 

purposes since it has been reported that some small RNAs play important 

roles in gene regulation. For example a comparative analysis of sRNAs 

predicted in silico in 30 bacterial genomes from gamma- and alpha-

proteobacteria  suggest that small RNAs might be involved in many functions 

in bacteria  (Luban and Kihara 2007). 

Currently, post genomics experimental approaches include global gene 

expression, global protein analysis, global mutagenesis, in vivo and in vitro 

screens using microarrays, and transposon libraries (Fraser-Liggett 2005). 

The trend for future research will be towards the integration of all these 

methods to provide insight in the cellular and system biology of the organisms 

as a whole (De Keersmaecker et al. 2006). 

 E. coli is considered the model organism in the bacterial world, and it 

has historically been the focus of many studies. During several decades, vast 

amounts of genetic, biochemical and structural information has been gathered 

and processed from E. coli strains to produce an invaluable database for the 

benefit of studies of other bacteria. The current worldwide trend covers several 

efforts to integrate all available information into a systems biology approach to 

understand E. coli at the whole-cell level (Matte et al. 2003). The availability of 
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genome sequences of many pathogenic to non-pathogenic strains of E. coli, 

has allowed the development of proteomics techniques including microarrays 

(Tao et al. 1999; Tjaden et al. 2002), systematic gene knockouts, and high-

resolution two-dimensional gels (Tonella et al. 2001). The availability of full 

genome sequences has provided the opportunity to utilize a number of in silico 

approaches for analysis of the proteome, including protein-protein interaction 

mapping (Wojcik et al. 2002) and protein evolution classification and 

divergence (Liang et al. 2002; Nahum and Riley 2001). 

Experimental data on the E. coli transcriptional regulation has enabled 

the construction of statistical models to predict new regulatory elements within 

its genome. For example, the information stored in the TRACTOR_DB 

database (http://www.bioinfo.cu/Tractor_DB/ ) was used to conduct a 

comparative study on the mechanisms of transcriptional regulation for 38 

regulons, in eight gamma-proteobacteria species. The authors concluded, 

based on the results obtained that not only transcription factor-binding sites 

are conserved across related species but also several of the transcriptional 

regulatory mechanisms previously identified in E. coli also are conserved 

(Espinosa et al. 2005; Gonzalez et al. 2005; Guia et al. 2005). 

Because E. amylovora is a member of the enterobacteriaceae family 

and closely related to E. coli, researchers can efficiently use of all the 

techniques, databases and results provided by earlier E. coli researches. 

Thus, after the first explorations of the genome of E. amylovora provided in 

this dissertation, the logical next step would be to use the available E. coli 

databases and approaches to understand the similarities and differences of 

the two species, especially emphasizing adaptation to their respective 

environments. Comparison of those genomes suggests loss of genes related 
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to environmental changes and surface related proteins, probably to evade host 

recognition of E. amylovora as compared with E. coli and Salmonella sp. 

(Chapter 2). More detailed comparisons with other plant pathogenic bacterial 

genomes may provide important information on the strategy and tools 

gathered by E. amylovora to become a plant pathogen. A preliminary analysis 

of putative horizontally acquired regions that is presented in Chapter 2 

suggests that E. amylovora has few plant-pathogenic virulence factors; these 

obviously have been sufficient for the bacterium to be a successful pathogen 

of members of the Rosaceae. 

 There are several puzzling results from analysis of the genome 

sequence. The first is the identification of two T3SS genomic islands closely 

related to those of an insect endosymbiont. Their presence raises new 

questions about the evolution of E. amylovora, such as:  Did or is E. 

amylovora using an insect vector for dissemination or spread? If these islands 

are not functional why are two copies present in the genome?  Is the evolutive 

story of E. amylovora recent? If yes, then why was there a massive erosion of 

non essential genes from the enterobacterial core genome and why are the 

two islands still in the genome? 

The availability of the genome sequence allowed the study of E. 

amylovora in a comprehensive manner, using bioinformatic methods (Chapter 

2), and a combination of computational and experimental methods (Chapter 3) 

to identify a set of genes putatively co-regulated during infection, and genes 

associated with a specific secretion system. Secondly, the availability of the E. 

amylovora genome opened a new era of post-genomics analysis, which offers 

an important source of information for evolutive studies, such as those 

presented in Chapter 2. Comparisons with other sequenced plant-pathogenic 
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enterobacteria, such as Pectobacterium carotovorum and P. chrysanthemi that 

have very different mechanisms of virulence and broader host ranges are now 

possible. Finally, the availability of the genome opens new questions for 

specific researches such as the one presented in Chapter 4 related to the 

function of HrpN and HrpJ in E. amylovora. Some direct questions that might 

be posed include: Are newly identified putative effectors translocated into plant 

cells? Are HrpN and HrpJ necessary for translocation of other effectors?  

The sequencing of the genome of E. amylovora represents a 

benchmark in its research history. The first analysis presented in this work 

already has provided insight into the genomic structure, evolution and catalog 

of potential virulence factors of E. amylovora. The sequence and this analysis 

contribute to the formulation of new hypothesis and open the opportunity for 

the use of new approaches to study this important pathogen. 
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CHAPTER 2 

 

ANALYSIS AND PRELIMINARY ANNOTATION OF THE GENOME 

OF ERWINIA AMYLOVORA SUGGESTS PATHOADAPTATION 

 

ABSTRACT 

The genome of E. amylovora, the causal agent of fire blight, a 

devastating disease of rosaceous plants, especially apples and pears, was 

sequenced at the Sanger Institute. This Gram-negative bacterium belongs to 

the Enterobacteriaceae, along with other important animal and plant 

pathogens. The draft and final genome sequences of Ea273, a highly virulent 

strain, were analyzed with publicly available bioinformatic programs to predict 

coding regions and other features. I produced a preliminary annotation of the 

draft genome at different stages, and I searched specifically for potential novel 

virulence factors. The preliminary annotation produced a list of candidate 

virulence factors, including two novel Type-Three Secretion System (T3SS) 

islands, which seemed more closely related to those of animal pathogens. The 

genome of Ea273 is ca. 3.9 mbp, which is small, compared with other 

enterobacteria including the non-pathogenic bacterium E. coli K-12. I found 

few predicted mobile elements compared with other plant pathogenic bacteria, 

which suggests that E. amylovora has a stable genome. Comparative analysis 

of the genome with sequences of closely related animal and plant pathogens 

suggests that the genome of Ea273 has a core of genes that is closely related 

to E. coli and Salmonella sp. E. amylovora seems to have lost complete sets 

of genes from the core genomes of E. coli and Salmonella sp. In contrast, it 
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seems to have acquired a minimum set of genes necessary to cause disease 

in a specific plant family. 

 

INTRODUCTION 

Erwinia amylovora is the causal agent of fire blight, a devastating 

disease of rosaceous plants. Fire blight, an economically important disease of 

apples and pears can also infect more than 160 species of the Rosaceae 

family, reaching species in all four subfamilies (van der Zwet and Keil 1979). 

Interestingly, there is no known plant host for E. amylovora outside the 

Rosaceae family. E. amylovora is a Gram-negative bacterium that belongs to 

the Enterobacteriaceae family along with other important pathogenic bacteria, 

such as the plant pathogens Pectobacterium atrosepticum, Pectobacterium 

carotovorum, Erwinia chrysanthemi, Pantoea stewartii, and the animal 

pathogens Escherichia coli, Salmonella spp., Yersinia spp.; and Shigella spp. 

The optimal temperature of growth of E. amylovora is 25ºC to 27ºC (Billing et 

al. 1961); it is a weak facultative anaerobe, and unlike other plant pathogens it 

is not able to reduce nitrate to nitrite, which otherwise is common in 

enterobacteria (Paulin 2000). E. amylovora is motile with peritrichious flagella: 

synthesis of flagella is optimal at 18ºC to 25ºC and can be expressed under 

anaerobic conditions in vitro (Raymundo and Ries 1980). E. amylovora is 

capable of endophytic survival in host tissue (Bonn 1979), and of limited 

epiphytic growth on the surface of host plants and in soil (Thomson 2000); 

however it can grow to high populations on the stigmatic surfaces of flowers 

(Thomson 2000). An important characteristic of E. amylovora is that it 

produces ooze during infection. This is a sticky mass composed of bacteria, 

plant sap and a matrix of exopolysaccharides produced by the bacteria. Its 
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presence is critical for epidemiology since ooze protects the bacteria from the 

environment, facilitates its transport and is involved in pathogenicity, 

apparently disrupting water flow in plants (Geider 2000; Sjulin and Beer 1978).  

When weather conditions are favorable, high humidity and optimal 

temperature, the pathogen enters the host plant through wounds and natural 

openings, preferentially through the nectarthodes present in the floral cup 

(Vanneste and Eden-Green 2000). Under favorable conditions, the pathogen 

can migrate from the flowers or points of infection to the pedicels, then to twigs 

and larger branches.  

Isolated virulence factors that contribute to various stages of the 

disease have been identified in E. amylovora. To successfully penetrate the 

host tissues, E. amylovora first must establish colonies of high populations at 

possible points of entry. Motility appears to enhance the virulence of the 

bacterium at the invasion phase (Cesbron et al. 2006), but no motile bacterial 

cells have been observed in the intercellular spaces of infected plants 

(Raymundo and Ries 1980), suggesting that motility is critical only for 

colonization at the entry point. Factors such as desferrioxamine E (DFO E), a 

siderophore that can scavenge iron ions present in low concentrations in the 

apoplast (Dellagi et al. 1998a) or multi-drug efflux pumps, which can either 

enhance the resistance of the bacterium against plant defenses (Burse et al. 

2004b) or antimicrobials produced by antagonistic bacteria (Burse et al. 

2004a) contribute to the fitness of the pathogen in their host environment. The 

srl operon that encodes genes for the metabolism of sorbitol, the main 

transport sugar in most Rosaceous plants (Aldridge et al. 1997b), reportedly 

contributes to virulence of the pathogen in host plants by increasing the fitness 

of the pathogen during infection. However, to date only two main factors have 
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been identified that are essential for pathogenesis: the hrp/dsp gene cluster 

that encodes a T3SS (Oh et al. 2005) and several proteins that are secreted 

and translocated by it,  and amylovoran, an exopolysaccharide (EPS) 

produced by the pathogen, which constitutes a major component of the ooze 

(Bellemann and Geider 1992; Goodman et al. 1979). 

The mechanism of colonization, infection and migration of E. amylovora 

in its hosts, as well as host-specificity characteristics remain largely unknown. 

The availability of the genome sequences of many enterobacteria, including 

plant and animal pathogenic bacteria and of bioinformatic software, offers an 

immense resource for comprehensive analysis of E. amylovora.  

The genome of E. amylovora was recently sequenced at The Sanger 

Institute (www.sanger.ac.uk/Projects/Microbes). Strain Ea273 was selected for 

the sequencing because is highly virulent on important hosts such as apple 

and pear. The strain was isolated from an infected apple tree growing in a 

western New York orchard. Many epidemiological and resistance studies have 

been performed with this strain, as well as biological and biochemical studies, 

such as proteomics aimed at identification of currently unknown secreted 

proteins (Nissinen et al. 2007).  

Here I report a preliminary inventory of the genome sequence of Ea273. 

I describe a number of novel genes and regions potentially associated with 

virulence and pathogenicity, including two novel T3SS islands, which are 

closely related to animal pathogenic or endosymbiotic bacteria. I compare the 

E. amylovora genome with other those of closely related genomes in the 

Enterobacteriaceae family. My analysis suggests that E. amylovora has a 

compact genome closely related to that of E. coli and Salmonella spp., in 



 45
 

structure, but E. amylovora lacks coding regions that might not be required for 

its plant pathogenic lifestyle. 

 

MATERIALS AND METHODS 

DNA preparation and sequencing 

The strain Ea273 (ATCC 49946) of E. amylovora is highly virulent on 

important hosts such as apple and pear. The strain was isolated from an 

infected apple tree growing in a western New York orchard in the late 1970’s. 

Genomic DNA was extracted from cells grown from a lyophilized sample of 

Ea273 using the Genomic DNA Kit Cat. No. 10262 from Qiagen Inc., Valencia, 

CA. Sequencing was performed at The Sanger Institute (Cambridge, 

England). The initial readings were obtained by sequencing genomic shotgun 

libraries in pMAQ1 using dye terminator chemistry in ABI3730 automated 

sequencers. The complete shotgun sequence contains 88,457 reads (11.12-

fold coverage), giving a theoretical coverage of the genome of 99.99%.  

Sequence analysis and annotation 

The sequence was assembled, finished and annotated using methods 

similar to those described previously (Parkhill et al. 2003). The finished 

sequence and the shotgun readings are publicly available at 

http://www.sanger.ac.uk/Projects/E_amylovora/ . 

Before the genome sequence was finished, I analyzed the partially 

assembled genome. Based on the contig files, several artificial 

macromolecules (referred hereby to as a “pseudomolecule”) were assembled 

as more sequence in fewer contigs became available. The contigs were joined 

in descending size order, so that the resulting sequences could be treated as if 

it they were a finished closed genomes. They were analyzed with the following 
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publicly available programs: Glimmer 3.02 

(http://cbcb.umd.edu/software/glimmer/) to predict protein coding regions; 

tRNAscan-SE 1.21 (http://lowelab.ucsc.edu/tRNAscan-SE/) for tRNA 

predictions; RBSfinder (http://www.tigr.org/software/genefinding.shtml) to find 

Ribosomal Binding Sites in bacterial and archaeal genomes, and Transterm 

(http://transterm.cbcb.umd.edu/) to predict rho terminators. Searches for 

orthologous sequences of predicted Open Reading Frames (ORF) used 

tblastn, tblastx and psi-blast options of the BLAST tool at 

http://www.ncbi.nlm.nih.gov/BLAST/  with pseudomolecules at various stages 

and the finished genome as a query against REFSEQ, SWISSPROT and 

COGs databases at DNA or translated DNA sequences with a cut-off E-value 

of e-5.  

Artemis (Rutherford et al. 2000) was used as the visualization and 

annotation tool. 

ORFs were defined as pseudogenes if they were interrupted by 

mutations that would prevent translation, ie. frameshifts or if they had large 

portions of DNA inserted or deleted compared with their functional homologs. 

Comparative genomics and phylogenetic analysis 

The finished sequence was compared with the genome sequences of 

selected bacteria using the MAUVE software (Darling et al. 2004). The 

sequences were aligned using the progressive MAUVE option and visualized 

with the same tool. The finished genome and annotation were uploaded to 

ASAP (A Systematic Annotation Package), a database system and 

comparison tool available at  https://asap.ahabs.wisc.edu/asap/logon.php 

upon registration (Glasner et al. 2006) to make the annotation available to the 

scientific community and to aid in summarizing information.  
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Phylogenetic analyses were performed using LASERGENE 7.0 

(DNAstartm , Madison, WI) using the CLUSTAW option for alignment and 

Neighbor–Joining option for the tree construction. 

 

RESULTS AND DISCUSSION 

Genome structure and general features 

The genome of Ea273 consists of a single circular chromosome of 

3,805,874 bp with a G+C content of approximately 53.5%. In addition, it has 

two extra-chromosomal plasmids, one of 71,487 bp and one of 28,243 bp. The 

chromosome has a G+C skew pattern characteristic of bacterial genomes 

(Figure 2.1), where the strand in the replication direction has consistently 

higher content of G than C (Lobry 1996). I compared the genome of Ea273 

with genomes of phylogenetically closely related animal and plant pathogens. 

From now on, I will use abbreviated nomenclature for the names of the 

species compared with E. amylovora introduced in parenthesis after the first 

mention of the bacterial species. Interestingly, the Ea273 chromosome is the 

smallest of the genomes compared in Table 2.1; including the genome of 

Sodalis glossinidius (SGL), an endosymbiont of the tse tse fly (Glossina spp.) 

(Toh et al. 2006). The predicted coding sequences (CDS) covers 

approximately 85% of the genome and their average length is 939 bp; both 

values are similar to the average of other closely related enterobacteria and 

the plant pathogen Pseudomonas syringae pv. tomato DC3000 (Pst) (Buell et 

al. 2003) (Table 2.1). The only exception is SGL which has a very low 

percentage of CDS and shorter average length, reflecting its mutualistic 

lifestyle. Similarly, the estimated number of tRNAs in Ea273 genome is in the  



 

 

 
 

Figure 2.1 Preliminary annotation of the chromosome of E. amylovora Ea273. The annotation focused on putative 
virulence factors and putative genomic islands. It is visualized by ARTEMIS (Sanger Institute). The upper row shows 
the G+C contents of the genome sequence. The horizontal line in that row indicates the average G+C contents for the 
genome (53%).  
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Table 2.1 General characteristics of the Ea273 genome as compared with selected bacterial genomes  

 

 

 

  
 Erwinia 
amylovora  

E. coli 
K12 

E. coli 
O157:H7 

Salmonella 
enterica 
subsp. 
typhimurium

Sodalis 
glossinidius

Pectobacterium 
carotovorum 

Pseudomonas 
syringae pv. 
tomato 

Strain  Ea273   MG1655 EDL933 LT2  SCRI1043  DC3000 
Size Kbp 3805.9 4639.2 5528.4 4857.4 4171.1 5064 6397.1
G+C content % 53.6 50.8 50.5 53.0 54.0 51.0 58.4
Coding 
regions % 85.1 87.8 86.2 86.0 50.9 85.9 86.8
Average CDS 
length bp 939 952 903 903 873 973 988
Plasmids   2 1 2 1 3 0 2
Predicted 
tRNAs   78 86 98 85 69 76 63
Predicted 
CDSs  3376 4288 5340 4450 2432 4439 5615
Pseudogenes  110 27 6 39 972 52  
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range of the same number for the compared genomes (Table 2.1), being the 

highest 98 tRNAs for E.coli O157:H7 EDL933 (EHEC) (Perna et al. 2001) and 

the lowest 63 for Pst. The number of predicted CDS is lower for Ea273 than 

for the other compared genomes except for SGL, but in contrast with the latter, 

the low number in Ea273 is due mainly to the shorter length of the 

chromosome and not because of a lower percentage of coding sequences, 

suggesting a more compact genome for Ea273. The number of estimated 

pseudogenes for Ea273 is twice to three times greater than the number in 

Pectobacterium carotovorum (ECA) (Bell et al. 2004b) and S. enterica 

sv.thyphimurium LT2 (SENT) (McClelland et al. 2001) respectively; both are 

examples of host generalists.  However, when compared with specialized 

endoparasites, the relation for the number of pseudogenes is much smaller, 

being half to one ninth smaller than for Y. pestis CO92 (YPE) (Parkhill et al. 

2001) or SGL respectively. This suggests that Ea273 is somewhat specialized 

for its niche while remaining capable of a free-living life style. 

A total of 3376 CDS were identified in the chromosome of Ea273 where 

292 (9%) do not have any match in the current NCBI databases, 324 (10%) 

are conserved hypothetical proteins with no known function and only 46 (1%) 

seem to be mobile elements such as integrases, transposases, or phage 

related. This number is low compared with other plant pathogenic bacteria and 

also supports the notion that Ea273 has a stable genome. The remaining 80% 

were roughly classified in broad categories (Table 2.2). The largest category 

contains genes involved in transport or thought to be associated with 

membranes with 787 CDS (29%), followed by cell-associated processes and 

energy production (18%); and nutrition/metabolism functions (17%). Type III 
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and Type II secretion systems, and their associated substrates, flagella and 

fimbriae biosynthesis genes were roughly grouped in an important category of  

 

Table 2.2 Predicted CDS for Ea273 classified by broad categories 

 

 
Number 
of genes % 

Functional CDS : 3376 100% 
No homology in databases 292 9% 
Conserved hypothetical 324 10% 
Mobile elements/phage related 46 1% 
Homology in NCBI 2714 80% 

Homologs by category: 2714 100% 
Transport/general secretion/membrane 
associated 787 29% 
Energy/cell maintenance 492 18% 
Metabolism/nutrition 453 17% 
Specialized 
secretion/mobility/attachment 455 17% 
Cell envelope 299 11% 
Signal transduction/regulation 228 8% 

 

 

17% of the total genes with homology to other genes in the databases 

searched. Other important individual categories are for genes involved in 

biosynthesis of the cell envelope, modifications of surface proteins 

modifications (11%) and genes involved in signal transduction and regulation 

(8%). Both categories are associated with the ability of the pathogen to 

respond to environmental changes. 

Plasmids 

Two plasmids were identified in the genome of Ea273. The first plasmid 

is a 28.24 kbp and has been reported previously (McGhee and Jones 2000b) 
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as pEa29. This sequence for the Ea273 strain has 100% identity with the one 

previously reported. Our annotation predicts seven pseudogenes and four 

additional CDS for this plasmid. One of these additional CDS is this, a gene 

involved in thiamine biosynthesis located between thiO and thiG (McGhee and 

Jones 2000b). 

The second plasmid, 71.49 kbp, identified as pEa72 to follow previous 

nomenclature, has only some similarity at the DNA level in its first 5500 nt with 

pEU30, a previously reported plasmid (Foster et al. 2004) for strains of E. 

amylovora collected from states bordering the Pacific coast of the USA, while 

the region from 5500 nt to aprox 30000 nt seems to be related to genes of 

enterobacterial origin. The region on this plasmid associated with the 

conjugative transfer genes is more related to Pst plasmid genes than to 

enterobacterial genes. pEa72 contains 87 predicted CDS, with only two 

predicted mobile/phage related CDS and one pseudogene. 41% of the 

remaining 84 CDS code for tra-like and pil-like conjugative transfer genes 

while 33% have homology to hypothetical proteins of no known function or no 

matches. 13% appear to be involved in replication and stability. Eight CDS 

with similarity to genes involved in fitness, detoxification, and a lytic murein-

transglycosilase also were identified. 

 Previously a 56-kb plasmid pCPP60 was characterized for strain 

Ea322 collected in France (Steinberger et al. 1990). A probe from pCPP60 

hybridized to a plasmid present in Ea273, suggesting that pEa72 might be 

related to pCPP60, however the latter was much shorter. No involvement in 

bacterial pathogenicity was found for pCPP60. Similarly, no homology to 

known virulence factors was identified in pEA72. 
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Comparative genomics 

The Ea273 genome show signs of erosion and loss of genes 

To investigate possible explanations for the observation that the 

genome of Ea273 is smaller than the genomes of closely related bacteria 

(Table 2.1) I compared with available genome sequences from six closely 

related species [SENT, EHEC, E. coli K12 (ECOK12), ECAR, E. chrysanthemi 

(ECH), and SGL] to the genome of Ea273 using the progressive Mauve option 

of the Mauve comparison software (Darling et al. 2004). In concordance with 

the relation shown by the 16s RNA sequences compared (Figure 2.2) the 

three genomes with closer relationship are EHEC, SENT and the non-

pathogenic ECOK12. The progressive MAUVE comparison was repeated for 

only Ea273 with SENT and ECOK12 to determine more clearly the backbone 

sequence. The detailed analysis of the three sequences (Figure 2.3) suggests 

that the loss of putative coding regions occurred throughout all the genome, as 

I observed a high number of locally collinear blocks (LCB) shorter in Ea273 

than in either ECOK12 or SENT. Some large rearrangements were evident, 

especially around the origin of replication. I investigated further the nature of 

the genes lost in most LCBs. The annotations are mostly for genes related to 

environmental response systems, such as multi-drug efflux pumps, carbon or 

sulfate starvation, and genes involved in synthesis of enterobactin, a 

siderophore in E. coli and other enteric bacteria, and many two-component 

regulatory genes. Among the type of genes absent in the Ea273, compared 

with ECOK12 and SENT, are genes that encode proteins involved in nutrition 

were found, including proteins involved in metabolism of L-Arabinose, maltose 

or glycerol, which coincide with the reported deficiency in metabolism of these  
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Figure 2.2. Phylogenetic relationships among diverse pathogenic 
bacteria. The tree is based on 16s rDNA sequences. The global alignment 
was made with the Clustal W option of DNASTAR (Lasergene). The tree was 
generated by the neighbor-joining algorithm of the same program. R. 
solanacearum was used as an out-group to root the tree. 
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Figure 2.3 Comparative genomics of three genomes. From upper to lower 
row: Salmonella enterica subsp. thyphimurium, Escherichia coli K12, and 
Erwinia amylovora Ea273. The alignment was produced and visualized with 
the progressive Mauve option of the Mauve comparison software (Darling et 
al. 2004). The blocks represent locally collinear blocks in the three genomes 
(LCB). The lines inside each block represent the similarity of the regions inside 
the blocks. The E. amylovora genome is shorter than those of the closely 
related enterobacteria compared. It shows signs of erosion evidenced by 
shorter LCBs and loss of genes inside the LCBs. 
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sugars for Ea273 (Paulin 2000). Genes encoding proteins involved in 

anaerobic respiration also were identified as missing in the Ea273 genome. I 

observed loss or inactivation (pseudogenes) of genes encoding proteins with 

putative functions in virulence in SENT including hemolysin, hemagglutinin 

and other genes involved in biosynthesis of fimbriae, cellulose-like 

polysaccharides and biofilm. Alternatively, a list of missing genes in Ea273 as 

compared with SENT and ECOK12 based on the product description of the 

annotation was produced. The 201 “missing genes” were classified in 52 

pathways (Table 2.3) were identified, including genes encoding proteins 

related to anaerobic respiration, nutrition, carbohydrate metabolism and two-

component regulatory proteins, which confirms the previous manual 

observations.  

Genomic islands or inserted regions  

Regions potentially horizontally transferred from bacterial genomes 

other than the seven genomes compared with MAUVE, also were identified. I 

found approximately 54 regions larger than 5 kbp. I further analyzed the 

regions individually, looking at the homologies of the CDS, the presence of 

mobile elements and pseudogenes and altered G+C contents compared with 

the average of the genome, and I selected 21 regions with characteristics of 

horizontally transferred sequences (Table 2.4). All putative islands, except GI3 

are regions larger than 10 kbp, adding to a total of 622 kbp for all the regions 

selected. Islands GI9 and GI17 include the previously reported genes of  the 

ams operon, which encodes proteins for the synthesis of the 

exopolysaccharide (EPS) amylovoran  (Bugert and Geider 1995),  and the hrp 

gene cluster pathogenicity island (PAI1)(Oh et al. 2005), respectively. 

Interestingly, the PAI1 region does not have altered G+C content as do the  
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Table 2.3 Genes present in E. coli K12 and S. enterica sv. thyphimurium 
LT2, but missing in Ea273 

 
Pathway N. of genes 
4-aminobutyrate degradation  2
Aerobic respiration -- electron donors reaction list 1
Alanine degradation I 1
Superpathway of chorismate 9
Superpathway of glutamate biosynthesis 2
Respiration (anaerobic) 13
Respiration (anaerobic) -- electron acceptors reaction list 16
Respiration (anaerobic) -- electron donors reaction list 16
Superpathway of arginine and polyamine biosynthesis 2
L-arabinose degradation 1
Superpathway of arginine, putrescine, and 4-
aminobutyrate degradation 4
Asparagine biosynthesis III 2
Arginine degradation II 1
BasSR Two-Component Signal Transduction System 1
Superpathway of leucine, valine, and isoleucine 
biosynthesis 2
L-Carnitine degradation I 3
Chemotactic Signal Transduction System cheA 1
Cobalamin biosynthesis I 5
Colanic acid building blocks biosynthesis 6
Superpathway of phenylalanine, tyrosine, and tryptophan 
biosynthesis 3
CreCB Two-Component Signal Transduction System 2
D-arabinose degradation I 3
Removal of superoxide radicals 3
DTDP-L-rhamnose biosynthesis I 4
Enterobacterial common antigen biosynthesis 1
Enterobactin biosynthesis 6
Entner-Doudoroff pathway I 2
Fatty acid  and beta-oxidation I 4
Mixed acid fermentation 13
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Table 2.4 Putative genomic islands identified in Ea273 
Island 

No 
Left 

coordinate 
Right 

coordinate
Length 

Kbp 
G+C 

content Interesting CDS in the region 

GI1 359142 376549 17.4 51.7

1 invasin, 1 hemolysin 
transporter, 1 pseudogene, 1 
phage related 

GI2 390614 496253 105.6 50.8

2 putative effectors, 1 
nematicidal protein, 1 putative 
T3SS protein and several 
hypothetical conserved proteins  

GI3 677434 682077 4.6 43 HopPtoB1 homologue 
GI4 799716 813781 14.1 54 Type II secretion system 

GI5 1291038 1302317 11.3 36
1 putative nematicidal protein 
and several hypothetical proteins 

GI6 1671178 1704678 33.5 40 T3SS island (PAI2) 

GI7 1863543 1895293 31.8 51.2
3 putative effectors, 1 
chemotaxis response, 1 catalase 

GI8 1897243 1928576 31.3 52.3

Phage related, some 
pseudogenes and some 
modifying enzymes, such as an 
acetyltransferase 

GI9 2304018 2333790 29.8 44.5

The ams operon and an 
additional region with genes 
encoding more proteins involved 
in polysaccharide synthesis, 
flanking the region also hopX1 
effector gene 

GI10 2416331 2432484 16.2 41.9
Several pseudogenes, an 
acetyltransferase 

GI11 2548929 2568842 19.9 50.5
1 pseudogene, 1 putative effector 
protein, 1 stress response protein 

GI12 2620563 2641640 21.1 66.2
1- non-ribosomal peptide 
synthetase NRPS (dhb ) 

GI13 2674891 2689186 14.3 49.6
1- phage integrase; 3- 
transposase 

GI14 2771606 2822345 50.7 54.3
1 flagellar biosynthesis cluster 
(FL1) (present in SENT 

GI15 2886944 2913880 26.9 43.2
T3SS island (PAI3), similar 
region in SENT 

GI16 2997493 3031332 33.8 55.9

1- invasin; 2- drug efflux; several 
hemolysin (some pseudogenes), 
flanking a hopAK1 homologue 

GI17 3110862 3185647 74.8 53.5 T3SS island (PAI1) 

GI18 3234143 3264918 30.8 55.3
1- non-ribosomal peptide 
synthetase NRPS 

GI19 3637900 3658371 20.5 54.9

Several pseudogenes and a sip 
homologue from Pseudomonas 
sp. 

GI20 3665334 3682880 17.5 54.4
Several putative protease (prt) 
and associated transport 

GI21 3747467 3763203 15.7 54.1
Putative yopH  effector and 
signaling proteins 
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other regions listed. I identified two novel T3SS islands, which I report in a 

separate section. Most of the effectors reported in Chapter 3 seem to be have 

been acquired horizontally since they are present in the genomic islands listed 

or nearby in separate individual insertions.  A high percentage of putative 

genomic islands contain phage remnants or integrases, transposases and 

pseudogenes, as listed in Table 2.4. 

Potential virulence factors identified 

Agglutinins/adhesins  

 Three (3) operons with sets of genes encoding putative fimbria of the 

type chaperone-usher were identified, as well as few genes encoding 

homologues to hemagglutinin, a virulence factor of the enteric animal 

pathogens. These fimbriae are composite structures with the adhesion protein, 

which binds to the host cell surface located at the tip of the flexible pilus. The 

pilus subunits are secreted to the periplasm where they are stabilized and 

regulated by a chaperone and delivered to an usher outer-membrane protein, 

which forms a pore to allow the passage of the pilin subunits and the base of 

the structure (Donnenberg 2000). I could not identify any gene with 

homologues to the Type-4 fimbriae-like in the chromosome of Ea273. None of 

the operons show characteristics of horizontal transfer, suggesting they might 

be part of the enteric core, and there are homologues of haemmaglutinins in 

the genome that have been inactivated by mutations.  

Exopolysaccharides 

I identified the ams operon (Bugert and Geider 1995) as a possible 

genomic island (Table 2.4). In addition, I identified several other genes that 

encode proteins related to the biosynthesis of polysaccharadides, which follow 

the reported operon, and part of the genomic island. However, I could not find 
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paralogous genes to the ams operon in the rest of the genome. I also located 

the reported levansucrase gene (lsc) and the regulators rlsA and rlsB. 

Interestingly, lsc has a predicted hrp box regulatory sequence (Chapter 3), 

which is located inside the reported regulatory gene rlsB. There are two 

paralogous sequences in unrelated locations in the genome of the 

levansucrase gene. Functional studies might be necessary to test the paralogs 

of lsc. 

There are many genes in the genome of Ea273 that are related to cell 

envelope synthesis, but they seem to be part of the enteric backbone.  

General secretion systems 

Ea273 has lost a number of ABC transporter systems relative to the 

non pathogen ECOK12, specifically multi-drug efflux pumps; this may reflect 

adaptation to a more specific environment. Ea273 possesses more than 100 

genes that encode putative ABC transporters. I identified only one gene 

potentially encoding a functional hemolysin and its associated transport 

proteins, but the presence of several hemolysin pseudogenes suggest that 

Ea273 inactivated the hemolysin genes by selection. 

I also identified a putative Type II secretion cluster, possibly located in a 

genomic island (GI4 in Table 2.4), which contains 12 predicted CDS followed 

by a gene that encodes a chitin-binding homologue. 

Motility 

I identified four different clusters of genes that are putatively involved in 

flagella biosynthesis; they are distributed throughout the genome of Ea273. 

Two of the clusters seem to be associated with chemotaxis (FL1 and FL4) 

and/or stress response genes, because of the presence of CDS with 

homology to stress and chemotaxis responses. Only one seems to have been 
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horizontally transferred (FL1) GI14 in Table 2.4, as homologs are present in 

SENT but not in ECOK12. It seems that the different flagella biosynthesis 

clusters might be expressed or down-regulated under different environmental 

conditions; expression studies would likely elucidate the conditions for 

expression of each cluster.  

T3SS systems and associated proteins 

I identified a list of potential T3SS-associated proteins in Chapter 3. 

Some of these proteins are encoded by genes found in two regions identified 

as PAI2 and PAI3 (Table 2.4). Both regions encode a complete set of T3SS 

proteins. When individual translated proteins in each region were compared 

with the REFSEQ database (BLASTP), the structure and organization of both 

islands were very similar (Figure 2.4), and they were most similar to the SSR-1 

island of SGL, which has two different functional T3SS islands (Dale et al. 

2005); SSR-1 is similar to the ysa chromosomal island of Yersinia 

enterocolitica (Foultier et al. 2002), and it is required for invasion of  host cells 

by both organisms. SSR-2 seems to have undergone degenerative adaptation 

and is expressed only in the intracellular stage of infection of the host cells 

(Dale et al. 2005). The three T3SS islands identified in Ea273 seem to have 

been horizontally transferred (Table 2.4) even though there is weak similarity 

to the PAI3 region to a similar island in the SENT genome. 

In order to determine the possible origin of the T3SS islands in Ea273, I 

selected the homologue of a protein (YsaC) critical for secretion in functional 

islands, in PAI2 and PAI3, and the homologue (HrcC) in PAI1 to compare with 

the corresponding homologues in other animal and plant pathogens. The 

similarity tree (Figure 2.5) supports the hypothesis that the three islands of 

Ea273 were horizontally transferred. PAI2 and PAI3 cluster with homologues  
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Figure 2.4 Comparative organization and similarity of the novel T3SS 
islands. Most of the individual proteins in PAI-2 and PAI-3 of E. amylovora 
Ea273 are similar to those of S. glossinidius and Y. enterocolitica. The genetic 
organization of PAI-2 and PAI-3 are also very similar to the SSR-1 and ysa 
islands of the mentioned pathogens. The figure was adapted from Dale et al., 
2004. Each gene is indicated with an arrow, the gray shades and pattern 
codes are indicated in the lower row. The gray blocks indicate the regions of 
synteny 
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Figure 2.5 Phylogenetic analysis of proteins encoded by conserved 
sequences in the novel and known T3SS islands. The tree is based on the 
phylogenetic analysis of the conserved homologues HrcC-YsaC-InvG. Protein 
sequences comparison shows how HrcC (conserved homologue) in the known 
pathogenicity island (PAI-1) is closely related to other plant pathogens (lightly 
shaded arrow), while the corresponding proteins in the novel pathogenicity 
islands (PAI-2 and PAI-3) are closely related to those of animal pathogens 
(heavily shaded arrows). The global alignment was made with the Clustal W 
option of DNASTAR (Lasergene). The tree was generated by the neighbor-
joining algorithm of the same program. 
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in animal pathogens, and PAI1 with homologues in plant pathogens. Due to 

the similarity in structure and organization of PAI2 and PAI3, and the 

completeness of PAI3 with respect to PAI2, I speculate that PAI2 might be 

paralogous of PAI3. While PAI1 is clearly necessary for the pathogenicity of 

Ea273 in its plant host (Steinberger 1988), why has a genome that seems 

stable acquired two copies of a similar cluster with no apparent function in 

plant virulence? If the pathogen has undergone erosion and loss of genes to 

increase its fitness, why does it have two copies of clusters that seem 

paralogous? Therefore, expression and functional studies must be undertaken 

to elucidate the role of the T3SS that are related to those animal pathogens or 

perhaps to a mutualistic relationship with intermediate hosts such as insects. 

Iron acquisition systems 

Four putative ton-B receptor genes were identified besides the reported 

foxR (Dellagi et al. 1998a), but I found no other paralogues of DFO E. I 

identified five putative siderophores with homologies to systems in 

Pseudomonas sp. 

Other putative virulence factors 

Two putative non-ribosomal peptide synthases (NRPS) were identified 

in Ea273 (Table 2.4). Both seem to have been acquired by horizontal transfer. 

One of the NRPS seems fragmented in three pieces (GI18) indicating possible 

erosion or inactivation. The other one is similar to a non determined non-

ribosomal peptide synthase in P. carotovorum, Its modular structure as 

analyzed with NRPSDB ( 

http://203.90.127.50/~zeeshan/webpages/nrpsall.html ) does resemble the 

structure of antibiotics such as bacitracin, calcium-dependent antibiotics (cda) 

or even syringomycin (a toxin of P. syringae) but no conclusion can be made 
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at this stage. Interestingly, it has a predicted hrp box in its promoter region 

(Chapter 3), suggesting that it might have a role in fitness during infection. 

Three copies of genes encoding catalases were identified in the 

genome of Ea273, possibly aiding in detoxification of reactive oxygen species 

in the apoplast.  Interestingly those genes are located in putative genomic 

islands. 

A homologue of Prtl, a secreted metalloprotease in ECA was found in 

the genome of Ea273. The previously reported (Zhang et al. 1999) prt operon 

encoding the metalloprotease PrtA and the secretion apparatus was located 

far from the prtl gene in GI20, a genomic island (Table 2.4). 

 

CONCLUSION 

The genome sequence of E. amylovora has revealed a compact 

genome with few identified mobile and phage related elements, as compared 

with other animal and plant pathogens. E. amylovora is a free-living organism; 

however in nature it seems to be a poor saprophyte and it only is found only 

as an epiphyte associated with host plants. This life-style is explained in part 

by the observation of the gene loss and erosion by inactivation of functional 

genes, as compared with the closely related E. coli K12, a non-pathogenic 

bacterium, which has been studied extensively in regard with its diverse set of 

responses and adaptability to the environment. My analysis of the genome 

also confirmed previous suspicious that the T3SS of E. amylovora is similar to 

the island-borne T3SS of other pathogenic bacteria. This island is essential to 

the pathogenic characteristics of E. amylovora. The analysis also revealed that 

the fitness of the pathogen in its particular environment in rosaceous plants 

has been strengthened by several putatively transferred regions, which 
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encode for virulence factors that provide E. amylovora with fitness advantage 

in this environment. Examples are the EPS operon and several putatively HrpL 

regulated genes, not related to the T3SS. The presence of four clusters 

encoding genes for flagella biosynthesis, which apparently are regulated 

independently, might provide the pathogen with flexibility to respond to 

changes in the environment.  

The two novel T3SS identified islands are intriguing in that they are so 

similar among themselves that one considers that they might be horizontally 

transferred and paralogs. However they do not seem associated with virulence 

in plants. Interestingly the most similar system, albeit with weak similarity, in 

the NCBI nr databases is the SSR-1 island of Sodalis glossinidius, an insect 

endosymbiont of the tse-tse fly, and also member of the Enterobacteriaceae. 

The islands do not seem part of the HrpL regulon, since no hrp box was 

predicted in the appropriate regions. Conditions of expression of those T3SS, 

if any must be investigated in order to determine their functionality and 

possible role in E. amylovora. 

The availability of the genome sequence of Ea273 and this preliminary 

analysis has opened new possibilities for the study of E. amylovora as a 

pathogen. Using bioinformatics and expression systems many candidates can 

be identified concurrently and possible functional relationships among those 

can be revealed. An example is provided in Chapter 3 where the HrpL regulon 

of Ea273 is predicted, several genes possibly up-regulated by HrpL are 

identified and one functional gene related to avirulence was identified. 
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CHAPTER 3 

 

GENOMEWIDE SEARCH FOR T3SS-ASSOCIATED VIRULENCE FACTORS 

IN ERWINIA AMYLOVORA  

 
ABSTRACT 

Fire blight is a devastating disease of rosaceous plants caused by the 

Gram-negative bacterium E. amylovora. This pathogen delivers virulence 

proteins into host cells utilizing the Type-Three Secretion System (T3SS). 

Expression of the T3SS and substrates is activated by the alternative sigma 

factor HrpL, which recognizes short DNA sequences (hrp boxes) in the 

promoter region of regulated genes. Bioinformatic Hidden Markov Models 

(HMM) were used to identify putative hrp boxes in the genome sequence of 

the highly virulent strain E. amylovora Ea273. Four putative hrp boxes were 

tested using a GUS assay system for HrpL-dependent expression: two active 

regulatory motifs were confirmed. By incorporating these in new prediction 

models several new candidate hrp boxes were detected. Potential effectors 

and virulence factors were identified based on homologies to known factors in 

other pathogenic bacteria and genes possibly regulated by HrpL. Candidates 

included genes involved in flagella biosynthesis and those related to virulence 

factors of animal and plant pathogens. Deletion mutants of two candidate 

virulence genes, which are preceded by the newly confirmed hrp boxes, were 

produced. The resulting mutants did not differ in virulence from the wild-type 

strain. Over-expression of one candidate, a homolog of HopX1, suppressed 

the development of HR in Nicotiana benthamiana; however it contributes to 

HR in Nicotiana tabacum.  
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INTRODUCTION 

Fire Blight is a devastating disease of rosaceous plants, which has 

fundamental impact on agricultural productivity worldwide. The disease is 

particularly severe on apple, pear, quince, hawthorn and cotoneaster. 

Fire blight was first observed in the United States in 1780; since 1900 it 

has spread over to many countries around the world (Bonn and van der Zwet 

2000). 

The causal agent of fire blight is the Gram-negative bacterium Erwinia 

amylovora, which is the type species of the genus Erwinia. E. amylovora 

belongs to the Enterobacteriaceae family, along with other important bacterial 

pathogens. E. amylovora is phylogenetically closely related to important 

human and animal pathogenic bacteria, such as Escherichia coli, Salmonella 

sp., Shigella spp., Yersinia spp. and plant pathogens such as Pantoea 

stewartii, the causal agent of Stewart’s wilt of corn; and Pectobacterium 

carotovorum, and P. chrysanthemi both wide-host range rotters with very 

different mechanisms of pathogenicity than E. amylovora (Hauben et al. 1998). 

Virulence factors identified in pathogenic bacteria are very diverse in 

their function. Some factors are related to the ability of the pathogen to 

colonize and grow competitively in the host environment. An example of the 

latter in E. amylovora, are exopolysaccharides (EPS) such as amylovoran and 

levan, which presumably act as barriers to protect bacteria from oxidizing 

agents (Geider 2000). Other factors are important because they facilitate 

delivery of toxic compounds or effector proteins from the pathogen to host 

cells. Those systems are known as secretion systems and are classified as 

type I, type II (Johnson et al. 2006; Pallen et al. 2003), type III (T3SS) (Alfano 
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and Collmer 2004; Mota and Cornelis 2005) and type IV (Backert and Meyer 

2006).  

The T3SS is widespread in Gram-negative bacteria; initially it was 

implicated in the delivery of virulence factors, but now it is known to be 

important in symbiotic relationships also (Dale et al. 2001). The T3SS is a 

complex system comprised of approximately 20 proteins (Buttner and Bonas 

2006). Most of these proteins are conserved and also homologous to proteins 

of the flagella biosynthesis system (Hueck 1998). The T3SS delivers effector 

proteins inside the host cells where they function, presumably, to block the 

host defense pathways by different mechanisms (Mudgett 2005). The effector 

proteins are delivered inside the host cells through a process called 

translocation (Mota and Cornelis 2005). Other substrates for the T3SS system 

are harpins, a class of proteins that are thought to be part of the translocation 

complex (Lee et al. 2001). They are acidic, glycine-rich, hydrophilic, and some 

are associated with a pectate-lyase domain at their C-terminus (Charkowski et 

al. 1998).  Although there is no similarity among T3SS secreted proteins, a 

common amino-acid pattern was identified at N-terminal of T3SS substrates in 

Pseudomonas syringae, and it was used successfully in silico to predict 

putative novel T3SS-secreted proteins (Petnicki-Ocwieja et al. 2002). 

The expression of the T3SS and associated proteins is directly 

regulated by the alternative sigma factor σ54 HrpL (Wei and Beer 1995), which 

activates promoters with a conserved canonical short sequence of about 35 bp 

termed hrp boxes. The T3SS and HrpL of E. amylovora (Ea) share similarity 

with the T3SS and HrpL of P. syringae, but no functional cross-

complementation of HrpL was observed (Wei and Beer 1995). Previously, ten 

functional hrp boxes were identified in Ea, and they have been shown to be 
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activated by HrpL (Oh et al. 2005). Hrp boxes also have been identified in 

silico using a Hidden Markov Model (HMM) analysis on the genome of 

Pseudomonas syringae pv. tomato (Pst) (Ferreira et al. 2006; Fouts et al. 

2002; Vencato et al. 2006). In this work, based on a preliminary annotation 

(Chapter 2) of the genomic sequence of Ea273, and several initial models 

including the one used by (Fouts et al. 2002) and one based on the previously 

characterized 10 hrp boxes in E. amylovora (Oh et al. 2005), the publicly 

available software HMMr from Sean Eddy (Eddy 1998) was used to predict hrp 

boxes and identify genes possibly regulated by HrpL. Putative T3SS 

substrates were identified by homology to virulence factors in other pathogenic 

bacteria and by identifying in Ea 273, an N-terminal amino-acid pattern 

described previously (Petnicki-Ocwieja et al. 2002) which is associated with 

T3SS-substrates or the presence of predicted hrp boxes in the promoter 

region of predicted genes. 

Using an expression system based on the β-glucuronidase (GUS) 

reporter protein (Jefferson 1989), several predicted hrp boxes were tested and 

two genes were found to be up-regulated by the HrpL sigma factor. The 

candidate genes were characterized, and their virulence and HR responses to 

host and non-host plants were evaluated, respectively. None of the mutants 

were affected in virulence, but the strain lacking HopX1, a homolog of the 

HopX1 family in Pseudomonas syringae, delayed and reduced the 

development of HR when inoculated in N. tabacum, but did not affect the HR 

when inoculated in N. benthamiana. Using an E. coli strain expressing 

theT3SS of E. amylovora in a cosmid, which induces HR in both N. tabacum 

and N. benthamiana (Bauer 1990; Wei et al. 1992), I determined that HopX1 
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of Ea273 contributes to HR in N. tabacum, but acts as an HR suppressor in N. 

benthamiana.  

 

MATERIALS AND METHODS 

Bacterial strains, growth conditions and plasmids 

Bacterial cultures were grown in Luria-Bertani (LB) broth or LB agar 

with appropriate antibiotics for selection. E. coli and E. amylovora strains were 

incubated at 37ºC and 26ºC, respectively. The strains and plasmids used are 

listed in Table 3.1. The expression reporter vector, pCPP1739, was produced 

by substituting the β-galactosidase (lacZ) reporter gene from pBS29 (Swingle 

2007) for the β-glucuronidase (gus) gene, amplified by PCR from the binary 

vector pBI121 as template (Table 3.2; Figure 3.1). To test the activity of the 

hrp boxes, plasmids pCPP1741, pCPP1742, pCPP1744, pCPP1745, and 

pCPP1746 were assembled by cloning fragments ranging from 465 to 552 bp 

that contain the predicted promoter sequence for Ea33, Ea08, Ea17, Pst05, 

and DspA/E respectively, amplified from Ea273 genomic DNA, into the BamHI 

site of pCPP1739 (Table 3.1; Figure 3.1). Plasmid pCPP1738 was produced 

by cloning the PCR amplified genomic fragment (Table 3.2)(Figure 3.2 A) 

containing the sequences for the hrp box, a putative chaperone (chHopX1) 

and hopX1 (Figure 3.2 B) into the BamHI - EcoRI site of pCPP8, a low copy 

promoter-less broad-host vector (Bauer 1990). Plasmid pCPP1737 was 

produced by cloning the PCR-amplified genomic fragment containing hopX1 

(Table 3.2) into the BamHI - EcoRI site of pSU23 (Figure 3.2), an expression 

vector under the control of the sp6 promoter. 
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Table 3.1 List of bacterial strains and plasmids used for this work 
 
Strains Characteristics  Reference 

Ea273 Wild type E. amylovora, highly virulent on 
apple and pear 

Norelli et al., 1984 

Ea273-K49 hrpL transposon mutant Wei et al., 1992 
Ea273-ΔHopX1 hopX1 deletion mutant from the 3rd bp to the 

stop codon 
This work 

Ea273-ΔHopAK1 hopAK1 deletion mutant from the 73rd bp to 
the Xxx bp before the stop codon 

This work 

EcoMC4100 

(pCPP430)  

E. coli harboring cosmid pCPP430 Beer et al., 1991 

EcoMC4100  

(pCPP431)    

E. coli harboring cosmid pCPP431 Beer et al., 1991 

Eco MC4100 

(pCPP432) 

E. coli harboring cosmid pCPP432 Beer et al., 1991 

Ea273-ΔHopX1 

(pCPP1737) 

hopX1 deletion mutant harboring the plasmid 

pCPP1737 which overexpresses HopX1 

This work 

Ea273-ΔHopX1 

(pCPP1738) 

hopX1 deletion mutant harboring the plasmid 
pCPP1738                                     for 
complementation   

This work 

EcoMC4100 

(pCPP430, 
pCPP1737) 

E. coli harboring cosmid pCPP430and 
pCPP1737 

This work 

EcoMC4100  

(pCPP431, 
pCPP1737) 

E. coli harboring cosmid pCPP431 and 
pCPP1737 

This work 

Eco MC4100 

(pCPP432, 
pCPP1737) 

E. coli harboring cosmid pCPP432 and 
pCPP1737 

This work 

Plasmids   

pBS29 Moderate copy-number reporter vector for 
expression of LacZA when promoter 
sequence is cloned in BamHI site Kmr Tcr 

Swingle et al., 
submitted 

pCPP1289 hrpL gene cloned in a pSU21 expression 
vector Cmr 

Bauer, 1990 

pCPP1739 Derivative of pBS29 substituting the laczA 
marker with GUS  as expression marker at the 
HindIII site Kmr Tcr            

This work 

pCPP1741- 
pCPP1746 

DNA fragments ca. 500 bp containing 
predicted hrp boxes Ea33, Ea08, Ea12, Ea17, 
Pst05 and DspA/E cloned in pCPP1739 in the 
right orientation for expression at the BamHI 
site, respectively Kmr Tcr 

This work 

pCPP1737 HopX1 complete ORF amplified by PCR from 
Ea273 genomic DNA and  cloned in BamHI-
EcoRI site of pSU23 for expression of 
HopX1under the sp6 promoter; Cmr                   

This work 
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Table 3.1 (Continued) 

Strains Characteristics  Reference 

pCPP1738 DNA sequence containing the hrp box pst05-
chHopX1 and ORF of hopX1 amplified by 
PCR and cloned in BamHI-EcoRI site of 
pCPP08; Smr      

This work 

pCPP1763 Flanking regions of hopX1 fused and cloned 
in pKNG101; Smr 

This work 

pCPP1764 Flanking regions of hopAK1 fused and cloned 

in pKNG101; Smr  

This work 
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Table 3.2 List of primers used for this work 

 

 

 

 

Fragment 
amplified        

Primer pairs sequences Expected 
size (kbp) 

SrfABCEa       up 5’      gataaaaacagcagttcctgcttaggt                          
down 5’ acatcacgccaatcgctgcttatttaga                             

7.35 

hopX1Ea  up 5’      caacccgggtaactgactgccaacaataa                     
down 5’ gaagcccgggttactcctgtttgttacac                            

1.13 

hopAK1Ea  up 5’      cataagctgccttcgcttacggcaaaatat     
down 5’ gtgcataaaaaggcttaactgaaaggcagatg   

1.23 

avrRpt2Ea  up 5’      gaaggaactttattacacggtaattcactcac               
down 5’ gttttaccgcttatacgttgcagtaatgac             

0.87 

GUS fragment up 5’      ctacgcaagcttcgggtggtcagtcccttatgttacg 
down 5’ ctacgcaagctttgcgccaggagagttgttgattc 

1.874 

PCR insert  for 
pCPP1738 

up 5’      cacgcggatccgtgcctgaccgaacctccctttac 
down 5’ cacgcgaattcgccgcttaagggatttttcacc 

1.623 

PCR insert for 
pCPP1737 

up 5’      cacgcggatccgggtaactgactgccaacaataatc 
down 5’ cacgcgaattcgccgcttaagggatttttcacc 

1.083 

Insert with hrp box 
Ea08 

up 5’      cacgcggatccggatgcaccgtatcatggccaactata 
down 5’ cacgcggatcctggcgaaatctactctcacaaggca 

0.548 

Insert with hrp box 
Ea33 

up 5’      cacgcggatccgcgtgcggtatttgaagatctgatgta 
down 5’ cacgcggatccacagcccggcatcgttcataaag 

0.465 

Insert with hrp box 
DspA/E 

up 5’      cacgcggatcccgtccccaaacagcccctgaga 
down 5’ cacgcggatccggcgaggacgaggtattgttgttaagc 

0.515 

Insert with hrp box 
Ea17 

up 5’      cacgcggatccagtgagcgcagatcgaggcgata 
down 5’ cacgcggatccgcgccctgcctttctcacgtac 

0.487 

Insert with hrp box 
Pst05 

up 5’      cacgcggatcccttctggtaacggccgtctgatatg  
down 5’ cacgcggatccggggatgtagccggctgatatacc 

0.552 

HopX1 Left 
flanking region 

up 5’      gactagtcatttgtatgatgactaccgggtggtaac 
down 5’ cccaagctttatgccttgaaggcattttactcatctc 

1.989 

HopX1 Right 
flanking region 

up 5’      cccaagcttgaaaaacaggcggtgaaaaatcccttaag 
down 5’ gcgtcgactgacgtgcgtattgacaccatcaagatc 

1.819 

HopAK1 Left 
flanking region 

up 5’      cagcctctagaggttacggcttgatcaataccactaaga 
down 5’ ctacggactagtggtggcgcataactgataaaggaattg 

2.384 

HopAK1 Right 
flanking region 

up 5’      ctacggactagtatgttggcagtaacgtgagcttcttac 
down 5’ cacgcggatccagcaggtactggagccgtaaaacagac 

1.886 
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Figure 3.1. Description of the GUS expression reporter vectors used for 
this work. pCPP1739, pCPP1741, pCPP1742, pCPP1744, pCPP1745, and 
pCPP1746. 
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Figure 3.2. Description of the plasmids pCPP1737 and pCPP1738 and the 
region containing hopX1. A. Constructs pCPP1737 and pCPP1738.  B. Map 
of the genomic region amplified for the inserts and flanking hopX1. 
Coordinates are from the finished genome 
(http://www.sanger.ac.uk/Projects/E_amylovora/). 
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Design of primers for this work 

All primers used in this work are listed in Table 3.2. ; they were 

designed using the PRIMERSELECT tool of LASERGENE 7.0. Additional 

primers were designed to confirm the presence of the following candidate 

T3SS associated genes include: SrfABCEa , hopX1Ea, hopAK1Ea,  and 

avrRpt2Ea  in the genomic DNA of strain Ea273 and in a cosmid library from 

Ea321 (Bauer 1990). 

Deletion mutants 

 Mutant strains of Ea273 were produced by marker-eviction 

mutagenesis as described before (Bogdanove et al. 1996; Kaniga 1991). 

Briefly, approximately 2 kbp DNA regions flanking the left and right sides of the 

candidate genes hopX1 and hopAK1 to be deleted were amplified by PCR 

from Ea273 genomic DNA (Table 3.2) and cloned together into the SpeI-SalI  

and XbaI – BamHI sites, respectively, of an intermediate pBCSK- (Stratagene, 

La Jolla, CA) vector, then excised and cloned into the SpeI - SalI and SacI - 

BamHI sites of the suicide plasmid PKNG101 (Figure 3.3), producing 

pCPP1763 and pCPP1764, respectively (Kaniga 1991). Then, E. coli SM10λ 

pir containing the PKNG101 construct was conjugated with either Ea273 RpR 

or Ea321 RpR, to produce the first recombination (single crossover). The Ea 

recombinant strains were selected and grown in Hyun’s minimal medium 

(Huynh et al. 1989a) to select for the final recombination and excision of the 

vector markers (sensitivity to sucrose and resisitamce to Km). Finally, the 

colonies that grew only in Rp and 5% sucrose were selected. Mutant strains 

were confirmed by PCR. 
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Figure 3.3. Description of the plasmids pCPP1763 and pCPP1764 and the 
region containing hopAK1. A. Constructs pCPP1763 and pCPP1764.  B. 
Map of the genomic region amplified for the inserts and flanking hopAK1. 
Coordinates are from the finished genome 
(http://www.sanger.ac.uk/Projects/E_amylovora/). 
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Pathogenicity tests on immature pears 

Immature Bartlett pear fruits (Pyrus communis L.), 2 to 3 cm in diameter 

were used to assay for pathogenicity of Ea273 and its mutants. The strains 

were grown O/N at 26°C on LB agar with appropriate antibiotics. Colonies of 

bacteria were suspended to OD600 = 0.2 in 5 mM potassium phosphate buffer, 

pH 6.5; pear halves were inoculated as previously described (Bauer and Beer 

1991; Steinberger 1988). Infection of pear halves was assessed every day for 

up to 5 days after inoculation. 

Virulence tests on apple shoots 

Actively growing apple (Malus X domestica cv. Red Delicious) shoots 

(30 to 40 cm long) were inoculated with strains of Ea273 and its mutants as 

previously described (Oh and Beer 2005). The strains were previously grown 

O/N at 26°C on LB agar with appropriate antibiotics. Bacteria were 

resuspended in 5 mM potassium phosphate buffer, pH 6.5 to an OD600 = 0.2. 

Inoculation was performed by dipping a florist frog into the suspension and 

pressing against the unfolded and smallest folded leaves in the shoots 

(Bonasera et al. 2006a). Symptoms were monitored every 24 hours up to 10 

days after inoculation. At 10 days, the lengths of the lesion and of the current 

season’s shoots were measured and the results were reported as % of shoot 

infected. 

HR tests in tobacco plants 

Strains of Ea were infiltrated at OD600 = 0.2, and strains of E. coli 

MC4100 were infiltrated at OD600 = 0.8 into Nicotiana tabacum ‘Xanthi’ and in 

N. benthamiana, as previously described (Wei et al. 1992).The development of 

HR in infiltrated areas was assessed at 8 h.p.i., 24 h.p.i. and 48 h.p.i. 
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GUS assays 

 E. coli DH5α strains transformed with the expression vectors were 

grown at 37ºC with appropriate antibiotics in LB until OD600 = 0.4 before the 

GUS assay was conducted. Alternatively, Ea273 strains transformed with the 

expression vectors grown to log-phase cultures in LB, were washed once with 

Hyun’s minimal medium (Huynh et al. 1989a),  resuspended in the same 

medium at OD600 = 0.4, and grown at 20ºC  for 6 hours before the assay. For 

the test, 45 μl of either E. coli DH5α or Ea273 cultures were mixed with an 

equal volume of 2X assay buffer [100mM NaH2PO4, 20 mM β-

mercaptoethanol, 20mM EDTA pH8.0, 0.2% Triton X-100, 0.2% lauryl 

sarcosine, and 0.2 mM 4-methyl umbelliferone glucuronide (MUG)]. The 

suspensions were incubated at 37ºC for 4 hours and the reaction was stopped 

with 10 μl of 2M Na2CO3. The samples were diluted in 0.2 M Na2CO3 to 

facilitate measurement. The fluorescence of 4-methyl umbelliferone (MU), the 

product of GUS activity was measured in pU/CFU where a unit (U) is defined 

as one ηmol of product released per minute at 37ºC as measured with a 

VersaFluorTM Fluorometer, Biorad, using an emission filter of 455nm and 

excitation filter of 365nm (Jefferson et al. 1987).  

Bioinformatics 

Routine sequence analysis was performed with Lasergene 7.1 

(DNAStar, Madison, WI). The genomic DNA sequence of Ea273 

(www.sanger.ac.uk/Projects/Microbes) was visualized with the ARTEMIS 

visualization tool available at http://www.sanger.ac.uk/Software/Artemis/.  

The HMMer software (Eddy 1998) available at http://hmmer.janelia.org/ 

was used to scan the genome sequence at various stages of the project in 

search for hrp box sequences. HMMer was first used on pseudomolecules 
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constructed by concatenating assembled fragments of the shotgun sequence 

to aid with the bioinformatic analysis as done by (Fouts et al. 2002) and finally 

on the finished genome sequence. Several models were developed for the 

basic training set of hrp boxes as described in Results. 

The pseudomolecules (at various stages) and the final genome 

sequence of Ea273, as queries, were searched for homologues of predicted 

Open Reading Frames (ORF) with the BLAST tool at 

http://www.ncbi.nlm.nih.gov/BLAST/  using   a cut-of E-value of 1 x E-5 

(Chapter 2). 

   

RESULTS 

Candidate genes potentially regulated by HrpL were identified by 

searching the genome of Ea273 for hrp boxes with a Hidden Markov 

Model (HMM) analysis 

The identification of candidate genes potentially regulated by HrpL and 

of candidate virulence factors associated with the T3SS required of an iterative 

process where bioinformatic and manual analysis were combined with 

experimental testing (Figure 3.4). The first approach was to use HMMs to scan 

the genome of Ea273 for putative regulatory hrp boxes. Previously developed 

HMMs (Ferreira et al. 2006; Fouts et al. 2002; Vencato et al. 2006) were used: 

model 0 is based on the 51 identified hrp boxes in P. syringae (Fouts et al. 

2002), model 1 is based on the combined results for the microarray expression 

and Gibbs sampling in P. syringae pv. tomato DC3000 (Ferreira et al. 2006); 

and  model 2 is  based on the combined results of the microarray expression 

(Ferreira et al. 2006) and RT-PCR confirmed hrp boxes in P. syringae pv.  
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Figure 3.4. Flowchart of the process for identification of candidate genes 
combining bioinformatic and experimental methods. 
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tomato by comparison with results in P. syringae pv. phaseolicola  (Vencato et 

al. 2006). Secondly, two models were developed based on the 10 previously 

confirmed hrp boxes in Ea273 (Oh et al. 2005). Model 3 is based on a de novo 

alignment of the 10 hrp boxes, and model 4 on the alignment of the 10 hrp 

boxes of Ea 273 with the P. syringae sequences used for model 0. All the 

models were used to scan the draft genome of Ea273. Putative regulatory 

motifs from all models were analyzed and results of models 0, 1 and 2 were 

combined because there were more than 50% of the identified hrp boxes 

overlapped. Only hrp boxes that had scores greater than 10 and were located 

upstream of preliminarily annotated genes, at a distance less than 900 bp, 

were selected. In this manner only four candidate genes were identified as 

potentially regulated by HrpL by models 0, 1 and 2 based on the P. syringae 

models (Table 3.3). Similarly, seven candidate genes were identified by 

combining models 3 and 4 (Table 3.3). As described in Figure 3.4, next I 

manually revised the annotations of the candidate genes that were putatively 

up-regulated by HrpL, and I proceeded to the experimental testing for HrpL-

dependent expression of candidate hrp boxes. Four candidate hrp boxes 

(Table 3.3) were selected for experimental testing with the GUS system, 

based on their closer location to the start codon of the putatively regulated 

genes with homology to putative virulence factors. Two hrp boxes were 

responsive to the presence of HrpL: Pst05, and Ea17 (Figure 3.5), as 

evidenced by the difference in GUS expression in the presence or absence of 

HrpL. Interestingly, Pst05, a predicted hrp box from the model 0 which uses 

the Pseudomonas training set, was responsive to HrpL, as well as Ea17, 

which was predicted by model 3, suggesting that there might be a less 

conserved pattern in the -10 region of the hrp box. Alternatively, two similar  
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Table 3.3 List of the predicted hrp boxes by the Hidden Markov Models 
(HMM) models 0, 1, 2, 3 and 4 of the first iteration. (1) Arbitrary ID to identify 
individual boxes (2) hrp boxes selected for experimental testing 
ID(1)     start    end      strand model Bp to  

start 
Score Similarity of the 

gene 
downstream 

Pst05 
(2) 

2356851 2356883 + 0 58 11.6 ShcF. Type III 
chaperone protein 
[Pseudomonas 
syringae pv. 
phaseolicola 
1448A] 
YP_275651 e-
value=0.01 

Pst13 2362764 2362796 c 1 632 14.7 PheA. Chorismate 
mutase [Yersinia 
pestis CO92] 
NP_404946 e-
value=1.1 e-60 

Pst01 790116 790147 + 2 165 10 DdlA. D-alanine--
D-alanine ligase B 
[Yersinia 
enterocolitica 
subsp. 
enterocolitica 
8081] 
YP_001005023 e-
value=5.4 e-142       

Pst16 3202170 3202201 c 2 842 13.1 Hypothetical 
protein plu0239 
[Photorhabdus 
luminescens 
subsp. laumondii 
TT01 NP_927602 
e-value=2.5 e-38      

Ea04 49597 49633 + 3 54 10 PolA. Conserved 
DNA polymerase I 
many bacteria 
including 
Agrobacterium 
tumefasciens 
gi|15887465| e-
value=0.0 

Ea07 1557313 1557349 + 3 76 10.1 RimJ. Ribosomal-
protein-alanine 
acetyltransferase 
[Escherichia coli 
CFT073]  
NP_753246 e-
value=1.7 e-75         
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Table 3.3 (Continued) 

 
ID(1)     start    end      strand model Bp to  

start 
Score Similarity of the 

gene 
downstream 

Ea08 
(2) 

1556963 1557999 + 3 720 12.1 MviN like putative 
virulence factor in 
E. carotovora, E. 
coli K12 and E. 
coli 0157:H7 
gi|15830701| e-
value=0.0 

Ea17 
(2) 

3043860 3043896 + 3 234 10.8 HopAK1 Type III 
effector 
Pseudomonas 
syringae pv tomato 
strain DC3000 
gi|28871243| e-
value=1 e-101 

Ea33 
(2) 

1565684 1565716 + 4 669 10.8 FlgH. COG2063: 
Flagellar basal 
body L-ring protein 
[Shigella boydii 
BS512] 
ZP_00695989 e-
value= 1.1 e-82 

Ea34 1594010 1594041 + 4 240 10.2 Hypothetical 
protein PST_2037 
[Pseudomonas 
stutzeri A1501] 
YP_001172550 e-
value= 1.1 e-128 

Ea40 3160165 3160197 + 4 44 11.1 HrcV T3SS 
apparatus 
component 
[Erwinia 
amylovora] 
AAB05999 e-
value=0.0 
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Figure 3.5 Expression assays of selected putative hrp  boxes. The 
reporter plasmids pCPP1741 to pCPP1746 corresponding to Ea33, Ea08, 
Ea17, Pst05, and DspA/E hrp boxes respectively, were transformed either in 
Ea273Wt or Ea273-K49 (a hrpL mutant). The Ea strains were grown 6 hours in 
Hyunh’s MM to induce HrpL production and incubated 4 hours at 37º C before 
GUS was measured in pU/CFU. The bars represent the standard error of four 
replicates.  
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Figure 3.6. Sequence logo for the patterns of the most representative 
HMMs used in this work. The graphs represent the expected nucleotide 
frequencies at each position. The vertical axis is a measure of information 
content in bits. The patterns were produced with Weblogo 
(http://weblogo.berkeley.edu/logo.cgi). 
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patterns for that region might be present in the genome of Ea273 and be 

responsive to HrpL (Figure 3.6). In order to account for both patterns, three 

new models were developed for the next iteration: model 5 based on a de 

novo alignment of the original training set of 10 hrp boxes from Ea273 plus the 

two newly confirmed ones; model 6 is based on the alignment of the 

sequences in model 5 with the P. syringae sequences; and model 7 is based 

on the confirmed sequences of model 5 plus 4 and manually identified hrp 

boxes of upstream genes known to be associated with the T3SS. Model 5 

predicted 158 putative hrp boxes in the Ea 273 genome, but did not predict 

pst05, (which was previously confirmed by GUS assay). 28 hrp boxes were 

located less than 900 bp upstream of annotated genes with scores greater 

than 6. Model 6 predicted 115 hrp boxes but only 15 were located 900 bp 

upstream of annotated genes; and model 7 predicted 150 hrp boxes with 22 

located upstream of annotated genes. The combined models yielded 41 new 

candidate genes putatively up-regulated by HrpL (Table 3.4). Among the 

genes predicted to be up-regulated by HrpL were three putative effectors that 

had been reported previously; avrRpt2Ea (Zhao et al. 2006), yopH (Triplett et 

al. 2006), and hopPtoCEa (Zhao et al. 2005).  Among the most interesting 

novel candidates were three genes encoding putative effectors SrfA, SrfB and 

SrfC, which are homologues of genes of the T3SS-associated operon srfABC 

of Yersinia pestis; it encodes virulence factors. Three homologues of genes 

encoding proteins for flagella biosynthesis were also identified; flgK, fliT, and 

fliF. They were located in completely separate locations relative to each other 

in the genome (Table 3.4). Other interesting candidates are the levansucrase 

gene (lsc) which has been reported to be up-regulated by the rslA gene 

(Zhang and Geider 1999) with homology to the LysR transcriptional activators  
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Table 3.4 List of the predicted hrp boxes by the HMM models 5,6 and 7 of 
the second iteration. (1) Arbitrary ID to identify individual boxes (2) hrp boxes selected for 
experimental testing 
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ID(1)      start end    strand model Bp to 
start 

Score Similarity of the 
gene 
downstream 

Ea02 48113 48150 + 5 498 9.1 DsbA. 
Thiol:disulfide 
interchange 
protein E. coli 
CFT073 
NP_756661.1 e-
value=1 e-80 

Ea03 49597 49633 + 5 54 7.2 PolA. DNA 
polymerase I. 
Yersinia 
frederiksenii 
ATCC 
33641ZP_00827
676.1 e-
value=0.0 

Ea06 278086 278121 + 5 42 9.3 RplK,RplA. 
50Sribosomal 
subunit proteins 
L11 and L1 of E. 
carotovora. 
YP_048346 and 
YP_048347. The 
coding regions 
are only one 
codon apart. 
Putative operon 
e-value=1 e-57 

Ea13 326945 326981 + 5 145 8.8 Hypothetical 
protein SF4176 
[Shigella flexneri 
2a str. 301 
NP_709890.1 e-
value=0.0 

Ea15 400645 400681 + 5 258 8.0 Diguanylate 
cyclase/phospho
diesterase with 
PAS/PAC 
sensor(s) 
domains 
ZP_01638577.1[
Pseudomonas 
putida 
W619].Putative 
two component 
signal 
transduction 
protein e-value= 
0.0 
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Table 3.4 (Continued) 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea22 431577 431613 c 5 12 7.4 AlcC. Bordetella 
bronquiseptica. Is 
DFOc, part of the 
DFO E operon 
reported in 
Dellagi et al., 
1998 but not in 
NCBI e-va;ue=1 
e-134 

Ea23 507319 507354 + 7 60 16.3 AvrRpt2Ea (Zhao 
et al., 2006) 
DQ344487 e-
value=0.0 

Ea26 536304 536339 + 7 321 9.1 Yjfp. E. coli 
putative esterase 
AP009048 e-
value =0.0 

Ea24 553031 553067 + 5 132 6.7 TAR region. 
Methyl-accepting 
chemotaxis 
protein [Erwinia 
carotovora 
subsp. 
atroseptica 
SCRI1043] 
YP_051680.1 e-
value=3 e-118 

Ea27 668361 668397 + 5 300 7.1 Conserved 
hypothetical 
protein.  

Ea30 702383 702419 + 7 418 
 

7.7 COG2831:Hemol
ysin 
activation/secreti
on protein 
[Yersinia 
mollaretii 
ZP_00825730 e-
value=0.0 

Ea35 952361 952396 - 5 14 7.6 ProS. Prolyl-
tRNA synthetase 
[Erwinia 
carotovora 
subsp. 
atroseptica 
SCRI1043] 
YP_051617 e-
value=0.0 
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Table 3.4 (Continued) 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea36 989728 989764 + 5 304 8.3 Ama. N-
carbamoyl-L-
amino acid 
amidohydrolase 
[Yersinia pestis 
KIM] 
NP_668269.1 e-
value=3.8 e-148 

Ea46 1289177 1289213 - 7 106 8.8 ZitB. Zinc 
transporter 
[Yersinia pestis 
CO92] 
NP_404742.1 e-
value=1.2 e-107 

Ea47 1306481 1306517 - 7 135 8.6 GalT. Galactose-
1-phosphate 
uridylyltransferas
e [Shigella 
flexneri ] 
NP_706483.1 e-
value= 2.7 e-169 

Ea49 1383783 1383819 - 7 343 8.9 Dps. DNA 
protection during 
starvation 
proteinDps 
[Serratia 
marcescens 
subsp. 
marcescens] 
Q84AP0 e-
value=1.1 e-70 

Ea51 1550894 1550928 - 7 38 7.4 Putative exported 
protein. 
Conserved 
hypothetical 
protein 

Ea55 1557313 1557349 + 5 76 7.8 RimJ. Ribosomal 
protein alanine 
acetyl transferase  
E. coli 
EMBL:AP009048 
e-value=1 e-66 

Ea62 
 

1594010 1594046 + 5 240 7.8 Conserved 
hypothetical 
protein FL_2685 
[Pseudomonas 
fluorescens Pf-5] 
YP_25979.2 e-
value=0.0 
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Table 3.4 (Continued) 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea63 1617410 1617447 - 7 10 10.8 FliF. Flagellar M-
ring protein 
[Salmonella 
enterica subsp. 
enterica  
serovar Typhi str. 
CT18 
NP_456530.1 e-
value=0.0 

Ea65 1638120 1638157 - 6 42 7.4 Pur B. 
Adeylosuccinate 
lyase E. coli 
UNIPROT 
POAB89 e-
value= 2.1 e-150 

Ea66 1780106 1780141 + 7 141 6.8 SufD.Part of 
cysteine 
desulfurase 
complex E. coli 
EMBL:AP009048
. Last of the 
proteins in a 
putative operon 
e-value=7.1 e-
104 

Ea69 
 

1880935 1880971 + 5 118 6.7 Operon srfABC 
virulence factors 
in Y. pestis 
"putative 
virulence effector 
proteins 
SrfA,SrfB,SrfC 
[Erwinia 
carotovora 
subsp.  
atroseptica 
SCRI1043]" 
YP_050312.1con
stituted by three 
consecutive 
ORFs e-value= 1 
e-102 

Ea71 1924264 1924299 + 7 160 8.2 Putative 
membrane 
protein. No 
significant 
matches in 
databases 
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Table 3.4 (Continued) 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea73 1950736 1950771 + 6 123 12.3 AzoR. Acyl 
carrier protein 
phosphodiesteras
e [Yersinia 
enterocolitica] 
YP_001006336 
e-value= 3.6 e-87 

Ea76 1978863 1978900 - 6 29 7.2 YcjX. Putative EC 
2.1 enzyme 
[Escherichia coli 
57:H7 
EDL933]NP_287
867( ATP-binding 
proteins) e-
value=0.0 

Ea80 2044367 2044402 + 7 473 9.0 PcaK. putative 
hydroxybenzoate 
transporter 
Pseudomonas 
putida Q51955 e-
value 1.4 e-69 

Ea83 2223701 2223736 + 7 189 6.9 FliT. Flagellar 
repressor of class 
3a and 3b 
operons [Shigella 
sonnei  
Ss046]YP_31088
3 
Flagellar protein  
E. carotovora e-
value=2.9 e-14 

Ea95 2620225 2620261 + 7 338 7.6 Dhbf. Non-
ribosomal peptide 
synthase. E. 
carotovora subs. 
atroseptica 
SCRI1043 
gi|50120425| or 
P. syringae pv 
syringae 
gi|66045851| e-
value=0.0 

Ea99 2782892 2782928 - 5 420 7.2 FlgK. Flagellar 
hook-associated 
protein 1[Sodalis 
glossinidius str. 
'morsitans'] 
YP_453719.1 e-
value=1 e-101 
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Table 3.4 (Continued) 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea103 2885145 2885181 - 5 349 7.0 DsbA. Thiol-
disulfide 
isomerase and 
thioredoxins 
[Yersinia 
mollaretii ATCC 
43969]ZP_00826
132.1 e-value= 1 
e-56 

Ea105 2936369 2936405 - 7 60 15.3 HopPtoC E. 
amylovora. 
Putative T3SS 
effector 
AAX97372 
gi:62735782 
(Zhao et al.,2006) 
e-value=0.0 

Ea125 3188499 3188535 + 6 158 7.8 Putative exported 
protein. No 
significant 
matches 

Ea129 3202165 3202201 - 7 322 10.8 Hypothetical 
protein plu0239 
[Photorhabdus 
luminescens 
subsp. laumondii 
TTO1]NP_92760
2    Putative 
disulfide bond 
formation 
membrane 
protein e-
value=2.5 e-38 
 

Ea135 3332223 3332259 + 7 279 7.8 PepA. Cytosol 
aminopeptidase 
[Yersinia 
enterocolitica 
subsp. 
enterocolitica] 
YP_001004864 
e-value=0.0 

Ea136 3376652 3376688 + 5 264 7.0 DacB. Penicillin-
binding protein 4 
precursor 
[Yersinia pestis 
CO92 
NP_406965 e-
value=0.0 
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Table 3.4 (Continued) 

 
ID(1)      start end    strand model Bp to 

start 
Score Similarity of the 

gene 
downstream 

Ea145 3518283 3518316 + 7 52 7.2 No significant 
matches in 
databases 

Ea159 3588696 3588732 - 5 151 7.9 RpoH. RNA 
polymerase 
sigma factor 
[Erwinia 
carotovora 
subsp. 
atroseptica  
SCRI1043]YP_05
2430 

 
Ea155 3689383 3689419 - 5 122 6.6 YhjJ. Putative 

secreted Zn-
dependent 
peptidase 
[Salmonella 
typhimurium LT2] 
NP_462514.1 

Ea162 3756871 3756907 - 7 563 15.9 YopH. There is a 
small ORF 
between the 
predicted hrp box 
and yopH, which 
could be a 
putative 
chaperone.YopH 
is T3SS effector 
protein in 
Yersinia pestis 
AAC69768 

Ea164 3788562 3788597 + 7 117 7.3 Lsl. 
Levansucrase  E. 
amylovora 
X75079 e- 
value=0.0 
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family (Henikoff et al. 1988) but not by sucrose (Geier and Geider 1993). A 

homolog of a non-ribosomal peptide synthase dhbF, present in both  

P. carotovorum and P. syringae but not characterized in either system, was 

also identified. A homolog of dfoC, part of the dfoE operon that was described 

previously in Ea (Dellagi et al. 1998a), which encodes an important 

siderophore and is up-regulated by the absence of iron, was also identified as 

possibly up-regulated by HrpL. Seven genes encoding conserved hypothetical 

proteins or no significant matches in the databases were also identified. The 

remaining 24 genes identified encode a variety of proteins that range from 50S 

ribosomal subunits to putative secreted peptidases, including proteins that 

might be related to nutritional requirements, such as GalT, part of the 

galactose biosynthesis proteins, or chemotaxis response to metals. The hrp 

boxes associated with these proteins that are not apparently related to the 

T3SS should be tested to determine if they have a role in colonization of the 

host by the pathogen. 

The regulatory sequences of hopX1 and hopAK1 genes are active and 

dependent on the presence of HrpL 

A transcriptional fusion containing the β-glucuronidase (GUS) reporter 

gene (pCPP1739) was used to test the HrpL-dependent functionality of four 

candidate hrp boxes selected from the results for the models 0, 1, 2, 3 and 4, 

as described in the previous section (Table 3.3). DNA fragments of 

approximately 500 bp, containing the predicted hrp box sequences were 

amplified by PCR using Ea273 genomic DNA as template and cloned into the 

promoter region of pCPP1739 (Table 3.1; Figure 3.1).   To test GUS 

expression, the constructs were transformed into either the wild-type strain of 

Ea273 or the hrpL mutant Ea273-K49 as a negative control. The strains were 
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grown in Hyunh’s minimal medium (Huynh et al. 1989a) to induce the 

expression of HrpL, and GUS activity was measured. The hrp box sequence of 

dspA/E, a known pathogenicity factor in E. amylovora which has been tested 

experimentally (Bogdanove et al. 1998b), was used as the positive control. 

The promoter sequences for the genes encoding HopX1 (Pst05) and HopAK1 

(Ea17) showed strong HrpL-dependent activity (Figure 3.5), but the predicted 

boxes for two ORFs in a flagella biosynthesis region showed no HrpL 

dependent activity.  

Alternatively a heterologous system expressing the reporter in E. coli 

DH5α strains was used to test the positive control DspA/E hrp box. Either 

plasmid pCPP1746 (DspA/E hrp box in GUS expression plasmid) was co-

transformed with pCPP1289 (produces HrpL constitutively) or transformed 

alone into E. coli DH5α. The co-transformed E. coli strain showed only twice 

the GUS activity than the strain harboring only pCPP1746 (results not shown), 

this is the reason I used only the Ea system to test the rest of the putative hrp 

boxes.  

Identification of novel putative T3SS-associated genes in the genome of 

Ea273 

Based on the automated preliminary annotation produced at various 

stages of the genome sequencing by performing BLAST searches against 

REFSEQ, SWISSPROT and COGs databases, ORFs with homologies to 

known virulence factors in bacterial pathogens were selected, producing a 

preliminary annotation specific for putative bacterial virulence factors. This 

annotation was updated several times until the finished genome and 

annotation done by the Sanger Institute could be used (Chapter 2).  Several 

ORFs with very weak homologies to T3SS-associated proteins were further 
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analyzed by searching for more distant homologies with PSI-BLAST 

(http://www.ncbi.nlm.nih.gov/BLAST/ ). A list of putative T3SS associated 

proteins was produced by combining criteria such as homologies to T3SS 

substrates in similar organisms, presence of predicted hrp boxes at their 

promoter regions and compliance with previously defined patterns associated 

with T3SS-secreted proteins (Petnicki-Ocwieja et al. 2002) at their N-terminal 

regions. Briefly, 1) Absence of acidic aa in the first 12 aa of the N-terminus 

(specifically absence of D or E), 2) The presence of amino-acids I, L or V in 

the third or fourth position of the N-terminus; and 3) N-terminal contents of 

>10% serine or >10% polar aa. The process is illustrated in Figure 3.4 where 

the left part of the flow chart summarizes the iterative process of the 

preliminary annotation which in turn feeds the list of potentially T3SS-

associated proteins. 

This process identified 20 potentially T3SS-secreted proteins (Table 

3.5). As indicated in the Table, five effectors were reported previously with 

experimental evidence. Except for HopC1 (HopPtoCEa), all were shown to 

contribute to virulence, avirulence or to be pathogenicity factors. Currently, 

HopZ3Ea seems to play a role in host specificity of E. amylovora (Asselin, J.A., 

pers. com.). Additionally, HopX1 and HopAK1 were identified previously as 

T3SS-secreted proteins (Nissinen et al. 2007), however their function was not 

tested, and a YopH homologue was identified in expression screens (Triplett 

et al. 2006) but its function was not tested either. All the mentioned virulence 

factors are preceded by predicted hrp boxes, as indicated in Tables 3.3 and 

3.4. Additionally, 11 novel putative T3SS substrates were identified. Some of 

them were mentioned in the previous section because they also were 

identified by the hrp box screen. HopAN1Ea and the C-terminus of HopAC1Ea  
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Table 3.5 List of identified T3SS associated proteins. 
(a) (1) Absence of acidic aa in first 12 aa of the N-terminus (specifically absence of D or 

E), 2) The presence of amino-acids I, L or V in the third or fourth position of the N-
terminus; and 3) N-terminal contents o a) f >10% serine or b) >10% polar aa    

 

Proposed 
Names 

Similarity to (best match in NCBI nr 
database with 
PSI-BLAST) 

  Rules of 
potential N-

terminal 
effector 
domains 

compliance 
(a) 

  Reference 

DspA/E 

Avirulence protein AvrE in Pst DC3000 
gi|28868585| e-value=0.0 

none  

(DspE) 
Bogdanove 
et al.,1998 

experimental 
evidence 

HopZ3Ea 
ABK13746 HopZ3 [Pseudomonas 
syringae pv. maculicola]; pfam03421, 
Peptidase_C55. e-value=1 e-105 

none  
(Eop1) 

Nissinen et 
al.,2007  

HopAK1Ea 

YP273680 gi:71737315 Pseudomonas 
syringae pv. phaseolicola 1448A 
Helper HopAK1 (HopPmaH of Pst 
DC3000) PelB, Pectate lyase 
domain[Carbohydrate transport and 
metabolism].Pssml 33656 Eop2 e-
value=2 e-93 

1;3 
(Eop2) 

Nissinen et 
al.,2007 

HopX1Ea 

Hypothetical protein XCC1246 gi: 
21230703 of Xanthomonas campestris 
pv. campestris ATCC 33913 (HopX1 
family) e-value= 1 e-130 

1;3 
(Eop3) 

Nissinen et 
al.,2007 

AvrRpt2Ea 

ABC70472 AvrRpt2Ea [Erwinia amylovora 
Ea110].gi:86211180  e-value= 3 e-116 

none  

(AvrRpt2Ea) 
Zhao et al., 

2006 
Experimental 

evidence 

HopC1Ea 

AAX97372 gi:62735782 HopPtoC 
[Erwinia amylovora] e-value= 1 e-156 

1;3 

(HopPtoCEa) 
Zhao et al., 

2005 
Experimental 

evidence 

HopAN1Ea 

ZP_01535909 gi:118067653 type III 
effector Hrp-dependent outer proteins 
(Hop)[Serratia 
proteamaculans].Conserved domain 
COG3395similar to Hop, Type III effector 
Hrp-dependent outer proteins (Hop) e-
value=5 e-129   

none  This work 

HopAC1Ea 
gi|66043794| conserved domain protein 
Pst B728a HopAC1(only C-terminus)(last 
374 aa) (also HopptoB1) e-value=3 e-152 

3a This work 



 107

Table 3.5 (Continued) 

Proposed 
Names 

Similarity to (best match in NCBI nr 
database with 
PSI-BLAST) 

  Rules of 
potential N-

terminal 
effector 
domains 

compliance 
(a) 

  Reference 

YopHEa 

gi|28373018|putative protein-tyrosine 
phosphatadse Yop effector YopH Yersinia 
enterocolitica strain A127/90 plasmid 
pYVa127/90 e-value=1 e-34 

1;3b 
( PE3) 

Triplett et 
al.,2006 

SrfAEa 

gi|22126008| putative virulence factor 
Yersinia pestis (locus tag y2121) also 
homologue to an ssrAB activated locus in 
Salmonella thyphimurium LT2 e-value=1 
e-166 

1;3 This work 

SrfBEa 

gi|22126010| putative virulence factor 
Yersinia pestis; gi|50121144| conserved 
putative virulence protein Erwinia 
atroseptica subsp. atroseptica. Conserved 
domain SrfB Pssmld e-value= 0.0 

2,3b This work 

SrfCEa 

gi|22126011|putative virulence factor 
Yersinia pestis ;gi|50111243| putative 
virulence factor of E. carotovora subsp. 
atroseptica. Conserved domain SrfC 
Pssmld 34137 e-value=0.0 

1,2,3b This work 

SopAEa 
NP_309587 GI:15830814 putative 
secreted effector protein [Escherichia coli 
O157:H7 str.Sakai] e-value=0.0 

1 This work 

YspD1Ea 

M34849 GI:155327 Shigella flexneri  Type 
III secretion apparatus 
Salmonella/Shigella invasin protein D 
(translocator) e-value=1 e-10 

none  This work 

YspD2Ea 

J04117 GI:152740 Shigella flexnerir  Type 
III secretion apparatus 
Salmonella/Shigella invasin protein D 
(translocator) e-value=3.4 e-9 

none  This work 

YspB1Ea 
YP_454254.1  GI:85058552 Sodalis 
glossinidius str. 'morsitans' putative 
translocator apparatus e-value= 7 e-67 

2;3 This work 

YspB2Ea 

YP_454254.1  GI:85058552 Sodalis 
glossinidius str. 'morsitans' putative 
translocator apparatus Partial conserved 
domain Invas_B Pssmld 43444 e-value=1 
e-14 

2;3 This work 
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Table 3.5 (Continued) 

 

Proposed 
Names 

Similarity to (best match in NCBI nr 
database with 
PSI-BLAST) 

  Rules of 
potential N-

terminal 
effector 
domains 

compliance 
(a) 

  Reference 

YspCEa 
AAS66852.1  GI:45504761 YspC [Sodalis 
glossinidius similar to secreted effectors 
e-value= 2 e-84 

none  This work 

HsvC 

AAX39432 gi|61196923| HsvC in Erwinia 
amylovora, required for systemic infection 
in apple shoots. Biotin carboxylase [Lipid 
metabolism] domain Pssmld 30788and 
Ddla D-alanine-D-alanine ligase and 
related ATP-grasp enzymes [Cell 
envelope domain Pssmld 31374 e-
value=0.0 

none  

(HsvC) Oh et 
al., 2005 

Experimental 
evidence 

HsvB 

AAX39433.1gi|61196924|HsvB [Erwinia 
amylovora] required for systemic infection 
in apple shoots. AccC, Biotin carboxylase 
[Lipid metabolism] domain Pssmld 30788 
e-value=0.0 

none  

(HsvB) Oh et 
al., 2005 

Experimental 
evidence 
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are homologues of effector proteins identified in P. syringae. SrfAEa, SrfBEa, 

and SrfCEa are putative virulence factors in the animal pathogens Y. pestis and 

S. thyphimurium. Those virulence factors are activated by the ssrAB regulon 

which also regulates the T3SS in those organisms. However, in Ea273, it 

might be part of the HrpL regulon because is preceded by a predicted hrp box. 

They have similarity to the SrfA, SrfB and SrfC loci, respectively, in S. 

thyphimurium, which are related to S-fimbriae biosynthesis in animal 

pathogens. Interestingly, srfB and srfC of Ea273 have homologues in P. 

carotovorum and P. syringae. Additionally, three genes yspB, yspC, and yspD, 

which encode the T3SS-secreted proteins, YspB, YspC and YspD, in Sodalis 

glossinidius, an insect endosymbiont were identified. Those genes are 

sequentially arranged in the E. amylovora as the newly described PAI3 island 

(Chapter 2) in a similar way as in the SSR-2 genomic island in S. glossinidius 

(Dale et al. 2001). The three genes have not been characterized in S. 

glossinidius, however they are homologues of ipaB, ipaC, and ipaD 

respectively in Shigella flexneri, an animal pathogen (Kaniga et al. 1995). In 

the latter system IpaC, the protein encoded by ipaC, is an effector involved in 

host cytoskeletal rearrangements during bacterial invasion of animal cells, 

while IpaD and IpaB are translocators of IpaC (Mota et al. 2005). In E. 

amylovora, YspB and YspD have paralogs in PAI2, the other newly 

characterized T3SS island, which in turn seems very similar in organization 

and structure to PAI3 (Chapter 2). However, PAI2 seems to have undergone 

erosion of some genes compared with PAI3. Thus, it seems that the yspC 

gene, which is present in PAI3, has diverged enough in PAI2 to lose any 

significant similarity with yspC. Although the best match in the NCBI 

databases for YspB1Ea and YspB2Ea were to S. glossinidius, the best match 
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for YspD1Ea and YspD2Ea were for S. flexneri, but for consistency the S. 

glossinidius nomenclature was retained. Lastly, SopAEa, a homologue of a 

putative secreted protein SopA in E. coli was also identified. SopA is a major 

virulence factor and a putative effector in S. thyphimurium (Zhang et al. 2002). 

Characterization of selected candidate T3SS-associated virulence 

factors 

HopX1Ea is a homolog of the HopX1 family (previously AvrPphE) of 

avirulence proteins in P. syringae. I will refer to the gene that encodes this 

protein as hopX1 and the protein as HopX1 for the rest of this work. HopX1 

proteins have been associated with host specificity of diverse pathovars of P. 

syringae (Stevens et al. 1998) and with HR suppression (Jamir et al. 2004). 

The HopX1 homolog of Ea273 is preceded by a gene encoding a putative 

chaperone referred herein as chHopX1 and by an active hrp box (Figure 

3.2B). It encodes a protein of 36 KDa, which is predicted to be hydrophilic. It 

lacks predicted transmembrane domains (TMPRED 

http://www.ch.embnet.org/software/TMPRED_form.html ). HopX1 satisfies two 

of the three characteristics described previously for N-terminal sequences 

associated with T3SS secreted proteins (Table 3.5) (Petnicki-Ocwieja et al. 

2002). Although a conserved domain was not identified by PSI-BLAST, when 

aligned with other proteins of the same family, HopX1 contains the putative 

catalytic triad of a cysteine protease domain (Figure 3.7). HopX1 of Ea273 is 

also secreted in a T3SS-dependent manner (Nissinen et al. 2007).  

HopAK1Ea is a member of the HopAK1 (previously HopPmaH) family of 

helpers in P. syringae. HopAK1Ea contains a pectate-lyase (Pel) conserved 

domain at its C-terminus, which is associated with helper proteins or harpins in 

plant pathogenic bacteria. HopAK1 encodes a protein of predicted size of 56  
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Figure 3.7. Alignment of the protein sequences of 8 members of the 
HopX family. All members have a conserved catalytic triad domain associated 
with cysteine-protease activity. The putative catalytic triad is indicated with 
little circles on the corresponding residues. 
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KDa. It is predicted to be hydrophilic; it has one predicted transmembrane 

domain as analyzed with TMPRED, and it satisfies two of the three  

characteristics at the N-terminal described for T3SS-secreted proteins (Table 

3.4) (Petnicki-Ocwieja et al. 2002). In contrast with known harpins, HopAK1Ea 

is predicted to be basic with an isoelectric point of 8.1, and it is not glycine 

rich. HopAK1Ea is preceded by an active hrp box and is secreted by theT3SS 

(Nissinen et al. 2007), but it is not included in any cluster of T3SS-associated 

genes. It seems to be an isolated insertion in an enterobacterial core 

sequence. For this reason, the target effector for this putative helper is 

unknown. Nevertheless it is up-regulated during infection, and it is secreted in 

a T3SS manner, supporting the notion that it might function in virulence in 

Ea273. 

Deletions of hopX1 or hopAK1 from Ea273 do not affect pathogenicity in 

immature pears fruit nor virulence in apple shoots 

Deletion mutants of hopX1 and hopAK1 genes were created in Ea273 

to determine their role in pathogenicity and virulence of E. amylovora. The 

pathogenicity of both mutants was tested in immature pear fruits. The 

symptoms caused by Ea273-ΔhopX1 and Ea273-ΔhopAK1 were not 

distinguishable from those of Ea273 (Figure 3.8A). I also tested virulence in 

apple shoots by determining the extent of lesion development in this host 

tissue (Figure 3.9A). The mutants did not show a statistically significant 

difference in virulence compared with Ea273 (Figure 3.9B). Overall, I did not 

observe any effect of the lack of either protein in pathogenicity in immature 

pear fruits or virulence in apple shoots. 
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Figure 3.8. Pathogenicity test on immature pears. Pears were inoculated 
with several mutants of Ea273 as indicated and symptoms were assessed at 
five days after inoculation. Wild type Ea273 was used as positive control, and 
pears treated with potassium phosphate buffer served as negative control. A. 
Deletion of hopAK1 does not have an effect on virulence of Ea273 B. Deletion 
of hopX1 does not have an effect on virulence of Ea273, but complementation 
of hopX1 including chaperone and promoter region in a low copy plasmid 
(pCPP1738) or only hopX1 in a high copy plasmid (pCPP1737) seem to have 
a reduced virulence compared with the wild type or the hopX1 mutant. 
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Figure 3.9 Virulence assay in apple shoots. Apple shoots of 20-40 cm were 
inoculated with Ea273-ΔhopX1 and Ea273-ΔhopAK1 mutants as indicated. 
Wild type Ea273 was used as positive control, and inoculations with potassium 
phosphate buffer served as negative control. Deletions of hopX1 and hopAK1, 
do not affect virulence of Ea273 on apple shoots.  A. Pictures of symptomatic 
apple shoots at five days after inoculation. B. Disease progress at ten days 
after inoculation measured as the percentage of the length of symptomatic 
shoots vs. the total length of the shoot. Bars represent standard error of six 
replicates per sample. 
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HopX1 contributes to HR in N. tabacum plants and acts as an HR 

suppressor in N. benthamiana 

I tested HR of hopX1 and hopAK1 mutants in N. tabacum and N. 

benthamiana plants for a possible avirulence phenotype. I did not observe any 

difference in HR elicitation for Ea273ΔHopAK1 compared with Ea273 in either 

N. tabacum or N. benthamiana (Figure 3.10); however, Ea273ΔHopX1 

showed a delayed and reduced HR in N. tabacum. At 24 hours post-infiltration, 

there was no apparent HR for the hopX1 mutant in contrast with Ea273 

(Figure 3.10A); at 48 hours, I observed a reduced HR for the HopX1 mutant 

and no change for the Ea273 (results not shown). The results suggest an 

avirulence phenotype for HopX1 in N. tabacum. In contrast, when I infiltrated 

N. benthamiana plants, I did not observe any difference in HR elicitation 

between Ea273ΔHopX1 and Ea273 (Figure 3.10B). This difference in 

phenotype suggests that HopX1 does not act as an avirulence factor in N. 

benthamiana and it might be possible to observe gain-of-function if the protein 

is overexpressed in the bacterial cell.  To test this hypothesis, I created two 

plasmids: pCPP1738, a low-copy number plasmid containing chHopX1, 

hopX1, and the native hrp box, which are regulated by HrpL for 

complementation of Ea273ΔHopX, and pCPP1737, a pSU23 derivative for 

overexpression of HopX1 (Table 3.1; Figure 3.2). Both pCPP1737 and 

pCPP1738 were transformed separately into Ea273-ΔHopX1 and the resulting 

strains were tested for pathogenicity in immature pear fruits (Figure 3.8B) and 

HR in both N. tabacum and N. benthamiana. In N. tabacum, both strains 

Ea273ΔHopX1(pCPP1738) and Ea273ΔHopX1(pCPP1737) restored the wild 

type phenotype (results not shown). However, in N. benthamiana, there was  
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Figure 3.10  HR test on tobacco plants. Nicotiana plants were inoculated 
with mutants of Ea273 at an OD600 = 0.2. Wild type Ea273 was used as 
positive control, and inoculations with potassium phosphate buffer served as 
negative control. HR elicitation was assessed at 24 hours post inoculation A. 
In N. tabacum Ea273ΔhopX1 does not elicit HR at 24 hours B. In N. 
benthamiana none of the mutants differ from the wild type, however over 
expression of HopX1 by Ea273ΔhopX1 (pCPP1737) suppresses HR. 
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no effect of Ea273ΔHopX1(pCPP1738), while Ea273ΔHopX1(pCPP1737), the 

overexpressor of HopX1, suppressed HR elicitation of the mutant phenotype 

(Figure 3.10B). The results suggest that HopX1 acts as an HR-suppressor in 

N. benthamiana.  

To further study HR suppression by HopX1 in N. benthamiana, I tried to 

eliminate possible interference of unknown in-trans effects of other putative 

effectors in Ea273, by transforming pCPP1737 into E. coli MC4100(pCPP430), 

E. coli MC4100(pCPP431) and E. coli MC4100(pCPP432) (Bauer 1990).  

pCPP430 is a cosmid containing the entire T3SS apparatus of the Ea321 

pathogenicity island (Oh et al. 2005). An E. coli strain containing this cosmid is 

capable of HR elicitation in N. tabacum plants (Wei et al. 1992). pCPP431 is a 

fragment of pCPP430 that lacks the effectors DspA/E, Eop1, the putative 

chaperones DspB/F, OrfA, OrfC; and HrpW, but it elicits weak HR or yellowing 

(Bauer 1990). PCPP432 is a fragment of pCPP431 in which the HrpN-coding 

region has been eliminated; it does not elicit HR (Bauer, 1990). When 

inoculated in N. tabacum, E. coli MC4100(pCPP431, pCPP1737) produced a 

strong HR with full necrosis compared with the characteristic weak (yellowing) 

HR of pCPP431 (Figure 3.11A). Similarly, overexpression of HopX1 in the E. 

coli MC4100(pCPP432) strain produced a yellowing response of increased 

intensity compared to the weak yellowing response to E. coli 

MC4100(pCPP432) alone (Figure 3.11A). These results support the 

hypothesis that HopX1 acts as an avirulence factor in N. tabacum. When 

inoculated in N. benthamiana, E. coli MC4100(pCPP430, pCPP1737) did not 

elicit HR at 24 hours (Figure 3.11B), in contrast with the complete collapse 

observed for E. coli MC4100(pCPP430) (Figure 3.11B). This supports the  
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Figure 3.11 HopX1 functions as an HR suppressor in N. benthamiana, 
however contributes to HR in N. tabacum. Nicotiana plants were inoculated 
with EcoMC4100 strains harboring either pCPP430, pCPP431 or pCPP432 
alone or including pCPP1737 (overexpressing HopX1) at an OD600 = 0.8. 
EcoMC4100(pCPP430) was used as positive control, and inoculations with 
potassium phosphate buffer served as negative control. HR elicitation was 
assessed at 24 hours post inoculation. A. In N. tabacum the expression of 
HopX1 enhances HR response of EcoMC4100(pCPP431) and of 
EcoMC4100(pCPP432). B. In N. benthamiana the expression of HopX1 
reduces drastically the HR response of EcoMC4100(pCPP430)  
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hypothesis that HopX1 acts as an HR suppressor in N. benthamiana. No 

difference in HR symptoms was observed when either E. coli 

MC4100(pCPP431, pCPP1737) and E. coli MC4100(pCPP431) were 

infiltrated, which suggests that HopX1 might be suppressing HR possibly 

elicited by either DspA/E, Eop1 and/or HrpW, which are present in pCPP430 

but not in pCPP431. 

 

DISCUSSION 

Prior to the availability of the genome sequence of E. amylovora the 

only T3SS proteins characterized were located in the Hrp pathogenicity island 

(Oh et al. 2005). Recently using high-throughput screens for expression and 

the draft sequence of the genome, two novel effectors were identified (Zhao et 

al. 2005). In this study, I report the identification of an inventory of genes 

putatively up-regulated by HrpL and eleven novel putative T3SS-associated 

proteins through an iterative process involving bioinformatics and experimental 

tests using the available genome of E. amylovora. Moreover, I characterized 

two of the putative effectors that I showed are up-regulated by HrpL and I 

found that one of them HopX1 functions as an avirulence gene in the non-host 

plant N. tabacum and as an HR suppressor in the non-host N. benthamiana. 

The value of the use of bioinformatic methods to predict features of the 

DNA sequence of the genome of E. amylovora was illustrated in this study. 

The application of experimental knowledge to prediction software (Ferreira et 

al. 2006; Fouts et al. 2002; Oh et al. 2005; Vencato et al. 2006) and the 

gathering of experimental evidence (Figure 3.4) led to the discovery and 

characterization of a functional effector in E. amylovora in just one iteration of 

the process. Moreover, an inventory of genes putatively up-regulated by HrpL 
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and a catalog of putative T3SS-associated proteins is now available for testing 

and for the further improvement of hrp box prediction models in a relatively 

short time (Table 3.4, Table 3.5).  Additionally, study of the genome also 

offered some insight on the complete inventory of virulence factors that the 

pathogen E. amylovora might be using and contrast it with the inventory of 

other plant pathogens such as P. syringae.  

The models developed in this study to predict putative hrp boxes were 

partially based on previously developed models for P. syringae (Ferreira et al. 

2006; Fouts et al. 2002) because of the dearth of experimentally tested 

sequences in E. amylovora and because of the similarity of HrpL and the 

genes up-regulated by it in both E. amylovora and P. syringae. The P. 

syringae-based models predicted the hrp box of HopX1, the protein 

characterized in this study. However the models based on the E. amylovora 

sequences did not predict it. The difference between the patterns of E. 

amylovora-based models and P. syringae models might explain this prediction, 

or lack of it. A conserved pattern for both P. syringae and E. amylovora 

models can be observed for the -35 region of the promoter, but the pattern is 

different for the -10 region (Figure 3.6). Additionally, greater variation in the 

spacer region exists, which when only the Ea hrp boxes are aligned seems to 

be longer (18nt in Figure 3.6) than the one corresponding to the P. syringae 

models (16nt in Figure 3.6)). For the second iteration, those two types of 

patterns were complemented with the newly confirmed hrp boxes sequences.  

Model 6 based on the alignment to hrp boxes from P. syringae predicted fewer 

genes putatively up-regulated by HrpL than Model 5, but the only model that 

predicted both newly confirmed hrp boxes Ea17 and Pst05 (Figure 3.5) was 

model 7. The latter is based on only hrp boxes form Ea, but complemented 
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with visually identified hrp boxes. These more desirable results suggest that 

there is a consensus pattern; but more experimentally confirmed hrp boxes 

are needed to strengthen the HMM model. 

For a third iteration, I selected five new hrp boxes, based on previous 

experimental information, that could be tested based on the likelihood of the 

genes downstream being virulence factors or expressed during infection 

(Table 3.4). The testing of those boxes will improve the prediction model.  

Of the eleven new putative T3SS-secreted proteins identified, HopAN1 

and HopAC1 are clearly homologs of virulence factors of plant pathogenic P. 

syringae. Five of the identified T3SS-associated proteins are homologs of 

putative effectors or secreted proteins of animal pathogens, and the remaining 

five are associated with two novel T3SS islands with homology to the SSR-2 

island of the insect endosymbiont S. glossinidius (Chapter 2). Interestingly, the 

catalog of putative effectors in E. amylovora is drastically smaller than the 

catalog of putative effectors in related plant pathogenic bacteria, such as 

several pathovars of P. syringae where at least 28 families of T3SS-proteins 

with over 150 putative T3SS effectors have been reported ((Alfano and 

Collmer 2004; Lindeberg et al. 2005); www.pseudomonas-syringae.org). This 

suggests that E. amylovora has a minimum set of virulence factors acquired 

horizontally needed to confer plant pathogenicity.  

To determine the activity of the two predicted hrp boxes I used an 

expression plasmid with the GUS reporter transformed into Ea273 or 

derivative strains. Alternatively, I used a heterologous system expressing the 

reporter plasmid along with a plasmid expressing HrpL constitutively in E. coli 

strains. I observed that the E. coli system was less responsive to GUS 

accumulation than the Erwinia system. Although there was activity for the 
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DspA/E hrp box with the HrpL producing plasmid compared with the strain 

harboring only the DspA/E reporter plasmid, the difference was only 2X. Thus, 

I decided to use the native E. amylovora system to test the candidate hrp 

boxes. For future iterations, the testing could be done using the E. coli 

heterologous system, which would rule out any inhibitory effect of unknown 

factors in E. amylovora strains carrying the reporter plasmids. 

I selected for characterization two of the candidate T3SS-associated 

proteins with higher likelihoods of functionality. Likelihood was based on 

confirmed HrpL-dependent activity of the promoter regions and their homology 

to known T3SS-associated proteins in the Pseudomonas sp. They were 

selected T3SS-dependent secretion had been confirmed (Nissinen et al. 

2007).  Although in my evaluations, I did not observe an effect of HopAK1 on 

virulence or HR, this protein might have a role in aiding translocation of 

effectors whose functions in virulence are redundant. Further tests involving 

translocation assays are necessary. In contrast, I determined that HopX1 acts 

as an HR suppressor in N. benthamiana (Figure 3.10B), which is consistent 

with its similarity in structure and sequence to other members of the HopX1 

family (Nimchuk et al. 2007)(Figure 3.7). 

 Interestingly, HopX1 was recognized when the E. coli 

MC4100(pCPP1737) was inoculated in N. tabacum causing a visible intensity 

in HR response by the plant (Figure 3.11A). The difference in response to the 

presence of HopX1 in non-host plants suggested a possible function as an 

avirulence gene during the interaction of Ea273 with host plants. Members of 

the HopX family of effector proteins are known as avirulence factors, which 

contribute to host specificity in different cultivars of bean (Phaseolus vulgaris) 

(Stevens et al. 1998) or HR suppressors (Jamir et al. 2004) when the 
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corresponding R gene is not present in the host.  The presence of other 

pathogenicity factors might undermine or abolish plant defense responses 

obscuring the observable effects on virulence in host plants.  Alternatively 

HopX1 could act as an HR suppressor also in the host plants, and based on 

redundant functions of other effectors its phenotype would not be detected. To 

investigate this possibility, I tested the virulence of Ea273ΔHopX1(pCPP1738), 

the low-copy number plasmid complemented mutant,  and 

Ea273ΔHopX1(pCPP1737), the HopX1 overexpressing strain, in immature 

pear fruit assays. Although not conclusive, it seems that the presence of 

HopX1 in trans reduces disease symptoms (Figure 3.8B), suggesting an 

avirulence phenotype rather than an HR- suppressor phenotype. The fact that 

a mutant of DspA/E is non-pathogenic (Bogdanove et al. 1998a) favors the 

avirulence phenotype hypothesis, because if HopX1 were suppressing HR in a 

DspA/E lacking background, the phenotype would be somewhat virulent. 

Further tests in apple shoots, and time-lapsed pictures to observe the 

progress of the disease with overexpressors of HopX1 must be done to clarify 

this hypothesis.  
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CHAPTER 4 

 

HRPN AND HRPJ OF ERWINIA AMYLOVORA FUNCTION IN THE 

TRANSLOCATION OF DSPA/E INTO PLANT CELLS 

 

ABSTRACT 

The type III secretion system (T3SS) is required for secretion of 

bacterial proteins to the apoplast or translocation to the cytoplasm of plant 

cells. The T3SS of Erwinia amylovora secretes DspA/E, an important 

pathogenicity factor. Using a CyaA reporter system, I demonstrated that 

DspA/E is translocated into the cells of Nicotiana tabacum ‘Xanthi’. To 

determine if other T3-secreted proteins are needed for translocation of 

DspA/E, I examined its translocation in several mutants of E. amylovora.  

DspA/E was translocated by both hrpW and hrpK mutants, but not by hrpN or 

hrpJ mutants.  Secretion of DspA/E into medium did not require HrpN or HrpJ.  

However, secretion of HrpN and HrpW was abolished in a hrpJ mutant. In 

addition, HrpN was weakly translocated into plant cytoplasm, as are 

translocator proteins of other plant pathogenic bacteria. I also showed that 

HrpJ interacts with HrpN and HrpW in yeast cells. These results suggest that 

HrpN functions as a translocator protein because it is required for translocation 

of DspA/E and HrpN, itself, is translocated. In addition, HrpJ was found to 

affect the translocation of DspA/E by facilitating secretion of HrpN.   
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INTRODUCTION 

Erwinia amylovora causes the devastating disease known as fire blight 

in rosaceous plants. As a member of Enterobacteriaceae, it is phylogenetically 

closely related to important human, animal and plant pathogenic bacteria, 

including Escherichia coli, Salmonella sp., Shigella spp., Yersinia spp., 

Pectobacterium atrosepticum, P. chrysanthemi and Pantoea stewartii (Hauben 

et al. 1998).  Progress in understanding the genetics of pathogenesis of E. 

amylovora proceeded rapidly in the last two decades (Oh and Beer 2005).  

The type III secretion system (T3SS) (Desvaux et al. 2006) and proteins 

secreted by it, extracellular polysaccharides, and siderophores have been 

shown to affect the pathogenicity or virulence of E. amylovora (Bereswill and 

Geider 1997b; Dellagi et al. 1998b; Expert 1999). 

The T3SS provides a dedicated mechanism whereby extracellular 

bacteria such as E. amylovora can deliver proteins to the cytosol of host cells 

or the apoplast (Galan and Wolf-Watz 2006; He et al. 2004). The T3SS genes 

of E. amylovora are located on a pathogenicity island (PAI) (Oh et al. 2005) 

which includes hrp (hypersensitive response and pathogenicity) and dsp 

(disease-specific) genes (Bogdanove et al. 1998a; Steinberger and Beer 

1988). In addition to the T3SS, hrp genes of E. amylovora encode several 

proteins secreted via the T3SS, so called, T3-secreted proteins. Two harpins, 

HrpN (Wei et al. 1992) and HrpW (Kim and Beer 1998), and DspA/E 

(Bogdanove et al. 1998a) were shown to be T3-secreted proteins. Recently, 

twelve proteins, including HrpN, HrpW, and DspA/E, were determined as T3-

secreted by proteomic analyses (Nissinen et al. 2007).  

T3 secretion and translocation is thought to be a one-step process, 

whereby effectors are translocated directly through two bacterial membranes 
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and the host plasma membrane. In the case of plant pathogens, effectors 

must also traverse plant cell walls. This process involves protein secretion 

machinery similar to the flagellar export system, an extracellular pilus or 

needle-like appendage, and particular T3-secreted proteins called 

translocators (Mota and Cornelis 2005).  Translocators are required for 

effector transport across the host membrane, either by forming pores in the 

membrane or by forming a complex with the pore-formers to deliver the 

effectors into host cells. For plant pathogenic bacteria, both HrpK and HrpJ of 

P. syringae pv. tomato (Fu et al. 2006; Petnicki-Ocwieja et al. 2005) and HrpF 

of Xanthomonas campestris pv. vesicatoria (Büttner et al. 2002) have been 

shown to be involved in effector translocation.  

E. amylovora has homologs of both HrpJ and HrpK of P. syringae pv. 

tomato, which are encoded by genes located on the conserved hrp/dsp gene 

cluster in both species. Both proteins are T3-secreted (Nissinen et al. 2007). 

HrpJ also is weakly similar to YopN of the animal pathogen, Yersinia spp. 

(Bogdanove et al. 1996), which functions in effector translocation and prevents 

premature secretion of T3-secreted proteins (Ferracci et al. 2005). HrpK is 

more distantly related to HrpF, a T3-translocator protein from X. campestris 

pv. vesicatoria (Alfano and Collmer 2004; Büttner et al. 2002). However, the 

precise functions of HrpK and HrpJ of E. amylovora remain to be determined. 

In addition to HrpJ and HrpK, both HrpN and HrpW are T3-secreted 

proteins of E. amylovora. Both proteins are harpins, which are acidic, glycine-

rich, hydrophilic, heat stable and very likely targeted to the plant apoplast, 

where they elicit an HR following infiltration into the intercellular spaces of leaf 

tissue (Kim and Beer 1998; Wei et al. 1992). Interestingly, HrpN of E. 

amylovora is required for full virulence in plants (Barny 1995), unlike HrpW. 



 134

HrpN of E. amylovora and HrpZPsph from P. syringae pv. phaseolicola have 

been shown to form ion-conducing pores in vitro (Justin Lee and Thorsten 

Nürnberger, pers. comm.; (Lee et al. 2001), and some harpin proteins have 

been shown to bind to pectate (Charkowski et al. 1998). However, the actual 

role of harpins in disease development is still not known. 

DspA/E is a well-known protein of 198 kDa encoded by a gene of the E. 

amylovora PAI (Bogdanove et al. 1998b; Gaudriault et al. 1997) and it belongs 

to the AvrE family of effector proteins. DspA/E, as well as AvrE, has been 

shown to suppress basal defense by suppressing callose deposition (DebRoy 

et al. 2004). In addition, members of our group showed that DspA/E interacts 

with the intracellular portion of receptor kinases from apple (Meng et al. 

2006b) and with preferredoxin in the apple cytoplasm (Bonasera et al. 2006b), 

indicating that DspA/E may function inside host plant cells. Moreover, transient 

expression of DspA/E in apple and tobacco cells induces an HR (Boureau et 

al. 2006; Oh et al. 2007). Although DspA/E is secreted via a T3SS 

(Bogdanove et al. 1998a), definitive evidence that DspA/E is translocated into 

plant cells has not been presented. 

The adenylate cyclase (CyaA) catalytic domain of Bordetella pertussis 

cyclolysin fused with putative effector proteins has been used to determine 

their translocation into eukaryotic cells because the enzyme is activated only 

in the presence of intercellular eukaryotic calmodulin (Sory and Cornelis 

1994). In plants, AvrBs2 of X. campestris pv. vesicatoria (Casper-Lindley et al. 

2002) and multiple effectors of P. syringae pv. tomato (Schechter et al. 2004) 

have been shown to be delivered into plant cytoplasm using the CyaA reporter 

system. The fact that CyaA is only activated in the presence of calmodulin and 
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that CyaA protein cannot be internalized alone by the T3SS makes this system 

immune to false positives (Ladant and Ullmann 1999). 

I present evidence here that DspA/E is translocated into tobacco cells in 

a T3SS-dependent manner based on use of the CyaA reporter system.  I also 

demonstrate that HrpN and HrpJ are necessary for translocation of DspA/E 

and that HrpJ is needed for secretion and/or extracellular stability of HrpN and 

HrpW, probably by direct interaction. In addition, I show that HrpN is weakly 

translocated, like known translocator proteins. 

 

MATERIALS AND METHODS 

Bacterial strains, plasmids and culture conditions 

Bacterial strains and plasmids used were grown in Luria-Bertani (LB) 

broth or LB agar with appropriate antibiotics for selection (Table 4.1). The 

DspA/ENCyaA fusion protein was constructed by cloning a fragment encoding 

the catalytic domain of CyaA of Bordetella pertussis from plasmid pMJH20 

(Miao et al. 1999) into pCPP1249 (Bogdanove, unpublished), in frame, after 

codons for the first 733 amino acids of DspA/E. The N-terminal fragment of 

DspA/E contains the putative secretion signal necessary for secretion and 

presumably for translocation. pCPP1249 is a low-copy vector with the native 

promoter sequence for dspA/E under control of the T3-specific sigma factor 

hrpL (Wei and Beer 1995); it also includes the nptII promoter.  The resulting 

plasmid, pCPP1553 (Figure 4.1A), which expresses the fusion protein, was 

transformed into several of strains E. amylovora (Table 4.1).  The HrpN-CyaA 

fusion was constructed by cloning the fragment encoding the first 323 aa (80% 

of the protein) from the pCPP1084 into pMJH20, in frame with the catalytic  
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Table 4.1 Bacterial strains and plasmids used in this study 
Strains Characteristics   Reference 

Ea321 Wild-type E. amylovora, moderately virulent on apple and pear ATCC49947 

Ea321hrcN Secretion mutant. Ea 321::Tn10 mini-Km in hrcN (Ea321K178) 
(Wei and Beer 

1993) 

Ea321hrpK Tn5 inserted in hrpK gene 
(Oh et al. 

2005) 

Ea321hrpW   hrpW::TnphoA  (Ea321-P110) 
(Kim and Beer 

1998) 

Ea321ΔhrpJ 777 bp deletion in frame of hrpJ gene A. Bogdanove, 
unpub. 

Ea321hrpN Tn5Tac insert in 1.3 kb hrpN gene (Ea321-Tn5tac1)  
(Wei et al. 

1992) 

Ea321ΔhrpN-W Deletion of hrpN, OrfABC and hrpW; region replaced with 
aphII 

J.-F. Kim, 

unpub. 

Ea321hrpNΔhrpJ Double mutant of hrpN and hrpJ This work 

Ea273   Wild-type E. amylovora, highly virulent on apple and pear ATCC 49946 

 All of the above strains were transformed with pCPP1553  
expressing the fusion protein DspA/ENCyaA. 

This work 

Ea273(pCPP1729) Wild-type Ea273 expressing HrpN-CyaA This work 

Ea273ΔhrcN-

(pCPP1729) Secretion mutant of Ea273 expressing HrpN-CyaA This work 

E. coli DH5α F- 80dlacZ M15 (lacZYA-argF) U169 recA1 endA1 
hsdR17(rk

-, mk
+) phoA supE44 - thi-1 gyrA96 relA1 

Invitrogen 
(Carlsbad, CA) 

EGY48(p8op-lacZ) 
Saccharomyces cerevisiae host strain for Y2-H system 
transformed with reporter plasmid, carries LEU2 and lacZ 
under the control of LexA operators 

Clontech ( 
Mountain 
View, CA) 

Plasmids   

pCPP1553 Codons 2-406 of Cya from pMJH20 cloned in HindIII site of  
pCPP1249 to yield fusion protein DspA/ENCyaA This work 

pMJH20 pWSK29 containing codons 2-406 of CyaA in SmaI/EcoRI site 
(Miao et al. 

1999) 

pCPP1249 2.2 kb of N-terminal fragment of dspE cloned in a pML122 
Vector  (Labes et al. 1990) with a hrpL promoter    

A. Bogdanove, 
unpub. 

pCPP1084 HrpN under the control of T7 in M13KS+,  expresses HrpN at 
low levels 

 (Wei et al. 

1992) 

pCPP1729 Codons 1-323 of hrpN from pCPP1084 cloned in BamHI-SmaI 
sites of pMJH20 to yield fusion protein HrpN-CyaA 

This work 
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Table 4.1 (Continued) 

 
Strains Characteristics   Reference 

pET-24a(+) Expression vector. It carries an N-terminal T7•Tag®  plus an 
optional C-terminal His•Tag® . Kmr 

EMD 

Chemicals 

Inc.(San 

Diego, CA) 

pCPP1730 Full length of hrpJ inserted into EcoRI-BamHI of pGILDA This work 

pCPP1587 Full length of hrpN inserted into EcoRI-BamHI of pGILDA This work 

pCPP1589      Full length of hrpW inserted into EcoRI-BamHI of pGILDA This work 

pCPP1584 Full length of hrpN inserted into EcoRI-XhoI of pB42AD This work 

pCPP1624 Full length of hrpW inserted into EcoRI-XhoI of pB42AD This work 

pCPP1632 Full length of hrpJ  inserted into EcoRI-XhoII of pB42AD This work 
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Figure 4.1. Description of the plasmids pCPP1553 and pCPP1729 
expressing the fusion proteins DspA/EN-cyaA and HrpN-cyaA respectively. 
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domain of CyaA (Table 4.1; Figure 4.1B). The fusion protein in pMJH20 is 

expressed under control of the lacZ promoter, which is inducible with IPTG. 

Production of a HrpJ antibody 

Polyclonal antibody against HrpJ was raised at the College of 

Veterinary Medicine of Cornell University, by injecting intramuscularly 100 µg 

of purified HrpJ into a rabbit three times at 3-week intervals. Blood was 

collected 2 weeks after the final injection. The immunoglobulin fraction was 

cross-absorbed with heat-treated lysate of E. coli BL21 (DE3) [pET24a)(+)]. To 

produce the HrpJ protein for immunization, the hrpJ gene was amplified from 

pCPP1031 and cloned into pET-24a(+) tagging it with the T7-tag. HrpJ was 

produced in high quantities by E. coli BL21 (DE3), and purified with TALON® 

Metal Affinity Resins (CLONTECH, Palo Alto, CA). 

Induction of the type III secretion system in E. amylovora and analysis of 

secretion and expression of DspA/E, CyaA, HrpN, HrpJ and HrpW 

Strains of E. amylovora Ea321 harboring pCPP1553 were grown in 

Hyunh’s minimal medium (Huynh et al. 1989b), for 36 hours at 18oC on a 

shaker at 200 rpm to induce T3-dependent protein secretion. Suspensions 

were treated with 0.5 mM phenyl methylsulfonyl fluoride (PMSF) to avoid 

protein degradation, centrifuged, and the supernatants were concentrated 

2,500 times with Centriplus Centrifugal Filters YM-10 (Millipore, Bedford, MA.). 

Cell pellets, recovered after centrifugation, were resuspended in one tenth of 

the original volume of SDS loading buffer. Samples were electrophoresed in 

8% SDS-PAGE gels, transferred to PVDF membranes and DspA/ENCyaA was 

detected by probing with adenylate cyclase murine monoclonal antibody 3D1 

(List Biological Laboratories, Campbell, CA). Antiserum raised in response to 
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HrpN (Wei et al. 1992), HrpW (Kim and Beer 1998) and HrpJ (this study) were 

used to detect HrpN, HrpW and HrpJ, respectively. 

Quantification of cAMP in planta 

Strains of E. amylovora were infiltrated at OD600 = 0.4 into leaf panels of 

N. tabacum ‘Xanthi’ as previously described (Wei et al. 1992). Leaf discs (8 

mm diameter) were harvested from the infiltrated areas at 7 h.p.i., placed 

individually in microfuge tubes, immediately frozen in liquid nitrogen and 

stored at -80oC for later processing. The development of HR in infiltrated areas 

was assessed at 24 h.p.i. Frozen leaf discs were prepared for cAMP 

quantization as per Schechter et al. (2004), and the cAMP content in samples 

was determined with the Correlate-EIA Direct Cyclic AMP Enzyme 

Immunoassay Kit (Assay Designs, Inc., Ann Arbor, MI), following the 

manufacturer’s instructions. Protein concentration in the samples was 

determined with a bicinchoninic acid (BCA) test kit (Pierce, Rockford, Il). 

Quantification of cAMP in vitro 

Strains of E. amylovora were grown overnight at 26°C with shaking in 

LB with appropriate antibiotics. 100 µl of overnight culture were transferred 

into fresh LB with appropriate antibiotics. The bacterial strains were grown to 

OD600 = 0.4. Bacterial suspensions were centrifuged and the pellet was 

resuspended in 20 mM Tris containing 10 mM MgCl2 at pH 8. The cells were 

lysed by sonication for 90 s with a micro-tip (Model 550 Sonic Dismembrator, 

Fisher Scientific, Pittsburg, PA). The lysate sample was centrifuged at 4,600 X 

g for 10 minutes and the supernatant was stored in microfuge tubes at -20oC 

until processed further. The CyaA assay mixture reaction was prepared as 

previously described (Schechter et al. 2004; Sory and Cornelis 1994) with and 

without calmodulin (0.2 µM). The mixture was incubated at 30°C for 10 
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minutes before determining its cAMP content, as described for Quantification 

of cAMP in planta (above). 

Pathogenicity tests in immature pear slices 

Immature pear fruits (2 - 3 cm in diameter) were used to assay 

pathogenicity of Ea321 and its mutants. The strains were grown overnight at 

26°C on LB agar with appropriate antibiotics. Bacterial cells were suspended 

to OD600 = 0.2 in 5 mM potassium phosphate buffer, pH 6.5; pear slices were 

inoculated as previously described (Oh et al., 2005). Infection of pear slices 

was assessed 5 days after inoculation. 

Yeast two-hybrid assay 

The Matchmaker LexA Two-Hybrid System (Clontech, Mountain View, 

CA) was used for this assay. The full-lengths of  hrpJ, hrpN, and hrpW were 

amplified by PCR with the following primers; 5’- 

cggaattcatgaaaattgctcccgttttac-3’ and 5’- cgggatccccggcgtaatcactgatcac-3’ 

for hrpJ, 5’- aggaattcatgagtctgaatacaagtgg-3’ and 5’- 

gcggatccaagcttaagccgcgcccag-3’ for hrpN, and 5’- 

cggaattcatgtcaattcttacgcttaacaac-3’ and 5’- gcggatcccggatttcatcatcattcagc-3’ 

for hrpW. The amplified products were cloned into the bait vector, pGILDA. 

These genes were cut out by EcoRI and XhoI and ligated into the prey 

vector, pB42AD. The bait and prey constructs were co-transformed in 

EYG48(p8op-lacZ) yeast strain using the LiAc/PEG high-efficiency 

transformation protocol (Gietz and Woods 2002). Transformants were 

selected on plates of Synthetic Dropout (SD) medium with glucose lacking 

tryptophan, histidine and uracil (SD/glu – HTU). Additional constructs were 

made for this work and co-transformed into yeast, containing HrpJ in both 

bait and prey vectors. The full-length hrpJ gene was amplified by PCR and 
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cloned into both pGILDA and pB42AD. Interaction was determined on SD 

with galactose and raffinose lacking histidine, tryptophan, and uracil (SD/gal 

–HTU) plates with or without leucine. Positive interactions allow the 

transformants to grow in the described medium lacking leucine. For semi-

quantitative observations, normalized suspensions of yeast cells at OD600 = 

0.2 were diluted 10-fold, three times, and 10-μl drops were plated on 

selection plates for each sample and the controls.  

Statistical tests 

The program S-PLUS version 7.0.0 for Windows (Insightful Corporation, 

Seattle, WA.) was used for the statistical analysis of the data. For the ANOVA, 

fixed effects model and the multiple comparisons (Tukey option) were used to 

compare the mean values for cAMP accumulated by the different strains in 

each in planta experiment.  

 
RESULTS 

DspA/ENCyaA is translocated into tobacco cells in a T3-dependent 

manner 

To determine whether DspA/E is translocated into plant cells, I 

constructed the plasmid, pCPP1553, which expresses the catalytic domain of 

CyaA, by fusing a 733 aa fragment of the N-terminus of DspA/E to the reporter 

protein, resulting in DspA/ENCyaA (Table 4.1). All wild-type and mutant strains 

of Ea321 harboring pCPP1553 produced cAMP only in the presence of 

calmodulin in vitro (Table 4.2). To find a suitable plant for assay of 

translocation of DspA/E in vivo, the strains harboring pCPP1553 were  
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Table 4.2. Accumulation of cAMP in E. amylovora strains expressing the 
fusion proteins DspA/ENCyaA and HrpN-CyaA in vitro.  Bacterial cells 
grown O/N at 26ºC to O.D. = 0.4 were lysed and prepared in a reaction mix 
with and without calmodulin. CAMP was quantified as described in Materials 
and Methods.  
a The cAMP values are averages from one experiment in triplicate 
b Strains used as negative controls 

 
Ratio w / 

w/o 
calmodulin

Strains 

Without calmodulin
AVGa nmol/mg

With calmodulin 
AVGa nmol/mg 

 
expressing 
DspA/ENCyaA  

 
 

 
 

Ea321 1.58 ± 0.46 951.83 ± 316.67 602
Ea321-hrcN 1.21 ± 0.10 822.62 ± 70.36 680
Ea321-hrpK 4.61 ± 0.14 424.25 ± 0.00 92
Ea321-hrpW 19.88 ± 2.93 953.07 ± 28.18 48
Ea321-hrpJ 5.13 ± 0.30 306.69 ± 3.02 60
Ea321-hrpN 7.93 ± 0.08 811.52 ± 8.00 102
Ea321-∆hrpN-
hrpW 12.70 ± 1.50 894.70 ± 8.82 70

Ea321-
hrpN∆hrpJ 0.88 ± 0.22 339.26 ± 38.95 383

expressing 
HrpN-CyaA    

Ea273 9.74 ± 2.55 1371.95 ± 65.22 141
no fusion 
plasmidsb    

Ea321 0.85 ± 0.68 2.71 ± 1.97 3
Ea321-hrcN 0.22 ± 0.00 0.18 ± 0.12 1
Ea273 2.00 ± 0.26 3.35 ± 0.47 2
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inoculated into leaves of apple (Malus Xdomestica variety Gala), Nicotiana 

tabacum (cv. Xanthi) and N. benthamiana. Unfortunately, leaves of apple, a 

natural host of E. amylovora, were consistently difficult to infiltrate due to their 

hardness and extensive wax layer (data not shown). Thus, I tested Nicotiana 

sp. plants, which frequently are used for translocation assays. 

E. amylovora induces HR in both N. tabacum and in N. benthamiana 

(Oh and Beer 2005). The HR reaction in N. benthamiana developed between 

5 to 7 hours after infiltration of low concentrations (5 x 107 cfu per ml) of E. 

amylovora. In N. tabacum visible collapse of the infiltrated areas occurred 

approximately 8 hours post inoculation (h.p.i.), when infiltrated with bacterial 

suspensions of 4 x 108 cfu per ml (data not shown). As collapse and necrosis 

of the tissue due to HR would affect cytosolic proteins and cAMP, and thus 

affect the translocation assays (Casper-Lindley et al. 2002), I sampled the 

tissues before visible HR appeared. Thus, I used N. tabacum (cv. Xanthi) for 

translocation assays, as I considered the time for sample collection less 

restrictive, and I could use higher concentrations of bacteria in the infiltrated 

suspensions. Samples for determination of cAMP were collected 7 h.p.i., just 

before visible collapse occurred.  

To rule out the possibility that expression of DspA/ENCyaA interferes 

with secretion or translocation of other proteins, I compared the wild-type 

strain with and without pCPP1553 for pathogenesis in apple and induction of 

HR in tobacco. I detected no difference in either the severity or the timing of 

development of the HR or disease symptoms based on the presence of 
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pCPP1553 (Figure 4.2). These observations confirmed that DspA/ENCyaA did 

not affect the relevant phenotypes of the strains studied. 

To measure translocation of DspA/ENCyaA into plant cells, I followed 

accumulation of cAMP in tobacco leaves inoculated with Ea321 and an 

Ea321-hrcN mutant harboring pCPP1553 as a negative control. The mean 

concentrations of cAMP for wild-type Ea321, expressing DspA/ENCyaA were 

significantly (30 to 500 times) higher than the values for the buffer control and 

Ea321-hrcN, indicating that DspA/ENCyaA is translocated into tobacco cells, 

and the translocation of DspA/ENCyaA is, as expected, dependent on a 

functional T3SS (Figure 4.3). 

To determine when translocation of DspA/ENCyaA is established in N. 

tabacum plants, levels of cAMP accumulation were monitored at 1, 3, 5, and, 7 

h.p.i. for Ea321 and the Ea321-hrcN mutant (Figure 4.4). cAMP first was 

detected 3 h.p.i. and reached a peak in wild-type Ea321 at 5 h.p.i..  

HrpN and HrpJ are required for translocation of DspA/ENCyaA into plant 

cells 

E. amylovora secretes several proteins including HrpK, HrpJ and the 

two harpins, HrpN and HrpW, which may function as translocators. To 

examine if any of these proteins is involved in the translocation of DspA/E, I 

assayed for translocation of DspA/E in strains that had been mutated in genes 

encoding these proteins. The mean cAMP concentrations for Ea321ΔhrpJ, 

Ea321-hrpN and Ea321ΔhrpN-W mutants were statistically similar to those 

obtained from the secretion mutant and the buffer treatment (Figure 4.3). This  
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Figure 4.2  Pathogenicity test on slices of immature pear fruits. Pears 
were inoculated with several mutants of Ea321 expressing fusion protein 
DspA/ENCyaA, and symptoms were assessed five days after inoculation. 
Ea321-Wta was used as a positive control, and pears treated with potassium 
phosphate buffer and Ea321-hrcN served as negative controls. All strains 
harbored pCPP1553 except Ea321-Wta 
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Figure 4.3 Translocation of DspA/ENCyaA in plant cells by Ea321 and 
several mutants assayed by accumulation of cAMP.  cAMP accumulation 
is expressed as pmol/mg of total protein. Plants were inoculated with bacterial 
suspensions at OD600 = 0.4 and samples were taken 7 hours post inoculation. 
The values for each strain are the means of twelve samples from one 
experiment. The bars represent standard errors. Values denoted by the same 
capital letters do not differ significantly at the P = 0.05 level. All strains express 
fusion DspA/ENCyaA. 
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Figure 4.4 Time course of DspA/E translocation. cAMP accumulation is 
expressed as pmol/mg of total protein. Plants were inoculated with bacterial 
suspensions at OD600 = 0.4 and samples were taken at 1, 3, 5 and 7 h.p.i. The 
values for each strain are the means of four samples from one experiment. 
The bars represent standard errors. 
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indicates that HrpJ and HrpN both are needed for efficient translocation of the 

DspA/E into plant cells. In contrast, the hrpW mutant of Ea321 was not 

affected in the ability to translocate DspA/E, as the cAMP accumulated for the 

Ea321-hrpW mutant did not differ significantly from that of Ea321. cAMP 

values for Ea321-hrpK were statistically higher than or similar to that of the 

wild-type strains (Figure 4.3 and 4.4). The levels of cAMP accumulation for the 

double mutant, lacking both hrpN and hrpJ, were statistically similar to those of 

the single mutants in hrpN or hrpJ (data not shown). 

In the time course experiment, little cAMP accumulated for the hrpN 

and hrpJ mutants, even at 7 h.p.i. (Figure 4.4); this is consistent with the 

results reported above. Interestingly, similar amounts of cAMP were detected 

for the wild-type strain at 3 h.p.i. and 5 h.p.i. as were detected in both the hrpK 

and hrpW mutants at 5 h.p.i. and 7 h.p.i., respectively. These results suggest 

that translocation of DspA/E might be delayed in the absence of either HrpK or 

HrpW, but unlike HrpN and HrpJ, these two proteins are not critical to 

translocation.  

HrpN and HrpJ are not needed for T3-dependent secretion of 

DspA/ENCyaA 

To determine whether HrpN or HrpJ are required for secretion of 

DspA/ENCyaA, I followed production and secretion of the fusion protein under 

hrp-inducing conditions by immunoblotting with a CyaA antibody. 

DspA/ENCyaA was expressed by all the tested strains (Figure 4.5A). The 

fusion protein was secreted by all the strains except for the T3 secretion  



 150

 

 

 

 

 

Figure 4.5 Expression and secretion of DspA/ENCyaA by several strains 
of E. amylovora under hrp-gene-inducing conditions. A. Total proteins 
from cell pellet. B. supernatant were collected separately and loaded onto 8% 
SDS-PAGE gels. The fusion protein DspA/ENCyaA was detected with CyaA 
antibody. The position of the corresponding molecular weight standard on the 
membrane is indicated with an arrow. 
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mutant Ea321-hrcN (Figure 4.5B). Therefore, expression and secretion of 

DspA/ENCyaA are not affected by mutations in hrpN or hrpJ. 

The absence of HrpJ abolishes HrpN secretion 

Secretion of HrpN was reduced in a hrpJ mutant of Ea273, a more 

virulent strain of E. amylovora than Ea321 (Nissinen et al. 2007). To determine 

if this occurs in Ea321, I followed production and secretion of HrpN by western 

blotting using a HrpN antibody in Ea321ΔhrpJ under hrp-gene inducing 

conditions.  HrpN was detected both in the cytoplasmic and the extracellular 

fractions of the wild-type Ea321, and, as expected, it was produced in, but not 

secreted by the T3SS hrcN mutant of Ea321 (Figure 4.6).  Ea321ΔhrpJ also 

produced HrpN, as evidenced by a clear signal in the cytoplasmic sample from 

Ea321ΔhrpJ (Figure 4.6A). However, no HrpN was detected in the 

extracellular fraction from Ea321ΔhrpJ (Figure 4.6B), indicating that functional 

HrpJ is needed for secretion and/or extracellular stability of HrpN.  The 

experiment was repeated three times with similar results. The no secretion 

phenotype differs from the reduced secretion observed in Ea273ΔhrpJ mutant 

(Nissinen et al., 2007). However, in the previous study, Ea273 did not harbor 

pCPP1553. Thus, I examined the extracellular levels of HrpN in the hrpJ 

mutant of strain Ea273 transformed with pCPP1553 in order to rule out 

differences in the HrpN secretion phenotype due to the presence of the fusion 

protein DspA/ENCyaA. HrpN levels were drastically reduced, but not abolished 

in Ea273ΔhrpJ(pCPP1553) (data not shown), indicating that expression of 

dspA/ENCyaA has no effect on harpin secretion.  
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Figure 4.6 Expression and secretion of HrpN by several strains of E. 
amylovora Ea321 and several mutants expressing DspA/ENCyaA under 
hrp-gene-inducing conditions. A. Total proteins from cell pellet and B. 
supernatants were separately collected and loaded on 8% SDS-PAGE gels. 
HrpN was detected by western blotting with its polyclonal antibody. The 
position of the corresponding molecular weight standard on the membrane is 
indicated with an arrow. 
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Mutations in hrpW or hrpK did not affect expression or secretion of HrpN 

(Figure 4.6). As expected, HrpN was not present in either the cell fraction or 

the supernatant of the hrpN mutant of Ea273 (Figure 4.6). 

Next, I followed secretion of HrpJ by immunoblotting with a HrpJ 

antibody under hrp-gene inducing conditions. HrpJ was found in the 

extracellular fraction of hrpK, hrpW and even hrpN mutants of Ea321 (Figure 

4.7A). Thus, the secretion of HrpJ is not affected by mutations in hrpK, hrpW, 

or hrpN genes. Finally, I followed the secretion of HrpW using a HrpW 

antibody (Kim and Beer 1998) under hrp-gene inducing conditions. As 

expected, HrpW was absent from extracellular fractions of the hrpW mutant 

and the T3SS mutant Ea321-hrcN. Interestingly, secretion of HrpW also was 

abolished in a hrpJ mutant (Figure 4.7B). Thus, HrpJ seems to be required for 

secretion of both harpins of Ea321 (Figure 4.6A), whereas in more virulent 

Ea273ΔhrpJ, secretion of HrpN and HrpW was severely reduced (Nissinen et 

al., 2007). 

HrpN facilitates translocation of the fusion protein DspA/ENCyaA only 

when both proteins are secreted from the same bacterial cell 

As HrpN has been reported to be secreted to the plant apoplast during 

natural infection (Perino et al. 1999), I tested whether exogenously supplied 

HrpN would function in translocation. I followed translocation of DspA/ENCyaA 

in tobacco leaves inoculated simultaneously with Ea321-hrpN(pCPP1553) and 

wild-type Ea321, which lacks the fusion protein, but secretes HrpN and might 

serve as a source of exogenous HrpN.  No  
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Figure 4.7 Secretion of HrpJ and HrpW by E. amylovora Ea321 and 
mutants expressing DspA/ENCyaA. Proteins from supernatant were 
collected and loaded in 8% SDS-PAGE gels and detection by western blotting 
was done A. with HrpJ polyclonal antibody and B. with HrpW polyclonal 
antibody. The position of the corresponding molecular weight standard on the 
membrane is indicated with an arrow. 
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significant cAMP accumulation was detected in the co-inoculated samples 

(Figure 4.8). In contrast, when Ea321-hrpN was transformed with pCPP1084 

expressing hrpN (Wei et al. 1992), translocation of DspA/ENCyaA occurred at 

wild type levels (Fig 4.8). Therefore, it seems that HrpN and DspA/E both must 

be secreted from the same bacterial cell for translocation of DspA/E to plant 

cells to occur.  

HrpN-CyaA is translocated into tobacco cells in a T3-dependent manner 

Because HrpN is required for translocation of DspA/E, I tested whether 

HrpN is also translocated, like known translocator proteins. I used a fusion of 

hrpN with cyaA (Table 4.1) to test translocation of HrpN into tobacco cells. The 

fusion comprises the nucleotides encoding the first 323 aa (80%) from the N-

terminus of HrpN followed by the catalytic domain of CyaA in a low-copy-

number vector with a lacZ promoter. First, I tested the activity of the CyaA 

protein in vitro in the presence of calmodulin (Table 4.2); then I inoculated 

tobacco plants and sampled as described previously. The cAMP levels of wild-

type Ea321 expressing HrpN-CyaA was significantly higher (32 times) than 

those of the T3-secretion mutant (Figure 4.9), indicating that HrpN-CyaA 

probably is translocated into tobacco cells, although the absolute levels of 

cAMP accumulation were lower (59 pmol/mg) than for DspA/ENCyaA (318 

pmol/mg) (Figure 4.9). Both fusion proteins were cloned in low-copy-number 

plasmids, but the plasmid expressing HrpN-CyaA(pCPP1729), has a lacZ 

promoter inducible with IPTG, while the one expressing DspA/ENCyaA 

(pCPP1553) has a constitutively expressed nptII promoter and the native  
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Figure 4.8 Translocation of DspA/ENCyaA into tobacco cells does not 
occur when HrpN is produced extracellularly. cAMP accumulation was 
measured in pmol/mg of total protein. Plants were inoculated with bacterial 
suspensions at OD600 = 0.4 and samples were taken 7 h.p.i. The values for 
each strain are the means of four samples. The bars represent standard 
errors. Grouping is the result of a Tukey studentized test for the whole set of 
data, which is significant at the P = 0.05 level. Ea321-hrpN plus Ea321 Wta is 
the hrpN mutant co-inoculated with untransformed Ea321 as a source of 
extracellular HrpN, compaººred with Ea321-hrpN complemented with the 
HrpN-expressing plasmid (pCPP1084). 
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Figure 4.9 Translocation of HrpN-CyaA and DspA/ENCyaA into tobacco 
cells. cAMP accumulation is expressed as pmol/mg of total protein. Plants 
were inoculated with bacterial suspensions at OD600 = 0.4 and samples were 
taken 7 h.p.i. The values for each strain are the means of six samples from 
one experiment. The bars represent standard errors. 
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promoter of DspA/E, which is induced during plant infection. Thus, the 

absolute levels of cAMP accumulated cannot be compared directly.  

HrpJ interacts with HrpN, HrpW, and itself in yeast cells 

I showed that the absence of HrpJ abolishes secretion of HrpN and 

HrpW. To investigate possible interaction of HrpJ with HrpN and HrpW, I used 

a yeast two-hybrid system. The complete hrpJ gene of Ea321, cloned in the 

bait vector, was co-transformed into yeast with the complete hrpN and hrpW 

genes of Ea321 in prey vectors. Based on growth on media lacking leucine, 

HrpJ interacted with both HrpN and HrpW (Figure 4.10). To check the 

consistency of the results, I checked for interaction with hrpN and hrpW genes 

in bait vector and the hrpJ gene in the prey vector. The results indicated 

positive interaction between HrpJ and HrpN or HrpW (data not shown). I also 

tested for possible self-interaction of HrpJ and observed a strong self-

interaction for HrpJ (Figure 4.10). I also tested for interaction of HrpJ with 

DspA/E, but found none (data not shown).   

 

DISCUSSION 

Currently, only indirect evidence for function of DspA/E in plant cells 

has been presented (Boureau et al. 2006; Meng et al. 2006b; Oh et al. 2007). 

In this study, I present direct biochemical evidence that DspA/E of E. 

amylovora is translocated into plant cells by the T3SS (Figure 4.3). 

Furthermore, I found that the first 733 amino-acids from the N-terminus of the 

1837-amino-acid protein are sufficient for both secretion and translocation.  
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Figure 4.10 Direct interactions between HrpJ and HrpN, HrpW, or HrpJ 
itself in yeast. The hrpJ gene in the bait vector and hrpN, hrpW, or hrpJ in the 
prey vector were co-transformed into yeast (EYG48). Yeast transformants 
were screened on SD/Gal-HTU with or without leucine. 10 µl of cell 
suspensions at OD600 = 0.2 and 10-fold dilutions were plated and incubated for 
5 days. Growth on plates without leucine represents positive interactions. 
pLexA-P53 and pB42AD-T were used as positive controls. 
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Translocation was detected as soon as three hours after inoculation (Figure 

4.4), indicating that the translocation process is activated quite early during the 

interaction of E. amylovora with plant cells. In absence of HrpK and HrpW, our 

results suggested a delay in translocation, compared with the wild-type strain 

(Figure 4.4). Since I measured cAMP accumulation every two hours, I could 

not observe small increments of increase of cAMP. The possibility of delayed 

translocation of DspA/E in hrpK and hrpW mutants could be investigated by 

determining cAMP accumulation at more frequent intervals, perhaps beginning 

one hour after inoculation. 

To monitor the translocation of DspA/E into tobacco cells, I measured 

the concentration of cAMP that resulted from the enzymatic activity of the 

DspA/ENCyaA fusion protein. The absolute cAMP levels observed were low, 

as compared with the levels reported for P. syringae and X. campestris 

(Casper-Lindley et al. 2002; Schechter et al. 2004). As efforts to inoculate 

apple leaves were generally unsuccessful, I used N. tabacum, a non-host 

plant for our assays, and I harvested samples just before onset of the HR. This 

likely resulted in less accumulation of cAMP than from a compatible host plant, 

in which the HR does not develop, or from a later harvest of tobacco. 

Relatively low levels of cAMP had been reported also when X. campestris pv. 

vesicatoria had been infiltrated into a resistant pepper variety; at 8 h.p.i., 

cAMP levels were only 10% of the those observed when the same clone was 

infiltrated into a susceptible plant variety (Casper-Lindley et al. 2002). Another 

factor that contributed to the low levels I observed was the use of N. tabacum 
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rather than N. benthamiana. In translocation studies with putative effectors of 

P. syringae, N. benthamiana consistently resulted in at least 10-fold higher 

levels of cAMP accumulation for the same constructs as did N. tabacum (data 

not shown). 

The mechanism of translocation of T3 effectors is poorly understood. A 

proposed model for translocation into eukaryotic cells (Mota et al. 2005) 

assumes that in addition to the bacterial needle complex, a dedicated set of 

proteins, termed translocators, is needed to mediate the delivery of effector 

proteins through the plasma membrane of the host cells. A subset of 

translocators are thought to insert themselves into the plasma membrane of 

the host cells and form a pore through which the effectors traverse the host 

plasma membrane to the cytosol (Büttner et al. 2002; Marenne et al. 2003; 

Meyer et al. 2006; Petnicki-Ocwieja et al. 2005). Translocators are needed for 

translocation, but not for secretion of the effector proteins (Mota et al. 2005); 

the translocators are themselves secreted via the T3SS (Hakansson et al. 

1996; Sory and Cornelis 1994) and also can be translocated into host cells 

(Francis and Wolf-Watz 1998; Petnicki-Ocwieja et al. 2005).  

The properties of HrpN seem consistent with those of previously 

described translocators. I showed that HrpN is required for translocation of 

DspA/E (Figure 4.3), but it was not necessary for its secretion in vitro (Figure 

4.5B). HrpN also is required for full virulence (Figure 4.2; (Barny 1995). Thus, 

the hrpN mutant, which lacks the ability to translocate DspA/E, was not 

pathogenic, whether or not DspA/E was secreted. Additionally, analysis using 
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the “TMpred” tool, available at the ExPASy proteomics server of the Swiss 

Institute of Bioinformatics, indicates that HrpN contains two putative trans-

membrane helices in its N-terminal domain. HrpN has also been shown to be 

a functional pore-former (J. Lee and T Nürnberger, pers. comm.), similarly to 

HrpZ1 from P. syringae pv. phaseolicola, another harpin of a Gram-negative 

plant pathogenic bacterium (Lee et al. 2001).  Interestingly, HrpZ1 also 

contains two putative trans-membrane helices near its N-terminus. HrpF, 

another putative translocator of X. campestris, contains two putative trans-

membrane helices in its C-terminus (Huguet and Bonas 1997). In our results 

reported above, HrpN seemed to be translocated into or at least exposed to 

the plant cell cytosol; in translocation assays, cAMP accumulation for the 

HrpN-CyaA fusion was lower than for the DspA/ENCyA fusion, but it was 

significantly higher than background (Figure 4.9). Thus, taken together our 

results strongly suggest that HrpN of E. amylovora is a pore-forming 

translocator that is required by the T3SS to deliver the effector protein DspA/E 

into plant cells.  

In contrast with HrpN, our tests of HrpW, the second harpin of Ea321, 

indicated that it is not needed or functional for either secretion (Figure 4.5B) or 

translocation of DspA/E (Figure 4.3). HrpW has a pectate-lyase domain (Kim 

and Beer 1998), as does a homolog of the same name of P. syringae 

(Charkowski et al. 1998) and several other proteins detected in plant 

pathogenic enterobacteria (Bell et al. 2004b). The pectate lyase domain has 

not shown enzymatic activity in either P. syringae or E. amylovora, but HrpW 
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of the former was shown to bind to calcium pectate, a major component of 

plant cell walls (Charkowski et al. 1998). HrpW from both species elicit HR 

when infiltrated into leaves of non-host plants, but they are not needed for 

either virulence in host plants or for HR in non-host plants. Since translocators 

might be specific for determinate effectors, it is possible that HrpW might 

function in translocation of other effectors in E. amylovora. However, because 

of functional redundancy of effectors in host plants, the involvement of HrpW 

in disease cannot be evaluated easily.  

HrpK is a T3-secreted protein of E. amylovora (Nissinen et al. 2007), 

and it is similar to HrpK of Pseudomonas sp. HrpK of P. syringae pv. tomato 

DC3000 has been shown to contribute to virulence in host plants and is 

required for translocation of effector proteins and HR elicitation (Petnicki-

Ocwieja et al. 2005). In contrast, a hrpK mutant of E. amylovora was fully 

virulent (Figure 4.2;(Oh et al. 2005), and secretion of DspA/E by it was not 

affected (Figure  4.5B). HrpK in E. amylovora has a predicted C-terminal trans-

membrane region as does HrpK of P. syringae pv. tomato (Petnicki-Ocwieja et 

al. 2005). This characteristic suggests that HrpK of E. amylovora also might 

serve as a translocator.  For the in planta translocation experiments, I used 

ANOVA analyses and Tukey tests to compare the mean accumulation of 

cAMP for each strain. In half of the experiments, I observed significantly higher 

accumulation of cAMP by a hrpK mutant of Ea321, as compared with the wild-

type strain (Figure 4.3), while in the other half; accumulation of cAMP was 

similar (Figure  4.4). The variation among experiments suggested that perhaps 
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HrpK serves as a translocator for an unknown effector, which would compete 

with DspA/E for the T3SS apparatus, and the equilibrium might be variable. 

Since our results were variable and there was no visible effect on virulence, 

more work is needed to assess this possibility. 

HrpJ is required for pathogenicity of E. amylovora Ea321 (Figure 4.2) 

and Ea273 (Nissinen et al. 2007), and for translocation (Figure 4.3); but it is 

not required for secretion of DspA/E (Figure 4.5). Furthermore, HrpJ is 

required for normal accumulation of harpins HrpN and HrpW in Ea321 as well 

as in Ea273 (Figure 4.6 and Figure 4.7), but it seems not to affect secretion of 

other T3-secreted proteins (Nissinen et al. 2007). Thus, HrpJ seems to act 

indirectly on the translocation of DspA/E by facilitating the secretion or stability 

of the putative translocator protein HrpN.  This phenotype is similar to that of 

InvE of Salmonella enterica sv. typhimurium, which is required for normal 

accumulation of extracellular translocator proteins SipB, SipC, and SipD 

(Kubori and Galan 2002). Similarly, HrpJ of P. syringae pv. tomato recently 

was shown to be required for secretion in vitro of harpin HrpZ1 (Lee et al. 

2001) and for effective translocation of several effector proteins (Fu et al. 

2006).  

The results of our complementation tests in planta indicate that HrpN 

and DspA/E must be secreted from the same bacterial cell for translocation to 

occur (Figure 4.8). These results support the idea that HrpN and HrpJ must be 

co-localized at a specific place, probably at the tip of the Hrp pilus, in order to 
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function in translocation. This hypothesis is supported by our observation that 

HrpJ interacts with HrpN, as well as with HrpW, in yeast-two-hybrid assays. 

HrpJ might facilitate the secretion of HrpN either by guiding it through 

the pilus or by stabilizing it to enable its insertion into membranes as a harpin-

specific chaperone (Parsot et al. 2003), although the protein sequence of HrpJ 

is not typical of chaperones. In contrast with several described chaperones, 

HrpJ is secreted extracellularly (Nissinen et al. 2007); Figure 4.7A). 

Alternatively, HrpJ might function in a complex with only HrpN, or with other 

proteins, to facilitate secretion of the translocators through the T3SS 

apparatus. Interestingly, a yeast-two-hybrid assay showed self-interaction of 

HrpJ (Figure 4.9), which suggests that HrpJ might function in a complex 

contributing with more than one monomer. Taking together, the pore-forming 

capability, the physical properties of HrpN as discussed above, and the 

requirement of HrpJ for secretion of HrpN, I suggest a model for translocation 

of DspA/E by E. amylovora in which HrpN, alone or in complex with other 

proteins, forms a pore in the plasma membrane of plant cells, which allows for 

the passage of the effectors. Furthermore, HrpJ is required for secretion of 

HrpN or for its functional capability.   

The mechanistic role of HrpN of E. amylovora in the fire blight disease 

has been an intriguing question since the early 1990’s when the protein was 

characterized and hrpN mutants of E. amylovora were found to be drastically 

reduced in virulence to host plants like apple and pear (Wei et al. 1992).  From 

the present work, it is clear that HrpN plays a pivotal role in disease 
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development by facilitating translocation of DspA/E into plant cells.  In the 

absence of HrpN, the critical disease specific protein A/E is not translocated 

into host cells, and fire blight infection does not occur. 
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