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Abstract 

In the post-antibiotic era, resistance in pathogenic bacteria is projected to significantly 

hinder crop production and become one of the leading causes of death. This has necessitated the 

development of therapies to address antibiotic resistant microbes and prolong the period for which 

antibiotics remain a viable treatment option. A prominent alternative technology that has recently 

re-emerged is the use of bacterial viruses known as phages. Phages selectively lyse their bacterial 

hosts during the replication process but must avoid phage resistance mechanisms to eliminate a 

bacterial population. In this dissertation, the impact of phage resistance on biocontrol efficacy is 

examined using the phytopathogen Erwinia amylovora.  

The primary source of acquired phage immunity in bacteria is the CRISPR-Cas system. 

However, the absence of methodologies to study Erwinia phages, and a lack of genomic data for 

E. amylovora, has previously hindered this avenue of research. Quantitative real time PCR assays 

were developed to simultaneously monitor both the E. amylovora and phage populations. The 

individual steps of the phage lytic cycle during infection were characterized by further 

modification of this methodology. Through this, phage candidates ΦEa46-1-A1 and ΦEa21-4, that 

previously demonstrated high biocontrol potential, were shown to produce a large number of 

progenies over a short period of time. A comparative genomic analysis using 127 sequenced 

isolates of E. amylovora was then completed. This study proposed three primary clades of 

E. amylovora which infect apples in North America. A novel bioinformatic pipeline was 

subsequently  developed to analyse the CRISPR regions of E. amylovora and the activity of the 

CRISPR-Cas system was then confirmed. While each clade of E. amylovora exhibited a unique 

CRISPR arrays, none of the identified CRISPR spacers provided inherent protection against any 



   

biocontrol candidate. CRISPR-mediated phage resistance was confirmed in E. amylovora against 

biocontrol candidate ΦEa21-4 but only in isolates with primed CRISPR-Cas systems. Still, phage 

resistance to ΦEa21-4 was observed through an unknown resistance mechanism in wild-type 

isolates. Overall, this work demonstrates new techniques to improve trial outcome prediction and 

lays the foundation for further investigation into the phage resistance mechanisms of E. amylovora.    
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Thesis Overview 

Chapter 1 provides a literature review on the plant pathogen Erwinia amylovora, in which 

disease progression and antibiotic use are discussed. This chapter provides details on the bacterial 

viruses known as phages, including their lifecycle and role in the development of biological 

controls for E. amylovora. This section also describes phage resistance with a focus on the 

endogenous CRISPR-Cas system of E. amylovora. 

Chapter 2 demonstrates a novel molecular technique which can be used to characterize 

Erwinia phages. Historically, phages are characterized by one-step growth curves and adsorption 

assays that rely on agar-based plaque assays and optical density readings of 600 nm. Agar-based 

assays are prone to counting and multi-step process errors while bacterial exopolysaccharides 

interfere with the accuracy of optical density readings. In the thesis qPCR is utilised to monitor 

the lytic phage lifecycle and quantify phages and their bacterial hosts during the infection process. 

This data showed that effective phage biocontrol candidates produced a high quantity phage at the 

rapid rate. This chapter was published as: 

Parcey, M., Gayder, S. Castle, A.J., Svircev, A.M. (2020) Molecular Profile of Phage Infection: A 

Novel Approach for the Characterization of Erwinia Phages through qPCR. Int. J. Mol. Sci. 21(2), 

553. 

Chapter 3 presents an in-depth genomic analysis of E. amylovora from both a global and a 

domestic perspective, concentrating on the diversity of isolates associated with antibiotic 

resistance that are found in North America. This study describes three major clades of apple-

infecting E. amylovora, all which originate in North America. Of these major clades, the isolates 



   

from western North America have the highest prevalence of antibiotic resistance. This chapter was 

published as: 

Parcey, M., Gayder, S., Morley-Senkler, V., Bakkeren, G., Úrbez-Torres, J.R., Ali, S. Castle, A.J., 

Svircev, A.M. (2020) Comparative genomic analysis of Erwinia amylovora reveals novel insights 

in phylogenetic arrangement, plasmid diversity, and streptomycin resistance. Genomics. 112(5): 

3762-3772. 

Chapter 4 continues the genomic analysis of E. amylovora with a focus on the endogenous 

CRISPR-Cas system. The CRISPR-Cas system is a genetic region which provides resistance to 

phages and plasmids. The curing of a plasmid by an artificial CRISPR array showed that the 

CRISPER-Cas system was active in E. amylovora. Lastly, phage ΦEa2-14 was sensitive to the 

CRISPR-Cas system but precluded the natural development of CRISPR phage immunity. Despite 

this, E. amylovora still developed phage resistance to ΦEa2-14 through an unknown mechanism. 

This chapter was published as: 

Parcey, M., Gayder, S., Castle, A.J., Svircev, A.M. (2022) Function and application of the 

CRISPR-Cas system in the plant pathogen Erwinia amylovora. Appl Environ Microbiol. e0251321 
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Chapter 1. Literature Review 

1.1 Erwinia amylovora 

1.1.1 Fire blight disease 

The global commercial production of apples and pears is threatened by the emergence of 

antibiotic resistance in the phytopathogen E. amylovora. E. amylovora is the causal agent of fire 

blight disease which infects plants belonging to the Rosaceae family such as apples and pears (1). 

This bacterium is indigenous to North America, where it commonly infects plants such as 

hawthorn and mountain ash (1, 2). During the colonization of North America in the 17th century, 

domesticated apples and pears were brought by European settlers and planted across the eastern 

United States (1). In the late 18th century, a highly infectious pear disease was first documented in 

the Hudson Valley of New York State (3). This disease caused healthy trees to rapidly take on a 

blackened and scorched appearance. The cause of this disorder was attributed to numerous 

biological and physical factors such as insects, fungus, thunderstorms, and increased sun exposure 

(4-7). In 1882, Thomas Burrill used Koch’s postulates to prove that the disease was cause by a 

bacterium that he named Micrococcus amylovorus (8). This was the first description of a bacterial 

plant pathogen and the subsequent 1885 doctoral dissertation on M. amylovorus, led Joseph C. 

Arthur to be considered the first phytopathologist (9). 

This bacterium, renamed E. amylovora, spread across North America and the Pacific Rim 

in the early 20th century, reaching New Zealand as early as 1919 (10). By 1966, E. amylovora was 

detected in all apple growing regions in Canada (11). In Europe, the first major outbreak of E. 

amylovora was reported in England in 1958. This outbreak quickly spread across the British Isles, 

into the Netherlands and then into France in 1966 and 1972, respectively (12-14). Afterwards, fire 

blight was reported steadily eastward across Eurasia. The last decade can be considered the zenith 
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of the bacterium, as it can now be detected in the forests of Kazakhstan: the region from which 

domesticated apples originate (15). Currently, E. amylovora is present in the majority of the 

world’s apple growing regions (3, 16). 

The spread of E. amylovora occurs in the spring when bacterial cankers, present on the 

bark of infected trees, form bacteria-rich ooze in response to warming weather. Wind, rain, and 

insect vectors disseminate the bacteria within this ooze to the opened blossoms of susceptible trees 

(17). E. amylovora then colonizes and multiplies on the nutrient rich stigma of the blossom. During 

a wetting event, the pathogen moves downwards into the hypanthium, or floral cup, where it passes 

into the vasculature of the tree (18). In the xylem, E. amylovora produces excessive quantities of 

capsular exopolysaccharides resulting in the formation of a biofilm, which blocks water 

transportation throughout the tree. This eventually leads to the death of the entire tree (19). Fire 

blight gets its common name from the desiccation and the blackening of the pathogen infected tree 

shoots and branches (20). 

1.1.2 Control of Erwinia amylovora 

Controlling E. amylovora requires the implementation of integrated pest management 

practices. The effort is labour-intensive since the orchard must be regularly monitored and pruned 

to remove infected material (21). Losses due to fire blight amount to approximately 5% of total 

yield which would put global estimates upwards of $2.6 billion USD (22). Domestically, the 

approximate annual loss to Canadian growers is estimated to be $12 million CAD (23). However, 

the true financial risk of E. amylovora lies in the potential outbreaks and epidemics which can lead 

to the loss of entire growing regions. The 2014 outbreak in Nova Scotia, Canada caused $20 

million in damages after winds from Hurricane Arthur simultaneously damaged apple trees, 

introduced and spread the bacterium (24).  
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Streptomycin has been widely used by growers in North America to control E. amylovora 

since 1955, primarily due to its high efficacy and low cost (25). The application of streptomycin 

to the open blossom, if timed correctly, prevents E. amylovora from colonizing the stigma and 

subsequently infecting the plant tissues (26). Streptomycin is an aminoglycoside which binds to 

the S12 protein of the 30S ribosomal subunit of the bacterium. This induces a bactericidal effect 

by prevents the synthesis of new proteins or halts reproduction (27). The seasonal application of 

streptomycin for the control E. amylovora has led to the development of streptomycin resistance 

(SmR) (28, 29).  

There are two prevalent SmR determinants in E. amylovora. The first determinant, 

observed in California in 1972, was facilitated by the strA/strB gene pair first characterized on the 

RSF1010 plasmid of Escherichia coli (30). These strA/strB genes encode aminoglycoside 

phosphotransferases which inactivates streptomycin at concentrations less than 200 ppm (31). 

These genes were later found in the Tn5393 transposon of plasmid pEA34 of E. amylovora. 

Isolates carrying this Tn5393 transposon found in Michigan, USA, are thought to have 

significantly contributed to the outbreak in 2000 which cost $40 million USD and led to the 

removal of 400,000 apple trees (32, 33). This transposon was then successfully passed to the non-

conjunctive plasmid pEA29 and formed the basis of SmR isolates detected in New York State 

(25). The non-conjunctive state of pEA29 means that isolates have to be physically disseminated 

which limits this form of SmR geographically. 

The other prevalent determinants of SmR in E. amylovora are spontaneous point mutations 

of the rpsL gene which encodes the S12 protein. Single nucleotide polymorphisms (SNPs), which 

result in the mutation of codon 43, prevent streptomycin from binding to the enzymatic site of the 

30S ribosomal subunit and can provide SmR at concentrations greater than 1000 ppm (27, 34). In 
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related species, such as Erwinia carotovora, SNPs within the 88th codon of the S12 protein also 

provided effective SmR (28). Unlike the Tn5393 transposon, SNPs cannot be spread rapidly via 

conjugation. However, these SNPs result in an exceedingly stable form of SmR and as a result, 

rpsL mutations can spontaneously accumulate within an apple growing region, leading to an 

overall decrease in sustainability.  

Regulatory agencies, primarily the European Union (EU), restrict the use of streptomycin 

in agriculture to slow the pervasiveness of antibiotic resistance (35). In addition, the use of 

streptomycin and kasugamycin is prohibited for organic growers within Canada and the United 

States (35). Alternatives to streptomycin include fixed copper or competitive growth inhibiting 

yeasts, such as Aureobasidium pullulans. However, these products can lead to russeting of the fruit 

(36, 37). The culmination of these factors has left too few options for biological or chemical control 

of E. amylovora for many growers. 

1.2 Phage-mediated biocontrol 

1.2.1 Bacteriophages 

Bacteriophages, also known as phages, are viruses which exclusively infect bacteria. 

Phages are found everywhere that bacteria colonize and are as much a part of shaping the 

microbiome as their bacterial hosts. Through the infection process, many phages lysis their host 

cell to release their progeny. This results in the control or elimination of specific bacteria from the 

microenvironment (38). The treatment of disease using phages dates back to 1919, when Félix 

D’Hérelle developed a treatment for Shigella dysenteriae commonly suffered by soldiers in World 

War I (39). However, antibiotics became the focus of western medicine with the advent of 

penicillin in 1928 (40). The lack of availability of antibiotics in the USSR caused Soviet scientists 

to continue to study of phages as human and animal therapeutic agents at the Eliava Institute in 
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Tbilisi, Georgia. The connection of phage therapy to communism created an aversion in western 

medicine, the impact of which can still be felt in today’s scientific community (41, 42). The rise 

of antibiotic resistance in medical, veterinary, and agricultural pathogens, as is the case with E. 

amylovora, has challenged this and refocused research on the use of phage as a method of treatment 

(43).  

Phages lyse their bacterial hosts to release their progeny into the environment at the end of 

their infection process. It is this lysis event that can be exploited to allow phages to act as a 

biocontrol product or therapeutic agent (44). The phage infection process is initiated by the 

adsorption of the phage particle, or virion, to the bacterial cell surface (Figure 1.1). This is achieved 

through the reversible binding of the phage tail fibers which keeps the virion in proximity to the 

bacterial cell surface, permitting irreversible binding through the short tail fibers. Phages can use 

several different biomolecules for reversible and irreversible binding, including cell surface 

proteins, the carbohydrates of the bacterial capsules, and cellular lipids (45). Irreversible binding 

and docking of the viral baseplate protein initiates the translocation of the phage genetic material 

into the host (46).  

Once inside the bacterium, the phage genome typically enters one of two lifecycles. The 

lytic lifecycle is used by phages to replicate and is initiated by the expression of early phage genes 

that compromise the bacterium by disrupting host transcription and translation. Within this group 

of early proteins there are also the transcriptional regulators which control the genes, referred to 

as the middle genes, that promote phage genomic replication (47). Genomic replication leads to 

the expression of the late genes, including the phage structural proteins which encapsidate the 

genome. Following this, endolysin and holin lyse the bacterial cell to release the progeny and 

perpetuate the phage infection cycle (46). 
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Figure 1.1 Phage infection and propagation in a bacterial host. Reversible and irreversible 

binding of the phage to the bacterial host to translocation of the phage genome. Genomic 

compatibility, recombinases, and the relative expression of host transcription factors determine 

if the phage enters the lytic or lysogenic lifecycle. Early phage gene expression subverts host 

defenses and promotes phage genome replication. An abundance of phage genomes increases 

the expression of the phage capsid proteins, holins, and endolysins. This leads to encapsidation 

of the phage genome, followed by lysis of the bacterial host cell. Created by M. Parcey with 

BioRender.com. 
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Following the successful translocation of the phage genome into the host, some phage can 

also enter a dormant state, known as the lysogenic lifecycle. Phages interact with the environment 

through signalling molecules used by its bacterial host. This allows them to regulate the infection 

process (48). In lambda phage, early expression of the phage cII transcriptional regulator results 

in lysogeny if FtsH, a bacterial protease required for cellular growth, is not highly expressed (49). 

Through this process, the phage DNA will integrate into the host’s genome and become a prophage 

(50). The genes provided by a prophage can significantly change the phenotype of the bacterium. 

In Vibrio cholerae and Pseudomonas spp., many of the pathogenicity factors that allow these 

bacteria to infect humans are provided by prophages. This ensures the prophage will be maintained 

during bacterial reproduction (51, 52). Through the upregulation of transcriptional factors 

primarily associated with DNA damage, the lysogenic phage will be induced, re-entering the lytic 

lifecycle, and producing phage virions to seek a new, viable host (53). 

1.2.2 Phage-mediated biocontrol of E. amylovora 

The application of phages for the control of bacteria can be divided, in general terms, into 

either phage therapy or phage-mediated biocontrol. In the former, phages are used curatively in 

high concentrations, lysing their bacterial hosts and resolving an established infection. This is the 

favoured method for humans and livestock (54). In phage-mediated biocontrol, phages are used 

prophylactically to prevent bacteria, particularly phytopathogens, from causing infection (43).  

The premise of E. amylovora phage-mediated biocontrol is that the correct combination of 

phages, applied to the open blossom, will prevent colonization and infection by the pathogen. 

Phages are very specific to the bacterial hosts which they are capable of infecting and the cluster 

of compatible bacteria is referred to as the host range (55). Minor phenotypic variations in bacteria, 

even within the same species, can minimize phage infection. Numerous phages need to be used in 
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concert to avoid development of phage resistance and ensure the phage biocontrol product is 

broadly applicable to all isolates of the pathogen (56). Four genera of phages are being explored 

by Agriculture and Agri-Food Canada for the phage-mediated biocontrol of E. amylovora: 

Kolesnikvirus (Myoviridae); Agricanvirus (Myoviridae); Johnsonvirus (Schitoviridae); and 

Eracentumvirus (Autographiviridae) (57, 58). These double-stranded DNA phages belong to the 

order of Caudovirales, otherwise known as tailed phages, named for the tubular structure caudal 

to the primary capsid. Kolesnikvirus and Agricanvirus are similar in that they have long, contractile 

tails. However, the genome of Agricanvirus phages can be >250,000 bp: three to four times larger 

than other Myoviridae phages (55). In the context of Erwinia phages, the increased genomic size 

of Myoviridae Agricanvirus 35-70 includes more than 300 genes including a depolymerase 

otherwise characteristic of Schitoviridae and Autographiviridae (59). Schitoviridae and 

Autographiviridae are structurally similar, in that they have a short, non-contractile tails. These 

two sub-families of phages are only differentiated from one another based on the RNA 

polymerases encoded within each genera (60). 

Erwinia phages are combined with the field epiphyte Pantoea agglomerans. P. 

agglomerans is a common bacterial epiphyte found in apple orchards and is a natural competitor 

of E. amylovora. Most Erwinia phages belonging to the previously described groups are capable 

of infecting P. agglomerans (61, 62). P. agglomerans takes on two roles within this system. It 

colonizes the stigma of the blossom and to act as a competitive inhibitor of E. amylovora. 

Simultaneously, P. agglomerans acts as a phage carrier; transporting and maintaining the phage 

populations on the stigma surface (62). It is thought that, through this synergy, phage-mediated 

biocontrol efficacy equivalent to that of streptomycin can be achieved (61). 
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1.3 Bacterial host defenses 

1.3.1 Phage resistance mechanisms 

Phages and bacteria are locked in the continuous process of co-evolution. Numerous phage 

resistance mechanisms exist within the bacterial population and an equal number of systems exist 

within phages to circumvent them (63-65). One of the best known examples of this is the 

restriction-modification systems of E. coli. Restriction enzymes cleave foreign DNA at a specific 

palindromic site as it enters the bacterium. These enzymes work in concert with methylases which 

block the restriction sites located within bacterial DNA. This allows the bacterium to protect itself 

against non-methylated phages (66). The E. coli phage (coliphage) T4 contains modified cytosine 

DNA bases which prevent the action of restriction enzymes. Some strains of E. coli have further 

acquired modification-dependent restriction enzymes specific to these cytosine residues. This 

selective pressure on T4-like phages led to the glycosylation of these the modified cysteine 

residues to allow them to escape this new form of resistance (67). An even more specialized subset 

of E. coli then acquired the gmrS-gmrD gene pair which encodes enzymes that specifically cleave 

these glycosylated cysteine residues (68). For every phage resistance mechanism, there will almost 

certainly be a phage capable circumventing it. As such, phage resistance mechanisms play a crucial 

role in phage-mediated biocontrol as it is one of principal determinants of biocontrol efficacy.  

To cause infection, a phage must first adsorb to the phage receptor of the bacterial host, 

therefore it is not surprising that modification of the phage receptor is one of the most common 

methods by which bacteria develop phage resistance. The pressure of phage infection can lead to 

the selection of bacterial mutants within the population that have limited expression of the phage 

receptor (69), or a selection of cells in which the phage receptor is masked by another protein (45). 

Bacteria can also overexpress molecules that can act as competitive inhibitors which bind to the 
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phage receptor to sterically hinder the phage (70). The combination of restriction enzymes and 

phage receptor compatibility is an innate characteristic of a bacterium and, in many ways, acts as 

the foundation for the host range of a phages. As such, it is important to select biocontrol phage 

candidates which are not only compatible but target multiple types of phage receptors. This will 

both expand the host range and prevent the rapid development of phage resistance.  

Once the phage genome enters the cell, it begins the process of replication, disrupting 

cellular homeostasis. In some bacteria, this form of disruption is designed to be lethal to the host, 

rendering the phage non-viable and preventing the spread of the infection. These mechanisms are 

collectively referred to as abortive infection (Abi) (71). Most Abi mechanisms are specifically 

maintained within bacteria as a phage resistance mechanisms, such as the 26 genes (abiA – abiZ) 

of Lactococci, and act as a redundancy should the other forms of resistance fail (71). In 

Lactococcus lactis, the AbiZ protein is constitutively expressed within the cell. AbiZ acts 

synergistically with phage endolysin and holin proteins during the later stages of phage replication. 

This results in the premature lysis of the bacterium and the release of only non-viable phage virions 

into the environment (72). 

Systems known as toxin-antitoxin systems also provide an inadvertently Abi-like effect. 

Toxin-antitoxin (TA) systems are operons composed of two co-expressed genes. One gene is a 

cytotoxic protein (toxin) while the other provides immunity to this cytotoxic effect (antitoxin). 

Generally, the antitoxin is less stable but expressed at a higher concentration than the toxin (73). 

Therefore, any prolonged disruption in host gene expression results in degradation of the antitoxin 

and cytotoxicity within the cell. This form of cytotoxicity can vary greatly. Frequently, TA systems 

found on the chromosomes of bacteria have ribonuclease (RNase) activity and regulate biofilm 

formation (74, 75). Phage infection or environmental factors can lead to total mRNA degradation 
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when host gene expression is disrupted. The bacterium enters a quiescent state known as 

persistence. This state has been shown to prevent phage adsorption, stop active phage replication, 

and provide antibiotic resistance (75). Plasmids also use TA systems to increase their stability 

within the bacterial population. Both the toxin and antitoxin are passed to the daughter cells during 

cellular reproduction. If the plasmid encoding the TA system is not passed to the daughter cells, 

then this cell dies. This mechanism is known as plasmid addiction, and this effect is often triggered 

by phage infection (76).  

Phages are also competitive amongst one another within a bacterial population. This is 

particularly true of lysogenic phages. Prophages are vulnerable within their quiescent state and 

therefore provide their bacterial hosts with resistance against lytic phages as a means of self-

preservation (63). This is referred to as superinfection exclusion (SIE) (Figure 1.2). Phages, such 

as T4 and Tuc2009, are known to express proteins that modify phage receptors or block lysozyme 

activity when in a prophage state (77, 78). This prevents the translocation of phage DNA into 

prophage infected cells. The lysogenic lambda phage, also provides phage resistance through Abi 

mechanisms (79). Lambda phage contains the rexA-rexB gene pair to control lytic phage infection. 

RexA is activated by the DNA-protein complexes which form during genomic replication of lytic 

phages. Activated RexA then binds to the RexB ion channel, leading to the lethal depolarization 

of the bacterial host which prevents the spread of the secondary phage (79). E. amylovora has been 

previously screened for the presence of known phages in a prophage state but no evidence of 

naturally occurring lysogeny was found (80). Despite this, phage ΦEa35-20 generated stable 

lysogens that provide E. amylovora isolate Ea110R with resistance to phages ΦEa31-3 and 

ΦEa46-1-A2 (80). This reinforces the importance of selecting obligate lytic phages, which are not 

capable of lysogeny, for phage-mediated biocontrol. 
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1.3.2 CRISPR-mediated phage resistance 

The CRISPR-Cas system is a sophisticated mechanism by which bacteria can acquire 

resistance to invasive mobile genetic elements (iMGEs) such as phages. In 1987, an unusual 

genetic region containing palindromic sequences was first described within the genome of E. coli 

while identifying an unrelated enzyme (81). Almost 20 years would pass until genomic sequencing 

allowed this region of clustered, regularly interspaced, short palindromic repeats (CRISPR) to be 

described. It would be longer still until the sequences located in between these CRISPR repeats, 

termed as spacers, were identified as being exogenous in origin (82, 83). The expression of a 

nearby cluster of genes, thought to be used for DNA repair, was found to be linked to the CRISPR 

region and designated cas (CRISPR-associated) (84). Based on the structure of these genetic 

regions, it was proposed that the CRISPR-Cas system was analogous to the RNA interference 

system of eukaryotes (85). 

The function of the Type I-E CRISPR-Cas system found in E. amylovora and E. coli can 

be described through three major events (Figure 1.2). For the CRISPR-Cas system to target 

iMGEs, it must first be able to recognize the genetic sequence of the invader. This is achieved 

through the process of CRISPR spacer acquisition. Non-viable DNA from iMGEs is first bound 

by Cas1 and Cas2 (86). These sequences, termed as protospacers, are identified through using a 

two to three nucleotide sequence directly upstream, aptly named the protospacer adjacent motif 

(PAM) (87, 88). The bound protospacer sequence is the introduced into the genome of the 

bacterium, downstream from the CRISPR promoter (leader sequence). This unique genetic 

structure of CRISPR repeats, interwoven with CRISPR spacers, forms a CRISPR array (86). 

Studies have shown non-viable phage infection and successfully mounted CRISPR-Cas resistance 

leads to spacer acquisition (89). Recently, it has also been shown that the lysis of neighbouring  
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Figure 1.2 Interactions between phages, prophages, and the CRISPR-Cas system leading 

to phage resistance. Phage DNA induces CRISPR spacer acquisition and integration of foreign 

DNA into the bacterial host genome. Expression of the CRISPR array and Cas genes leads to 

Cascade formation. Cascade binds to the phage DNA at the protospacer and recruits Cas3 to 

cleave the DNA. Phages may carry proteins which interfere with Cascade known as “Anti-

CRISPR” proteins. Prophages can also provide phage resistance to prevent superinfection. 

Created by M. Parcey with BioRender.com. 
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bacterial cells in phage-infected Streptococcus thermophilus cultures leads to uptake of non-

encapsidated phage genomes from which spacers can also be acquired. As such, the natural 

competence of the bacteria can contribute significantly to CRISPR spacer acquisition (90). 

After successful CRISPR spacer acquisition, the CRISPR array is transcribed and 

processed into CRISPR RNA (crRNA) through the processes of CRISPR biogenesis. The RNA is 

bound by Cas6e as it is transcribed, which leads to cleavage and loop formation within the repeat 

region of the crRNA (91). This Cas6e-bound crRNA is subsequently bound by the remaining Cas 

proteins to form the CRISPR-associated complex for antiviral defense (Cascade) composed of 

(Cas5)1-(Cas6e)1-(Cas7)6-(Cas8e)1-(Cas11)2. Through the process of CRISPR-mediated 

interference, the crRNA region of the Cascade complex hybridizes to the dsDNA protospacer 

sequence of the iMGE (92). This exposes the complementary DNA strand which forms an R-loop. 

Cas3 is then recruited to the R-loop, where it cleaves and degrades the foreign DNA through ATP-

dependent restriction (88). The degraded foreign DNA can then be processed by Cas1 and Cas2 

for further spacer acquisition. Through this cycle of acquisition, biogenesis, and interference, E. 

amylovora can accumulate many CRISPR spacers within its CRISPR arrays to defend itself against 

iMGEs and the phage-mediated biocontrol product (93).  

Like all resistance mechanisms, phages have several methods to counteract the effects of 

CRISPR-Cas. The CRISPR-Cas system is sequence dependent and so requires both a protospacer 

that matches the crRNA and an adjacent PAM sequence for Cascade to bind to (94). As such, the 

simplest method by which a phage can escape the effects of the CRISPR-Cas system is to introduce 

point mutations into PAM or protospacer sequences. This can be easily overcome by the bacterium 

if multiple CRISPR spacers can be acquired prior to infection (95). Phages, particularly lysogenic 

phages, can also encode anti-CRISPR proteins (94). Anti-CRISPR proteins are small (12 – 193 
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amino acids) proteins first describe in the phages of Pseudomonas aeruginosa. These proteins were 

named AcrF1 through AcrF5 for their ability to block the activity of Cascade and Cas3 in Type I-

F CRISPR-Cas systems (96, 97). A significant number of potential anti-CRISPR proteins were 

then identified through protein sequence homology though the mode of action and activity of many 

remains unknown (98, 99). To date, the CRISPR-Cas system of E. amylovora has never been 

studied as a phage resistance mechanism, and the existence of anti-CRISPR proteins in Erwinia 

phages remains unknown. 

1.4 Objectives 

The primary aim of this thesis is to determine the role of CRISPR-mediated phage 

resistance in the phage-based biocontrol of E. amylovora. In Chapter 2, a novel molecular 

technique was first developed to characterize the infection processes of Erwinia phages. This was 

required not only to identify characteristics beneficial to phage-based biocontrol, but also to 

monitor for changes in the phage infection process indicative of CRISPR-mediate phage 

resistance. CRISPR-Cas systems require a significant amount of genomic data and context to be 

typified. To this end, the genomes of 93 isolates of E. amylovora were sequenced and combined 

with publicly available data to form a 127-genome dataset. This was used to identify both the 

major clades of E. amylovora and their associated CRISPR-Cas systems explored in Chapter 3 and 

Chapter 4, respectively. The activity of these CRISPR-Cas systems was confirmed through 

plasmid transformation and the activity of the CRISPR-Cas system against the phage biocontrol 

candidate ΦEa21-4 was also demonstrated in Chapter 4. 

 



 16

   

 

 

 

Chapter 2. Molecular profile of phage infection: A novel approach 

for the characterization of Erwinia phages through qPCR 

 

 

 

 

 

Published as: 

Parcey, M., Gayder, S. Castle, A.J., Svircev, A.M. (2020) Molecular Profile of Phage Infection: A 

Novel Approach for the Characterization of Erwinia Phages through qPCR. Int. J. Mol. Sci. 21(2), 

553. 

 

 

Author Contributions 

Conceptualization, M.P., S.G., A.J.C., and A.M.S.; methodology, M.P. and S.G.; validation, M.P.; 

formal analysis, M.P.; writing—original draft preparation, M.P.; writing—review and editing, 

M.P., S.G., A.J.C., and A.M.S.; funding acquisition, A.J.C. and A.M.S. 



 17

   

2.1 Abstract 

Due to the emergence of antibiotic resistance, phage-mediated biocontrol has become an 

attractive alternative for pathogen management in agriculture. While the infection characteristics 

of many phages can be adequately described using plaque assays and optical density, the results 

from phages of the apple pathogen Erwinia amylovora have low reproducibility with these 

techniques. Using quantitative real-time PCR (qPCR), the stage of the lytic cycle was determined 

through a combination of chloroform-based sampling, centrifugation, and DNase treatment. 

Monitoring the transition of phage genomes through the lytic cycle generates a molecular profile 

from which phage infection characteristics such as adsorption rate and burst size can be 

determined. To our knowledge, this is the first report of qPCR being used to determine these 

infection parameters. The characteristics of four different genera of Erwinia phages were 

determined. The phage ΦEa46-1-A1 was able to adsorb at a rate up to 6.6 times faster than ΦEa35-

70 and ΦEa9-2. The low enrichment titer of ΦEa9-2 was shown to be due to the absence of lysis. 

The ΦEa46-1-A1 and ΦEa21-4 phages had the highest productivity, with burst sizes of 57 virions 

in 38 min and 185 virions in 98 min, respectively, suggesting these genera would make stronger 

candidates for the phage-mediated biocontrol of E. amylovora. 
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2.2 Introduction 

Erwinia amylovora is a bacterial phytopathogen of rosaceous plants. Under optimal 

weather conditions, the pathogen has the capacity for complete infection of pome fruit orchards, 

leading to their destruction (19). The fire-scorched appearance of the infected trees has given the 

disease its common name, fire blight. The antibiotic streptomycin is commonly used for the control 

of the E. amylovora during open bloom (27, 100). The large scale application of antibiotics has 

led to the selection and increased prevalence of streptomycin-resistant strains (101-103).This 

development has driven researchers to re-examine the use of bacteriophages as biological control 

agents in orchard-integrated pest management practices (43, 56, 62, 104). 

Our phage-mediated biological control system utilizes naturally occurring Erwinia phages 

in combination with Pantoea agglomerans, a common orchard epiphyte that is susceptible to 

Erwinia phage infection (43, 57, 62). In this system, P. agglomerans, referred to as the carrier, 

limits the growth of E. amylovora on the blossom through competitive exclusion (105). P. 

agglomerans cells are also infected with Erwinia phages prior to application. On the blossom 

stigma, P. agglomerans acts as a phage reservoir, delivering and propagating the phage population 

(56). To prevent the phage from inhibiting the carrier, these phages are applied at a low 

concentration. When the pathogen arrives, the phages have a limited period of time to suppress E. 

amylovora before ingression into the shoot and infection occurs (56, 62). This makes a phage’s 

adsorption rate, burst size, and time to lysis of particular interest in regard to E. amylovora. A field 

efficacy comparable to antibiotics can potentially be achieved through the synergistic use of P. 

agglomerans and Erwinia phages (62). 

To select phages for the biocontrol project, the phage-host interactions during infection 

need to be explored for both P. agglomerans and E. amylovora. The hosts used in this study for 
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the propagation of each phage are considered “ideal hosts” and are selected based on the isolation 

host, efficiency of plating, and ability to produce high titers of the phage over 8 h (55, 106). Using 

these hosts, certain phage characteristics can be determined and compared under each phage’s 

ideal infection conditions. For over 50 years, optical density (OD600) measurements have been 

used for classically studied systems such as Escherichia coli to determine the timing and ability of 

the phages to lyse cells (107-112). Quantitative measurements, required to define burst size and 

adsorption, commonly use plaque assays to quantify the production of viable phage progeny (108, 

113). Within the E. amylovora and P. agglomerans systems, exopolysaccharides (EPS) interfere 

with optical density readings and also greatly impact plaque formation. This exacerbates the 

inconsistencies and limitations of both techniques (108, 113-116).  

Molecular techniques, primarily quantitative real-time PCR (qPCR), have emerged as 

viable alternatives for the quantification of phages over the past 15 years (80, 113, 117, 118). 

Figure 2.1 Modifying qPCR quantification to select for encapsidated and non-absorbed 

phage genomes. (a) Standard qPCR quantification will quantify all phage genomes and virions 

in solution. (b) DNase treatment selects only virions. (c) After centrifugation, the supernatant 

contains only non-adsorbed phage genomes and virions. (d) The use of centrifugation and DNase 

treatment selects non-adsorbed virions. The circles represent the selected genomes and the color 

of the circle corresponds to the curves of the MPI. Chloroform sampling is assumed to have been 

used for all qPCRs.  
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Rudimentary qPCR techniques quantify the total number of genomic copies present (Figure 2.1a). 

Chloroform can be added to rupture the cells and the addition of DNase removes all non-

encapsidated phage genomes. This method is used to quantify the number of virions (Figure 2.1b) 

(119-121). Additionally, qPCR can be combined with the conventional method of determining the 

rate of adsorption and lysis through centrifugation. Quantifying the supernatant using qPCR 

determines the number of non-adsorbed phage genomes and virions present (Figure 2.1c). The use 

of both centrifugation and DNase treatment ensures only non-adsorbed virions are selected (Figure 

2.1d) (122, 123). 

When using qPCR to determine infection parameters, it is important to understand the 

major stages in the lytic phage lifecycle from a genomic perspective. The lytic cycle begins with 

the adsorption of the virion to the phage receptor located on the surface of the bacteria. As the 

phage bind to their hosts, there is a decrease in the number of virions present in the supernatant 

(Figure 2.1, red; Figure 2.2a, red). When irreversible binding is achieved, the phage ejects its 

genome into the bacteria. As these translocated genomes are no longer protected by the phage 

capsid, they can be degraded by DNase. This leads to a decrease in the overall number of phage 

particles quantified and can be used to determine the percentage of phage that caused infection and 

the rate at which infection initiated (Figure 2.1b, purple; Figure 2.2b, purple). Once internalized, 

the phage genomes begin to replicate, increasing the total number of phage genomes present 

(Figure 2.1a, blue; Figure 2.2c, blue). Expression of the phage structural proteins leads to 

encapsidation of the phage genomes and increases the total number of phage particles (Figure 2.1b, 

purple; Figure 2.2d, purple). Finally, lysis of the bacterial host releases new phage particles (Figure 

2.1d, red; Figure 2.2e, red) and non-encapsidated phage genomes (Figure 2.1c, green; Figure 2.2e, 

green) into the supernatant. The period of time from phage introduction to the lysis event is defined  
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Figure 2.2 Transition states of the phage genome through the lytic cycle and their associated 

curves in a simulated molecular profile of phage infection. (a) Adsorption of the phage into 

the bacterial hosts leads to a decrease in the number of virions in the supernatant. (b) Ejection of 

the phage genome into the host leads to a decrease in the total number of phage particles. (c) 

Replication of the phage genome leads to an increase in the total number of phage genomes. (d) 

Expression of phage structural proteins leads to phage genome encapsidation and an increase in 

the overall number of virions. (e) Lysis leads to an increase in the number of virions and phage 

genomes in the supernatant. 
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as the latent period, whereas the time from introduction to phage encapsidation is defined as the 

eclipse period. 

In this study, four genera of Erwinia phages were characterized by qPCR to create a 

molecular profile of phage infection (MPI) on each phage’s ideal host. The Myoviridae phages 

ΦEa21-4 (Kolesnikvirus Erwinia virus Ea214 (57)) and ΦEa35-70 (Agricanvirus Erwinia virus  

Ea35-70 (124)), as well as the Schitoviridae phage ΦEa9-2 (Johnsonvirus Erwinia virus Ea9-2  

(57)), were chosen as they are the type species of their genera. The Autographiviridae ΦEa46-1-

A1 (62) was also chosen for examination as it is a member of the separate Eracetumvirus Erwinia 

virus Era103 (125) species, which rapidly reaches high titers when cultured. Each phage was 

characterized on either E. amylovora or P. agglomerans. While determining the host range of these 

Erwinia phages (55), ΦEa9-2 was noted to have an uncharacteristically high maximum titer in E. 

amylovora Ea273 (submitted as ATCC 49946) (126), and so the infection of both host isolates was 

explored. With all phage–host combinations a unique MPI was generated, from which the rate of 

adsorption/infection, time to genomic replication, eclipse period, latent period, and burst size of 

the phage population were determined. 

2.3 Results 

2.3.1 Correlation of molecular quantification of plating techniques 

The qPCR quantification of E. amylovora strains Ea6-4 and EaD7, as well as P. agglomerans 

Pa39-7 (carrier), was compared to the quantification through dilution plating in triplicate. The 

correlation of these measures, as seen through the R2 values for the 9 replicates, was greater than 

0.98, except for one of the Pa39-7 replicates, which was 0.91. The quantification itself through 

qPCR was consistently higher than dilution plating by a factor of 2.7 to 5.3 (Figure 2.3a). In 

comparison, the R2 values of the 12 phage replicates showed a slightly weaker correlation, with 
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11 replicates having a R2 greater than 0.95 and one replicate of  

ΦEa21-4 showing only 0.88. Similar to the bacterial quantification, however, the qPCR results for 

phage ΦEa9-2, ΦEa21-4, ΦEa35-70, and ΦEa46-1-A1 were consistently higher than plaque assays 

by a factor of 1.3 to 5.4 (Figure 2.3b). 

2.3.2 E. amylovora infection by phages ΦEa21-4 and ΦEa46-1-A1 

Infection of E. amylovora Ea6-4 cells by phage ΦEa21-4 resulted in no observable decrease 

in the number of phage particles in the supernatant for the first 55 min (Figure 2.4a, red). Infection 

of the host cells began 18 min after phage introduction (Figure 2.4a, purple). During the eclipse 

period, only 60.7% of the phage population infected host cells (Table 2.2). The lytic cycle was 

completed after 98 min, producing a burst size of 185 virions. The Autographiviridae phage 

ΦEa46-1-A1 had a distinct adsorption curve when infecting E. amylovora EaD7 over the first 10 

min (Figure 2.4b, purple). This two-step adsorption pattern showed two adsorption rates when 

monitoring the quantity of phage particles in the supernatant: a rapid initial rate from 0 to 5 min,  

Figure 2.3 Correlation between the quantification using plating techniques and qPCR-

based assays. (a) Bacterial quantification using dilution plating compared to qPCR for E. 

amylovora (Ea) and P. agglomerans (Pa). (b) Phage quantification using plaque assays compared 

to DNase-based qPCR for the four phages tested. The symbols represent the mean of matched-

pair data produced in triplicate, which was normalized to the initial CFU/mL or PFU/mL. The 

diagonal lines represent prefect agreement between the two techniques. 
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Figure 2.4 Molecular profile of phage infection of the four genera of Erwinia phages in this 

study. (a) Infection of E. amylovora Ea6-4 by phage ΦEa21-4 at an multiplicity of infection 

(MOI) of 0.45. (b) Infection of E. amylovora EaD7 by phage ΦEa46-1-A1 at an MOI of 0.625. 

(c) Infection of E. amylovora Ea17-1-1 by phage ΦEa9-2 at an MOI of 0.015. (d) Infection of E. 

amylovora Ea273 by phage ΦEa9-2 at an MOI of 0.015. (e) Infection of P. agglomerans Pa39-7 

by phage ΦEa35-70 at an MOI of 0.03. (f) Infection of P. agglomerans Pa39-7 by phage ΦEa35-

70 at an MOI of 0.7. The symbols represent the mean of data produced in triplicate, the line is a 

local regression model of the data (LOESS), and the shaded area around the line represents a 95% 

confidence interval. MOIs were calculated using the qPCR data at t0. Here, blue diamond = total 

number of phage genomes; green circle = total number of phage genomes in the supernatant; 

purple triangle = total number of virions; red square = total number of virions in the supernatant. 
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followed by a much slower secondary adsorption rate from 5 to 10 min. The distinguishing feature 

of ΦEa46-1-A1 was that there was no detectable difference between the eclipse period and latent  

period, with both initiated at 23 min (Figure 2.4b, red, purple). The lytic cycle was 38 min in 

length, with a burst size of 57 virions (Table 2.1). 

2.3.3 E. amylovora infection by phage ΦEa9-2 

E. amylovora Ea17-1-1 and Ea273 show two distinct adsorption patterns when interacting 

with phage ΦEa9-2. Attachment of ΦEa9-2 to Ea17-1-1 followed a first-order adsorption model, 

with a persistent adsorption constant over the first 60 min (Figure 2.4c, red). Contrarily, ΦEa9-2  

bound to Ea273 following a two-step adsorption pattern, with a rate change after 20 min (Figure 

2.4d, red). The number of phages that adsorbed to Ea17-1-1 was nearly equal to the number of 

phage that caused infection. In regard to Ea273, 99% of the phages adsorbed while only 90.3% 

caused infection (Table 2.1). 

The maximum rate at which phage encapsidation occurred was conserved between Ea273 and 

Ea17-1-1, but this rate was maintained longer in Ea273, resulting in more phage progeny. The 

striking difference between the two hosts was that ΦEa9-2 was unable to induce a lytic burst in 

Ea17-1-1, resulting in a phage-laden state. The lytic cycle in Ea273 completed in 137 min, with a 

burst size of 850 virions. If lysis had occurred in Ea17-1-1, ΦEa9-2 would have had a burst size 

of 51 virions. 

2.3.4 P. agglomerans infection by phage ΦEa35-70 

The MPI was generated for phage ΦEa35-70 infecting P. agglomerans Pa39-7 at multiplicity 

of infection (MOI) of 0.03. The standard error of the mean was higher than expected, especially in 

the centrifuged samples (Figure 2.4e). The experiment was then repeated with an MOI of 0.7.  
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Adsorption and infection by phage ΦEa35-70 began immediately after phage introduction for 

MOI0.7 (Figure 2.4f, red, purple) through first-order kinetics. Despite the difference in the MOI, 

there was no significant change in the overall percentage of phages that were able to cause infection  

 (Table 2.1). Additionally, when MOI was accounted for, the burst size was conserved at 43 and 

42 virions for MOI0.7 and MOI0.03, respectively. 

2.4 Discussion 

2.4.1 Molecular quantification and plating techniques 

The comparison of the quantification between traditional plating techniques and qPCR 

(Figure 2.3) for both bacteria and phages demonstrated that the molecular techniques were found 

to be consistently higher by a factor of up to 5.4. This is the expected result, as both species of 

 

Table 2.1 Infection characteristics of the lytic cycle as determined through the MPI methodology. 

 Lytic Cycle Stage 

 Adsorption A Infection B 
Genomic 

Rep. 
Encapsidation Lysis 

Phage  

(Host: MOI) 

Rate (min−1): 

Max (%) 

Rate (min−1) 

: Max (%) 

Start (min): 

Rate (min−1) 

Start (min): Rate 

(min−1): Virions C 

Start (min): 

Rate (min−1): 

Burst size 

End 

(min) 

ΦEa21-4  

(Ea6-4 : 0.45) 
ND 0.052: 60.7 29: 0.166 37: 0.191: 63 57: 0.318: 185 98 

ΦEa46-1-A1 

(EaD7: 0.625) 
0.290: 95.7 0.221: 93.4 21: 0.173 23: 0.537: 45 23: 0.712: 57 38 

ΦEa9-2  

(Ea17-1-1: 

0.015) 

0.071: 97.6 0.074: 96.3 39: 0.154 52: 0.196: 49 ND: ND: 51 ND 

ΦEa9-2 

(Ea273: 

0.015) 

0.167: 99.0 0.152: 90.3 35: 0.139 50: 0.215: 768 65: 0.301: 850 137 

ΦEa35-70 

(Pa39-7: 0.7) 
0.044: 87.8 0.051: 87.7 28: 0.090 42: 0.181: 31 56: 0.174: 43 108 

ΦEa35-70 

(Pa39-7: 0.03) 
ND 0.074: 84.3 28: 0.174 43: 0.160: 35 52: 0.090: 42 116 

ND – Not determined; A In all cases, adsorption began at t0; B The percentage and rate at which phage caused 

infection; C The number of intracellular virions prior to lytic burst. 
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bacterial hosts were quantified during exponential growth and more than one genomic copy could 

be present within a cell. Additionally, DNase cannot be used to remove extracellular bacterial 

genomes. In phages, the use of a DNase treatment in conjunction with qPCR allows for the absolute 

quantification of virions. Previous studies have shown qPCR quantification differs from plaque 

assays by a constant (113, 119). This is attributed to phage viability and the plaquing efficiency 

(113, 121). If the discrepancies between virion quantity and PFU/mL are due to viability, one 

would expect the percentage of virions that caused infection, and consequently the burst size, to 

be low. In the case of Erwinia phages, the majority of virions caused infection and the burst size 

for ΦEa21-4 was similar to E. coli phages, such as T4 (127). It should be noted that the ideal hosts 

used in this study have no known resistance to these phages (59), and the phages themselves are 

non-lysogenic (80), eliminating these factors as potential causes for an observed decrease in 

viability. From this, one can conclude that plaquing using Erwinia phages is simply inefficient and 

does not represent the quantity of phage present. 

2.4.2 Adsorption, infection, and genomic replication 

Many tailed-phages, such as those used in this study, adsorb to a bacterial host, rapidly 

interacting with the phage receptor through irreversible binding, and then translocate their genome 

into the host (128). If the number of phage receptors far outnumber the quantity of phage, 

adsorption will occur at a constant exponential rate, observed through first-order kinetics (123). 

This constant adsorption pattern was observed with P. agglomerans Pa39-7 when exposed to 

phage ΦEa35-70 at an MOI of 0.7 (Figure 2.4f, red), suggesting the phage receptor is well-

expressed in Pa39-7. First-order adsorption was also observed in phage ΦEa9-2 infection of E. 

amylovora Ea17-1-1 (Figure 2.4c, red); however, this could be due to the decrease in MOI and 

may not reflect the phage receptor quantity. 
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When phage ΦEa21-4 was introduced to E. amylovora Ea6-4, there was no observable 

change in the number of phage particles in the supernatant until lysis (Figure 2.4a, red). Adsorption 

must have occurred for the subsequent infection and burst to have also occurred. The 

measurements for the centrifuged samples reported within a MPI are normalized to the initial 

number of phage particles in the supernatant. This means that all phages capable of adsorption 

must have done so prior to the initial measurement. It would also suggest either adsorption is 

incredibly fast or centrifuging the sample artificially increased the observed level of adsorption. In 

other words, centrifuging the phage may have caused them to adsorb to the host. While this result 

could suggest a very high affinity for the phage ΦEa21-4 to E. amylovora, further study would be 

required to determine the root cause of this phenomena. 

In a two-step adsorption pattern, the phage will initially adsorb at a rapid rate, and then 

transition to a much slower rate (122, 128). This change in rate was observed after 20 min during 

the adsorption of phage ΦEa9 2 to E. amylovora Ea273 (Figure 2.4d, red) and after 5 min during 

the adsorption of phage ΦEa46 1 A1 to E. amylovora EaD7 (Figure 2.4b, red). In contrast, phage 

ΦEa9 2 adsorbed to E. amylovora 17-1-1 at a constant rate under the same conditions. This would 

indicate the adsorption model is host-dependent and is not an intrinsic factor of the phage. Similar 

observations have been made using the T4 phage, in that the rate and method of phage adsorption 

changes in the presence of different lipopolysaccharide antigens, as well as outer membrane 

protein C (129). 

The rate at which phages initiate infection and the adsorption rate are generally considered 

synonymous, due to the sequential dependency of the two events (128) and the inherent nature of 

plaque assays to select for only infecting phage (130). With ΦEa9-2, however, these results show 

it is possible for adsorption to occur without subsequent infection. While all ΦEa9-2 virions that 
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adsorbed to Ea17-1-1 caused infection, only 90.3% of adsorbed ΦEa9-2 virions caused infection 

in Ea273. This shows that while the adsorption and infection events may be kinetically similar, 

both should be regarded independently, even when using plaque assays. Additionally, this would 

imply that there are two independent factors involved in the process: one controlling adsorption 

through reversible binding and the other initiating infection through irreversible binding (45). 

After a phage genome is successfully translocated into the host, phage reproduction begins 

with the replication of the phage genome. Generally, the genomic replication rate was conserved 

across all phages (Table 2.1), with the exception of phage ΦEa35-70 at an MOI of 0.7. This was 

not expected, as all four phages have different genomic sizes and different phage-encoded DNA 

polymerases. 

2.4.3 Latent period, burst size, and impact of MOI 

The end of the lytic phage lifecycle is marked by the lysis of the bacterial host and the 

release of phage progeny. Interestingly, phage ΦEa9-2 could not reliably induce a lytic burst when 

infecting strain Ea17-1-1 but was able to induce lysis in Ea273. In our recent host range study of 

Erwinia phages (55), Ea17-1-1 was representative of the majority of E. amylovora isolates 

regarding phage production of ΦEa9-2. Isolate Ea273 was an exception to this observation within 

the host range and was the only host able to replicate phage ΦEa9-2 to a high titer. It is, therefore, 

reasonable to assume the inability of E. amylovora to produce high titers of ΦEa9-2 is due to a 

delay of the lytic event. The detection of lysis inhibition without knowing it exists is a unique 

benefit of the MPI analysis. If a phage-laden cell is sampled through plaque assay it would show 

no change from the stock phage concentration if directly plated or, if artificially lysed through 

chloroform, a completed lytic cycle (131). Both results could be misleading if not performed 

simultaneously. Notably, the quantity of internal ΦEa9-2 virions produced still plateaued within 
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Ea17-1-1 (Figure 2.4c, purple). This would support the theory that there is a resource or spatial 

constraint on the maximum burst size that can be produced in a cell (127, 132). The latent period 

would then only control burst size if it occurred before the maximum phage titer was reached (133, 

134). 

MOI has a major impact on how phages interact with their hosts (123, 135). At high relative 

phage concentrations, there is an increased probability that multiple phages will attach to a single 

bacterial cell (108, 123, 136). Previous research suggests that P. agglomerans can only be infected 

by Erwinia phages at high relative MOIs (greater than 0.1) (62). Subsequently, an MPI was 

generated for ΦEa35-70 when infecting Pa39-7 at MOIs of 0.03 and 0.7. One of the most 

prominent differences between the two experiments is the amount of variability within 

measurements at the lower MOI value seen through the increased standard error of the mean 

(Figure 2.4e; Figure 2.4f). While the rates of infection events changed, the timing and the burst 

size, once compensated for using a Poisson distribution, remained the same. This would suggest 

that the compound effect of sampling variability and growth of non-infected bacteria leads to 

higher variability outside periods of exponential growth of the phage, particularly when the 

samples are centrifuged. Simply put, MOI did not change how P. agglomerans was infected by 

phage ΦEa35-70, only how well the technique monitored the infection. 

2.4.4 Erwinia phages as biocontrol agents 

Open pear and apple blossoms are susceptible to infection by E. amylovora until petal fall 

(137). Therefore, biological control agents used to prevent blossom infections have to remain 

effective for 5–10 days. The phage carrier P. agglomerans prolongs the viability of phages on the 

blossom but requires the use of a lower initial phage titer. In the carrier–phage system, the critical 

characteristics for selecting phages as biocontrol agents are adsorption and the rate of phage 
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production. Total adsorption needs to be high and the adsorption rate can be considered as a 

measure of the affinity of a phage particle to a specific host (138). In systems where two or more 

potential hosts are present, the adsorption rate can theoretically be used to approximate the relative 

proportion of phages that will infect each host. Additionally, the faster a phage can reproduce 

within the pathogen and the larger the burst, the greater the suppression of the E. amylovora 

population. If the lytic cycle is rapid enough, the phage can even avoid phage resistance 

mechanisms (139). These critical biocontrol characteristics would suggest that ΦEa21-4 and 

ΦEa46-1-A1 have the highest potential as biocontrol agents of E. amylovora. Both phages have a 

large burst size relative to the time it takes to complete the lytic cycle. Phage ΦEa46 1 A1 also has 

the fastest adsorption rate of the tested phage genera. In contrast, it was also shown that phage 

ΦEa9 2 would make a poor biocontrol agent based on its inability to reliably produce a lytic burst 

in some isolates, while ΦEa35-70 would also be unsuccessful due to its slow adsorption rate and 

low phage production over time. 

2.4.5 Strengths and limitations of MPI 

There are several advantages to using molecular techniques to determine phage 

characteristics, other than the increase in throughput. The larger range of detection when using 

qPCR is able to monitor log10 changes in a phage population without requiring dilutions, and the 

ability to multiplex using qPCR quantification allows multiple phages and the bacterial host 

populations to be monitored simultaneously. Furthermore, the sampling size for characteristics 

such as burst size can be determined from the population instead of individual measures. 

Delbrück’s original work in 1945 demonstrated that the burst size of the T1 phage occurs in a 

right-skewed distribution, in which individual measures can differ by an order of magnitude (132). 

It is, therefore, pertinent that a very large number of samples be taken to compensate for the 
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substantial variability. Using molecular quantification, the burst size of each replicate is the 

average of a ~108 individual bursts, which is representative of the mean across the population. The 

MPI technique itself is not without limitations. The technique is dependent of the use of 

chloroform, which excludes the use with chloroform-sensitive phages. Additionally, the bacterial 

population needs to be synchronized during logarithmic growth, which may make it difficult to 

study the interaction of phages with bacteria during the stationary growth phase. 

2.5 Conclusions 

The practical application of a phage begins with its quantification and characterization. While 

researchers continue to investigate novel bacteria through metagenomics and culturomics, plaque 

assays are poorly suited for research using unconventional hosts. The development of an MPI 

using qPCR has been able to compensate for the incompatibility and inconsistency that Erwinia 

phages have shown using traditional phage techniques. This methodology is also the first to use 

qPCR to determine a phage’s adsorption rate, latent period, burst size, and the proportion of 

infectious particles (121). These characteristics are useful determinants when considering phages 

as candidates for biocontrol. Additionally, it should be possible to modify this methodology to 

easily investigate other unconventional phages, such as the phages of thermophilic bacteria (140) 

and the gut phageome (141). 

2.6 Materials and methods 

2.6.1 Phage propagation and bacterial growth conditions 

Host bacterial isolates were plated on DifcoTM nutrient agar (NA) (BD, Sparks, Maryland, 

USA) from frozen stock (MicrobankTM, ProLab Diagnostics, Richmond Hill, ON, Canada), and 

then the phage were propagated as previously described (55). Briefly, two bacterial cultures were 

prepared in DifcoTM nutrient broth (NB) (BD, Sparks, MD, USA): 0.9 mL at 108 CFU/mL in a 2 
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mL microcentrifuge tube and 100 mL at 106 CFU/mL in a 250 mL beveled flask. A 100 µL aliquot 

of phage stock solution (~108 PFU/mL) was then added to the 0.9 mL culture. Both cultures were 

incubated at 27 °C (165 rpm) in an Innova 44 shaking incubator (New Brunswick Scientific, 

Edison, NJ, USA). After 4 h, the contents of the 2 mL tube were transferred into the beveled flask 

and incubation continued overnight. The phage solution was then treated with chloroform, 

centrifuged, and passed through a 0.22 µm filter (Millipore, Billerica, MA, USA). The resulting 

phage stocks were stored in amber vials (Wheaton Industries, Millville, NJ, USA) with 1 mL of 

chloroform at 4 °C. All phages and bacteria hosts used in this study can be found in Table 2.2. 

2.6.2 Standardization of dilution plating to qPCR 

A 100 mL bacterial suspension was generated at 106 CFU/mL in NB from NA-cultured 

bacteria. This suspension was then grown at 27 °C (165 rpm) for 4 h. A 1 mL sample of the 

exponentially growing bacteria was serially diluted to ~103 CFU/mL with NB and 100 µL was 

spread on a NA plate and incubated for 24 h at 27 °C. The 1 mL aliquots of the non-diluted bacterial 

sample, the 10−1 dilution, and the 10−2 dilution were then all transferred to amber vials containing 

50 µL of chloroform. These samples were then quantified through a duplex qPCR, which detects 

E. amylovora and P. agglomerans using a plasmid standard (55, 62). Briefly, each qPCR reaction 

contained 2 µL of sample, 200 nM of each primer, and 100 nM of the probe in MBI EVOlution 

Probe qPCR mix (Montreal Biotech Inc., Montreal, QC, Canada). Reactions were performed in a 

Stratagene Mx3005P thermocycler (Agilent Technologies, Santa Clara, CA, USA) under the 

following conditions: 10 min at 95 °C followed by 40 cycles of 10 s at 95 °C and 45 s at 54 °C. 

All primers and probes used in this study can be found in Table 2.3. Previously, a plasmid was 

designed containing the amplicons of the E. amylovora, P. agglomerans, and the four phage qPCR 

primers. As the sequence of the plasmid is known, the plasmid concentration can be easily  
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determined and diluted to create a standard curve for qPCR quantification. More information on 

the creation of plasmid standards can be found in Gayder et al. (55). Experiments were completed  

in triplicate and all of the data for a given biological replicate was normalized to CFU/mL, as 

determined through dilution plating. 

2.6.3 Standardization of plaque assay to qPCR 

A new phage culture was generated and quantified through the standard plaque assay using 

a soft agar overlay method (55, 62, 108). The plaque assay plates were then incubated for 24 h at 

27 °C before enumeration. The dilution series used to generate the plaque assay was also quantified 

through qPCR. A portion of each phage dilution was first treated with a DNase protocol (119). A 

8 µL aliquot of phage solution was combined with 1 µL of 10× DNase buffer (B0303S, NEB, 

Ipswich, MA, USA) and 1 µL of 2000 U/mL DNase I (M0303S, NEB, Ipswich, MA, USA) in a 

96-well plate. The plate was sealed and samples were incubated with the following program in a 

TC-512 thermal cycler (Techne, Stone, UK): 40 min at 37 °C, 20 min at 95 °C, hold at 10 °C. The 

DNase treated samples as well as the original phage samples were quantified through qPCR under 

the same conditions as E. amylovora using their respective primers and probes (Table 2.3). All of  

Table 2.2 Phage and bacterial isolates used for MPI 

Family Strain Genus species Accession Reference 

Myoviridae 
ΦEa21-4 Kolesnikvirus Erwinia virus Ea214 NC_011811.1 (57)  

ΦEa35-70 Agricanvirus Erwinia virus Ea35-70 NC_023557.1 (57) 

Autographiviridae ΦEa46-1-A1 Eracentumrvirus Erwinia virus Era103 Unpublished (57) 

Schitoviridae ΦEa9-2 Johnsonvirus Erwinia virus Ea9-2 KF806588.1 (57) 

Enterobacteriaceae 

Ea6-4 Erwinia amylovora Unpublished (55) 

EaD7 Erwinia amylovora Unpublished (55) 

Ea17-1-1 Erwinia amylovora Unpublished (55) 

Ea273 Erwinia amylovora NC_013971.1 (126) 

Pa39-7 Pantoea agglomerans Unpublished (80) 
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the data for a given biological replicate was then normalized to the PFU/mL, as determined through 

plaque assays. 

2.6.4 Generating a molecular profile of phage infection 

A 100 mL bacterial suspension was generated at 106 CFU/mL from a plated culture using 

NB in a 250 mL beveled flask. This subculture was then incubated at 27 °C and 165 rpm for 4 h 

to create an exponentially growing bacterial culture. The full bacterial culture was then centrifuged 

at 8000× g for 15 min and the pellet was resuspended in 9.9 mL of NB in a 50 mL Falcon tube 

(Corning Life Sciences, Tewksbury, MA, USA), generating a bacterial suspension of ~108 

CFU/mL. This was done to create a homogenous bacterial culture to synchronize phage infection. 

The phage of interest was separately diluted in NB so that the addition of 100 µL of phage solution 

would give the desired MOI when added to the bacterial suspension. After the addition of the 

phage, the bacterial suspension continued to be incubated at 27 °C and 165 rpm. At t0 and every 5 

or 10 min thereafter, two 200 µL samples were taken. One 200 µL sample was stored in an amber 

vial containing 200 µL NB and 50 µL chloroform, while the other 200 µL sample was centrifuged 

Table 2.3 Primers and probes used for qPCR quantification in MPI analysis 

Target Name Sequences (5’-3’) Reference 

ΦEa21-4 

END37-F TTCAGCTTTAGCGGCTTCGAGA 

(55) END37-R AGCAAGCCCTTGAGGTAATGGA 

END37-P /56-ROXN/AGTCGGTACACCTGCAACGTCAAGAT/3IAbRQSp/ 

ΦEa35-70 

RDH311-F TGGAAGGTCTTCTTCGAGAC 

(104) RDH311-R GACTACCTGGGGATGTTCAG 

RDH311-P /56-ROX/GACGGAAAAGATCACGGTACTCTT/3IAbRQSp/ 

ΦEa46-1-A1 

STS3-F GACAAACAAGAACGCGGCAACTGA 

(55) STS3-R ATACCCAGCAAGGCGTCAACCTTA 

STS3-P /56-FAM/AGATGAAGTAGGTTATCTTCACAGTGCCCT/3BHQ_1/ 

ΦEa9-2 

N14-F CATTGGGTAATCCCTTTGAG 

(55) N14-R GATAGACTGGTTCCCCTGTG 

N14-P /56-FAM/TCTGGTGGA/ZEN/CAGAGACGATGTAAT/3IABkFQ/ 

P. agglomerans 

Pa-Gnd-F TGGATGAAGCAGCGAACA 

(62) Pa-Gnd-R GACAGAGGTTCGCCGAGA 

Pa-Gnd-P /5HEX/AAATGGACCAGCCAGAGCTCACTG/3BHQ-1/ 

E. amylovora 

Ea-Lsc-F CGCTAACAGCAGATCGCA 

(62) Ea-Lsc-R AAATACGCGCACGACCAT 

Ea-Lsc-P /5Cy5/CTGATAATCCGCAATTCCAGGATG/3IAbRQsp/ 
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at 4 °C for 1 min at 16,000 × g. The supernatant of this sample was then placed in an amber vial 

with 200 µL of NB and 50 µL of chloroform. An 8 µL aliquot of the chloroformed samples for 

each time point was treated using the DNase, as described in Section 4.5.2. In total, 4 samples 

were quantified through a phage–host duplex qPCR per time point: the sample, the supernatant, 

the sample after DNase treatment, and the supernatant after DNase treatment. 

Unlike plaque-based techniques, the MOI used to generate an MPI can be determined after 

the addition of the phage using the qPCR results at t0. The target MOI of ΦEa9-2 was 0.01, the 

target MOIs of ΦEa35 70 were 0.5 and 0.05, and the target MOIs of ΦEa21-4 and 46-1-A1 were 

0.5. All mentions of MOI within this study can be considered MOIinput (the quantity of input phage 

to the number of bacteria cells) (142). 

2.6.5 Data analysis 

The qPCR data was first corrected for the dilutions that occurred over the course of the 

sampling protocol, as well as the DNase protocol. The data for both centrifuged samples for an 

individual replicate were then normalized to the initial number of phage particles detected in the 

supernatant. This normalization was then repeated on the non-centrifuged samples using the initial 

number of particles in the suspension as the denominator. In the case of phage ΦEa21-4, the 

centrifuged samples were normalized to the measurement at 5 min after the curve had stabilized. 

Using R statistical software (143), the data were then plotted graphically using the ggplot2 package 

(144) and both the geom_point and geom_smooth (span = 0.35) functions. The geometric means 

were also calculated for each category and time point. 

The rates of exponential growth or loss for each phase of the lytic cycle were calculated 

using the geometric mean with the equation: 

𝑦 = 𝑎𝑒𝑘𝑡 
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where k is the observed rate constant. An event of the lytic cycle was calculated to begin at the 

time when the trend lines for the current and previous stage intersect. 

The burst size of the phage was calculated based on the number of intracellular phage 

particles, with the assumption that all phage particles should be released at lysis. The burst size 

can be considered the quantity of virions produced through infection divided by the quantity of 

phages that caused infection, resulting in the following equation: 

𝑃ℎ𝑎𝑔𝑒𝑂𝑢𝑡𝑝𝑢𝑡

𝑃ℎ𝑎𝑔𝑒𝐼𝑛𝑝𝑢𝑡  ×  𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑃𝑒𝑟𝑐𝑒𝑛𝑡
 

where InfectionPercent is the percentage of phages that caused infection. If a phage adsorbs poorly 

to a host, the fraction of the non-infecting phage (1 − InfectionPercent) can be subtracted from the 

PhageOutput for a more accurate burst size calculation. At a higher MOI (0.1 to 1), the probability 

that multiple phages will infect a single bacterium becomes non negligible, and therefore must be 

taken into account. The probability of multiple phage infections follows a Poisson distribution 

(123): 

𝑓𝑚 =
𝑒−𝑀𝑀𝑚

𝑚!
 

where fm is the probability of a multiple infection event, M is the multiplicity of infection, and m 

is the number of phage involved in that infection. The number of phages that cause infection on a 

single cell has minimal effect on the burst size (136). Therefore, the percentage of phages that 

caused primary infections can be expressed as: 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑥 ∑ (
1

𝑚
(

𝑓𝑚

1 − 𝑓0
))

∞

𝑚=1

 

where InfectionPrimary is the percentage of phages that caused primary infections. The number of 

primary infections can be used as a more accurate correction factor for the Phageinput (substituting 

InfectionPercent) when determining burst size as the MOI approaches 1. 
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3.1 Abstract 

Erwinia amylovora is a destructive pathogen of rosaceous plants and an economic concern 

worldwide. Herein, we report 93 new E. amylovora genomes from North America, Europe, the 

Mediterranean, and New Zealand. This new genomic information demonstrates the existence of 

three primary clades of Amygdaloideae (apple and pear) infecting E. amylovora and suggests all 

three independently originate from North America. The comprehensive sequencing also identified 

and confirmed the presence of 7 novel plasmids ranging in size from 2.9 to 34.7 kbp. While the 

function of the novel plasmids is unknown, the plasmids pEAR27, pEAR28, and pEAR35 encoded 

for type IV secretion systems. The strA-strB gene pair and the K43R point mutation at codon 43 

of the rpsL gene have been previously documented to confer streptomycin resistance. Of the 

sequenced isolates, rpsL-based streptomycin resistance was more common and was found with the 

highest frequency in the Western North American clade. 
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3.2 Introduction 

The E. amylovora disease cycle is initiated in the spring when bacterial ooze is produced 

in cankers of infected trees. The bacterial cells are spread by wind, rain and pollinating insects to 

the various hosts where they colonize the stigma of a blossom (19). Moisture accumulates on the 

blossom and washes the E. amylovora into the hypanthium where the bacterium enters the vascular 

tissue of the plant (17). The infected blossoms act as a source of secondary inoculum and, under 

optimal weather conditions, lead to shoot infections and death of the entire tree. At the end of the 

growing season, E. amylovora overwinters in the infected tree and will form new cankers in the 

spring (19). In this way, the population of E. amylovora is constantly segregating itself from other 

environmental bacteria. 

Effective fire blight management relies chiefly on the prevention of blossom infections. In 

Canada and the United States, antibiotics such as streptomycin are applied during open bloom 

(26). This seasonal application of streptomycin has led to the development of antibiotic resistant 

E. amylovora populations. There are two primary mechanisms for streptomycin resistance in E. 

amylovora. The strA-strB gene pair encode for streptomycin-inactivating enzymes which are 

common to other Enterobacterales (145, 146) and are found in E. amylovora on transposon 

Tn5393 (29) and on plasmid pEA8.7 (147). E. amylovora can also escape streptomycin activity 

through the modification of its target, the S12 protein of the 30S small ribosomal subunit encoded 

by the rpsL gene. A point mutation of the rpsL gene, at codon 43 or 88, has been shown to minimize 

streptomycin sensitivity in E. amylovora, even at exceedingly high concentrations (102, 148). 

The advance of next-generation sequencing platforms allowed the sequencing and 

characterization of E. amylovora genomes. The first two isolates sequenced were CFBP1430 (149) 

and ATCC 49946 (126) from France and New York State, respectively. Comparisons to later 
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European sequenced genomes showed a remarkable genetic similarity of 99.99% (150). Recently, 

larger sequencing projects have been undertaken to examine the genomic diversity of 

Amygdaloideae-infecting isolates found in the eastern United States (2). Two primary clades of 

E. amylovora were found in the United States; the Widely-Prevalent clade and the Eastern U.S. 

clade. Four isolates from the western United States did not fit into either of these clades which 

suggested two additional clades called the Western U.S. 1 and Western U.S. 2 clades (2). The 

genetic diversity of a species or clade is a measure of the variability within that population. This 

is often represented by the Watterson theta (θw) and the pairwise difference (θπ), where the former 

is the expected level of variability per site and the latter is the observed variability (Watterson, 

1975). The difference between these two values (θπ - θw), known as Tajima’s D, can be used to 

determine if a specific population has rapidly expanded (151). 

In this study, we investigated the how the isolates of E. amylovora from North America 

vary from those found in other geographic regions. A total of 127 E. amylovora genomes were 

examined. Our analysis suggested that the sampled North American E. amylovora collection which 

can infect Amygdaloideae plants, could be separated into 8 clades. Our study also confirmed that 

the Widely-Prevalent clade is the only known clade which was found outside of North America. 

The genomic data was examined to determine the occurrence of plasmids within the E. amylovora 

isolates. We used these results to produce a phylogeny based on the pEA29 plasmid and to identity 

7 novel plasmids. Lastly, the genomes were screened for known genes responsible for  

streptomycin resistance to determine if there was any correlation between antibiotic resistance, 

clade development, and plasmid occurrence. 
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3.3 Results and discussion 

3.3.1 Genomic diversity 

In 2017 and 2018, whole-genome sequencing was performed on 93 E. amylovora isolates 

from Canada and around the world to generate draft genomes. These sequences were combined 

with 34 previously sequenced genomes (2, 150) for a total of 127 genomes. The chromosomal 

sequences of this large data set were aligned to CFBP 1430 and the gaps generated from the draft 

genomes were removed. This whole-genome alignment which was 3 449 098 bp in length and 

contained 77 361 variable sites. As a species, E. amylovora showed an average similarity of 

99.62% (pairwise difference, 3.76E-3 per site) with a Watterson theta of 4.14E-3 per site. This is 

a very low level of expected diversity in a species. Pseudomonas syringae, a more extensively 

studied plant pathogen, consists of 41 different pathovars some of which are capable of infection 

of apples and pears. The pathovars P. syringae pv. tomato and P. syringae pv. kiwi have similar 

Watterson thetas of 6.92E-3 and 8E-3 per site respectively, where the Watterson theta of the 

species approaches 5.89E-2 per site (152-154). From this perspective, E. amylovora as a species 

that has a high level of genomic conservation. 

  Whole-genome alignment was used to produce a phylogeny based on variable sites (Figure 

3.1). The major genetic division within E. amylovora is determined by its host preference where 

Table 3.1 Pairwise differences of the whole-genome alignment of E. amylovora. 

 Widely-

Prevalent 

North America 

B-Group Rubus Eastern Western 

Widely-Prevalent 7.37E-05     

North 

America 

Eastern 6.85E-04 4.18E-05    

Western 6.70E-04 6.09E-04 3.41E-05   

B-Group 2.62E-03 2.62E-03 2.64E-03 2.40E-03  

Rubus 1.43E-02 1.43E-02 1.43E-02 1.42E-02 1.09E-03 

* Grey boxes show intraclade pairwise differences 
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isolates can be clustered roughly in the Amygdaloideae-infecting (A.I.; Figure 3.1A) and the  

Rubus-infecting (R.I.; Figure 3.1D, purple) superclades. The A.I. superclade is compose of the  

three primary E. amylovora clades; the Widely-Prevalent clade (Figure 3.1B, red), the Eastern 

N.A. clade (Figure 3.1C, green) and the Western N.A. clade (Figure 3.1C, blue). The clades of the 

A.I. superclade are approximately equidistance from one another with average pairwise differences 

ranging from 6.09E-4 to 6.85E-4 per site (Table 3.1). Located in between the A.I. and R.I. 

superclades was the “B-Group” superclade (Figure 3.1A; orange): a collection of distinct strains 

which showed little sequence similarity to each other or any of the other clades. 

The Widely-Prevalent clade contains the vast majority of sequenced E. amylovora isolates 

as well as every isolate collected outside of North America. The Widely-Prevalent clade has a 

remarkable low intracladal pairwise difference of 7.37E-5 per site (Watterson theta, 1.87E-4 per 

site). This low level of diversity, combined with its commonality, led to the original conclusion  

that genomes from all E. amylovora were 99.99% similar (149). The comparison of the pairwise 

difference and the Watterson theta generates a negative Tajima’s D which can suggest population 

expansion. This would coincide with the pan-global expansion of E. amylovora starting in the early 

1900’s (1). While the Widely-Prevalent clade has a vast geographic distribution, its genome has 

diverged very slowly and has only 3034 variable sites. A large portion of these variable sites, 1169 

specifically, are singletons representing variants found in only one of the isolates within the clade. 

This shows that while the Widely-Prevalent clade is changing genetically, it is doing so at an 

extremely slow rate as some isolates within this clade were collected up to 57 years apart (1959 to 

2016). This may be due to both the size of the genome and the number of proteins which it encodes. 

The genome of E. amylovora is 3.8 Mbp in length while other plant pathogens such as P. syringae 

pv. syringae B728a (NC_007005.1) and Pectobacterium carotovorum subsp. carotovorum PC1  
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Figure 3.1 Phylogeny of Erwinia amylovora based on the whole-genome alignment. (A) 

Phylogeny of Amygdaloideae-infecting group of E. amylovora. (B) Phylogeny of the high 

prevalence clade of E. amylovora. (C) Phylogeny of the low prevalence clade of E. amylovora. 

(D) Phylogeny of Rubus-infecting group of E. amylovora. (E) Phylogeny of all sequenced E. 

amylovora chromosomes. The phylogenetic tree was generated in RAxML with a bootstrap value 

of 1000 based on the merged chromosomal alignment generated by REALPHY. Only branches 

with bootstrap frequency 70% or greater are shown. The coding after each isolate’s name is 

state/province (two letters), country (three letters), and year of isolation. Colours indicate the 

clade which the isolate belongs to (red, Widely-Prevalent; blue, Western N.A.; green, Eastern 

N.A.; orange, B-Group; purple, Rubus-infecting).  
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(NC_012917.1) have much larger genomes of 6.1 and 4.9 Mbp, respectively. With these larger  

genomes also comes a larger number of protein coding sequences (CDS). Using Glimmer3 (155), 

we predicted P. syringae pv. syringae B728a of having 3218 genes and P. carotovorum subsp. 

carotovorum PC1 of having 2931 genes: E. amylovora isolate CFBP1430 is predicted to have only 

2012 genes. This smaller genome and fewer protein coding genes would suggest an increased 

number of essential genes required by E. amylovora due to the lack of redundancy (156-158). 

Additionally, a niche pathogenic life cycle is likely to put a high degree of pressure on E. 

amylovora to conserve its gene functions (159). As such, these two factors are likely acting to 

conserve the genome of E. amylovora. 

The recent effort to isolate and sequence E. amylovora in the eastern United States led to 

an observed decrease in similarity within the A.I. superclade to 99.90% (2). This decrease in 

similarity was due to the first reports of the Eastern N.A. clade, Western N.A clade and isolate 

CA3R, the first member of the B-Group. This level of similarity is much closer to what was 

observed amongst the clades in this study at 99.93% (pairwise difference, 7.07E-4 per site). When 

compared to the previous study, the intraclade similarity and Watterson theta of the Eastern N.A. 

clade remained consistent at 99.996% (pairwise difference, 4.18E-05 per site) and 5.30E-05 per 

site respectively. While the intraclade similarity of Western N.A. clade was consistent at 99.997% 

(pairwise difference, 3.41E-05 per site), the Watterson theta increased to 6.49E-05 per  

site. This corresponds to a negative Tajima’s D similar to the Widely-Prevalent clade, and suggests 

population of the Western N.A. clade is expanding. 

The E. amylovora CA3R and ATCC BAA-2158 were the first members of the B-Group 

superclade to be sequenced though their connection was unknown at the time. CA3R was isolated 

from apple (160) while BAA-2158 was isolated from blackberry (161). Despite this, BAA-2158 
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was later shown to be infectious on pear fruit (162). While Rubus-infecting isolates are unable to 

infect Amygdaloideae hosts, Amygdaloideae-infecting isolates are able to infect Rubus hosts (163). 

This, and the phylogenetic placement of BAA-2158 in the B-Group, would suggest that BAA-

2158 may be an Amygdaloideae-infecting strain which was collected from a Rubus host.  

There were an additional eight isolates which fell into the B-Group superclade after 

sequencing. All of these isolates were collected in North America. The intraclade similarity of B-

Group is 99.76% (pairwise difference, 2.4E-03 per site) which is approximately the same as their 

relation to primary A.I. clades (99.74% similarity). This would indicate that the clades which make 

up the B-Group superclade are not grouped together based on their similarity to one another: they 

are clustered together based on their dissimilarity to the A.I. and R.I. superclades. Likewise, the 

R.I. superclade is also highly diverse with no more than 3 isolates per clade, a pairwise identity of 

only 99.89%, and 13 185 variable sites between the sequences (Watterson theta, 1.15E-3 per site). 

If it can be assumed that the genetic conservation of the A.I. superclade is due to the structure of 

the pathogenicity cycle and host-specificity, then the diversity found in the R.I. and B-Group 

clades would suggest that their reservoirs are likely not the hosts which they were isolated from. 

 

Table 3.2 Pairwise differences of the pEA29 plasmids of E. amylovora. 

 Widely-

Prevalent 

North America 

B-Group Rubus Eastern Western 

Widely-Prevalent 7.49E-05     

North 

America 

Eastern 2.07E-03 6.85E-05    

Western 2.07E-03 2.82E-04 7.68E-06   

B-Group 3.18E-03 2.64E-03 2.73E-03 2.71E-03  

Rubus 3.63E-02 3.63E-02 3.64E-02 3.67E-02 8.56E-04 

* Grey boxes show intraclade pairwise differences 
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3.3.2 Plasmids in E. amylovora 

3.3.2.1 pEA29 

A distinguishing genomic characteristic of E. amylovora is its ubiquitous plasmid pEA29 

found in almost all isolates, including all but one isolate in this study. This plasmid is non-

transmissible, increases fitness when colonizing young tissue, and has been used extensively for 

identification of E. amylovora (164, 165). While the pEA29 plasmid has been reported as large as 

35 000 bp due to the insertion of transposons such as Tn5393 (164), the size of all of the sequenced 

pEA29 plasmids within this study fall between 27 319 and 28 876 bp when a circular alignment is 

taken into account. Due to the non-transmissible nature of pEA29 and the conservation of the core 

genome, a phylogeny based on the sequence of pEA29 was produced to determine if similar clade 

conservation was observed.  

The phylogeny produced using the sequences of pEA29 was nearly identical to that of the 

chromosomal phylogeny (Figure 3.2). Each previously observed clade is represented within 

pEA29 phylogeny with the major genetic division still between the A.I. (Figure 3.2A) and R.I. 

(Figure 3.2B) superclades. The intra-clade pairwise difference remained vastly unchanged 

between the chromosomal sequences and pEA29 (Table 3.2) with the exception of the R.I. 

superclade and Western N.A. clade which saw decreases to 8.56E-04 and 7.68E-06 per site, 

respectively.  

Additionally, while the three major clades of A.I. E. amylovora are equidistance from each other 

when considering only their chromosomes, the pEA29 plasmids of the Eastern and Western N.A.  

clades show a higher similarity to each other and a greater dissimilarity to the pEA29 plasmids of 

the Widely-Prevalent clade. This similarity between the Eastern N.A. and Western N.A. clades 

would suggest a common ancestor distinct from the Widely-Prevalent clade. Overall, the 
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conserved sequence similarity between the chromosome and pEA29 would suggest that they are 

influenced by the same selective pressures. In this way, the pEA29 can be considered an extension 

of the chromosome. This may prove useful as a phylogenetic tool. Long-read sequencing 

platforms, such as nanopore sequencing, continue to increase the feasibility of rapidly and cheaply 

sequencing whole plasmids (166). In E. amylovora, this could be exploited to identify the clade of 

isolates not destined for whole genome sequencing. 

3.3.2.2 Large accessory plasmids 

There are more than 13 previously documented plasmids found in lower frequency in 

E. amylovora, most of which are cryptic, that is, no phenotypic traits have been ascribed to them 

(167). The two most common plasmids other than pEA29 found within this study are pEA72 and 

pEU30. The plasmid pEA72 (71 487 bp) appears in only 8 sequenced isolates in our study: all of 

which are from eastern North America and six of these isolates belong to the Eastern N.A. clade. 

The plasmid pEU30 (30 314bp) was also found in 8 sequenced E. amylovora isolates but, in  

contrast, these isolates were primarily from western North America and the Western N.A. clade. 

The plasmid pEA78 (78 740 bp) was found within LA637 from Mexico and CA3R isolated in 

California, USA. The presence of pEA72, pEU30, and pEA78 has not been linked to a specific 

function however all three plasmids were predicted to harbor a type IV secretion system (T4SS). 

The other two large plasmids were found in isolates from the Widely-Prevalent clade and which 

were isolated outside of North America. Plasmid pEL60 was originally isolated from Israel and 

Lebanon while pEI70 was found in isolates from France, Morocco, and Switzerland. The function 

of these plasmids is unknown (168).  

Aside from the previously observed large plasmids, we report the presence of three novel 

plasmids within the R.I. clades. These plasmids were identified in silico and confirmed through  
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Figure 3.2 Phylogeny of Erwinia amylovora inferred from the alignment of pEA29. (A) 

Phylogeny of Amygdaloideae-infecting group of E. amylovora. (B) Phylogeny of Rubus-infecting 

group of E. amylovora. (C) Phylogeny of all E. amylovora pEA29 sequences. The phylogenetic 

tree was generated in RAxML with a bootstrap value of 1000 based on the merged chromosomal 

alignment generated by REALPHY. Only branches with bootstrap frequency 70% or greater are 

shown. The coding after each isolate’s name is state/province (two letters), country (three letters), 

and year of isolation. Colours indicate the clade which the isolate belongs to (red, Widely-

Prevalent; blue, Western N.A.; green, Eastern N.A.; orange, B-Group; purple, Rubus-infecting) 
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restriction digestion (data not shown). Based on their size and clade of isolation, these plasmids  

were designated as pEAR27, pEAR28, and pEAR35. pEAR28 (28 558 bp) is a novel plasmid 

found in Ea1-98 and pEAR35 plasmid (34 732 bp) is found in EaLevo2 and Ea2-95. Both plasmids 

encode for unrelated P-type T4SS proteins. The pEAR27 (27 479 bp) plasmid, found in Ea03-03, 

also encoded for T4SS proteins. While the homology of these proteins is ~40 to 50% to known 

T4SS proteins, the gene order doesn’t reflect a standard F-type, P-type or I-type T4SS (169) and 

so its primary function is cannot be inferred.  

3.3.2.3 Small accessory plasmids 

There were eight small plasmids found within this study and these small plasmids are 

unique to the B-Group and R.I. superclades. Within the B-Group superclade itself, only isolate 

Ea123-5-51 does not have at least one small plasmid. Four of these small plasmids have been 

previously described; pEA1.7 (170), pEAR4.3 (171), pEAR5.2 (171), and pEA8.7 (147). Of these 

four plasmids only pEA8.7 has a known function: it harbours the strA/strB genes which confer 

streptomycin resistance (147).  

In addition to the previously described plasmids, there were 4 novel small plasmids 

identified in this study. pEA2.9 (2847 bp) was the smallest of the novel plasmids sequenced in this 

study. Found in isolates EaIF and 3446-1, pEA2.9 is predicted to have only two genes: a replicase 

and a hypothetical protein with low homology to membrane-bound metalloprotease gene. These 

genes are often downstream of bacteriocin loci and provide bacteriocin immunity (172). The novel 

plasmid pEA4.0 (4068 bp) was found in isolates Ea01-03 and Ea1-00 and plasmid pEA5.8 (5800 

bp) was found in isolates EaIH-3-1, 3446-1 and EaIF: all members of the B-Group superclade. All 

predicted proteins of these plasmids except for the relaxase and replicase homologs were 

hypothetical and therefore the function of these plasmids is unknown. The largest of the novel, 
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small plasmids was pEA6.0 (5944 bp), found in isolates Ea1-95 and Ea7-96 of the R.I. superclade. 

In addition to its predicted relaxase homolog, an endonuclease and a cytosine methyltransferase 

were also identified. Presumably, these genes work together as a protective restriction system 

within pEA6.0 to grant bacteriophage resistance (173). While this is supported by the inability of 

some Podoviridae phage to cause infection in Ea7-96 (55), further study of this plasmid would be 

required for confirmation. These novel plasmids were identified in silico and confirmed through 

restriction digestion (data not shown). 

3.3.3 E. amylovora plasmid sequence similarity 

One of the major similarities observed across all large plasmids of E. amylovora is the 

presence of genes coding for the T4SS. This can be seen in the amino acid similarity between 

pEA72, pEA78, and pEL60 as well as the relation between pEAR35 and pEAR28 (Figure 3.3). 

The shortest of the large plasmids, such as pEU30, pEAR27, pEAR28, and pEAR35 only encode 

the T4SS proteins while the only large plasmids which are not predicted to code for a T4SS are 

pEI70 and the non-conjugative pEA29. As such, the main role of these plasmids may be providing 

the T4SS itself. While T4SS are mostly commonly used for horizontal DNA transfer (174), we 

would have expected greater genetic diversity and more plasmids in these samples if this were the 

case. Alternatively, some 13% of T4SS are used for transfer of proteins (175). This is done to 

eliminate bacteria competitors (176) or, in the case of plant pathogen Agrobacterium tumefaciens, 

to transfer effector proteins into the plant cell (177). In E. amylovora bacterial competition, 

virulence, and exopolysaccharide production have been linked to the endogenous Type-III and 

Type-VI secretion systems (20, 178, 179). It is possible that T4SS systems may serve a similar 

function or enhance the function of existing systems however further investigation is required.  
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Figure 3.3 The molecular relation of E. amylovora plasmids. (A) Relation of plasmids based 

on nucleotide identity. Ribbons indicate regions with an e-value greater than 1E 03. (B) Relation 

of plasmids based on amino acid identity. Ribbons indicate regions with an e-value greater than 

1E 70. The colored bands represent the predicted protein coding sequences of the plasmids. The 

coloured ribbons indicate regions of high similarity: orange, ~3000 bp region of 100% similarity; 

blue, the relaxase gene of the small plasmids; green, the replicase gene of the small plasmids. 
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The conjugative gene of the small plasmids was another commonality amongst plasmids. 

A similar mobA-like relaxase homolog was found within the predicted genes of pEA4.0, pEAR4.3,  

pEAR5.2, pEA5.8, and pEA6.0 (Figure 2.3: blue ribbon), which could be used in their conjugative 

transfer. Additionally, pEA5.8 and pEA2.9 shared a similar DNA replicase gene (Figure 3.3: green 

ribbon) which would likely be used for mobilization during conjugation (180). Lastly, there was 

no significant genetic similarity between large plasmids and the small plasmids found in E. 

amylovora. This is likely to minimize incompatibility between the plasmids (181).  

3.3.4 Streptomycin resistance 

The genetic capacity for streptomycin resistance (SmR) was identified in 24 E. amylovora 

isolates examined in this study; 23 which contained a mutation at codon 43 of rpsL (Table 3.3). 

The SmR isolates which were sequenced in this study were then confirmed experimentally to have 

streptomycin resistance at 1000 ppm if this information was not previously published (182). This 

rpsL mutations was found most commonly within the Western N.A. clade in which 12 out of the 

21 had point mutations; 11 were K43R mutations and a single isolate displayed a K43N mutation. 

In addition, there were 8 isolates from the Widely-Prevalent clade which again all showed the 

K43R mutation except Ea116-5-29 which had a K43T mutation. This increased prevalence of SmR 

in the Western N.A. clade may be the cause of the expansion which was seen in the chromosomal 

analysis. The Eastern N.A. clade only had one isolate, Ea160-3-51, which showed SmR with an  

SNP generating a K43I variant. Likewise, only two isolates of the B-Group showed SNPs within  

the rpsL gene resulting in isolates Ea160-4-51 and Ea123-5-51 having K43N and K43R mutations, 

respectively. While no isolates from the Rubus-Infecting superclade had known streptomycin 

resistance, there were still mutations within the rpsL gene. When compared to the A.I. clades, the 

R.I. isolates had 2 synonymous SNPs within the 72nd and 78th codon. In addition, isolate MR1 
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showed a nucleotide deletion within the poly(A) repeat of codon 43 and 44. As this type of indel 

is a common sequencing error, this deletion in MR1 needs to be confirmed. If proven correct, a  

 

deletion of this nature would cause the truncation of the RpsL protein reducing its size from 124 

amino acids to 56 amino acids. There were no isolates within this study which showed a point 

mutation within the 88th codon of rpsL which has been related to SmR in Pectobacterium 

carotovorum (Erwinia carotovora) (28). While rpsL-based SmR was relatively common amongst 

Table 3.3 Isolates of E. amylovora with rpsL mutations that confere streptomycin resistance. 

Clade Isolate Location 

rpsL Codon 43 Sequence 

DNA Amino Acid 

Wild type -  AAA K43 

     

Widely Prevalent 20070126 USA, UT AGA K43R 

Widely Prevalent 92-1-1 Canada, ON AGA K43R 

Widely Prevalent 92-1-2 Canada, ON AGA K43R 

Widely Prevalent Ea116-5-29 Canada, ON ACA K43T 

Widely Prevalent Ea241 Israel AGA K43R 

Widely Prevalent Ea315-1 New Zealand AGA K43R 

Widely Prevalent LA635 Mexico AGA K43R 

Widely Prevalent LA637 Mexico AGA K43R 

     

Eastern N.A. Ea160-3-51 Canada, ON ATA K43I 

     

Western N.A. 1280 Canada, BC AGA K43R 

Western N.A. 1478-2 Canada, BC AGA K43R 

Western N.A. 1480-3 Canada, BC AGA K43R 

Western N.A. 1482 Canada, BC AGA K43R 

Western N.A. 1486 Canada, BC AGA K43R 

Western N.A. 1609 Canada, BC AGA K43R 

Western N.A. 1611 (BCEa29) Canada, BC AGA K43R 

Western N.A. 1612 Canada, BC AGA K43R 

Western N.A. Ea12 USA, CA AGA K43R 

Western N.A. LA092 USA, WA AGA K43R 

Western N.A. OR1 USA, OR AAT K43N 

Western N.A. OR6 USA, OR AGA K43R 

     

B-Group Ea160-4-51 Canada, ON AAC K43N 

B-Group Ea123-5-51 Canada, ON AGA K43R 

     



 55

   

the sequenced isolates, only a single isolate, CA3R, contained the strA/strB gene set. CA3R is 

known to have had these genes located on its pEA8.7 plasmid (147). This plasmid was previously 

sequenced (2) but never described. It can be found as the 18th contig of the CA3R assembly 

(NQKC01000018.1) and is the first sequence for pEA8.7 from E. amylovora. As previously 

presumed, it is an exact match to the RSF1010 plasmid from E. coli (170). The strA/strB genes 

can also be transferred via the Tn5393 transposon, which can insert itself into the pEA34 and 

pEA29 plasmids (101, 183). While the Tn5393 transposon has been sequenced, there are currently 

no published sequences for pEA34, pEA29::Tn5393, or a complete E. amylovora genome which 

contains either plasmid.  

3.4 Conclusions 

E. amylovora was first observed in Hudson Valley, New York in 1793 (3) and this region 

has been suggested as the point of origin of all E. amylovora (2, 16). This hypothesis holds for 

Widely-Prevalent clade which has spread globally but not the other clades of E. amylovora. No 

geographical location, whether it be France, New Zealand, Israel, or Poland, produced enough 

selective pressure to cause significant genetic variation of the genome of the Widely-Prevalent 

clade. The natural rate of mutation is also insignificant, otherwise mutations which are not 

influenced by selection, such as synonymous mutations and mutations in the intergenic regions, 

would have increased the observed number of variable sites. For example, E. amylovora was first 

observed in New Zealand in 1919 (10) and yet isolates from that region, such as EA315-1, have 

remained nearly indistinguishable from all the other isolates of the Widely-Prevalent clade. These 

observations, along with the separation of the R.I. and A.I. superclades, would suggest that the 

driving force for genetic diversity within E. amylovora is host selection. The continuous cultivation 

of apples and pears in afflicted regions is therefore likely the cause of the genomic conservation 
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of E. amylovora. It is therefore reasonable to assume that once a strain of E. amylovora enters the 

pathogenicity cycle in apples and pears it remains vastly unchanged. This means that each clade 

of E. amylovora is likely to have their own original reservoir host and point of origin within North 

America. As such, only the Widely-Prevalent clade would have originated from the Hudson 

Valley.  

Isolates from the Western N.A. clade appear to be expanding as observed through the 

prevalence of rare variants and their negative Tajami’s D value. We hypothesize that this is due to 

the clade’s predisposition to develop rspL-based SmR. The Western N.A. clade had the greatest 

number of streptomycin resistant isolates and only one of the Widely-Prevalent isolates which had 

SmR was found in western North America. The use of streptomycin, especially in British 

Columbia, Canada, seems to have selected for SmR isolates from the Western N.A. clade, at least 

between 1993 and 1998 when the survey was completed (182). The increased prevalence of 

Western N.A. isolates in British Columbia may also suggest that this clade originated from the 

British Columbia/Washington State area. It is also interesting that while the plasmid pEU30 does 

not have SmR genes, all 6 isolates from western North America which have this plasmid also have 

rpsL-based SmR. This could suggest a potential correlation between pEU30 and the development 

of rpsL-based SmR however further investigation is required. 

In summary, we have shown that the Widely-Prevalent, Western N.A., and Eastern N.A. 

are the three primary clades which cause fire blight in North America and that the Widely-

Prevalent clade is still the only clade which has a global distribution. While there are many clades 

which compose the B-Group, they are infrequently isolated and genetically diverse. Likewise, R.I. 

isolates show significantly greater genetic variation than A.I. isolates. Seven novel plasmids were 

described within this study, all of which were found in the highly diverse B-Group and R.I 



 57

   

superclades. The function of the large plasmids may be related to the T4SS they code, whereas the 

smaller plasmids have an assortment of functions, likely related to competition with other microbes 

and providing streptomycin resistance. Yet, the overall impact of these plasmids on pathogenicity 

is still unknown.  

3.5 Materials and methods 

3.5.1 Sequencing and assembly 

Total DNA of E. amylovora was isolated using the DNeasy UltraClean Microbial Kit (#12224-50, 

Qiagen). Library preparation and sequencing were performed by the Sequencing and 

Bioinformatics Consortium (University of British Columbia, Vancouver, Canada). DNA was 

quantified using Qubit and diluted for library preparation using Nextera XT, according to 

manufacturer’s instructions (Illumina). QC’d libraries were pooled and sequenced on a NextSeq 

Mid Output lane to generate paired-end 150 bp reads. Raw base call data (bcl) was converted into 

FastQ format using the bcl2fastq conversion software from Illumina. De novo assemblies were 

constructed from trimmed, paired-end reads using the CLC Genomics Workbench v9 (Qiagen). 

These draft genomes were combined with 34 genomic sequences of E. amylovora available from 

GenBank. Isolates used in this study and their accession numbers from GenBank can be found in 

Table 3.4. 

3.5.2 Genomic diversity and phylogeny 

The contigs of each genome were concatenated using the MeDuSa scaffolder (184). These 

scaffolds were then aligned using RealPhy (185). Due to the limitations of the program, only 

CFBP1430 could be used as a reference. Pairwise difference (p-distance), the number of variable 

sites, and Watterson theta were calculated using MEGA X (186). Phylogeny was produced in 

RaxML 8 (187) using the maximum-likelihood model and a bootstrap value of 1000. Phylogenies 
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were visualized using iTOL (188) with a bootstrap cut off of 70%. The names within the 

phylogenies are the isolate name is followed by the location and year they were isolated. Countries 

are designated by their IBAN alpha-3 codes. The provinces and states of Canada and the United 

States respectively are designated by their two letter postal abbreviations.  

3.5.3 Plasmid identification and phylogeny 

Newly sequenced isolates in this study were not screened experimentally for the presence 

of plasmids, therefore in silico screening was performed. A method similar to PlasmidSeeker (189) 

was developed in Biopython (190) after the PlasmidSeeker was unable to recognize pEA29. The 

sequence coverage of the contigs which did not concatenate to the scaffold (if available) for each 

isolate was compared to the median coverage of the assembly. The sequences which had a 

coverage greater than the median minus 1 standard deviation were compared to known Erwinia 

plasmids as well as the GenBank (191) for plasmid similarities.  

Novel plasmids were extracted and confirmed through restriction digestion. Briefly, 

isolates were grown in nutrient broth (NB; BD Diagnostics) at 27 oC (165rpm) until an OD600 of 

0.6 was reached. The plasmids were then extracted using the Monarch® Plasmid Miniprep Kit 

(#T1010S, NEB) and restricted using SnaBI (#R0130S, NEB), and/or NheI (#R0131S, NEB) as 

per the manufacturer’s protocol. The banding pattern of the restricted plasmids was then observed 

through in gel electrophoresis to confirm the in silico predictions.  

All pEA29 sequences were used to produce a phylogeny. Sequences were first oriented to 

the same start position using CSA (192), aligned using MAFFT (193), and then a phylogeny was 

produced using RaxML 8 as above. The genes of the plasmids were predicted using Glimmer3 

(155). The circular diagram showing the relatedness of the plasmids was created in Circos (194). 

Regions of nucleotide identity and amino acid identity were determined using BLASTn and 
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BLASTp (NCBI), respectively. The e-value cut-off for nucleotide identity was 1E-3 and the e-

value cut of for amino acid identity 1E-70. All read frames were considered when determining 

amino acid identity and overlapping regions were combine into a single band within the figure. 

3.5.4 Streptomycin resistance 

Isolates were screened for the presence of the strA/strB genes and mutations in the rpsL 

gene using BLASTn. Any isolates which were sequenced within this study, and showed the 

genomic capacity for streptomycin resistance, were then confirmed experimentally. Each isolate 

was grown from frozen stock in NB at 27 oC (165rpm) for 5 hours before being streaked on nutrient 

agar (BD Diagnostics) amended with 0 ppm, 100 ppm, and 1000 ppm streptomycin (#S9137, 

Sigma-Aldrich).  
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Table 3.4 The isolates of E. amylovora which were analysed through comparative genomics. 

Clade Strain ID Location Year Isolate Host  Plasmids Accession Reference 

Widely-Prevalent 1279 Canada, BC 1993 Malus domestica  pEA29 JAAEXY000000000 This study; (182) 

Widely-Prevalent 1476 Canada, BC 1997 Malus domestica  pEA29 JAAEXW000000000 This study; (182) 

Widely-Prevalent 1477-1 Canada, BC 1997 Malus domestica  pEA29 JAAEXB000000000 This study; (182) 

Widely-Prevalent 1668 Canada, BC 1999 Malus domestica  pEA29 JAAEXM000000000 This study 

Widely-Prevalent 1680 Canada, BC 1999 Malus domestica  pEA29 JAAEXL000000000 This study; (182) 

Widely-Prevalent 1686 Canada, BC 1999 Malus domestica  pEA29 JAAEXK000000000 This study; (182) 

Widely-Prevalent 2558 Canada, BC 2008 Pyrus communis  pEA29 JAAEXJ000000000 This study 

Widely-Prevalent 2570 Canada, BC 2008 Malus domestica  pEA29 JAAEXI000000000 This study 

Widely-Prevalent 3477-1 Canada, BC 2016 Malus domestica  pEA29 JAAEWT000000000 This study 

Widely-Prevalent Ea4-97 Canada, NB 1997 Malus domestica  pEA29 JAAEUQ000000000 This study 

Widely-Prevalent Ea5-97 Canada, NS 1997 Malus domestica  pEA29 JAAEVE000000000 This study 

Widely-Prevalent Ea6-97 Canada, NS 1997 Malus domestica  pEA29 JAAEVA000000000 This study 

Widely-Prevalent 39-I-II Canada, ON 1997 Malus domestica  pEA29, pEA72 JAAEWR000000000 This study 

Widely-Prevalent 39-M1-II Canada, ON 2016 Crataegus mollis  pEA29 JAAEWQ000000000 This study 

Widely-Prevalent 46-4-2 Canada, ON 2016 Malus sp.  pEA29 JAAEWP000000000 This study 

Widely-Prevalent E2005A Canada, ON 1972 Malus domestica  pEA29 JAAEWJ000000000 This study 

Widely-Prevalent Ea116-5-29 Canada, ON 2016 Malus domestica  pEA29 JAAEWC000000000 This study 

Widely-Prevalent Ea17-1-1 Canada, ON 1992 Malus domestica  pEA29 JAAEVW000000000 This study 

Widely-Prevalent Ea266 Canada, ON N/A Malus sp.  pEA29 NZ_CAOY00000000 (150) 

Widely-Prevalent Ea29-7 Canada, ON 1992 Malus domestica  pEA29 JAAEVM000000000 This study 

Widely-Prevalent Ea3a-H1-II Canada, ON 1997 Unknown  pEA29 JAAEVL000000000 This study 

Widely-Prevalent Ea6-4 Canada, ON 1992 Malus domestica  pEA29 JAAEVD000000000 This study 

Widely-Prevalent Ea92-1-1 Canada, ON 2015 Malus domestica  pEA29 JAAEUX000000000 This study 

Widely-Prevalent Ea92-1-2 Canada, ON 2015 Malus domestica  pEA29 JAAEUW000000000 This study 

Widely-Prevalent EaD-7 Canada, ON 1972 Malus domestica  pEA29 JAAEUT000000000 This study 

Widely-Prevalent Ea435 Canada, QC 2007 Malus domestica  pEA29 JAAEVJ000000000 This study 

Widely-Prevalent Ea440 Canada, QC 2016 Pyrus communis  pEA29 JAAEVI000000000 This study 

Widely-Prevalent CFBP 1232 England 1959 Pyrus communis  pEA29 CAPB00000000 (150) 
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Widely-Prevalent CFBP 1430 France 1972 Crataegus sp.  pEA29 GCA_000091565.1 (149) 

Widely-Prevalent CFBP 1995 France 1980 Malus domestica  pEA29, pEI70 JAAEWN000000000 This study; Paulin, J. P. 

Widely-Prevalent CFBP 2313 France 1984 Pyrus communis  pEA29, pEI70 JAAEWM000000000 This study; Paulin, J. P. 

Widely-Prevalent 214/07 Germany 2007 Malus domestica  pEA29 JAAEWX000000000 This study; Moltmann, E. 

Widely-Prevalent 245/07 Germany 2007 Malus domestica 
 

pEA29 JAAEWV000000000 
This study; 

Moltmann, E. 

Widely-Prevalent Ea356 Germany 1979 Cotoneaster sp.  pEA29 CAOX00000000 (150) 

Widely-Prevalent CFBP 2585 Ireland 1986 Sorbus sp.  pEA29 CAOZ00000000 (150) 

Widely-Prevalent Ea169 Israel N/A Pyrus communis 
 

pEA29 
JAAEWW00000000

0 
This study; Manulis, S. 

Widely-Prevalent Ea241 Israel 2007 Pyrus communis  pEA29 JAAEVX000000000 This study; Manulis, S. 

Widely-Prevalent Ea321 Israel N/A Pyrus communis  pEA29 JAAEVO000000000 This study; Manulis, S. 

Widely-Prevalent 01SFR-BO Italy 1991 Sorbus sp.  pEA29 CAOZ00000000 (150) 

Widely-Prevalent EaA-11 Lebanon N/A Malus domestica  pEA29, pEL60 JAAEUV000000000 This study; Sundin, G. 

Widely-Prevalent EaB-110 Lebanon N/A Malus domestica  pEA29 JAAEUU000000000 This study; Sundin, G. 

Widely-Prevalent LA635 Mexico 2014 Malus domestica  pEA29 CBVS000000000 (195) 

Widely-Prevalent LA636 Mexico 2014 Malus domestica  pEA29 CBVT000000000 (195) 

Widely-Prevalent LA637 Mexico 2014 Unknown  pEA29, pEA78 CBVU000000000 (195) 

Widely-Prevalent CFBP 7130 Morocco 2007 Pyrus communis  pEA29, pEI70 JAAEWL000000000 This study; Paulin, J. P. 

Widely-Prevalent CFBP 7131 Morocco 2007 Pyrus communis 
 

pEA29 JAAEWK000000000 
This study; 

Paulin, J. P. 

Widely-Prevalent Ea315-1 New Zealand 1994 Malus domestica  pEA29 JAAEVP000000000 This study; Vanneste, J. 

Widely-Prevalent Fb-97b New Zealand 1993 Malus domestica  pEA29 JAAEUP000000000 This study; Vanneste, J. 

Widely-Prevalent Ea367 Poland 1996 Pyracantha sp.  pEA29 JAAEVN000000000 This study; Sobiczewski, P. 

Widely-Prevalent Ea464 Poland 2002 Pyrus communis  pEA29 JAAEVH000000000 This study; Sobiczewski, P. 

Widely-Prevalent Ea650 Poland 1983 
Crataegus 

monogyna 

 
pEA29 JAAEVC000000000 This study; Sobiczewski, P. 

Widely-Prevalent IVIA2303 Spain 2000 Pyrus communis  pEA29 JAAEUN000000000 This study; Lopez, M. 

Widely-Prevalent UPN527 Spain 1996 Malus domestica   CAPC00000000.1 (150) 

Widely-Prevalent ACW 56400 Switzerland 2007 Pyrus communis  pEA29, pEI70 AFHN000000000 (150) 

Widely-Prevalent MASHBO USA, MA 2015 Pyrus communis  pEA29 NQJK00000000 (2) 

Widely-Prevalent Ea110 USA, MI 1975 Malus domestica  pEA29 NQJZ00000000 (2, 196) 
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Widely-Prevalent NHSB01-1 USA, NH 2016 Malus domestica  pEA29 NQJW00000000 (2) 

Widely-Prevalent O-RG-21 USA, NY 2001 Malus domestica  pEA29 JAAEUL000000000 This study; Aldwinckle, H. 

Widely-Prevalent P-C-3b USA, NY 2001 Malus domestica  pEA29 JAAEUK000000000 This study; Aldwinckle, H. 

Widely-Prevalent ATCC 49946 USA, NY 1973 Malus domestica  pEA29, pEA72 GCA_000027205 (126) 

Widely-Prevalent 20070126 USA, UT 2007 Malus domestica  pEA29, pEU30 JAAEXF000000000 This study; (197) 

Widely-Prevalent 20070245 USA, UT 2007 Malus domestica  pEA29 JAAEXE000000000 This study; (197) 

Widely-Prevalent 20070270 USA, UT 2007 Pyrus communis  pEA29 JAAEXG000000000 This study; (197) 

Widely-Prevalent UT5P4 USA, UT 2000 Malus domestica  pEA29 NQJS00000000 (2, 183) 

Widely-Prevalent VTBL01-1 USA, VT 2016 Malus domestica  pEA29 NQJR00000000 (2) 

Widely-Prevalent 1400-1 USA, WA 1995 Malus domestica  pEA29 JAAEXD000000000 This study 

Widely-Prevalent 1400-2 USA, WA 2016 Malus domestica  pEA29 JAAEXC000000000 This study 

Widely-Prevalent WSDA87-73 USA, WA N/A Malus domestica  pEA29 NQJQ00000000 (2, 160) 

Eastern N.A. Ea160-3-51 Canada, ON 2016 Pyrus communis  pEA29 JAAEVZ000000000 This study 

Eastern N.A. Ea433 Canada, QC 2007 Malus domestica  pEA29 JAAEVK000000000 This study 

Eastern N.A. EaG5 

Unknown 

(Presumed: 

Canada, ON) 

1972 Pyrus communis 

 

pEA29, pEA72 JAAEUS000000000 This study 

Eastern N.A. CTBT1-1 USA, CT 2015 Pyrus communis  pEA29, pEA72 NQJP00000000 (2) 

Eastern N.A. CTBT3-1 USA, CT 2015 Pyrus communis  pEA29, pEA72 NQJO00000000 (2) 

Eastern N.A. CTMF03-1 USA, CT 2016 Pyrus communis  pEA29 NQKB00000000 (2) 

Eastern N.A. CTST01-1 USA, CT 2016 Malus domestica  pEA29, pEA72 NQKA00000000 (2) 

Eastern N.A. MAGFLF-2 USA, MA 2015 Malus domestica  pEA29 NQJN00000000 (2) 

Eastern N.A. MANB02-1 USA, MA 2016 Malus domestica  pEA29 NQJX00000000 (2) 

Eastern N.A. NHWL02-2 USA, NH 2015 Malus domestica  pEA29 NQJV00000000 (2) 

Eastern N.A. RISTBO01-2 USA, RI 2015 Malus domestica  pEA72 NQJM00000000 (2) 

Eastern N.A. VTDMSF02 USA, VT 2015 Malus domestica  pEA29, pEA72 NQJL00000000 (2) 

Western N.A. 1280 Canada, BC 1993 Malus domestica  pEU30 JAAEXX000000000 This study; (182) 

Western N.A. 1478-2 Canada, BC 1997 Malus domestica  pEA29, pEU30 JAAEXA000000000 This study; (182) 

Western N.A. 1480-3 Canada, BC 1997 Malus domestica  pEA29, pEU30 JAAEWZ000000000 This study; (182) 

Western N.A. 1482 Canada, BC 1997 Pyrus communis  pEA29 JAAEXV000000000 This study; (182) 

Western N.A. 1486 Canada, BC 1997 Malus domestica  pEA29 JAAEXU000000000 This study; (182) 
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Western N.A. 1581 Canada, BC 1998 Malus domestica  pEA29 JAAEXT000000000 This study; (182) 

Western N.A. 1598 Canada, BC 1998 Pyrus communis  pEA29 JAAEXS000000000 This study; (182) 

Western N.A. 1602 Canada, BC 1998 Malus domestica  pEA29 JAAEXR000000000 This study; (182) 

Western N.A. 1609 Canada, BC 1998 Malus domestica  pEA29 JAAEXQ000000000 This study; (182) 

Western N.A. 
1611 

(BCEa29) 
Canada, BC 1998 Pyrus communis 

 
pEA29 JAAEWY000000000 This study; (182) 

Western N.A. 1612 Canada, BC 1998 Malus domestica  pEA29 JAAEXP000000000 This study; (182) 

Western N.A. 1617 Canada, BC 1998 Malus domestica  pEA29 JAAEXO000000000 This study; (182) 

Western N.A. 1619 Canada, BC 1998 Malus domestica  pEA29 JAAEXN000000000 This study; (182) 

Western N.A. 3515-1 Canada, BC 2016 Malus domestica  pEA29 JAAEWS000000000 This study 

Western N.A. BCEa23A Canada, BC 1998 Pyrus betulifolia  pEA29 JAAEWO000000000 This study 

Western N.A. Ea12 USA, CA N/A Pyrus communis  pEA29, pEU30 JAAEWB000000000 This study; Lindow, S. 

Western N.A. LA472 USA, OR 1998 Pyrus communis  pEA29 JAAEUM000000000 This study; Stockwell, V. 

Western N.A. OR1 USA, OR N/A Pyrus communis  pEA29 NQJU00000000 (2, 160) 

Western N.A. OR6 USA, OR N/A Pyrus communis  pEA29, pEU30 NQJT00000000 (2, 160) 

Western N.A. 20060013 USA, UT 2006 Pyrus communis  pEA29 JAAEXH000000000 This study; (197) 

Western N.A. LA092 USA, WA 1988 Pyrus communis  pEA29 NQJY00000000 (2, 160) 

B-Group 3446-1 Canada, BC 2016 Pyrus communis 
 pEA2.9, 

pEA5.8, pEA29 
JAAEWU000000000 This study 

B-Group Ea01-03 Canada, NS 2003 Pyrus communis 
 pEA4.0, 

pEA29, pEU30 
JAAEWH000000000 This study 

B-Group Ea1-00 Canada, NS 2000 Pyrus communis 
 pEA4.0, 

pEA29, pEU30 
JAAEWD000000000 This study 

B-Group E2006P Canada, ON 1997 Pyrus communis 
 pEAR4.3, 

pEA29 
JAAEWI000000000 This study 

B-Group Ea123-5-51 Canada, ON 2016 Malus domestica  pEA29 JAAEWA000000000 This study 

B-Group Ea160-4-51 Canada, ON 2016 Pyrus communis 
 pEAR4.3, 

pEA29 
JAAEVY000000000 This study 

B-Group CA3R USA, CA 1995 Malus domestica 
 pEA8.7, 

pEA29, pEA78 
NQKC00000000 (2, 160) 

B-Group EaIF USA, CA N/A Malus domestica 
 pEA2.9, 

pEA5.8, pEA29 
JAAEUR000000000 This study; Lindow, S. 

B-Group 
ATCC 

BAA-2158 
USA, Illinois 1972 Rubus sp. 

 pEAR4.3, 

pEAR5.2, 

pEA29 

PRJEA52823 (170) 
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B-Group IH-3-1 USA, LA 1998 
Rhaphiolepis 

indica 

 pEA1.7, 

pEA5.8, pEA29 
JAAEUO000000000 This study; Sundin, G. 

Rubus-Infecting Ea02-03 Canada, AB 2003 Rubus idaeus  pEA29 JAAEWG000000000 This study 

Rubus-Infecting Ea03-03 Canada, AB 2003 Rubus idaeus 
 pEAR27, 

pEA29 
JAAEWF000000000 This study 

Rubus-Infecting Ea04-03 Canada, NB 2003 Rubus idaeus  pEA29 JAAEWE000000000 This study 

Rubus-Infecting Ea1-98 Canada, NB 1998 Rubus idaeus 
 pEAR28, 

pEA29 
JAAEVT000000000 This study 

Rubus-Infecting Ea4-96 Canada, NB 1996 Rubus idaeus  pEA29 JAAEVG000000000 This study 

Rubus-Infecting Ea6-96 Canada, NB 1996 Rubus idaeus  pEA29 JAAEUQ000000000 This study 

Rubus-Infecting Ea7-96 Canada, NB 1996 Rubus idaeus  pEA6.0, pEA29 JAAEUQ000000000 This study 

Rubus-Infecting Ea8-96 Canada, NB 1996 Rubus idaeus  pEA29 JAAEUQ000000000 This study 

Rubus-Infecting EaLevo2 Canada, NB 1994 Rubus idaeus 
 pEA29, 

pEAR35 
JAAEUQ000000000 This study 

Rubus-Infecting Ea1-95 Canada, NS 2016 Rubus idaeus  pEA6.0, pEA29 JAAEVV000000000 This study 

Rubus-Infecting Ea1-97 Canada, NS 1997 Rubus idaeus  pEA29 JAAEVU000000000 This study 

Rubus-Infecting Ea2-95 Canada, NS 1995 Rubus idaeus 
 pEA29, 

pEAR35 
JAAEVS000000000 This study 

Rubus-Infecting Ea2-97 Canada, NS 1997 Rubus idaeus  pEA29 JAAEVR000000000 This study 

Rubus-Infecting Ea3-97 Canada, NS 1997 Rubus idaeus  pEA29 JAAEVQ000000000 This study 

Rubus-Infecting Ea644 USA, MA 2003 Rubus idaeus  pEA29 CAPD00000000 (150) 

Rubus-Infecting MR1 (Ea574) USA, MI N/A Rubus sp.  pEA29 CAPE00000000 (150) 
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4.1 Abstract 

Phage-based biocontrol is an emerging method for managing the plant pathogen Erwinia 

amylovora. Control of E. amylovora in North America is achieved chiefly through the application 

of streptomycin and has led to the development of streptomycin resistance. Resistant E. amylovora 

can be tracked through the analysis of CRISPR spacer sequences. An alternative to antibiotics are 

bacterial viruses, known as phages, which lyse their hosts during replication to control the bacterial 

population. Endogenous CRISPR-Cas systems act as phage resistance mechanisms however, 

preliminary genomic analysis suggests this activity is limited in E. amylovora. This leaves the 

functionality of the CRISPR-Cas system, any clade-based differences, and the impact which this 

system may have on phage-based biocontrol in question. In this study, the CRISPR arrays from 

127 newly available genomic sequences of E. amylovora were analyzed through a novel 

bioinformatic pipeline. Through this, the Eastern and Western North American clades were shown 

to be incompatible with the current PCR-based approaches for tracking E. amylovora given the 

size and composition of their CRISPR arrays. Two artificial CRISPR arrays were designed to 

investigate the functionality of the CRISPR-Cas system in E. amylovora. This system was capable 

of curing a targeted plasmid and providing phage resistance, but was not the source of phage 

resistance observed within the controls. This suggests that while the CRISPR-Cas system is an 

important defense mechanism for invasive plasmids, an as yet unidentified mechanism is the 

primary source of phage resistance in E. amylovora.  
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4.2 Introduction 

CRISPR-Cas is one of the most important systems in the modern study of Erwinia 

amylovora. It has become a popular tool for tracking the dissemination of the pathogen, monitoring 

the prevalence of antibiotic resistance, and can significantly impact the development of phage-

mediated biological control (phage biocontrol) (15, 25, 183, 198, 199). Despite this, little is known 

about the activity of the CRISPR-Cas system in E. amylovora or how this activity may impact 

these applications. 

 E. amylovora, the causal agent of fire blight disease, is an destructive agricultural plant 

pathogen that infects plants such as apples and pears belonging to the Amygdaloideae subfamily 

(1). There are three major Amygdaloideae-infecting clades of E. amylovora, all of which originate 

from North America. The Widely-Prevalent (WP) clade, the most commonly isolated group of E. 

amylovora, was disseminated globally through the movement of infected material in the early to 

mid 1900s (15, 16). The Eastern North American (ENA), and Western North American (WNA) 

clades are found strictly in the continental USA and Canada in the eastern and western pome fruit 

growing regions respectively (2, 200). In the USA and Canada, control of E. amylovora infection 

is achieved through the application of the antibiotic streptomycin in spring (26). This high 

antibiotic pressure has resulted in the development of streptomycin resistance (SmR) in the E. 

amylovora population, particularly prevalent in the WNA clade (25, 200). Subsequently, research 

into alternatives to antibiotics, such as phage biocontrol, has increased (43).  

Monitoring the spread of E. amylovora utilizes the spacer acquisition function of the 

CRISPR-Cas system. Through spacer acquisition, the bacterium gains DNA sequences from 

invasive mobile genetic elements (iMGEs), such as phages and plasmids, which have a negative 

impact on survival. These sequences, termed spacers, are inserted sequentially between clustered, 
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regularly interspaced, short palindromic repeats (CRISPR) to form CRISPR arrays (201). 

E. amylovora has two intact CRISPR arrays, CRR1 and CRR2 (also known as CR1 and CR2), 

which flank the Type I-E CRISPR-associated (Cas) gene cluster. In addition, E. amylovora has a 

third CRISPR array, CRR4 (synonym CR3), which is a remnant of the Type I-F CRISPR-Cas 

system found in other members of the genus such as Erwinia pyrofoliae and Erwinia tasmaniensis 

(88, 183). The presence and order of CRISPR spacers creates a heritable record of significant 

iMGE pressures within the bacterium’s environment and creates a pattern by which phylogeny can 

be elucidated (25, 183). This technique has been used extensively to describe the WP clade across 

Eurasia, Portugal, and the northeastern USA (15, 198, 199, 202). PCR-based techniques can 

effectively describe the WP clade and can be used to create the observed CRISPR profiles because 

of the small size and high level of conservation found within those CRISPR arrays. However, these 

profiles are poorly defined within newly described ENA and WNA clades.  

Target interference is the function of the CRISPR-Cas system which provides phage 

resistance and has been exploited to generate novel gene-editing technologies (203, 204). CRISPR 

spacers, promoted by an upstream leader sequence, are transcribed and processed into CRISPR 

RNA (crRNA). In the Type I-E system found in E. amylovora, this is completed by Cas6e. The 

Cas6e-bound crRNA and the interference-associated Cas proteins assemble the CRISPR-

associated complex for antiviral defense (Cascade) (205). When Cascade encounters a DNA 

sequence complementary to the bound crRNA (protospacer), with an upstream PAM element 

(protospacer adjacent motif), Cascade will recruit Cas3 to cleave and degrade the dsDNA of the 

iMGE (86, 206). In the context of phage biocontrol, this provides a mechanism by which 

E. amylovora may develop or have inherent phage resistance. Previous studies on the CRISPR-

Cas system of E. amylovora have shown isolates which harbored the plasmid pEU30 can also have 
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CRISPR spacers to pEU30 (1, 12). This contradiction led Rezzonico et al. (2011) to postulate that 

some of the CRISPR-Cas systems of E. amylovora were non-functional or at least incapable of 

interference. 

In order for the CRISPR-Cas system to act as a monitoring tool, a relationship between the 

major Amygdaloideae-infecting clades and CRISPR arrays needs to be established (15, 25, 183, 

198, 199). The level of CRISPR-Cas activity within E. amylovora also needs to be evaluated to 

determine the risk of resistance or immunity to phage biocontrol. In this study, the CRISPR arrays 

from 127 newly available genomic sequences of E. amylovora were analyzed through 

bioinformatics to produce a phylogeny based on presence and arrangement of the CRR1, CRR2, 

and CRR4 CRISPR arrays. The unique CRISPR spacers were compared to known iMGEs to 

identify the genetic origin. As the activity of the CRISPR-Cas system has never been 

experimentally demonstrated in E. amylovora, two synthetic CRISPR arrays to Erwinia phage 

ΦEa21-4 were developed. These artificial CRISPR arrays were transformed into isolates 

representing the major Amygdaloideae-infecting clades. The resistance to transformation with an 

engineered plasmid was established as a control. Subsequently, infection by phage ΦEa21-4 was 

therefore tested in the presence of an active CRISPR-Cas background.  

4.3 Results and discussion 

4.3.1 The CRISPR groups of Amygdaloideae-infecting E. amylovora 

CRISPR spacer arrangements were amongst the first methodologies used for genotyping 

of E. amylovora (88, 183, 207). In this study, a novel bioinformatic pipeline was developed in 

Biopython to identify E. amylovora CRISPR spacers and to form a species-wide consensus pattern 

for CRR1, CRR2, and CRR4. A total of 10,829 spacers were identified using this pipeline with 

1,000 unique spacer sequences. From the presence or absence of the CRISPR spacers relative to  
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Figure 4.1 Phylogenetic analysis of E. amylovora based on the presence and order of CRR1, 

CRR2, and CRR4 spacers. The phylogeny has a bootstrap value of 1000 and was visualized in 

iTOL with a cut-off of 70%. Colours indicate the phylogenetic clade, as previously determined 

through chromosomal analysis, associated with each isolate and the labels indicating the 

associated CRISPR group: red, Widely-Prevalent; blue, Western North American; green, Eastern 

North American; orange, B-Group; purple, Rubus-infecting. Isolate IVIA2303(*) had a truncated 

CRR2 array attributed to poor sequencing quality. The root of the tree was automatically assigned 

by iTOL. 
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this consensus, a phylogeny was produced (Fig. 1). This phylogeny is in strong agreement with 

the clade development resolved using whole chromosomal or plasmid pEA29 sequences (2, 200). 

The major Amygdaloideae-infecting (AI) clades are composed of CRISPR groups Ia, Ib, II, III, 

and IV, with the Widely-Prevalent clade comprising the Ia, Ib, and II as previously described (Fig. 

1, red) (88).  

Since the late 18th century, the WP clade has spread from New York State to nearly all 

apple producing countries and currently accounts for all sequenced E. amylovora isolates found 

outside North America (15, 200). These non-North American isolates are found exclusively within 

group Ia. Group Ia, with the exception of Ea440 and CFBP2313, has a larger CRR2 array which 

contains 31 to 35 spacers whereas group Ib has 21 to 26 (Table 1). Both group Ia and group Ib 

have 27 to 35 spacers in the CRR1 array. Group II is composed of 4 isolates from Utah, USA and 

is distinct from group Ia and group Ib via the CRR1 array which contains only 12 to 19 spacers. 

Only 5 isolates were found to have non-synonymous SNPs within the Cas genes of group I and 

group II. Therefore, despite the differences in the CRISPR arrays, the activity of the CRISPR-Cas 

system is predicted to be the same across this clade. 

WNA and ENA are two AI clades unique to North America and form the distinct CRISPR 

group III (Fig. 1, blue) and group IV (Fig. 1, green), respectively. These two CRISPR groups have 

the largest arrays, with the maximum size of 110 spacers and 58 spacer for the CRR1 and CRR2 

arrays, respectively. Despite the size of these CRISPR arrays, group III and group IV share many 

spacers absent in the WP clade which draws new connections between the WNA and ENA clades. 

It was previously observed that the WP, WNA, and ENA clades were of equal genetic variance 

relative to one another when observed through whole genome sequence alignment (2, 200). 

However, phylogenies produced using plasmid pEA29 and the CRISPR arrays suggest the WNA 
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clade is ancestral to the ENA clade (200). This is supported by further analysis of the genetic 

region located between the CRR1 array and the Cas genes (183): this 2361bp sequence is 

composed of three putative genes present in WP isolates but is entirely absent in all ENA and 

WNA isolates. Another similarity between the ENA and WNA clades is the shared 63 bp CRR1 

spacer first identified in WNA isolates (88). The average size of the CRISPR spacers found in this 

and previous studies is 32 bp (88, 183). The elongated spacer found in the WNA clade is thought  

 

Table 4.1 Size of CRISPR arrays found in E. amylovora. 

CRISPR Group 
CRR1 Spacers CRR2 Spacers CRR4 Spacers 

Unique Min Max Unique Min Max Unique Min Max 

Group Ia 36 28 36 35 31* 35 5 5 5 

Group Ib 36 27 36 26 21 26 5 5 5 

Group II 19 12 19 35 27 35 5 5 5 

Group I & II 40 12 36 35 21 35 5 5 5 

Group III 119 44 110 52 25 49 5 5 5 

Group IV 96 53 95 59 25 58 5 5 5 

Amygdaloideae-Infecting 152 12 110 67 21 58 5 5 5 

B-Group I 39 29 31 45 22 23 5 5 5 

B-Group II 22 18 22 52 49 49 5 5 5 

B-Group III 29 18 23 41 36 39 5 5 5 

B-Group IV 42 42 42 32 32 32 5 5 5 

ATCC-BAA2158 53 53 53 38 38 38 5 5 5 

B-Group 166 18 53 178 22 49 5 5 5 

Rubus I 147 20 41 70 16 38 6 3 6 

Rubus II 172 48 55 83 31 40 6 5 6 

Rubus III 52 51 51 30 28 30 6 4 6 

Rubus-Infecting 347 20 55 178 16 40 6 3 6 

E. amylovora 624 12 110 370 16 58 6 3 6 

* Excluding Ea440 (27 Spacers) and CFBP2313 (29 Spacers) 
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to have formed from the partial deletion of the subsequent repeat/spacer and bears a G18A 

transition in ENA isolates. An unfortunate reality of draft genome analysis from short-read NGS 

is an increased number of sequence assembly errors within repetitive genomic regions such as 

CRISPR arrays (208). As such, the other 33 potential larger spacers were not included within the 

phylogenetic analysis as they need to be confirmed through further sequencing. It should be noted 

however that significantly more of these elongated CRISPR spacers may exist within the E. 

amylovora population. 

Recently, CRISPR spacer analysis was used to track the dissemination of E. amylovora 

across Eurasia, Portugal, and New York State. PCRs were designed to amplify either the entire 

CRISPR array (198, 199) or a spacer, designated 1029, which had duplicated within the CRR1 

array (15). Both of these methodologies are capable of a high level of differentiation within the 

WP clade. Unfortunately, PCR amplification of the entire CRR1 and CRR2 arrays for the ENA 

and WNA clades is not a viable strategy as they can contain three-fold more spacers and a resulting 

amplicon of over 3000 bp. Spacer 1029 was also absent from both the ENA and WNA. In fact, 

spacer 1029 and its duplicate were noticeably absent from the majority (42 of 68) WP genomes in 

this study. This method has previously been used to differentiate most of the tested Eurasian 

isolates however, only 68.1% and 22.7% of the WP genomes from Eurasia and North America, 

respectively, found in this study contained spacer 1029. While this may be due to the shortcomings 

of NGS as previously noted, the presence of spacer 1029 did not correlate with group Ia and Ib 

development. This would suggest that while spacer 1029 can be used to track group Ia across 

Europe, it may not be representative of the major difference within the WP clade, vis-à-vis the 

CRR2 array. 
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4.3.2 CRISPR groups of the Rubus-infecting and B-Group superclades of E. amylovora 

The B-Group superclade is composed of several, highly distinct strains of E. amylovora 

which infect pome fruit but are genetically dissimilar to the WP, ENA, and WNA clades (200). 

The CRISPR arrays of these isolates form four unique CRISPR groups designated as B-Group I to 

IV (Fig. 1, orange) and are composed almost exclusively of unique spacers (Table 1). Isolate 

ATCC BAA-2158 for example, shares only two CRISPR spacers with any other group. The 

exception to this is B-Group I which shares many of its CRR1 spacers with group I. This is an 

interesting contrast to the whole genome or pEA29 comparisons which showed little relation 

between the WP isolates and B-Group I. It may therefore represent a unique divergent event of B-

Group I from the WP clade (200). 

Certain strains of E. amylovora are also capable of infecting Rubus plants (eg. raspberry) 

during sporadic outbreaks however, these isolates lack the sorbitol dehydrogenase operon required 

to infect Amygdaloideae plants (209, 210). The highest level of phylogenetic differentiation 

through the CRISPR arrays occurs in the Rubus-infecting (RI) isolates of E. amylovora. These 

isolates were broken into three groups, Rubus I to III, for characterization (Fig. 1, purple). The 

CRR1 array of Rubus I is the smallest with 20 to 41 spacers while Rubus II and Rubus III have 48 

to 55 (Table 1). All three groups have CRR2 arrays ranging from 16 to 40 spacers. Despite the 

similarity in size, the Rubus CRISPR groups were distinct from one another, sharing only 29 of 

the 554 unique CRR1 and CRR2 spacers.  

The CRR4 array is associated with the Type1-F Cas system present in E. pyrifoliae and 

E. tasmaniensis but absent in E. amylovora (88, 183). Therefore, while the CRR1 and CRR2 arrays 

can be differentiated by both the acquisition and loss of CRISPR spacers, CRR4 would be 

differentiated exclusively by loss. The CRR4 array of both the AI strains and the B-Group is five 
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spacers in length. One distinct feature of the Rubus CRR4 arrays is the presence of a 6th unique 

CRR4 spacer (Table 1). Like the others, B-Group I, B-group IV and ATCC BAA-2158 have five 

spacers; however, these isolates lost the last CRR4 spacer of the AI isolates and maintained the 

CRR4 spacer unique to RI isolates. There is also 3 SNPs which distinguish the AI isolates and the 

B-group from the Rubus superclade, two located in the third to last and one in the last CRR4 spacer 

(3’ to 5’). These SNP differences were observed across all sequences in this study, suggesting the 

loss of CRR4 spacers in the AI and B-Group relative to the Rubus-infecting groups occurred 

independently. 

4.3.3 The genetic sources of E. amylovora CRISPR spacers 

While the presence of CRISPR spacers is used to determine the lineage of E. amylovora 

and track its dissemination globally, CRISPR spacers also give insight into predaceous 

environmental pressures (86). Each spacer found within the CRISPR array is identical to another 

sequence, known as a protospacer, found within antagonistic iMGEs (201). The majority of 

spacers within the CRISPR-Cas system of E. amylovora, which have a sequenced genetic source, 

originate from plasmid pEU30 and were acquired by CRISPR groups III and IV (Table 2), 

concurring with previous observations (88). Indeed, this is expected as pEU30 is most commonly 

found in WNA isolates and therefore resistance is most likely to develop within that clade (200). 

Plasmids pEU30 and pEA72 share a ~3000 bp region which encompasses nearly half of all 

CRISPR spacers capable of targeting pEA72. Surprisingly, group IV had very few spacers specific 

to pEA72 despite the ENA isolates being the primary source of this plasmid within available 

genomes (200). CRISPR groups I and II have 75 unique spacers found in the CRR1 and CRR2 

arrays however only 16 match protospacers in published genetic sequences: half of which are to 

plasmids from other genera such as Escherichia and Klebsiella.  
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One of the most striking differences between the AI and RI superclades is the difference in 

protospacer targets. The AI superclade has 77 CRISPR spacers to plasmids and only five spacers 

to known phages. In contrast, the RI superclade has 41 spacers to plasmids and 42 spacers to 

phages, primarily lysogenic phage ΦEt88 from E. tasmaniensis. This observation may be 

attributed to the differences in the hosts and niches which these isolates occupy. The E. amylovora 

isolates which infect apple and pear exist in segregated lifecycles, mainly infecting internal plant 

material, which minimizes environmental exposure. This may explain the lack of plasmid diversity 

previously observed within the AI superclade (200), and why most CRISPR spacers provide 

resistance to plasmids common to E. amylovora, such as pEU30. Comparatively, the isolates of 

the RI superclade have more diverse CRISPR arrays with an increase in phage targeting spacers 

 

Table 4.2 Protospacers targeted by the CRR1 and CRR2 CRISPR arrays of E. amylovora. 

CRISPR 

Group 

CRISPR spacers (CRR1 : CRR2) 

Plasmid Origin  Phage Origin 

pEU30 
Erwinia 

spp. 
Other 

 
ΦEt88 

Erwinia 

spp. 
Other 

Group I & II 2 : 0 1 : 3 5 : 3  2 : 0 0 : 0 0 : 0 

Group III 31 : 6 3 : 2 9 : 3  3 : 0 0 : 0 2 : 0 

Group IV 32 : 15 2 : 2 7 : 3  1 : 0 0 : 0 2 : 0 

Amygdaloideae 

- Infecting 

40 : 16 4 : 3 11 : 3  3 : 0 0 : 0 2 : 0 

55 : 22  5 : 0 

B-Group 
3 : 11 8 : 12 14 : 9  3 : 3 1 : 1 3 : 0 

25 : 32  7 : 4 

Rubus I 1 : 1 3 : 2 4 : 2  9 : 3 0 : 1 6 : 5 

Rubus II 2 : 0 10 : 7 1 : 3  10 : 5 1 : 0 6 : 1 

Rubus III 3 : 1 14 : 10 4 : 9  19 : 9 1 : 1 5 : 7 

Rubus -

Infecting 

3 : 1 14 : 10 4 : 9  19 : 9 1 : 1 5 : 7 

21 : 20  25 : 17 

E. amylovora 
43 : 23 24 : 14 31 : 21  27 : 16 4 : 3 24 : 9 

98 : 68  55 : 28 
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suggesting increased exposure to other Erwinia spp. and bacterial populations. The majority of 

Erwinia phages have been isolated from soils beneath infected trees (57). Raspberries have higher 

exposure to soils relative to apple cultivation due to both proximity to the ground and cultivation 

practices. To limit weeds and disease in raspberry cultivation, the soil between the rows is left 

bare, or covered with mulch or biodegradable plastics. This exposes the Rubus-infecting E. 

amylovora to soil microbiota and their associated phages (211). 

4.3.4 CRISPR-Cas mediated interference in E. amylovora against plasmid pEA-iMGE 

Despite the lack of phage-specific CRISPR spacers, the CRISPR-Cas system of E. 

amylovora is a potential source of phage resistance which may directly affect the efficacy of phage 

biocontrol. In previous studies, the plasmid pEU30 has been observed in E. amylovora isolates 

which also have CRISPR spacers to pEU30 (88, 183). As this plasmid is most prevalent within the 

WNA clade, the Cas system of CRISPR group III may be compromised. The genomic analysis in 

this study initially supported this hypothesis as a Q20H mutation in Cas8 was observed in all WNA 

isolates. Therefore, to determine if the endogenous Cas system was capable of Cascade formation 

and CRISPR-Cas mediated interference, a two-plasmid system was developed. The first plasmid, 

pEA-iMGE, contained 4 protospacers designed from the sequences of Erwinia phages and 

conferred kanamycin resistance (Fig. 2A). The second, subsequent transformations were 

completed with plasmids which conferred ampicillin resistance; pEA-CRR1Φ, pEA-CRR2Φ, and 

pUC19 as a control. The plasmids pEA-CRR1Φ and pEA-CRR2Φ both contain a 12 spacer 

CRISPR array, designed with CRR1 and CRR2 repeats respectively, of which four match the 

protospacers of pEA-iMGE (Fig. 2B). Consequently, if the isolate is capable of CRISPR-Cas 

mediated interference, pEA-iMGE will be targeted by the spacers provided by pEA-CRR1Φ or 

pEA-CRR2Φ, resulting in the loss of kanamycin resistance. 
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Figure 4.2 (A) Plasmid pEA-iMGE is a pUC57 plasmid backbone which contains 4 protospacers 

and the kanR gene. PAM and protospacer sequences are highlighted in red and purple, 

respectively. (B) Plasmid pEA-CRR1Φ is a pUC18 plasmid backbone which contains the 

ampicillin ampR gene in addition to an artificial CRISPR array. The array is composed of the 

endogenous leader sequence, and the 12 spacer sequences provided, separated by CRISPR 

repeats. Plasmid pEA-CRR2Φ is identical to pEA-CRR1Φ except the CRISPR repeats and leader 

sequence were modified to match the CRR2 array of E. amylovora. (C) The CRISPR repeat 

sequences for CRR1 and CRR2 of E. amylovora with the 2 bp difference highlighted in blue. 
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 E. amylovora CRISPR-Cas activity was first confirmed in WP isolate Ea6-4, which has 

synonymous Cas genes to all but five WP isolates. In Ea6-4, pEA-CRR1Φ plasmid successfully 

knocked out pEA-iMGE, whereas pEA-CRR2Φ had a suppressive effect, significantly reducing 

the relative number of pEA-iMGE harboring transformants (Fig. 3). The difference between the 

two arrays comes from the leader sequence and a two base pair difference of “GA” to “AT” at 

position 14 and 15 within the CRISPR repeat (Fig. 2C). As Cas6e both processes and binds the 

crRNA within Cascade (201), these results suggest the two bp mutation may decrease the affinity 

of Cas6e to CRR2 repeats. In contrast, the pEU30 harboring WNA isolate 1280, hitherto called 

Figure 4.3 Curing of pEA-iMGE after secondary transformation by pUC19, pEA-CRR1Φ, 

and pEA-CRR2Φ. Transformations were enumerated after 30 h. Bars represent the mean and 

the error bars represent a 95% confidence interval of the mean among three replicates. 

Significance was determined using a Student’s T-test. All significant differences (**) had a p-

value < 0.01. 
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EaBC1280, showed no significant change in transformation efficiency for pEA-CRR1Φ or pEA-

CRR2Φ relative to the control. In EaBC29, a WNA isolate with the Q20H mutation lacking 

pEU30, pEA-CRR1Φ and pEA-CRR2Φ were both capable of inducing CRISPR-Cas mediated 

interference similar to that of Ea6-4 (Fig. 3). Consequently, our hypothesis is that plasmid pEU30, 

and not the H20Q mutation, is the source of anti-CRISPR activity. All predicted ORFs greater than 

30 amino acids were compared to the known anti-CRISPR proteins antagonistic to the Type I-E 

system (212). While there was some limited homology (<45%) to transcriptional regulators 

associated with anti-CRISPR activity, such as LuxR and MarR, no significant homology to anti-

CRISPR proteins was observed. Simple transformation of pEU30 into E. amylovora to confirm 

anti-CRISPR activity is not possible due to the size of the plasmid (30 000 bp) and the presence 

of pre-existing CRISPR spacers to pEU30. However, WP Utah isolate Ea20070126, a member of 

group II, has identical interference-related Cas genes as Ea6-4, lacks the Q20H mutation, and has 

lost the two CRR1 spacers to pEU30 shared by the WP isolates. It is also the only sequenced WP 

isolate which harbors plasmid pEU30. Like EaBC1280, Ea20070126 was not capable of CRISPR-

Cas mediated interference in the presence of either pEA-CRR1Φ or pEA-CRR2Φ. Lastly, ENA 

isolate Ea160-3-51 from group IV was incapable of interference, despite having only synonymous 

mutations within the Cas genes compared to Ea6-4 and Ea20070126. Therefore, while pEU30 is 

the suspected cause of the decrease in CRISPR-Cas activity, the cause of the lack of CRISPR-Cas 

activity in Ea160-3-51, and if this cause is shared with the other CRISPR-deficient isolates, 

remains unknown.  

In addition to the strains described above, WP strain ATCC 49946 (Ea273) and RI isolate 

Ea2-95 were unsuccessfully transformed using the two-plasmid system. While pEA-iMGE and 

pUC19 could be successfully transformed individually, no viable colonies formed which contained 



 

 81

   

both plasmids resolved to use as a control. E. amylovora strains ATCC 49946 and Ea2-95, harbor 

pEA72 and pEAR35 respectively, in addition to the ubiquitous pEA29. It is likely that these 

isolates were incapable of maintaining both the endogenous plasmids as well as adequate copies 

of the transformed plasmids to provide sufficient antibiotic resistance. Therefore, the applicability 

of this testing methodology is limited by the number of other endogenous plasmids present in the 

E. amylovora isolate in question. 

4.3.5 Infection of E. amylovora by phage фEa21-4 

With Ea6-4 confirmed to have CRISPR-Cas activity through plasmid transformation, 

CRISPR-Cas activity was tested using phage Kolesnikvirus Erwinia virus Ea214 (ΦEa21-4). 

ΦEa21-4 was first isolated on Ea6-4 and is a candidate for phage biocontrol of E. amylovora (55, 

56, 61, 62, 213). To this end, characteristics about the lytic replication cycle (i.e. adsorption rate, 

burst size, and time to lysis) have been previously described on this bacterial host through 

quantitative, real-time PCR (qPCR) (214). This particular form of qPCR utilizes DNase to quantity 

phage virions, and therefore phage replication, over time. A series of transformants were produced 

using pEA-CRR1Φ, pEA-CRR2Φ, and pUC19 in the absence of pEA-iMGE. Each of the 

transformants were then infected with phage ΦEa21-4 and monitored over 8 h using OD600 and 

qPCR.  

Both pEA-CRR1Φ and pEA-CRR2Φ each contain 3 CRISPR spacers capable of targeting 

ΦEa21-4. The plasmid pEA-CRR1Φ noticeably increased overall growth of the bacterium in the 

presence of the phage over 8 h by 3.5, 3.3, and 3-fold compared to pUC19 at a multiplicity of 

infection (MOI) of 1, 10, and 100, respectively (Fig. 4). Overall production of phage decreased 5-

fold and quantity of phage present two hours post-infection was 10-fold less than the pUC19 

transformants. This shows that the CRR1 array is able to provide E. amylovora with a degree of  
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Figure 4.4 The effect of a targeted CRISPR-Cas response to phage ΦEa21-4 during infection of Ea6-4. Panels (A), (B), and (C) 

represent the CFU/mL calculated from OD600 measures for Ea6-4 transformed by pEA-CRR1Φ, pEA-CRR2Φ, and pUC19 respectively. 

Panels (D), (E), and (F) represent the virion quantification through qPCR for ΦEa21-4 corresponding to (A), (B), and (C) respectively. Red, 

blue, green, and yellow symbols represent the mean of the triplicate for no phage, MOI of 1, MOI of 10, and MOI of 100 respectively. MOI 

was confirmed through plaque assay. The line represents the local regression model of the data (LOESS), and the shaded region represents a 

95% confidence interval. 
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immediate phage resistance. Increases in overall growth of pEA-CRR2Φ transformants relative to 

pUC19 was significantly lower than pEA-CRR1Φ at 56.7% to 75.4%. Likewise, the rate of phage 

propagation over the first three hours was reduced by only 14.3%. This exaggerates the 

observations using the plasmid system in which the CRR1 array provides a higher degree of 

resistance than CRR2 array. Overall, phage ΦEa21-4 was still able to propagate within Ea6-4 

showing the CRISPR-Cas system of E. amylovora does not provide phage immunity, only mild 

resistance.  

While the pEA-CRR1Φ provided immediate protection to phage infection, all phage-

infected E. amylovora cultures grew at approximately the same rate (k = 0.4843 to 0.6116) four 

hours post-infection regardless of the plasmid present. This is a stark decrease from their 

uninfected counterparts which grew at rate of k = 0.9586 to 0.9913. The genomic DNA of Ea6-4, 

infected at an MOI of 100, was extracted and sequenced after 8 h to determine if the ability of 

pEA-CRR2Φ and pUC19 transformants to grow in the presence of phage ΦEa21-4 was related to 

CRISPR spacer acquisition. There were no new spacers identified in the genomic assemblies of 

the endogenous or plasmid-based CRR1 or CRR2 arrays. The raw sequencing reads were also 

cross referenced against the genome of ΦEa21-4. No new spacers, other than those which were 

introduced in the artificial CRISPR arrays, were detected in the samples. This indicates that no 

CRISPR spacer acquisition to ΦEa21-4 occurred and that the CRISPR-Cas system was not 

responsible for the phage resistance observed in pEA-CRR2Φ and pUC19 transformants. While 

unexpected, this does agree with the observation that phage growth was decreased but not absent 

in pEA-CRR1Φ transformants. Lysis of infected hosts is naturally the last step of phage 

propagation. Therefore, hosts infected by ΦEa21-4, which may have acquired novel spacers, were 
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likely still lysed. This would prevent the development of phage resistance in the E. amylovora 

population over time. 

4.4 Conclusions 

In conclusion, the CRISPR-Cas system of E. amylovora is far more diverse and complex 

than previous analyses suggested. The phylogenies produced using the CRISPR-Cas system 

resolve the same clades previously observed in E. amylovora but show a strong connection 

between the ENA and WNA clades (2, 200). The annotation of the spacers in this work showed 

that the Amygdaloideae-infecting strains of E. amylovora are more frequently pressured by 

plasmids than phages, while the Rubus-infecting strains appear to be equally pressured by both. 

The CRISPR-Cas system is active in the WP and WNA clades in the absence of pEU30, while 

activity in the ENA clade was not observed. While CRR1 spacers do provide some degree of 

immediate protection to phage infection, no spacer acquisition to ΦEa21-4 was detected. 

Interestingly, the control strain of Ea6-4 containing pUC19 was able to survive phage infection 

using an unidentified system which was complimentary to the CRISPR-Cas system. Overall, this 

shows that while the CRISPR-Cas system is potentially important as a defense mechanism for 

plasmids, it is not the primary mechanism for phage resistance in Amygdaloideae-infecting strains 

of E. amylovora. 

4.5 Materials and methods 

4.5.1 Extraction, alignment, and phylogenies of E. amylovora CRISPR arrays 

Genomic sequences for the 127 E. amylovora isolates were accessed through the NCBI 

nucleotide database as per (200). CRISPR spacers were extracted and aligned from the whole 
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genome sequences using a pipeline developed in Biopython (this study). CRISPR spacers were 

obtained through identification of the flanking CRISPR repeats of:  

CRR1 (5’-GTGTTCCCCGCGTGAGCGGGGATAACCG-3’) 

CRR2 (5’-GTGTTCCCCGCGTATGCGGGGATAAACCG-3’) 

CRR4 (5’-GTTCACCTGCCGTACAGGCAGCTTAGAAA-3’)  

Sequences less than 29 bp, more than 35 bp, or that contained null base calls were excluded due 

to the high probability of sequencing/assembly errors. All CRISPR spacers were then used to 

create a consensus alignment for each CRISPR array (CRR1, CRR2, and CRR4). The isolate with 

the largest CRISPR array, EaOR1, acted as the seed array. The seed array was expanded by 

sequentially aligning additional CRISPR arrays. Unique spacers were added into the consensus if 

the flanking spacers were homologous. Otherwise, they were added to the end of the consensus 

(Fig. 5). After the consensus sequence was completed, the CRISPR arrays were then aligned to the 

consensus sequence to generate a binary code representing spacers in an array which were 

congruent with the consensus array. The scripts used to generate the E. amylovora CRISPR 

consensus sequence is available at github.com/ParceyM/ErwiniaCRISPRAligner. Using the binary 

sequences which represent the presence and absence of spacers compared to the consensus array, 

a phylogeny was constructed using IQ-TREE (215) using the GTR2 model, with a bootstrap value 

of 1000, and a bootstrap cut off of 70%. The phylogeny was visualized using iTOL (188).  

4.5.2 Identification of the genetic source of E. amylovora CRISPR spacers 

Isolates were clustered based on the CRISPR group identified within the phylogeny and 

the CRISPR spacers were pooled. All unique spacers were identified within a given group and 

compared to the NCBI nucleotide database (191) using a cut-off e-value of 1e-3 (identity of 

approximately 26 of the 32 bp of the spacer). The results were parsed to identify matches to known 
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phages, plasmid, and other iMGEs such as transposons. The plasmid maps identifying the genetic 

position of the protospacers were created using AngularPlamid (216). 

4.5.3 Design of the artificial CRISPR arrays and plasmids 

Two artificial CRISPR arrays were synthesized that consisted of the endogenous leader 

sequences for CRR1 and CRR2 followed by 12 CRISPR spacers within the multiple cloning site 

of pUC18. The leader sequences were predicted to contain promoters using BPROM (217). The 

spacers were separated using the CRR1 and CRR2 CRISPR repeats into their own respective 

plasmids (pEA-CRR1Φ and pEA-CRR2Φ). The CRISPR spacers were designed from the genome 

of four different genera of Erwinia phages (three spacers each): Kolesnikvirus Erwinia virus Ea214 

(NC_011811.1), Agricanvirus Erwinia virus Ea35-70 (NC_023557.1), Johnsonvirus Erwinia virus 

Ea9-2 (KF806588.1), and Zindervirus Erwinia virus Era103 (NC_009014.1). The artificial iMGE 

Figure 4.5 Visual representation of the CRISPR spacer alignment pipeline designed in 

Biopython. Whole genome sequences are first parsed to identify CRISPR spacers and form a 

CRISPR array. The largest CRISPR arrays then acted as a seed, and additional arrays were added 

to the seed in descending order based on size to form a consensus array. A separate consensus 

was formed for CRR1, CRR2, and CRR4. 
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(pEA-iMGE) consisted of the pUC57-Kan plasmid with one protospacer from each phage for a 

total of four and separated with an upstream “AAG” PAM sequence (88). qPCR primer/probe 

target sequences were incorporated at the beginning of synthesized DNA regions to flank the leader 

sequences. All sequences were synthesized and inserted into vectors by GenScript (Piscataway, 

NJ, USA).  

4.5.4 Quantification of Ea6-4, pEA-iMGE, pEA-CRR1Φ, pEA-CRR2Φ, and ΦEA21-4 

Random, optimized primers and probes were designed using the genome of Loxodonta 

africana for the detection of pEA-CRR1Φ of pEA-CRR2Φ to ensure no cross reactivity with E. 

amylovora (Table 3). Previously developed primers and probes were used for Ea6-4 and ΦEa21-4 

(55). In this system, a plasmid containing the Ea6-4 and ΦEa21-4 PCR amplicons was diluted to 

1011, 108, and 105 copies/mL to create a standard curve for quantification (55). qPCR reactions 

contained 2 µL of sample, 200 nM of each primer, and 100 nM of each probe in EVOlution Probe 

qPCR mix (Montreal Biotech Inc., Montreal, QC, Canada). Reactions were performed in a 

qTOWER G3 (Analytik Jena, Jena, Germany) or a Stratagene Mx3005P (Agilent Technologies, 

Santa Clara, CA, USA) qPCR thermocycler under the following conditions: 15 min at 95 oC 

followed by 40 cycles of 15 s at 95 oC and 45 s at 54 oC. Prior to the quantification of ΦEa21-4, 

phage samples were treated with DNase to removed non-encapsidated phage genomes as 

previously described (200). Briefly, an 8 µL sample of phage was combined with 1 µL of 10x 

DNase I buffer (B0303D, NEB, Ipswich, MA, USA) and 1 µL DNase I (M0303S, NEB, Ipswich, 

MA, USA) in a 96-well plate. The samples were then incubated for 40 min at 37 °C, followed by 

20 min at 95 °C, and a hold at 4 °C. Phage were also quantified through plaque assays using a soft 

agar overlay (62, 108). 
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4.5.5 Transformation of E. amylovora 

CFU and qPCR copy numbers have been previously correlated to allow CFU/mL to be 

determined using qPCR for E. amylovora (55). A standard curve for OD600 based on qPCR 

quantification was created using Ea2-95, Ea6-96, and Ea3-97 during exponential growth. A total 

of 61 measurements were taken at a range of 107 to 1010 on a Thermo Spectronic Genesys 20 

(ThermoFisher Scientific, Waltham, MA, USA) then quantified through qPCR. From this standard 

curve, the equation y = 1010 ∙ x1.4518 (R2=0.9116) was derived where x is the OD600 measurement 

and y is the CFU/mL as determined through qPCR (data not shown). 

Table 4.3 Primers and probes used for qPCR quantification 

Target Name Sequence 

Erwinia 

amylovora 

Ea-Lsc-F CGC TAA CAG CAG ATC GCA 

Ea-Lsc-R AAA TAC GCG CAC GAC CAT 

Ea-Lsc-P 
/5Cy5/CTG ATA ATC CGC AAT TCC AGG 

ATG/3IAbRQsp/ 

ΦEa21-4 

END37-F TTC AGC TTT AGC GGC TTC GAG A 

END37-R AGC AAG CCC TTG AGG TAA TGG A 

END37-P 
/56-ROXN/AGT CGG TAC ACC TGC AAC GTC AAG 

AT/3IAbRQSp/ 

pEA-CRR1Φ 

& pEA-

CRR2Φ 

pEA-CRR-F CTG GTC AGC ATC ACT AGC ATA A 

pEA-CRR-R ACC TCG AAG AAG GCG GAT AG 

pEA-CRR-P 
/5Cy5/TTT CTG CGC/TAO/GTA ATC TGC TGC 

TTG/3IAbRQSp/ 

pEA-iMGE 

pEA-iMGE-F CAT CAC TGG CCT CCT ACT TTA C 

pEA-iMGE-R CCA AGG CAC CTC ACA TAC TT 

pEA-iMGE-P 
/56-FAM/TCC ACT ACG/ZEN/GCC ATC TGT TTC 

ACG/3IABkFQ/ 
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Isolates were plated on DifcoTM nutrient agar (NA) (BD, Sparks, Maryland, USA) from 

frozen cultures stored on microbeads (MicrobankTM, ProLab Diagnostics, Richmond Hill, ON, 

Canada), incubated at 27 oC overnight, and stored at 4 oC. A culture of E. amylovora was grown 

in DifcoTM nutrient broth (BD, Sparks, Maryland, USA) amended with 0.5% sucrose (NBS), and 

100 ppm of kanamycin if required, to 108 CFU/mL in a programmable, Innova 44 shaking 

incubator (New Brunswick Scientific, Edison, NJ, USA) at 27 oC (160 rpm). Following incubation, 

the bacterial suspension was centrifuged at 12 000 x g (4 oC) for 8 min and the supernatant was 

discarded. The bacterial pellet was washed in 40 mL of iced 10% glycerol and centrifuged at 12 

000 x g (4 oC) for 12 min twice. The pellet was resuspended in 10% glycerol and adjusted to 2 x 

109 CFU/mL. Each transformation consisted of 400 µL of bacterial suspension and 50 ng of 

plasmid DNA. Electroporation occurred in 2 mm electroporation cuvettes using a Bio-Rad Gene 

Pulser Electroporator (Bio-Rad Laboratories, Hercules, CA, USA) with the following settings: 800 

Ω, 25 µF, and 2.5 kV for 4s (218). Transformants were immediately diluted with 600 µL of SOC 

media (219) and incubated at 27 oC for 1 h. A 100 µL aliquot of the transformed bacteria was 

plated on NAS amended with ampicillin, kanamycin or both ampicillin and kanamycin. All 

antibiotics were applied at 100 ppm. 

4.5.6 CRISPR-Cas mediated interference against plasmids 

Isolates were first transformed with pEA-iMGE and were secondarily transformed with 

pUC19 (control), pEA-CRR1Φ, or pEA-CRR2Φ to test if the introduction of CRISPR spacers 

homologous to pEA-iMGE resulted in curing of this plasmid. Secondary transformation reactions 

were plated on NAS amended with ampicillin, kanamycin, or both antibiotics. Efficiency of 

CRISPR-mediated curing was estimated by the number of colonies on NASKana+Amp relative to 

number of colonies on NASAmp. Transformations were considered to be valid only if growth was 
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observed on NASAmp. Experiments were performed in triplicate. ORFs of pEU30 were identified 

using ORFfinder and compared to the proteins of the AntiCRISPR Database (AcrDB) (212, 220). 

4.5.7 Propagation and infection using phage ΦEA21-4 

Phage ΦEA21-4 was propagated as previously described with minor amendments (55). 

Briefly, 100 mL of 108 CFU/mL of the Ea6-4 was prepared in NB and grown at 27 °C (160 rpm) 

in a Innova 44 shaking incubator. After 1 h, 108 PFU of ΦEA21-4 was added to the bacterial 

culture. The culture was incubated at the conditions listed above overnight. Following incubation, 

the culture was treated with 2 mL chloroform, centrifuged at 12 000 x g (4 oC) for 8 min, and 

passed through a 0.22 µm filter under vacuum (Millipore, Billerica, MA, USA). Phage cultures 

were stored with 1 mL of chloroform in amber vials (Wheaton Industries, Millville, NJ, USA) at 

4 oC. 

To determine the effect of the CRISPR-Cas system against ΦEA21-4, cultures of Ea6-4 

which had been transformed using plasmid pUC19, pEA-CRR1Φ, or pEA-CRR2Φ were grown in 

NBS amended with 100 ppm ampicillin to 108 CFU/mL as described above. Cultures for OD600 

sampling were created by diluting the bacterial cultures to 107 CFU/mL in 50 mL falcon tubes 

with sterile sponge stoppers for aeration. Phage stocks were then diluted and added to the culture 

at the designated MOI for a total volume of 25 mL. At the same time, a set of paired samples was 

created at a volume of 150 µL in 96-well plates to quantify phage ΦEA21-4. The infected cultures 

in 50 mL falcon tubes and sealed 96-well plates were incubated at 27 oC (150 rpm) for 8 h. A 1 

mL sample was taken from the 25 mL cultures for OD600 measurements following phage infection, 

and every hour thereafter. Fifty µL of chloroform was added to each culture in the paired 96-well 

plate associated with each time point to kill the culture. Experiments were performed in triplicate. 

Growth rates were determined using an exponential line of best fit from the equation y=a∙ekt. The 



 

 91

   

phages were then quantified using the protocol qPCR previously described. After 8 h of incubation, 

the bacterial genomic DNA was extracted from the cultures infected at an MOI of 100 using the 

Bacterial Genomic DNA Isolation kit (17900, Norgen Biotek Corp., St. Catharines, ON, Canada) 

as per the manufacturer’s instructions. 

4.5.8 Sequencing of the Ea6-4 transformants infected by phage ΦEA21-4 

The extracted genomic DNA was sequenced using the Nanopore MinIon platform (Oxford 

Nanopore Technologies, Oxford, UK). Samples were prepared using the manufacture’s 

instructions for the Rapid DNA Sequencing kit (SQK-RAD004, Oxford Nanopore Technologies, 

Oxford, UK) on a Spoton flow cell (Oxford Nanopore Technologies, Oxford, UK). Sequencing 

data was acquired using MinKnow and the genomes were assembled using Flye with 4 polishing 

steps (221). Coverage of each assembly was at least 50x. The chromosomal and plasmid sequences 

were assessed for the insertion of new CRISPR spacers using the CRISPR aligner pipeline. The 

sequencing data were also parsed to identify individual reads which contained any CRISPR 

repeats. The reads were then cross-referenced to the phage ΦEA21-4 genome using blastn to 

determine if any novel spacers had been acquired which didn’t appear in the genomic assemblies 

(222). 
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4.7 Supplementary Figure 

Figure 4.6 Distribution of E. amylovora CRISPR protospacers in (A) plasmid pEU30 and (B) 

phage ΦEt88. The arrows in the outer most ring represent predicted genes in the forward (green) 

and reverse (red) orientation. The bands which cross the ring represent the position of protospacers 

in the forward (blue) and reverse (red) orientation. The highlighted section of A (yellow) represents 

the genetic sequence shared between pEA72 and pEU30. 

  



 

 93

   

Chapter 5. Discussion 

5.1 CRISPR-Cas activity in E. amylovora 

Phage ΦEa21-4 has been one of the primary candidates for the phage biological control 

program since its isolation 20 years ago (57). When used in field studies in combination with P. 

agglomerans E325, an efficacy equivalent to streptomycin was attained (62). This efficacy, 

however, has been inconsistent across field trials (data unpublished). This variation can now be 

partially attributed to the unknown phage resistance mechanism and possibly the CRISPR-Cas 

system.  

The effect of plasmid pEA-CRR1Φ on the lytic cycle of phage ΦEa21-4 remains unknown 

since it requires a detailed future MPI study. Some of these phage characteristics, such as burst 

size, can still be approximated from the rate of phage replication in the transformants. The 

maximum rate of phage replication can be described using an exponential equation where A is the 

initial number of phage virions, k is the rate, and t is time: 

 Equation 5.1  𝑓(𝑡) = 𝐴 ∙ 𝑒𝑘𝑡 

The rate of phage replication can also be determined in the context of burst size (bs) and number 

of lytic cycles which have been completed (n). That is to say, the quantity of phage in solution, 

after a given number of phage infection cycles, is the product of the initial number of phages, the 

burst size, and the number of lytic bursts which have occurred. This can be described as: 

 Equation 5.2  𝑓(𝑡) = 𝐴 ∙ 𝑏𝑠
𝑛

 

Lastly, the number of completed lytic cycles can be determined using the latent period (tL) where: 

 Equation 5.3  𝑛 = 𝑡/𝑡𝐿 
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By substituting equation 5.3 into 5.2, and equation 5.1 into the result, the following equations can 

be derived: 

 Equation 5.4  𝑓(𝑡) = 𝐴 ∙ 𝑏𝑠
𝑡/𝑡𝐿   

 Equation 5.5 𝐴 ∙ 𝑒𝑘𝑡 = 𝐴 ∙ 𝑏𝑠
𝑡/𝑡𝐿 

  𝑏𝑠 = 𝑒𝑘∙𝑡𝐿   

Therefore, the burst size can be approximated using the rate of phage replication and the length of 

the latent period. In the infection of strain Ea6-4 by phage ΦEa21-4, the latent period of 98 minutes 

was obtained through the MPI (Figure 2.4a). From this, equation 5.5, and the maximum k values 

observed during the infection of the CRISPR transformants, the burst size at an MOI of 1 can be 

determined. The control pUC19 transformant produced a burst size of 85 virions while the burst 

size produced in the pEA-CRR1Φ and pEA-CRR2Φ transformants was reduced to 10 and 30 

virions, respectively. The CRISPR-Cas system significantly limited the spread of the phage 

infection through the population by regulating the number of virions produced in each generation. 

However, an incomplete level of immunity was achieved, meaning that the infected cells would 

have still lysed and any additional resistance that developed due to CRISPR spacer acquisition 

would be lost. This is likely the reason why CRISPR spacers were not acquired over the course of 

the experiment and why CRISPR spacers to ΦEa21-4-like phages are absent within the wild-type 

E. amylovora population.  

The escape of phage ΦEa21-4 from the effects of the CRISPR-Cas system, may be 

attributed to anti-CRISPR activity. While there are no proteins within the genome of ΦEa21-4 with 

homology to known anti-CRISPR proteins (data not shown), there is a putative endonuclease 

(223). In similar phages, one role of endonucleases is to destroy the host’s genome in the early 
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stages of phage infection. This ceases host reproduction, prevents host response, and provides 

additional material for phage genome replication (224, 225). This is supported by the first 20 

minutes of the MPI for phage ΦEa21-4 (Figure 2.4a) in which no adsorption or infection was 

observed. A phage which encodes an endonuclease which is not site specific must also have some 

degree of endonuclease resistance to protect the phage genome. In the MPI, DNase sensitivity was 

only observed in phage ΦEa21-4 during genomic replication and expression of the middle genes.  

The potential for endonuclease resistance has a profound effect on both the interpretation 

of the MPI and the effect of the CRISPR activity. Within the MPI analysis, adsorption and infection 

are incorporated into the calculation of burst size. As such, the burst size of 185 virions, calculated 

from the MPI, may be an over estimation. Increasing the quantity of virions that caused infection 

to 87.7%, as was observed in phage ΦEa35-70, drastically reduced the burst size of ΦEa21-4 to 

81 virions when MOI is considered. This more closely reflects the burst size of 85 virions 

calculated from the rate of phage replication observed in the pUC19 transformants. Furthermore, 

endonuclease resistance could also explain why phage ΦEa21-4 was able to partially escape the 

CRISPR-Cas system. The mediator of interference in Type I-E CRISPR-Cas systems is Cas3. This 

enzyme is recruited to iMGEs bound by Cascade to mediate DNA cleavage and digestion through 

endonuclease activity (86). Therefore, if ΦEa21-4 has some degree of protection from other 

endonucleases, it may have some resistance to Cas3 as well. Each endonuclease has a different site 

or mechanism by which it degrades DNA (224, 226). This may explain why ΦEa21-4 would be 

more resistant to the DNase I used in the MPI when compared to the Cas3. Additionally, this means 

other phages which do not harbor endonuclease may be more susceptible to the CRISPR-Cas 

system of E. amylovora. This CRISPR-sensitivity is likely why the number of CRISPR spacers to 

known phages is so low within AI strains of E. amylovora. For a phage protospacer to be identified, 
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the phage must first be isolated and sequenced. The majority of E. amylovora strains previously 

used for phage isolation have active CRISPR-Cas systems and are therefore incompatible with 

CRISPR-sensitive phages (57). As a result, the majority of spacers to known phages target ΦEt88, 

a prophage which was co-isolated with Erwinia tasmaniensis Et88. Using E. amylovora isolates 

that have limited CRISPR-Cas activity, such as EaBC1280 and Ea20071026, could create a new 

collection of CRISPR-sensitive phage: the genomes of which are likely the source of many E. 

amylovora CRISPR spacers with no known origin. 

The potential for CRISPR resistance or anti-CRISPR activity within phages exemplifies 

the need for stringent controls, such as the plasmid-based system, when determining the activity 

of a CRISPR-Cas system. The two-plasmid technique used in Chapter 4 is exceedingly robust in 

its capacity to minimize confounding factors which may lead to the identification of false positives. 

In this way, all transformation steps, as well as the curing of pEA-iMGE, are confirmed through 

the gain and loss antibiotic resistance. The two-plasmid technique is still limited, particularly in 

its ability to explain false negatives. CRISPR-Cas systems are designed to protect against the 

invasion of iMGEs, therefore only a limited number of genomic copies need to be eliminated as 

the iMGE enters the bacterium. In the two-plasmid system, CRISPR-Cas was engineered to cure 

an already established plasmid replicating at a high copy-number. This requires a well-expressed 

and efficient CRISPR-Cas system. The counterpoint to this is that a plasmid-borne CRISPR array, 

as was used in that study, will express considerably more crRNAs against the target iMGE than an 

endogenous CRISPR array. Therefore, within the context of the two-plasmid system, it was shown 

that expression of the Cas genes in bacterial strains Ea6-4 and EaBC29 are sufficient to remove an 

established iMGE given a saturating concentration of crRNA. By virtue of this however, it cannot 

be said that the CRISPR-Cas systems that did not cure pEA-iMGE are not active or protective; 
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they simply do not possess the capacity to cure an already established and rapidly replicating 

plasmid.  

The CRISPR-Cas system of E. amylovora does show a significant amount of activity 

against plasmids, especially in regard to CRISPR spacer acquisition. The Amygdaloideae-infecting 

isolates, which had 77 CRISPR spacers originating from plasmid sequences while only 5 spacers 

originated from known phages. The observation that brought the activity of the CRISPR-Cas 

system into question was the presence of pEU30 CRISPR spacers within isolates harboring the 

plasmid. However, further experiments would be required to determine if pEU30 was the cause of 

the limited CRISPR-Cas activity observed or if it acts as an indicator of a compromised CRISPR-

Cas system. Regardless, there exists a very diverse set of pEU30 CRISPR spacers in the WNA 

isolates suggesting that these systems are compromised at the level of Cas expression or Cascade 

formation, while CRISPR spacer acquisition remains functional. 

The confirmation of CRISPR-Cas activity within the WP clade does explain why plasmid 

pEU30 is noticeable absent from this clade. Two of the CRR1 spacers shared across CRISPR group 

I provide protection against pEU30 so, consequently, the only isolate within the WP clade which 

harbors pEU30 is Ea2007126; a member of CRISPR group II. CRISPR group II has a truncated 

CRR1 array in which both of these spacers were lost and pEU30 would not have required a limited 

level of CRISPR activity to establish itself within a host. Therefore, the limited CRISPR-Cas 

activity which was predicted and observed Ea20070126 suggests that plasmid pEU30 is the source 

of the anti-CRISPR activity. These observations strongly suggest that the prevalence of plasmids 

observed across the clades of E. amylovora is shaped by the CRISPR-Cas system. 
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5.2 Sources of phage resistance in E. amylovora 

CRISPR-Cas is only one of an ever-growing number of mechanisms known to be involved 

in phage resistance. In strain Ea6-4, the primary resistance mechanism for ΦEa21-4 remains 

unknown. Two significant characteristics of this unknown phage resistance mechanism (uPRM) 

can be deduced from previous findings as well as the studies in this dissertation (80, 227, 228). A 

decrease in growth rate was perceived after two hours within the phage-infected pEA-CRR1Φ 

transformants, regardless of the MOI. This correlates with the latent period and the first lytic burst 

of ΦEa21-4. Similarly, phage replication in pUC19 transformants occurred very rapidly for the 

first four hours before plateauing at ~1010 virions/mL. This timing correlates with two lytic phage 

cycles, and it was only after the cessation of phage replication that growth was detected within the 

samples. Regardless of the MOI used, the growth rate of the pUC19 transformants matched pEA-

CRR1Φ transformants. This strongly suggests that the lysis of cells is correlated with, or possibly 

inducing, the observed uPRM. The second significant characteristic can be observed during the 

standard protocol for phage propagation of ΦEa21-4 in that the resulting phage culture regularly 

has comparable concentration to the plateau observed in pUC19 transformants of >1010 pfu/mL. It 

can be concluded from this that the uPRM of Ea6-4 does not compromise the viability of the 

phages. The lytic cycle must therefore be halted prior to adsorption of the phage or after the phage 

encapsidation. There are numerous potential phage resistance mechanisms which exist across the 

clades of E. amylovora. Over the course of the comparative genomic studies, the genomes of the 

E. amylovora isolates were screened for lysogenic phages and no prophages were detected within 

Ea6-4, eliminating the possibility of prophage-based superinfection exclusion as the driving force 

of phage resistance (data not shown).  
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Toxin-antitoxin systems located within the bacterial chromosome are thought to act as 

growth regulators, creating dormant cells, known as persister cells, and promoting biofilm 

formation which may result in antibiotic and phage tolerance. Of the six putative TA systems 

identified in E. amylovora, three have recently been identified as functional (228). The ubiquitous 

E. amylovora plasmid pEA29 contains a phd-doc TA system. The Doc toxin is a kinase of bacterial 

elongation factors and serves to block the protein synthesis within the cell. The doc homologue 

found in E. amylovora was shown to be functional when transformed into E. coli, suggesting a 

similar effect (228). However, it is unlikely that this TA system is the source of the uPRM in Ea6-

4 as blocking translation would prevent phage genome encapsidation. This would leave the phage 

virions non-viable, which was not the case with ΦEa21-4. Despite this, phd-doc is associated with 

the formation of persister cells in Salmonella typhimurium and therefore pEA29 may contribute to 

the innate phage resistance, and host range, in regard to E. amylovora (229). 

There are two TA systems encoded within the chromosome of the E. amylovora. The 

parDE TA system acts as a gyrase inhibitor which blocks genomic replication when activated 

(228, 230). Isolates of the WNA clade commonly harbour plasmid pEU30 and preliminary 

genomic analysis of pEU30 identified a parDE-like TA system (data not shown). One can assume 

that this TA system is used by the plasmid for addiction, which would require it to act 

independently of the parDE system of the chromosome. Again, however, blocking genomic 

replication would compromise the viability of the phage ΦEa21-4 and therefore it is likely not the 

source of the uPRM in Ea6-4. The other TA system identified on the chromosome of E. amylovora 

was ctbA-cteA. The toxic effect of CtbA was shown to be specific to E. amylovora, having no 

effect on E. coli, and to cause elongation of the cells (228). In E. coli, CtbA prevents cellular 

division during exponential growth through interference of FtsZ and MreB (231). While these 
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targets were shown not to be affected by the E. amylovora homologue, a lack of cellular division 

could explain the elongation phenomena (228). Additionally, this change in cellular structure 

would likely lead to a change in capsule composition and could result in either a loss of 

endolysin/holin sensitivity or a reduction in phage reception availability. This would explain both 

the decreased growth rate as well as the retention of viability in phage ΦEa21-4. Interestingly, the 

E. coli homologue of cbtA-cbeA and phd-doc were first identified in prophage and therefore their 

homologues in E. amylovora may have once been derived from phages as well (228).  

Putative TA systems exist within the E. amylovora chromosome, such as cdiB-cdiA. The 

cdiB-cdiA operon is a three-gene, contact dependent TA system where the CdiA toxin is 

translocated extracellularly by CdiB, and induces a cytotoxic effect in susceptible neighbouring 

cells that are not expressing the CdiI antitoxin (232). While the functionality of this TA system 

has never been shown experimentally, it was correlated with the host range of phage ΦEa9-2 in a 

recent genome wide associated study (GWAS) (227). This TA system may be the cause of the 

lysis inhibition that was observed in strain Ea17-1-1 when infected by ΦEa9-2. In lysis inhibition, 

the phage remains viable within their host cells, yet the chain of infection is disrupted, and phage 

quantity can plateau. This would satisfy the previous observations for Ea6-4 phage resistance, but 

no correlation between cdiB-cdiA and ΦEa21-4 was shown in the aforementioned GWAS study 

(227).  

The genomics era has allowed for the rapid discovery of several phage resistance 

mechanisms through the identification of defense islands; genomic regions where phage resistance 

elements are concentrated (233). In addition to restriction-modification systems, alkaline 

phosphatases of phage growth limitation (PGL) systems are also common to these regions. PGL 

systems, first identified in Streptomyces coelicolor, modify the phage DNA during the first round 
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of infection such that other PGL+ bacteria can recognize and inhibit modified phage genomes 

before they are able to replicate (234). In this way, PLG+ bacteria cannot stop the first round of 

phage replication but can greatly limit subsequent rounds. The initially proposed mechanisms for 

this system suggested that the pglX and pglZ genes act similar to a restriction-modification system 

(234). Recently, comparative genomics suggests the system is closer to a TA system, in which 

PglZ antitoxin complexes with the PglX toxin. Phages which replicate in PLG+ bacteria are 

modified by PglZ-PglX complex and trigger a toxic effect in other PLG+ cells (235). The pglZ 

domain is exceeding common to phage defense islands, and its presence has been used to identify 

other phage resistance mechanisms such as bacteriophage exclusion (BREX) (233, 236). While 

BREX systems contain homologs to pglZ and pglX, they function differently, blocking the first 

round of infection without inducing an ABI-like effect. Additionally, it is known that TAGGAG 

motifs are targeted by the PglX for methylation as a self-recognition mechanism. The overall mode 

of action beyond this, in regard to the BREX system, has yet to be elucidated (236, 237). While 

the PGL and BREX systems are most commonly found in gram-positive bacteria, genomic studies 

have recently identified a naturally occurring BREX system in E. coli (237). The PGL mechanism, 

which limits phage grown after the first round of infection, is very similar to what was observed 

with ΦEa21-4 when infecting Ea6-4. Therefore, further investigation into the possibility of defense 

islands associated with pglZ domains are a strong candidate for the uPRM observed. 

Finally, it should not be discounted that any potential lysis inhibition observed in ΦEa21-

4 may not be a phage resistance mechanism, but in fact a self-regulatory function of ΦEa21-4. In 

coliphage T4, a similar Myoviridae phage, lysis inhibition is induced when a virion adsorbs to a 

bacterial cell already infected by a T4 phage (238). This adsorption event induces SIE on the part 

of the intracellular lytic phage which blocks the secondary infection. The side effect of SIE is that 
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it also stabilizes the bacterial cell and delays lysis. The more phage which adsorbs to the infected 

cell, the stronger the SIE response, and the longer the delay in lysis. This allows the phages to slow 

the spread of infection through the bacterial population, increasing the probability that the phage 

progeny will find a viable bacterial host when lysis does occur (238). The major difference between 

the phenomena observed in ΦEa21-4 and T4 lysis inhibition is that the T4 phage continues to 

replicate during this time, even if unable to induce lysis, whereas there was a notable cessation of 

replication in ΦEa21-4 (239). 

5.3 Future perspectives and conclusions 

Phage resistance mechanisms are extremely convoluted systems, and the process of 

understanding their complexity has only truly begun in the genomics era. Protein homology is the 

basis for the identification of these systems and the study of large resistance mechanisms, as seen 

in CRISPR-Cas and BREX, was not possible before genomic sequencing became widely available 

(240, 241). In much the same way, the study of phage resistance mechanisms in E. amylovora is 

also in its infancy. This dissertation builds upon several previous studies in E. amylovora and lays 

the foundation for further investigation. The comparative genomic analysis created a data set from 

which resistance mechanisms can be identified. The MPI is a novel technique capable of 

overcoming the unique challenges of working with E. amylovora and Erwinia phage. Lastly, 

confirmation of CRISPR-Cas activity in some isolates of E. amylovora allows subsequent testing 

of phages from the other subfamilies. Phage ΦEa21-4 represents only Myoviridae phages; the 

influence CRISPR-Cas activity has on Schitoviridae, Podoviridae, and Autographiviridae 

infection remains unknown. Further experiments would ideally use phage ΦEa35-70, ΦEa9-2, and 

ΦEa46-1-A1 as representative isolates. This is not only because ΦEa35-70 and ΦEa9-2 are the 

type strain of their species, but also because their phage characteristics have already been 
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determined using the MPI methodology. Individual phages within those families have previous 

shown phenotypic differences within the phage host range. As such, there is likely species-level 

differences between phages and their interactions with the identified phage resistance mechanisms.  

With the foundation of CRISPR-Cas activity in E. amylovora laid down, one of the most 

important questions raised in this work is the extent to which TA systems impact the phage 

infection process in E. amylovora. In particular, whether cbtA-cbeA or cdiB-cdiA is able to 

influence the lysis time of phage infected Ea6-4. Testing the cbtA-cbeA and cdiB-cdiA could be 

accomplished through the engineering of a phage strain which constitutively expresses the CbeA 

or CdiI antitoxins respectively. In this way, phage protein expression would supplement antitoxin 

levels within the cell and prevent activation of the toxin. Infection by a phage genetically modified 

with an antitoxin should then lead to the complete decline of the bacterial population. Furthermore, 

a homologue to the ctbA gene can be found in other genera related to Erwinia such as Pantoea 

and Pectobacterium. If this TA system is shown to have a significant impact on phage replication, 

and the phage combination used for biocontrol is able to circumvent this in E. amylovora, then this 

could also lead to the loss of P. agglomerans, when used as a phage carrier (43, 56).  

Simple programs, such as Phaster, can now be used to rapidly detect elements of lysogenic 

phages within genomic sequences and to identify bacterial hosts which contain prophages (242). 

When the AI isolates were observed using this program, no prophages were identified, keeping 

within previous observations. However, nine putative prophages were identified with the RI 

isolates (data not shown). Successful induction and isolation of these prophages could foster the 

understanding of the CRISPR-Cas system, phage resistance, and the phage-based biocontrol of E. 

amylovora. Prophages are, in and of themselves, a source of phage resistance (79). If these 

prophages are capable of lysogeny within the AI isolates, the selective pressure of using a phage-
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based biocontrol may cause an increased uptake of lysogens within wild-type isolates. Therefore, 

phages capable of circumventing SIE should be incorporated into the combination of phages used 

in the biocontrol product. On the other hand, if these prophages are not capable of lysogeny within 

the AI isolates, and are therefore obligate lytic phages in this context, these phages may make 

biocontrol candidates themselves. Presumably, the RI isolates of E. amylovora have active 

CRISPR-Cas systems, like the WP and WNA clades. It is therefore possible that the prophages 

contain anti-CRISPR proteins which then increase their long-term stability within E. amylovora 

(94). These anti-CRISPR genes would not only allow for the identification of other phages which 

have homologues, but the inclusion of these RI prophages within the biocontrol formulation would 

provide another mechanism by which the development of phage resistance could be precluded. 

Despite the observed uPRM-based resistance, ΦEa21-4 would still make an excellent 

biocontrol candidate phage when combined with P. agglomerans. P. agglomerans, in this context, 

acts as a reservoir for the phages. The use of multiple isolates of P. agglomerans in combination 

has been shown to be synergistic for controlling the growth of E. amylovora in-vitro (61). This is 

thought to be due to one form of P. agglomerans acting as a reservoir while the other acts as a 

competitive inhibitor by colonizing the blossom. While resistance to ΦEa21-4 can be induced in 

E. amylovora using uPRM, this process takes several hours and significantly reduces the overall 

growth rate. Therefore, the inclusion of ΦEa21-4 in a phage mixture would provide a significant 

growth advantage to P. agglomerans: leading to enhanced competitive inhibition and preventing 

E. amylovora from colonizing the blossom. 

In conclusion, antibiotic resistance is becoming increasingly prevalent across all microbial 

environments, including the development of SmR in E. amylovora. The genomic study within this 

dissertation has shown that rpsL-based SmR is becoming increasingly prevent within the newly 
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defined WNA clade. Previous studies have also shown that the plasmid-borne strA-strB gene pair 

and SmR contributed significantly to the E. amylovora outbreak in Michigan in 2000 (25). As 

such, alternatives to antibiotics are required for the E. amylovora management program to be able 

to prevent future outbreaks. Phage-based biocontrol is a promising alternative to the use of 

antibiotics but presents a new series of challenges. Phage-mediated biocontrol efficacy in field 

trials has been shown to be highly variable and is confounded by numerous variables. The 

application of the biocontrol product must be timed to allow establishment of the phage and the  

P. agglomerans carrier prior to the arrival of E. amylovora. Furthermore, the temperature and 

relative humidity at the time of application creates natural variability in disease pressure from E. 

amylovora (62). Given the proper application and timing of the biocontrol product, phage 

resistance mechanisms become the primary determinant in biocontrol efficacy. The comparative 

genomic study of this dissertation described three primary clades of Amygdaloideae-infecting  

E. amylovora, all of which influence phage resistance and therefore biocontrol efficacy, based on 

the geographic location the biocontrol product is applied. The MPI technique developed herein 

can be used to describe the major phases of the phage infection process, regardless of the presence 

of phage resistance. This technique was used to determine that ΦEa46-1-A1 and ΦEa21-4 had high 

burst size to latent period, which explains why they showed potential in preliminary biocontrol 

projects. This methodology can be widely applied within the biocontrol context to predict the 

efficacy of phage candidates prior to field trials. Furthermore, the inconsistency with both host 

range and field efficacy of numerous other phages may be attributed, in part, to the variable levels 

of CRISPR-Cas system activity seen across E. amylovora. The elimination of the CRISPR-Cas 

system as the primary source of phage resistance against ΦEa21-4 in wild-type isolates removes a 

significant confounding variable. The phage-mediated biocontrol program can now be further 
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developed by identifying the cause of the uPRM using isolates which have limited CRISPR-Cas 

activity, such as EaBC1280 and Ea20070126, and isolate a new set of phages which are able to 

circumvent this phage resistance mechanism. This, in combination with ΦEa21-4 and  

ΦEa46-1-A1, would create a potent phage-mediated biocontrol product capable of providing field 

efficacy equal to that of streptomycin. Given the importance of phage resistance mechanisms for 

efficacious biocontrol programs, this work demonstrates new techniques to improve trial outcome 

prediction and characterizes genomic features, such as CRISPR-Cas activity, mediating these 

mechanisms in E. amylovora.  
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