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Abstract 

Fire blight is a globally devastating disease of apples, pears, and other rosaceous plants 

caused by the bacterial phytopathogen Erwinia amylovora. Our lab is developing a dual-

action biological control product using the epiphytic bacterial antagonist Pantoea 

agglomerans and a cocktail of bacterial viruses called bacteriophages. P. agglomerans act 

as host cells for a cocktail of phages targeting E. amylovora in planta and also exclude the 

pathogen from the blossom pistil and hypanthia by natural antagonism and antibiotic 

production. The objective of this research is to understand the dynamics between the 

pathogen, the carrier, and their phages and use this information to develop an effective 

phage-carrier system for the control of E. amylovora. 

A novel DNA plasmid was created which allows simultaneous quantification of E. 

amylovora, P. agglomerans, and four Erwinia phage species using quantitative real-time 

PCR (qPCR). This plasmid standard-based qPCR was used to study the host range of 10 

phages against a global collection of Erwinia strains (n=106) and potential carriers (n=30), 

and to study the population dynamics of Erwinia phages in different host and cocktail 

combinations in unprecedented detail.  

The host range on E. amylovora revealed global phage resistance is located largely in 

western North America, and this resistance is due in part to a greater effect of 

exopolysaccharide production by these hosts. Also three phages, ɸEa21-4, ɸEa46-1-A1, 

and φEa35-70, were chosen to investigate for potential biocontrol efficacy. 

Phage ɸEa35-70, while ineffective alone, synergized with both ɸEa21-4 and ɸEa46-

1-A1 for enhanced reduction of E. amylovora growth over 24 h. The competition between 

ɸEa21-4 and ɸEa35-70 was exploited which maximized carrier survival and lead to the 
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design of an effective phage-carrier combination which will be formulated and further 

investigated for the control of E. amylovora in planta. 

Finally, the quantitative host range data and host genomic sequences were used to 

identify 10 host genes that are potentially associated with phage infection using a novel, k-

mer based, genome wide association study (GWAS). These genes are indicative of a 

potential phage receptor, two novel phage resistance mechanisms, and other metabolic and 

biological functions which may affect phage infection.  

  



iv 

 

Acknowledgments  

To Dr. Antonet Svircev, whose dislike for my jokes in presentations and professional 

settings has formed a habit that I will carry on with proudly. A true mentor and friend, I 

could never truly thank you for everything you have done for me and taught me. I carry on 

to my future endeavors with an endless respect for someone who has afforded me so many 

opportunities for growth, both personal and academic. I truly look forward to staying in 

touch as friends, and catching up over coffee or dinners in the future. 

To Dr. Alan Castle, whose knowledge and insight were an endless asset to my growth 

as a scientist over the last 7 years. Always a calming presence amongst any chaos, you 

were my barometer for scientific growth throughout the years. I remember when you 

laughed at me for eating too many appetizers at an event and I knew I was among friends.  

I have been truly privileged to have two supervisors who make such a good duo; two 

people who have had such a positive impact on my life. Thank you. 

To Dr. Jeffrey Atkinson, who always laughs at my jokes in presentations (usually the 

only one). Your pleasant disposition and bright smile was always a comfort during 

committee meetings. From my first committee meeting when you looked at me with 

confusion during conflict I knew you would always be in my corner, and that has never 

changed. Thank you. 

To Dr. Jonathan Griffiths, you were late to the party but I’m glad you joined 

eventually. You were the first scientist who made me feel like an equal and that means a 

lot. Thank you. 

 To Darlene Nesbitt, who destiny decided was meant to be my family. 18 years later 

and we still find ourselves in the same place together. Somehow you always resist the 



v 

 

natural human tendency for negativity and I can’t imagine going through this without you. 

Whatever destiny has planned for us I can’t wait to see how we wind up back together 

again one day. Thank you. 

To Michael Parcey, whose insatiable desire for answers has both annoyed me more 

than any other and taught me more than any other. I will always use the ‘I’m sorry I yelled 

at you TimBits’ in job interviews to show that even though I barely ever lose my temper, 

when I do I always apologize. Nobody else has made me ask myself  “Am I not as smart 

as I think I am?” like you, and I’m so excited to see how our future collaborations change 

the world. And also to Chelsea, when you both figure our how to cure cancer with phages, 

you better bring me in. Thank you. 

To Jesús Maza Piñero, who after all these years still surprises me that love at first sight 

can last so long. They say opposites attract, and in every physical way that seems true with 

us, but I know we’re not so different. Even though some teacher convinced you that you’re 

“not smart enough for science” I know that man was wrong. Your curiosity and desire to 

learn exceeds even mine, and I know you have what it takes to be great at whatever you 

do; you just need to learn to believe that. I’m forever grateful to have you by my side. 

Thank you. 

To my mother Sarah Gayder, who fought so hard to give me everything life has to 

offer. I fly on to achieve my dreams because you sacrificed so much to make it so. They 

say you eventually turn into your parents, and while I know my endless indecisiveness 

definitely comes from you, I’m very lucky for all of the rest. Thank you. 

To my grandmother Marion Gayder, whose 90 years of making this world a better 

place can be matched by no other. Some win the lottery, but I got to have dinner with you 



vi 

 

every Thursday, so I feel like the winner. You would say you talked my ear off, but you 

always listen to me talk about whatever topic I’m interested in and I know we both learned 

a lot from each other. Thank you. 

To Sarah, Marion, Antonet, and Darlene; thank you to the women in my life who have 

shaped me, guided me, and aimed me towards my dreams. Thank you is not enough, but 

thank you. 

A special dishonourable mention to SARS-CoV-2, that has taken so many lives and 

caused so much pain and suffering. A whole year of distancing that has challenged even 

my propensity for social isolation. So much time I wish I could have spent with those I care 

about most, and so many clothes I wish still fit. 

  



vii 

 

 

   

  

   

   

   

   

   

   

   

  

   

   

   

   

   

   

   

   

    

   

 

    

   

   

   

   

   

   

   

Table of Contents

Abstract ............................................................................................................................... ii

Acknowledgments.............................................................................................................. iv

List of Abbreviations .......................................................................................................... x

List of Figures ................................................................................................................... xii

List of Tables ................................................................................................................... xiv

Overview............................................................................................................................. 1

Chapter 1     Literature Review ........................................................................................... 3

1.1 Fire Blight ................................................................................................................. 4

1.2 Disease Cycle............................................................................................................ 7

1.3 Control of Fire Blight................................................................................................ 9

1.4 Biological Control................................................................................................... 10

1.5 Bacteriophages for Biological Control ................................................................... 11

1.6 Bacteriophage Lytic Life Cycle .............................................................................. 14

1.7 Phage and Host Metabolism ................................................................................... 21

1.8 Phage Lysis and Progeny Release........................................................................... 22

1.9 Phage Resistance..................................................................................................... 24

1.10 Bacteriophage Host Range.................................................................................... 28

1.11 Quantification of Bacteriophages ......................................................................... 30

1.12 Erwinia spp. Bacteriophages ................................................................................ 34

1.13 Objectives ............................................................................................................. 36

Chapter 2     Host Range of Bacteriophages Against a World-Wide Collection of Erwinia

amylovora Determined Using a Quantitative PCR Assay ................................................ 38

2.1 Abstract ................................................................................................................... 39

2.2 Introduction............................................................................................................. 40

2.3 Materials and Methods............................................................................................ 44

2.3.1 Bacterial Isolates .............................................................................................. 44

2.3.2 Bacteriophage Propagation .............................................................................. 49

2.3.3 Probe and Primer Creation............................................................................... 51

2.3.4 Creation of pTotalStdA Plasmid ...................................................................... 53



viii 

 

2.3.5 Quantitative Real-Time PCR ........................................................................... 55 

2.3.6 Genomic DNA Isolation and Quantification Accuracy of pTotalStdA ........... 55 

2.3.7 Host Range Assay ............................................................................................ 57 

2.3.8 Amylovoran Quantification ............................................................................. 57 

2.3.9 Data Analysis ................................................................................................... 58 

2.4 Results ..................................................................................................................... 58 

2.4.1 Standardization of qPCR.................................................................................. 58 

2.4.2 Phage Host Range Assay ................................................................................. 60 

2.4.3 Identifying Determinants of Phage Preference ................................................ 66 

2.5 Discussion ............................................................................................................... 69 

2.6 Conclusions ............................................................................................................. 77 

2.7 Author Contributions .............................................................................................. 77 

Chapter 3   Population Dynamics Between Erwinia amylovora, Pantoea agglomerans and 

Bacteriophages: Exploiting Synergy and Competition to Improve Phage Cocktail Efficacy

........................................................................................................................................... 78 

3.1 Abstract ................................................................................................................... 79 

3.2 Introduction ............................................................................................................. 80 

3.3 Materials and Methods ............................................................................................ 83 

3.3.1 Bacterial Isolates .............................................................................................. 83 

3.3.2 Bacteriophage Propagation .............................................................................. 84 

3.3.3 Quantitative Real-Time PCR ........................................................................... 87 

3.3.4 Population Dynamics of E. amylovora, P. agglomerans and Different Phage 

Cocktails ................................................................................................................... 87 

3.3.5 Phage Host Range Assay ................................................................................. 89 

3.3.6 Phage and Carrier Combinations for E. amylovora Reduction ........................ 89 

3.3.7 Genomic Sequencing of P. agglomerans and Other Epiphytes ....................... 90 

3.3.8 Data Analysis ................................................................................................... 90 

3.4 Results ..................................................................................................................... 91 

3.4.1 Population Dynamics of E. amylovora and Different Phage Cocktails ........... 91 

3.4.2 Host Range of Phages on Potential Carriers .................................................... 96 



ix 

 

3.4.3 Population Dynamics of P. agglomerans and Different Phage Cocktails ....... 98 

3.4.4 Phage and Carrier Combinations for E. amylovora Reduction ...................... 101 

3.4.5 Comparison of qPCR and Spectrophotometry for Quantification of Mixed 

Bacterial Populations .............................................................................................. 104 

3.5 Discussion ............................................................................................................. 106 

3.6 Conclusions ........................................................................................................... 111 

3.7 Supplementary Materials ...................................................................................... 111 

3.8 Author Contributions ............................................................................................ 117 

Chapter 4   A Novel Genome-Wide Approach to Identify Determinants of Phage Host 

Range .............................................................................................................................. 118 

4.1 Abstract ................................................................................................................. 119 

4.2 Introduction ........................................................................................................... 120 

4.3 Materials and Methods .......................................................................................... 123 

4.3.1 Host Range ..................................................................................................... 123 

4.3.2 GWAS ............................................................................................................ 124 

4.3.3 Data Analysis ................................................................................................. 125 

4.4 Results ................................................................................................................... 125 

4.5 Discussion ............................................................................................................. 131 

4.5.1 Contact Dependent Phage Resistance ............................................................ 134 

4.5.2 Potential Phage Receptor ............................................................................... 137 

4.5.3 Altering Host Metabolism.............................................................................. 138 

4.5.4 Peptidoglycan ................................................................................................. 140 

4.5.5 Protein Transport and Degradation ................................................................ 142 

4.5.6 Phage Infection Strategies.............................................................................. 144 

4.6 Conclusions ........................................................................................................... 145 

4.7 Supplementary Material ........................................................................................ 148 

Chapter 5   Discussion .................................................................................................... 150 

5.1 Discussion ............................................................................................................. 151 

5.2 Conclusion ............................................................................................................ 163 

Literature Cited ............................................................................................................... 166 



x 

 

 

List of Abbreviations 

Abi: Abortive infection 

AMR: Antimicrobial Resistance 

ATP: Adenosine triphosphate 

BIM: Bacteriophage insensitive mutant 

CDI: Contact dependent growth inhibition 

CRISPR: Clustered regularly interspaced short palindromic repeats 

CRISPRi: CRISPR interference 

DNA: Deoxyribonucleic acid 

dsDNA: Double stranded DNA 

EOP: Efficiency of plating 

EPS: Exopolysaccharide 

GWAS: Genome wide association study 

HEP: High exopolysaccharide producing host 

ICTV: International Committee on Taxonomy of Viruses  

LEP: Low exopolysaccharide producing host 

LPS: Lipopolysaccharide 

MOI: Multiplicity of infection 

MOIg: Genomic multiplicity of infection 

MSA: Multiple sequence alignment 

NA: Nutrient agar 

NB: Nutrient broth 

OD600: Optical density at 600 nm 

PMF: Proton motive force 



xi 

 

ppGpp: Guanosine tetraphosphate 

pTotalStdA: Plasmid standard name 

qPCR: Quantitative real-time PCR 

RNA: Ribonucleic acid 

RNAP: RNA polymerase 

SNP: Single nucleotide polymorphism 

T4SS: Type IV secretion system 

T5SS: Type V secretion system 

T6SS: Type VI secretion system 

TA: Toxin-antitoxin 

UV: Ultraviolet 

VCF: Variant call format 

 

 

 

  



xii 

 

List of Figures 

Chapter 1 

Figure 1-1. Symptoms of fire blight on pear....................................................................... 5 

Figure 1-2. Structure of a Bartlett pear blossom with SEM close-up of stigma and style .. 8 

Figure 1-3. Disease cycle of Erwinia amylovora blossom infection and mechanism of dual-

action control by the phage-carrier system ....................................................................... 15 

Figure 1-4. TEM of Erwinia phages ................................................................................. 17 

Figure 1-5. Diagram of Gram-negative bacterial cell wall ............................................... 20 

Chapter 2 

Figure 2-1. Plasmid map of pTotalStdA used in all quantitative PCR reactions .............. 54 

Figure 2-2. Distribution of phage productivity in all 106 Erwinia spp. hosts .................. 61 

Figure 2-3. Heat map of the final genomic titre of each phage produced after growth on all 

hosts .................................................................................................................................. 63 

Figure 2-4. Effect of relative host amylovoran production on final phage genomic titre 65 

Figure 2-5. Conditional inference tree explaining the effect of the phage species (Species), 

the global location of host isolation (Geography), the relative amylovoran of the host (EPS) 

and genus of host isolation (Genus) on the final genomic titre of a phage ....................... 67 

Chapter 3 

Figure 3-1. Populations of E. amylovora infected with different phage combinations over 

time ................................................................................................................................... 92 

Figure 3-2. Populations over time of E. amylovora cultures infected with the three-phage 

cocktail at different starting MOIs .................................................................................... 95 

Figure 3-3. Host range of 10 E. amylovora phages against 30 strains of P. agglomerans 

and other epiphytic bacteria .............................................................................................. 97 

Figure 3-4. Populations over time of P. agglomerans cultures infected with different phage 

combinations ..................................................................................................................... 99 

Figure 3-5. Effect of MOI on the growth of PaMix over 24 h........................................ 102 

Figure 3-6. Effect of a designed MOI on the efficacy of PaMix and phage treatment at 

controlling E. amylovora ................................................................................................ 103 

Figure 3-7. Correlation between OD600 and qPCR for quantification of E. amylovora in 

liquid culture ................................................................................................................... 105 



xiii 

 

 

Supplemental Figures 

Figure 3-S1. Log10 reduction of E. amylovora populations infected with different phage 

combinations compared to uninfected control ................................................................ 112 

Figure 3-S2. Ratio of phage genomes to E. amylovora genomes (MOIg) over time in E. 

amylovora cultures infected with different phage combinations .................................... 113 

Figure 3-S3. Log10 reduction of P. agglomerans populations infected with different phage 

combinations compared to uninfected control ................................................................ 114 

Figure 3-S4. Ratio of phage genomes to P. agglomerans genomes (MOIg) over time in P. 

agglomerans cultures infected with different phage combinations ................................ 115 

Chapter 4 

Figure 4-1. Heatmap of normalized phage production from no phage growth to maximal

......................................................................................................................................... 127 

Figure 4-2. Manhattan plot of loci associated with phage infection ............................... 128 

Figure 4-3. Diagram of cellular locations of the proteins associated with phage host range

......................................................................................................................................... 133 

  



xiv 

 

List of Tables 

Chapter 2 

Table 2-1. Wild type isolates of Erwinia amylovora and Erwinia pyrifoliae used in the 

study .................................................................................................................................. 45 

Table 2-2. Phages used in this study ................................................................................. 50 

Table 2-3. Primers and probes used for real-time qPCR .................................................. 52 

Table 2-4. qPCR assay performance of pTotalStdA three dilution standard curve and its 

accuracy of genome quantification ................................................................................... 59 

Chapter 3 

Table 3-1. Strains of bacteria used in this study ............................................................... 85 

Table 3-2. Phages used in this study ................................................................................. 86 

Supplemental Tables 

Table 3-S1. Primers and probes used for real-time qPCR .............................................. 116 

Chapter 4 

Table 4-1. Bacterial genome loci associated with infection by Erwinia phages ............ 129 

Table 4-2. Average log10 reduction of phage genome titre in hosts with genes lacking 

GWAS identified k-mers ................................................................................................ 130 

Supplemental Tables 

Table 4-S1. Bacterial strains used in this work............................................................... 148 



1 

 

Overview 

Chapter 1 provides a general literature review of the phytopathogen Erwinia 

amylovora, pathogen disease cycle in the host, and the control measures utilised to prevent 

blossom infection. This chapter provides an overview of bacteriophage biology, lytic life 

cycle, methods used for phage quantification and characterization, and the agricultural 

utilization of phages as biological control agents. This chapter provides the historical 

background and theory behind the use of Pantoea agglomerans as a bacterial phage carrier 

in the development of a phage-carrier system for the control of E. amylovora in the orchard. 

Chapter 2 describes the design of the DNA plasmid which acts as a standard for the 

real-time quantitative PCR (qPCR) quantification of four species of phages, as well as E. 

amylovora and P. agglomerans. The plasmid combined with qPCR was used to establish 

the host range of 10 phages against a global collection of E. amylovora. The geography of 

isolation and exopolysaccharide production of these hosts is examined as a determinant of 

phage host preference. 

Chapter 3 examines the complex population dynamics that occur in liquid culture 

containing mixed populations of E. amylovora, P. agglomerans, and their phages. Using 

the standard plasmid with qPCR, individual populations of all phages and bacteria are 

monitored over 24 h in different combinations to identify interactions that occur between 

bacteria and phages. The potential exploitation of these dynamics are then investigated for 

their potential to enhance the efficacy of a phage-carrier biocontrol system. 

 Chapter 4 describes a novel approach and methodology for the genome-wide 

investigation of genomic determinants of phage host range. Using the quantitative host 

range data generated in Chapters 2 and 3 and the genomic sequence data of 80 of these 
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bacterial strains, loci with genomic deletions are identified and tested for associations with 

phage host range to identify genes which affect phage production. The genes identified are 

then used to propose potential phage infection strategies and novel methods of host 

resistance. 
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1.1 Fire Blight 

Fire blight is a necrotic wilt disease, affecting a wide range of rosaceous hosts 

including Malus (apple), Pyrus (pear), Rubus (raspberry and blackberry), Cotoneaster 

(cotoneaster), Crataegus (hawthorn), Cydonia (quince), and Sorbus (mountain ash) species 

(Vanneste, 2000; Farkas et al., 2011). Fire blight symptoms were first observed by early 

settlers on pear in the 1780s in Hudson Valley, New York. Pear trees brought from Europe 

showed symptoms of wilt, loss of fruit, and tree death (Figure 1-1) (Denning, 1794; 

Vanneste, 2000). Annual losses due to fire blight are estimated to cost about $100 million 

in the United States from management costs and loss of crops and trees (Vanneste, 2000; 

Norelli et al., 2003). Outbreaks of the disease can be devastating to growers, potentially 

costing them in excess of $20,000 per hectare (Wallis and Cox, 2020). Fire blight was the 

first plant disease proven to be caused by a bacterial pathogen (Burrill, 1878). 

Fire blight is caused by infection of the phytopathogen Erwinia amylovora (Burrill) 

Winslow et al. E. amylovora is a Gram-negative, non-sporulating, motile bacterium of the 

Enterobacteriaceae family. E. amylovora produces an amorphous slime capsule that is 

mainly comprised of two long-chain exopolysaccharides (EPS): amylovoran and levan 

(Koczan et al., 2009; Kharadi and Sundin, 2020). Proteins responsible for amylovoran 

biosynthesis are encoded in a 16 kb, 12 gene operon known as the ams region (Bernhard 

et al., 1993; Bugert and Geider, 1995; Bugert et al., 1996). The backbone of amylovoran is 

comprised of a repeating chain of three differently linked galactose residues with a side 

chain of glucuronic acid, galactose, and acetylated pyruvate bound to the core α-galactose. 

A single glucose residue is also inconsistently bound to the core α-galactose (Nimtz et al., 

1996). Amylovoran is a critical pathogenicity factor for E. amylovora, as ams mutants are  
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Figure 1-1. Symptoms of fire blight on pear. Fire blight, caused by infection of E. 

amylovora, presents as a blackening wilt of leaves and woody tissue, and drooping of 

leaves and softer tissue.    
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non-pathogenic to susceptible plant tissue (Bellemann and Geider, 1992; Koczan et al., 

2009; Kharadi and Sundin, 2020).  

Levan is a β-2,6-fructofuranan homopolymer of fructose. It is synthesized by 

levansucrase, a secreted enzyme which also breaks down sucrose into glucose and fructose 

(Gross et al., 1992). Levan is a virulence factor, as levan deficient mutants are still 

pathogenic but there is a delay in symptom development. The role of levan may be related 

to the survival of E. amylovora instead of pathogenicity (Gross et al., 1992; Koczan et al., 

2009; Polsinelli et al., 2019; Kharadi and Sundin, 2020). The EPS of E. amylovora is an 

important factor in disease progression, and a significant component of the bacterial ooze 

that exudes from infected tissue that acts as a major source of pathogen inoculum for further 

infection (Koczan et al., 2009; Kharadi and Sundin, 2020). 

Little is known about the variation, if any, in the EPS structure between different 

strains of E. amylovora. The relative production of amylovoran and levan can be measured 

using cetylpyridinium chloride precipitation (Bellemann et al., 1994) and levansucrase 

activity (Bereswill and Geider, 1997) assays respectively. The relative levels of EPS 

production can be used to group strains as high EPS producers (HEPs) or low EPS 

producers (LEPs), but this is not an effective means of typing or identifying unique strains. 

Molecular typing methods such as pulsed-field gel electrophoresis (Zhang and Geider, 

1997), amplified fragment length polymorphism (Rico et al., 2004), PCR-ribotyping and 

repetitive extragenic palindromic PCR (McManus and Jones, 1995), and CRISPR region 

analysis (Rezzonico et al., 2011) have all been used to identify strain diversity. 

Unfortunately, due to the highly homologous nature of the E. amylovora genome, strains 

can usually only be classified into a small number of groups based on global geography 
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and host preference using these techniques (Rezzonico et al., 2011; Parcey et al., 2020b). 

Categorization of strains based on pathogenicity, virulence, or EPS production therefore 

still relies on comparative in vitro assays. 

1.2 Disease Cycle 

 Primary infections occur when the pathogen reaches the nutrient rich stigma of the 

blossom (Hattingh et al., 1986; Thomson, 1986; Johnson and Stockwell, 1998). The 

stigmas of apples and pears consist of a smooth column with a bilobate end covered in 

papillae (Figure 1-2). A groove runs from the end of the stigma all the way down to the 

hypanthium. E. amylovora replicates almost entirely between the papillae and down the 

grooves, with minimal growth observed on the smooth exterior (Pusey and Curry, 2004; 

Spinelli et al., 2005). The pathogen will grow within the groove until high humidity or a 

wetting event results in the transfer of the bacterial population into the hypanthium 

(Thomson, 1986; Pusey, 2000; Farkas et al., 2011). The hypanthium does not support 

bacterial growth to nearly the same extent as the nutrient rich stigma. Therefore, the stigma 

is the primary location for pathogen growth and the location for activities associated with 

biological control agents (Thomson, 1986; Stockwell et al., 1999; Spinelli et al., 2005). 

Once the pathogen reaches the hypanthium, it enters the nectarthodes, where it may 

continue to replicate and eventually enter the xylem resulting in the potential systemic 

infection throughout the vasculature of the entire tree (Wilson et al., 1990; Johnson and 

Stockwell, 1998; Bubán and Orosz-Kovács, 2003). 
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Figure 1-2. Structure of a Bartlett pear blossom with SEM close-up of stigma and style. 

SEM is of Golden Delicious apple stigma and reprinted with permission from Springer 

Nature, European Journal of Plant Pathology, Influence of Stigmatic Morphology on 

Flower Colonization by Erwinia amylovora and Pantoea agglomerans, F. Spinelli et al., 

2005. 
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Bacteria in the xylem produce an EPS biofilm which blocks water flow through the 

vasculature, and disrupts the membrane potential of plant cells and results in wilting (Sjulin 

and Beer, 1978; Kharadi and Sundin, 2020). Under optimal conditions of 15-27℃ and 

active shoot growth, necrosis can progress rapidly through the tree at upwards of 2.5 cm/d 

(Blachinsky et al., 2003). From this infected tissue bacterial ooze is secreted which acts as 

a reservoir for E. amylovora for subsequent infections throughout the season and again in 

the following spring (Bellemann et al., 1994). Insects, such as flies and pollinating bees, 

are important vectors for the spread of the pathogen as they can easily spread the highly 

concentrated ooze between blossoms (Emmett and Baker, 1971; Cellini et al., 2019; 

Boucher et al., 2020). Infection is highly dependent on the weather conditions during 

bloom and active growth of the shoot tissues, where extended temperatures over 15°C and 

rain greatly contribute to the growth and spread of the pathogen (Billing, 1976; Steiner, 

1990; Johnson and Stockwell, 1998).  

1.3 Control of Fire Blight 

 Control of fire blight requires an integrated pest management (IPM) approach. 

Because the incidence and severity of disease is determined by the abundance and spread 

of E. amylovora, methods to reduce bacterial abundance are critical (Johnson and 

Stockwell, 1998; Norelli et al., 2003). Effective winter pruning can greatly reduce pathogen 

abundance by removing tissues containing cankers, which are a significant reservoir and 

source of early season inoculum (Steiner, 2000; Norelli et al., 2003; OMAFRA, 2020).  

 In Canada and the US, the antibiotics streptomycin and kasugamycin are the 

commonly used pesticides for fire blight control (McManus et al., 2002; Adaskaveg et al., 

2011; Svircev et al., 2018; Slack et al., 2019). Of all antibiotics applied to plants, 80-90% 
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is streptomycin used for the control of fire blight (McManus, 2014). Antibiotics are 

generally the most effective and economic treatment so their use remains widespread 

(Ngugi et al., 2011; Slack et al., 2019; Slack et al., 2020). However, resistance to 

streptomycin has emerged and while there is no comprehensive picture of the scope or 

impact of this resistance, resistant populations of E. amylovora have been identified 

throughout the world (Tancos et al., 2016; Parcey et al., 2020b). Kasugamycin is sensitive 

to photodegradation so its efficacy is less than streptomycin (Slack et al., 2020). The 

growing concerns regarding antimicrobial resistance, exchange of antimicrobial genes in 

the microbes present in the environment, the growing demand for organic and pesticide 

free produce, and the legislated removal of streptomycin in certain countries has resulted 

in a resurgence of bacteriophage therapy in agriculture (Buttimer et al., 2017; Svircev et 

al., 2018; Slack et al., 2019). 

1.4 Biological Control 

Biological control involves the use of a microorganism and its products to prevent 

the successful amplification of the pathogen (Orozco-Mosqueda et al., 2018). Several 

commercial products have been developed for the biological control of E. amylovora. The 

active ingredient of these products include: Pantoea agglomerans strain E235 

(BloomtimeTM FD), Pantoea vagans strain C9-1 (BlightBan C9-1), Pseudomonas 

fluorescens strain A506 (BlightBan A506), Bacillus subtilis strain QST 713 (Serenade), 

Bacillus amyloliquefaciens strain D747 (Double Nickel), Pseudomonas syringae (Bio-

Save), and the yeast Aureobasidium pullulans strain DSM14940 (Blossom ProtectTM) 

(Stockwell and Stack, 2007; Sundin et al., 2009; Ngugi et al., 2011; Slack et al., 2019; 

OMAFRA, 2020). The main mechanism of action for these products is the reduction of E. 
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amylovora populations on the blossom surface, which is achieved through competitive 

exclusion for space and nutrients, as well as the production of antimicrobial compounds by 

some biologicals (Thomson, 1986; Stockwell and Stack, 2007; Johnson and Temple, 2013; 

Slack et al., 2019). The stigma is considered the primary site for biological control with 

bacterial antagonists due to its higher growth and carrying capacity, whereas the 

hypanthium is considered the target location for antibiotics for prevention of blossom 

blight (Stockwell et al., 1999; Johnson and Temple, 2013). 

 Pantoea agglomerans is an epiphytic bacterium that grows within the papillae and 

groove of the stigma: the same niche as E. amylovora (Pusey and Curry, 2004; Spinelli et 

al., 2005). P. agglomerans strain E325 was identified as having significant biological 

control potential for E. amylovora in early laboratory screening and field trials (Pusey, 

1999). P. agglomerans E325 was found to produce a unique, uncategorized antibiotic with 

great efficacy against E. amylovora in addition to its natural antagonism through growth 

exclusion (Pusey et al., 2008; Pusey et al., 2011; Smits et al., 2019). The colonization of 

stigmas that results in effective biological control is highly dependent on a variety of 

factors including age of blossom, temperature, availability of free water, relative humidity, 

timing of the application, weather, and natural epiphytic populations (Stockwell et al., 

1999; Pusey and Curry, 2004; Sundin et al., 2009). 

1.5 Bacteriophages for Biological Control 

 There has been a resurgence of research studies on the use of bacteriophages for 

biological control of 6 important bacterial genera belonging to Dickeya, Pectobacterium, 

Ralstonia, Pseudomonas, Xanthomonas, Xylella, and Erwinia (Buttimer et al., 2017; 

Svircev et al., 2018; Holtappels et al., 2020). The use of phages as therapeutic biologicals 
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in plant protection has many benefits. Perhaps primarily is the specificity of their host 

range, meaning that phages target just the specific pathogenic bacteria in the environment 

without causing widespread microbial disruption characteristic of antibiotics (Abedon, 

2017; Buttimer et al., 2017; Hyman, 2019). Phages can also replicate in the presence of 

their host, meaning their titres can increase in vivo after application (Iriarte et al., 2012; 

Buttimer et al., 2017).  

The application strategies of phage mediated control are dependent on the 

pathogen’s environmental niche and its mode of infection of a crop. Soil borne, foliar, 

blossom, and post-harvest infections all require different considerations and approaches 

(Balogh et al., 2018; Carstens et al., 2019; Holtappels et al., 2020; Zaczek-Moczydlowska 

et al., 2020). The optimization of phage-mediated biocontrol requires an understanding of 

the complex dynamics and interactions between the pathogen, host, and phages (Abdullah 

et al., 2017; Holtappels et al., 2020). The use of simple model systems that involve a single 

phage and isogenic bacterial strains are common but do not provide a complete picture of 

the diversity and scale of possible interactions (Abdullah et al., 2017; Holtappels et al., 

2020). The use of phage cocktails has become a common approach, but studies of these 

systems still commonly use isogenic host strains. The dynamics of the phages in these 

systems are usually generalized or ignored due to the limitations of the most common 

phage quantification methods (Alves et al., 2016; Carstens et al., 2019; Duyvejonck et al., 

2019; Zaczek-Moczydlowska et al., 2020). Therefore, what is needed for the advancement 

of phage biocontrol is a greater understanding of the population dynamics and interactions 

of phages and their hosts in complex systems. 
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One major concern for the potential efficacy of direct foliar or blossom phage 

applications is the survivability of the phages (Balogh et al., 2018). Stresses from UV 

radiation, temperature, desiccation, precipitation, relative humidity, and copper 

compounds can all significantly impact the survival of phage particles (Ehrlich et al., 1964; 

Balogh et al., 2003; Iriarte et al., 2007; Holtappels et al., 2020). Phage loss may be 

mitigated by including skim milk, sucrose, or UV-absorbing phenolics to the phage 

formulation to reduce phage degradation but this is still a significant concern (Balogh et 

al., 2003; Iriarte et al., 2007; Born et al., 2015).  

 While formulations can increase the survival of phages, the applied phages must 

still find their host, and in high enough numbers, to begin to control the pathogen (Abedon, 

2017). The use of carrier bacteria is another method that has been investigated to deliver 

the phages where carrier bacteria act as a reservoir and replication host for the phages 

(Tanaka et al., 1990; Danelishvili et al., 2006; Lehman, 2007; Iriarte et al., 2012; Abedon, 

2017). This method has the added benefit of producing additional phage in vivo if the target 

pathogen is not present in addition to protecting the phages as well. For the control of 

Pseudomonas solanacearum, which causes bacterial wilt in tobacco, the avirulent P. 

solanacearum strain M4S combined with a filtrate of phage significantly enhanced the 

control of wilting symptoms over M4S alone (Tanaka et al., 1990). An attenuated X. 

perforans strain was used to increase the persistence of phages on the leaf surfaces of 

tomatoes. This strain did increase the persistence of phages on the foliage over seven days, 

but the attenuated strain still caused visible symptoms of disease on the leaves (Iriarte et 

al., 2012).   
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 The use of P. agglomerans as a phage carrier for the control of E. amylovora has 

been investigated previously by our lab, and is the background for the work described in 

this thesis (Lehman, 2007; Boulé et al., 2011; Svircev et al., 2018). The theory behind this 

approach is that P. agglomerans, whilst it is infected with a cocktail of phages, can be 

applied to the blossom during bloom (Figure 1-3). On the blossom the phages can continue 

to replicate on the P. agglomerans carrier to achieve a higher localized titre than with just 

the application of phages alone. Phage choice is an important consideration as a cocktail 

should be effective against a broad range of E. amylovora hosts while still able to replicate 

adequately on the carrier. The choice of P. agglomerans strain is also important as the 

carrier must be able to replicate the phage cocktail and still be able to colonize the stigma 

as the presence of both antagonistic P. agglomerans and a lytic phage cocktail would 

provide enhanced control of the pathogen. Therefore, more study is required into the 

dynamics and interactions between E. amylovora, P. agglomerans, and their phages to 

understand what is necessary to achieve greater and more consistent control.  

1.6 Bacteriophage Lytic Life Cycle 

 Most known phages belong to the order Caudovirales, which have proteinaceous 

icosahedral capsid heads ranging in size from 400-1700 Å, dsDNA genome, and a 

proteinaceous tail attached to the capsid (Ackermann, 2007; Ackermann and Prangishvili, 

2012; Fokine and Rossmann, 2014). The genome size of Caudovirales phages range from 

approximately 14,000-500,000 bp with an average length of 78,000 bp, and encode for 20 

to nearly 700 putative genes (Petrovski et al., 2012; Low et al., 2019). While the largest 

known Caudovirales genome is nearly 500,000 bp, only 17 (0.96%) of these phages have 

genomes larger than 250,000 bp (Low et al., 2019). Phage genomes are mostly organized 
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Figure 1-3. Disease cycle of Erwinia amylovora blossom infection and mechanism of dual-

action control by the phage-carrier system. E. amylovora is present in the spring in bacterial 

ooze which comes from cankers on previously infected tissue. The pathogen is spread to 

opened blossoms by insects and rain, where it can rapidly colonize and infect the tree. The 

phage cocktail in the carrier bacteria Pantoea agglomerans is sprayed early during bloom 

to allow the carrier to replicate the phages on the stigma, and ideally colonize the stigma 

as well. Under ideal conditions, the P. agglomerans would exclude E. amylovora by 

competition and production of antibiotics while the phage cocktail would also lyse the E. 

amylovora for a dual-action and synergistic mechanism of control.  
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into early, middle, and late stage genes based on their temporal expression throughout 

phage infection (Roucourt and Lavigne, 2009; Guzina and Djordjevic, 2015). These stages 

have different roles in phage infection where host takeover, phage replication, and virion 

morphogenesis and lysis are controlled by early, middle, and late genes respectively 

(Roucourt and Lavigne, 2009; Morimoto et al., 2018). Phage genomes are highly diverse 

such that even highly structurally conserved proteins can have little to no nucleotide or 

amino acid sequence homology (Dion et al., 2020). This makes characterization of novel 

phages extremely challenging as the majority of phage genes are not identified by sequence 

homology and their functions remain unknown (Guzina and Djordjevic, 2015). 

Until recently, Caudovirales was divided into three families: Myoviridae, 

Podoviridae, and Siphoviridae, based on the tail morphology (Fokine and Rossmann, 

2014). The Myoviridae have long contractile tails, the Siphoviridae have long non-

contractile tails, and the Podoviridae have short non-contractile tails (Figure 1-4). The tails 

of the Myoviridae and Siphoviridae have a baseplate complex at the end of their long 

tubular tail which has long and short tail fibres for host recognition and a tail spike for 

piercing the host membrane and ejecting their genome (Leiman et al., 2010; Fokine and 

Rossmann, 2014). Podoviridae have a short tubular tail generally containing no terminal 

baseplate, but still have 6 or 12 attached tail fibres or spikes (Cuervo et al., 2013; Fokine 

and Rossmann, 2014; Nobrega et al., 2018).  

Phages first recognize their host through reversible binding interactions with their 

tail fibres and receptors on the host cell surface (Tetart et al., 1996; Nobrega et al., 2018). 

There is an enormous diversity in the receptors phages use to recognize and bind to their 

host (Bertozzi Silva et al., 2016; Nobrega et al., 2018). For phages targeting Gram-negative 
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Figure 1-4. TEM of Erwinia phages. A) Myoviridae phages with one tail contracted (right) 

and the other non-contracted (left). B) Podoviridae phages with short non-contractile tails. 

Siphoviridae phages are not shown, but their tails are entirely non-contractile. Credit for 

image to R. J. Smith and A. M. Svircev.  
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bacteria, receptors can be membrane proteins (Randall-Hazelbauer and Schwartz, 1973), 

LPS moieties (Meadow and Wells, 1978), flagella and flagellar components (Shin et al., 

2012), pili (Budzik et al., 2004), and exopolysaccharide moieties located in the outer 

capsule (Roach et al., 2013). Irreversible binding anchors the phage to the cell and allows 

genome ejection. This process can be initiated by secondary binding to an additional 

surface receptor or as part of the binding process to the initial receptor (Bertozzi Silva et 

al., 2016; Nobrega et al., 2018).  

Myoviridae phage T4 has six long tail fibres which alternate between being 

extended outwards or folded back against the tail sheath (Hu et al., 2015). Initial reversible 

binding occurs between one of the long tail fibres and either of their receptors, the 

lipopolysaccharide (LPS) or outer membrane protein C (OmpC) (Prehm et al., 1976; 

Montag et al., 1990; Hu et al., 2015). Other long tail fibers will reversibly bind to these 

receptors, and with repeated extension and retraction of these tail fibres allows the phage 

to walk along the cell surface to find an ideal site for genome ejection (Hu et al., 2015; 

Nobrega et al., 2018). Once a critical number of long tail fibres have bound, the short tail 

fibres bind irreversibly to their target receptor to initiate genome ejection (Hu et al., 2015; 

Nobrega et al., 2018). The Podoviridae phage T7 tail fibres initially bind reversibly to the 

LPS. Once enough tail fibres bind, the tail undergoes conformational changes to 

irreversibly bind, orient itself perpendicularly to the cell surface, and initiate genome 

ejection (Molineux, 2001; Gonzalez-Garcia et al., 2015; Nobrega et al., 2018). 

Successful infection occurs when its genome passes from the capsid into the host 

cytosol. In phages that infect Gram-negative bacteria, the genome needs to pass through 

the outer membrane, periplasmic space, peptidoglycan layer, and the inner cytoplasmic 
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membrane (Figure 1-5) (Xu and Xiang, 2017). The best studied mechanism of genome 

ejection is for phage T4 and its contractile tail. Once the short tail fibres have bound to the 

cell surface, the baseplate structure undergoes a conformational change from a closed 

hexagon shape to a more open star shape (Crowther et al., 1977; Hu et al., 2015). This then 

triggers the contraction of the tail sheath which projects the inner needle complex out 

through the now open star-shaped baseplate and through the outer membrane (Simon and 

Anderson, 1967; Molineux, 2001; Hu et al., 2015). The needle complex is capped with a 

trimeric protein complex with a β-helix structure sharpened to a point to allow for 

membrane puncture (Leiman et al., 2010; Fokine and Rossmann, 2014; Hu et al., 2015; 

Nobrega et al., 2018). This needle tip complex also contains a lysozyme component, and 

after membrane puncture this complex dissociates from the needle and degrades the 

peptidoglycan layer to allow the tail tube to reach the inner membrane (Kao and McClain, 

1980; Mosig et al., 1989; Hu et al., 2015). Interestingly, this spike protein, with its V XG 

XXXXX repeats, shows great similarity to the VgrG needle protein of the bacterial type 

VI secretion system (T6SS), and the overall structure of the T6SS is highly similar to the 

tail structure of phage T4 (Leiman et al., 2010; Fokine and Rossmann, 2014; Hu et al., 

2015; Nobrega et al., 2018). The tail tube then reaches just outside the inner membrane, 

where it is thought to recognize phosphatidylglycerol as another receptor and form a 

transmembrane channel into the cytosol (Simon and Anderson, 1967; Baumann et al., 

1970; Molineux and Panja, 2013; Hu et al., 2015). The mechanism by which the genome 

is translocated from the capsid to the cytoplasm is not fully understood. The DNA is tightly 

packaged into the capsid during assembly, generating pressures of 40-60 atm inside the 

head (Smith et al., 2001; Hernando-Perez et al., 2012). 
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Figure 1-5. Diagram of Gram-negative bacterial cell wall. Inner and outer bi-lipid 

membranes separate the inner cytosol of the cell from the outside. In the periplasmic space 

between both membranes is a thin layer of peptidoglycan. The outer membrane is decorated 

with lipopolysaccharides and surrounded by an amorphous slime capsule of 

exopolysaccharides. For E. amylovora the EPS capsule is comprised of mostly amylovoran 

and levan. Image created using BioRender. 
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 Some believe that the genome is ejected due to the pressure difference between the capsid 

and the cytosol. However, ejection of the phage genome has been compared to pushing 10 

m of 1 mm thick string through a narrow straw, and the internal pressure would not be 

enough to eject the entire genome (Molineux and Panja, 2013; Hu et al., 2015). Phage T7 

requires cellular energy and membrane potential to physically translocate its genome into 

the cytoplasm, and while T4 requires this energy for successful infection, it is not 

conclusive that the role of this energy is specific to DNA ejection (Kemp et al., 2004; 

Molineux and Panja, 2013; Hu et al., 2015).  

1.7 Phage and Host Metabolism 

 Once the phage has ejected its genome into the cytoplasm it begins to commandeer 

the host metabolism to produce progeny. The first step in this process is to begin the 

transcription of the phage’s genome and prevent the transcription of host genes. Early 

genes are expressed by the host RNA polymerase (RNAP) and so promoter regions and 

codon usage must align with their host (Yang et al., 2014). These early genes are commonly 

of unknown function but their role is to alter the host metabolism to make it more effective 

at phage production, and to ensure the proper expression of the middle and late genes 

(Chevallereau et al., 2016; Kutter et al., 2018). Temporal RNA-Seq and metabolomic 

analysis of phage infection has revealed that phage infection rapidly causes significant 

alterations in the abundances of up to 25% of host metabolites (Chevallereau et al., 2016; 

De Smet et al., 2016). The expression of viral genes quickly overtakes the host’s, as phage 

transcripts quickly come to make up nearly 90% of total transcripts (Chevallereau et al., 

2016). While different phages all cause this massive restructuring of host metabolism, 
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different phages target different pathways and metabolites, strongly suggestive of a highly 

coordinated metabolic takeover (De Smet et al., 2016). 

 Phage assembly occurs in different stages and the capsid, tail, and genome are all 

synthesized separately prior to assembly (Prevelige and Cortines, 2018; Shao et al., 2018). 

An empty capsid is created from head proteins, scaffolding proteins, and a single 

dodecamer protein portal ring. The scaffolding proteins on the inside of the capsid aid in 

genome packaging and the portal ring recruits the packaging motor (Sun et al., 2015; 

Lokareddy et al., 2017; Prevelige and Cortines, 2018). The motor uses ATP to package the 

genome into the capsid, which causes release of the scaffolding proteins and changes to 

the structure of the head as the pressure increases (Quinten and Kuhn, 2012; Lokareddy et 

al., 2017; Prevelige and Cortines, 2018). The genome is packaged into the capsid at such 

high density that the DNA is in near crystalline form and internal pressures reach upwards 

of 60 atm (Kumar and Grubmuller, 2016; Lokareddy et al., 2017; Prevelige and Cortines, 

2018). The portal ring senses when the capsid is full of DNA and undergoes a 

conformational change which dissociates the packaging motor and signals the completion 

of the capsid head (Sun et al., 2015; Lokareddy et al., 2017; Prevelige and Cortines, 2018). 

Phage tails are produced in great excess of the heads, and once the capsid head is complete, 

the tails are connected to the portal ring (Arisaka et al., 2016; Lokareddy et al., 2017; 

Prevelige and Cortines, 2018). 

1.8 Phage Lysis and Progeny Release 

 Once the phage progeny have been assembled, the final stage of their life cycle is 

to lyse their host and release. Much like the initial infection, a phage of a Gram-negative 

host must still overcome the inner membrane, peptidoglycan layer, and outer membrane to 
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escape and this is done using the phage encoded enzymes holins, endolysins, and spanins 

respectively (Fernandes and Sao-Jose, 2018; Cahill and Young, 2019). The inner 

membrane and peptidoglycan are commonly degraded by either one of two general 

paradigms. One method is the use of canonical holins which create a few large membrane 

holes, which allows the passage of endolysins through the membrane to access and degrade 

the peptidoglycan. Alternatively, signal anchor release (SAR) endolysins are secreted to 

the periplasm in an inactive form via the host Sec system, and pinholins create many 

nanometer scale holes which rapidly deplete the proton motive force (PMF) which then 

also activates the endolysin (Cahill and Young, 2019). In both cases, holins are considered 

to be the biological clocks of phage infection as they trigger cell lysis and their expression 

is heavily temporally controlled throughout infection (Wang et al., 2000; Cahill and Young, 

2019). Spanins are a recently discovered third component of phage lysis which span 

between both membranes for outer membrane lysis. These spanins are thought to fuse the 

inner and outer membranes together after peptidoglycan degradation which creates a final 

opening for the phages to escape (Summer et al., 2007; Kongari et al., 2018; Cahill and 

Young, 2019). Spanins can be a single periplasm spanning protein, or a two-component 

system with an inner and outer membrane component that join (Berry et al., 2008; Kongari 

et al., 2018; Cahill and Young, 2019). The majority of spanins are two-component systems, 

but the presence of at least one was detected in over 85% of phage genomes (Kongari et 

al., 2018). In combination, these phage lysis genes allow the phage to effectively lyse the 

host’s cell wall and release phage progeny which will then infect other nearby and begin 

the life cycle again.  
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1.9 Phage Resistance 

 Phages and their hosts exist in a perpetual state of co-evolution, exerting a constant 

selection pressure on each other to adapt. Bacteria evolve new mechanisms of resistance 

to protect them from phage infection, and phages in turn must then evolve new mechanisms 

to avoid or deactivate these resistance mechanisms (Azam and Tanji, 2019; Hampton et 

al., 2020). Resistance mechanisms are abundant and diverse and have evolved to target 

every stage of phage infection. To prevent phage adsorption, hosts can alter the surface 

receptor used by the phage, causing a structural change that phage are unable to recognize 

or bind to it (Morita et al., 2002; Mizoguchi et al., 2003; Hyman and Abedon, 2010). 

However, this can be costly for the host by reducing growth, virulence, or survivability 

(Capparelli et al., 2010; Azam and Tanji, 2019). Instead, hosts can make it harder for 

phages to reach their binding receptors either with other proteins (Nordström and Forsgren, 

1974; Riede and Eschbach, 1986), or extracellular capsules (Scholl et al., 2005; Roach et 

al., 2013). Gram-negative hosts can even produce extracellular outer membrane vesicles 

which act as decoys to sequester the phage and avoid infection (Manning and Kuehn, 2011; 

Reyes-Robles et al., 2018).  

 Several resistance mechanisms have been identified which target the genome of the 

phage for degradation. Restriction-modification systems (R-M) (Bertani and Weigle, 1953) 

and defence island system associated with restriction–modification (DISARM) (Ofir et al., 

2018) are innate mechanisms that target and degrade foreign DNA while also modifying 

their own genome to prevent self degradation. These mechanisms target specific sequences 

in the genome but do not change in response to infection which makes them innate 

defences. Clustered regularly interspaced short palindromic repeats (CRISPR) (Barrangou 

et al., 2007) is an adaptive response where small fragments of target DNA can be inserted 



25 

 

into the host genome and used as a guide to recognize the same sequence in the future. If a 

host survives phage infection and acquires one of these sequences, or spacers, the cell and 

its subsequent progeny will then have resistance against that same phage (Azam and Tanji, 

2019). Prokaryote Argonautes (pAgos) (Makarova et al., 2009) are also able to degrade 

foreign DNA using nucleic acid guides and are hypothesized to play a role in phage 

defence, but their mechanism of this is unknown (Azam and Tanji, 2019; Hampton et al., 

2020). Alternatively, bacteriophage exclusion (BREX) (Goldfarb et al., 2015) prevents the 

replication of phage DNA instead of degrading it. This can also be done by the production 

of DNA intercalating chemicals (Kronheim et al., 2018), but neither of these mechanisms 

are fully understood (Azam and Tanji, 2019; Hampton et al., 2020). 

Other mechanisms of resistance can function on a population level to protect the 

community over individual cells. Abortive infection (Abi) is a broad term that describes 

when a host pre-emptively dies in response to phage infection to prevent the release of 

more phage progeny into the population (Lopatina et al., 2020). The mechanisms of many 

Abi systems are not known but they can target any essential host function or process 

(Depardieu et al., 2016; Hampton et al., 2020). Some Abi systems function through 

toxin/antitoxin (TA) systems, which are comprised of a toxic effector protein and a 

corresponding antitoxin that sequesters or inactivates the toxin (Pecota and Wood, 1996; 

Hampton et al., 2020; Song and Wood, 2020c). Under ideal conditions, the expression of 

both toxin and antitoxin are balanced, but the stress and metabolic impacts from phage 

infection causes a reduction of the more labile antitoxin and the toxin builds up and kills 

the cell (Hampton et al., 2020; Song and Wood, 2020c). TA systems are not always lethal 

to the cell and can simply impair its function enough to prevent successful phage infection 
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(Pontes and Groisman, 2019; Riffaud et al., 2020). Because Abi is defined as leading to 

cell death, mechanisms identified through bioinformatic analysis or that impair the host 

without killing it are not classified as Abi even though they may be nearly identical 

mechanistically (Hampton et al., 2020; Song and Wood, 2020c).  

Another population level phage resistance mechanism is through cell-cell 

communication using quorum sensing (QS) (Glessner et al., 1999; Hoyland-Kroghsbo et 

al., 2013; Remy et al., 2018; Hampton et al., 2020). Quorum sensing is a molecular method 

of communication between cells to adapt to the surrounding cell density and environmental 

conditions by producing and sensing small extracellular molecules (Remy et al., 2018). QS 

has been found to induce phage resistance by reducing the availability of phage surface 

receptors (Hoyland-Kroghsbo et al., 2013), increasing the activity of other resistance 

mechanisms such as CRISPR (Patterson et al., 2016), influencing the host physiological 

state and the proportion of viable cells in the population (Qin et al., 2017), and even 

stimulating the production of phage degrading protease (Hoque et al., 2016).  

There are also contact dependent cell-cell communication mechanisms that 

function like extracellular TA systems, such as the type VI secretion system (T6SS) and 

contact dependent growth inhibition (CDI) which is a type V secretion system (T5SS) 

(Ghosh et al., 2018; Pena et al., 2019; Klein et al., 2020). Like TA systems, these both 

include a toxic effector protein and a corresponding immunity protein, but the toxins are 

used extracellularly against neighbouring cells (Klein et al., 2020). Like QS, these can 

affect the processes and physiological state of the population depending on the surrounding 

cell density and environmental conditions, but require cell-cell contact instead of chemical 

messengers (Ghosh et al., 2018). Considering the similarity of these systems to both QS 
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and TA systems, it is possible that these systems may also function as phage resistance 

mechanisms, although this has not been previously reported or suggested. 

In 2018, a systematic search of the microbial pangenome identified 28 potential 

phage resistance systems, of which 9 were successfully shown to have strong antiphage 

activity (Doron et al., 2018). This greatly increased the arsenal of known phage resistance 

mechanisms, highlighted the diversity and scale of phage resistance, and showed how 

incomplete our understanding of phage resistance truly is. However, such focus on full 

antiphage systems can often overshadow other more subtle means of phage resistance that 

arise through competitive co-evolution between phages and their hosts (Paterson et al., 

2010). In reviews of phage resistance mechanisms, this co-evolution derived phage 

resistance is very commonly relegated to mutations that can arise in surface receptors that 

prevent phage infection (Labrie et al., 2010; Azam and Tanji, 2019; Hampton et al., 2020). 

However, this then overlooks two important things: (1) in less studied phage-host systems 

this is an effective way to identify an unknown surface receptor; and (2) this type of 

evolution is not limited to surface receptors and can be useful to identify the specific 

mechanisms used by a phage at any stage of host infection (Labrie et al., 2019). Methods 

to force the evolution of resistance to study infection mechanisms are becoming more 

common (Rousset et al., 2018; Labrie et al., 2019; Mutalik et al., 2020; Piya et al., 2020) 

but there is still a lack of methods to identify these mutations that have evolved in natural 

populations and that reflect the dynamics in their niche environments (Allen et al., 2017). 

While the development of resistance is a critical consideration for any potential 

antibacterial application, the co-evolutionary dynamics of bacteria and phage could 

actually have some benefits when considering phage therapy. Since the phage can also 
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evolve to avoid these bacterial resistance mechanisms, effective phages can be generated 

in the lab or isolated again from the environment. The evolution of phage resistance can 

also come with a fitness cost to the host which can make them less pathogenic or virulent 

(Capparelli et al., 2010; Azam and Tanji, 2019). In a regulatory landscape where novel 

phages could be easily implemented for biocontrol, the incidence of phage resistance may 

not be as disastrous as it is with antibiotics. 

1.10 Bacteriophage Host Range 

 The host range of a phage is the range and diversity of different hosts that the phage 

can successfully infect (de Jonge et al., 2019). Studying and understanding phage host 

range is critical in phage therapy and in studying phage biology. However, defining what 

a host range means is not a simple task (Hyman and Abedon, 2010; Ross et al., 2016; 

Howard-Varona et al., 2018). When a single phage successfully infects a cell and produces 

progeny, it seems reasonable to call this cell a host. What if that phage was the only one 

out of a million to do this, would it still be considered a host? What if the phage could 

successfully infect the host and produce viable progeny, but these progeny could not lyse 

the cell and be released? What if the release of progeny required certain conditions for lysis 

that exist only in the natural environment but are missing in vitro? Phage-host co-evolution 

is dynamic; a host can develop any number of resistance mechanisms against any stage of 

infection, and not all are equally effective (Hampton et al., 2020). The host range is really 

like the sum of all parts, an umbrella term that encapsulates and summarizes all the 

complexity of these phage-host dynamics into one single property. 

Phage host range is commonly studied in its simplest, qualitative form: the presence 

of successful infection as indicated by the appearance of bacterial clearing indicated by a 
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plaque using spot tests (Amarillas et al., 2017; Furfaro et al., 2020; Li et al., 2020; Peng et 

al., 2020). The spot test is performed simply by dropping a small volume, typically 10 µL 

or less, of phage solution onto a soft agar layer containing host bacteria, and the appearance 

of a clearing is indicative of successful infection (Adams, 1959; Kutter, 2009). However, 

this method can show host killing or clearing without successful phage infection and is 

therefore susceptible to false positives (Kutter, 2009; Hyman and Abedon, 2010; Mirzaei 

and Nilsson, 2015; Ross et al., 2016). Qualitative plaque assays are used to indicate 

successful infection (Choi et al., 2017; Ahmad et al., 2018), but the lack of quantitative 

comparison between hosts still limits their potential usefulness (Kutter, 2009; Hyman and 

Abedon, 2010; Howard-Varona et al., 2018). 

 Quantitative host range studies are more informative as they measure a gradient of 

infection efficiency that is reflective of the complex dynamics that may differ between 

phage-host combinations or conditions (Hyman and Abedon, 2010; Howard-Varona et al., 

2018). Quantitative host range can be measured in numerous ways, and each can be useful 

to study different parameters of infection (Hyman and Abedon, 2010). The efficiency of 

plating (EOP) is a plaque based technique where dilutions of a phage stock are serially 

diluted and mixed with different host cultures (Kutter, 2009). As different numbers of 

plaques can appear on different hosts, this ratio is a relative comparison of how effectively 

a phage can infect different hosts (Holmfeldt et al., 2016; de Melo et al., 2019; Nikapitiya 

et al., 2019). Using EOP to determine host range is very time consuming, and the effort 

required to study multiple phages and hosts is often a deterrent which makes large EOP-

based host range studies uncommon (Mirzaei and Nilsson, 2015; Holmfeldt et al., 2016). 

Broth-based methods may be used to determine host range. One method is to use optical 
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density (O600) to measure turbidity reductions in the bacterial populations over time (Xie 

et al., 2018; Nakamura et al., 2020). This type of method is unique in that the host range is 

inferred based on the response of the host to the phage. Because of this it can be used to 

measure the bactericidal host range of the phage. This can be done using automated plate 

incubators with built in real-time optical density readers to allow for much higher 

throughput quantitative host range studies. Once these machines become more available 

these types of host range determinations will likely become more common (Xie et al., 

2018). Higher-throughput quantitative host range studies will make it easier study the host 

range of more phages against more hosts, and therefore lead to a deeper understanding of 

phage-host interactions and dynamics. However, similar studies that instead measure the 

phage response through infection are still challenging, and are limited by the techniques 

available for phage quantification. 

1.11 Quantification of Bacteriophages 

 To study and work with phages, it is essential to be able to accurately and 

effectively quantify them. The most common technique for phage quantification is the 

double agar overlay technique, or plaque assay (Adams, 1959). In this technique, a solution 

with an unknown titre of phages is serially diluted, and these serial dilutions are combined 

with a culture of susceptible host bacteria. This suspension is combined with molten growth 

medium with a low agar concentration, poured overtop of solid growth agar and incubated 

to allow for bacterial growth. As the bacteria replicate and form a visible lawn, individual 

clearings, or plaques, form where a single phage infection occurred and lysed the nearby 

cells. By counting these plaques and adjusting for the dilution, the quantity of viable and 
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infectious phage particles can be determined (Adams, 1959; Gallet et al., 2011; Francis et 

al., 2017). 

 The plaque assay technique has long since been considered the standard method for 

phage quantification, but this method has numerous drawbacks that are commonly 

overlooked or disregarded (Duyvejonck et al., 2019). The laborious efforts and amount of 

consumables required can easily make larger-scale quantitative experiments unfeasible 

(Holmfeldt et al., 2016). Phage infection is not always limited to a single phage, and such 

the appearance of a plaque is not definitive of a single phage infection, or even that a plaque 

does not contain an overlapping plaque (Duyvejonck et al., 2019). Exposure to 

temperatures of 50°C in the molten agar can significantly decrease the viability and 

adsorption of some phage particles (Chen et al., 2019). Phage quantification is also 

enormously impacted by the host strain used for plaque assay, as lysates quantified using 

different strains can produce significantly different amounts of plaques, and titres could 

vary by several log units (Mirzaei and Nilsson, 2015; Holmfeldt et al., 2016). Phages are 

commonly enriched and quantified using the strain on which they were originally isolated, 

called the isolation host (Holmfeldt et al., 2016; Chen et al., 2019; Hyman, 2019). Any host 

which can produce a plaque can theoretically enrich a phage, and so assuming the isolation 

host is inherently able to consistently quantify phage particles with 100% efficiency is 

potentially misleading. Many alternative methods have been developed for the 

quantification of phages, with varying degrees of ease, accuracy, and efficacy (Ács et al., 

2020). 

 Transmission electron microscopy (TEM) uses a beam of electrons to directly 

observe the phages in high detail, allowing one to count the phage particles themselves 
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(Bergh et al., 1989; Goldsmith and Miller, 2009; Ács et al., 2020). TEM is generally 

considered to be accurate for phage quantification, but it is time-consuming, expensive, 

and requires skilled operation of the instrument (Ackermann, 2012; Ács et al., 2020). The 

viability of the phage may still be difficult to truly quantify using TEM as phage damage 

can be too subtle to observe effectively (Leung et al., 2019). 

 Flow cytometry is a popular method for the quantification of viruses in 

environmental water samples (Dlusskaya et al., 2019). In flow cytometry phage genomes 

are fluorescently labelled and capillary separated allowing detection of individual phages 

(Hercher et al., 1979; Brussaard et al., 2000). While a flow cytometer can be an expensive 

purchase, subsequent use for phage quantification is quick and inexpensive (Ács et al., 

2020). However, phage quantification with flow cytometry is very sensitive to how the 

phages are handled and by the presence of surfactants, it requires extensive calibration, is 

less effective for phages with genome sizes below 100 kbp, and generally overestimates 

phage titres compared to TEM (Hennes and Suttle, 1995; Dlusskaya et al., 2019; Ács et al., 

2020) 

 NanoSight (Salisbury, United Kingdom) is a commercial system which uses laser 

light scattering microscopy and a charge-coupled device camera to visualize and track 

nanoparticles in solution (Filipe et al., 2010). NanoSight can be used to quantify phage 

particles in solutions, but these solutions must be clear (Anderson et al., 2011; Kaletta et 

al., 2020). This system generally overestimates phage titres compared to plaque assays, but 

the accuracy is phage dependent (Anderson et al., 2011; Kaletta et al., 2020). Initial costs 

of NanoSight are high, but subsequent use is inexpensive, and it is generally considered 

the fastest method for phage quantification (Ács et al., 2020; Kaletta et al., 2020). 
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 qPCR for phage quantification has seen a steady growth of popularity over the past 

10-15 years and is now considered by some to be the new gold standard (Edelman and 

Barletta, 2003; Imamovic et al., 2010; Anderson et al., 2011; Refardt, 2012; Muhammed 

et al., 2017; Peng et al., 2018; Duyvejonck et al., 2019; Kaletta et al., 2020). Because every 

phage contains a single genome within its capsid head, the quantification of genomes in 

solution can be used as a direct correlation to the quantity of phage particles. The specificity 

of PCR primers allows the amplification of the target genome in the presence of non-target 

genomes, which makes qPCR specific enough to simultaneously detect and quantify 

multiple phages in mixed or even environmental samples (Muhammed et al., 2017; Ahmed 

et al., 2019; Duyvejonck et al., 2019). The amplified genome fragments can be measured 

in real-time using DNA intercalating dyes or TaqMan fluorescent probes. While DNA 

intercalating dyes, such as SYBR green, will bind indiscriminately to all dsDNA, TaqMan 

fluorescent probes are sequence specific and bind only to the amplified target fragment 

(Peng et al., 2018). In qPCR, the fluorescence is only relative and requires an internal 

standard to determine an accurate genome copy number (Edelman and Barletta, 2003; 

Morella et al., 2018; Peng et al., 2018). Recently, digital drop PCR (ddPCR) was shown to 

be an effective way to absolutely quantify phage without the need for an internal standard 

(Morella et al., 2018). Using ddPCR, a solution containing target genomes is partitioned 

into approximately 20,000 droplets. Within these droplets, separate PCR reactions occur 

such that only droplets which contained the target DNA sequence contain amplified DNA. 

By using a fluorescent probe or SYBR green dye, the droplets containing amplified DNA 

are counted and a direct measure of genome quantity is determined (Baran et al., 2018; 

Morella et al., 2018). 
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 The ability to accurately and effectively quantify phages is essential for the study 

of phages, their biology, and their potential applications. There are numerous ways to 

quantify phages, based on different aspects of phage biology, and they all have their own 

strengths and weaknesses. No single method can be used in all situations, and so knowledge 

of the different methods is important. While plaque assays are still commonly considered 

as the most accurate for phage quantification and NanoSight as the fastest, the ability for 

qPCR to both differentiate and quantify multiple phages and hosts in complex mixtures 

makes it an invaluably powerful tool to study phage-host interactions and population 

dynamics. 

1.12 Erwinia spp. Bacteriophages 

Phages of E. amylovora have classically been assorted into three separate families: the 

Myoviridae, Podoviridae, and Siphoviridae. An early 2019 genomic analysis of available 

E. amylovora phage genomes identified 20 different genomic groupings (Thompson et al., 

2019). The most recent release of the International Committee on Taxonomy of Viruses 

(ICTV) viral taxonomy listing indicates that there are 31 species of Erwinia phages 

belonging to 6 distinct families: Ackermannviridae, Autographiviridae, Chaseviridae, 

Myoviridae, Podoviridae, and Siphoviridae (Adriaenssens et al., 2018; Walker et al., 

2020). However, a recent discovery of a group of filamentous E. amylovora phages 

belonging to the family Inoviridae (Akremi et al., 2020), and jumbo phages in the genus 

Eneladusvirus (Kim et al., 2020) will extend this current list to at least 33 species among 

7 different families. 

The phages used in this work belong to the AAFC Phage Library. The phages were 

isolated prior to 2000 from the tissue and surrounding soil of infected apple and pear trees 
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in orchards in and around the Niagara Region, Ontario, Canada (Gill, 2000; Gill et al., 

2003). Genetic sequence characterization has assigned these phages into four distinct 

genera and species, and three of these species are represented by phages in the AAFC Phage 

Library: the Myoviridae Kolesnikvirus Erwinia virus Ea214, Myoviridae Agricanvirus 

Erwinia virus Ea35-70, and Podoviridae Johnsonvirus Erwinia virus Ea9-2. The final 

species Eracentumvirus Erwinia virus Era103 was historically classified within the 

Podoviridae family due to its morphology but was recently reclassified into the family 

Autographiviridae (Walker et al., 2020). The Autographivirdae is defined by the presence 

of a virion-encoded RNA polymerase, even though they still share the morphological 

similarities of the Podoviridae (Adriaenssens et al., 2020). It is important to note that this 

reclassification occurred in 2020 and it is not reflected in the published chapters of this 

thesis. 

 The EPS of E. amylovora, although mainly amylovoran, is known to affect phage 

preference and infection (Roach et al., 2013). Generally, the Myoviridae phages were found 

to prefer low EPS producing hosts (LEPs) as they formed clear plaques on these hosts and 

hazy plaques on high EPS producing hosts (HEPs). The Podoviridae phages prefer HEPs, 

on which they make large clear plaques surrounded by a hazy ring, or halo. This halo, and 

likely the reason for the preference of HEPs, is that the Podoviridae phages carry a 

depolymerase which targets the amylovoran in the EPS capsule (Kim and Geider, 2000; 

Roach et al., 2013). Amylovoran deficient mutants were completely resistant to 

Podoviridae phages and so it was concluded that amylovoran is a receptor for host infection 

(Roach et al., 2013). Capsular receptors are thought to be largely responsible for initial 

reversible attachment while surface components are the target for irreversible binding, 
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suggesting there is likely an additional unknown surface receptor for these Podoviridae 

phages (Rakhuba et al., 2010; Bertozzi Silva et al., 2016). The Myoviridae phages were not 

affected by the loss of amylovoran, and therefore their mode of infection remains unknown 

(Roach et al., 2013). 

Phage ɸEa35-70 (Agricanvirus Erwinia virus Ea35-70) is classified as a jumbo 

phage as its genome, at 271,084 bp, is greater than 200 kbp (Yuan and Gao, 2017). The 

majority of jumbo phages (>95%) have been isolated from Gram-negative hosts. Jumbo 

phages are thought to have acquired additional functional genes to reduce their dependence 

on their host bacteria (Yuan and Gao, 2017). The other representative phages present in the 

AAFC Phage Library, ɸEa21-4 (Erwinia virus Ea214) at 84,576 bp, ɸEa46-1-A1 (Erwinia 

virus Era103) at 45,445 bp, and ɸEa9-2 (Erwinia virus Ea9-2) at 75,568 bp are all smaller 

with no special classifications.  

Ten phages from the AAFC Phage Library are used in this work. The respective 

phage species are provided in parentheses. Myoviridae phages include ɸEa10-1, ɸEa10-2, 

ɸEa21-4, and ɸEa45-1B (Myoviridae Kolesnikvirus Erwinia virus Ea214) and ɸEa35-70 

(Myoviridae Agricanvirus Erwinia virus Ea35-70 phage). Podoviridae phages include 

ɸEa10-7, ɸEa31-3, ɸEa46-1-A1, and ɸEa46-1-A2 (Autographiviridae Eracentumvirus 

Erwinia virus Era103) and ɸEa9-2 (Podoviridae Johnsonvirus Erwinia virus Ea9-2). 

1.13 Objectives 

 The main objective of this dissertation is to investigate the complex dynamics and 

interactions between E. amylovora, P. agglomerans, and several of their phages to aid in 

the development of a more effective phage-carrier biological control product for the control 

of E. amylovora. This is first achieved through the development of a novel standard 
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plasmid for the qPCR quantification of E. amylovora, P. agglomerans, and their phages 

(Chapter 2), which is used to establish the quantitative host range of 10 phages against a 

collection of E. amylovora (Chapter 2) and P. agglomerans (Chapter 3). This plasmid is 

also used to measure the changing populations of hosts and phages over time in different 

combinations to identify an effective phage-carrier mixture (Chapter 3). The host range 

data are also analyzed using a modern genomics approach to identify genetic determinants 

of phage-host preference and productivity (Chapter 4). The combination of these chapters 

represents a novel and effective framework to study the interactions of phages and their 

hosts that can be easily adapted to other phage-host systems. The knowledge gained from 

this work will be used in the development of a formulated phage-carrier product which will 

be studied for the control of E. amylovora in field trials. 
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2.1 Abstract 

Erwinia amylovora is a globally devastating pathogen of apple, pear and other rosaceous 

plants. The use of lytic bacteriophages for disease management continues to garner 

attention as a possible supplement or alternative to antibiotics. A quantitative productive 

host range was established for 10 Erwinia phages using 106 wild type global isolates of 

E. amylovora, and the closely related Erwinia pyrifoliae, to investigate the potential 

regional efficacy of these phages within a biopesticide. Each host was individually 

infected with each of the 10 Erwinia phages and phage production after 8 h incubation 

was measured using quantitative real time PCR (qPCR) in conjunction with a standardized 

plasmid. PCR amplicons for all phages used in the study were incorporated into a single 

plasmid, allowing standardized quantification of the phage genome copy number after the 

infection process. Nine of the tested phages exhibited a broad host range, replicating their 

genomes by at least one log in over 88% of tested hosts. Also, every Amygdaloideae 

infecting E. amylovora host was able to increase at least one phage by three logs. Bacterial 

hosts isolated in western North America were less susceptible to most phages, as the mean 

genomic titre produced dropped by nearly two logs, and this phenomenon was strongly 

correlated to the amount of exopolysaccharide produced by the host. This method of host 

range analysis is faster and requires less effort than traditional plaque assay techniques, 

and the resulting quantitative data highlight subtle differences in phage host preference 

not observable with typical plaque-based host range assays. These quantitative host range 

data will be useful to determine which phages should be incorporated into a phage-

mediated biocontrol formulation to be tested for regional and universal control of 

E. amylovora. 
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2.2 Introduction 

Erwinia amylovora is the causative pathogen of fire blight, a devastating disease of 

the Rosaceae family. On a global scale, this pathogen causes severe economic losses to the 

commercially grown apple and pear industries (Vanneste, 2000; van der Zwet et al., 

2016c). The spread of the pathogen throughout the apple and pear orchards of North 

America is well documented in literature (Vanneste, 2000; van der Zwet et al., 2016b). Fire 

blight symptoms consisting of blackened and collapsed tissues were first observed in the 

1780s in Hudson Valley, New York (Denning, 1794). Early settlers saw loss of fruit and 

eventual tree death on pear trees brought over from Europe (Vanneste, 2000). Historically, 

the spread of the pathogen in North America was well documented, as disease symptoms 

were recorded in Ontario, Canada in 1840 and on the west coast in California and British 

Columbia another 50 and 70 years later respectively (Pierce, 1902; Harrison and Barlow, 

1904; Eastham, 1935; Vanneste, 2000). The first record outside of North America was in 

Japan in 1903 and New Zealand in 1919 (Uyeda, 1903; Campbell, 1920; Cockayne, 1921; 

Vanneste, 2000). Two separate introductions from North America may have occurred into 

Europe and Africa in the 1950s; first observed in England in 1958 and in Egypt six years 

later (Crosse et al., 1958; El-Helaly et al., 1964; Vanneste, 2000). The pathogen has 

continued to spread globally (2017), recorded in Poland (1967), Germany (1971), France 

(1972), Israel (1985), Lebanon (1988), Switzerland (1989), and Morocco (2006) (Borecki 

et al., 1967; Meijneke, 1972; Zutra and Shabi, 1985; Grimm and Vogelsanger, 1989; Saad 

et al., 1999; Vanneste, 2000; Yaich et al., 2011). 

 Commercially grown apple (Malus X domestica) and pear (Pyrus communis) cultivars 

are all moderately to highly susceptible to infection by the fire blight pathogen (Vanneste, 
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2000; Svircev et al., 2018). Resistant germplasm is unavailable, therefore effective 

integrated pest management practices (IPM) are essential for the control of E. amylovora. 

The antibiotic streptomycin has been successfully used in the IPM system for the control 

the pathogen during open bloom (Ngugi et al., 2011; Stockwell and Duffy, 2012; Smits et 

al., 2017). Alternative methods for control of fire blight pathogen are needed due to the 

presence of antibiotic resistance (Sholberg et al., 2001; McManus et al., 2002; Förster et 

al., 2015; Tancos et al., 2016), legislated restrictions on antibiotic usage in certain 

jurisdictions, and the changing public opinion towards usage of antibiotics in agriculture 

(Svircev et al., 2018).  

Use of lytic bacteriophages has gained prominence in the control of human and 

agricultural bacterial pathogens (Kutter et al., 2010; Doss et al., 2017; Svircev et al., 2018). 

Our group has developed a phage-mediated biological that utilises an orchard epiphyte, 

Pantoea agglomerans, as a propagation host and delivery system for a cocktail or mixture 

of Erwinia lytic phages. Subsequently, a library or collection of Erwinia phages has been 

established for the project. All Erwinia phages in our library are dsDNA viruses of the 

order Caudovirales, and belong to four different genera within either the Myoviridae or 

Podoviridae families (Gill et al., 2003). Three of the phage genera were named and 

classified from representative phages in our collection. Within the four taxonomically 

accepted genera (Ea214virus, Agrican357virus, Sp6virus, and Ea92virus) all of our phages 

are represented by the species Erwinia virus Ea214, Erwinia virus Ea35-70, Erwinia virus 

Era103, and Erwinia virus Ea9-2, respectively (Carstens, 2010; Adams et al., 2017). Each 

of the phage species used in this paper are detected by specific PCR primers described in 

this paper, and were grouped by RFLP analysis (Gill et al., 2003). Of the total of 10 phages 
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used in the study, four phages from each of the Erwinia virus Ea214 and Erwinia virus 

Era103 species were chosen to study the impact of intraspecies variability on host range. 

The species representative phages ɸEa35-70 and ɸEa9-2 were included in order to study 

host range similarities and differences between species.  

Mirzaei and Nilson (2015) indicated that in order to establish phage libraries for 

therapeutic use, phages need to be virulent with a wide host range and have a high burst 

size (Mirzaei and Nilsson, 2015). ‘Virulent phages’ were selected by choosing phages with 

large, clear and non-turbid plaques. The host range of the 50 bacteriophages in the AAFC 

Collection was established by the soft agar overlay plaque assay (Gill et al., 2003). The 

turbidity cannot be used for the selection of E. amylovora phages since phages grown on 

hosts with high and low exopolysaccharide (EPS) production have different plaque 

appearances (Roach et al., 2013). Erwinia phages belonging to the Podoviridae family 

produce clear plaques on E. amylovora host cells that produce high amounts of EPS and 

hazy, or turbid, plaques on low EPS producing cells. In contrast, the Myoviridae phages 

produce clear plaques on bacterial cells with low amounts of EPS (Roach et al., 2013). 

These differences suggest that using plaque morphology to establish host range in E. 

amylovora would result in inaccurate interpretations and therefore an alternative method 

had to be developed. 

In a recent round table discussion on the development of phage cocktails for phage 

therapy in medicine and the avoidance of bacterial resistance, the use of broad host range 

bacteriophages in phage cocktails was identified as a key parameter (Rohde et al., 2018). 

Unfortunately, ‘broad host range phage’ is not a well-defined term in phage biology (de 

Jonge et al., 2019). Ross et al. (Ross et al., 2016) considered that the term should be 
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reserved for the phages that can infect multiple species and some genera. (Hyman and 

Abedon, 2010) discuss the importance of defining the methodology used for host range 

determination, as different methods can bias the findings. A productive host range is based 

on the production and release of phage progeny, and while the formation of a plaque is 

indicative of a productive host, the absence of plaques does not confirm a lack of a 

productive infection (Hyman and Abedon, 2010). The study of phage host range has been 

largely skewed towards spot tests, plaque assays, or clearing of liquid cultures to indicate 

bacterial lysis (Abedon and Yin, 2009; Mirzaei and Nilsson, 2015; Xie et al., 2018). 

Recently, machine learning of omics data has begun to model phage-hosts interactions to 

predict host range, but this still remains in its infancy (Leite et al., 2017; Hannigan et al., 

2018). Quantitative host range studies, which measure phage production by a host, are very 

rare due to the time consuming nature of the required plaque assays (Silva et al., 2014; 

Holmfeldt et al., 2016), but quantitative data are far more useful for accurate host range 

determination. Quantitative PCR (qPCR) for the detection and quantitation of 

bacteriophages has been shown to be preferable over the traditional methods to increase 

reproducibility, and reduce time and materials used (del Rio et al., 2008; Anderson et al., 

2011; Dreo et al., 2012; Kim and Ko, 2012; Refardt, 2012; McLellan et al., 2016; 

Muhammed et al., 2017; Peng et al., 2018). However, knowledge of the phage’s genomic 

sequence is required for the design of PCR primers. 

In this study a standardized, plasmid-based qPCR protocol was developed for the 

quantification of four species of Erwinia phages belonging to four different phage genera. 

We used this method to perform a quantitative host range study of 10 phages against 101 

isolates of E. amylovora from around the world and five isolates of Erwinia pyrifoliae. 
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This method aims to measure the amount of phage produced after infection of a host, 

thereby avoiding the reliance on plaque morphology to determine their host range. Based 

on the global spread of the pathogen throughout North America, Europe and beyond, we 

investigated whether the phages in the library collected in southern Ontario, Canada have 

the ability to infect global isolates of the pathogen and thus demonstrate a broad global 

host range. A host range study of this scale will be useful in identifying the ideal cocktail 

of phages to improve the efficacy of our phage-mediated biological. 

2.3 Materials and Methods  

2.3.1 Bacterial Isolates  

All wild type isolates of E. amylovora and E. pyrifoliae used in this study are listed in 

Table 2-1. All bacterial cultures were stored at -80°C in Microbank cryobeads (Pro-Bank 

Diagnostics, Richmond Hill, ON, Canada). Initial subcultures were plated from cryobeads 

onto 2.3% Difco nutrient agar (NA; BD, Sparks, Maryland, USA), grown overnight at 27°C 

and stored at 4°C for up to a week. Working subcultures were plated on NA and grown either 

overnight at 27°C or for 3 d at room temperature. 
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Table 2-1. Wild type isolates of Erwinia amylovora and Erwinia pyrifoliae used in the 

study. Relative EPS (amylovoran) production, plant host, location of isolation, and 

researcher sources of these isolates are given when known. Alternative names, or 

synonyms, were given in brackets when known. EPS values are OD600 measurements and 

are therefore only relative and range from 0.033-0.358.  

Wild Type Isolate 

(Synonym) 
EPS (OD600) Host Isolation Location 

Reference 
Researcher 

Erwinia amylovora      

Ea 432 (547) 0.159 ± 0.006 Apple QC, Canada  L. Vézinaa 

Ea 433 (998) 0.108 ± 0.015 Apple    

Ea 434 (1582) 0.068 ± 0.002 Apple    

Ea 435 (1585) 0.183 ± 0.014 Apple    

Ea 436 (1588) 0.164 ± 0.028 Apple    

Ea 438 (1024) 0.153 ± 0.023 Raspberry    

C-GG-11 0.274 ± 0.005 Apple NY, USA 
 H. 

Aldwinckleb 

Ea 273 (ATCC 49946) 0.165 ± 0.013 Apple   
 

O-TO-1b 0.090 ± 0.036 Apple NY, USA  S.V. Beerc 

O-RG-11 0.178 ± 0.007 Apple    

O-RG-21 0.234 ± 0.013 Apple    

P-C-3b 0.112 ± 0.018 Apple    

Ea G5 0.056 ± 0.002 Pear ON, Canada  A.M. Svircevd 

Ea 6-4 (E2005A) 0.055 ± 0.001 Apple    

Ea 17-1-1 (E2006A) 0.071 ± 0.023 Apple    

Ea 29-7 0.257 ± 0.032 Apple    

Ea D7 (E2030A) 0.249 ± 0.016 Apple    

Ea 110 (ATCC29780) 0.203 ± 0.031 Apple MI, USA 
(Ritchie and 

Klos, 1977) 
A. Jonese 

BJN 0.195 ± 0.004 Apple   G. Sundine 

CA11 0.039 ± 0.002 Apple  (Chiou and 

Jones, 1991) 
 

GM-1 0.196 ± 0.013 Apple    

20060013 0.044 ± 0.002 Pear UT, USA  C.K. Evansf 

20070025 0.152 ± 0.011 Apple    

20070126 0.161 ± 0.020 Apple    

20070245 0.130 ± 0.007 Apple    

20070270 0.082 ± 0.010 Pear    

20070276 0.145 ± 0.005 Pear    

Ea Apl 1 0.241 ± 0.038 Apple CA, USA  S. Lindowg 

Ea IF 0.038 ± 0.003 Apple    

Ea 12 0.103 ± 0.004 Pear    

Ea 75 0.111 ± 0.007 Pear    

Ea 120 0.091 ± 0.003 Pear    

LA469 (Ea 138) 0.173 ± 0.014 Apple OR ,USA  V. Stockwellh 

LA470 (Ea 144) 0.198 ± 0.004 Apple    

LA472 (HR 11) 0.040 ± 0.001 Pear    

LA474 0.102 ± 0.006 Asian pear    

LA476 0.104 ± 0.019 Pear    

LA478 0.110 ± 0.001 Pear    

BC Ea 5 0.201 ± 0.009 Apple BC, Canada  P. Sholbergi 

BC Ea 20A 0.185 ± 0.010 Crabapple    
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BC Ea 23A (1598) 0.090 ± 0.010 Pear  (Sholberg et 

al., 2001) 
 

BC Ea 29 (1611) 0.079 ± 0.003 Pear  (Sholberg et 

al., 2001) 
 

BC Ea 31b (1615) 0.091 ± 0.016 Pear  (Sholberg et 

al., 2001) 
 

BC Ea 1337 (1337) 0.170 ± 0.008 Apple  (Sholberg et 

al., 2001) 
 

Ea 315-1 0.191 ± 0.010 Apple New Zealand  J. Vannestej 

Ea 412-1 0.138 ± 0.011 Pear    

Ea 501 0.233 ± 0.014 Apple    

FB 29 0.114 ± 0.018 Pear    

FB 78a 0.162 ± 0.009 Apple    

FB 97b 0.123 ± 0.007 Apple    

367 0.040 ± 0.002 Firethorn Poland 
 P. 

Sobiczewskik 

464 0.225 ± 0.019 Pear    

616a 0.243 ± 0.003 Apple    

633a 0.185 ± 0.014 Apple    

650 0.123 ± 0.004 Hawthorn    

661 0.081 ± 0.008 Rowan    

214/07 0.286 ± 0.011 Apple Germany  E. Moltmannl 

224/07 0.185 ± 0.026 Quince    

234/07 0.358 ± 0.037 Apple    

245/07 0.220 ± 0.030 Apple    

294/07 0.150 ± 0.024 Hawthorn    

Ea 321 (ATCC49947, 

CFBP 1367) 
0.033 ± 0.002 Hawthorn France 

(Bauer and 

Beer, 1991) 
J.P. Paulinm 

CFBP 1987 0.068 ± 0.004 Apple    

CFBP 1990 0.121 ± 0.006 Apple    

CFBP 1995 0.043 ± 0.001 Apple    

CFBP 2305 0.064 ± 0.029 Apple    

CFBP 2313 0.126 ± 0.015 Apple    

Ea 169 0.034 ± 0.000 Pear Israel  S. Manulisn 

Ea 209 0.065 ± 0.003 Pear  (Valinsky et 

al., 1998) 
 

Ea 238 0.040 ± 0.009 Pear    

Ea 241 0.111 ± 0.008 Pear  (Manulis et 

al., 1998) 
 

Ea 249 0.057 ± 0.002 Pear    

Ea 328 0.113 ± 0.004 Pear    

A-11 0.037 ± 0.002 Apple Lebanon  G. Sundin 

A-24 0.043 ± 0.002 Apple    

B-58 0.053 ± 0.003 Apple    

B-65 0.045 ± 0.002 Apple    

B-95 0.105 ± 0.008 Apple    

B-110 0.048 ± 0.001 Apple    

ACW 35260 0.051 ± 0.002 Hawthorn Switzerland 

(Braun-

Kiewnick et 

al., 2011) 

B. Duffyo 

ACW 42107 0.264 ± 0.019 Unknown    

ACW 42287 0.086 ± 0.011 Unknown    

ACW 42288 0.149 ± 0.007 Pear  
(Braun-

Kiewnick et 

al., 2011) 

 

IVIA 1525-1 0.091 ± 0.011 Cotoneaster Spain  M. Lopezp 



47 

 

IVIA 1626 0.099 ± 0.006 Apple    

IVIA 1777-1 0.160 ± 0.014 Firethorn    

IVIA 1892-1 0.065 ± 0.002 Pear    

IVIA 2303-3 0.044 ± 0.004 Pear    

IVIA 2397-5.4 0.098 ± 0.015 Pear    

CFBP 7130 0.097 ± 0.011 Pear Morocco  J.P. Paulin 

CFBP 7131 0.174 ± 0.020 Pear    

CFBP 7133 0.085 ± 0.009 Pear    

CFBP 7134 0.093 ± 0.017 Pear    

CFBP 7135 0.179 ± 0.015 Pear    

CFBP 7140 0.163 ± 0.023 Pear    

Ea 1-97 0.134 ± 0.013 Raspberry NS, Canada 
(Jeng et al., 

2001) 
G. Braunq 

Ea 2-95 0.061 ± 0.006 Raspberry  (Jeng et al., 

2001) 
 

Ea 2-97 0.113 ± 0.006 Raspberry  (Jeng et al., 

2001) 
 

Ea 3-97 0.103 ± 0.010 Raspberry  (Jeng et al., 

2001) 
 

Ea 6-96b 0.216 ± 0.022 Raspberry  (Jeng et al., 

2001) 
 

Ea 7-96b 0.111 ± 0.007 Raspberry  (Jeng et al., 

2001) 
 

 

Erwinia pyrifoliae 
     

Ep 16/96 - Asian Pear South Korea 
(Kim et al., 

1999) 
K. Geiderr 

Ep 28/96 - Asian Pear  (Kim et al., 

1999) 
 

Ep 4/97 - Asian Pear  (Kim et al., 

1999) 
 

 

Japanese Erwinia spp. 
     

EJp 556 - Asian Pear Japan 
(Kim et al., 

2001) 
S. V. Beer 

EJp 617 - Asian Pear  (Kim et al., 

2001) 
 

- Amylovoran level not measured. 

a Laboratoire Diagnostic, QC, Canada.  

b Cornell University, New York State Agricultural Experiment Station, NY, USA.  

c Cornell University, Department of Plant Pathology and Plant-Microbe Biology, NY, USA.  

dAgriculture and Agri-Food Canada, Vineland, ON, Canada.  

e Michigan State University, MI, USA.  

f Utah State University, UT USA.  

g University of California, Berkeley, CA, USA.  

h Oregon State University, OR, USA.  

i Agriculture and Agri-Food Canada, Summerland, BC, Canada.  

j Ruakura Research Centre, Hamilton, New Zealand.  

k Research Institute of Pomology and Floriculture, Skierniewice, Poland.  
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l Landwirtschaftliches Technologiezentrum Augustenberg, Rheinstetten, Germany.  

m Station de Pathologie Végétale, I.N.R.A., Beaucouzé, 49000 Angers, France 

n Agricultural Research Organization of Israel, Bet-Dagan, Israel.  

o Agroscope Changins-Wädenswil, Wädenswil, Switzerland.  

p Agricultural Research Institute of Valencia (IVIA), Valencia, Spain.  

q Agriculture and Agri-Food Canada, Kentville, NS, Canada.  

r Max Planck Institute for Medical Research, Heidelberg, Germany. 
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2.3.2 Bacteriophage Propagation  

Bacteriophage working stocks were propagated in a two-subculture process. Bacterial 

suspensions of each phage’s isolation host (Table 2-2) were created in phosphate buffer (PB; 

0.01 M, pH 6.8) to an OD600 of 0.6. Two cultures were prepared from the stock: 100 µl of 

bacterial suspension was added to 800 µl of 0.8% nutrient broth (NB; BD, Sparks, Maryland, 

USA) in a 2 ml centrifuge tube; and 1 ml to 100 ml NB in a of 250 ml flask. One hundred 

microlitres of phage stock was added to the 2 ml culture, and both vessels were shaken at 

150 rpm and 27°C for the day. At the end of the day, the contents of the first subculture in 

the 2 ml tube were transferred to the 100 ml bacterial culture and shaken overnight. The next 

morning 1 ml of chloroform was added and the culture was swirled, and then centrifuged at 

8000 x g for 15 min. The supernatant was filtered with a 0.22 µm filter (Millipore, Billerica, 

MA, USA) and stored in amber coloured glass vials. Phages were quantified with qPCR as 

described in section 2.5. These phage stocks were used for the host range assay in section 

2.7. 
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Table 2-2. Phages used in this study.  

Phage 
Detection 

Primer 

Species 
Family 

Isolation 

Host 

Phage 

Source 

Accession 

Number a 
Reference 

ɸEa10-1 END37 Erwinia virus Ea214 Myoviridae Ea 17-1-1 Apple  (Gill et al., 

2003) 

ɸEa10-2    Ea 6-4 Apple  (Gill et al., 

2003) 

ɸEa21-4    Ea 6-4 Pear NC_011811.1 (Gill et al., 

2003; 

Lehman et 

al., 2009; 

Adams et 

al., 2017) 

ɸEa45-1B    Ea 29-7 Pear 

 

 (Gill et al., 

2003) 

ɸEa35-70 RDH311 Erwinia virus Ea35-70  Ea 29-7 Pear NC_023557.1 (Gill et al., 

2003; 

Yagubi et 

al., 2014; 

Adams et 

al., 2017) 

        
ɸEa10-7 STS3 Erwinia virus Era103 Podoviridae Ea 29-7 Apple  (Gill et al., 

2003) 

ɸEa31-3    Ea 29-7 Apple  (Gill et al., 

2003) 

ɸEa46-1-A1    Ea D7 Apple  (Gill et al., 

2003) 

ɸEa46-1-A2    Ea D7 Apple 

 

 (Gill et al., 

2003) 

ɸEa9-2 N14 Erwinia virus Ea9-2  Ea 17-1-1 Pear NC_023579.1 (Gill et al., 

2003; 

Adams et 

al., 2017) 

aThe accession number for ɸEra103 is NC_009014.1 
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2.3.3 Probe and Primer Creation 

Probe and primer sets for the novel species Erwinia virus Ea35-70 and Erwinia virus 

Ea9-2 were designed using Primer3Plus (https://primer3plus.com/) to have similar amplicon 

size and melting temperatures as previous primer and probe sets (Table 2-3) and to avoid off 

target amplification of non-target phages (Adams et al., 2017). These were obtained from 

(Integrated DNA Technologies (Coralville, IO, USA). The primers and probes for END37, 

STS3, N14, and RDH311 target sequences in Ea21-4_gp37 endolysin, Era103g45 TerS 

small terminase subunit-like protein, Ea92_14 hypothetical protein, and Ea357_311 

hypothetical protein respectively. 

  

https://primer3plus.com/
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Table 2-3. Primers and probes used for real-time qPCR.  

Name Species 
Amplicon 

Size (bp) 
Sequence (5'-3') Reference 

END37-F 
Erwinia virus 

Ea214 
149 

TTCAGCTTTAGCGGCTTCGAGA 
This study END37-R AGCAAGCCCTTGAGGTAATGGA 

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

     
STS3-F 

Erwinia virus 

Era103 
96 

GACAAACAAGAACGCGGCAACTGA 
(Roach, 

2011) 
STS3-R ATACCCAGCAAGGCGTCAACCTTA 

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

     
N14-F 

Erwinia virus 

Ea9-2 
168 

CATTGGGTAATCCCTTTGAG 
This study N14-R GATAGACTGGTTCCCCTGTG 

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

     
RDH311-F 

Erwinia virus 

Ea35-70 
183 

TGGAAGGTCTTCTTCGAGAC 
This study RDH311-R GACTACCTGGGGATGTTCAG 

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

     
Ea-Lsc-F 

E. amylovora 105 

CGCTAACAGCAGATCGCA 
(Lehman, 

2007) 
Ea-Lsc-R AAATACGCGCACGACCAT 
Ea-Lsc-P /5Cy5/CTGATAATCCGCAATTCCAGGATG/3IAbRQsp/ 

     
Pa-Gnd-F 

P. agglomerans 73 

TGGATGAAGCAGCGAACA 
(Lehman, 

2007) 
Pa-Gnd-R GACAGAGGTTCGCCGAGA 
Pa-Gnd-P /5HEX/AAATGGACCAGCCAGAGCTCACTG/3BHQ_1/ 
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2.3.4 Creation of pTotalStdA Plasmid 

A gBlock Gene Fragment (Integrated DNA Technologies, Coralville, IO, USA) was 

designed containing the amplicons for the four phage species, Erwinia amylovora, and 

Pantoea agglomerans listed in Table 2-4. The ends each contain an EcoRI restriction site 

with an additional external 10 random bases to aid EcoRI digestion. The fragment was cloned 

into a pIDTBlue vector modified with an inserted EcoRI site to create the plasmid 

pTotalStdA (Figure 2-1). The construct was transformed into TOP10 Chemically Competent 

E. coli cells (Life Technologies, Carlsbad, CA, USA). The transformed cells were grown in 

2% LB broth (BD, Sparks, MD, USA) with 200 µg/ml ampicillin overnight at 37°C, 200 

rpm. Plasmid isolation was carried out using the Qiagen Plasmid Mini Kit (Qiagen, Toronto, 

ON, Canada) as per manufacturer’s instructions. The plasmid was linearized using ScaI 

restriction enzyme (New England Biolabs, Ipswich, MA, USA), quantified using a ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and diluted to 1012 

copies/ml in TE buffer (10 mM Tris pH 8.0, 0.1 mM EDTA). A log10 dilution series was 

prepared in TE and analyzed with qPCR for all six primer and probe sets to ensure proper 

dilution and amplification. 



54 

 

 

Figure 2-1. Plasmid map of pTotalStdA used in all quantitative PCR reactions to quantify 

wild type global isolates of E. amylovora (Ea-Lsc, red), P. agglomerans (Pa-Gnd, yellow), 

and the four phage species Erwinia virus Ea214 (END37, orange), Erwinia virus Ea35-70 

(RDH311, pink), Erwinia virus Era103 (STS3, green), and Erwinia virus Ea9-2 (N14, 

blue).   
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2.3.5 Quantitative Real-Time PCR  

Each qPCR included 2 µl template, 4 µl 5X MBI EVOlution Probe qPCR Mix (Montreal 

Biotech Inc., Montreal, QC, Canada), 200 nM of each primer and 100 mM probe in a 20 µl 

reaction. The reaction settings start with a 10 min activation step at 95°C, followed by a cycle 

of 95°C for 10 sec and 54°C for 45 sec repeated 40 times in a Stratagene Mx3005P qPCR 

System (Agilent Technologies, CA, USA). Quantification was standardized using three 

reactions with 105, 108, or 1011 copies/ml pTotalStdA. A standard curve correlating copies/ml 

pTotalStdA to Ct was generated for each qPCR and used to determine the genomic titre of 

the phage (genomes/ml). While multiplexed qPCR reactions are possible with the use of the 

pTotalStdA plasmid standard, all reactions in this study were singleplex. 

2.3.6 Genomic DNA Isolation and Quantification Accuracy of pTotalStdA  

Phage DNA was isolated using a protocol modified from (Santos, 1991). To each 10 ml 

phage lysate, 10 µl DNase I (10 mg/ml; Sigma-Aldrich, St. Louis, MO, USA) and 44.4 µl 

RNase A (12.5 mg/ml; Sigma-Aldrich) were added and incubated at 37°C, 150 rpm for 30 

min. Next, 600 µl ZnCl2 (2 M), was added and incubated at 37°C for 5 min, followed by 5 

min centrifugation at 12,000 × g. The supernatant was removed, the pellet was suspended in 

600 µL TES buffer (0.1 M Tris pH 7.5, 0.1 M EDTA, 0.3% SDS), and 500 µl was transferred 

into a 1.7 ml microcentrifuge tube, with 12.7 µl 20% SDS and 5 µl Proteinase K (10 mg/ml; 

Sigma-Aldrich). The mixture was incubated at 65°C for 15 min, and 500 µl was added to a 

2 ml Phase Lock Gel Light tube (Quantabio, MA, USA) with 500 µl 25:24:1 phenol: 

chloroform: isoamyl alcohol (Sigma-Aldrich). The contents were mixed by inversion for 2 

min, centrifuged for 5 min at 16,000 × g, 4°C, and the extraction was repeated with the 

aqueous layer until no precipitate formed. The sample was extracted with 500 µl 24:1 
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chloroform: isoamyl alcohol (Sigma-Aldrich) and transferred to a microcentrifuge tube with 

45 µl sodium acetate (3 M, pH 5.2) and 1 ml cold 95% ethanol. The solution was incubated 

at 4°C for 20 min and then centrifuged at 16,000 × g for 20 min at 4°C. The pellet was washed 

twice with cold 70% ethanol, air dried, and resuspended in 50 µl TE buffer. 

For bacterial DNA isolation, a 1.5 ml culture in NB was grown overnight at 27°C and 

150 rpm. DNA was extracted using the Bacterial Genomic DNA Isolation Kit (Norgen 

Biotek, Thorold, ON, Canada). 

The DNA isolated from three to six phage or bacteria from each of the six targeted 

species were first quantified using a Nanodrop ND-1000 spectrophotometer. The genomic 

copy number was determined from the genome size using an online dsDNA copy number 

calculator (https://cels.uri.edu/gsc/cndna.html). The DNA was also quantified using qPCR 

and pTotalStdA, and the ratio of these two quantities is a measure of the accuracy of qPCR 

quantification. 

To confirm the accuracy of qPCR quantification of phages, a direct comparison of 

plaque titre to qPCR genomic titre was performed for ɸEa21-4 on the E. amylovora isolates 

Ea 17-1-1, Ea 6-4, Ea 29-7, Ea D7, 20060013, and 20070126. Mirrored samples were 

produced following the method in 2.7, but one sample was shaken with 100 µL chloroform 

instead of heating and centrifuged at 13,000 x g for 1 min. The supernatant was serially 

diluted in NB and quantified using a plaque assay as described (Adams, 1959; Lehman, 

2007) using Ea 17-1-1 as the host. To rule out the effect of endogenous thermostable 

nucleases, we also grew uninfected cultures of the 6 E. amylovora isolates tested above. After 

the heat kill, we spiked the cultures with 108 copies/mL of the pTotalStdA plasmid and 

incubated the cultures overnight at 27°C at 200 rpm. We measured the remaining copy 

https://cels.uri.edu/gsc/cndna.html
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number of the plasmid with qPCR and concluded that endogenous thermostable nucleases 

do not affect the accuracy of quantification of phage genomes after heat killing. 

2.3.7 Host Range Assay  

E. amylovora isolates on NA were transferred to NB to achieve an OD600 of 0.6 (109 

CFU/ml). Phage stocks were diluted in NB to 105 genomes/ml. A mixture of 100 µl of 

bacterial suspension (108 CFU/ml final), 100 µl phage (104 genomes/ml final), and 800 µl 

NB was incubated for 8 h at 27°C at 200 rpm. Therefore all phage-host combinations were 

started with a fixed MOI of 0.0001. The mixture was subsequently heated for approximately 

10 min over 70°C to lyse the bacteria, releasing phage genomic DNA. Samples were frozen 

until further testing. For quantification, the samples were thawed at room temperature and 

the phage genomic copies within the lysate were quantified with qPCR, without DNA 

isolation. All combinations of phage and host were tested with three biological replicates, 

and the qPCR measurements were performed once for each replicate. 

2.3.8 Amylovoran Quantification  

The relative production of amylovoran was measured as described (Bellemann et al., 

1994) with some modification. E. amylovora isolates were incubated on NA for 24 h at 27°C 

and then transferred to 5 ml NB and grown for 24 h at 150 rpm and 27°C. One millilitre of 

overnight culture was centrifuged for 5 min at 8000 × g. The supernatant was removed to a 

clear disposable cuvette, 50 µl of 50 mg/ml cetylpyridinium chloride was added and 

incubated at 27°C for 1 h before OD600 measurement. 
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2.3.9 Data Analysis  

The R packages ggplot2, ggthemes, dplyr, scales, viridis, readxl, and party were used 

for figure creation and data analysis. To create the conditional inference tree using party, the 

log10 of the final genomic titre was split by genus, EPS (amylovoran), and geography of 

location of hosts as well as by phage genomic group. To reduce the tree to a reasonable size, 

the settings used were: mincriterion = 0.9999, minbucket = 25, maxdepth = 6. GNU Image 

Manipulation program was used to manually add phage species banners to Figures 2-2 and 

2-3, and to add colouration to Figure 2-5. 

2.4 Results 

2.4.1 Standardization of qPCR  

The plasmid pTotalStdA (Figure 2-1) was linearized, quantified, and diluted to 

generate a standard curve for qPCR measurements of genome abundance. The plasmid 

samples, at concentrations of 1011, 108, and 105 copies/ml, were amplified by qPCR to 

generate a standard curve for each experiment. These three pTotalStdA dilutions 

consistently produced an accurate standard curve, with R2 values of at least 0.99, and 

efficiencies between 94.5 to 104.9% over six independent experiments (Table 2-4). The 

standard curve was linear over the tested concentrations. The accuracy of the pTotalStdA 

genomic quantification was determined by calculating the ratio of genomic copies of each 

phage sequence as determined by qPCR over copy number as calculated from DNA 

concentration measurements. Table 2-4 provides ratios for all six primer sets contained on 

the plasmid, which range from 0.61 to 5.19. This indicates that genomic quantification 

using qPCR with the plasmid is within a log unit for all six amplicons.  
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Table 2-4. qPCR assay performance of pTotalStdA three dilution standard curve and its 

accuracy of genome quantification.  

Primer R2 Slope Efficiency (%) Ratioa 

END37 1.00 ± 0.00 -3.22 ± 0.16 104.9 ± 6.9 3.47 ± 2.01 

STS3 0.99 ± 0.01 -3.22 ± 0.12 104.6 ± 5.3 1.79 ± 0.60 

N14 0.99 ± 0.01 -3.24 ± 0.06 103.7 ± 2.5 5.19 ± 2.42 

RDH311 0.99 ± 0.01 -3.38 ± 0.11 97.7 ± 4.4 0.61 ± 0.25 

Ea-Lsc 1.00 ± 0.00 -3.49 ± 0.30 94.5 ± 11.2 1.43 ± 0.60 

Pa-Gnd 0.99 ± 0.00 -3.31 ± 0.09 100.5 ± 4.2 1.63 ± 0.23 
*The R2, slope, and efficiency were calculated using four to six independent, singleplex reactions. 

a The ratio of the copy number quantification using qPCR over plasmid copy number as determined 

by spectroscopy. 
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To confirm the accuracy of qPCR quantification of phage, ɸEa21-4 was grown on 6 

hosts with largely varying amounts of phage production following the host range assay 

protocol in section 2.7. As a comparison, the same samples were grown but the phage were 

released with chloroform and quantified using plaques. The production of phage varied in 

these hosts by over 6 logs, but the qPCR genomic titre determination was consistent 

between 4.6 to 8.0 times that of plaques. 

2.4.2 Phage Host Range Assay  

The final quantity of phage genomes produced after 8 hr incubation with each host 

was quantified directly from the lysate using qPCR. The amount of phage genomes 

produced varies greatly, ranging from 104 to nearly 1012 genomes/ml, indicating no growth 

beyond the starting phage input to nearly 8 logs of growth respectively (Figure 2-2). The 

final genomic titre produced is used as an indication of phage-host preference. With the 

exception of ɸEa35-70, all phages were able to increase their genomic titres by at least one 

log on over 88% of hosts tested (Figure 2-2), indicating the large majority of isolates tested 

are hosts of these phages to some degree. The Erwinia virus Ea214 and Erwinia virus 

Era103 species phages are all able to achieve final genomic titres greater than 1011 

genomes/ml in a small number of hosts, but the Erwinia virus Era103 phages generally 

achieve higher genomic titres in more hosts. The phage ɸEa9-2 is noticeably less 

productive, producing less than 1010 genomes/ml on all hosts except for one, but is still 

able to produce over 108 genomes/ml on more than half of the hosts. The least productive 

phage ɸEa35-70 is unable to produce more than a log increase in nearly half of the hosts, 

and only achieves a maximal genomic titre of 3.7 x 107 genomes/ml, substantially lower 

than most other phage-host combinations. 
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Figure 2-2. Distribution of phage productivity in all 106 Erwinia spp. hosts. Each colour represents 

the final genomic phage titre (genomes/ml) produced by a host, and the height of that colour is the 

number of hosts on which each phage achieves that titre. The log of the genomic titre is used for 

visual simplicity.   
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Figure 2-3 demonstrates the presence of notable differences in host range among 

isolates from different geographical locations. The E. amylovora isolates from the western 

part of North America (Utah, Oregon, California, and British Columbia) are generally 

poorer hosts for these phages than the eastern isolates. Even though there are poor hosts in 

other locations, like Poland, France and Israel, there is not the same consistency seen with 

the western North America samples. Phage ɸEa35-70 is the only phage that did not follow 

these geographical trends, as it grew poorly on almost all North American hosts and even 

worse on isolates from outside North America (Figure 2-3). All isolates of E. amylovora 

were infected by the phages in this study. In contrast, isolates from Rubus sp. from Nova 

Scotia and E. pyrifoliae from South Korea and Japan were minimally infected by E. 

amylovora phages. 
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Figure 2-3. Heat map of the final genomic titre of each phage produced after growth on all 

hosts. The growth of the phage is indicated by colour, where yellow is maximal total final 

genomic titre (genomes/ml) and blue shows no growth beyond starting genomic titre of 104 

genomes/ml after 8 hr incubation. The hosts are indicated on the left y-axis and are 

separated by their location of isolation on the right y-axis. The phages are indicated along 

the x-axis and grouped by species at the top.  
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The amount of amylovoran produced by the host is known to affect phage preference 

(Roach et al., 2013), and so the relative amount of amylovoran produced by each host 

(Table 2-1) was plotted against the final phage genomic titre achieved (Figure 2-4). The 

Erwinia virus Ea214 phages achieve their highest genomic titres on low amylovoran 

producers and show a general decrease in titre as amylovoran increases. These phages also 

replicate poorest on mostly lower amylovoran hosts from the west but can still achieve 

higher genomic titres on higher amylovoran producers. The other Myoviridae phage 

ɸEa35-70 does not appear to share any discernable similarity to the Erwinia virus Ea214 

phages, with no apparent effect from amylovoran. The Podoviridae species, Erwinia virus 

Era103 and Erwinia virus Ea9-2, show a steep increase in final genomic titre as 

amylovoran increases in isolates from western North America. Isolates from other regions 

have a much smaller effect from amylovoran.  
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Figure 2-4. Effect of relative host amylovoran production on final phage genomic titre. 

Each plot is coloured by the location of host isolation; western North America, eastern 

North America, and outside of North America. The determination of relative amylovoran 

production is explained in section 2.8.   
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2.4.3 Identifying Determinants of Phage Preference  

The phages’ preference for their host were shown to be influenced by the location of 

original isolation (Figure 2-3) and the relative amylovoran production (Figure 2-4) but 

neither factors alone fully explain why some phages are largely unable to replicate in some 

hosts. The phage productivity data were used to investigate how the characteristics of both 

the bacterial hosts and phages affected phage productivity. The conditional inference tree 

analysis progressively splits the data in the most significant way to identify which factors 

best explain the variability in final genomic titre (Figure 2-5). The hosts from Rubus spp. 

and E. pyrifoliae were excluded from this analysis as their data disproportionally distort 

the effects of isolation genus and location. The most significant cause of variability was 

phage species as ɸEa35-70, with a mean genomic titre of only 1.1 x 106 genomes/ml in 

North American isolates, was essentially unable to infect or replicate in low EPS hosts 

from outside of North America. The remaining three phage groups were then split by the 

global geography of host isolation, mirroring the heat map (Figure 2-3), showing that 

western North American hosts are significantly different from the East and outside North 

America. 
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Figure 2-5. Conditional inference tree explaining the effect of the phage species (Species), 

the global location of host isolation (Geography), the relative amylovoran of the host (EPS) 

and genus of host isolation (Genus) on the final genomic titre of a phage. Each node is 

continually split based on the most significant factor. In each white oval the deciding factor 

of each split is given, and the specific determinants of splitting are shown below over the 

branch lines. In each coloured box is the mean genomic titre (genomes/ml) for each 

terminal node, with the number of observations given in the small white boxes above. This 

was a naïve analysis with no assumptions used to influence the splitting. Full species names 

are truncated, numbers are rounded, and p-values (all p < 0.001) are removed for simplicity. 

E. pyrifoliae and E. amylovora isolated from Rubus sp. sources were excluded from this 

analysis.  
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When examining the phage infection of western E. amylovora isolates, host amylovoran 

(EPS) production had a clear effect on phage replication (Figure 2-5). The Erwinia virus 

Ea214 species phages still grew to a mean titre of 2.5 x 109 genomes/ml, when the EPS 

≤0.08. However, they fared much worse in higher EPS hosts, with a mean titre of only 3.1 

x 106 and 1.1 x 107 genomes/ml when EPS was between 0.08 and ≤0.11, and >0.11 

respectively. In contrast, the Erwinia virus Era103 phages better infected hosts with EPS 

>0.11, reaching an average titre of up to 6.0 x 1010 genomes/ml. When the EPS was reduced 

between 0.08 and ≤0.11 the average titre also reduced to 6.1 x 106 genomes/ml and E. 

amylovora isolates with EPS expression ≤0.08 were essentially non-hosts with an average 

titre of 3.9 x 104 genomes/ml. The other Podoviridae species, Erwinia virus Ea9-2, acted 

the same as the Erwinia virus Era103 phages when EPS ≤0.11, however it produced similar 

genomic titres to the Erwinia virus Ea214 phages in western hosts with EPS >0.11.  

 The final clustering of E. amylovora hosts was eastern North America and the rest 

of the global collection on the left branch (Figure 2-5). The trend from the western E. 

amylovora hosts continued in that Erwinia virus Ea9-2 grew similar to Erwinia virus 

Ea214 if the EPS >0.10 producing an average titre of 2.2 x 108 genomes/ml. In hosts where 

the EPS was reduced to ≤0.10, Erwinia virus Ea214 outperformed Erwinia virus Ea9-2 

producing an average titre of at least 1.1 x 109 genomes/ml. The Erwinia virus Era103 

phages on the other hand, had a noticeable titre drop to 2.1 x 108 genomes/ml when EPS 

≤0.04 compared to 1.5 x 1010 genomes/ml when EPS was between 0.04 and ≤0.20. 

Additionally, the highest average genomic titre of Erwinia virus Era103 phages was in the 

east when EPS >0.20. This is to be expected however as this category includes the phage 

isolation hosts from Vineland, ON.  
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2.5 Discussion 

Host range studies are overwhelmingly based on spot testing and plaque-based assays 

as indicators of a successful host-pathogen interaction (Abedon and Yin, 2009; Holmfeldt 

et al., 2016). These methods produce clear, qualitative results but are not able to indicate 

different host preferences based on productivity. Spot testing can also overestimate the 

actual host range of a phage (de Jonge et al., 2019). Our study has shown that there can be 

a difference of several log units in the production of a phage within a given host, which 

may not produce any visual difference in a spot test or plaque appearance as is the case for 

several of these phage-host combinations tested previously (Roach et al., 2013). This 

agrees with the findings of (Holmfeldt et al., 2016) who performed a quantitative host range 

analysis of 38 phages against 19 host strains of aquatic Cellulophaga using plaque assays. 

While their study used efficiency of infection to differentiate phage-host preference, they 

found variation of 10 orders of magnitude and commented on the importance of 

quantitative host range investigations but that these types of studies are heavily 

bottlenecked by the time required for plaque assays (Holmfeldt et al., 2016). Measuring 

final genome titre using qPCR allowed for a much larger study, and the quantitative data 

acquired allowed detailed analysis into the study of the determinants or factors affecting 

phage host preference. 

The use of qPCR for the quantification of phage has been well documented, having 

been used for detection and quantification of M13 and T7 phage (Peng et al., 2018), dairy 

Lactococcus lactis and Leuconostoc phages (Muhammed et al., 2017), lambdoid phages of 

E. coli K12 (Refardt, 2012), and Shiga toxin-converting phage in wastewater and fecal 

samples (Imamovic et al., 2010). While phage DNA is commonly extracted prior to qPCR 
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(Imamovic et al., 2010; Muhammed et al., 2017; Peng et al., 2018), this is not required as 

exposure of the lysate to 95°C will rupture the phage particles and release their internal 

genomic DNA for quantification with qPCR (Refardt, 2012). Either way, the use of DNase 

prior to quantification is universal to remove the free DNA not encapsulated within phage 

particles. While accurate quantification of only encapsulated phages would require DNase 

treatment, we showed that the difference between qPCR and plaque titres is consistent 

across over 6 logs of phage production. Also, comparisons between qPCR quantification 

of phages with and without the use of DNase show a high proportionality between the two 

(Refardt, 2012), and so relative comparisons between samples or changes over time are 

still accurate. We did not use DNase in the interest of efficiency as it would be limiting on 

this scale, but this methodology could be adapted to include DNase treatment prior to 

qPCR. We estimate, given a range of nearly 8 logs of final genomic titres, to accurately 

titre all 10 phages on all 106 hosts in triplicate would require over 25,000 dilutions and 

plaque assay plates. Each individual assay would require the addition of chloroform 

immediately after the incubation and the plaque assay would need to shortly follow. Using 

our methodology, the heat step is the only form of sample preparation required and samples 

can be frozen until analysis is convenient. The samples do not require any dilution, which 

further reduces human handling error. With certain modifications, this assay could be 

almost entirely automated.  

Other PCR based methods have also been shown to accurately quantify phage 

genomes. Both digital drop PCR (ddPCR) (Morella et al., 2018) and the polony method 

(Baran et al., 2018) are able to obtain an absolute quantity of phage genomes without the 

need for a standard. By separating phage genomes into oil droplets (ddPCR) or in an 
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acrylamide gel (polony) prior to PCR, the starting number of genomes can be directly 

quantified. However, both of these methods have a smaller dynamic range of 

quantification, with ddPCR limited to 20,000 droplets and the polony method to the number 

of fluorescent polonies countable on a gel. With the use of a standard, qPCR is able to 

accurately quantify phage genomes over a much larger dynamic range without the need for 

dilutions. The cornerstone of this technique was the pTotalStdA plasmid (Figure 2-1), 

which allowed for a highly reproducible method of genome quantification using qPCR. 

The main component of this plasmid is a synthetic DNA construct (gBlocks from IDT) 

containing six PCR amplicons (Table 2-3) in a single standard, which reduces variability 

inherent in using multiple standards (Ahmed et al., 2019). Inserting this fragment into a 

plasmid allowed us to easily produce more of the standard for consistency over long term 

use. The plasmid also allows multiplex reactions, allowing higher throughput of samples. 

While the amplicons for E. amylovora and P. agglomerans were not used in this study, this 

plasmid does allow for bacterial quantification in tandem with phage populations. This 

inclusion would be useful for studying diverse population dynamics representative of the 

phage-mediated biocontrol setting.  

It was unexpected that the Erwinia virus Era103 species phages would achieve high 

final genomic titres in more hosts than the other phages, as previous work with Erwinia 

phages for the control of fire blight have shown these Podoviridae phages have lower 

efficacy than the Erwinia virus Ea214 species Myoviridae phages (Lehman, 2007; Müller 

et al., 2011). EPS and the presence of pathogen biofilm in planta (Koczan et al., 2009), or 

possibly a higher susceptibility to destruction of Podoviridae phages by environmental 

factors (Jonczyk et al., 2011), may explain the difference in biocontrol efficacy. The 
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Myoviridae ɸEa35-70 is the least productive phage on E. amylovora, with nearly half of 

hosts tested unable to increase the genomic titre by more than one log. While this phage 

was isolated and propagated from E. amylovora, it may be a phage from another epiphytic 

species, such as P. agglomerans, that is still able to infect E. amylovora. This is a possible 

avenue to further investigate the receptors or requirements for phage infection in E. 

amylovora and other epiphytic bacteria. While the Myoviridae Erwinia virus Ea214 phages 

and Podoviridae phage ɸEa9-2 are commonly grouped together in conditional inference 

analysis (Figure 2-4) based on productivity in all hosts, it is also possible ɸEa9-2 has the 

same host preferences as the other Podoviridae phages with a lower average maximum 

genomic titre, as it seems in figure 2-3. The only argument against this is that E. amylovora 

Ea 273 from New York infected by ɸEa9-2 produces genomic titres over 1010 genomes/ml, 

a level comparable to the other Podoviridae in all but the best hosts.  

When looking at the productivity of the phages in hosts from different geographical 

locations (Figure 2-3), it is clear the Erwinia virus Ea214 and Era103 phages, which were 

isolated in Ontario, replicate the best on hosts also from Ontario. The preferences of these 

phages for E. amylovora isolates from eastern North America are very similar to those 

found outside of North America. It is the isolates from western North America in which 

there are hosts which do not replicate these phages. However, it is important to note that 

none of these isolates are resistant to both the Erwinia virus Ea214 and Era103 phages, 

suggesting that a mixture of phages would exhibit the broadest complete host range.  

These trends match with findings in the published genomic analyses, the CRISPR 

regions in E. amylovora and the historical spread of the pathogen (Rezzonico et al., 2011; 

McGhee and Sundin, 2012; Zeng et al., 2018). The history of the pathogen begins in the 
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east of North America and soon spreads to Europe through a limited number of 

introductions, but slowly spreads westward (Vanneste, 2000). When looking at the 

evolution of the CRISPR system of E. amylovora, there is a higher similarity between 

eastern North American and European isolates compared to the western North American 

isolates, a trend which also appears in the phage host range. While E. amylovora is 

considered to be a very genetically homogenous species, in the same way the CRISPR 

system has evolved differently in western North American isolates, the receptors for phage 

infection have potentially evolved there too (McGhee and Sundin, 2012). Genomic 

comparisons and association studies can use these quantitative differences of phage 

production between hosts as phenotypic differences to identify gene variants or, inversely, 

genetic dissimilarities can be used to identify genetic factors which correlates with phage 

production (Power et al., 2017). 

The conditional inference analysis compared phage species, geographical source of 

isolation, the genus of plant isolation source, and relative EPS (amylovoran) levels for each 

isolate of E. amylovora to identify the most significant determinants of final phage genomic 

titre (Figure 2-4). The most significant observation is that both species of Podoviridae 

phages are essentially unable to replicate in low EPS producing isolates from western North 

America. In contrast, even the lowest EPS producing hosts from everywhere else are still 

good hosts of these phages. In the work of (Roach et al., 2013), it was shown that 

Podoviridae have a preference for infection of E. amylovora with high amylovoran 

production. This observation in conjunction with the host range would suggest the 

composition of the EPS may have changed in western North American isolates. The 

Erwinia virus Ea214 species phages are shown to replicate the poorest on western hosts 
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with higher EPS values; however none of the investigated factors were able to explain why 

some of these isolates are non-hosts of these phages. Surprisingly, ɸEa35-70 replicates best 

in North American isolates, with no real difference between the east and the west. It is 

isolates from outside of North America which are the poorer hosts. This may further 

support that this phage is ancestrally the phage of an orchard epiphyte and evolved along 

with that bacterium instead of E. amylovora. If this is the case, there could be potential 

homology between the receptors on these two bacteria which could be used for phage 

receptor identification. While the genus of tree isolation source was included in the 

conditional inference analysis, it was not determined to be significant. It is important to 

note that the majority of western North American hosts isolated from Malus were high EPS 

producers and those from Pyrus were low EPS producers. If host isolation source is a 

factor, it was masked by the more significant effect of EPS. A pre-screening of hosts prior 

to study to have equal distribution of EPS production would have further increased the 

resolving power of the conditional inference analysis. As the knowledge of Erwinia 

genomics grows and sequences of these hosts become available, this data can be used to 

identify gene variants or expression patterns which are characteristic of different infection 

types. Any other phenotypes such as receptor density, gene variants, etc. of the hosts that 

are hypothesized to influence phage infection could be included in the analysis, even ex 

post facto.  

There are many resistance mechanisms in bacteria which help to protect them from 

invading phages. These mechanisms provide the host an arsenal of systems that can target 

each stage in a phage’s life cycle (Azam and Tanji, 2019). The presence of one or more of 

these mechanisms within a host species would affect a phage’s host range (de Jonge et al., 
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2019). While the study of bacterial resistance mechanisms has been an area of great interest 

over the past decade, only a few of these systems have been investigated in Erwinia 

amylovora. Phage lysogeny was shown to be possible in E. amylovora but rare or absent 

in natural populations (Roach et al., 2015). A CRISPR system is known to exist in E. 

amylovora but it has not been shown to be effective and spacers targeting our phages have 

not been found (Yagubi, 2016). Exopolysaccharide production can be considered a 

resistance mechanism as it can prevent phage adsorption to host receptors (Azam and Tanji, 

2019). The exopolysaccharides of E. amylovora are known pathogenicity and virulence 

factors for host plant infection (Koczan et al., 2009), and are also known to affect phage 

preference (Roach et al., 2013). Our study has further confirmed that the 

exopolysaccharides are a significant determinant of phage host range. However, the 

different effects of amylovoran based on geography is something that warrants further 

investigation. It is not clear if there is an additional mechanism of resistance in these hosts, 

or a physical variation in the structure or composition of its EPS matrix. 

Our method is useful for obtaining quantitative host range data, that is far quicker and 

resource conscious than plaquing techniques. However, there are critical differences 

between these two methodologies that must be considered. The appearance of a plaque is 

indicative of a full lytic cycle. This means the phage has bound to its host, injected and 

replicated its genetic material, produced new phage progeny which lysed the host and 

infected nearby hosts. By measuring the increase of phage genomes, there are assumptions 

involved that the phages are completing this cycle. When phage genomes increase by 

several logs that is a valid assumption. However, when phage genomes do not increase as 

much it is not clear in what way this phage-host interaction is failing. Further study will be 
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required to investigate the connection between these genomic titres and the phage 

adsorption, burst size, and latency period on different hosts. Unfortunately, these studies 

still rely on plaque assay techniques and so we are developing a modernized qPCR based 

approach to this as well to build on this research. We also speculate a phage’s ability to 

achieve the highest titres would be an indicator of successful biocontrol, but this is 

something that also needs to be investigated with bioassays and field trials. 

A host range study forms the basis for the selection of phage isolates used in 

preventative or therapeutic phage products. Our study provides a novel approach to 

determine the host range of bacteriophages in a library or collection by using a standardized 

plasmid-based, qPCR technique allowing for quantitative, higher throughput analysis. 

Using this technique, we determined the host range of four different species of E. 

amylovora phage and determined that the geographical origin and level of amylovoran 

production were major determining factors in the productivity of the Erwinia phage within 

a host. Additionally, it was shown that Podoviridae phages are incapable of infecting low 

amylovoran producing E. amylovora isolates from western North America, demonstrating 

the need for a Myoviridae/Podoviridae mixture for an effective, broad-spectrum 

biopesticide. The results grant important insight into the selection of phages for commercial 

biopesticide production on a global scale. The cocktail may be composed of the phages 

tested in this study and used globally, except for western North America where local phage 

isolates may be more effective. These results also illustrate how the choice of propagation 

host can greatly impact the final phage titre: a critical factor when working with phages 

and producing them for large scale applications.  
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2.6 Conclusions 

Successful phage-mediated biocontrol depends on the collection, characterization, and 

establishment of host range in order to select bacteriophages which can be incorporated 

into phage cocktails or mixtures for effective control of plant pathogens. Phage cocktails 

should be composed of multiple broad host range bacteriophages in order to avoid the 

development of bacterial host resistance. The use of qPCR with a standardized plasmid 

allows for consistent quantification of bacteria and phage over multiple runs and replicates. 

The quantitative data illustrate large variability in host preference that plaque techniques 

cannot distinguish, and also provide a basis for studies to identify determinants of phage 

host preference. 

2.7 Author Contributions 

 Within this work, I designed and created the pTotalStdA plasmid for qPCR 

quantification of E. amylovora, P. agglomerans, and phages. The accuracy of this method 

for bacterial and phage quantification was done by myself and M. Parcey (Parcey et al., 

2020a). This approach to study host range was conceptualized by A. J. Castle and A. M. 

Svircev. The methodologies used were created and tested by me, as well as the generation 

of the data. All analysis and presentation of data was performed by myself. The published 

manuscript was written and assembled by me and all authors contributed to reviewing and 

editing. 
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3.1 Abstract  

Bacteriophages are viruses capable of recognizing with high specificity, propagating 

inside of, and destroying their bacterial hosts. The phage lytic life cycle makes phages 

attractive as tools to selectively kill pathogenic bacteria with minimal impact on the 

surrounding microbiome. To effectively harness the potential of phages in therapy, it is 

critical to understand the phage-host dynamics and how these interactions can change in 

complex populations. Our model examined the interactions between the plant pathogen 

Erwinia amylovora, the antagonistic epiphyte Pantoea agglomerans and the 

bacteriophages that infect and kill both species. P. agglomerans strains are used as a phage 

carrier; their role is to deliver and propagate the bacteriophages on the plant surface prior 

to the arrival of the pathogen. Using liquid cultures, the populations of the pathogen, 

carrier, and phages were tracked over time with quantitative real time PCR. The jumbo 

Myoviridae phage ɸEa35-70 synergized with both the Myoviridae ɸEa21-4 and 

Podoviridae ɸEa46-1-A1 and was most effective in combination at reducing E. 

amylovora growth over 24 h. Phage ɸEa35-70, however, also reduced the growth of P. 

agglomerans. Phage cocktails of ɸEa21-4, ɸEa46-1-A1, and ɸEa35-70 at multiplicity of 

infection (MOI) of 10, 1, and 0.01, respectively no longer inhibited growth of P. 

agglomerans. When this cocktail was grown with P. agglomerans for 8 h prior to 

pathogen introduction, pathogen growth was reduced by over four log units over 24 h. 

These findings present a novel approach to study complex phage-host dynamics that can 

be exploited to create more effective phage-based therapies. 
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3.2 Introduction 

Bacteriophages, or phages, are bacterial viruses that infect and replicate within their 

host (Clokie et al., 2011). Lytic phages subsequently rupture and kill their bacterial host, 

releasing new phage progeny that can infect other nearby hosts to continue this life cycle. 

Phages can identify their host with great specificity and therefore play a large role in 

shaping microbial communities (Clokie et al., 2011). The overuse of antibiotics has led to 

a global health crisis of widespread antibiotic resistance and significantly impacted the 

environment via the soil and its associated microbial communities (Cycon et al., 2019; 

Gordillo Altamirano and Barr, 2019). Phages have therefore seen a recent resurgence of 

interest for their potential use as antimicrobial agents to replace or supplement antibiotics 

for the control of human, animal and plant pathogens (Bull and Gill, 2014; Svircev et al., 

2018; Gordillo Altamirano and Barr, 2019). Understanding the factors that determine the 

success or failure of phage therapy is important for the development of successful 

therapeutic applications (Bull and Gill, 2014). Phage-host interactions such as host range, 

burst size, adsorption rate and time to lysis are often critical determinants in choosing 

phages for cocktails or mixtures; while mathematical models have sought to understand 

how these factors interact to achieve successful control (Bull and Gill, 2014; Krysiak-

Baltyn et al., 2016).  

The plant pathogen, Erwinia amylovora, causes the disease commonly referred to as 

fire blight in apples, pears, and other members of the Rosaceae. Originally native to North 

America, E. amylovora has spread worldwide and is present in many fruit growing regions 

of the world (van der Zwet et al., 2016d). Infection of trees commences when the nutrient 

rich stigma of open blossoms is exposed to E. amylovora and the pathogen begins to 
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replicate. The pathogen continues to colonize the stigma until high humidity, or a wetting 

event, washes cells into the nectarthodes located in the floral cup (Pusey, 2000). This 

allows the bacteria to enter the tree and spread throughout the vasculature of the host plant, 

leading to wilt, necrosis, and potential death of the entire tree (van der Zwet et al., 2016a). 

Temporal factors and weather conditions can make effective control with biological control 

agents or biologicals very challenging. Open blossoms can be rapidly colonized by 

upwards of 30 bacterial phyla of epiphytic microbes (Steven et al., 2018; Cui et al., 2021). 

From the initial blossom opening to petal fall, this microbial diversity is greatly reduced as 

Proteobacteria come to make up >99% of the microbiota, most of which is also almost 

entirely Enterobacteriaceae and Pseudomonadaceae (Cui et al., 2021). Management of 

fire blight largely consists of alteration of the microbiota resulting in pathogen reduction 

on the open blossoms (Cui et al., 2021). Antibiotics are the preferred means of control for 

growers, but as some countries ban their use and antimicrobial resistance spreads there is 

a growing interest in the use of biologicals within integrated pest management (IPM) 

strategies (Stockwell and Duffy, 2012; Svircev et al., 2018).  

Pantoea agglomerans is an epiphytic bacterium found in the orchard ecosystem or 

phyllosphere. P. agglomerans has shown antagonistic properties against E. amylovora 

through competitive exclusion and production of antimicrobials (Pusey et al., 2009). P. 

agglomerans strain E325 is the active ingredient of the commercial biological product 

BloomtimeTM (Pusey et al., 2011). Additionally, Erwinia lytic phages are capable of 

infecting P. agglomerans, and together have been studied for their potential as an additional 

means of E. amylovora control (Lehman, 2007). In this phage-mediated biological control 

system phage infected P. agglomerans strains (termed the carrier) are applied to the 
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blossom. These carrier cells are used to increase the phage population in vivo and any non-

infected cells may act as a biological control agent (Lehman, 2007). Therefore, 

understanding the dynamics and interactions between P. agglomerans antagonism and 

phage lysis is critical to harness any potential synergy for E. amylovora control. 

The lytic phages of E. amylovora in our collection belong to four species; the 

Kolesnikvirus Erwinia virus Ea214 and Agricanvirus Erwinia virus Ea35-70 of the 

Myoviridae family, and the Eracentumvirus Erwinia virus Era103 and Johnsonvirus 

Erwinia virus Ea9-2 of the Podoviridae family. The biggest known determinant of host 

range is the exopolysaccharide (EPS) production, particularly amylovoran (Roach et al., 

2013; Gayder et al., 2019). Erwinia virus Era103 phages require amylovoran for infection, 

and prefer hosts with higher EPS production while Erwinia virus Ea214 phages prefer 

lower producers of EPS (Roach et al., 2013; Gayder et al., 2019). The effect of EPS 

preferences on phage production is greater in strains from the Western regions of North 

America, but the cause of this is not known (Gayder et al., 2019). The Erwinia virus Ea35-

70 phage does not follow these trends, is generally much less successful at infecting E. 

amylovora, and therefore even less is known about its infection strategy (Gayder et al., 

2019). 

Studies of in vitro phage-host interactions in liquid culture commonly use optical 

density to compare bacterial growth dynamics in response to different phage treatments 

(Alves et al., 2014; Alves et al., 2016; Chan et al., 2016; Xie et al., 2018; Islam et al., 2020; 

Zaczek-Moczydlowska et al., 2020). Optical density measurements are quick, amenable to 

high-throughput comparison using 96-well incubating spectrophotometers, and hosts can 

even be fluorescently labeled to allow differentiation (Kifelew et al., 2020). However, 
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phage quantification in these cultures, especially those with phage mixtures, is frequently 

avoided due to the extra effort required and inability to quantitatively differentiate multiple 

phages. Real-time quantitative PCR (qPCR) is a rapid and reproducible alternative to the 

double agar overlay for phage quantification (Duyvejonck et al., 2019). qPCR makes it 

possible, by differentially quantifying the genomes in solution, to individually track 

multiple bacteria and phages in mixed cultures. Previously we used qPCR to determine the 

host range of 10 phages against a global collection of E. amylovora (Gayder et al., 2019) 

and to create a molecular profile of phage infection to measure adsorption, burst size, 

latency period, and time to burst (Parcey et al., 2020a). 

The objective of this study was to investigate the complex dynamics between the 

pathogen E. amylovora, the epiphytic phage carrier P. agglomerans, and several 

combinations of Erwinia spp. phages. The aim was to identify possible interspecies phage 

interactions that could enhance the control of the pathogen E. amylovora or survival of the 

carrier P. agglomerans. Growth of combinations of different species of Myoviridae and 

Podoviridae, and of E. amylovora and P. agglomerans were assessed by qPCR. This work 

represents the first step in understanding the complex interactions between phage, 

pathogen, and epiphyte in the orchard.  

3.3 Materials and Methods  

3.3.1 Bacterial Isolates 

All bacterial strains used in this study are listed in Table 3-1. All cultures were stored 

at -80°C in Microbank cryobeads (Pro-Bank Diagnostics, Richmond Hill, ON, Canada). 

Cultures were initially spread onto 2.3% Difco nutrient agar (NA; BD, Sparks, Maryland, 
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USA) using one cryobead. These cultures were grown overnight at 27°C and stored at 4°C 

for one to two weeks. Working subcultures were obtained from the initial cultures, plated 

onto NA and grown at 27°C overnight or over two to three days at room temperature. 

3.3.2 Bacteriophage Propagation 

A bacterial suspension of the phage’s specific propagation host (Table 3-2) was 

created by scraping cells from a NA plate into 3 mL of 0.8% nutrient broth (NB; BD, 

Sparks, Maryland, USA) and adjusting to an OD600 of 0.6. Using a 250 mL baffled 

Erlenmeyer flask, 100 µL bacterial suspension was added to 75 mL NB and incubated at 

27°C and 125 rpm, for 3-4 h. To this culture, 100 µL of phage stock was added and 

incubated overnight. The following morning, 1 mL chloroform was added to the flask 

which was shaken at 125 rpm for about 5 min. The culture was centrifuged at 8,500× g, 

4°C for 15 min, and the supernatant filtered through a 0.22 µm Steriflip filter (Millipore, 

Billerica, MA, USA). These working phage stocks were stored at 4°C in dark amber glass 

vials. 

Titres of working phage stocks were determined with qPCR (Section 2.3) after 

treatment with DNase I to remove non-encapsidated genomes. To 10 µL phage lysate, a 

mix of 1 µL 2000 U/mL DNase I (M0303S, NEB, Ipswich, MA, USA), 2 µL 10X DNase 

buffer (B0303S, NEB, Ipswich, MA, USA), and 7 µL water were added. This was 

incubated for 40 min at 37°C then 20 min at 80°C. Phage stocks for the host range 

experiments (Section 2.5) were not treated with DNase prior to qPCR. In all subsequent 

experiments, phages were serially diluted in NB such that the addition of 100 µL of diluted 

phage would achieve the intended multiplicity of infection (MOI), or number of phages 

per host cell.   
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Table 3-1. Strains of bacteria used in this study.  

Strain  Accession Number Reference 

Erwinia amylovora   

Ea17-1-1 JAAEVW000000000 (Gayder et al., 2019) 

EaD7 JAAEUT000000000 (Gayder et al., 2019) 

Ea6-4 JAAEVD000000000 (Gayder et al., 2019) 

Ea29-7 JAAEVM000000000 (Gayder et al., 2019) 

20060013 JAAEXH000000000 (Evans, 2008; Gayder et al., 

2019) 

20070126 JAAEXF000000000 (Evans, 2008; Gayder et al., 

2019) 

Pantoea agglomerans   

Pa17-1 JACSXN000000000 (Roach et al., 2015) 

Pa17-5 JACSXM000000000 (Roach et al., 2015) 

Pa21-3 JACSXL000000000 (Roach et al., 2015) 

Pa21-5 JACSXK000000000 (Roach et al., 2015) 

Pa21-13 JACSXI000000000 (Roach et al., 2015) 

Pa21-15 JACSXH000000000 (Roach et al., 2015) 

Pa31-3 JACSXF000000000 (Roach et al., 2015) 

Pa31-4 JACSXE000000000 (Roach et al., 2015) 

Pa39-1 JACSXC000000000 (Roach et al., 2015) 

Pa39-3 JACSXB000000000 (Roach et al., 2015) 

Pa39-5 JACSXA000000000 (Roach et al., 2015) 

Pa39-7 JACSWZ000000000 (Roach et al., 2015) 

Pa39-14 JACSWY000000000 (Roach et al., 2015) 

Pa39-21 JACSWX000000000 (Roach et al., 2015) 

Pa39-23 JACSWW000000000 (Roach et al., 2015) 

Pa39-27 JACSWV000000000 (Roach et al., 2015) 

E325 JACSWT000000000 (Pusey et al., 2011) 

E325-699 JACSWS000000000 (Pusey et al., 2011) 

E325-705 JACSWR000000000 (Pusey et al., 2011) 

E325-750 JACSWQ000000000 (Pusey et al., 2011) 

E325-754 JACSWP000000000 (Pusey et al., 2011) 

E325-ad1 JACSWO000000000 (Pusey et al., 2011) 

E325-ad2 JACSWN000000000 (Pusey et al., 2011) 

Pantoea eucalypti   

Pv21-6 JACSXJ000000000 (Roach et al., 2015) 

Erwinia gerundensis   

Eg13-2 JACSXP000000000 (Roach et al., 2015) 

Eg13-3 JACSXO000000000 (Roach et al., 2015) 

Eg31-2 JACSXG000000000 (Roach et al., 2015) 

Eg31-5 JACSXD000000000 (Roach et al., 2015) 

Rahnella aquatilis   

Ra9-2 JACSXQ000000000 (Roach et al., 2015) 

Pantoea sp.   

Psp39-30 JACSWU000000000 (Roach et al., 2015) 
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Table 3-2. Phages used in this study.  

Phage Family Genus Species 
Accession 

Number 

Isolation 

Host a 
Reference 

ɸEa10-1 Myoviridae Kolesnikvirus Erwinia virus Ea214 NA Ea17-1-1 (Gill et al., 2003) 

ɸEa10-2    NA Ea6-4 (Gill et al., 2003) 

ɸEa21-4    NC_011811.1 Ea6-4 

(Gill et al., 2003; 

Lehman et al., 

2009) 

ɸEa45-1B    NA Ea6-4 (Gill et al., 2003) 

ɸEa35-70  Agricanvirus 
Erwinia virus Ea35-

70 
NC_023557.1 Ea29-7 

(Gill et al., 2003; 

Yagubi et al., 2014) 

ɸEa10-7 Podoviridae Eracentumvirus Erwinia virus Era103 NA Ea29-7 (Gill et al., 2003) 

ɸEa31-3    NA Ea29-7 (Gill et al., 2003) 

ɸEa46-1-A1    NA EaD7 (Gill et al., 2003) 

ɸEa46-1-A2    NA EaD7 (Gill et al., 2003) 

ɸEa9-2  Johnsonvirus Erwinia virus Ea9-2 NC_023579.1 Ea17-1-1 (Gill et al., 2003) 

NA: No accession number available, genomes are not deposited. a The accession number for 

ɸEra103 is NC_009014.1. 
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3.3.3 Quantitative Real-Time PCR 

Genome quantification with qPCR was performed as per (Gayder et al., 2019). Briefly, 

each 20 µL reaction consisted of 4 µL 5X EVOlution Probe qPCR Mix (Montreal Biotech 

Inc., Montreal, QC), 200 nM of each primer, 100 mM probe, and 2 µL template. Primer 

and probe sequences are given in Table 3-S1. Reaction conditions began with 10 min at 

95°C followed by 40 cycles of 10 sec at 95°C and 45 sec at 54°C. The plasmid pTotalStdA 

(Gayder et al., 2019) contains amplicons for E. amylovora and P. agglomerans, and the 

phages ɸEa21-4, ɸEa46-1-A1, ɸEa9-2, and ɸEa35-70. Dilutions of pTotalStdA at 1011, 

108, and 105 copies/mL were included in every run to generate the standard curve. Raw 

population quantities (genomes/mL) were calculated from their Ct values relative to the Ct 

values and copies/mL of the pTotalStdA standard curve. Populations of bacteria and phage 

were directly interpreted from this curve on the assumption that each cell or phage capsid 

contained a single genome. qPCR quantification related to the host range (Section 2.5) was 

performed with a Stratagene Mx3005P qPCR System (Agilent Technologies, CA, USA) 

and all others were performed with a qTower3 qPCR System (Analytik Jena, Jena, 

Germany). 

3.3.4 Population Dynamics of E. amylovora, P. agglomerans and Different Phage 

Cocktails 

Initial liquid bacterial cultures were prepared to an OD600 of approximately 0.1, or 108 

CFU/mL, in 10 mL of NB. NA working subcultures were scraped into 3 mL NB to an 

OD600 of 0.6, or 109 CFU/mL. In a 50 mL conical tube 100 µL cell suspension was added 

to 10 mL refrigerated NB. In order to produce fresh and exponentially growing cells for 

the early morning, these cultures were incubated in a programmable shaking incubator 
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(New Brunswick Innova 44R, Eppendorf, Mississauga, Canada) which maintained at 4°C 

at 0 rpm most of the night and switched to 27°C at 175 rpm in the early morning to give 

roughly 5 h growth. The OD600 was measured until 0.1 was achieved at which time these 

cultures were stored on ice until they were used to prepare the experimental cultures.  

 Experimental cultures throughout Sections 3.1 and 3.3 contain different bacterial 

and phage populations but were prepared in a modular fashion following a consistent 

methodology. Hosts tested include individual or combined cultures of Ea17-1-1, EaD7, 

20060013, 20070126, Pa31-4, and Pa39-7. PaMix, EaMix, and EaWest were equal 

combinations of Pa31-4 and Pa39-7, Ea17-1-1 and EaD7, and 20060013 and 20070126 

respectively. Phages tested include ɸEa21-4, ɸEa46-1-A1, and ɸEa35-70 individually and 

in combination. The bacteria and phages tested in each experiment are indicated within 

each figure. Into a 50 mL conical tube 9.5-9.9 mL NB was pre-aliquoted such that the final 

culture volume was 10 mL after 100 µL of all host cultures and phages were each added 

individually. First, phage dilutions were added such that the intended MOI would be 

achieved. Except where indicated within the figure, the intended MOI for all phages was 

1. Then 100 µL of the bacterial cultures were added such that the cultures initially 

contained 106 CFU/mL total P. agglomerans or 106 CFU/mL total E. amylovora. Cultures 

were grown at 27°C and 175 rpm for 24 h. Samples of 100 µL were taken at 0, 2, 4, 6, 8, 

and 24 h into microcentrifuge tubes, heated at 80°C for 20 min, then frozen until qPCR 

analysis. DNA isolation and DNase treatment were not done prior to qPCR. Samples were 

thawed before qPCR, and 2 µL was used as template following the qPCR methodology in 

Section 2.3. All tests were performed with three experimental replicates, each measured 

with qPCR once. 
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3.3.5 Phage Host Range Assay 

Phage host range was studied as per (Gayder et al., 2019) with the exception that phage 

were initially added at a starting concentration of 106 genomes/mL. Hosts tested include 

all strains of P. agglomerans, P. eucalypti, E. gerundensis, R. aquatilis, and Pantoea sp. in 

Table 3-1 with all 10 phages listed in Table 3-2. Host cultures were scraped from working 

subculture NA plates into 3 mL NB to an OD600 of 0.6. In a 2 mL microcentrifuge tube, 

100 µL host cells and 100 µL phage were added to 800 µL NB. These cultures were 

incubated at 27°C and 200 rpm for 8 h. Cultures were heated for approximately 10 min 

over 70°C to lyse the cells, stopping growth and releasing genomic DNA, and then frozen 

until qPCR analysis. DNA isolation and DNase treatment were not done prior to qPCR. 

Samples were thawed before qPCR, and 2 µL was used as template following the qPCR 

methodology in Section 2.3. All combinations of host and phage were performed with three 

experimental replicates, each measured with qPCR once. 

3.3.6 Phage and Carrier Combinations for E. amylovora Reduction 

Experimental cultures were prepared the same as per Section 2.4 with the exception 

that EaMix was added to the culture either immediately (0 h) or after 2 or 8 h of culture 

growth. Cultures were grown at 27°C and 175 rpm. Samples of 100 µL were taken upon 

addition of EaMix and 24 h after EaMix was added. These samples were heated at 80°C 

for 20 min, then frozen until qPCR analysis. DNA isolation and DNase treatment were not 

done prior to qPCR. Samples were thawed before qPCR, and 2 µL was used as template 

following the qPCR methodology in Section 2.3. All experiments were performed with 

three experimental replicates, each measured with qPCR once. 
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3.3.7 Genomic Sequencing of P. agglomerans and Other Epiphytes 

 Genomic DNA was isolated from overnight bacterial cultures using the Bacterial 

Genomic DNA Isolation Kit (17900; Norgen Biotek Corp., Thorold, ON, Canada). Paired-

end library prep and MiSeq Illumina sequencing was performed by Genome Québec. Low-

quality paired end reads were trimmed using Sickle, version 1.33 (Joshi and Fass, 2011; 

Del Fabbro et al., 2013). Sequences were assembled de novo using SPAdes assembler, 

version 3.11.1 in careful mode. The genomes were uploaded to GenBank and species 

identity was confirmed upon submission.  

3.3.8 Data Analysis 

Data analysis was performed in R version 3.5.1 (R Core Team, 2018). Data 

manipulation and calculations were performed using the dplyr package, version 0.7.6 

(Wickham et al., 2018). Genome quantities were log10 transformed before calculating mean 

population titres and bacterial reductions. Bacterial reductions at each time point were 

calculated as the difference between the log10 quantities of the treated sample and the 

untreated control. MOIg, a genomic interpretation of MOI in real time, was calculated by 

dividing the untransformed genome quantity of phage by that of bacteria. In mixed cultures 

the MOIg can be determined for each phage individually or as a sum of all phage genomes 

and for both bacterial host species separately. Linear regression was done between the log10 

OD600 and log10 total host genome quantity of measured 24 h samples. The linear equation 

was then used to calculate the predicted genomic titre from the sample OD600 values and 

compared to the qPCR measured quantities of E. amylovora in the presence and absence 

of P. agglomerans. Figures were generated with ggplot2, version 3.0.0 (Wickham, 2016) 

and using the packages scales, version 1.0.0 (Wickham, 2018), and ggthemes, version 4.0.1 
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(Arnold, 2018). Statistical comparisons were done using ANOVA followed by post hoc 

multiple comparison with Tukey’s test, and differences were considered significant when 

p < 0.05. 

3.4 Results 

3.4.1 Population Dynamics of E. amylovora and Different Phage Cocktails 

The growth of both bacteria and phage can be monitored with qPCR as an increase in 

their respective genomes. Populations of different strains of E. amylovora infected with 

different phage cocktails were measured over time. In liquid culture at 27°C, the growth of 

all uninfected E. amylovora strains were similar, reaching 109 genomes/mL after 8 h and 

not exceeding 1010 genomes/ml after 24 h (Figure 3-1). Different strains were variably 

affected by the composition of the phage cocktails. The log10 reduction of each culture 

compared to the control was also determined (Figure 3-S1). Reduction of Ea17-1-1 began 

after 8 h but only when ɸEa21-4 was present in the cocktail (●,●,●,●; p < 0.05). The 

reduction of EaD7 began within 4 h in all cultures where ɸEa46-1-A1 was present 

(●,●,●,●; p < 0.05). Additionally, no culture’s growth was affected by the presence of 

ɸEa35-70 alone (●; p > 0.05). However, significant reduction after 24 h of Ea17-1-1 and 

EaD7 was only maintained when ɸEa35-70 was combined with ɸEa21-4 (●,●; p < 0.05) 

and ɸEa46-1-A1 (●,●; p < 0.05) respectively. In a mixture of the two strains (EaMix) no 

single phage effectively reduced growth, and only cocktails containing both ɸEa21-4 and 

ɸEa46-1-A1 started to slow growth after 6 h (●,●; p < 0.05). This remained consistent until 

24 h, and here additional synergy was observed with the inclusion of ɸEa35-70 (●; p < 

0.05). 
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Figure 3-1. Populations of E. amylovora infected with different phage combinations over 

time. The infected strains Ea17-1-1, EaD7, and an equal mixture of both (EaMix) are 

indicated in the top banners. The banners on the right indicate the host or phage quantified. 

Each host was infected by all possible phage combinations which are indicated by colour: 

ɸEa21-4 (●), ɸEa46-1-A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), ɸEa21-4 + 

ɸEa35-70 (●), ɸEa46-1-A1 + ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-70 (●), no 

phage (●). Genomic titres of E. amylovora and each phage were determined with qPCR. 

Data are the mean ± SD of three replicates.   
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In liquid cultures, the phage populations were tracked alongside the bacterial hosts. 

The phage ɸEa21-4 was able to grow to over 1x1010 genomes/mL with Ea17-1-1 and 

EaMix in 8 h and maintain this titre until 24 h (Figure 3-1). The growth of ɸEa21-4 was 

also not influenced by the presence of other phages if Ea17-1-1 was also present. ɸEa21-4 

grew slower on EaD7 and did not reach a growth plateau by 8 h. The initial growth of 

ɸEa21-4 was reduced in the presence of ɸEa46-1-A1 (●,●), and by 8 h was 2.41 log units 

less than ɸEa21-4 alone (●). Whereas ɸEa46-1-A1 reduced ɸEa21-4 growth only up to 8 h, 

both ɸEa46-1-A1 and ɸEa35-70 together reduced ɸEa21-4 growth until 24 h, at which time 

it only reached a titre of 1x107 genomes/mL (●). Notably, the growth of ɸEa21-4 mirrored 

the growth of EaD7 whereby a reduction of EaD7 resulted in a reduction of ɸEa21-4 

(Figure 3-1). ɸEa46-1-A1 with its preferred host EaD7 increased nearly three log units in 

the first 2 h, the fastest increase seen in any of the phage-host combinations (Figure 3-1). 

On Ea17-1-1, the phage took 4 h to increase the same amount, and on EaMix production 

was similar to that of EaD7 and increased by 2.5 log units in the first 2 h. ɸEa35-70 grew 

similarly in all cultures, reaching around 109-1010 genomes/mL at 8 h with reductions in 

cultures where host cell numbers were also reduced. 

With populations of both host and phages measured simultaneously using qPCR, we 

inferred the changing MOI as the ratio of phage genomes per host genome (MOIg). The 

control of E. amylovora (Figure 3-S1) and the MOIg (Figure 3-S2) are potentially linked. 

The time required to reduce the E. amylovora population by 0.25 log units was phage-host 

dependent; phage ɸEa21-4 with Ea17-1-1 and ɸEa46-1-A1 with EaD7 taking 6 and 2 h, 

respectively. These times coincided with the time at which the MOIg approached 100 in 

each reaction. This was phage-host dependent where only ɸEa21-4 and ɸEa46-1-A1 
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reached this level on Ea17-1-1 and EaD7 respectively. With EaMix, the MOIg of ɸEa46-

1-A1 only increased to 22 in 2 h while ɸEa21-4 continued to reach an MOIg of 100 in 6 h 

(Figure 3-S2). Reduction of the E. amylovora population in EaMix only exceeded 0.25 log 

units at 4 h in cocktails containing ɸEa46-1-A1 (●,●,●,●). Of these cocktails, only the two 

with ɸEa21-4 (●,●) continued to further reduce E. amylovora population to 6 and 8 h and 

only the three-phage cocktail (●) continued to control EaMix until 24 h. By 24 h the three-

phage cocktail (●) reduced the E. amylovora population by an additional log unit further 

than the ɸEa21-4 + ɸEa46-1-A1 cocktail (●). 

Next, we investigated whether higher starting MOIs would inhibit the growth of 

EaMix earlier (Figure 3-2). Also, we investigated whether this phage combination would 

still be effective against a mix of E. amylovora strains 20060013 and 20070126 from Utah, 

USA (EaWest) which we previously found to have some resistance to phages ɸEa46-1-A1 

and ɸEa21-4 respectively (Gayder et al., 2019). EaWest was still reduced by this phage 

combination, but significant control at 24 h required starting MOIs of 10 or 100 (p < 0.05). 

Interestingly, the maximal phage titres and initial rate of replication decreased as the 

starting MOI increased.  
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Figure 3-2. Populations over time of E. amylovora cultures infected with the three-phage 

cocktail at different starting MOIs. The infected cultures are an equal combination of Ea17-

1-1 and EaD7 (EaMix), and 20060013 and 20070126 (EaWest) and are indicated in the top 

banners. The banners on the right indicate the host or phage quantified. Each culture was 

infected simultaneously by the phages ɸEa21-4, ɸEa46-1-A1, and ɸEa35-70 each at the 

indicated MOI. Genomic titres of E. amylovora and each phage were determined with 

qPCR. Data are the mean ± SD of three replicates.   
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3.4.2 Host Range of Phages on Potential Carriers 

To identify which strains of P. agglomerans would be effective phage carriers, a host 

range assay of 30 strains of P. agglomerans and other epiphytic bacteria was performed 

with 10 phages (Gayder et al., 2019). The Podoviridae phages ɸEa10-7, ɸEa31-3, and 

ɸEa46-1-A2 were the only phages which did not increase by at least 2 log units (>108 

genomes/mL) on any hosts tested (Figure 3-3). Only two hosts (Pa17-1 and Pa39-7) were 

able to propagate at least one phage from each species to over 108 genomes/mL.  

Myoviridae phage ɸEa21-4 was propagated to over 109 genomes/mL in 10 hosts, 

including all four strains of Erwinia gerundensis and 6 strains of P. agglomerans (Figure 

3-3). Interestingly, of those 6 strains of P. agglomerans, four were not hosts of Myoviridae 

phage ɸEa35-70. Additionally, of the 26 hosts which propagated phages ɸEa21-4 or 

ɸEa35-70 to over 108 genomes/mL, only 7 hosts enriched both phages. In contrast, all 5 of 

the hosts which enriched ɸEa46-1-A1 over 108 genomes/mL were good hosts of the other 

Podoviridae phage ɸEa9-2. We chose to further investigate Pa39-7 as the carrier of the 

phages and Pa31-4 to grow unaffected by the phages. We hypothesized that in combination 

these two P. agglomerans strains would synergize to maximize control of E. amylovora. 
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Figure 3-3. Host range of 10 E. amylovora phages against 30 strains of P. agglomerans 

and other epiphytic bacteria. The growth of phage is indicated by colour where yellow 

shows phage grew to 1011 genomes/mL and blue indicates no growth beyond the initial 

titre of 106 genomes/mL after 8 h incubation. All hosts were initially identified as P. 

agglomerans through detection with PCR primers and subsequently corrected with 

genomic sequence data. Host species are indicated by their initial lettering: Pa and E325 

(P. agglomerans); Pv (P. eucalypti); Eg (E. gerundensis); Ra (R. aquatilis); Psp (Pantoea 

sp.). Indicated titres are the geometric mean of three replicates.   
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3.4.3 Population Dynamics of P. agglomerans and Different Phage Cocktails 

The growth of P. agglomerans was affected by the composition of phage cocktails 

(Figure 3-4, Figure 3-S3). The growth of carrier Pa31-4 was not significantly affected by 

the presence of any phages (p > 0.05), whereas Pa39-7 was reduced by an average of 1.94 

log units in cocktails containing ɸEa35-70 by 8 h (●,●,●,●; p < 0.05). Unexpectedly, the 

growth of the two carriers in combination (PaMix) was also affected by the presence of 

ɸEa35-70, with an average log reduction of 1.64 at 8 h (p < 0.05). Instead of Pa31-4 

growing while only Pa39-7 was inhibited as we expected, Pa31-4 growth was also reduced 

in this environment. After 24 h, populations were no longer different (p > 0.05). 
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Figure 3-4. Populations over time of P. agglomerans cultures infected with different phage 

combinations. The infected strains Pa31-4, Pa39-7, and an equal combination of both 

(PaMix) are indicated in the top banners. The banners on the right indicate the host or phage 

quantified. Each host was infected by all possible phage combinations which are indicated 

by colour: ɸEa21-4 (●), ɸEa46-1-A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), 

ɸEa21-4 + ɸEa35-70 (●), ɸEa46-1-A1 + ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-

70 (●), no phage (●). Genomic titres of P. agglomerans and each phage were determined 

with qPCR. Data are the mean ± SD of three replicates.   
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On carrier Pa31-4, ɸEa21-4 reached nearly 1010 genomes/mL by 8 h and maintained 

this titre until 24 h (●; Figure 3-4). Also, ɸEa21-4 growth was unaffected by the presence 

of other phages in the cocktail. Both ɸEa46-1-A1 (●) and ɸEa35-70 (●) grew minimally 

on Pa31-4, and in the presence of ɸEa21-4 (●,●,●) their final titres after 24 h were less 

than their initial titres. On Pa39-7, ɸEa21-4 (●) growth was perturbed in the presence of 

ɸEa35-70 (●,●) by 1.27 log units by 8 h, which coincided with a reduction of the Pa39-7. 

ɸEa35-70 growth (●) was affected by ɸEa21-4 (●,●) starting at 6 h and also by ɸEa46-1-

A1 (●) at 24 h. Growth of phages and hosts were similar for both Pa39-7 and PaMix (Figure 

3-4).  

Reduction of P. agglomerans populations (Figure 3-S3) again coincided with the ratio 

of phage genomes to bacterial genomes (Figure 3-S4). On Pa31-4, which was not reduced 

by any phage, only the MOIg of ɸEa21-4 increased over time but never exceed 10 

throughout (Figure 3-S4). On Pa39-7, the MOIg of ɸEa35-70 surpassed 100 at 4 h, at which 

point the reduction of Pa39-7 exceeded 0.5 log units. The total MOIg remained over 100 

until 8 h, and the reduction continually increased to an average 1.94 log units at 8 h. 

Notably, on PaMix the total MOIg only reached 56.9 at 4 h with ɸEa35-70 containing 

cocktails but the P. agglomerans population was still reduced by 0.48 log units. While not 

as repressed as Pa39-7 alone, PaMix was still reduced by 1.64 log units by 8 h by cocktails 

containing ɸEa35-70. Despite the high MOIg, Pa39-7 and PaMix were able to recover and 

grow to the control by 24 h (Figure 3-4). 

We then investigated whether we could further perturb ɸEa35-70 enough to allow 

carrier growth to continue unaffected. We chose an MOI of 10, 1, and 0.01 of ɸEa21-4, 

ɸEa46-1-A1, and ɸEa35-70 respectively with PaMix (3ɸMOI) to compare against the MOI 
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of 1 (3ɸ) which was used in the previous experiments (Figure 3-5). The growth of PaMix 

with 3ɸ was again reduced from 4-8 h (p < 0.05) but with 3ɸMOI was nearly identical to the 

uninfected control across 24 h (p > 0.05). The phage ɸEa21-4 genomic titre in the 3ɸMOI 

cocktail remained approximately one log unit higher than 3ɸ for the first 8 h, but by 24 h 

the titres of ɸEa21-4 on both had reached 1011 genomes/mL. Phage ɸEa46-1-A1 was 

mostly unaffected by the change in MOI of the other phage, with differences not exceeding 

0.5 log units. Unfortunately, ɸEa35-70 in 3ɸMOI on PaMix did not reach 107 when it 

reached its maximum after 4 h and slowly declined thereafter. Considering that ɸEa35-70 

began at 104 initially, there was still considerable phage production (Figure 3-5). 

3.4.4 Phage and Carrier Combinations for E. amylovora Reduction 

To model how this chosen MOI (3ɸMOI) would impact the survival of PaMix and 

subsequently control pathogen populations, these treatments were grown for different 

times before E. amylovora was introduced. When co-introduced (0 h) PaMix alone reduced 

EaMix by 0.83 log units over 24 h (Figure 3-6). Treatments containing phage were more 

effective than PaMix alone, and the addition of PaMix with phage was no more effective 

than phage alone. With 2 h treatment growth before EaMix was added none of the 

treatments were significantly more effective than they were at 0 h, but only PaMix + 3ɸMOI 

was more effective than PaMix alone. After 8 h prior treatment growth PaMix + 3ɸ became 

less effective, but not significantly, than PaMix alone, while PaMix + 3ɸMOI was the most 

effective treatment overall. Synergy between phage and carrier was seen only with 3ɸMOI 

at 2 and 8 h, where the treatment was more effective than phage or PaMix alone, and 

reduced EaMix by 4.3 log units at 8 h (Figure 3-6). 
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Figure 3-5. Effect of MOI on the growth of PaMix over 24 h. PaMix was grown with no 

phage, or infected with the three phages ɸEa21-4, ɸEa46-1-A1, ɸEa35-70 each at an MOI 

of 1 (3ɸ) or at 10, 1, and 0.01 respectively (3ɸMOI). The banners on the right indicate the 

host or phage quantified. Genomic titres of P. agglomerans and each phage were 

determined with qPCR. Data are the mean ± SD of three replicates. The missing data point 

for ɸEa35-70 at 0 h (●) was below the limit of detection.   
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Figure 3-6. Effect of a designed MOI on the efficacy of PaMix and phage treatment at 

controlling E. amylovora. Treatments were grown for 0 (co-inoculated), 2, or 8 h before 

EaMix inoculation. The three phages ɸEa21-4, ɸEa46-1-A1, ɸEa35-70 each at an MOI of 

1 (3ɸ) or at 10, 1, and 0.01 respectively (3ɸMOI) were tested alone at 0 h or with PaMix at 

each time comparison. E. amylovora populations were measured 24 h after inoculation, 

and reduction is relative to EaMix growth alone. Data are the mean ± SD of three replicates.   
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3.4.5 Comparison of qPCR and Spectrophotometry for Quantification of Mixed 

Bacterial Populations 

Measuring the optical density of a culture is a common alternative to directly counting 

viable colonies, especially when multiple measurements are made over time. To show that 

measuring host genomes with qPCR is comparable to optical density for bacterial 

quantification we measured the OD600 of 90 experimental cultures at 24 h at the time they 

were sampled for qPCR. We plotted these OD600 values against the sum of all bacterial 

genomes detected with qPCR (Figure 3-7A). A regression of the total genomes determined 

with qPCR and OD600 of cultures showed these were strongly correlated with an R2 of 0.93. 

Because optical density cannot differentiate bacterial species in liquid culture, we 

compared the qPCR titres of E. amylovora to the predicted bacterial genome titres 

calculated from the OD600 using the regression (Figure 3-7B). In cultures where EaMix is 

the only bacteria optical density and qPCR populations are comparable between 107-1010 

genomes/mL, with an average difference of only 0.026 log units. However, when PaMix 

is also present P. agglomerans often greatly outgrew E. amylovora by 24 h, and optical 

density populations were an average of 1.97 log units higher than qPCR determined titres 

of E. amylovora. This shows that not only is qPCR quantification highly comparable to 

optical density for cell quantification, but it can quantitatively differentiate different hosts 

in the culture which is not easily done with optical density. 
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Figure 3-7. Correlation between OD600 and qPCR for quantification of E. amylovora in 

liquid culture. A) A regression of total bacterial genomes (E. amylovora + P. agglomerans) 

in solution compared to OD600 is used to show the correlation and accuracy of qPCR 

(R2=0.93). B) The regression is used to calculate the predicted titre of bacterial genomes 

based on the OD600 of the solution, and this is compared to the actual qPCR determined 

titre of E. amylovora genomes when E. amylovora is the only bacterium in solution (●) and 

when P. agglomerans is also present (●). The dotted line represents a 1:1 correlation 

between the predicted bacterial genomic titre calculated from the OD600 and the qPCR titre 

of E. amylovora.   
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3.5 Discussion 

One of the greatest challenges in creating effective phage therapies is the translation 

of results from in vitro model systems to in vivo applications (Bull and Gill, 2014). The 

goal of phage therapy is to modify the local microbiome in a way that prevents the pathogen 

from establishing within its niche and thereby preventing disease progression. To this end, 

model systems are first developed to gain a better understanding of the population 

dynamics within complex natural settings. As metagenomics and molecular technologies 

become more sophisticated so too should the models of phage therapy. The aim of this 

study was to elucidate the dynamics between the pathogen E. amylovora, the carrier P. 

agglomerans, and cocktails of three potential therapeutic phages to facilitate the design of 

an effective phage and carrier combination treatment. 

The effective control of a mixed E. amylovora population required the use of multiple 

phages (Figure 3-1, Figure 3-S1). In previous work, phage ɸEa35-70 showed no potential 

individually as an effective phage for biocontrol (Gayder et al., 2019). While ɸEa21-4 and 

ɸEa46-1-A1 were each only effective against one strain, Ea17-1-1 and EaD7 respectively, 

ɸEa35-70 synergized with both phages against their respective preferred host. Against a 

mixture of both strains (EaMix), ɸEa35-70 also provided enhanced control with ɸEa21-4 

and ɸEa46-1-A1 together and maintained the highest control at 24 h. The reason for this 

synergy is unknown but further investigation into the large genome and infection strategy 

of ɸEa35-70 could yield novel insights into phage interactions. We also found this 

combination of phages to be effective at reducing the population of phage resistant E. 

amylovora strains (Figure 3-2). This is essential to the continued effectivity of a phage-

mediated biocontrol to prevent the development of phage resistance given that different 
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geographic regions, such as the west coast of North America, show varying levels of 

sensitively to these phages (Gayder et al., 2019). 

To maximize the biocontrol potential of a phage-carrier system, it is imperative that 

the carrier can quickly colonize the stigma surface. This is necessary for both competitive 

exclusion of E. amylovora and efficient production of the therapeutic phage. However, 

while including ɸEa35-70 in the cocktail gave synergistic control of E. amylovora, this 

phage greatly impaired growth of P. agglomerans. Because we observed phage ɸEa21-4 

slowed replication of ɸEa35-70 without affecting the growth of P. agglomerans (Figure 3-

4), we chose the MOI of 10, 1, and 0.01 for ɸEa21-4, ɸEa46-1-A1, and ɸEa35-70 

respectively to further investigate this dynamic. This optimized cocktail (3ɸMOI) no longer 

inhibited the planktonic growth of PaMix compared to the three-phage cocktail with equal 

MOIs of 1 (3ɸ). Unsurprisingly, phage production in PaMix was also affected 

proportionally by the change in starting MOI (Figure 3-5). The higher ɸEa21-4 production 

in 3ɸMOI is potentially ideal for E. amylovora control, but the reduced titres of ɸEa35-70 

could lead to decreased synergistic effects.  

To emulate how biocontrol would occur in the field, we allowed our P. agglomerans 

and phage treatments to grow for 0, 2, and 8 h prior to addition of the pathogen (Figure 3-

6). When co-introduced with EaMix, PaMix alone was least effective, but became more 

effective as it had more time to grow. While the addition of 3ɸ to PaMix was more effective 

than PaMix alone at 0 h, there was no significant advantage over just 3ɸ. Furthermore, any 

benefit from 3ɸ was lost over time as it became less effective than PaMix alone by 8 h. 

Conversely, the optimization of the MOI of 3ɸ (3ɸMOI) precluded the growth inhibition of 

the carrier allowing the antagonistic effects of both P. agglomerans and the phages for 
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enhanced control of the pathogen. As such, PaMix with 3ɸMOI was the most effective 

treatment at all time points. 

The use of qPCR allowed the simultaneous tracking of pathogen, carrier, and phage 

populations in the growing cultures. This level of detail granted insights into the complex 

dynamics and interactions that occurred. While some studies or applications may require 

quantification of intact and infectious particles in specific environments through plaque 

assays, measuring the replication of phage genomes is an accurate and efficient way of 

observing changes in a mixed phage population. We showed previously that our qPCR 

methodology strongly correlates with dilution plating methods for quantification of both 

E. amylovora and P. agglomerans (Parcey et al., 2020a). Here we show this is also the case 

with optical density measurements of bacterial cultures (Figure 3-7A). Additionally, we 

show that optical density is not able to accurately quantify the minority population in mixed 

cultures (Figure 3-7B). While our qPCR methodology can differentiate E. amylovora and 

P. agglomerans, it is not specific enough to distinguish strains of the same species. 

Experimentation using mixed strain cultures is important for several reasons. The amount 

of capsular exopolysaccharides (EPS) produced by E. amylovora strains is known to 

significantly impact phage preference and infection (Roach et al., 2013; Gayder et al., 

2019). EaMix consists of Ea17-1-1 and EaD7, which produce low and high amounts of 

EPS respectively, and is therefore meant to represent the presence of both extremes found 

in natural populations. For example, choosing EaD7 exclusively would have resulted in 

high levels of control within in vitro experiments, but would be poorly representative of 

natural mixed infections found in vivo.  
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Pa31-4 and Pa39-7 in PaMix were chosen based on the hypothesis that Pa39-7 would 

replicate the phages while Pa31-4, being phage resistant, would grow uninhibited and 

enhance the antagonistic effect against E. amylovora. It was therefore unexpected that 

Pa31-4 would be perturbed when combined with Pa39-7 and exposed to phage cocktails 

which included ɸEa35-70 (Figure 3-4). We observed that ɸEa35-70 was rapidly produced, 

presumably by Pa39-7, to an MOIg high enough that it inhibited Pa31-4 (Figure 3-S4). This 

interaction highlights how phages can exhibit unexpected cascading effects on more 

diverse microbial populations, similar to how Hsu et al. showed phages applied to a gut 

microbiota induced cascading effects on non-target bacteria, and subsequently on gut 

metabolites as well.  

The use of non-pathogenic strains or related species as phage carriers has been 

investigated but has generally received very little attention (Tanaka et al., 1990; 

Danelishvili et al., 2006; Lehman, 2007). The host range of many phages are not as broad 

as the Erwinia phages studied here, and finding another wild-type host may be challenging 

(Ross et al., 2016). Altered phage isolation methods can help find broader host range 

phages (Ross et al., 2016), or their host range can be directly modified with targeted 

mutagenesis (Yehl et al., 2019) or editing phage tail genes (Ando et al., 2015; Yosef et al., 

2017). Also, as more methods are developed for identifying the host genes necessary for 

phage infection (Rousset et al., 2018), host genomes could also be edited to make them 

possible phage carriers (Zeng and Salmond, 2020). Carriers could also be edited to provide 

additional antagonistic properties, potentially achieving new means of pathogen control 

(Jensen et al., 2016). Death of the bacterial carrier could also be a hindrance, but as we 
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showed here this can be avoided or reduced with a greater understanding of the dynamics 

and interactions involved. 

The roles phages play in microbiomes remains under-investigated, especially so in 

those of plants (Pratama et al., 2020). In animal hosts, phages have been shown to be linked 

to pathogenic microbial dysbiosis and can even interact with eukaryotic host cells directly 

(Barr, 2017; Pratama et al., 2020). Given the parallels between animal gut and rhizosphere 

microbiomes it is suggestive of a larger, unrecognized role played by phages in plant health 

(Pratama et al., 2020). Recently, it was shown that phage alone affected the metabolism of 

Brassica oleracea var. gongylodes (Papaianni et al., 2020). Given the continually emerging 

evidence that phages play a significant role in shaping microbial populations, a better 

understanding of the complex dynamics will be crucial for better implementations of 

phages in therapeutic applications. We have shown that even in our rudimentary model 

system there is enormous complexity in the dynamics and interactions that can be observed. 

The interactions that phages have on each other was of particular significance.  

While we aimed to investigate the dynamics of complex populations, only a small 

fraction of the complexity of the actual microbiome on the blossom surface was the focal 

point of these studies. It remains unknown how these results will translate from liquid 

culture to the microenvironment of the blossom surface. To follow up with our findings we 

aim to study these populations on the blossom surface in blossom assays and field 

experiments. Of particular importance is whether the 3ɸMOI cocktail will still allow the 

carrier to grow adequately in planta to cover the stigma surface and will still synergize 

with the phages present. Additionally, further studies with more controlled and targeted 
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changes to these cocktail and carrier combinations will allow us to further understand their 

interactions, and strive to maximize their potential therapeutic activity. 

3.6 Conclusions 

Our use of qPCR to study complex populations in liquid cultures made it possible to 

observe several unexpected dynamics which were exploited to create a phage and carrier 

combination for the control of E. amylovora. The jumbo Myoviridae phage ɸEa35-70, 

while ineffective alone, synergized with both ɸEa21-4 and ɸEa46-1-A1 for increased 

control of E. amylovora over 24 h. However, at equal MOIs this phage cocktail also 

reduced the growth of the bacterial carrier and antagonist P. agglomerans. To avoid this, 

we exploited the competition between ɸEa21-4 and ɸEa35-70 and chose to infect P. 

agglomerans with MOIs of 10, 1, and 0.01 for ɸEa21-4, ɸEa46-1-A1, and ɸEa35-70, 

respectively. This modified phage combination no longer inhibited the growth of P. 

agglomerans and subsequently provided enhanced control of the pathogen. From this data 

we observed examples of interspecies phage competition, synergy between multiple 

phages, and synergy between phages and a bacterial antagonist. All of these interactions 

could be significant factors to consider when designing phage cocktails or incorporating 

phages into IPM strategies.  

3.7 Supplementary Materials  
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Figure 3-S1. Log10 reduction of E. amylovora populations infected with different phage 

combinations compared to uninfected control. The infected strains Ea17-1-1, EaD7, and 

an equal combination of both (EaMix) are indicated in the top banners. Each host was 

infected by all possible phage combinations which are indicated by colour: ɸEa21-4 (●), 

ɸEa46-1-A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), ɸEa21-4 + ɸEa35-70 (●), 

ɸEa46-1-A1 + ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-70 (●). Data are the mean 

± SD of three replicates.   
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Figure 3-S2. Ratio of phage genomes to E. amylovora genomes (MOIg) over time in E. 

amylovora cultures infected with different phage combinations. The infected strains Ea17-

1-1, EaD7, and an equal combination of both (EaMix) are indicated in the top banners. 

Each host was infected by all possible phage combinations which are indicated by colour: 

ɸEa21-4 (●), ɸEa46-1-A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), ɸEa21-4 + 

ɸEa35-70 (●), ɸEa46-1-A1 + ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-70 (●). The 

MOIg was calculated for each phage individually and the sum of all phage genomes was 

also used to determine a total MOIg, all of which are indicated in the banners on the right. 

Data are the mean ± SD of three replicates.   
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Figure 3-S3. Log10 reduction of P. agglomerans populations infected with different phage 

combinations compared to uninfected control. The infected strains Pa31-4, Pa39-7, and an 

equal combination of both (PaMix) are indicated in the top banners. Each host was infected 

by all possible phage combinations which are indicated by colour: ɸEa21-4 (●), ɸEa46-1-

A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), ɸEa21-4 + ɸEa35-70 (●), ɸEa46-1-A1 

+ ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-70 (●). Data are the mean ± SD of three 

replicates.
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Figure 3-S4. Ratio of phage genomes to P. agglomerans genomes (MOIg) over time in P. 

agglomerans cultures infected with different phage combinations. The infected strains 

Pa31-4, Pa39-7, and an equal combination of both (PaMix) are indicated in the top banners. 

Each host was infected by all possible phage combinations which are indicated by colour: 

ɸEa21-4 (●), ɸEa46-1-A1 (●), ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 (●), ɸEa21-4 + 

ɸEa35-70 (●), ɸEa46-1-A1 + ɸEa35-70 (●), ɸEa21-4 + ɸEa46-1-A1 + ɸEa35-70 (●). The 

MOIg was calculated for each phage individually and the sum of all phage genomes was 

also used to determine a total MOIg, all of which are indicated in the banners on the right. 

Data are the mean ± SD of three replicates.   
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Table 3-S1. Primers and probes used for real-time qPCR.  

Name Species 
Amplicon 

Size (bp) 
Sequence (5'-3') 

END37-F 

Erwinia virus Ea214 149 

TTCAGCTTTAGCGGCTTCGAGA 

END37-R AGCAAGCCCTTGAGGTAATGGA 

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

    
STS3-F 

Erwinia virus Era103 96 

GACAAACAAGAACGCGGCAACTGA 

STS3-R ATACCCAGCAAGGCGTCAACCTTA 

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

    
N14-F 

Erwinia virus Ea9-2 168 

CATTGGGTAATCCCTTTGAG 

N14-R GATAGACTGGTTCCCCTGTG 

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

    
RDH311-F 

Erwinia virus Ea35-70 183 

TGGAAGGTCTTCTTCGAGAC 

RDH311-R GACTACCTGGGGATGTTCAG 

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

    
Ea-Lsc-F 

E. amylovora 105 

CGCTAACAGCAGATCGCA 

Ea-Lsc-R AAATACGCGCACGACCAT 

Ea-Lsc-P /5Cy5/CTGATAATCCGCAATTCCAGGATG/3IAbRQsp/ 

    
Pa-Gnd-F 

P. agglomerans 73 

TGGATGAAGCAGCGAACA 

Pa-Gnd-R GACAGAGGTTCGCCGAGA 

Pa-Gnd-P /5HEX/AAATGGACCAGCCAGAGCTCACTG/3BHQ_1/ 
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3.8 Author Contributions 

This work was conceptualized and designed by me with the goal to consider the effect 

of the natural microbiome on the apple blossom to better understand why the results of my 

many field trials and blossom assays were so varied and inconsistent. I also performed the 

experiments, generated and analyzed the data, created the figures, wrote and prepared the 

manuscript drafts, submitted the article and addressed reviewer comments. D. Nesbitt and 

I designed the experimental approach together. M. Parcey and I both worked on the 

assembly of the bacterial genomes, but only M. Parcey’s assemblies were submitted. All 

authors contributed to the revision of the manuscript.  
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A Novel Genome-Wide Approach to Identify Determinants of Phage Host Range 
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4.1 Abstract  

Bacteriophage therapy has been gaining renewed interest due to its ability to eliminate 

antibiotic resistant microbes and exploit targeted modifications to microbiome populations. 

Phage host range is a critical parameter in the selection of therapeutic phage cocktails and 

the establishment of phage libraries. Understanding the parameters that make a bacterial 

host susceptible to phage infection will significantly improve the design of high efficacy 

phage cocktails. Host ranges were established for four Erwinia phage species against a 

global collection of the phytopathogen Erwinia amylovora, and several orchard bacterial 

epiphytes. Quantitative real time PCR was used to measure the relative titre of phage 

produced on each of the hosts. The quantitative host range data and host genomic sequences 

of 80 of the tested strains were used to perform a genome-wide association study (GWAS) 

to identify host genes associated with susceptibility to phage infection. This approach 

identified mutations in 10 host genes that likely resulted from natural phage-host co-

evolution, and which affect the host ranges of three of the Erwinia phage species. Based 

on the functions of these genes, we propose two novel contact dependent, community level 

phage defense mechanisms which use the type V and VI secretion systems. In addition, we 

propose that the Myoviridae phage ɸEa21-4 uses the bacterial flagella as its initial binding 

receptor. We postulate on the presence of several mechanisms that may be employed by 

ɸEa21-4, ɸEa9-2, and ɸEa35-70 to infect their hosts.  
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4.2 Introduction 

Bacteriophages are bacterial viruses that infect and kill their bacterial host. Phages 

are the most abundant lifeforms on earth and are critical determinants of microbial 

dynamics and processes. From human, plant, and animal health to global nutrient and 

energy cycles, phages shape the world around us (Barr, 2017; Howard-Varona et al., 2020; 

Pratama et al., 2020). The specificity and speed with which phages adsorb to, infect, and 

kill their host makes them effective tools to study population dynamics and interactions in 

microbial communities, and also attractive therapeutics against the looming threat of 

antimicrobial resistant bacteria (Gordillo Altamirano and Barr, 2019). While the dynamics 

and infection strategies of some model phage systems have been heavily studied, very little 

is known about most other phages due to the extreme diversity of phage genes and genomes 

(Dion et al., 2020). To truly capitalize on the potential of phages as therapeutics in human 

health and agriculture, a better understanding of the dynamics and interactions between 

phages and their host is required (Bull and Gill, 2014). 

Erwinia amylovora is a Gram-negative plant pathogen that infects apples, pears and 

other rosaceous plants, causing the disease commonly named fire blight (van der Zwet et 

al., 2016a). E. amylovora colonizes the nutrient-rich stigma of the blossom (Pusey, 2000). 

In the presence of moisture, the pathogen moves from the blossom stigma to the 

hypanthium, entering the nectarthodes and eventually spreading throughout the tree via the 

vasculature. This results in shoot wilt, necrosis, and eventual death of the entire tree (van 

der Zwet et al., 2016a). Pantoea agglomerans is a Gram-negative orchard epiphyte with 

antagonistic properties against E. amylovora (Pusey et al., 2009). Both E. amylovora and 

P. agglomerans are hosts to several species of Erwinia phages. P. agglomerans is being 
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developed as a carrier for phages for the control of E. amylovora (Lehman, 2007). 

Understanding phage infection of host bacteria is critical to the development of a highly 

effective phage-based antimicrobial.  

Phage infection is initiated when the phage encounters and recognizes receptors on 

the surface of its host. Receptors can be proteinaceous, such as outer membrane proteins 

or structures, or sugar moieties found in the lipopolysaccharide or exopolysaccharide 

capsule (Bertozzi Silva et al., 2016). Binding of phage to their host receptor causes 

conformational changes which trigger the release of the phage genome into the cell 

(Molineux and Panja, 2013; Bertozzi Silva et al., 2016). In order to reach the cytoplasm of 

a Gram-negative host the phage genome needs to cross the outer membrane, the 

periplasmic space, the peptidoglycan layer, and the inner membrane (Fernandes and Sao-

Jose, 2018). Once in the host cytoplasm phage genes are translated which initiate a complex 

takeover of the host’s metabolism and redirect it towards to production of more phage 

progeny (Chevallereau et al., 2016; De Smet et al., 2016). Finally, the phages begin a 

coordinated attack on the host’s membranes and peptidoglycan to lyse the cell and release 

the phages to begin their life cycle again (Fernandes and Sao-Jose, 2018; Cahill and Young, 

2019). Phages have evolved a diverse set of mechanisms to successfully infect their host, 

and in turn bacteria have evolved an equally diverse set of counter-measures to resist this 

infection (Labrie et al., 2010; Azam and Tanji, 2019).  

The identification of genes and mutations which affect phage host range can reveal 

the potential mechanisms that phages utilize to infect their respective hosts. Genome wide 

analyses are the most effective means to identify unknown genetic determinants of host 

range and resistance. Most commonly, gene knockout or transposon libraries are screened 
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for differences in host growth in response to phage infection to identify genes with 

significant impact on resistance or susceptibility (Qimron et al., 2006; Maynard et al., 2010; 

Kortright et al., 2020; Piya et al., 2020). These methods require screening potentially 

thousands of mutants and are limited to non-essential genes. They have also been applied 

mostly to E. coli and its phages, many of which have been confirmatory in identifying 

known host receptors and genes involved in LPS synthesis (Qimron et al., 2006; Rousset 

et al., 2018; Piya et al., 2020). More recent methods have been developed which use 

CRISPR-based interference (CRISPRi) or dual-barcoded shotgun expression library 

sequencing (Dub-seq) to alter gene expression instead of knockouts (Rousset et al., 2018; 

Mutalik et al., 2020). However, all these methods overlook the potential bias that transgenic 

antibiotic resistance or altered viability could have on phage infection, and may not be 

accurately reflective of resistance found in vivo (Seshasayee et al., 2006; Hernandez and 

Koskella, 2019). Collections of sequenced environmental bacterial strains are becoming 

more common and can contain a wealth of genetic variations that represent natural phage-

host co-evolution (Moller et al., 2021). Identification of mutations in natural populations 

that are associated with phage resistance and variation in host range is a powerful 

alternative to in vitro mutation screening methods. 

A genome wide association study (GWAS) is a statistical test whereby wild-type 

genetic features or variants are simultaneously compared to measured phenotypes to 

determine which of those features are significantly associated with that trait (Nicholls et 

al., 2020). GWASs have revolutionized human disease and complex-trait genetics, leading 

to new areas of biological research and novel drug discoveries (Struck et al., 2018). While 

human GWAS studies have grown exponentially since the early 1990s with over 35,000 



123 

 

publications as of 2019, microbial GWASs have greatly lagged behind with a total of fewer 

than 350 publications since the first in 2005 (San et al., 2020). Microbial genomes have 

greater diversity than human genomes, including SNPs, deletions, copy number variations, 

and whole gene variations (San et al., 2020). Only recently have tools capable of dealing 

with this variation been developed (San et al., 2020). Microbial GWAS has most 

commonly been used to determine genes or markers associated with resistance to numerous 

drugs and antimicrobials, and virulence of human pathogens (Power et al., 2017). However, 

GWAS has also been used to investigate genes associated with interactions between E. coli 

and Staphylococcus aureus in co-culture (He et al., 2017), and genes that influence phage 

host range in S. aureus (Moller et al., 2021). 

 Previously we studied the ability of four species of Erwinia phages to replicate on 

different hosts as a measure of their host range (Gayder et al., 2019). The objective of this 

study was to use a quantitative GWAS approach to identify host genes or genetic elements 

that are associated with successful phage infection of the bacterial host. Identifying genes 

that are associated with phage infection may provide greater insight in the infection strategy 

used by these phages, and in turn provide improved direction for future research of phage-

host interactions. 

4.3 Materials and Methods  

4.3.1 Host Range 

Host ranges of 10 Erwinia phages were determined previously on 106 strains of E. 

amylovora and Erwinia pyrifoliae (Gayder et al., 2019), and 30 strains of P. agglomerans 

and other orchard epiphytes (Gayder et al., 2020). Briefly, host cells at 108 CFU/mL were 
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infected with either 104 or 106 genomes/mL of phage (Table 4-S1) in 1 mL of Difco nutrient 

broth (NB; BD, Sparks, Maryland, USA). Cultures were grown for 8 h at 27°C and shaken 

on an orbital shaker at 200 rpm, then heated to 70°C for 10 min to stop the reaction and 

release the phage DNA. qPCR was used to quantify phage genomes (Gayder et al., 2019; 

Gayder et al., 2020). Due to differences in the starting phage concentrations, the log10 

genomic titre of each phage was normalized on a 0-1 scale from no increase beyond the 

starting concentration to the maximum among all phages. The maximum log10 phage titre 

was 11.87 (7.5x1011 genomes/mL) achieved by ɸEa31-3 on Ea29-7. The phage minimum 

used was phage dependent and determined separately for both starting concentrations.  

4.3.2 GWAS 

Bacterial genomes were sequenced and assembled previously (Gayder et al., 2020; 

Parcey et al., 2020b), and their accession numbers are listed in Table 4-S1. Except for 

Ea273, the genome assemblies of E. amylovora used were those used by Parcey et al. 

(2020b) where each assembly was concatenated into one contig using the MeDuSa 

scaffolder (Bosi et al., 2015). All other genome assemblies used remained as contigs. 

Identification of SNPs among all 80 genomes was performed using kSNP3 version 3.1 

(Gardner et al., 2015) using a k-mer length of 19 and E. amylovora Ea273 as the reference 

genome. SNPs were identified by mapping all 19 bp k-mers in Ea273 to the other 79 

genomes, meaning a single bp change flanked by 9 identical bp in both directions was 

called an SNP. Any mutation beyond an SNP in each k-mer was designated as NA, and 

this was all output as a VCF file. This file was edited to a binary with NAs as 1 and 

matching or single bp change as 0. A phylogeny of the 80 genomes was also produced from 

kSNP3. The R package TreeWAS version 1.0 (Collins and Didelot, 2018) was used to 
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determine which mutated or deleted k-mers (NAs) were significantly associated with the 

production of each phage using the modified VCF file and the phylogeny as input with 

default parameters. TreeWAS was run separately for phages ɸEa21-4, ɸEa46-1-A1, ɸEa9-

2, and ɸEa35-70 to find loci specific for each phage. 

The significant k-mers associated with production of ɸEa21-4, ɸEa9-2, and ɸEa35-70 

were mapped to loci in the Ea273 annotated genome to identify which genes showed 

variation. ɸEa46-1-A1 was excluded due to the high number of identified loci. The 

remaining genomes were annotated using DFAST (Tanizawa et al., 2018). To compare the 

gene sequences, blastp (e value < 1e-60) was used to identify the homologous genes in the 

genomes. Clustal Omega multiple sequence alignment (MSA) was used align the protein 

sequences to identify mutations at the associated loci. The Expasy nucleotide to amino acid 

translation tool was used align the 19 bp k-mer to the corresponding amino acid sequence 

in the Ea273 reference gene sequences to identify them in the MSA.  

4.3.3 Data Analysis 

Modification of the VCF file to binary of mutated or deleted k-mers, and normalization 

of phage growth measurements, was carried out with Microsoft Excel 2016. Further data 

analysis was performed with R, version 3.5.1 (R Core Team, 2018). Data manipulation and 

calculations were performed with dplyr package, version 0.7.6 (Wickham et al., 2018), and 

figures were generated with ggplot2, version 3.0.0 (Wickham, 2016).  

4.4 Results  

The production of 10 phages on 80 different strains of E. amylovora, E. pyrifoliae, P. 

agglomerans, and other orchard bacteria was normalized on a scale from 0-1 from no 
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growth to the maximal growth of 7.5x1011 genomes/mL (Figure 4-1). All Erwinia virus 

Ea214 (ɸEa10-1, ɸEa10-2, ɸEa21-4, ɸEa45-1B) and Erwinia virus Era103 (ɸEa10-7, 

ɸEa31-3, ɸEa46-1-A1, ɸEa46-1-A2) phages appear to greatly prefer E. amylovora over P. 

agglomerans as a host. ɸEa35-70 appears to prefer P. agglomerans. Phage ɸEa9-2 is 

similar on both hosts, but achieves higher titres on greater number of E. amylovora strains 

(Figure 4-1). All Amygdaloideae-infecting E. amylovora strains are highly conserved with 

minimal genetic variation (Parcey et al., 2020b) which is seen in Figure 4-1. Among the 80 

strains there is a large amount of genetic variation and this variation was used to identify 

genes which are significantly associated with the host range of these phages (Figure 4-1). 

kSNP3 identified 564,885 k-mers containing SNPs among the 80 genomes when 

compared to the reference genome, Ea273. Also, 33.4% of the 19 bp length k-mers from 

Ea273 were found in all genomes. TreeWas identified 15 k-mers from Ea273 associated 

with production of ɸEa21-4, ɸEa9-2, and ɸEa35-70, and these k-mers were mapped to loci 

within 10 genes (Figure 4-2, Table 4-1).  

The S8 family serine peptidase (WP_004158423.1) is 642 amino acids (aa) in Ea273 

(Table 4-1). This enzyme is only present in E. amylovora strains but is highly conserved in 

these hosts. The phage associated region contains the mutation G589V in the Rubus 

infecting strains Ea1-97, Ea2-95, and Ea6-96 which is located in the region denoted "N-

acetylglucosamine-binding protein GbpA" in GenBank. This peptidase had the largest 

effect on ɸEa21-4 titres, with mutations associated with a 1.88 log reduction in final titre 

(Table 4-2). The other genes associated with ɸEa21-4 production contain variable numbers 

of homologous copies in their genomes. FliG (WP_004159318.1) is 328 aa in Ea273, and 

while all 80 strains contain a copy of a 330 aa copy of this gene, only E. amylovora and E.  
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Figure 4-1. Heatmap of normalized phage production from no phage growth to maximal. 

Phylogeny was produced by kSNP3 (Gardner et al., 2015) and visualized using the 

Interaction Tree of Life online tool (Letunic and Bork, 2019). Heat map and phylogenetic 

tree were combined using GNU Image Manipulation Program, version 2.8.22-1. 
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Figure 4-2. Manhattan plot of loci associated with phage infection. For each phage, every 

19 bp k-mer is tested using three different association tests, each with individual significant 

threshold values. The –log10 p-values from these tests are plotted at their corresponding 

location in the Ea273 reference genome. The coloured dots represent k-mers, or loci, within 

the identified genes, where orange, blue, and magenta represent phages ɸEa21-4, ɸEa9-2, 

and ɸEa35-70 respectively. Grey dots represent k-mers, or loci, that were not significantly 

associated with phage titre, and only a random 5% of the total are shown to prevent 

oversaturation of the figure.  
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Table 4-1. Bacterial genome loci associated with infection by Erwinia phages. The loci of 

associated k-mers are in relation to the Ea273 reference genome. The gene and protein ID 

containing these loci are indicated, as are the phage associated with these loci. The 

association is the method of comparison used by TreeWAS to identify k-mers significantly 

associated with phage production.  

Phage Locus Gene Protein ID Association1 

ɸEa21-4 663115 VgrG1 WP_004159869.1 Terminal, Subsequent 

ɸEa21-4 663178 VgrG1 WP_004159869.1 Terminal, Subsequent 

ɸEa21-4 663236 VgrG1 WP_004159869.1 Terminal 

ɸEa21-4 668113 VgrG2 WP_004159864.1 Terminal 

ɸEa21-4 2057049 Cytochrome c WP_004157790.1 Subsequent 

ɸEa21-4 2382751 S8 family peptidase WP_004158423.1 Simultaneous 

ɸEa21-4 2811155 FliG WP_004159318.1 Simultaneous 

ɸEa35-70 1559957 MurJ WP_004157062.1 Simultaneous 

ɸEa35-70 2956452 Syd WP_004155753.1 Simultaneous 

ɸEa9-2 1474596 L,D-transpeptidase WP_004156940.1 Subsequent 

ɸEa9-2 1664525 DcuR WP_004157260.1 Subsequent 

ɸEa9-2 3022602 CdiA WP_004155657.1 Subsequent 

ɸEa9-2 3022730 CdiA WP_004155657.1 Terminal, Subsequent 

ɸEa9-2 3022886 CdiA WP_004155657.1 Subsequent 

ɸEa9-2 3022901 CdiA WP_004155657.1 Terminal, Subsequent 
1Three different tests of association are made: Terminal measures sample wide association of loci 

and phenotype at the leaves of the tree without consideration of the phylogeny; Simultaneous 

measures parallel changes in phenotype and genotype across tree branches; Subsequent measures 

the association when both phenotype and genotype co-exist on the tree, and considered downstream 

associations where maintained (Collins and Didelot, 2018). 
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Table 4-2. Average log10 reduction of phage genome titre in hosts with genes lacking 

GWAS identified k-mers. A negative value indicates an increase in phage titre.  

Gene ɸEa21-4 ɸEa9-2 ɸEa35-70 ɸEa46-1-A1 

S8 Peptidase 1.88 0.22 -1.94 2.18 

VgrG1 1.24 -0.17 -1.76 1.76 

VgrG2 1.25 0.05 -1.81 2.22 

Cytochrome C 1.17 -0.23 -1.66 2.07 

FliG 0.96 -0.20 -1.98 2.09 

L,D-Transpeptidase 0.64 1.84 -0.46 2.56 

DcuR 0.47 1.84 -0.72 2.81 

CdiA 0.48 1.72 -1.09 3.38 

Syd -0.30 -0.47 -3.79 1.70 

MurJ -0.28 -1.23 -3.06 1.09 

Mean 0.70 0.37 -1.83 2.18 
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pyrifoliae contain this second 328 aa copy. These genes are highly conserved, and no non-

synonymous mutations are found at the indicated loci. Loss of this copy is associated with 

a 1.17 log reduction in final ɸEa21-4 titre (Table 4-2). Cytochrome c (WP_004157790.1) 

has between 1-5 homologous copies, and VgrG1 (WP_004159869.1) and VgrG2 

(WP_004159864.1) have between 0-5 homologous copies among the 80 genomes which 

makes their structural characterization challenging. However, the mutations of these genes 

are associated with 1.17, 1.24, and 1.25 log reductions respectively for ɸEa21-4 titres 

(Table 4-2). 

DcuR (WP_004157260.1, 239 aa) is absent from Erwinia gerundensis strains and 

among the other genomes the region contains variable residue alterations in all but one site. 

The L,D-transpeptidase (WP_004156940.1, 615 aa) is found in all 80 strains, and like 

DcuR, multiple non-synonymous mutations are found at this loci across these genomes. 

CdiA (WP_004155657.1, 222 aa), like VgrG1, contains multiple loci associated with phage 

titre and there is considerably more variability among these genes than most of the others. 

However, there is only a single copy of this gene per strain and 37 strains do not contain a 

copy. While the first 134 residues are quite well conserved among the remaining 43 

genomes, there is considerable variation outside this region, and the sizes of the gene 

products range from 222 aa to 3441 aa. The identified regions are all located in the more 

conserved portion of the gene with several non-synonymous mutations. Mutations in L,D-

transpeptidase, DcuR, and CdiA are associated with 1.84, 1.84, and 1.72 log unit titre 

reductions of ɸEa9-2, respectively (Table 4-2). 

MurJ (WP_004157062.1, 512 aa) is absent in Pantoea sp. Psp39-30 and contains the 

mutation A423S in P. agglomerans, Pantoea eucalypti, and Rahnella aquatilis. Syd 
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(WP_004155753.1, 226 aa) is present in all 80 strains, and the phage associated locus 

contains a V152I mutation in E. gerundensis and V152L in the other Pantoea species. 

These genes have the greatest associated difference in phage titre, as MurJ and Syd 

mutations were associated with 3.06 and 3.79 log unit increases of ɸEa35-70 respectively 

(Table 4-2). 

4.5 Discussion 

 To advance phage research and capitalize on the enormous potential of phages as 

therapeutics and biocontrol agents, a greater understanding of the determinants of host 

range is necessary. To achieve this with any significant efficiency, genome-wide screening 

methods are essentially required. However, all commonly applied methodologies involve 

genetic manipulations in laboratory settings, which may not give an accurate representation 

of the diversity and mechanisms of populations in their natural environments. There is a 

startling dearth of methods for genome-wide analyses of the determinants of host range 

using wild-type, or environmental, isolates of host bacteria. Presented here is the first 

GWAS-based approach to investigate the natural genetic variations which affect the host 

range of several phages. Through associations of genetic variations with differences in 

phage host range, 10 host genes which are associated with infection by three Erwinia 

phages were identified (Figure 4-3).   
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Figure 4-3. Diagram of cellular locations of the proteins associated with phage host range. 

The proteins are labelled and colour coded by phage where orange, blue, and purple are the 

genes associated with ɸEa21-4, ɸEa9-2, and ɸEa35-70 respectively. FliG is part of the 

flagellar motor switch; VgrG is the spike protein complex in the T6SS; Cytochrome c 

transports electrons across the membrane as part of the electron transport chain; S8 

peptidase is a subtilisin-like peptidase; DcuR is a transcriptional regulator that controls the 

expression of C4-dicarboxylate metabolism; CdiA is a toxic effector component of the 

T5SS; L,D-transpeptidase creates D-Ala4→DAP3 cross-linkages in the peptidoglycan; Syd 

associates with the SecY protein transport channel and is thought to contribute to its 

stability; MurJ is a flippase that translocates the peptidoglycan precursor lipid II across the 

inner membrane.  
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4.5.1 Contact Dependent Phage Resistance 

The association of two different contact dependent toxic effectors (VgrG and CdiA) is 

suggestive of a novel form of community level toxin-antitoxin (TA) based phage 

resistance. Numerous TA systems have been implicated in phage resistance, such as 

MazF/MazE (Hazan and Engelberg-Kulka, 2004), RnlA/RnlB (Koga et al., 2011), and 

ToxN/ToxI (Fineran et al., 2009). Phage resistance achieved through this mechanism is 

known as abortive infection (Abi) where the infected host altruistically sacrifices itself to 

prevent successful phage infection and protect the general population (Hampton et al., 

2020). TA systems have also been hypothesized to play a fundamental role in the 

development of persister cells, which are non-growing and more resistant to antibiotics 

(Ronneau and Helaine, 2019). The theory was that normal metabolically active cells have 

a homeostatic balance of both toxin and antitoxin. In a small number of cells, stochastic 

variations in ATP or the alarmone ppGpp would stimulate the Lon protease to then degrade 

the antitoxin. This upsets the homeostasis, the toxin then decreases the protein translation 

and a persister cell forms (Zamakhaev et al., 2019). Reduction in cellular ATP can strongly 

induce persistence (Kwan et al., 2013), but the alarmone ppGpp is generally considered as 

the main determinant (Wood and Song, 2020). Song and Wood (2020b) recently found that 

ppGpp controls persistence without TA systems and have prolifically and aggressively 

attempted to discredit the theory of TA system dependent persistence (Song and Wood, 

2020c; a; d; b; Wood and Song, 2020). However, this debate applies mostly to the 

intracellular role of TA systems and the stochastic distribution of individual cells that 

become persistent without environmental stimuli; other external or contact dependent TA 
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systems could follow this mechanism to induce persistence (Ghosh et al., 2018; Wood and 

Song, 2020).  

The contact dependent growth inhibition (CDI) system is part of a two-partner type V 

secretion system where the cell must make direct contact with target cell (Willett et al., 

2015). CdiA is a toxic effector that extends outside of the cell membrane and CdiB is an 

outer-membrane β-barrel protein which exports and presents CdiA. The CdiA then binds 

to a receptor on the target cell, where the CdiA is then cleaved and the toxin enters the cell 

(Jamet and Nassif, 2015; Willett et al., 2015). Like other TA systems, cells using CDI also 

encode an immunity protein (CdiI) to prevent self-inhibition (Willett et al., 2015). CdiA 

recognition of target cells is also thought to be highly specific to within its own species 

(Ruhe et al., 2013). Recently, CDI was found to induce persistence in a population density-

dependent way (Ghosh et al., 2018); as population density increased, the level of CdiA 

toxin entering cells increased, which led to reduced ATP and increased ppGpp levels, 

thereby activating Lon protease, degrading CdiI, and inducing persistence (Ghosh et al., 

2018). Metabolomic analysis of Pseudomonas aeruginosa infection by six different phage 

genera showed ppGpp levels were increased by three phages, reduced by two, and 

unchanged by one (De Smet et al., 2016). These changes did not correlate with other 

metabolic differences and were suggestive of active alteration by the phages. Phage T7 was 

found to resist TA system mediated abortive infection by interacting directly with the Lon 

protease (Sberro et al., 2013). The ability of phages to directly impact several components 

of this system contributes to the possibility that CDI has direct function as a phage 

resistance mechanism. 
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VgrG is the spike protein in the bacterial type VI (T6SS) secretion system. This protein 

pierces the membrane of nearby cells to allow the injection of toxic effector proteins 

(Cianfanelli et al., 2016). The spike protein complex is a trimer of VgrG proteins, and also 

able to bind directly to certain effectors for delivery into target cells (Jamet and Nassif, 

2015; Klein et al., 2020). These effectors can degrade a diverse range of molecules 

necessary for bacterial growth, such as cell wall and membrane components, proteins, and 

nucleotides (Klein et al., 2020). Effectors can even be encoded as C-terminal domains 

within the VgrG genes themselves, and as such, multiple copies of VgrG with different C-

terminal domains are common (Jamet and Nassif, 2015). While the T6SS can act against 

eukaryotic cells similar to other secretion systems, its main role is now believed to function 

mostly for interbacterial competition or antagonism (Jamet and Nassif, 2015; Klein et al., 

2020). Bacteria with T6SS toxic effectors also encode immunity proteins to protect 

themselves from other isogenic neighbors, much like other contact dependent TA systems, 

and allow for self/nonself discrimination (Ruhe et al., 2020). Ho et al. (2013) found that 

when E. coli attempted type IV secretion system (T4SS) mediated DNA conjugation into 

P. aeruginosa, the T6SS of P. aeruginosa greatly reduced the viability of the E. coli and 

prevented conjugation (Ho et al., 2013). Additionally, membrane permeation by T6SS, 

T4SS, and polymyxin B all caused a rapid induction of P. aeruginosa T6SS. The 

researchers hypothesized that this was a mechanism to prevent the injection of parasitic 

DNA from other bacteria (Ho et al., 2013). It seems reasonable, given the striking similarity 

between the T6SS and phage tail (Nguyen et al., 2018), that phage infection could also 

induce such a response. In this case, it could act on neighbour cells to signal phage 

infection. In Salmonella agona BIMs against phage SI1, the acquired mutations were 
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frequently located in VgrG (Fong et al., 2020). While the authors made no inference as to 

the potential role of T6SS in phage resistance, their results certainly align with the results 

of this study and suggest a possible T6SS mediated resistance mechanism. 

Both the T5SS and T6SS cause CDI in some form and share some similarities in their 

roles or impacts (De Gregorio et al., 2019). A Lon protease mutant of E. amylovora led to 

overproduction of amylovoran and reduced motility (Lee et al., 2018). Knockout of LonA 

in Vibrio cholera caused hypermotility and prevented biofilm formation, which would be 

consistent with a loss of CdiA induced persistence, and also increased T6SS activity 

(Rogers et al., 2016). Knockouts in other T6SS genes in E. amylovora upstream of VgrG 

altered the expression of 20 different chemotaxis and motility genes (Kamber et al., 2017), 

and knockouts of VgrG reduced amylovoran production (Tian et al., 2017). These 

phenotypic changes are similar in scope to those in biofilm formation, where motility is 

reduced and EPS production is increased (Dressaire et al., 2015). Both systems likely affect 

bacterial growth in such high-density liquid cultures as used in this study, which could 

seemingly affect phage infection indirectly. However, of the 10 genes identified in this 

study, three belonged to this group, and the impact of both systems was phage specific. 

The association of toxic effectors from both the T5SS and T6SS is suggestive of 

community-based, contact-dependent phage resistance. Further experimental work would 

be required to confirm this theory, but this is the first assertion that both the T5SS and 

T6SS may be involved in phage resistance.  

4.5.2 Potential Phage Receptor 

 FliG (WP_004159318.1), the flagellar motor switch protein, is an essential 

component located at the base of the bacterial flagellum. FliG is critical for flagellar 
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assembly, the generation of torque, and switching between clockwise and counter-

clockwise rotation (Brown et al., 2002). The flagellum is a known host binding receptor 

for many phages, including Salmonella enterica serovar Typhimurium phage iEPS5 (Choi 

et al., 2013), Escherichia, Salmonella, and Serratia infecting phage χ (Samuel et al., 1999), 

Agrobacterium sp. phage 7-7-1 (Gonzalez et al., 2018), and Erwinia 

carotovora ssp. atroseptica phage ɸAT1 (Evans et al., 2010). S. enterica serovar 

Typhimurium strain SJW2811 contains a small deletion in FliG which causes a CW-biased 

rotation and prevented adsorption of phage iEPS5 (Choi et al., 2013). The role of flagellar 

rotation in phage binding was shown to be like a “nut and bolt” type mechanism where the 

rotation forced the bound phage downwards within the grooves of the flagellum. Reversed 

rotation effectively ejected the phage and prevented adsorption (Samuel et al., 1999). The 

ultimate infection strategy of flagellatropic phages are variable, as phage iEPS5 injects its 

genome directly into the flagella (Choi et al., 2013), and phage 7-7-1 binds to the flagella 

to reach its secondary receptor, the LPS (Gonzalez et al., 2018). Phage ɸEa21-4 is known 

to produce higher titres on E. amylovora strains that produce less EPS and lower titres on 

strains with high EPS production (Roach et al., 2013; Gayder et al., 2019). Considering the 

general dichotomy between higher EPS production and less flagella/motility, the reduced 

flagellar availability or movement could hinder ɸEa21-4 adsorption and reduce titres 

(Dressaire et al., 2015). Therefore, our results suggest that ɸEa21-4 is a flagellatropic 

phage, but its method of genome injection remains unknown.  

4.5.3 Altering Host Metabolism  

Cytochrome c (WP_004157790.1), an electron transport protein, is used in cell 

respiration. It is anchored within the inner membrane and sits in the periplasmic space 
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(Thöny-Meyer, 1997). Through its role in cross-membrane electron transport and ATP 

generation, it helps the cell to maintain a proton gradient across the membrane called the 

proton motive force (PMF) (Thöny-Meyer, 1997). The PMF is commonly used by phages 

to initiate lysis. Phage holins can alter the PMF such that cell death occurs and releases 

endolysins to break down the peptidoglycan, and holin activation can even be dependent 

on changes to PMF (Fernandes and Sao-Jose, 2018). The PMF also affects the functions 

of membrane bound proteins and processes, such as the flagella (Tipping et al., 2013), MurJ 

activity (Kumar et al., 2019), and the SecYEG protein transport channel (Tsukazaki and 

Nureki, 2011). In a study of Campylobacter jejuni infection by flagellatropic phage 

FlaGrab, RNAseq comparisons showed that cytochrome c expression was one of the most 

significantly increased (Sacher et al., 2020). Sacher et al. (2020) hypothesized this was a 

response to regain flagellar motion after drag from adsorbed phage slowed it down.  This 

may further suggest that ɸEa21-4 is a flagellatropic phage. However, ATP levels can also 

prevent phage genome injection into the cell and packaging of genomes into new phage 

capsids (Molineux and Panja, 2013). MP196, a small antimicrobial peptide, kills Gram-

positive Bacillus subtilis by the membrane exclusion of cytochrome c and other inner 

membrane proteins (Wenzel et al., 2016). Considering the enormous functional diversity 

of phage proteins, cytochrome c may be the target for a ɸEa21-4 encoded lysis peptide. 

Due to the broad functional diversity of cytochromes c and the downstream implications 

of these functions it is difficult to determine its exact role in phage infection.  

DcuR (WP_004157260.1) is part of the two-component response-regulator system 

(DcuS-DcuR) where DcuS detects fumarate and other C4-dicarboxylates, then 

phosphorylates the DNA regulator DcuR which dimerizes and binds to promoter region 
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upstream of genes that induce fumarate catabolism. This activity also affects carbon 

starvation metabolism which in turn affects amino acid synthesis/degradation, motility and 

lipopolysaccharide production (Abo-Amer et al., 2004; Surmann et al., 2020). A DcuR 

mutant of E. amylovora had a greatly increased amylovoran production and its motility 

was reduced and irregular (Zhao et al., 2009). Two component regulatory systems are 

generally involved in antibiotic resistance, as they sense the antibiotics and regulate genes 

related to resistance (Bhagirath et al., 2019). Anaerobic respiration genes are commonly 

upregulated after lytic phage infection and DcuR is likely involved (Fernandez et al., 2018). 

The direct function of DcuR in phage infection is unknown, but its downstream effects on 

motility and LPS could play a role. It is possible that ɸEa9-2 interacts directly with DcuR 

either to induce anaerobic metabolism or prevent host response to infection. Cells affected 

by CDI show downregulation of aerobic respiration and interaction with DcuR could 

prevent this (Aoki et al., 2009).  

4.5.4 Peptidoglycan 

MurJ (WP_004157062.1), a lipid II flippase, is responsible for flipping, or 

translocating, the peptidoglycan precursor lipid II across the inner membrane from the 

cytosol to the periplasmic space. Once across the membrane, the lipid II becomes the 

substrate for peptidoglycan synthesis (Zhao et al., 2017). MurJ binds to lipid II in the 

cytoplasm causing a conformational change that flips the lipid II across the membrane and 

releases it to the periplasm. The PMF is then required to return its structure to its original 

state (Kumar et al., 2019). MurJ is also critical for cell division, as it is recruited to the 

forming septum to drive the cell apart (Monteiro et al., 2018). Higher proportions of non-

synonymous mutations of MurJ were found in the pangenome of P. aeruginosa, suggestive 
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of a possible response to phage predation (Mosquera-Rendon et al., 2016). The lysis protein 

LysM, encoded by E. coli levivirus phage M, was found to block the activity of MurJ to 

inhibit peptidoglycan synthesis and facilitate release of phage progeny (Chamakura et al., 

2017). MraY is also a membrane bound protein where lipid I is first formed on the cytosolic 

side of the membrane, after further modifications it transforms into lipid II and MurJ flips 

it (Teo and Roper, 2015). Lysis protein E of ɸX174 blocks action of MraY in E. coli, 

preventing peptidoglycan synthesis (Bernhardt et al., 2001). These examples of phage 

targeting MurJ and the similar MraY further suggest that MurJ could possibly play a role 

in ɸEa35-70 infection. Its potential role may be in the alteration of peptidoglycan, or as a 

target to help induce phage lysis. 

The protein WP_004156940.1 is an L,D-transpeptidase. Transpeptidases are critical 

proteins for the synthesis of the peptidoglycan layer, as they function to cross-link short 

peptide bridges between the glycan strands and form its protective, net-like structure. The 

majority of these cross-linkages are of the same conformation, a link between D-

Ala4→DAP3, or 4→3, and are created by D,D-transpeptidases (Hugonnet et al., 2016). 

Another cross-linkage exists in the peptidoglycan between DAP3→DAP3, or 3→3, and is 

created by the L,D-transpeptidase (Hugonnet et al., 2016). This 3→3 cross-linkage 

comprises only 3% of the total in exponentially growing E. coli cells, but this increases to 

10% in stationary phase (Schwarz et al., 1969). The role of these altered cross-linkages is 

thought to be a response to avoid cell lysis under stress (More et al., 2019). Mutations in 

the LPS synthesis machinery leads to an increase in 3→3 cross-linkages, possibly to 

compensate for the altered stress on the outer membrane (More et al., 2019). D,D-

transpeptidases are the target of action of β-lactam antibiotics, and host resistance to these 
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antibiotics can form by switching exclusively to L,D-transpeptidase use and subsequently 

3→3 cross-linkages (Hugonnet et al., 2016). The L,D-transpeptidase LdtP in Liberibacter 

asiaticus was also shown to cause changes to the LPS structure (Coyle et al., 2018). It was 

recently reported that amoxicillin resistance in E. coli resulted in cross resistance to LPS 

dependent phages, due to the changes in the LPS structure (Zuo et al., 2020). Connecting 

these findings, it is conceivable that LPS structure may be altered as a consequence of 

phage induced L,D-transpeptidase activity. The role of L,D-transpeptidase in ɸEa9-2 

infection is unclear as it could both act to strengthen the peptidoglycan layer from 

endolysin and prevent phage release, or alter the LPS structure to prevent phage adsorption. 

However, we previously established that ɸEa9-2 can infect and fully replicate on Ea17-1-

1, but not induce lysis (Parcey et al., 2020a). This would support the hypothesis that ɸEa9-

2 is unable to break through the peptidoglycan layer to release.  

4.5.5 Protein Transport and Degradation 

The protein WP_004158423.1, a serine peptidase, belongs to the S8 family of 

subtilisin-like peptidases, enzymes that break down peptides. Peptidase activity can be 

necessary for the cleavage needed for effectors, viral assembly, or receptor maturation 

(Bergeron et al., 2000). Additionally, these enzymes are used in carbon and nitrogen 

acquisition thus allowing the bacteria to adapt to specific microenvironments (Nguyen et 

al., 2019). A T4 resistant mutant of Erwinia carotovora lacking protease activity was made 

sensitive to T4 after reversion to a protease-positive state (Pirhonen et al., 1988). A 

subtilisin‐like peptidase family S8 (SprP) knockout in P. aeruginosa PAO1 abolished 

motility of cells, increased biofilm formation, and greatly altered anaerobic growth and 

metabolism (Pelzer et al., 2014). The similarity of phenotypes compared to those in Lon 
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mutants suggest that this S8 peptidase could also have a similar role. The role of the 

identified peptidase could be in the activation of effectors, breakdown of immunity 

proteins, assembly of flagella or other receptors, or even the degradation the phages 

themselves (Resch et al., 2005). Due to the wide range of possible functions, further 

research would be required to get an accurate understanding of the true role of this 

peptidase. However, this specific mutation had the biggest impact on the final ɸEa21-4 

titre, reducing it by an average of 1.88 log units.  

 Syd (WP_004155753.1) has been proposed to act as quality control system to 

ensure the proper assembly of the SecY complex (Dalal et al., 2009). The SecY protein 

transport complex is a membrane bound channel used by all cells for both the translocation 

of proteins across the membrane and integration of other membrane bound proteins (Park 

and Rapoport, 2012). It transports proteins post-translationally through recognition of a 

signal sequence, or co-translationally through direct interactions with the ribosome (Park 

and Rapoport, 2012). The SecY complex can be utilized by phages during infection, as 

endolysins of Oenococcus oeni phage fOg44, and E. coli phages P1 and 21 are secreted 

through the SecY system (Catalao et al., 2013). Interestingly, the only known endolysin 

gene of ɸEa35-70 contains a Sec secretion signal peptide which suggests that ɸEa35-70 

depends on SecY mediated secretion of its endolysin to break down the peptidoglycan and 

facilitate progeny release. Our previous work with ɸEa35-70 showed that, while ineffective 

alone, when combined with ɸEa21-4 and ɸEa46-1-A1 it synergistically enhanced the 

reduction of E. amylovora population growth (Gayder et al., 2020). ɸEa35-70 was able to 

replicate its genome in most strains of E. amylovora, but to a far lesser extent than other P. 

agglomerans strains (Figure 4-1). This suggests that ɸEa35-70 can infect and replicate in 
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E. amylovora, but is potentially less able to lyse its host and release progeny. In a mixture, 

when ɸEa21-4 or ɸEa46-1-A1 were present the host was lysed and the ɸEa35-70 endolysin 

could be released. Furthermore, ɸEa35-70 was unable to replicate on Pa31-4 (Figure 4-1) 

and had no effect on its growth (Gayder et al., 2020). However, in a mixture with both 

Pa31-4 and the sensitive strain Pa39-7, the growth of both strains were reduced (Gayder et 

al., 2020). Successful infection of Pa39-7 in the culture could lead to release of endolysin 

into the medium, which could in turn lead to the reduction of Pa31-4. ɸEa35-70 could act 

directly with P. agglomerans Syd to facilitate the release of its endolysin, or Syd in E. 

amylovora could be different in a way that it prevents ɸEa35-70 endolysin from passing. 

This mutation in Syd seemingly had the largest impact of all genes, and was associated 

with an increase of ɸEa35-70 titre by 3.79 log units. Little is known about Syd so its 

involvement with phage resistance could be a productive avenue for further research. 

Furthermore, if this hypothesis is correct, the endolysin from ɸEa35-70 could be a potent 

antibacterial and further investigation would be worthwhile. 

4.5.6 Phage Infection Strategies 

While the results of this study of Erwinia phages and their hosts are associations and 

cannot be interpreted as causative, the functions of these genes in phage infection can be 

used to form hypotheses for further investigation.  

ɸEa21-4 potentially identifies its target host by binding to the flagella, possibly using 

flagellar rotation to reach the surface of the outer membrane. Following injection, the host 

cell could respond with the activation of the T6SS to notify neighboring cells that an 

infection is occurring. Cytochrome c could help maintain or alter the PMF in response to 

phage infection, or act as a target for membrane disruption and lysis. The S8 family 
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peptidase may be involved in T6SS response by activating effectors or degrading immunity 

proteins, determine the structure of receptors, or degrade ɸEa21-4 directly. 

ɸEa9-2 infects the cell through an unknown mechanism. Infected cells may use the 

T5SS CDI mechanism to alert nearby cells of infection, or induce persistence to sequester 

the phage. ɸEa9-2 possibly interacts with the DcuR transcription factor either to alter the 

host’s metabolism or to prevent the cell from detecting its infection. Cells could use L,D-

transpeptidase to alter the peptidoglycan structure as either baseline resistance or in 

response to self or nearby infection. This activity could prevent ɸEa9-2 from lysing the cell 

and releasing its progeny, but it is also possible that this blocks phage entry. 

ɸEa35-70 is the only phage in our collection that produces higher titres on Pantoea 

spp. than Erwinia spp. Since ɸEa35-70 can also infect E. amylovora, its receptor is likely 

conserved. MurJ may act as an inner membrane receptor, but this seems unlikely. It is more 

likely that peptidoglycan differences due to MurJ prevent ɸEa35-70 from lysing, or that 

ɸEa35-70 blocks MurJ activity to lyse the cell. ɸEa35-70 likely relies on the SecY protein 

secretion system, potentially as a means to get its endolysin to the peptidoglycan. ɸEa35-

70 could interact with Syd directly to facilitate this or host variations in Syd could prevent 

it.  

4.6 Conclusions 

A novel GWAS-based approach was used to identify the genetic determinants of host 

preferences for three Erwinia phages belonging to three distinct species. Laboratory based 

knockout screening methods require the infrastructure to screen thousands of mutants, 

which makes it challenging to consider quantitative parameters of phage infection. Given 

the broad and interconnected functions of many of these genes, knockout studies would 
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likely cause cascading disruptions throughout the cell and make it challenging to determine 

their actual roles in phage resistance. With the growing ease and affordability of 

sequencing bacterial genomes, and the speed and adaptability of our qPCR based host 

range method, this type of study could be easily implemented into research projects to gain 

novel insights into phage infection and resistance mechanisms. While other similar 

methods have relied on gene mutations or interference, this GWAS approach identifies 

wild-type mutations in natural populations. This is more likely to represent mutations 

acquired from the co-evolution of bacteria and their phages. This method is not limited to 

non-essential genes and can be easily modified to identify genes involved at different stages 

of growth or under different growth conditions. However, this method uses k-mers derived 

from a single reference genome, and therefore any genes or mobile elements not present in 

the reference genome were absent from the analysis. Alternatively, a pooled library of k-

mers from all 80 genomes would be a more agnostic approach and would provide a more 

complete coverage of the overall metagenome. This could reduce potential bias towards 

the reference strain but could also complicate the mapping of individual k-mers to a 

specific gene or biological function.   

The genes identified through this study are associated with phage infection, and are 

therefore correlations and not definitively causative. None of the identified gene mutations 

can fully explain the variation in infection success of any particular phage on any specific 

host (Table 4-2). These results merely identify loci, and therefore genes, in the Ea273 

genome in which variations have a high statistical correlation with variation in phage 

infection among the different hosts. It is also not possible to determine whether many of 

these associated gene differences cause increases or decreases in protein function or 
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activity. However, full confirmation of the roles of the genes identified in this study would 

require not only targeted gene edits, but full investigative studies as well. Given the value 

of GWAS to human genetics, these pioneering efforts should be considered as more of a 

roadmap to future research as opposed to unverified findings simply awaiting confirmation 

with gene knockouts. Of particular interest for further research is the potential roles of the 

T5SS and T6SS in phage resistance, which have not previously been proposed. 
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4.7 Supplementary Material 

Table 4-S1. Bacterial strains used in this work. The species, location of original isolation 

and genome accession number are given, as is the starting concentration of phages used in 

the original host range experiments where this data was generated.  

Strain Species Location Accession Number 
Phage Added 

(genomes/mL) 

Ea110 Erwinia amylovora MI, USA NQJZ000000 1 x 104 

Ea1-97 Erwinia amylovora NS, Canada JAAEVU000000000 1 x 104 

Ea2-95 Erwinia amylovora NS, Canada JAAEVS000000000 1 x 104 

Ea2-97 Erwinia amylovora NS, Canada JAAEVQ000000000 1 x 104 

Ea3-97 Erwinia amylovora NS, Canada JAAEVM000000000 1 x 104 

Ea433 Erwinia amylovora QC, Canada JAAEVK000000000 1 x 104 

Ea435 Erwinia amylovora QC, Canada JAAEVJ000000000 1 x 104 

Ea6-96 Erwinia amylovora NS, Canada JAAEVB000000000 1 x 104 

Ea7-96 Erwinia amylovora NS, Canada JAAEUZ000000000 1 x 104 

CFBP1995 Erwinia amylovora France JAAEWN000000000 1 x 104 

CFBP2313 Erwinia amylovora France JAAEWM000000000 1 x 104 

CFBP7130 Erwinia amylovora Morocco JAAEWL000000000 1 x 104 

CFBP7131 Erwinia amylovora Morocco JAAEWK000000000 1 x 104 

Ea169 Erwinia amylovora Israel JAAEVX000000000 1 x 104 

Ea214-07 Erwinia amylovora Germany JAAEWX000000000 1 x 104 

Ea241 Erwinia amylovora Israel JAAEWW000000000 1 x 104 

Ea245-07 Erwinia amylovora Germany JAAEWV000000000 1 x 104 

Ea315 Erwinia amylovora New Zealand JAAEVP000000000 1 x 104 

Ea321 Erwinia amylovora France JAAEVO000000000 1 x 104 

Ea367 Erwinia amylovora Poland JAAEVN000000000 1 x 104 

Ea464 Erwinia amylovora Poland JAAEVH000000000 1 x 104 

Ea650 Erwinia amylovora Poland JAAEVC000000000 1 x 104 

EaA-11 Erwinia amylovora Lebanon JAAEUV000000000 1 x 104 

EaB110 Erwinia amylovora Lebanon JAAEUU000000000 1 x 104 

EaFb97b Erwinia amylovora New Zealand JAAEUP000000000 1 x 104 

EaIVIA2303 Erwinia amylovora Spain JAAEUN000000000 1 x 104 

Ea12 Erwinia amylovora CA, USA JAAEWB000000000 1 x 104 

Ea1F Erwinia amylovora CA, USA JAAEUR000000000 1 x 104 

Ea20060013 Erwinia amylovora UT, USA JAAEXH000000000 1 x 104 

Ea20070126 Erwinia amylovora UT, USA JAAEXG000000000 1 x 104 

Ea20070245 Erwinia amylovora UT, USA JAAEXF000000000 1 x 104 

Ea20070270 Erwinia amylovora UT, USA JAAEXE000000000 1 x 104 

EaBC23A Erwinia amylovora BC, Canada JAAEWO000000000 1 x 104 

EaBC29 Erwinia amylovora BC, Canada JAAEWY000000000 1 x 104 

EaBC31b Erwinia amylovora BC, Canada  1 x 104 

EaLA469 Erwinia amylovora OR, USA  1 x 104 

EaLA472 Erwinia amylovora OR, USA JAAEUM000000000 1 x 104 

Ea17-1-1 Erwinia amylovora ON, Canada JAAEVW000000000 1 x 104 

Ea273 Erwinia amylovora NY, USA NC_013971.1 1 x 104 

Ea29-7 Erwinia amylovora ON, Canada JAAEVM000000000 1 x 104 

Ea6-4 Erwinia amylovora ON, Canada JAAEVD000000000 1 x 104 
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EaD7 Erwinia amylovora ON, Canada JAAEUT000000000 1 x 104 

EaG5 Erwinia amylovora ON, Canada JAAEUS000000000 1 x 104 

EaO-RG-21 Erwinia amylovora NY, USA JAAEUL000000000 1 x 104 

EaP-C-3b Erwinia amylovora NY, USA JAAEUK000000000 1 x 104 

Eg13-2 Erwinia gerundensis ON, Canada JACSXP000000000 1 x 106 

Eg13-3 Erwinia gerundensis ON, Canada JACSXO000000000 1 x 106 

Eg31-2 Erwinia gerundensis ON, Canada JACSXG000000000 1 x 106 

Eg31-5 Erwinia gerundensis ON, Canada JACSXD000000000 1 x 106 

Ep16-96 Erwinia pyrifoliae South Korea  1 x 106 

Ep28-96 Erwinia pyrifoliae South Korea  1 x 106 

Ep4-97 Erwinia pyrifoliae South Korea  1 x 106 

Ejp556 Japanese Erwinia spp. Japan  1 x 106 

Ejp617 Japanese Erwinia spp. Japan  1 x 106 

Psp39-30 Pantoea sp. ON, Canada JACSWU000000000 1 x 106 

Pa17-1 Pantoea agglomerans ON, Canada JACSXN000000000 1 x 106 

Pa17-5 Pantoea agglomerans ON, Canada JACSXM000000000 1 x 106 

Pa21-13 Pantoea agglomerans ON, Canada JACSXI000000000 1 x 106 

Pa21-15 Pantoea agglomerans ON, Canada JACSXH000000000 1 x 106 

Pa21-3 Pantoea agglomerans ON, Canada JACSXL000000000 1 x 106 

Pa21-5 Pantoea agglomerans ON, Canada JACSXK000000000 1 x 106 

Pa31-3 Pantoea agglomerans ON, Canada JACSXF000000000 1 x 106 

Pa31-4 Pantoea agglomerans ON, Canada JACSXE000000000 1 x 106 

Pa39-1 Pantoea agglomerans ON, Canada JACSXC000000000 1 x 106 

Pa39-14 Pantoea agglomerans ON, Canada JACSWY000000000 1 x 106 

Pa39-23 Pantoea agglomerans ON, Canada JACSWW000000000 1 x 106 

Pa39-27 Pantoea agglomerans ON, Canada JACSWV000000000 1 x 106 

Pa39-3 Pantoea agglomerans ON, Canada JACSXB000000000 1 x 106 

Pa39-5 Pantoea agglomerans ON, Canada JACSXA000000000 1 x 106 

E325 Pantoea agglomerans WA, USA JACSWT000000000 1 x 106 

E325-699 Pantoea agglomerans WA, USA JACSWS000000000 1 x 106 

E325-705 Pantoea agglomerans WA, USA JACSWR000000000 1 x 106 

E325-750 Pantoea agglomerans WA, USA JACSWQ000000000 1 x 106 

E325-754 Pantoea agglomerans WA, USA JACSWP000000000 1 x 106 

E325-ad1 Pantoea agglomerans WA, USA JACSWO000000000 1 x 106 

E325-ad2 Pantoea agglomerans WA, USA JACSWN000000000 1 x 106 

Pa39-21 Pantoea agglomerans ON, Canada JACSWX000000000 1 x 106 

Pa39-7 Pantoea agglomerans ON, Canada JACSWZ000000000 1 x 106 

Pv21-6 Pantoea eucalypti ON, Canada JACSXJ000000000 1 x 106 

Ra9-2 Rahnella aquatilis ON, Canada JACSXQ000000000 1 x 106 
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5.1 Discussion 

 The work presented in this thesis represents a novel approach to the study of 

bacteriophage and host dynamics with the goal of designing an improved phage-carrier 

system for the control of E. amylovora. Most significant to this work was the creation of 

the pTotalStdA plasmid standard for qPCR quantification of bacterial hosts and phages. 

This plasmid standard was fundamental to the development of several novel and innovative 

methods and approaches to study phage-host interactions which were: (i) quantitative host 

range assay, (ii) populations dynamics of mixed host and phage populations, (iii) GWAS 

identification of genetic determinants of phage host range, and (iv) the Molecular Profile 

of Infection (MPI) which characterizes the lytic life cycle of a phage in detail (Parcey et 

al., 2020a). In combination, these novel methodologies represent a comprehensive toolset 

to study phage-host dynamics and interactions in unprecedented detail. 

 The use of qPCR to quantify phages and bacteria offers many advantages over other 

common methods and is now considered by some researchers as the new “gold-standard” 

method (Duyvejonck et al., 2019; Kaletta et al., 2020). The pTotalStdA plasmid (Figure 2-

1) was created from a synthetic dsDNA fragment which contains the PCR amplicons of E. 

amylovora, P. agglomerans, and the four species of phages used in this work. The use of 

synthetic DNA for qPCR standard curves has been used for environmental quantification 

of pathogenic bacteria, gut phages, and even antimicrobial resistance genes (Ahmed et al., 

2019; Xu et al., 2019). The use of this synthetic DNA standard is useful as numerous 

standards are combined in one, which removes variability between different standards and 

also allows for the simultaneous quantification of multiple phages and hosts. The 

incorporation of this synthetic DNA fragment into a plasmid allows for the enrichment of 

more plasmid at higher concentrations, which was critical to making this an economically 
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viable method of qPCR standardization. Evidence of the use of synthetic DNA plasmid 

standards for phage quantification is challenging to find, suggesting it remains 

underutilized (Brooks et al., 2020). 

 The popular critique that is often used against the use of qPCR for phage and 

bacterial quantification is the idea that qPCR will overestimate the population of viable 

organisms due to the presence of additional genomes in dead or non-viable cells/phages 

(Morella et al., 2018; Peng et al., 2018; Duyvejonck et al., 2019; Magalhaes et al., 2019). 

The pTotalStdA plasmid does overestimate E. amylovora, P. agglomerans, and the four 

phage species tested when compared to plating methods (Parcey et al., 2020a). The use of 

DNase or prior DNA isolation are commonly used for phage, or the DNA binding dye 

propidium monoazide (PMA) for bacteria to reduce the difference between qPCR and plate 

titres (Fittipaldi et al., 2010; Zeng et al., 2016). However, there is often an assumed 

infallibility with plating methods. Given that the ratio between plate and qPCR titre is 

consistent over a range of concentrations, the comparison of both bacteria and phages over 

time with qPCR is likely highly accurate for the data presented here. 

 The host range of a phage is a critical parameter to study prior to the use of phage 

for therapeutic applications. However, the host range is often considered in simplistic terms 

and measured qualitatively. Quantitative determination of the host range offers more 

valuable information as an actual quantitative comparison can be made between hosts. 

Current methods for quantitative host range analysis are mostly limited to efficiency of 

plating studies, which are extremely costly in terms of time and effort, and turbidity studies, 

which are faster but focus more on the host response as opposed to the phage. Using qPCR 

to measure phage production on different hosts allowed for a quantitative approach that is 
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much faster than plating methods and still phage focused. This method confirmed that the 

amount of amylovoran produced by E. amylovora affects phage infection (Figure 2-4). The 

Autographiviridae Erwinia virus Era103 phages require amylovoran for infection and 

prefer hosts with higher production (HEPs), and the Myoviridae Erwinia virus Ea214 

phages prefer hosts that produce less amylovoran (LEPs) (Roach et al., 2013). Such 

findings that align with what little was already known about the dynamics of E. amylovora 

and its phages adds credibility to this method of host range determination and the results 

and conclusions that were subsequently obtained.  

The host range of phages on E. amylovora shows that the Erwinia virus Ea214 and 

Erwinia virus Era103 phages can all achieve very high titres (>1011 genomes/mL), but the 

Erwinia virus Era103 phages generally achieve high titres on more hosts (Figure 2-2). 

Against pomaceous E. amylovora strains, the majority of phage resistance is in the western 

part of North America (Figure 2-3, Figure 2-5). Interestingly, in these western hosts, the 

amount of amylovoran has a far greater impact on the Erwinia virus Era103 and Erwinia 

virus Ea9-2 phages (Figure 2-4), and explains almost all of the resistance seen in these 

phages in the west (Figure 2-5). This could be indicative of structural changes in 

amylovoran in the west that prevents phage recognition and adsorption. Investigation into 

the structural variation of amylovoran by geography could reveal these differences and the 

impact of these changes on pathogenicity would be interesting. 

One of the main objectives of the host range study on E. amylovora was to identify 

which phages show broad potential for biocontrol and to identify if geography of E. 

amylovora origin would impact phage host range. What was not clear was whether 

measuring genomic replication of a phage was directly correlated to control efficacy. Based 
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on the more detailed population dynamics (Chapter 3) it appears that phage genomic 

replication on a host can be informative. Phage ɸEa21-4 reached log genomic titres of 11.6 

and 6.6 on Ea17-1-1 and EaD7 respectively after 8 h (Figure 2-3). In population dynamics 

experiments ɸEa21-4 was able to control Ea17-1-1 by 6 h and had no effect on EaD7 

(Figure 3-1). Phage ɸEa46-1-A1 reached log genomic titres of 10.9 and 11.5 on Ea17-1-1 

and EaD7, respectively after 8 h (Figure 2-3). However, ɸEa46-1-A1 had no efficacy 

against Ea17-1-1 but was extremely effective at controlling EaD7 (Figure 2-3). Based on 

genomic titre after 8 h it would be expected that ɸEa46-1-A1 should be at least somewhat 

effective against Ea17-1-1. What is not captured in the 8 h host range data but is shown by 

population dynamics is that ɸEa46-1-A1 grows nearly three logs in 2 h on EaD7 and then 

plateaus for several hours because it has depleted its host availability, whereas on Ea17-1-

1 ɸEa46-1-A1 grows slower but continually for 8 h leading to a higher titre but no control 

(Figure 3-1).  

The use of qPCR to study population dynamics allowed the measurement of phages 

and hosts simultaneously over time. The control of host growth only began once the MOIg 

was around 100 (Figure 3-S2). Based on these results, it is likely that measuring the 

genomic replication after only 2 h of growth would likely give a more accurate 

representation of a phage’s potential for bacterial control as it could be extrapolated to 

determine how quickly the phage would be expected to achieve high enough titres required 

for control. However, measurement of titres after only 2h would likely lead to different 

conclusions from a GWAS analysis, especially for population level responses such as the 

T5SS and T6SS.  



155 

 

Much like how phage host range can be thought of as a sum total of all stages of phage 

infection and evasion of resistance mechanisms, population dynamics of phages and their 

hosts are also the end result of a combination of different factors. The rate of adsorption 

determines how quickly phages can find and bind to their host, and depending on the 

concentrations of phage and host will determine how many host cells get infected and by 

how many phages. The time it takes a phage to replicate itself into more progeny (eclipse 

period), and to lyse from the cell (latent period), as well as how many progeny virions are 

released (burst size), all effect how quickly and effectively phage can control a bacterial 

population (Cairns et al., 2009; Abedon, 2017). These are all commonly considered as 

critical parameters to determine when studying phage for antimicrobial or therapeutic 

purposes.  

The pTotalStdA plasmid was used to create a novel method of determining these 

parameters using qPCR (Parcey et al., 2020a). ɸEa46-1-A1 on EaD7 was found to adsorb 

and infect rapidly and efficiently, and began bursting after only 23 min with a burst size of 

57 virions. ɸEa21-4 on Ea6-4 (a similar LEP to Ea17-1-1) adsorbs very quickly, but only 

60.7% of adsorbed phage caused infection and it took nearly 60 min before burst begins 

with a large burst size of 185 virions. ɸEa35-70 on Pa39-7 adsorbs slower and less 

effectively, but all adsorbed phage cause infection. Time until lysis begins is also about an 

hour but its burst size is 43 virions (Parcey et al., 2020a). These findings certainly explain 

how ɸEa46-1-A1 is able to rapidly increase three log units within 2 h to overcome the host 

but ɸEa21-4 and ɸEa35-70 take 4-6 h. Given the time and effort required to determine 

these parameters, this method of host range determination would be useful for screening 
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larger collections prior to determining which phages and host to include in phage therapy 

and study further in detail. 

  The host range determination of these Erwinia phages on P. agglomerans and 

several other species was useful for the identification of a bacterial phage carrier. The 

carriers Pa39-7 and Pa31-4 were chosen for further investigation. I hypothesized that Pa39-

7 would be an ideal carrier, as it can produce at least one phage from all four phage species 

tested and Pa31-4, being the most phage resistant P. agglomerans strain, could grow 

uninhibited by the phages. Individually these strains performed as hypothesized but when 

combined together both strains were inhibited by phage. The reason for this is likely some 

form of lysis from without, whereby a host is killed from the stress of many phages 

attempting to infect at once (Abedon, 2011). Phage ɸEa35-70 was still able to effectively 

replicate on Pa39-7 to high enough titres that the MOIg reached nearly 100 (Figure 3-S4), 

at which point reduction of both strains was observed (Figure 3-S3). This could also be a 

result of the ɸEa35-70 endolysin released after Pa39-7 infection which then affects Pa31-

4. In either case, this is another clear example of how the dynamics of a population can 

change in the presence of additional strains, and why the use of single strain model systems 

can be misleading.  

Comparing the host range of these phages against E. amylovora (Figure 2-3) and P. 

agglomerans (Figure 3-3) it seems the two are mirrored in some ways. Most obviously is 

ɸEa35-70, which is the least successful phage against E. amylovora and potentially the 

most successful against P. agglomerans, whereas the Erwinia virus Era103 phages are the 

most successful against E. amylovora and least successful against P. agglomerans. Phage 

ɸEa9-2 is relatively less effective than the Erwinia virus Era103 phages against E. 
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amylovora yet slightly more effective against P. agglomerans. The only phages that are 

similar are the Erwinia virus Ea214 phages, which comparatively could be described as 

very good but not the best against both E. amylovora and P. agglomerans. Of these four 

species, the Erwinia virus Ea214 phages are the only phages without any evidence of an 

EPS depolymerase gene (Yagubi, 2016). If ɸEa21-4 is a flagellatropic phage, it would 

make sense that it is more of a generalist with a broader host range whereas the other phages 

are more specific with narrow host ranges influenced by the host EPS.  

For the most effective control of E. amylovora with a P. agglomerans carrier and phage 

cocktail in vitro it was necessary that the carrier was able to grow rapidly (Figure 4-6). 

Comparing the efficacy of treatments grown for different times before pathogen 

introduction was meant to simulate the dynamics on the open blossom where a grower 

applies the biological prior to arrival of the pathogen. In effective phage-mediated 

biological control P. agglomerans cells need to cover the stigma and the inter-papillae 

spaces and be available for phage replication. Therefore, it was necessary to ensure that the 

phage cocktail was not completely inhibitory to carrier growth. Even though the PaMix + 

3ɸ was able to catch up to nearly 1010 carrier genomes/mL after 24 h, the difference of 

nearly two log units at 8 h would likely have significant implications for biocontrol efficacy 

in the field. Given that these experiments were in liquid cultures under ideal conditions, 

this effect would likely be far more dramatic under the harsh conditions on the stigma 

surface and cool spring temperatures. The phage dynamics study in this thesis shows the 

importance of allowing the carrier to grow and maintain high populations. Allowing both 

the carrier and phages to grow exhibited a continuous synergistic effect over time that was 

gradually lost when the carrier was inhibited. It is well-known that synergy can occur 
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between multiple phages in a cocktail or with phages and antibiotics, and so synergy 

between phages and other antagonistic microbes is something that should be considered 

more (Schmerer et al., 2014; Segall et al., 2019).  

Erskine (1973) was the first to suggest that phages could delivered inside of avirulent 

isolate of E. amylovora and used in biological control (Erskine, 1973). Beyond this early 

comment, the use of antagonistic bacteria as phage carrier systems has received very little 

attention (Tanaka et al., 1990; Danelishvili et al., 2006). Whether this is due to a lack of 

interest or awareness, or lack of phages with broad enough host ranges is unknown. It is 

generally considered important that phages do not infect other bacteria beyond the target 

pathogen, and so a broad host range phage with cross genera infectivity may be considered 

not specific enough for use (Hyman, 2019). However, given that the alternative is the use 

of broad-spectrum antibiotics, perhaps such a binary approach is restrictive. Current 

methods for phage extraction are biased towards the isolation of narrow host range phages, 

but different approaches can be used to select for phages which can infect multiple hosts 

(Hyman, 2019). Using both antagonists and target bacteria in the isolation protocol can 

maximize the chances of finding such broad host range phages, and in lab evolution 

experiments can also achieve this (Hyman, 2019). Antagonist and phage synergy can likely 

be achieved even if the antagonist is not a phage carrier at all. Pseudomonas fluorescens, 

Bacillus subtilis, B. amyloliquefaciens, Pseudomonas syringae, and Aureobasidium 

pullulans all have antagonistic effects against E. amylovora (Stockwell and Stack, 2007; 

Sundin et al., 2009; Ngugi et al., 2011; Slack et al., 2019). Phages can create cascading 

changes on non-target bacteria through alterations of specific population members (Hsu et 

al., 2019). As more attention is given to the microbiome and –omics studies become more 
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common, investigations into the dynamics between phages and antagonists in planta could 

lead to better understandings of the interactions and population dynamics that can be 

exploited for more effective control (Hsu et al., 2019; Cui et al., 2021). 

The efficacy of the designed carrier and phage combination was tested in vitro in liquid 

cultures under ideal conditions, and so further study will be needed to determine if these 

results translate effectively to field conditions. Furthermore, research is ongoing into the 

formulation of this treatment into a powdered product. The effect that formulation will 

have on the population dynamics of phage and carrier mixture is unknown, and further 

research will be required to investigate whether the carrier can still survive from phage 

replication after the stress from formulation. 

The use of genome wide screening for the identification of host range determinants is 

a growing area of interest. The use of transposon mutant libraries is the most common 

method (Qimron et al., 2006; Maynard et al., 2010; Kortright et al., 2020; Piya et al., 2020) 

but recently other non-chromosomal technologies such as CRISPRi, and the novel gain-of-

function screening Dub-Seq have also been used (Rousset et al., 2018; Mutalik et al., 2019; 

Mutalik et al., 2020). However, there is a surprising lack of similar genome-wide 

investigations of wild-type collections. A 2017 study looking to compare associations 

between antibiotic and phage resistance in environmental and clinical strains of E. coli was 

able to identify host genes associated with phage resistance (Allen et al., 2017). The lack 

of GWAS in bacteria has been attributed to the difficulty with accounting for the 

phylogenetic variations and complexities that exist in bacterial genomes, and the lack of 

comprehensive and easy to use tools to do it (San et al., 2020). 
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Recently, the first use of GWAS to identify determinants of phage host range was 

published (Moller et al., 2021). Similarly, this work used a large quantitative host range 

dataset, including eight phages on 259 strains of S. aureus, and recent bioinformatic tools 

to identify genes associated with host range variations. This team used a 96-well plate 

optical density approach whereby host range was determined based on differences in 

culture turbidity after overnight growth following phage infection. The authors used two 

different tools for GWAS analysis: TreeWas (Collins and Didelot, 2018), which was also 

used in this thesis, and pyseer (Lees et al., 2018). While TreeWas identified between 0-4 

significant SNPs per phage, pyseer associated up to 249 SNPs and 7078 k-mers for single 

phages, suggesting that pyseer may not be conservative enough for reliable results. The 

authors state that their findings confirmed several genes previously identified that affect 

host range in P. aureus and the six previously unidentified genes they tested with 

transposon mutations were all confirmed to affect host range as well. The findings of 

Moller et al. therefore add further validity to the findings presented in Chapter 4 of this 

thesis.  

One important difference is the method of host range determination, as all other recent 

studies investigating host range determinants have used optical density. The use of qPCR 

to quantify phage production as a measure of host range is unique and therefore this work 

approaches the same question from a different perspective. Whereas optical density is more 

indicative of host susceptibility to phage killing, qPCR phage titres reflect mechanisms that 

affect phage replication. This is likely why this is the first work to implicate the T5SS and 

T6SS as novel phage resistance mechanisms. As contact-dependent and cell density-

dependent abortive infection mechanisms, these should reduce the success of phage 
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replication with minimal impact on overall host population, and would therefore have an 

insignificant effect on optical density measurements. It’s also worth repeating that this 

qPCR based method of host range determination could be easily adjusted to quantify host 

populations as well, allowing a simultaneous analysis from both perspectives. 

In Chapter 2, a conditional inference analysis highlighted that the level of amylovoran 

produced affected the Podoviridae phages differently depending on the geographic origin 

of the E. amylovora host strain (Figure 2-5). However, how the role of geography and EPS 

can be extrapolated to the GWAS results in Chapter 4 is not immediately clear. Genomic 

comparisons of global E. amylovora strains have shown that western North American 

strains are distinct and cluster separately from other genomic groupings (Parcey et al., 

2020b), but compared to P. agglomerans and the other epiphytic hosts in this study the 

variation in E. amylovora is exceedingly small (Figure 4-1). Theoretically, this genetic 

homogeneity in E. amylovora should be ideal for identifying genetic determinants of host 

range. The high sequence conservation in most of the GWAS-identified genes among E. 

amylovora strains could suggest that these genes are responsible for the cross-genera host 

range of these phages and still do not genetically explain the variation within E. amylovora. 

Since EPS affects these phages and amylovoran production is controlled by a complex 

operon of genes, the limited number of E. amylovora strains used in the GWAS analysis 

just may not have the resolving power to identify significant genetic variants in such a 

complex system (Bugert and Geider, 1995; Bugert et al., 1996). However, several of these 

genes have implications in biofilm formation, and therefore EPS production. While no 

accurate correlations between genetics, EPS production, and host geography can be reliably 

identified with such a small sample size, further investigation with a larger collection could 
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greatly improve our understanding of the variation of EPS in E. amylovora, how EPS has 

evolved geographically, and how these factors affect phage infection. 

The limiting factor in this analysis was the availability of host genomes. Having 80 

genomes is lower than ideal for GWAS. For bacterial collections with a large number of 

already sequenced strains, this methodology could likely be implemented much easier than 

mutation based studies. However, mutation based studies have the benefit of an isogenic 

background, which makes it easier to conclude causality. The largest benefit of this method 

over mutation studies is the identification of naturally occurring mutations. This means that 

it is not limited to non-essential genes, and is also more reflective of the actual genes and 

systems that are directly involved in phage infection and resistance. Knockouts can cause 

large-scale cascading consequences across whole host systems which could lead to the 

false identification and overestimation of the impact of certain genes. In natural 

populations, mutations are more subtle as they must still maintain the tightly regulated 

homeostasis of other interconnected systems, and are therefore less likely to identify false 

positives. Phage ɸEa46-1-A1 had 561 identified significant deletions, which is likely due 

to the stark contrast in its preference for E. amylovora compared to Pantoea and the other 

epiphytic strains which leads to the general association with many loci. This could likely 

be rectified by screening for more non E. amylovora strains that can be hosts of ɸEa46-1-

A1, or the sequencing of more E. amylovora strains to give enough resolving power to be 

able to only focus on E. amylovora. Other types of genotypic variations can be used in this 

approach as well. Deletions were used due to the large phylogenetic differences between 

E. amylovora and the other species, meaning that individual SNPs were not abundant or 

consistent enough and were overpowered by larger deletions. In a larger library of just E. 
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amylovora strains, the use of SNPs would likely be quite useful due to the homogeneity of 

its genome. All SNPs/deletions were determined in relation to the reference genome Ea273, 

which means only sequences which are present in Ea273 are considered. It is also not clear 

what bias that could have on the analysis, as phage titres were normalized on a scale of 0-

1 where the reference was at different levels of that scale for each phage. Genomic 

characterizations without the use of a reference may be more informative or less inclined 

to bias, but the skills and computation for that could make it unfeasible. A more general 

characterization of gene presence or absence could achieve this, but the challenges of 

matching all homologous genes across multiple genera is likely no easier. 

Almost all of the other genome-wide studies investigating determinants of phage host 

range have been tested on well-studied model system of E. coli and its phages (Qimron et 

al., 2006; Allen et al., 2017; Rousset et al., 2018; Mutalik et al., 2020; Piya et al., 2020). 

This allows for a comparison of results to known genes as a form of confirmation. Since 

limited information is available on the infection strategy of these phages against E. 

amylovora or P. agglomerans, none of the identified genes or proposed infection strategies 

can be considered as fact. However, they do provide several avenues for further research 

to further our understanding of the dynamics of these Erwinia phages and their hosts. 

5.2 Conclusion 

This novel method of host range determination is fast and highly amenable to different 

degrees of automation. This is one of the largest quantitative host range analysis in recent 

literature. Because of the volume of data generated it allowed for the use of GWAS to 

identify determinants of host range in naturally occurring populations. In combination, 

these two methodologies represent a powerful approach to study phage-host interactions in 



164 

 

detail. Due to the versatility and adaptability of this host range method, phage-host 

interactions can be studied under different biological conditions such as cultures of 

different ages or different nutrient backgrounds. Measuring growth after different amounts 

of time can also address different questions, as 8 h of growth is more indicative of the 

phage carrying capacity of a population whereas shorter growth may be more specific to 

replication rate. Measuring phage titres is representative of phage infection success, but 

host populations could also be measured and studied in this way which could be more 

representative of host susceptibility and resistance. 

The use of qPCR to measure populations over time in complex mixtures with multiple 

phages and hosts is also novel in the field of agricultural phage biocontrol. The other 

common methods used for studying phage dynamics, such as optical density and plating 

methods, are not able to differentiate individual titres of all phages and hosts over time. 

What was found in Chapter 3 was that even in fairly simple combination, there is a lot of 

unexpected and complex dynamics between phages and their hosts. Interactions were 

completely different depending on the host strain used, which should strongly call into 

question the use of single strains when testing for biocontrol activity. Responses of host 

populations to phage were affected differently by the presence of additional strains. 

Competition between phages, which was also host dependent, can affect overall 

populations. The host-phage dynamics in this thesis illustrate that greater consideration 

should be given to the effect of natural populations on phage mediated biocontrol. 

Modern phage biocontrol research and applications are still hindered by the lack of 

detailed understanding of the phage and pathogen systems they are trying to manipulate 

(Holtappels et al., 2020). The research presented in this thesis represents the investigation 



165 

 

into phage-host dynamics and interactions in unprecedented detail. While the populations 

studied in this work were still very rudimentary compared to natural populations in the 

orchard these findings still illustrate the enormous complexity of the dynamics and 

interactions that must be considered to advance the field of phage biocontrol and phage 

therapy.  
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