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Abstract 
 

 Fire blight is the common name given to a disease caused by phytopathogen, Erwinia 

amylovora. This pathogen infects plants belonging to the rosaceous family, particularly the 

commercially grown apple and pear cultivars in North America. Agriculture and Agri-Food 

Canada Research team has focused on the use of bacteriophages as biological control agents for 

the control of fire blight. Bacteriophage persistence in the orchard environment can be affected 

by various environmental factors such as exposure to ultraviolet light and dry conditions. In 

order to improve phage viability during application, a carrier-phage system was developed that 

uses a non-pathogenic epiphytic bacterium, named “the carrier”, that protects the bacteriophages 

during processing and field applications. The bacterium used is Pantoea agglomerans, which 

delivers and propagates the phages to the open blossoms, prior to the arrival of E. amylovora. In 

addition, the carrier alone may act as a biological control agent on the blossom surface, 

competing for space and producing antibiotics targeting E. amylovora. The aim of this study was 

study the interaction between the phage and the carrier bacterium, P. agglomerans. The 

exopolysaccharide (EPS) layer, is the first cellular component which bacteriophages encounter 

during the infection of P. agglomerans. PCR was conducted and it confirmed that 6 genes 

involved in EPS biosynthesis were present within the four different isolates of P. agglomerans. 

A CRISPR/Cas9 knockout and lambda red recombineering protocol was used to construct EPS 

deficient P. agglomerans mutants. The deficient populations were confirmed using colony 

appearance, PCR and Sangar sequencing. A quantitative PCR was conducted to quantify and 

compare the different bacteriophage populations between the wild-type and deficient EPS 

mutants. The EPS mutants were found to have shown a significantly decreased or complete lack 

of growth in both Myoviridae and Podoviridae infections. 
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Chapter 1 
	

     General background 
	
	
	 Fire blight is a common name given to a plant disease caused by the Gram-negative 

bacterium Erwinia amylovora that infects members of the Rosaceae. The host plants include: 

pears, apples, crab-apples, loquat, quinces, hawthorn, and raspberries (Vrancken et al. 2013). E. 

amylovora is classified as one of the top ten known plant pathogens due to its enormous impact 

on commercial apple and pear production on a global scale (Mansfield et al. 2012; Polsinelli et 

al. 2019).  

 In Canada, chemical control of E. amylovora relies on proper cultural practices, 

bactericides, plant resistance activators and biological control agents (Kabaluk et al. 2010). The 

use of microbial antagonists has been proven to be a promising alternative to chemical pesticides 

when controlling fire blight (Jones et al. 2018). Currently, there are 6 registered biopesticides in 

Canada which include Blossom Protect (Aureobasidium pullulans), Bloomtime (Pantoea 

agglomerans E325), Serenade Max (Bacillus subtilis QST 713), Blightban A506 (Pseudomonas 

fluorescens A506), Blightban C9-1 (Pantoea vagans C9-1 (Kabaluk et al. 2010). These 

antagonists act to suppress the establishment and growth of E. amylovora through competitive 

exclusion and may also produce antibiotics which specifically act as bactericides (Jin et al 2003). 

This year in Canada and the US a mixture of bacteriophages, AgriPhage (OmnyLytics), have 

been registered for use in orchards for the control of fire blight (Jamal et al. 2018). 

Bacteriophages are bacterial viruses that are able recognize and bind to specific receptors on the 

bacterial surface. allowing them to target and kill E. amylovora infected hosts. Phages require a 
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certain population threshold that must be reached in order to be able to make any reductions 

within the bacterial population (Gill and Abedon 2003; Jones et al. 2018; Svircev et al. 2018). If 

the threshold is not reached then the beneficial effects of control are largely diminished. There 

are several limiting factors which can play into phage population persistence and these include 

sunlight ultraviolet irradiation, rain wash-off and exposure to high temperatures, all of which 

lower bacteriophage populations (Jones et al. 2018).  

 An alternative to formulated free phage in biological control of the fire blight pathogen is 

the use of a bacterial carrier system. A strategy for improving the persistence of bacteriophages 

under field conditions is the use of a carrier bacterium which protects bacteriophages from these 

harmful environmental factors (Lehman 2007). The term “carrier” refers to nonpathogenic 

bacteria that allows propagation and delivery of the phage to plant surfaces. This novel system 

involves the combination of an epiphytic bacterium and bacteriophages to control the fire blight 

pathogen in orchards. There are two advantages to the phage-carrier system rather than free 

phage; the phages within the bacteria are protected from the environmental elements and the 

bacterium itself is an antagonist of the pathogen (Lehman 2007). Research conducted at the 

Agriculture and Agri-Food Canada (AAFC) found that Erwinia spp. phages were able to infect 

Pantoea vegans C9-1, P. agglomerans E325 and 12 wild type isolates of P. agglomerans 

(Lehman 2007). 

 Following this work, a quantitative productive host range assay using 10 Erwinia phages 

were tested for host ranges in 30 P. agglomerans isolates and 106 global wild-type isolates of E. 

amylovora and 5 isolates of Erwinia pyrifoliae. Nine of the tested phages demonstrated a broad 

host range, replicating in 88% of the tested hosts (Gayder et al. 2019). Field tests were 

performed in 2005-2007 and 2014-2017, and the carrier-phage system was able to achieve a 54-
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66% reduction in disease symptoms compared to the water control (A.M Svircev, personal 

communication). The future of carrier-phage systems is very promising, but the interactions 

between phage, phage mixtures and carrier bacteria need to be researched in order to better 

understand the underlying process. The long-term goal of the phage biocontrol research program 

is to be able to develop a carrier-phage system that is both economically feasible in large-scale 

production and able to show consistent control and efficacy comparable to or better than 

commercial antibiotics (Jones et al. 2018).  

Within this context, my studies on the mechanisms by which phages recognize the carrier 

bacterium, Pantoea agglomerans, were initiated. Studies of this type could potentially permit 

optimization of the phage-carrier system. The specific aim of this study was to determine if EPS 

produced by P. agglomerans plays a role in carrier-phage interaction. EPS deficient mutants 

were produced using a CRISPR and lambda red recombineering method that was constructed 

specifically targeting the amsD of P. agglomerans 39-7. Quantitative PCR was performed to 

characterize and compare the abilities of bacteriophages to infect EPS deficient mutants P. 

agglomerans versus wild-type. 
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Chapter 2 
 

Literature Review 
 

 
2.1 Erwinia amylovora 
 
 Erwinia amylovora is a Gram-negative bacterium belonging to the Enterobacteriaceae 

(Pique et al. 2015). This phytopathogen is the causal organisms of fire blight in apples and pears 

(Schachterle et al. 2019). This pathogen infects a broad host range of plants belonging to the 

Rosaceae, which includes commercially grown plants such as apples and pears (Kamber et al. 

2017). E. amylovora is responsible for a large yield loss in the commercial pome fruit production 

(Laforest et al. 2019). It is considered one of the top 10 known plant pathogens affecting apple 

and pear production (Polsinelli et al. 2019).  

 Amylovoran and the hypersensitive response and pathogenicity (hrp) are significant 

pathogenicity factors in E. amylovora (Ancona et al. 2015; Pique et al. 2016). T3SS is a 

nanomachine that is capable of transporting transfer proteins called effector proteins from the 

bacterial cell into a host cell (Wagner et al. 2018). Upon contact of the T3SS with its host cell, 

the effectors are secreted from the bacterial cytosol into the cytoplasm or plasma membrane of 

the host.  

EPS of E. amylovora is made up of two polysaccharides, amylovoran and levan. 

Amylovoran affects plants negatively by obstructing the exposed vascular tissues, causing the 

characteristic fire blight wilting symptom found in host plants (Vrancken et al. 2013). The 

negative effect of amylovoran was confirmed in amylovoran deficient mutants, which showed no 

pathogenicity (Roach et al 2013; Smits et al. 2017; Yagubi 2017). Levan plays a role in the 
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survival of the pathogen, but mutants have shown reduced symptoms and attenuated virulence 

(Sjaarda 2012; McNally et al. 2015; Polsinelli et al. 2019).  

 The standard genomic sequences for E. amylovora are the American strain Ea273 

(Sebaihia et al. 2018) and the European strain CFBP 1430 (Smits et ai. 2010). The Ea273 was 

isolated from a Malus sp. while CFBP was isolated from a Crataegus sp. When compared, these 

two strains were virtually identical, sharing >99.99% homology. Chromosomes from 

Spiraeoideae-infecting strains demonstrate high homogeneity. Some diversity is observed 

between Spiraeoideae and Rubus-infecting strains (Mann et al. 2013). However, in general, the 

diversity between isolates that were from geographically and temporarily distinct areas are 

relatively lower (Zeng et al. 2018).  

 

2.2 Fire blight  
 
 The common disease name originates from the infected leaves which appear to be 

scorched by fire. The symptoms were first observed in New York in the late 1700s on apple 

(Malus spp.), pear (Pyrus spp.) and quince (Cydonia oblonga) (Silva et al 2014). The symptoms 

spread throughout North America during the European westward settlement. In the late 19th and 

early 20th centuries, early research on the fire blight disease was conducted by T.J. Burrill, J.C. 

Arthur, and M.B. Waite (Malnoy et al. 2012). They were able to demonstrate that bacteria could 

cause disease on plants and that insects could spread it by acting as vectors (Griffith et al 2003). 

The current name of the pathogen responsible for fire blight, Erwinia amylovora (Burr.) 

Winslow et al., was established in 1920 (Malnoy et al. 2012). E. amylovora disease cycle (Fig. 

2-1) is initiated when the pathogen over winters within the woody tissues of the tree. These are 

typically in the form of holdover cankers that were formed on branches from the previous season 
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(Figure 2-1A). The pathogen becomes active in the springtime when temperatures are greater 

than 18ºC. The increased temperatures lead to growth of the bacterial colonies within margins in 

the cankers. As temperatures increase to 24-28ºC the bacteria within the canker become much 

more active and multiply exponentially leading to bacterial cells being released as ooze (Figure 

2-1B) (van der Zwet et al. 2012). This ooze is formed on the outer surface of a canker. Ooze 

droplets harbour on average 100 million to over 1 billion bacterial cells (Slack et al. 2017). The 

color of the bacterial ooze exuded ranges from white to dark red (Blomme et al 2017). Dark 

colors harbour more bacterial cells (Slack et al. 2017). The floral epiphytic phase consists of 

multiplication of the pathogen and the transferring of pathogen from flower to flower by vectors 

(Figure 2-1C). As the ooze is released on the bark surface insects are attracted and are able to 

disseminate the pathogen. Rain, dew, wind and pruning shears are also able to disseminate the 

pathogen, but to a much less degree (Hildebrand et al 2001). Ooze droplets represent the most 

important mechanism enabling the spread of fire blight through an orchard and between orchards 

(Sundin et al. 2017).  

The stigma is the primary site for the colonization of the pathogen (Hildebrand et al. 

2001; Pusey et al. 2004). Under ideal conditions a stigma has the capacity of supporting 106 cells 

of the pathogen. The colonized bacterium can then be washed from the stigma to the hypanthium 

(floral cup) by either rain, dew or pesticide sprays. The pathogen gains access to the nectary, 

which is a nectar-secreting glandular organ and natural opening located on the hypanthium 

(Lewis et al. 1966). These natural openings allow access of the pathogen to the underlying 

tissues, where an infection can be established (Johnson and Stockwell 1998). These events lead 

to the collapse of the plant parenchyma, which causes symptoms of necrosis, wilting and ooze 

production and eventual death of the entire tree (van der Zwet et al. 2012; Roach et al. 2015). 
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These secondary infections can continue from early to late spring when temperatures 

range between 24ºC-28ºC (Figure 2-1D). The presence of high humidity, rain, growing shoots 

and bacterial ooze all play an important role in the continuation of secondary infections. As the 

growing season nears its end, the once growing and succulent tissues become mature and begin 

to form woody membranes. As the temperatures begin to rise and exceed to optimal range of 24-

28ºC, the conditions no longer favor infection (Figure 2-1E). The pathogen overwinters in 

“holdover” cankers and remain there until the spring temperatures return, increasing the primary 

inoculum and forming bacterial ooze which can be disseminated, starting the cycle over (Figure 

2-1A). 
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Figure 2-1. The disease cycle of Erwinia amylovora. Model adapted from Johnson (2000).  
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2.2.1 Management of fire blight  
	
 Managing fire blight can be difficult with no single practise is able to control the disease 

completely (Norelli et al 2003). All commercially available apple cultivars and rootstocks are 

potentially susceptible to E. amylovora (Mills 1955). Typically, avoidance of known highly 

susceptible variates is recommended. However, of the least susceptible cultivars like Red 

Delicious and Liberty are much less desirable by consumers when compared to Honeycrisp, 

Golden Delicious and Fuji apples. In turn, the later cultivars are also highly to moderately 

susceptible. All of the pear cultivars are considered moderately to highly susceptible when 

comparing their relative fire blight resistance (Roberts et al. 1998). The susceptible cultivars also 

pose a serious risk on less susceptible ones because of the capability of harbouring large amounts 

of the inoculum (Broggini et al. 2014). Therefore, it is important to reduce the risk of fire blight 

incidence by following various culture control and management protocols.  

Pruning and avoidance of excess nitrogen fertilizer are used for management to reduce 

the severity of fire blight, however, chemical and/or biological controls are needed to control fire 

blight. The recommended products include copper sprays and antibiotics (OMAFRA Staff 2018). 

Copper compounds are effective; however, their applications are constrained to pre-bloom 

application due to fruit russeting and phototoxicity in some apple cultivars (Aldwinckle et al 

2002). The antibiotics used for effective control fire blight are streptomycin, kasugamycin and 

oxytetracycline (Laforest et al. 2019). Although antibiotics are highly effective, they are non-

specific, acting not only on E. amylovora, but also on other bacteria which could be naturally 

present on the plant, having an effect on animals and the environment (Svircev et al. 2019). Over 

use of antibiotics has resulted in the development and emergence of antibiotic resistant strains 

(Sholberg et al 2001; Thomson and Ockey 2001; Laforest et al. 2019). E. amylovora strains 
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resistant to streptomycin have been observed in New York, throughout most of the Pacific 

Northwest of the United States and in the Okanagan Valley in British Columbia (Forster et al 

2015; Tancos et al. 2016). To try and counteract the development of resistant E. amylovora 

isolates, streptomycin is used only at the blossom stage, never more than three times per bloom 

period and it is alternated with other fire blight control products. The impact and consequences 

of streptomycin resistant E. amylovora strains continue to be an issue (McManus 2014; Svircev 

et al. 2018).  

Biopesticides, or biological control agents, may be integrated into pest management 

programs for the control of E amylovora. Biopesticides are mass-produced agents manufactured 

from living microorganisms or natural products and used for the control of pests (Kabaluk 2010; 

Arjjumend et al. 2018). The use of these biopesticides is typically integrated in combination with 

other management procedures to combat E. amylovora and its adoption varies throughout the 

country. The mode of action for biological control agent is by competition with E. amylovora for 

space and nutrients, as well as the production of antimicrobial compounds (Ruiu 2015). This 

antagonistic mechanism allows for the suppression of E. amylovora on the stigmatic surfaces of 

plants. In order to establish this competition, the stigmata must be colonized with the 

antagonistic bacterial inoculum and must reach the carrying capacity, which is 105 to 106 

CFU/blossom (Pusey 2002; Johnson et al 2004). The efficiency of biopesticides have been 

promising, showing up to 40-70% levels of control. However, these antagonists must colonize 

the blossoms before pathogen is present (Aldewinckle et al. 2002; Johnson et al 2004; Rezzonico 

et al 2009).  
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2.3 Pantoea agglomerans 
 
 Pantoea agglomerans, formerly known Erwinia herbicola, and as Enterobacter 

agglomerans in human medicine.  P. agglomerans is a bacterial species that is grouped into the 

family Enterobacteriaceae (Lee and Hong 2010). P. agglomerans is an orchard epiphyte and is 

classified as a gammaproteobacterium that is ubiquitously found in nature, having been isolated 

from plants, seeds, fruits, and mammalian feces. Its microbiological profile includes being a 

Gram-negative, non-spore-forming, predominately motile rod (Manulis and Barash 2003). P. 

agglomerans has unique metabolic abilities, which includes that ability to produce antibiotics 

(Raaijmakers et al. 2002; Jin et al 2003). These antibiotics produced by P. agglomerans have the 

capability to be used for fighting various plant, animal and human pathogens and can even be 

used as food preservatives (Dutkiewicz et al 2016; Li et al. 2019). The antibiotics include 

herbicolins and pantocins. Herbicolins A and B are lipopeptide antibiotics capable of combating 

sterol-containing fungi (Kempf 1989; Greiner et al. 1991). Pantocins A and B are peptide-

derived antibiotics, which induce growth inhibition of various Enterobacteriaceae, such as E. 

amylovora (Wright et al. 2001; Kamber 2012). 

P. agglomerans is an antagonist for various plant pathogens and it inhibits bacteria and 

fungi through various mechanisms (Chernin et al 1995). These antagonistic properties are 

associated with production of the antimicrobials and its competition for space and nutrients with 

pathogenic bacteria, such as E. amylovora. 

Besides the competition capabilities and antibiotic production, other modes of action and 

the actual biochemical properties of P. agglomerans are poorly understood. The systemic 

resistance in radish to lead spot demonstrates that EPS of this bacterium is capable of inducing a 

disease resistance within monocotyledons (Dutkiewicz et al. 2016). 
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The EPS of E. amylovora is made up of levan and amylovoran (Vrancken et al. 2013). 

Amylovoran is the key pathogenicity factor and it the constituent of bacterial ooze. It is a 

polymer of a pentasaccharide repeating units that usually consist of four galactose residues and 

one glucuronic acid residue (Maes et al. 2001; Nimtz et al. 1996). Levan is a 

homopolysaccharide, which is a sugar polymer that is made up of a single type of 

monosaccharide, D-fructose. E. amylovora mutants which are amylovoran deficient are no 

longer pathogenic and cannot spread (Bellemann 1992). A lack of levan synthesis can also affect 

pathogenicity by leading to a slower development of symptoms in a host plant (Geier and Geider 

1993). In P. agglomerans there is no levan and amylovoran present, but rather, the EPS is made 

up of a repeated pentasaccharide arranged of three mannose molecules and two glucose 

molecules. (Li et al. 2019). EPS of P. agglomerans isolated from a boreal forest have 

demonstrated protective effects against UV damage in host plant cells (Wang et al. 2007). 

Recently, the EPS of P. agglomerans has shown the capability to down-regulate the expression 

of phosphor-JNK and active capase3 through the MAPK pathway in HaCaT cells, which protects 

cells from apoptosis (Li et al. 2019). 

In E. amylovora the production and biosynthesis of amylovoran is regulated by the ams 

gene cluster (Bugert and Geider 1995). The ams regions main function is the transport and 

polymerization of nucleotide-activated sugars in the formation of EPS. There are also regulator 

genes from the rcs region, which assist in the production of amylovoran. Mutants which were 

deficient is rcs genes showed a decrease or a complete loss of amylovoran biosynthesis 

(Bereswill et al. 1997). There is limited published genomic information on P. agglomerans. The 

genomes of P. agglomerans strain C410P1 (accession: CP031649.1), JM1 (accession: 

NZ_NHAS00000000.1), and TH81 (accession: CP016889.1) are available on National Center 
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for Biotechnology Information (NCBI). JM1 was originally isolated in 2014 from soil 

contaminated by antibiotics in Slovenská Ľupča. C410P1 was isolated in 2015 from lettuce in 

Anhui, China. TH81 was isolated in 2017 from a soil core sample in Fairbanks, Alaska. The 

genomes of the 3 strains range from about 4.1-4.9 Mb and share sequence similarities of about 

80-99%. The relatively low number of nucleotide differences among the strains indicates some 

similarities between isolates obtained from various parts of the world. However, these minor 

evolutionary differences could explain the broad spectrum of habitats observed in P. 

agglomerans isolates.  

While the antagonistic properties and antibiotic production of P. agglomerans can reduce 

symptom severity, the addition of phages increases the efficacy capacity (Lehman, 2007; Svircev 

et al. 2011). Phages are a viable and eco-friendly alternative to the conventional antibiotic 

control of fire blight (Svircev et al. 2019). The control is typically seen when the phages are 

paired with a non-pathogenic epiphyte like P. agglomerans. This control is classified as a phage-

carrier biopesticide. P. agglomerans serves to shield and protect the bacteriophages from 

desiccation and UV degradation, as well as compete with E. amylovora for space and nutrients, 

allowing for a very powerful biopesticide control tandem. The replication of phages is only 

possible under ideal metabolic conditions of the host (Birch et al. 2012). Phage DNA replication 

and gene expression is dependent on the nutritional status of the host cell and on the host 

compounds ribosomes and other raw materials. However, the efficiency of the bacteriophages is 

dependent on its interactions with both P. agglomerans and E. amylovora. The greatest 

efficiency was produced when the phage and P. agglomerans had ample amount of time to 

interact and establish on the blossoms before the arrival of the pathogen, E. amylovora (Lehman 

2007).  
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2.4 Bacteriophages as biocontrol agents 
	
 In 1915, English microbiologist, Frederick Twort discovered lytic activity of 

bacteriophages (Summers 2012). Two years later, it was simultaneously discovered 

independently by French-Canadian, Félix d’Herelle (Duckworth 1976). The discovery of phage 

is shared by Twort and d’Herelle. 

 Twort entertained the idea that the bacteriolytic agent may be a virus, but he seemed to 

favor the idea that it was more likely an enzyme. In contrast, d’Herelle was certain that these 

unseen infectious agents were viruses, specifically, viruses which could infect bacteria 

(Sulakvelidze et al. 2009). He was also the first person to use phages for the control of human 

pathogens (Abedon 2011). 

 

2.5 Bacteriophages - what are they? 
	

Bacteriophages or phages are the most copious organisms that are present on the planet 

and are ubiquitous in prokaryotic existence (Clokie et al. 2011). It is estimated that there are 

more than 1031 bacteriophages in the biosphere, which would be more than every other organism 

on earth (Keen 2015). A bacteriophage is a virus that infects and replicates within bacteria 

(McGrath et al. 2007). Bacteriophages are made up of proteins which enclose DNA or RNA 

genomes. The classification of phages by the International Committee on Taxonomy of Viruses 

(ICTV) is based on morphology, molecular composition, host range, pathogenicity, and sequence 

similarity (Chibani et al. 2019). These categories of differentiation include such things as RNA 

or DNA genomes, enveloped or nonenveloped, single-stranded or double and circular, linear or 

segmented (Pietila et al. 2014).  



MSc Thesis: P. agglomerans phage interaction   P. Zaprzala 

	 15 

There are currently nineteen recognized varieties of bacteriophages which can infect 

bacteria and archaea. The Caudovirales, or tailed phages, can be divided into three distinct 

families, Myoviridae, Podoviridae, and Siphoviridae, based on their various tail morphologies 

(Fokine et al 2014). Myoviridae, which make up about 25% of all tailed phages, are long and 

straight with contractile tails. Podovirdae encompass about 14% and they exhibit non-contractile 

short tails. Finally, Siphoviridae, are non-contractile, have long and flexible tails, and constitute 

61% of all Caudovirales phages (Ackermann 2003; 2006).  The length of the tails can range 

from 100 all the way to 8000Å in some Podoviridae and Siphoviridae, respectively (Fokine et al. 

2014).  

The phages which are capable of infecting E. amylovora constitute all three of the 

families, Myoviridae, Podoviridae and Siphoviridae (Gill et al. 2003; Meczker et al. 2014).  

 

2.6 The life cycle of bacteriophages 
	
 Bacteriophages may have lytic, lysogenic, pseudolysogenic and chronic life cycles 

(Ackermann et al. 1987; Weinbauer 2004). The life cycle begins with phage adsorption, which 

can be broken down into two distinct steps. The first step is a reversible binding and the second 

is an irreversible binding with the tail fibres to its receptor of interest located on its host cell 

membrane (Rakhuba et al. 2010). Once bound the receptor, phages inject their DNA into the host 

cell.  Phages lacking the proper machinery to inject DNA instead use specific enzymes in their 

tail or capsid to create pores in the impermeable membrane allowing for adsorption (Paul et al. 

2001). This allows the nucleic acids of these phage to enter into the cell (Davison et al 1962).  
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Figure 2-2 The viral life cycle of bacteriophages in both acute and chronic infections. Model 

designed Weinbauer, (2004). 
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In the lytic cycle phages replicate and lyse the host cell, however in lysogeny the 

bacteriophage integrates its genetic material into the host genome, leading to the formation of a 

prophage (Fig. 2-2). This prophage has the capability to produce bacteriophages when activated 

and also multiplies during the host’s replication (Hendrix 2003). When the lytic phase remains 

uninduced, the prophage remains in a dormant state, where it can remain indefinitely (Feiner et 

al. 2015). These prophages remain dormant until an environmental cue allows for the 

proliferation of the host cell (Choi et al. 2010). Lysogeny is a protective mechanism that is used 

by phages which are expressed in more variable environments (Labrie et al. 2010). Lysogeny 

allows prophage replication to be synchronized with the host cell cycle, while maintaining its 

presence within the cell (Los et al. 2012). Lysogenic phages and bacteria share a biological 

symbiosis either through commensalism or mutualism. The bacteriophage gains a clear fitness 

benefit from the fact that lysogeny allows its DNA to persist without possessing the necessary 

transcription machinery (Clokie et al. 2011).  

 

2.7 Resistance of bacteriophages  
  	
 Antibiotics are extremely effective at controlling fire blight, however they are subjected 

to forming antibiotic resistant E. amylovora (Sholberg et al 2001; Thomson and Ockey 2001). 

Because of this emergence of antibiotic resistance, phage therapy has been evaluated as a means 

of treating bacterial infections (Labrie et al. 2010). Although bacteriophages are an effective 

alternative biocontrol for E. amylovora in fire blight, they too are subject to the selective 

pressures of phage resistance mechanisms. Phage resistance is a crucial defensive mechanism 

employed by bacteria to increase its survival in various ecological niches (Hanlon 2007). There 

are a few known phage resistance mechanisms which will be described and the strategies phages 
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employ to counteract these mechanisms. These resistance mechanisms include blocking of the 

phage adsorption to the cell component, preventing genetic material from phage from entering 

the cell, destroying or disrupting phage nucleic acids and abortive infection systems (Labrie et al. 

2010). Adsorption is the more crucial steps to initiating infection as a phage must be able to 

recognize and bind to the host cell membrane (Silva et al. 2016). Adsorption can be prevented by 

blocking of phage receptors, production of an extracellular layer and through the use of 

competitive inhibitors (Labrie et al. 2010). Bacteria can alter phage adsorption by producing 

various proteins which can block phage receptors present on its surface (Fig. 2-3a) (Nordstrom et 

al. 1974). This is seen in Escherichia coli, which produce lipoprotein (Lip) which blocks the 

receptor responsible for binding phage T5. Production of an extracellular matrix can produce a 

barrier preventing a phage from binding with its receptor (Fig. 2-3b). Phage have adapted their 

own mechanisms which have allowed them to recognize these extracellular components 

produced by the host cell and even have the capability of producing polysaccharide-degrading 

enzymes to remove it (Labrie et al. 2010). E. coli strains, which are extremely diverse, produce 

the surface sugars O and K antigens. These sero-type sugars are recognized by phages which 

have the capacity to bind to them (Fig. 2-3b, c) (Stirm 1968). Finally, there are competitive 

inhibitors which are molecules that are able to bind to phage receptors and make them 

inaccessible for phages. This phenomenon can be seen in E. coli, which has an iron transporter 

FhuA is a receptor for phage T5 (Pedruzzi et al 1998). A competitive inhibitor called J25 is able 

to outcompete T5 for the receptor and thus blocks its interaction (Destoumieux-Garzon 2005). 

Microcin J25 is a 21-amino acid peptide inhibitor that is produced in conditions with lower 

amounts of nutrients available to host bacterium (Wilson et al. 2003).   
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Figure 2-3 The three-different phage adsorption resistance mechanisms implored by 

bacteria. a | Bacteria modifies its surface receptors to prevent adsorption (step 1). 

Bacteriophages evolve and adapt to these new surface receptors (step 2). Bacteria block these 

receptors with the use of masking proteins, i.e. protein A (step 3 and 4). b | exopolysaccharide 

(EPS) provides physical barrier, blocking phage from binding to its receptor. Phages use 

digestive enzymes to degrade the EPS and bind to their receptors. c | EPS is not recognized by 

phages, but some have developed mechanisms for recognizing certain features of the EPS, 

allowing them to bind. i.e. antigen K and O. Figure obtained from Labrie, SJ., Samson, JE., 

Moineau, S. (2010). Bacteriophage resistance mechanisms. Nature Reviews Microbiology 8, 

317-327. 
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2.8 The CRISPR-Cas system  
	

Some bacteria have an immunity system classified as the CRISPR-Cas system 

(Barrangou et al. 2007; Sorek et al. 2008; Marraffini et al. 2010). This is simply a locus which is 

generally made up of direct repeats (21-48 bp) interspaced by non-repetitive spacers (26–72 bp) 

and flanked by a varying number of Cas genes (ranging between 4-20) (Jansen et al. 2004; 

Labrie et al. 2010; Rath et al. 2015). When infected by a phage, the bacterial Cas proteins 

recognize the proto-spacer motif (PAM) of the phage genome (Makarova et al. 2002; Godde et 

al. 2006). Cas nuclease protein cuts fragments of the viral DNA upstream of the PAM site and 

incorporates the new repeat-spacer at the 5’ end of its own loci (Karginov et al. 2010; Horvath et 

al. 2010). These CRISPR arrays are what confers resistance in the bacteria from subsequent 

infections by the same phage (Bolotin et al. 2005; Haft et al. 2005).  Phages can also confer 

CRISPR-Cas resistance by encoding encode anti-CRISPR (acr) genes which will antagonize the 

bacterial CRISPR-Cas immune systems by binding to components of its machinery (Landsberger 

et al. 2018). The CRISPR-Cas system can be utilized as a DNA sequence editing tool, allowing 

for a fully programmable system to produce scarless deletions within bacteria (Mahas et al. 

2018; Cook et al. 2018). 
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Figure 2-4 The CRISPR-Cas mechanism of resistance in bacteria. A | Bacteriophage enter 

into a host cell and undergo cell lysis. B | Majority of the host cells will die from lysis, however, 

those which survive will incorporate a new protospacer into its CRISPR locus. C | The newly 

introduced proto-spacer provides ‘adaptive immunity’ against subsequent phage infections. D | 

Some bacterial strains may simply develop resistance without a proto-spacer. D | Phages can 

overcome bacterial CRISPR system by introducing point mutations in their proto-spacers. Figure 

obtained from Labrie, SJ., Samson, JE., Moineau, S. (2010).  
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2.9 The role of EPS in P. agglomerans 
	
 Bacteria are capable of producing a wide range of EPS compositions depending on which 

genus they belong to (Costa et al. 2018). In E. amylovora, the EPS is made up of amylovoran 

and levan. Usually, EPS acts as a physical barrier which helps to avoid phage infection, but in 

some cases, it can actually enhance the adsorption capabilities of phages. This was observed in 

E. amylovora for instance, where Podoviridae phages were dependent on the presence of 

amylovoran (Roach et al. 2011; Sjaarda 2012; Roach et al., 2013). Myoviridae and certain 

Siphoviridae phages were able to infect amylovoran deficient mutants of E. amylovora, 

indicating EPS did not participate in infection for these phages (Roach 2011; Roach et al. 2013). 

This suggested that the adsorption of Erwinia spp. Podoviridae and certain Siphoviridae phages 

were mediated by cell receptors within amylovoran. Levan deficient bacterial mutants showed a 

decreased in phage titres for some phages from the Myoviridae family, however, the levan role in 

phage infection is still not as clear (Sjaarda 2012). 

The role of EPS and the phage-host interactions of P. agglomerans has not been studied. 

Based on current host range data, Myoviridae phages infect P. agglomerans, while limited 

number of strains of P. agglomerans are infected by the Podoviridae phages. P. agglomerans has 

an EPS that consists of arabinose, glucose, galactose and glucuronic acid (Wang et al. 2007; 

Silvi et al. 2013). Therefore, the role of EPS in phage interaction with P. agglomerans needs to 

be examined further. The aim of this study was to characterize the role of EPS by constructing 

EPS deficient P. agglomerans mutants and infecting them with phages. The mutants were then 

compared to the wild-type to establish whether the presence of EPS inhibited or promoted phage 

adsorption in P. agglomerans.  

	
	



MSc Thesis: P. agglomerans phage interaction   P. Zaprzala 

	 23 

Chapter 3 
	
3.1 INTRODUCTION 
	
	 The purpose of this chapter is to develop a CRISPR/Cas system in P. agglomerans that 

could be used for gene alteration. In order to test this CRISPR knockout system the EPS related 

genes needed to be identified in P. agglomerans. The ams and rcs genes are essential 

components in EPS production. The amsD gene is the most important gene as it is encoding the 

biosynthetic protein needed to catalyze the synthesis of EPS. The work described here involves 

the knocking out of the amsD gene in P. agglomerans.  

 

Materials and Methods 
 
 

3.2 DNA MANIPULATION 
  
3.2.1 Design of oligonucleotides  
 
 P. agglomerans primers are listed in Table 3-1. The ams and rcs genes were chosen 

because they control the production of EPS and are required for its synthesis, respectively 

(Roach et al. 2013). Gene sequences were identified using the complete genome of strain P. 

agglomerans C410P1 (GenBank: CP016889.1). The sequences were then manually located 

within the raw fasta sequences of Pa21-5, Pa31-2, Pa39-7 and E325. Sequence homologies were 

compared using Basic Local Alignment Search Tool (tblastn). All oligonucleotide primers were 

designed to avoid heterodimer, hairpin and selfdimer structures using the IDT analysis software. 

Oligonucleotide primers were confirmed using the NEB Tm Calculator to estimate appropriate 

annealing temperatures before ordering.  
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3.2.2 Polymerase chain reaction (PCR) 
	
 PCR was performed according to the integrated DNA technologies (IDT) instructions, 

using forward and reverse primer sets that were purchased from Integrated DNA Technologies 

(IDT). Each primer was suspended in Tris-EDTA buffer (pH 8.0) to a 100 µM concentration and 

10 µM was the working concentration. The primers were stored at -20°C. A Bio Rad T100 

Thermocycler (Hercules, California, United States) was used to carry out the reactions. Taq 

DNA polymerase (New England Biolabs, Massachusetts, United States) was also used in PCR 

consisting of 25 µl reaction volumes made up of 2.5 µl Standard Taq reaction buffer (10X), 0.5 

µl dNTPs (10mM), 0.5 µl forward primer (10 µM stock), 0.5 µl reverse primer (10 µM stock), 1-

5 µl DNA template, 0.125 µl Taq DNA polymerase and nuclease-free water up. 
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a Target genes were identified based on full genome sequence of P. agglomerans strain C410P1 
chromosome, GenBank: CP016889.1 
  b Sequences were designed based on genes identified and compared to raw fasta sequences 
obtained from Agriculture and Agri-Food Canada, ON, CAN 
 

 

 

 

 

 

Name Sequence (5’ – 3’)b Amplicon 
size (bp) 

Tm °C 

AmsB – F 
AmsB – R 

CCG AGG TCA AAC TCA ACG GA 
TCT TCC CGC TTC AGC AGA AT 

 
316 bp 

 

 
54  

AmsC – F 
AmsC – R 

CCT GTT TTC GCA CAA TGC CA 
ACC GGC AAT CAG GGC AAT AA 

 
400 bp 

 
55  

AmsD – F 
AmsD – R 

TTT CAG CGC GGT CTG TTT TG 
CCG TAG GCC GTC TGG ATA AC 

 
461 bp 

 
55  

AmsF – F 
AmsF – R 

AAC CTT GGC CCC TTC AAA CA 
CTA TCG CGC TGA ACA AAG GC 

 
254 bp 

 
55  

RcsB – F 
RcsB – R 

AAC CGA TTT GCC AAA GGC AC 
GCA ATC TCG GTC ACC AGG AA 

 
178 bp 

 
57 

RcsD – F 
RcsD– R 

AAA AAC CCG GCG TAA AAC GG 
TAG CGC GTC GCC ATA TCT TT 

 
202 bp 

 
56  
 

Table 3-1. P. agglomerans species Pa21-5, Pa 31-2, Pa39-7 and E325: Target genes, 

sequences, amplicon sizes and annealing temperatures of primers used for PCR. 

	



MSc Thesis: P. agglomerans phage interaction   P. Zaprzala 

	 26 

to 25 µl. Q5 Polymerase was also used in 25 µl reaction volumes which contained: 1-5 µl DNA 

template, 1.25 µl forward primer 10 µM stock), 1.25 µl reverse primer (10 µM stock), 12.5 µl 

Q5 High-Fidelity 2X Master Mix (New England Biolabs, Cat #M0492S), while the rest of the 

reaction was balanced to 25 µl using nuclease-free water (New England Biolabs).  

 The reaction was started by denaturing the DNA at 98°C for 30 seconds. Then, 30-42 

amplification cycles were done at 98°C for 30 seconds, then cooled to an annealing temperature 

that was 5°C lower than the lowest primer melting temperature and finally incubated at 72°C for 

2 min to allow extension and formation of DNA strands. Annealing temperatures used for Taq 

DNA Polymerase ranged from 50-58°C, while temperatures for Q5 HF-2X MM ranged from 60-

66°C. Finally, the reaction was held at 4°C until removed from the device. 

 

3.2.3 Agarose gel electrophoresis 
	
 Agarose gel electrophoresis was performed according to Huang et al. (2010). The 

appropriate amount of agarose was added to 1X Tris-acetate-EDTA (pH 8.0) buffer to form gels 

between 0.8-2.5% in concentration. The mixed solution was boiled until the agarose was 

completely dissolved and then allowed to cool at room temperature. SYBR Safe DNA Gel Stain 

(New England Biolabs, Cat #S33102) was added at a 1% concentration. The voltage applied was 

100V for 30-60 min depending on the size of the gel. The gels were visualized by ultraviolet 

light (UV) exposure using Bio-Rad Gel imager 1200 (Hercules, California, United States).  
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3.3 PLASMID MANIPULATION 
 
3.3.1 Plasmids 
 
 Three plasmids were ordered for the necessary components. These include pUC19 

(Figure 3-3), pHSG299 (Figure 3-5) and pCas9 (Figure 3-7). The pUC19 and pCas9 plasmids 

were obtained from Addgene (Watertown, Massachusetts, USA), while the pHSG299 was 

obtained from TakaRa (Mountain View, CA 94043, USA). Primers flanking pUC19 and the 

kanamycin cassette (denoted KanR) of pHSH299 were designed using the New England Biolabs 

Tm Calculator available online. 

 
3.3.2 Restriction enzyme digestion 
	
 The restriction enzymes used were obtained from the New England Biolabs 

(Massachusetts, United States). They included SphI, PstI, XbaI, BamHI, KpnI and SacI. The 

restriction enzyme digestions and heat inactivation were done following each of the 

manufacturer’s recommendation. Following PCR, which obtained a kanamycin resistance 

cassette from plasmid pHSG299 using primers containing restriction digest sites for BamHI and 

XbaI (Table 3-3), pUC19 underwent digestion using these two respective enzymes. The digestion 

of DNA was performed using 0.1-1 µg of DNA, with 1 µl of restriction enzyme for each reaction 

to a total volume of 20 µL. The samples were incubated in a HYBAID Thermocycler for 1-2 h at 

30°C and heat inactivated at 65-80°C. The most optimal reaction buffers were used according to 

manufacturer’s specifications to reduce the risk of star activity. Digestion was confirmed using 

agarose gel electrophoresis. When incomplete digestion was observed, longer incubation times 

were used.  
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3.3.3 Ligation with T4 DNA ligase 
	
 Ligation was performed using T4 DNA ligase (New England Biolabs). There were 20 µl 

reactions set up using 2 µL of T4 DNA ligase buffer (10X) and 1 µl of T4 DNA ligase. Molar 

ratios of 1:1, 1:2 and 1:3 vector to insert were used with the vector DNA being 50 ng (0.020 

pmol) and the insert DNA ranging from 18.8-56.4 ng, respectively.  The remaining reaction was 

made up to 20 µL with nuclease free water based on the amounts of pUC19 vector and KanR 

insert added. The reaction was then mixed and incubated at room temperature for 1 hour. The 

sample was heat inactivated at 65°C for 1 h and then chilled on ice until needed for 

transformation, where 1-5 µl of the reaction was added into 50 µl Escherichia Coli DH5α 

competent cells. 

 

3.4 BACTERIAL MANIPULATION 
	
3.4.1 Bacterial strains and maintenance 
	
 Species of bacteria which were used in various cloning experiments performed in this 

study include Escherichia coli DH5α, P. agglomerans. Luria-Bertani broth (LB: 1 % (w/v) 

bacto-tryptone, 0.5% (w/v) bacto-yeast extract, 1 % (w/v) NaCl and nutrient broth (NA: 0.8% 

nutrient broth (w/v), both of which were sterilized by autoclaving. Both media were cooled to 

55°C before addition of antibiotics used for bacterial selection. There was about 12 ml of LB-

agar and NA-agar poured into Petri dishes (10 cm) and cooled at room temperature 25°C, for 30 

minutes and then at 4°C for long term storage. The E. coli and P. agglomerans were grown at 

37°C and 30°C, respectively, during the course of this study. 
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3.4.2 DH5α transformation 
	

NEB® 5-alpha Competent E. coli (High Efficiency) was ordered from the New England 

Biolabs. Transformation was carried out according to the high efficiency transformation 

protocol. Competent cells were thawed on ice for 10-15 min. Then 1-5 µl containing plasmid 

pUC19KanR (50-100 ng/µl) was mixed by inverting and incubated on ice for 30 min. The cells 

were then heat shocked at 42°C and then immediately placed on ice for 5 min. Following the 

chilling, 950 µl of SOC media was added into the mixture and the sample was incubated in a 

water bath at 30°C and shaken at 250 rpm for 60 min. Afterwards, the cells were then spun down 

at 11000 x g for 30 seconds and 900 µl supernatant was discarded. The remaining aliquot was 

then spread on a plate and incubated overnight. 

 

3.4.3 Colony selection 
	

Two different antibiotics, ampicillin (100 µg/ml) and kanamycin (50 µg/ml), were used 

in selection media. The antibiotics were added to the LB-agar plates as described in (3.1.1). The 

transformed E. coli DH5a bacteria were spread over pre-warmed ampicillin containing plates 

and incubated for 16-24 h at 30°C. The next day 40 µl (20 mg/ml stock) of X-gal (5-bromo-4-

chloro-3-indolylbeta-D-galactopyranoside) and 40 µl of isopropylthiogalactoside (100 mM 

IPTG) was spread on top of a kanamycin plate and dried for 30 minutes. The kanamycin plate 

was pre-warmed to 30°C and single colonies of E. coli were transferred in a grid-like 6x6 pattern 

and incubated for 16-24 h, allowing for 36 colonies individual pure colonies to be formed per 

plate. The next day, each white colony was selected and transferred to 5 ml of LB media 
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containing 5 µl of kanamycin and grown in a water bath at 30°C for 8-10 hours until an OD600 

between 0.6 and 0.8 was achieved.  White colonies were positive for the pUC19 with kanamycin 

cassette (pUC19KanR) because the b- galactosidase gene was disrupted, while the intact and 

functional b- galactosidase enzyme colonies were blue.  

 

3.4.4 Plasmid DNA isolation 
	
There were two protocols used for the isolation of plasmid DNA. The first procedure was 

alkaline lysis (Sambrook et al. 1989). The second procedure was using the Monarch plasmid 

miniprep kit (New England Biolabs), according to the manufacturer’s instructions. The isolated 

plasmids were stored at -20°C. A nanodrop spectrophotometer was used to quantify the 

concentration of plasmid DNA. 

 

3.5 DESIGNING CRISPR/CAS9 SYSTEM  
	
3.5.1 Design of single guide RNA (sgRNA) 
	
 Single guide RNAs were designed using online the software CHOPCHOP 

(http://chopchop.cbu.uib.no/). Full sequences for the genes of interest were obtained from raw 

fasta data (NCBI) and used to generate sgRNA in the program. The sgRNA showed no self-

complementarity, zero off-targets and predicted efficiencies ranging between 0.65-0.99. Primers 

for detection of sgRNA were also generated by the program for each sgRNA, with annealing 

temperatures ranging between 55-62ºC. Each sgRNA primer was also encoded with the 

tracrRNA attached and then flanked by a combination of SphI and PstI or KpnI and SacI 

restriction enzyme sites. The enzyme sites were then flanked by four random nucleotide 

sequences TAAT or ATTA, respectively. 
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3.5.2 Annealing single stranded sgRNA 
	
 The OligoAnalyzer® program (www.idtdna.com/scitools) was used to determine whether 

there was any significant secondary structure in the oligonucleotides. Once determined, the 

sgRNA were ordered as single stranded oligonucleotides, rather than double stranded. These 

oligonucleotides were dissolved in duplex buffer (100 mM potassium acetate; 30 mM HEPES, 

pH 7.5; IDT). The sense and antisense sgRNA oligo strands were added in equal molar amounts 

(100 µM). The oligos were then heated at 94°C for 2 min and then gradually cooled to room 

temperature by removal from the heating block and placing on the bench. The product was then 

stored at 4°C. 

 

3.5.3 Restriction digestion  
	
 The double stranded sgRNA and pUC19KanR were digested with SphI and PstI or KpnI 

and SacI. The restriction enzyme digestions and heat inactivation were done following each of 

their respective NEB’s recommendations. The same directions were followed for digestion as 

previously described in 3.2.2. 

 

3.5.4 Blunting ends using DNA Polymerase I, Large (Kienow) Fragment 
	
 DNA Polymerase I, Large (Klenow) Fragment was obtained from NEB (Cat #M0210). 

Each sgRNA ligation product was supplemented with dNTPs (33 µM). Then 1 unit of 

polymerase was added per microgram of DNA. The protocol consisted of 3.3 µl dNTPs, 2 µl T4 

buffer, 0.5 µl Klenow, 1 µl sgRNA, 3 µl guide primer and 10.2 µl ddH2O. The sample was 
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incubated at 25°C for 30 min. The reaction was stopped by adding EDTA to a final concentration 

of 10 mM and heating the reaction for 20 min at 75°C. 

 

3.5.5 PCR of sgRNA  
	
 PCR was performed using primers flanking sgRNA (120 bp) and detected within 

pUC19KanR using a 2.5% agarose gel as previously described in 3.1.2 and 3.1.3, respectively. 

The pUC19 plasmid containing the kanamycin resistance cassette (pUC19KanR) and sgRNA was 

denoted as p19KRgRNA.  

 

3.6 ESTABLISHING EXPERIMENTAL CONDITIONS 
	
3.6.1 Preparation of electrocompetent P. agglomerans (Yagubi 2016) 
	
 Stock cell populations of Pa21-5, Pa31-2, Pa39-7 and E325 were obtained from 

Agriculture and Agri-Food Canada Research, Vineland Station. Cells were maintained on frozen 

glycerol beads at -80°C. A single bead was removed from the capsule and streaked on NA plate 

and incubated at 16-24 h at 30°C. From the plate, a single colony was obtained and transferred to 

5 ml of NB and the starter culture was incubated at 30°C and shaken at 200 rpm for 16 h. Then 1 

ml of the starter culture was transferred to 100 ml of a NB in a sterile volumetric flask and 

placed in an incubator at 30°C and shaken at 200 rpm. The culture was grown for about 4-6 

hours, until an OD600 reading of 0.4-0.6 was obtained. Cells were then placed on ice for 20 

minutes. The 100-ml culture was then centrifuged twice in a Falcon™ 50 mL conical centrifuge 

tube at 3500xg for 10 minutes at 4°C. The cells were washed with 50 mL of ice cold double-

distilled H2O (ddH2O). The pellet was resuspended in 20 ml of ice cold 10% glycerol and 

centrifuged again at 3500xg for 10 minutes and 4°C. The supernatant was then removed and the 
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pellet was resuspended in 1 ml of ice cold 15% glycerol. The cells were separated into 100 µl 

aliquots, frozen in liquid nitrogen and stored in the -80°C freezer.  

 

3.6.2 Optimization of Electroporation voltage 
	
 Electroporation was conducted using a Bio-Rad Gene Pulsar which was set to 1.5, 1.8, 

2.2, 2.5 and 2.8 kV, capacitance 25µF and resistance 200Ω. Following this, 1 µl of plasmid 

DNA, pUC19KanR (100 ng/µl) was added to 50 µl of electrocompetent bacterial cells and 

transferred to a 0.1 cm electroporation cuvette (Bio-rad). The pulse was delivered and 

immediately after 950 µl of SOC media was added and the suspension grown at 30°C in a water 

bath overnight. The nest day, the sample was centrifuged at 1100 x g for 30 seconds and 900 µl 

over the supernatant was removed. The remaining sample was plated on NA plates containing 

antibiotic selection. The next day, number of colonies was counted for each voltage. 

 

3.6.3 Antibiotic dosing 
	
 P. agglomerans containing plasmids pHSG299 and pUC19 were spread on pre-warmed 

NA-plates. Following this, six holes (1 cm diameter) were bored in the plates at equal distances 

from each other (5 cm apart). Antibiotic was added at various final concentrations of ampicillin 

(stock 100 µg/ml), kanamycin (50 µg/ml), gentamicin (10 µg/ml). Aliquots of serial dilutions of 

the antibiotic were as follows: 2-, 4-, 8-, 16- and 32-fold. The lowest dose was placed in the top 

hole and doses increased in a clock-wise fashion. The plates were then incubated at 30°C 

overnight. The next day a caliper was used to measure the diameter of the zone of inhibition.  
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3.7 GENERATING KNOCK OUTS 
	
3.7.1 Preparing inducible plates 
	
 Luria-Bertani medium was prepared using Agar (20g/L), NaCl (10 g/L; Sigma-Aldrich 

S9625), tryptone (10g/L; BD 311705), yeast extract (5 g/L; BD 312750). H2O was added to a 

final volume of 1 L. Medium was sterilized by autoclaving and then cooled at 55°C in a 

temperature controlled water bath. Then 1 ml of kanamycin (50 µg/ml) and 1 ml gentamicin (10 

µg/ml) was added. The medium was poured into Petri dishes (10 cm) and cooled at room 

temperature under UV light. After cooling 1% arabinose (w/v), 0.5 mM IPTG was spread on the 

surface of the plates. Plates were stored at 4°C. 

 

3.7.2 P. agglomerans electroporation 
	
 Isolates Pa21-5, Pa31-2, Pa39-7 and E325 containing p19KRgRNA plasmid were 

harvested and made electrocompetent as described in 3.5.1 The electrocompetent cells were 

removed from -80°C and thawed on ice for 10 min. There was 1 µl of pCas9 plasmid (104 

ng/µL) and 3 µl of 100 µM single stranded oligonucleotide (ssODN) were added to 50 µl of 

electrocompetent cells. The gene pulsar was set to a capacitance of 25µF, resistance 200Ω and 

voltage 2.2 kV. Pulse was delivered and cells were immediately recovered by adding 950 µl 

SOC medium to the cuvette (2mm gap, fisher brand). SOC medium was made up of 2.5 mM 

KCl, 10 mM NaCl, 20 mM glucose, 10 mM MgSO4, 10 mM MgCl2, 2% tryptone and 0.5% yeast 

extract. The cells were then placed in a water bath for 1 h at 200 rpm and 30°C. After recovery, 

cells were centrifuged at 13,000 rpm for 1 minute. Then 900 µl of the SOC supernatant was 

removed and the pellet was resuspended in the remaining 100 µl. Cells in SOC were serially 
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diluted 1:100, 1:1000 and 1: 10,000 and 100 µl was spread on pre-warmed LB plates containing 

kanamycin (50 µg/ml), gentamicin (10 µg/ml), 1% arabinose (w/v), 0.5 mM IPTG. The plates 

were incubated at 30°C for 16-24 h. 

 

3.7.3 P. agglomerans induction 
	
 A single colony was inoculated from electroporated plate and placed in 5 ml LB broth 

containing 1 µl kanamycin (50 µg/ml) and 1 µl gentamicin (10 µg/ml). Cultures were grown at 

30°C for 24 h and shaken at 200-300 rpm. Then 300 µl starter cultured was taken and diluted 

1:100 in 300 ml of LB media containing kanamycin (50 µg/ml) and gentamicin (10 µg/ml). The 

cells were grown until OD600 of 0.2 was reached. Induction occurred at OD600 0.2 with 15 µl (0.5 

mM IPTG) and 300 µl arabinose (1M). The cells were then grown for 4-6 hours until OD600 

reached 0.5-0.6. Serial dilutions of cultures were done at OD600 0.5 for 103, 104, 105. Then 100 µl 

of the dilution was plated on LB media containing kanamycin (50 µg/mL) and gentamicin (10 

µg/ml). 

 

3.8 CONFIRMATION OF KNOCK OUTS 
	
3.8.1 Gel Extraction and Sanger sequencing 
	
 Gel extraction was performed using the Monarch® DNA Gel Extraction Kit Protocol 

(NEB #T1020). Following extraction samples were quantified using the Thermo Scientific 

Nanodrop-NDL-US-CAN Spectrophotometer 120V. Samples were prepared to contain 7.0 µl of 

purified template DNA and the primer was added at a concentration of 50 mg (5 pmol) in a 0.7 

µl volume, producing a total volume of 7.7 µl. Two samples were prepared for each primer, 
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using the forward and reverse separately. The samples were sent to The Centre for Applied 

Genomics DNA Sequencing Facility at Genome Canada in Toronto, Ontario. The generated 

sequence information was further analyzed using the IUPAC nucleotide code to identify the 

partially determined sites. Sequence alignment was performed using the multiple sequence 

alignment tool ClustalX2.1. 
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Results 
 

3.4.1 Detecting EPS genes using polymerase chain reaction (PCR) 
	
 For detection of the ams and rcs genes both Taq polymerase 2X Master Mix and Q5® 

High-Fidelity 2X Master Mix were used for PCR. The annealing temperatures were calculated 

online using the NEB Tm calculator. The annealing temperature used for Taq polymerase ranged 

from 54-55°C for the ams genes and 56°C for the rcs genes (Table 3-1). The annealing 

temperatures used for Q5 tended to be higher than Taq polymerase and the temperatures used for 

all of the genes was 65°C. With the high-fidelity amplification and very low error rates, Q5 was 

preferred and used to generate the gels (Figure 3-1 and Figure 3-2). Amplicon sizes were 

consistent with those expected from the designed primer sequences. Multiple bands were 

observed for amsC in Pa21-5 and E325. However, the expected amplicon size of 400 base pairs 

(bp) was observed in both Pa21-5 and E325. In the Pa21-5, Pa39-7 and E325 strains and all of 

the expected ams and rcs EPS genes were found to be present in their genomes. In Pa31-2, all 

ams produced multiple bands, with the expected amplicons being observed, but very faintly. For 

rcs, only the rcsD amplicon was detected (Figure 3-1). 
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Gene Size 
(bp) 

amsB 316 

amsC 400 

amsD 461 

amsF 254 

rcsB 178 

rcsD 202 

Figure 3-1. Gel electrophoresis of PCR products in Pa21-5 and Pa31-2. Primer sets for amsB, 

amsC, amsD, amsF, rcsB and rcsD were designed to detect EPS genes in P. agglomerans. 
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Gene Size 
(bp) 

amsB 316 

amsC 400 

amsD 461 

amsF 254 

rcsB 178 

rcsD 202 

Figure 3-2. Gel electrophoresis of PCR products in Pa39-7 and PaE325. Primer sets for 

amsB, amsC, amsD, amsF, rcsB and rcsD were designed to detect EPS genes in P. 

agglomerans. 
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3.4.2 Establishing ideal electroporation conditions 
	
 Using electrocompetent P. agglomerans the electroporation conditions were determined. 

All 4 isolates, Pa21-5, Pa31-2, Pa39-7 and E325 were electroporated with the pUC19 plasmid at 

five different voltages; 1.5, 1.8, 2.2, 2.5 and 2.8 kV (Figure 3-3). The bacterial cells were then 

recovered in SOC media for 1 hour at 200 rpm and 30°C. After recovery, the cells were 

centrifuged and serially diluted 1:100 times and then plated onto pre-warmed LB plates 

containing. After incubation at 30°C for 18 h then colonies were counted and the data was 

recorded. It was found that the lowest amount of colony formation was at 1.5 kV for Pa39-7 and 

E325 and 2.8 kV for Pa31-2 and Pa21-5. The highest number of colonies formed was found to be 

2.2 kV for all 4 of the isolates (Figure 3-4).  

 

3.4.3 Establishing ideal antibiotic conditions 
	
 The effective antibiotic doses for P. agglomerans were also determined. All 4 isolates 

were electroporated at 2.2 kV with the pUC19 plasmid, pUC19KanR (see below) and pCas9 

(Figure 3-7). The cells were recovered in SOC medium for 1 h at 200 rpm and 30°C for pUC19 

and pUC19KanR and 30°C for pCas9. The cells were centrifuged and diluted 1:100 and 100 µl 

plated on LB medium containing appropriate antibiotics for selection. In the pUC19 insertion 

ampicillin was used, kanamycin for pUC19KanR and gentamicin for pCas9. As antibiotic 

concentration increased the radius of cell death, zone of inhibition, increased. It was found that 

the most effective concentrations were at 50 µg/ml for both kanamycin and ampicillin (Figure 3-

8 and Figure 3-9). A dose of 100 µg/ml was considered to be too great to be used for further 

experimentation. Gentamicin was much more potent than ampicillin and kanamycin. It exhibited 
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a strong zone of inhibition at 10 µg/ml and increased with increasing concentrations. The most 

effective concentration was found to be 10 µg/ml for gentamicin (Figure 3-10). 

 

3.4.4 Insertion of kanamycin cassette into pUC19 (KanR) 
	
 PCR was run using primers designed for the kanamycin cassette of plasmid pHSG299 

(Figure 3-5). The cassette primers included the promotor region for expression which was 

located on the full plasmid sequence on Addgene (Table 3-2). The forward primer and reverse 

primers were flanked with restriction enzyme digestion sites BamHI and XbaI followed by four 

random nucleotide sequences. PCR was run to obtain the kanamycin cassette and cleaned using a 

Norgen Biotek PCR cleanup kit (Thorold, Ontario, Canada). The PCR product and pUC19 were 

then digested separately and ligated together. The ligation product was detected using gel 

electrophoresis following double digestion of plasmids recovered from clones suspected to have 

pUC19 with the insert (Figure 3-6). Lane 2 contained the pUC19 plasmid which was used as a 

negative control. Lanes 3-8 all contained the digested ligation product. There were 3 bands 

observed at 1151 bp, 2686 bp and 3837 bp. The 1151 bp and 2686 bp band represent a successful 

double digestion yield band yielding the digested kanamycin cassette and pUC19 plasmid, 

respectively. The 3837 bp band denoted pUC19KanR represents a linear fragment containing 

both the pUC19 and kanamycin cassette and is due to a single digestion reaction by either 

BamHI or XbaI. 
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Figure 3-3. Plasmid map of pUC19 (Addgene #50005) used to express gRNA 

through lacZ promotor. This plasmid map was obtained from vector database 

Addgene, Watertown, MA. https://www.addgene.org/vector-database/50005/ 
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Figure 3-4. Establishing ideal electroporation voltages for P. agglomerans. 

Electrocompetent P. agglomerans were electroporated at various voltages with pUC19 

plasmid and plated on LB medium containing ampicillin. Cells were incubated at 30°C for 

16-24 h. 
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Figure 3-5. Plasmid map of pHSG299 (NCBI: 208472) used to isolate kanamycin 

resistance cassette (KanR). This plasmid map was obtained from vector database Addgene, 

Watertown, MA. https://www.addgene.org/vector-database/3090/ 
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Sequence Size 
(bp) 

KanR  1151 

pUC19 2686 

pUC19KanR 3837 

Figure 3-6. Restriction digest for kanamycin insert using XbaI and BamHI on 1% 

agarose gel. Lane 1, pUC19 (2686 bp) empty vector with no insert (EV). Lanes 2-7, 

pUC19 plasmid containing kanamycin insert (1151 bp). 
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Figure 3-7. Plasmid map of pCas9 (Addgene #42876) used to clone and express Cas9 

protein and lambda-derived Red recombination system. This recombineering plasmid 

uses a constitutively expressed cas9 and an araBAD promoter expressing αβγ. 
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Figure 3-8. Establishing proper dosages of ampicillin in P. agglomerans containing 

pUC19. Zone of inhibition measured after 16-24 h incubation on LB medium containing 

ampicillin at 30°C. 
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Figure 3-9. Establishing proper dosages of kanamycin in P. agglomerans containing 

pUC19KanR. Zone of inhibition measured after 16-24 h incubation on LB medium containing 

kanamycin at 30°C. 
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Figure 3-10. Establishing proper dosages of gentamicin in P. agglomerans containing 

pUC19KanR and pCas9. Zone of inhibition measured after 16-24 h incubation on LB medium 

containing gentamicin at 30°C. 
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3.4.5 Developing CRISPR/Cas9 knockout delivery system 
	
 In the development of a CRISPR recombineering system for P. agglomerans, a one or 

two-step protocol were designed consisting of two plasmids and a ssODN. The one-step was co-

transformation of pUC19Kan
R
sgRNA plasmid and ssODN, while the two-step was 

transformation of the pUC19Kan
R
sgRNA plasmid, followed by the transformation of the 

corresponding ssODN (Figure 3-13). Both of these protocols were utilized and it was found that 

the one-step protocol produced a higher efficiency. 

The two single-stranded sgRNA were designed targeting amsD because it is the 

biosynthetic gene that catalyzes the synthesis of EPS. The sgRNA containing hairpins were 

flanked by restriction sites and 4 random nucleotides (Table 3-3) and were duplexed together to 

form a double-stranded complex. The sgRNA sequence was designed to specifically target the 

amsD gene and to be in close proximity of a protospacer adjacent motif (PAM) sequence. The 

PAM sequence is a 2-6 base pair sequence that follows immediately after the sequence that is 

being targeted by the Cas9 nuclease (Guo et al. 2018). This complex and pUC19KanR were 

digested with restriction sites SphI and PstI and ligated together. This formed the plasmid 

denoted p19KgRNA (Figure 3-11). PCR was run using primers designed to detect the sgRNA 

with the p19KgRNA plasmid (Figure 3-12). The band at 120 bp represents the presence of the 

sgRNA, while the other two bands around 3.7 kb represent supercoiled and linearized plasmid 

DNA.  

 

3.4.6 Generation of amsD knockouts  
	
 All 4 of the electrocompetent isolates were electroporated with the p19KgRNA plasmid. 

Cells were harvested and made competent again, where they were electroporated a second time 
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using the pCas9 plasmid and a single-stranded oligonucleotide sequence (Table 4-1). The cells 

were recovered and plated on LB media containing kanamycin, gentamicin, arabinose and IPTG. 

The induced cells were incubated for 18 h and images were taken at 1.6x magnification using a 

confocal microscope (Figure 3-14). The Pa39-7 amsD knockout colonies appeared 

morphologically different when compared to the wild-type. They were white in color, clearer, 

duller, flatter, smaller and contained lesions around its outer edges. The wild-type were much 

more opaque, yellow, shinier, larger and grew more rapidly. There were no morphologically 

distinct colonies observed in Pa21-5, Pa31-2 and E325. 
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Table 3-3. PCR primers and components used to generate CRISPR/Cas9 knockouts of 

amsD in Pa39-7.  

a	Bold- flanking restriction enzyme digest, Red – guide RNA (20 bp), Highlighted blue region – 
hairpin (80 bp), Highlighted yellow region – Inserted Nhe1 and 1x FLAG tag.	

 

 

 

 

 

 

 

Primers Sequences (5’ – 3’)a Function 
pUC19 – F 
pUC19 – R 

CGGGCCTCTTCGCTATTAC 
TTATGCTTCCGGCTCGTATG 

Detecting 
changes in 

pUC19 
pHSG299 – F 
pHSG299 – R  

GCGCTCTAGAGCACAAGATAAAAATATATC 
AAAAGGATCCATCGCATTCGCCATT 

Recombination 
KanR cassette 

AmsD guide 
RNA (gRNA) 
sense strand 

 
gRNA 

antisense 

TAATGCATGCCTCCATTCGGGCCAGAAACG 
GTTTTAGAGCTAGAAATAGCAAGTTAAAAT 
AAGGCTAGTCCGTTATCAACTTGAAAAAG 
TGGCACCGAGTCGGTGCTTTTCTGCAGTAAT 
 
ATTACGTACGGAGGTAAGCCCGGTCTTTGCC 
AAAATCTCGATCTTTATCGTTCAATTTTATTC 
CGATCAGGCAATAGTTGAACTTTTTCACCGT 
GGCTCAGCCACGAAAAGACGTCATTA 
 

 
gRNA (20 bp) 

and hairpin 
(80bp) flanked 
by restriction 

enzymes, used 
to generate 
knockouts 

Single-
stranded 

oligonucleotide 
(ssODN) 

GCATAGAACAGCGCGTCATCGCTGGCGAGCT 
GCTCCATTCGGGCCAGAAAGCTTGCTAGCC 
GTGGCTTTGTCGTTCATCGGAACCAGGAAAC 
CATCTTCACCGTGATTGA 

ssODN (110 
bp) used as 

repair template 
after double 

stranded break 
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Figure 3-11. Plasmid map of pUC19KanRsgRNA (Addgene #500005) used to clone and 

express kanamycin resistance cassette and sgRNA. This recombineering plasmid uses a 

lacZα to express both kanamycin and sgRNA. Kanamycin cassette obtained from pHSG299 

plasmid (Takara cat #3299).  
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Figure 3-12. Restriction digest to confirm sgRNA within pUC19/kanamycin 

plasmid. Lane 1, sgRNA (120 bp) targeting amsD (positive control), Lanes 2-7 

plasmid 2,4,5,6,7,8 (pUC19/KanR), respectively containing sgRNA. 



MSc Thesis: P. agglomerans phage interaction   P. Zaprzala 

	 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-13. Design strategy employed for genetic recombineering of P. 

agglomerans 39-7. A | The one-step protocol involves co-transformation of 

pUC19Kan
R
sgRNA plasmid and ssODN, which carries a random sequence that will 

incorporate into genome producing the desired amsD gene knockout. B | The two-step 

protocol involves transformation of the pUC19Kan
R
sgRNA plasmid, followed by the 

transformation of the corresponding ssODN. The design model was adapted from Cook 

et al. 2018.  
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A B 

Figure 3-14. Images of Pa39-7 taken at 1.6x magnification after 24 h incubation 

at 30°C. A | Unchanged wild-type (WT) P. agglomerans. B | Putative EPS deficient P. 

agglomerans following CRISPR/cas9 knockout of amsD gene. 
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3.4.7 PCR confirmation of knockout Pa39-7 
	
 A PCR was run using primers which were designed to flank the amsD gene. The banding 

of the wild-type was compared to the knockout strand (Figure 3-15). The wild-type in lane one 

demonstrated banding at 740 bp and 1100 bp. The knockout in lane two demonstrated larger 

banding for both bands when compared to the wild-type. These bands were approximately 840 

and 1200 base pairs, respectively. Lane three was prepared using the primers previously designed 

and confirmed the presence of rcsB gene at 178 bp in the knockout P. agglomerans 39-7.  

 

3.4.8 Sanger sequencing   
	
 The wild-type and knockout DNA sequence data was compared to the raw fasta data 

provided for Pa39-7 (Figure 3-16). The wild-type showed 99.9% homology with the raw fasta 

data. The knockout strain however, seems to show much less homology, demonstrating only 

about 75% homology when compared to the raw fasta data. Significant variation appears to be 

present between the nucleotide sequences starting at base 1 to base 131. Bases 131 to 880 show 

high sequence homology between both the wild-type and knockout when compared to the raw 

fasta data. Bases 881 to 898 appear to diverge once again in the knockout Pa39-7. It is unclear 

where the non-homologous sequences originated from.  
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Sequence Size 
(bp) 

Flanked 
amsD gene 
in wild-type 

1100 

Flanked 
amsD gene 
in knockout 
Pa39-7 

~1200 

RcsB gene 178 

Figure 3-15. Colony PCR and gel electrophoresis conducted on wild-type and 

knockout Pa39-7. The wild-type in lane one demonstrated banding at 740 bp and 

1100 bp. The knockout in lane two showed banding at ~840 and ~1200 bp, 

respectively. Lane 3 confirmed the presence of the RcsB gene in the mutant Pa39-7.  
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Figure 3-16. Sequence alignment conducted using Clustalx2.1. The wild-type and 

knockout Pa39-7 sequence homology was compared with the raw fasta sequences provided 

by Steve Gayder from Agriculture and Agri-Food Canada Research in Vineland.  
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Discussion 
	
 The best way to study and understand the function of a gene within a biological system is 

to observe and compare a model that contains the gene of interest to a model which lacks it 

(Vyas et al. 2015; Evers et al. 2016). Previous work done to generate EPS deficient mutants as 

described by Roach (2011) for Erwinia amylovora involved the use of a modified one-step PCR 

deletion method (Zhaos et al. 2009). The method involves the use of a linear recombination 

construct containing an antibiotic resistant gene with its own promoter generated by primers 

flanking the gene of interest to be knocked out. The insert marker allowed efficient screening and 

confirmation of the mutation. This technique however limits the overall number of mutations that 

are possible in a single strain (Siegele et al. 1997). The Cre-loxP system can be used to remove 

the marker, but the deletions generated can leave a loxP scar that may negatively impact future 

recombination events (Luo et al 2016).  

More recent advances have identified a much more efficient method for gene alteration 

that has been rapidly changing the landscape in research (Russa et al. 2014). The genome 

engineering technology is known as CRISPR-associated RNA-guided endonuclease Cas9 (Hsu et 

al. 2014; Belhaj et al. 2015; Demirci et al. 2018). It is derived from the bacterial adaptive 

immune system (Russa et al. 2014). CRISPR/Cas has revolutionized DNA sequence editing, 

allowing for a fully programmable system (Mahas et al. 2018). Cas9 uses a single guide RNA 

(sgRNA) which is capable of targeting and editing any DNA sequence within the genome of 

both Gram-positive and Gram-negative bacteria (Chavez et al. 2018). CRISPR/Cas9 cleavage 

has been recently used to generate scarless deletions within Pseudomonas putida, without having 

to use the two-step integration and marker removal protocols that are usually done (Cook et al 
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2018). To our knowledge, this is the first work done using a CRISPR/Cas9 system in Pantoea 

agglomerans.  

A high editing efficiency of CRISPR Cas9-assisted recombineering within the P. 

agglomerans requires proper counterslection through the Cas9/gRNA complex and the presence 

of bacteriophage lRed proteins in order to facilitate homologous recombination (Graf et al. 

2011). The development of a two-plasmid and single-stranded oligonucleotide (ssODN) 

approach provides not only a high efficient recombination, but also serves as a replacement for 

the traditional large PCR product insertions (Pyne et al. 2015). The gene editing used to generate 

a knockout in P. agglomerans has three steps. First, the Cas9 is directed to the target gene within 

P. agglomerans using a designed gRNA. The recombinogenic ssODN, which consists of a 

selectable marker that is flanked by homology regions, is electroporated into the P. agglomerans. 

Once the Cas9 and lRed are induced, a double stranded break occurs and the ssODN is 

incorporated into the genome. CRISPR produces double stranded breaks in the bacterial 

chromosome, which is lethal allowing for screening of ssDNA as only the ones which 

incorporated it into their chromosome would survive (Peters et al. 2015). The efficiency is high 

at 65%, however cells which did not undergo any CRISPR cleavage would also survive (Jiang et 

al. 2013). Using morphological observation and screening for the ssODN, the wild-type and 

mutant colonies can easily be distinguished. In comparison to traditional recombineering 

protocols, CRISPR/Cas9 is much simpler, less labor-intensive and carried out in a substantially 

shorter amount of time (Pyne et al. 2015).  

The described CRISPR two plasmid knockout for P. agglomerans can be further refined 

and simplified into a single plasmid method. In this study, the gRNA was designed with a 

tracrRNA and ligated into the pUC19 plasmid. However, the pCas9 plasmid (Figure 3-7) used to 
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express Cas and lRed proteins already contains a tracrRNA sequence. The sgRNA can be 

designed as a 20 bp sequence flanked by a single restriction enzyme on both sides and ligated 

directly into the pCas9 plasmid. This can also be utilized to express multiple sgRNA on the same 

plasmid, targeting various PAM sequences on the same gene, or different genes altogether.  

In order to generate EPS deficient P. agglomerans mutants, the genes involved in EPS 

production first needed to be identified. In Erwinia amylovora, the amylovoran biosynthesis is 

accomplished by the ams operon and regulated by the rcsA and rcsB genes (Wang et al. 2009; 

Sjaarda 2012). The ams operon encodes the biosynthetic enzymes, while the rcs regulates, as it is 

a regulator of capsule synthesis (Roach et al. 2013). In P. agglomerans, amylovoran is not 

produced (Kamber et al. 2012). Based on molecular analysis of the P. agglomerans C410P1 

genome sequence, there were several genes that were homologous to known sequences and 

therefore were classified as either ams or rcs. While these genes are not directly involved in 

amylovoran production as they are in E. amylovora, it is highly likely they do play a role in EPS 

biosynthesis based on their classifications. For this reason, these gene sequences were selected 

for this study. The oligonucleotide primers were designed based on the genes from the genome 

of P. agglomerans C410P1 that were later confirmed in the raw fasta sequences of P. 

agglomerans Pa21-5, Pa31-2, Pa39-7 and E325. 

Six novel genes of P. agglomerans, amsB, amsC, ams D, amsF, rcsB and rcsD, were 

identified and confirmed within isolates Pa21-5, Pa31-2 and Pa39-7. In Pa31-2 none of the genes 

was confirmed, with 5 of the 6 genes showing multiple bands and no band for rcsB (Figure 1). A 

genome wide sequence comparison was conducted using BLASTP on the raw fasta sequences of 

the isolates. It indicated 97-99% homology between Pa21-5, Pa39-7 and E325. However, Pa31-2 

only shared about 77-80% homology between the other 3 isolates. The low homology observed 
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indicates that Pa31-2 is likely a cryptic species and may need to be reclassified in the future. Due 

to these genomic differences, Pa31-2 was removed from the study as an isolate of interest.  

The amsD gene was selected for the CRISPR knock-outs because it is the most important 

biosynthetic gene in the ams operon, which catalyzes the synthesis of EPS. Typically, when 

generating deficient mutants, the first gene in an operon is targeted in order to completely disrupt 

gene function. This would suggest that amsB should have been selected for this study. However, 

the issue of polycistronic mRNA, which precedes the first gene, could lead to complications. If 

the amsB were to be knocked out, it is possible that various different encoding genes would also 

be affected. This would make it difficult to then determine the effects of a knockout in EPS 

production, as many genes and proteins would no longer be functioning. 

 The CRISPR knockouts for the amsD gene generated morphologically distinct colonies 

(Figure 3-14). The wild-type Pa39-7 displayed a convex shape, which was much larger, glossier, 

yellowish in hue, opaque and rounder. The mutant Pa39-7 displayed a flatter surface that 

appeared to display a slightly umbonate protuberance in the centre. The colonies were much 

smaller, colorless, dull, lusterless and clear when placed under light. The mutants also displayed 

dark halo lesions appear to pierce from the edge of the bacterial cell colony into the centre. These 

morphological differences indicated that the exopolysaccharide was significantly reduced in the 

mutant, as the clear nature and lesions indicated that there was much less polysaccharide 

production when compared to the wild-type. Gulez et al. 2014 generated a knockout of the 

putida exopolysaccharide genes in Pseudomonas putida. The knockout was confirmed 

morphologically by comparing wild-type and mutant colonies based on median values for the 

area, perimeter, and roundness. 
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 The CRISPR manipulations for the amsD gene were also performed on the other 2 

isolates Pa21-5 and E325, however no knockouts were obtained and time did not permit further 

study. The lack of mutant generation may be due to persistent binding of Cas protein, which 

would provide a physical barrier making a double stranded break inaccessible for the cassette or 

ssODN to integrate (Kleinstiver et al. 2016). The other issue may be due to insufficient binding 

of the sgRNA (Leenay et al. 2016). The Pa21-5 and E325 both exhibited high levels of 

homology and contained a PAM sequence at the same location targeted by the sgRNA. However, 

when comparing the isolate sequences to Pa39-7, they did contain several point mutations within 

the sgRNA targeting sequence itself. This may have prevented binding of the sgRNA, which 

would have produced no cleavage, leading to a lack of mutant colony generation.  

 The amsD gene in E. amylovora shares significant homology to RfaB, which catalyses 

the formation of galactose 1,6 linkages to the glucose residue in lipopolysaccharide core 

molecules of E. coli (Pradel et al, 1992; Bugert et al. 1995). However, there is no published 

literature pertaining to P. agglomerans. The identified genes in the genome C410P1 annotated 

the ams genes as “amylovora biosynthesis proteins” (Smits et al. 2017). The ams operon is 

responsible for the production of amylovoran in E. amylovora, however in P. agglomerans 

amylovoran is not produced (Kamber et al. 2012). This indicates a future venue of research that 

can be conducted to conduct molecular analysis using the four P. agglomerans raw fasta 

sequences and correctly classifying the function of the ams genes. The exopolysaccharide 

biosynthesis of amylovoran in E. amylovora is also controlled by the RcsBCD phosphorelay 

system (Wang et al. 2012). In the C410P1 genome, rcsB is annotated as “regulating genes 

involved in capsule biosynthesis and cell division” and the rcsD is a “phosphotransferase” 

(Huang et al. 2006). The rcsC function was not been identified in the genome of C410P1 as of 
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yet. The CRISPR/Cas9 combined with lRed recombineering described in this work allows for 

potential mutant generation of the other “ams” or “rcs” genes that are present in the isolates. 

These future manipulations would provide valuable insight into the function of each of these 

genes in P. agglomerans. 
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Chapter 4 

4.1 INTRODUCTION 
	
	 The purpose of this chapter is to compare the EPS differences between the wild-type and 

knockout. This was done for quantifying the EPS production is both the wild-type and knockout. 

Following quantification, phage production was tested and compared to understand the 

importance of the EPS in phage host interactions. 

Materials and Methods 
 
 

4.2 EPS QUANTIFICATION 
 
4.2.1 P. agglomerans growth conditions 
 
P. agglomerans wild-type Pa39-7 (obtained from Agriculture and Agri-Food Canada Research) 

and the amsD knockout were stored in 15% (v/v) glycerol stocks at −80 °C. The cultures were 

revived by streaking them onto LB-Miller agar followed by overnight incubation at 30 °C. Single 

colonies were isolated and transferred as pre-cultures to LB broth, and incubated at 30 °C and 

250 revolutions per minute (rpm) until the required optical density (typically OD600 0.6-0.8) was 

reached, usually after 16-18 h. Optical density was measured at 600 nm with a ThermoScientific 

Genesys 10S UV/vis spectrophotometer. 

 
 
4.2.2 M63 minimal medium 
 
KH2PO4 (13.60 g, Sigma-Aldrich), (NH4)2SO4 (2.00 g, Sigma-Aldrich) and glucose (2.00 g, 

Sigma-Aldrich) were added to milli-Q water (1 L) and the pH was adjusted to 7 with KOH. The 

medium was autoclaved at 120 °C for a one hour sterilization cycle. Afterwards, the autoclaved 

solution was allowed to cool at room temperature. Once the medium was cooled a syringe filter-
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sterilized (0.22 µm nitrocellulose syringe filters) solution containing MgSO4 (1 ml, 0.2 g ml−1 of 

MgSO4·7H2O, Sigma-Aldrich) and FeSO4 (500 µl, 1.0 mg ml−1 of FeSO4·7H2O, Sigma-Aldrich 

Cat) was added. The medium was stored in the dark at room temperature. 

 

4.2.3 Biofilm assay and EPS measurement  
	
The Biotek PowerWave XS microtiter plate reader was used to quantify the biomass of biofilm 

production within the 96-well microtiter plates by recording absorbance readings of crystal violet 

solutions at 600 nm. All of the measurements in the plate reader were performed with the lid off 

of the microtiter plates. Microtiter plates were obtained from Dr. Hongbin (Tony) Yan’s lab. 

These microtiter plates are prepared using a sandblast treatment. The microtiter plates were held 

six inches away from a SB4 Uni-blaster (Inland Manufacturing Co. Omaha, Nebraska, USA) and 

80 grit brown aluminum oxide (Cyclone Manufacturing, part # 5007) was sprayed on the plate 

surfaces at a pressure of 80 psi. The Uni-blaster was moved across each row, working from left 

to right at a constant speed ensuring equal coverage. The plates were treated 5 times, each in a 

different position; first so that sand is sprayed onto the bottom of the wells directly, then angled 

so that each of the 4 sides of the microtiter well-walls are exposed. After the treatments, plates 

were rinsed twice with 70% ethanol and then twice with distilled water. Before the biofilm assay 

was conducted the plates were sterilized under germicidal UV light for approximately 20 min. 

 

4.2.4 Sandblasted microtiter plates  
	
Initial testing using 96-well microtiter plates obtained from Sigma-Aldrich yielded no cell 

adhesion for Pa39-7. Microtiter plates were obtained from Dr. Hongbin (Tony) Yan’s lab. These 

microtiter plates have been shown to provide much better cell adhesion capabilities and 
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improved reproducibility of bacterial biofilm assays (Bordeleau et al. 2018). These plates are 

prepared using a sandblast treatment. The microtiter plates must first be held six inches away 

from a SB4 Uni-blaster (Inland Manufacturing Co. Omaha, Nebraska, USA) and 80 grit brown 

aluminum oxide (Cyclone Manufacturing, part # 5007) in sprayed on the plate surfaces at a 

pressure of 80 psi. The Uni-blaster is then moved across each row, working from left to right at a 

constant speed ensuring equal coverage. The plates are then treated 5 times, each in a different 

position; first so that sand is sprayed onto the bottom of the wells directly, then angled so that 

each of the 4 sides of the microtiter well-walls are exposed. After the treatments, plates were 

rinsed twice with 70% ethanol and then twice with distilled water. Before the biofilm assay was 

conducted the plates were sterilized under germicidal UV light for approximately 20 minutes. 

 

4.2.5 Biofilm assay and measurement 
	
P. agglomerans was obtained from the −80 °C freezer and grown as described in 4.1.1. One 

bacterial colony was used to prepare one inoculum. The bacterial inoculum was then diluted to 

1:100 in M63 broth. For both diluted cultures, a minimum of six wells on a microtitre plate were 

inoculated using 100 µl per well. Uninoculated medium was used as a negative control. Plates 

were then incubated statically at 30 °C for 8 h with the plate covered either with a lid, when 

provided by the manufacturer, or sterile rayon AeraSeal™ film (Sigma-Aldrich). After 

incubation, the liquid medium was discarded from the wells by shaking the inverted plate over a 

waste bucket containing sodium hypochlorite. The wells were rinsed with double distilled water 

using an 8-prong wash bottle while continuously shaking the contents over a waste bucket and 

drying on a paper towel. This process of washing with water and drying was repeated 4 times. 

After the 4th wash the biofilm was stained with 125 µl of 0.1% crystal violet (Sigma Aldrich) 
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solution and incubated at room temperature for 20 min. After staining, the liquid in the wells was 

discarded and the wells were again washed with double distilled water and then left to dry in the 

dark at room temperature for 24 h. To measure and quantify the amount of crystal violet that was 

bound to the bacterial biofilm, a 30% acetic acid solution (200 µl) was added to each of the 

wells, and the plates were incubated at room temperature for 20 minutes. The solutions (125 µl) 

were mixed by pipette aspiration before being transferred to a new flat well microtiter plate, and 

the absorbance of the crystal violet–acetic acid solution was measured at 600 nm using 30% 

acetic acid as a blank The Biotek PowerWave XS microtiter plate reader was used to measure the 

optical densities. This process was repeated two more times (Bordeleau et al. 2018) for both the 

wild-type and knockout to obtain triplicate results. A two-tailed t-test was done to compare the 

wild-type to the knockout. 

 

4.2.6 Measuring cell adherence to microtiter plates (CFU/ml) 
	
 The remaining primary culture inocula that were grown in the falcon tubes were stored in 

the fridge at 5 °C for future experimentation. These cultures had an OD600 no greater than 0.6. 

From these cultures, 10 µl of both the wild-type and knock-out was diluted into 990 µl of M63 

minimal media (1:100-fold dilution). From this dilution, 50 L was spread onto an LB agar plate. 

From the remaining dilution cultures 10 µl was taken and diluted again in 990 µl of M63 and 50 

µl was plated. From this dilution, 100 µl was taken and diluted into 900 µl of M63 with 100 µl 

being plated. This was repeated 2 more times and provided serial dilutions for 10-2, 10-4, 10-5, 10-

6, 10-7. There were 10 plates in total (5 wild-type and 5 knock-out), which were then incubated 

statically at 30 °C for 16 h. After the incubation period, the colonies were counted and recorded.  
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The following protocols were used from soon to be published research conducted by Gayder et 

al. 2019. 

 

4.2.7 Bacteriophage propagation 
	
 Bacteriophage stocks were obtained from Steve Gayder at Agriculture and Agri-Food 

Canada, Vineland. The stocks were enriched in a two-subculture process. Host suspensions were 

made in phosphate buffer (PB; 0.01 M, pH 6.8) at OD600 = 0.5-0.6. The cultures were prepared 

by adding 100 µl bacterial suspension and 100 µl of phage stock to 800 µl of 0.8% nutrient broth 

in a 2 ml centrifuge tube. The culture was shaken at 150 rpm and 27°C for 8 h. The tube contents 

were transferred to 100 ml NB in a 250 ml flask and shaken for 16-18 h. Chloroform (1 ml) was 

added and the culture was mixed and centrifuged at 8000 xg for 15 min. The supernatant was 

filtered (0.22 µm) and stored until needed.  

 

 

4.2.8 Host range assay 
	
 Wild-type and knockout Pa39-7 were grown on LB agar at 27°C for 16-18 h. Following 

incubation, single colonies were transferred and suspended in LB broth until an OD600 of 0.5-0.6 

(109 CFU/ml) was achieved. A mixture was prepared for each of the 10 tested phages P. 

agglomerans using 100 µl bacterial suspension, 100 µl phage (107 copies/ml) and 800 µl LB and 

was incubated at 27°C for 16 h. The phages that were tested were ɸEa10-1, ɸEa10-2, ɸEa21-4, 

ɸEa45-1B, ɸEa35-70, ɸEa10-7, ɸEa31-3, ɸEa46-1-A1, ɸEa46-1-A2 and ɸEa9-2. The ɸEa10-1, 

ɸEa10-2, ɸEa21-4, ɸEa45-1B, ɸEa35-70 belong to the Myoviridae family, while the remainder 

belong to the Podoviridae (Table 4-2). The initial multiplicity of infection (MOI) was estimated 
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to be 0.01. The suspension was then heat shocked at 80°C to lyse the bacteria and release phage 

genomic DNA. The samples were frozen until further testing was performed. For quantification, 

the samples were then thawed at room temperature and qPCR was performed. 

 

 

4.2.9 Quantitative PCR (qPCR) 
	
 Each qPCR reaction was made up of 2 µl template DNA, 4 µl 5X MBI EVOlution Probe 

qPCR mix (Montreal Biotech Inc., Montreal QC), 200 nM of each primer and 100 mM of the 

probe making up a 20 µl reaction. The probe and primer sets for E. amylovora Ea35-70 and Ea9-

2 were designed by Steve Gayder using Primer3Plus (https://primer3plus.com/) based on optimal 

melting temperatures and amplicon sizes. The reaction began with a 10 min activation period at 

95°C, following by a 10 sec cycle of 95°C and then 54°C for 45 sec. This entire process was 

repeated 40 times. The quantification is standardized using the three reactions of 105, 108, 1011 

copies/ml. A standard curve was produced correlating the copies/ml to Ct. 
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Results 
 

4.3.1 Biofilm assay 
	
 Prior to addition of the 30% acetic acid solution into the wells, the plate containing the P. 

agglomerans biofilms stained with 0.1% crystal violet was imaged. The negative control 

containing no bacterial suspension showed no staining. The knockout (lanes 2 to 7) appears to 

show faint staining while the wild-type (lanes 8 to 12), show a stronger, dark purple stain in each 

of its wells (Fig. 4-1). 	

 Following imaging, OD600 values were compiled. The average and standard deviation 

were used to conduct a two-tailed t-test to compare the wild-type to the knockout. The first lane 

in Figure 4.2 represents the control values of the blank well containing 0.1% crystal violent and 

30% acetic acid. Wild-type Pa39-7 was compared to the knock-out Pa39-7. The wild-type 

produced a much higher degree of absorbance at 600 nm versus the knock-out. The wild-type 

absorbance values ranged from 0.216 at its lowest to 0.459 at its highest. In comparison, the 

knock-out showed values as low as 0.011 up to 0.305. The highest value 0.305 even appeared to 

be an aberration as the next highest value observed was 0.127. Besides 0.305, all of the other 

highest observed values in the knock-out were significantly lower than the lowest absorbance 

seen in the wild-type. Based on the calculated error bars the values were consistently different 

among the two strains and statistically significant, with lane 5 and 6 having a p-value of <0.05.  
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Figure 4-1. P. agglomerans stained using 0.1% crystal violet in a 96-well sandblasted 

microtiter plate. A | Lane one denoted (-) represents the blank control lane containing no 

bacterial biofilm. Lanes 2 to 7 contain the knockout P. agglomerans strain. B | Lanes 8 to 12 

contain the wild-type P. agglomerans.  

A B 
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Figure 4-2. Pa39-7 biofilm production. Test 1 is the blank control well, while tests 2-11 

contain values for the wild-type and knock-out. The wild-type and knock-out are denoted in 

blue and orange, respectively. 
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4.3.2 Cell Growth: Optical density readings 
	
 The OD600 of the wild-type and knockout samples were measured separately following 

growth in M63 minimal media for 16-18 h.  Wild-type growth ranged from 0.611 to 0.613, while 

the knock-out ranged from 0.609 to 0.624 (Figure 4-3). The OD600 readings were virtually 

identical for both wild-type and knock-out and were not statistically different between the two 

strains.  

 
4.3.3 Cell Growth 
	
 Bacteria were grown in M63 minimal medium and were serially diluted to 10-2, 10-4, 10-5, 

10-6, 10-7 concentrations before plating onto LB agar. The CFU/ml was calculated based on the 

number of colonies on each plate, the dilution factor and the amount of bacterial suspension 

plated. CFU/ml ranged from 2-2.62 in the wild-type and 2.84-3 in the knockout and there was no 

statistically significant difference in growth between the wild-type and knock-out (Figure 4-4). 
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Figure 4-3. Pa39-7 optical density readings. Wild-type and knock-out were grown in M63 

minimal medium for 16-18 h and OD600 was measured using a spectrophotometer.  
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Figure 4-4. Pa39-7 number of viable bacterial cells (CFU/mL). Wild-type and knock-out 

were grown in M63 minimal medium, transferred to LB agar plates for 16-18 h and CFU 

calculated based on the number of colonies and dilution factors 10-6, 10-7.  
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Table 4-1. Myoviridae and Podoviridae bacteriophages host range for various P. 

agglomerans isolates. Prepared in 1 ml NB, 108 CFU/ml of Pa and 106 copies/ml of phage were 

mixed, grown 24 h and heat killed Values are the log10 of the final phage titres. Highlighted grew 

at least 2 logs. 

Phage Myoviridae Podoviridae 

Pa 
Hosta 

F10-
1 

F10-
2 

F21-
4 

F45-
1b 

F35-
70 

F31-
3 

F46-
1-A1 

F46-
1-A2 

F9-2 F10-
7 

Pa21-5 5.86 6.45 5.96 6.07 9.86 5.82 9.43 7.72 9.90 6.01 

Pa31-2 10.12 10.22 10.25 10.24 9.80 5.73 6.56 6.22 6.28 5.81 
	

Pa39-7 9.53 9.92 9.89 10.01 10.50 5.90 8.53 6.36 9.50 6.04 

E325 5.93 6.84 6.40 6.77 10.10 5.39 6.40 6.06 6.83 5.74 

a	Phage isolation, collection, testing and unpublished data all property of Steve Gayder at 
Agriculture and Agri-Food Canada Research, Lincoln, ON.		
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Phage Primer Species Family Isolat
ion 

Host 

Starting 
Titre 

Pa 39=7 
WT 
Titre  

Pa39=7 
KO 

Titre  
ɸEa10-1 

 
END37 Erwinia 

virus 
Ea214 

Myoviridae Ea 17-
1-1 

2.08E+04 
 

3.50E+08 
 

2.49E+07 
 

ɸEa10-2 
 

END37 Erwinia 
virus 
Ea214	

Myoviridae Ea 6-4 5.22E+05 
 

4.58E+08 
 

3.99E+06 
 

ɸEa21-4 
 

END37 Erwinia 
virus 
Ea214	

Myoviridae Ea 6-4 1.57E+06 
 

4.76E+08 
 

2.04E+06 
 

ɸEa45-
1B 

 

END37 Erwinia 
virus 
Ea214	

Myoviridae Ea 29-
7 

9.14E+05 
 

8.13E+08 
 

2.08E+07 
 

ɸEa35-
70 
 

RDH31

1 

Erwinia 
virus 
Ea35-70	

Myoviridae Ea 29-
7 

2.74E+03 
 

1.76E+08 
 

1.71E+03 
 

ɸEa10-7 
 

STS3 Erwinia 
virus 
Era103	

Podoviridae Ea 29-
7 

4.07E+08 
 

1.16E+08 
 

1.07E+07 
 

ɸEa31-3 
 

STS3 Erwinia 
virus 
Era103	

Podoviridae Ea 29-
7 

4.34E+08 
 

8.66E+08 
 

2.82E+07 
 

ɸEa46-
1-A1 

 

STS3 Erwinia 
virus 
Era103	

Podoviridae Ea D7 2.70E+08 
 

5.82E+08 
 

3.82E+07 
 

ɸEa46-
1-A2 

 

STS3 Erwinia 
virus 
Era103	

Podoviridae Ea D7 2.17E+09 
 

9.00E+08 
 

2.15E+08 
 

ɸEa9-2 
 

N14 Erwinia 
virus Ea9-
2	

Podoviridae Ea 17-
1-1 

No Ct 2.74E+05 
 

3.24E+03 
 

 

Table 4-2. The E. amylovora isolation host on which phage was isolated and 

propagated. Primers were designed by Gayder et al. 2019.  
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Figure 4-5. The qPCR data of P. agglomerans at OD600 infected with Erwinia spp 

phages. The wild-type is overlaid with the knockout growth to graphically represent and 

compare the differences among them. 
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Figure 4-6. Amplification plot obtained for ɸEa21-4. The red line represents the wild-

type, green represents the knock-out and the blue represents the control bacteriophage. 



MSc Thesis: P. agglomerans phage interaction   P. Zaprzala 

	 82 

4.3.4 qPCR of P. agglomerans post bacteriophage infection 
	
 The bacteriophages used in this study are listed in Table 4-1. They were obtained from 

Agriculture and Agri-Food Canada Research. The qPCR was performed in triplicate on the 

bacteriophage to obtain starting titres (copies/ml), serving as the control. The wild-type and 

knock-out were infected with all 10 of the bacteriophages, grown for 16 h at 200 rpm and 

measured using qPCR. The Pa39-7 wild-type produced a much larger number of bacteriophage 

progeny when compared to the mutant (Figure 4-5). For all of the phages there was at least a log 

difference between the wild-type and knock-out. An example of the results is shown in Figure 

4.6. The largest differences were observed for ɸEa21-4 and ɸEa35-70. In ɸEa21-4 the wild-type 

showed 4.76E+08 bacteriophage titres compared to 2.04E+06 in the knock-out and ɸEa35-70 

showed final titres of 1.76E+08 and 1.71E+03 in the wild-type and knock-out, respectively. Both of 

these phages belong to the Myoviridae family. The Podoviridae did however show at least a log 

difference among ɸEa10-7, ɸEa31-3, ɸEa46-1-A1, ɸEa46-1-A2 and ɸEa9-2 showed a 2-log 

difference.  
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Discussion 
	
 Bacteriophages can be exploited as a biocontrol of fire blight (O’ Sullivan et al. 2019). In 

the plant agriculture sector these of phages as a control can be difficult for a number of reasons. 

These challenges include the formulations needed to treat hectares of plants, assessing the 

susceptible hosts, the persistent presence of E. amylovora, transmission of the E. amylovora 

through rain, wind and various insects, chemical pesticides from farming which can be damaging 

to the phages and unpredictable weather patterns (Svircev et al. 2018).  

Currently, there are two fire blight biopesticide applications that are continuously being 

researched and refined to optimize their control capabilities in an orchard (Svircev 2019). The 

two methods both offer similar levels of control, but differ in the timing of the biocontrol 

delivery. The first being established in 2007 by Susan Lehman, which involves the use of the 

phage-carrier system utilizing the antagonistic P. agglomerans as a phage carrier to deliver the 

bacteriophages to plant surfaces, as well as reducing symptom severities on its own through 

antibiotic production and competition for space with E. amylovora (Jones et al. 2018). This 

application is timed prior to the arrival of E. amylovora (Lehman 2007).  

The more recent development that is available to the public is a system which utilizes a 

spray containing a large variety of various bacteriophages, ranging from ten to twelve different 

isolates within the application (Fendrihan et al. 2019). This therapeutic agent involves the 

application of phages to reduce pre-existing E. amylovora infections (Svircev et al. 2019). 

However, there is a key difference between these two fire blight controls and that is the timing of 

application. The phage-carrier system is applied prior to the arrival of E. amylovora pathogen, 

while the new spray is directly applied overtop fire blight infected areas. This is because at least 

3 hours are required to allow for a generation of phage progeny to be replicated and released 
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from the P. agglomerans (Lehman 2007). The phage-carrier system of P. agglomerans and 

bacteriophages which utilized enough time to become established were able to demonstrate 

control capabilities that were comparable to the gold-standard antibiotic treatment, streptomycin 

(Lehman 2007). This was also observed in other studies which measured the effects of prior 

establishment in BlightBan A506 and C9-1 (Nucleo et al. 1998; Stockwell et al. 2010). Although 

the new spray containing copious amounts of bacteriophages appears to be promising, it is yet to 

be seen how it will translate in real life application within an orchard exposed to the natural 

conditions. These bacteriophages are very susceptible to variations in temperature, pH and rain 

which can lead to UV damage and desiccation without the presence of a carrier host cell to shield 

them from various environmental factors (Iriate 2007, Born 2015).  

 Biofilm and a component of biofilm, the exopolysaccharide (EPS), poses a unique 

challenge in bacteriophage therapy (Issa et al. 2019; Aslam et al. 2019). On one hand, it may act 

as a physical barrier between bacteriophage and its associated receptors on the host cell, 

preventing interaction and binding (Forde et al. 1999). While on the other hand, it may also 

contain the necessary receptors which are required for recognition and binding of the 

bacteriophage with the associated host cell (Hanlon et al. 2001). The latter was observed in E. 

amylovora, where the cells which were deficient in amylovoran, a key component involved in 

exopolysaccharide component, showed resistance to podovirus infection (Roach 2011; Roach et 

al. 2013). This indicated that the phages had evolved to be able to recognize cell receptors on the 

exopolysaccharide necessary for phage adsorption (Labrie et al. 2010; Moller et al. 2019). This 

trend was also demonstrated in E. coli which contains surface K antigens that bacteriophages 

have evolved to recognize (Wachtel 2017). However, very little work has been done on the 

carrier bacterium P. agglomerans. In order to identify key elements which are involved between 
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the optimization of biopesticide and pathogen interaction, it is necessary to further understand 

the role of EPS in phage recognition and production in this gram-negative bacterium (Lehman 

2007). 

 In order to better understand the phage-carrier interaction in P. agglomerans it was 

necessary to produce a mutant strain lacking the capacity to produce EPS (Wei et al. 2019; 

Muramoto et al. 2019; Adelmann et al. 2019). An EPS deficient mutant P. agglomerans was 

genetically engineered using CRISPR and the knockout was confirmed morphologically and 

through sequencing (Figure 3-14, 15, 16). The wild-type and mutant were then infected with the 

10 bacteriophages identified by Gayder et al. (Table 4-2). All of the phages infections of the 

deficient mutant displayed much lower phage production as compared to production in the wild 

type strain (Figure 4-5). There was little to no propagation observed for phages ɸEa21-4, ɸEa35-

70 and ɸEa9-2 (Figure 4-5 and 4-6). ɸEa21-4 and ɸEa35-70 are Myoviridae and the ɸEa9-2 is 

Podoviridae. Roach (2011) found that E. amylovora mutants deficient in amylovoran had 

virtually no propagation of Podoviridae ɸEa1, while the Myoviridae ɸEa21-4 showed normal 

levels of phage production. This indicated that in E. amylovora only the Podoviridae were 

affected by the amylovoran knock-out. In this current study, the lack of exopolysaccharide 

production in P. agglomerans demonstrated significantly decreased levels of propagation in both 

Myoviridae and Podoviridae phages. The reason for this difference is unknown and should be 

examined further. 

In phage adsorption, the first interaction involves a reversible attachment of the tail of the 

bacteriophage to a bacterial cell surface receptor which is then followed by an irreversible 

binding step (Thanki et al. 2018). The entire process is broken down into a three-step process 

beginning with collision of the phage with the bacterial surface through either diffusion or 
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Brownian motion and it “walks” along the cell surface of the bacteria until it comes into contact 

with its associated receptor (Moldovan et al. 2007). The bacteriophage can then bind reversibly 

to this receptor and can still at this stage can also be de-absorbed, which keeps the phage in a 

close proximity to the receptor (Uchiyama et al. 2011). Finally, the last step involves the 

irreversible binding of the phage with the initial receptor it came into contact with or another one 

which it found through de-absorption (Dowah et al. 2017). Once irreversible binding occurs 

there is conformational changes in the phage structure and inserting of its viral DNA into the 

bacteria (Thanki et al. 2018). Based on the findings observed in Figure 4-5, it may be possible 

that the receptors were not blocked or removed in the deficient EPS knock-out P. agglomerans. 

This is because there was still some level propagation observed in the phages. It is also possible 

that there was a decrease in surface receptors on the knock-out strain as the EPS was no longer 

present. The surface receptor which could have decreased would have been the reversible 

binding sites for the bacteriophages. This would make it less effective for the bacteriophage to 

stay in close proximity and undergo its irreversible binding.  

While this reasoning is extremely speculative, it would explain the observed results 

because if the irreversible binding sites were completely removed there would be no propagation 

observed (Hubbs et al. 2019). For phage ɸEa21-4, ɸEa35-70 and ɸEa9-2 it appears that they are 

all dependent on the production of EPS as they were all unable to infect the carrier host, P. 

agglomerans. As bacteria evolve in order to develop resistance mechanisms, the phages coevolve 

to keep up in the “arms race”. Phages have evolved specific targeting mechanisms which allows 

them to recognize receptors on exopolysaccharides (Nobrega et al. 2018).  

Phages which specifically recognize EPS typically contain depolymerases (Lin et al. 

2017; Olsen et al. 2018). These depolymerases are evolved by the phages and equips them with a 
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diverse bacterial specificity. For example, there has been nine functional capsule depolymerase-

encoding genes that have been classified for the Klebsiella giant phage K64-1 genome 

(Majkowska-Skrobek et al. 2018). Each one of the nine genes encode different depolymerase 

that are capable of degrading various capsular polysaccharides (Pan et al., 2015, 2017; 

Majkowska-Skrobek et al. 2018). Based on the data collected in this study, it is likely that 

neither the Myoviridae nor Podoviridae phages that infect Pantoea possess any depolymerase 

capabilities needed to gain access to the host bacterial surface. This could be considered to be 

unusual for the Podoviridae, which are known to produce depolymererases that degrade 

amylovoran during E. amyolovora infection. If cell surface receptors were present, then the 

mutant deficient in EPS would theoretically demonstrate an increase in the amount of phage 

growth, but a decrease was observed.  

In order to utilize P. agglomerans in conjunction with bacteriophages as a biological 

control the potential for phage resistance needs to be addressed. The development of phage-

resistant bacteria can be dated back to 1943 in a paper by Luria and Delbrück, who were able to 

demonstrate phage-lysis of bacterial populations followed by bacterial regrowth, which was 

concluded to be a subset population of phage resistant bacteria. Bacteria are able to develop 

resistance to phages in a variety of different ways which include spontaneous mutations, 

restriction modification systems and through adaptive immunity of the CRISPR-Cas system 

(Oechslin 2018). Spontaneous mutations are the most common form of bacterial phage resistance 

mechanisms (Bertozzi et al. 2016). These typically will induce modifications of the phage 

receptors on the bacterium. However, with the phage resistance mechanisms there seems to be a 

positive-negative trade off. While the bacteria are able to develop resistance to the phage itself, it 

may come at a cost by mutating key components necessary for its replication and survival. For 
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example, a mutation in the exopolysaccharide of P. agglomerans would confer resistance to 

phage attack, however, it may make the bacteria more susceptible to desiccation and predation. It 

would also affect factors like cellular recognition, aggregation, adhesion, bacterial growth and 

nutrient collection capabilities (Harimawan et al. 2016). For this reason, typically phage-

sensitive and phage-resistance bacteria will persist (Watson et al. 2018). If the EPS composition 

in P. agglomerans was mutated and altered it would affect the phage host interactions and a new 

phage-carrier system using a different antagonistic bacterium would need to be developed.  

The development of a biocontrol utilizing the phage-carrier system with P. agglomerans 

is a very promising venue for a therapeutic control of E. amylovora. The work described here 

demonstrates that the adsorption of Pantoea phages could have been mediated by surface 

receptors present on the EPS of P. agglomerans. The mutant colonies lacking in EPS production 

showed cells which were less susceptible or completely resistant to infection by both Myoviridae 

and Podoviridae phages. The ɸ35-70 and ɸ9-,2 which are exclusive to Pantoea infection, 

showed the most significant decreases in phages titre counts, likely indicating the presence of a 

phage receptor on the EPS (Svircev 2019). Further research needs to be done to fully understand 

the phage-host interaction between P. agglomerans and all the corresponding phages that infect 

it. A more detailed look into exact composition of the EPS would also provide value insight into 

understanding this bacterium and provide useful information into the application of this 

biopesticide.   
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