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Abstract 

The hypothesis of this thesis is that phages isolated from the environment can 

play a role in the future to reduce outbreaks of the disease listeriosis by 

applying phages as biocontrol agents against the pathogen L. monocytogenes 

and by incorporating phages into systems for the detection of this pathogen. 

The results from this thesis show that phages and their proteins can effectively 

inhibit the growth of L. monocytogenes. Phage vB_LmoH_P61, a lytic phage 

isolated from grass silage, was applied to food matrices for the biocontrol of L. 

monocytogenes which resulted in the inhibition of L. monocytogenes in 

artificially inoculated pasteurized milk and baby spinach. The key findings from 

this study show the importance of the food matrix, multiplicity of infection, the 

growth stage of the host bacterial cells and storage temperature was noted in 

this study for the successful application of phages as biocontrol agents. 

Chapter 3 of this thesis also aimed to exploit phages (phage lysins) as 

biocontrol agents. The temperate phage vB_LmoS_293 was exploited for the 

biocontrol of L. monocytogenes. The endolysin of this phage was identified. 

This endolysin and its amidase domain were displayed on 

polyhydroxyalkanoate (PHA) bionanoparticles (BNPs). The key findings 

showed that both the PHA_BNPs displaying the full-length endolysin and the 

amidase domain lysed and inhibited the growth of L. monocytogenes strain 

473 at 37 ºC and 22 ºC. Comparing the application of PHA_BNPs displaying 

the full-length endolysin to the PHA_BNPs displaying the amidase domain, it 
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can be seen that linking the amidase domain of these PHA_BNPs maintains 

a lytic ability similar to that of the full-length endolysin. The findings from 

Chapter 2 and Chapter 3 indicate that the phages studied may be applied as 

biocontrol agents against L. monocytogenes in the future. Phages were also 

exploited for the capture and potential detection of L. monocytogenes (Chapter 

4). A recombinant receptor binding protein from phage vB_LmoS_293 was 

produced and shown to capture its host-bacterial cells. Future applications 

may employ this protein for the capture and in turn detection of L. 

monocytogenes. Three phages—vB_LmoS_C996, vB_LmoS_P11 and 

vB_LmoS_P7—were isolated from grass silage and characterized. The 

endolysins and putative receptor binding proteins were identified in the 

genomes of these phages and these proteins may be exploited in future 

applications for the biocontrol and detection of L. monocytogenes. The key 

findings from this thesis indicate that phages and their proteins may be 

exploited for the control of L. mononcytogenes, phage proteins may be 

exploited for the capture of L. monocytogenes and phages should be 

phenotypically and genotypically characterized so that they can be easily 

exploited for biocontrol and detection purposes in the future. The studies in 

this thesis have added to the area of phage research, new phages have been 

isolated, new protocols developed for the inhibition of L. monocytogenes, a 

potential new delivery system of phage lysins has been shown and new 

protocols developed for the production and purification of recombinant phage 

proteins.  
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the RBP sequences from phages P200 and P100plus to gp 130 from phage 

vB_LmoH_P61. The image shows that the length of the amino sequences is 

430 aa and that there is a conserved PHA01818 domain between 8-140 aa in 

all three sequences. Multiple amino acid sequence alignment was generated 

using Clustal OMEGA https://www.ebi.ac.uk/Tools/msa/clustalo/.pp136 

 

Figure 4-3: Multiple amino acid sequence alignment of gp20 of phage 

vB_LmoS_293 and gp19 of phage vB_LmoS_188 and the RBP BppU 

sequence showing 97% sequence similarity. The image shows the percentage 

coverage of the multiple sequence alignment and the percentage sequence 

identity of the RBP sequences from phages vB_LmoS_293 and 

vB_LmoS_188 to the BppU protein. The image shows the length of these 

sequences is 357 aa. Multiple amino acid sequence alignment was generated 

using OMEGA https://www.ebi.ac.uk/Tools/msa/clustalo/.pp137 

 

Figure 4-4: Section A shows a 10.5% SDS-PAGE analysis of small-scale (20 

mL) production of recombinant RBP_293 from E. coli DE3 containing construct 

pET24a (+). Increasing concentrations of IPTG were used for induction at 37 

°C for 4 h. The induced samples were subsequently separated into both the 

cell pellet and supernatant, both of which were run on the gel as indicated. L 
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(lane) 1, cell pellet induced with 0.4 mM IPTG; L2, cell pellet induced with 0.8 

mM IPTG; L3, cell pellet induced with 1 mM IPTG; L4, supernatant induced 

with 0.4 mM IPTG; L5, supernatant induced with 0.8 mM IPTG; L6, 

supernatant induced with 1 mM IPTG; L7 and L8 are uninduced BL21 DE3 

cells. Image J analysis showed the average size of the protein bands 

highlighted as 42 kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, 

Cambridge, UK). Section B shows a 10.5% SDS-PAGE analysis of purified 

RBP_293 from the large-scale production of (1 L) of RBP_293. L1 and L2 

show crude protein extract, L3 shows purified protein with 50mM imidazole, 

L4 shows elution of protein with 250mM imidazole, L5 shows elution with 350 

mM imidazole and L6 shows elution with 500 mM imidazole. Image J analysis 

showed the average size of the protein bands highlighted as 46 kDa, 10-245 

kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). pp141 

 

Figure 4-5: Section A shows a 10.5% SDS-PAGE analysis of small-scale (20 

mL) production of recombinant RBP_188 from E. coli DE3 containing construct 

pET24a (+). Increasing concentrations of IPTG were used for induction at 37 

°C for 4 h. The induced samples were subsequently separated into both the 

cell pellet and supernatant, both of which were run on the gel as indicated. L 

(lane) 1 shows the cell pellet induced with 0.4 mM IPTG, L2 shows the 

induction of the cell pellet using 0.8 mM of IPTG, L3 shows the induction of 

the cell pellet using 1mM of IPTG, L4 shows the supernatant induced with 0.4 

mM IPTG, L5 shows the induction of the supernatant using 0.8 mM of IPTG, 

L 6 shows the induction of the supernatant using 1 mM of IPTG. Image J 

analysis showed the average size of the protein bands highlighted as 46 kDa, 

10-245 kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). 

Section B shows a 10.5% SDS-PAGE analysis of purified RBP_188 from the 

large-scale production of (1 L) of RBP_188. Purification of RBP_188. L1, L2  

and L3 show crude protein extract, L4 shows purified protein with 50 mM 

imidazole, L5 shows elution of protein with 250 mM imidazole, L6 shows 

elution with 350 mM imidazole and L7 and L8 shows elution with 500 mM 

imidazole. ImageJ calculated protein size of bands to be 41kDa, 10-245 kDa 

marker was used (Abcam, Discovery Drive, Cambridge, UK).pp142 

 

Figure 4-6: Section A shows a 10.5% SDS-PAGE analysis of purified 

RBP_P61 from the large-scale production of (1 L). L1, L2 and L3 show crude 

protein extract, L4 and L5 show the proteins eluted from wash steps involved 

in the purification procedure, L6 shows elution of protein with 50 mM imidazole, 

L7 shows elution with 250 mM imidazole and L8 shows elution with 350 mM 

imidazole and L9 with 500mM of imidazole. Image J analysis showed the 

average size of the protein bands highlighted as 24 kDa, 10-245 kDa marker 

was used (Abcam, Discovery Drive, Cambridge, UK). Section B shows the 
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purification of RBP_P61 after the protein was subjected to the refolding 

procedure. L1 shows the elution of protein with 350mM imidazole and L2 

shows the elution of protein with 500mM imidazole. Image J analysis showed 

the average size of the protein bands highlighted as 48 kDa, 10-245 kDa 

marker was used (Abcam, Discovery Drive, Cambridge, UK).pp143 

 

Figure 4-7: Section A depicts a 10.5% SDS-PAGE analysis of small scale (20 

mL) production of recombinant eGFP_RBP_188 from E. coli DE3 containing 

construct pET24a (+). Section A shows the cell pellet induced with 1mM of 

IPTG (L1 and L2). Section B, L1 and L2 shows the purification of 

eGFP_RBP_188 that had been subjected to the protein folding procedure 

(eluted with 500mM of imidazole). Section B L3 and L4 shows the purification 

of eGFP_RBP_188 that had not been subjected to the protein folding 

procedure (eluted with 500mM of imidazole), 10-245 kDa marker was used 

(Abcam, Discovery Drive, Cambridge, UK). Section C shows colonies of E. 

coli DE3 containing the construct eGFP_RBP_188-pET24a (+) glowing green 

on LB agar (Oxoid, Ashley Road, Altrincham, Cheshire, England) and E. coli 

DE3 containing the construct RBP_188-pET24a (+) that are not glowing green 

on LB agar (Oxoid, Ashley Road, Altrincham, Cheshire, England). pp144 

 

Figure 4-8: Section A depicts a 10.5% SDS-PAGE analysis of small scale (20 

mL) production of recombinant eGFP_RBP_293 from E. coli DE3 containing 

construct eGFP_RBP_293-pET24a (+). Increasing concentrations of IPTG 

were used for induction at 37 °C for 4 h. The induced samples were 

subsequently separated into both the cell pellet and supernatant, both of which 

were run on the gel as indicated. L (lane) 1, cell pellet induced with 0.4 mM 

IPTG; L2, cell pellet induced with 0.8 mM IPTG; L3, cell pellet induced with 1 

mM IPTG; L4, supernatant induced with 0.4 mM IPTG; L5, supernatant 

induced with 0.8 mM IPTG; L6, supernatant induced with 1 mM IPTG; L7, 

uninduced BL21 DE3 cells. Image J analysis showed the average size of the 

protein bands highlighted as 42 kDa, 10-245 kDa marker was used (abcam). 

Section B shows the purification of eGFP_RBP_293 after the protein had been 

subjected the protein folding procedure. L 1 shows the elution of the protein 

using 50mM of imidazole, L2 shows elution with 250 mM imidazole, L3 shows 

elution with 350 mM imidazole and L4 with 500mM of imidazole. pp145 

 

Figure 4-9: (A) Adsorption inhibition assays using RBP_293 and phage 

vB_LmoS_293. Blue bars represent test samples that were incubated with 

RBP_293, pink bars represent control samples that were incubated with PBS. 

Increasing concentrations of RBP_293 were used: 0.1 mg/mL, 0.5 mg/mL and 

1.5 mg/mL. (B) Adsorption inhibition assays using RBP_293 and phage 
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vB_LmoH_P61. Blue bars represent test samples that were incubated with 

RBP_293, pink bars represent control samples that were incubated with PBS. 

Increasing concentrations of RBP_293 were used: 0.1 mg/mL, 0.25 mg/mL 

and 0.75 mg/mL. pp147 

 

Figure 5-1: Electron transmission microscopy of phages vB_LmoS_P7 (A) 

(red), vB_LmoS_P11 (B) (green) and vB_LmoS_C996 (C)(blue) showing a 

flexible tail (280nm), isometric head (60nm) and a double disced baseplate for 

all phages. The electron microscopy images were taken by Dr Natalia Wagner 

from the Max Rubner Institute Kiel Germany. pp164 

 

Figure 5-2: Linear depiction of the genomes of phages vB_LmoS_P11, 

vB_LmoS_P7 and vB_LmoS_C996. The figure depicts the coding sequence 

regions of the genomes. The coding regions are annotated and organised by 

colour. Green depicts coding regions involved in head and tail assembly, 

yellow depicts the coding regions determined to be the terminase genes, red 

depicts coding regions involved in DNA replication, orange depicts coding 

regions involved in host cell lysis, grey depicts coding sequence regions with 

no determined function and blue depicts the coding region determined to be 

the integrase genes of the phages. The image is drawn to scale using EasyFig 

v 2.2.4. pp169 

 

Figure 5-3: (A) Phylogenetic analysis of phages vB_LmoS_C996, 

vB_LmoS_P11 and vB_LmoS_P7 and closely related L. monocytogenes 

phages using the large terminase gene. The tree was generated in MEGAX 

using the bootstrap settings at 1000 replicates. (B)Phylogenetic analysis of 

phages vB_LmoS_C996, vB_LmoS_P11 and vB_LmoS_P7 and closely 

related L. monocytogenes phages was determined by BLASTn analysis. The 

tree was generated in MEGAX using the bootstrap settings at 1000 replicates, 

input sequences for MUSCLE alignment consisted of whole proteomes of each 

phage. pp170 

 

Figure 5-4: Linear depiction of the genomes of phages vB_LmoS_P11, 

vB_LmoS_P7 and vB_LmoS_C996 and phages A118 and A500 (both of these 

phages share a high nucleotide sequence identity with phages 

vB_LmoS_P11, vB_LmoS_P7 and vB_LmoS_C996). Regions of amino acid 

sequence similarity are joined by the shaded area using grey scale. Coding 

sequence regions are depicted as arrows and colour-coded based on 

predicted functions. The coding sequence regions are annotated and 

organised by colour. Green depicts coding regions involved in head and tail 
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assembly, yellow depicts the coding regions determined to be the terminase 

genes, red depicts coding regions involved in DNA replication, orange depicts 

coding regions involved in host cell lysis, grey depicts coding regions with no 

determined function and blue depicts the coding region determined to be the 

integrase genes of the phages. The image is drawn to scale using EasyFig v 

2.2.4. pp171 

 

Figure 5-5: One-step growth curve of (A) vB_LmoS_P11, (B) vB_LmoS_C996 

and (C) vB_LmoS_P7. Blue circles denote samples that were directly plated, 

representing the cumulative concentration of absorbed phages and 

unabsorbed phages. Red circles represent samples that were treated with 

chloroform prior to plating, representing the total concentration of phages 

including intracellular phage. All values are means of three independent 

experiments (n=3). pp172 
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Chapter 1 

Introduction 

 

Disclaimer: To avoid self-plagiarism it should be noted that this chapter has been 

published in the MDPI journal Viruses, 11(6), 567-583 (2019). Sections 1.2, 1.9 and 

Figure 1-3 have been added to this thesis. Section 1.4 has been updated to include 

the most recent classification of phages. 
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1.1 Abstract 

Initially described a century ago by William Twort and Felix d’Herelle, bacteriophages 

are bacterial viruses found ubiquitously in nature, located wherever their host cells are 

present. Translated literally, bacteriophage (phage) means ‘bacteria eater’. Phages 

interact and infect specific bacteria while not affecting other bacteria or cell lines of 

other organisms. Due to the specificity of these phage–host interactions, the 

relationship between phages and their host cells has been the topic of much research. 

The advances in phage biology research have led to the exploitation of these phage–

host interactions and the application of phages in the agricultural and food industry. 

Phages may provide an alternative to the use of antibiotics, as it is well-known that the 

emergence of antibiotic-resistant bacterial infections has become an epidemic in 

clinical settings. In agriculture, pre-harvest and/or post-harvest application of phages 

to crops may prevent the colonisation of bacteria that are detrimental to plant or human 

health. In addition, the abundance of data generated from genome sequencing has 

allowed the development of phage-derived bacterial detection systems of foodborne 

pathogens. This review aims to outline the specific interactions between phages and 

their host and how these interactions may be exploited and applied in the food industry. 
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1.2 Critical Evaluation  

PubMed, ScienceDirect and Google Scholar databases were searched for articles on 

the interaction of phages with their host bacterial cell, exploitation of phages as 

biocontrol agents and the exploitation of phages in bacterial detection systems. Search 

terms included ‘bacteriophage lifecycle’, ‘mode of action of bacteriophage endolysins’, 

‘ready-to-eat foods’, ‘bacteriophages as biocontrol agents’ and ‘bacteriophage-based 

detection systems’. The outcomes of interest from this literature review were studies 

of the interaction phages and Gram-positive host bacterial cells and the interaction of 

phages and Gram-negative host bacterial cells, the application of phages as biocontrol 

agents on ready-to-eat foods and the exploitation of phages in rapid detection 

systems. The studies selected included a variety of different cases where phage-host 

interactions were known for both Gram-negative and Gram-positive bacteria. A broad 

range of phages were chosen to reflect the variety of host-cell surface receptors a 

phage may use—this knowledge may then be applied when exploiting phages for 

biocontrol and detection purposes. With regard to the exploitation of phages as 

biocontrol agents, studies were chosen where phages were applied to ready-to-eat 

foods and their source ingredients. Ready-to-eat foods were chosen as it is these 

foods that are commonly found to be contaminated with L. monocytogenes, the 

bacterium of interest in this thesis. When choosing studies that exploited phages for 

the detection of pathogens, it was decided that the studies chosen should be those 

where the findings reported an improved detection time—i.e., rapid detection systems. 

This analysis allowed for the identification of the limitations associated with exploiting 

phages as biocontrol agents and in detection systems, and gaps in the area of phage 

research (sections 1.7.4-1.9). 



4 
 

 

1.3 Discovery and Definition of Bacteriophages  

Bacteriophages (phages) are the most abundant micro-organisms in the biosphere, 

with an estimated 4.8 x 1031 phage particles present. Phages are present in all areas 

where bacteria thrive, and play a significant role in the population dynamics of 

microbes in the majority of ecosystems and in the evolution of their bacterial and 

archaeal host cells. As drivers of microbial diversity, phages have sparked interest 

within the scientific community as a means of understanding fundamental molecular 

biology interactions, as vectors of horizontal gene transfer, and as sources of 

diagnostic and genetic tools for novel bacterial detection systems (Clokie et al., 2011). 

Virulent phages are specific viruses of bacteria that hijack the bacteria’s metabolic 

mechanisms in order to grow and replicate, which subsequently leads to the death of 

the host cell (Hatfull & Hendrix, 2011). Given the distribution and prevalence of 

phages, it is surprising that they were not identified for close to 40 years following the 

commencement of significant bacteriological work in Europe and America in the 

1880s. The beginning of phage research is usually credited to an unusual observation 

made by Fredrick. W. Twort in 1915. However, the recognition that phages were 

responsible for Twort’s observation was only made following the pioneering work of 

Felix d’Herelle (Summers, 2012). From this discovery flowed many others. Chemical 

analyses of purified phages revealed that their proteinaceous nature and the presence 

of phosphorus in these virus preparations suggested a second component, 

subsequently recognized as nucleic acid. Target theory approaches were employed 

in order to estimate the size of phages (Mirzaei & Nilsson, 2015). Experiments were 

designed to discover the intracellular increase in phage numbers between infection 
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and lysis. It was discovered that phages are obligate intracellular parasites that require 

a suitable bacterial host cell to multiply and proliferate (Betts et al., 2018). Infection 

begins through phage recognition of and adsorption to a host cell receptor via phage 

receptor binding proteins (RBP). In the next stage of the process, the viral genome is 

injected into the host bacterial cell’s periplasm and the host cell’s metabolic pathway 

is exploited to replicate the viral genome (Miller et al., 2003). The formation of new 

virions then begins, and these virions are subsequently released into the surrounding 

environment (Fernandes & Sao-Jose, 2018; Weitz et al., 2013). Throughout this 

review, the relationship between the RBPs and receptors of the host cell, and the 

exploitation of these interactions to create novel diagnostic and preventative 

techniques, will be discussed.  

 

1.4 A Brief Overview of Phage Morphology and Classification  

 

The majority of known phages belong to the order Caudovirales and are tailed phages 

(Ackermann, 2007). The three main families belonging to the order Caudovirales are 

Myoviridae (long contractile tail), Siphoviridae (long non-contractile tail) and 

Podoviridae (short non-contractile tail). The International Committee of Taxonomy of 

Viruses (ICTV) uses many phage characteristics for classification, including phage 

morphology, physiochemical properties of the virion, nucleic acid content and genomic 

data (Ackermann, 2007). In 2019, the Bacterial and Archaeal Viruses Subcommittee 

of the ICTV released a report that highlighted new taxonomic classifications and 

presented a new order (Tubulavirales): 10 new families, 22 new sub-families, 424 new 

genera and 964 new species (Adriaenssens et al., 2020; Wittmann et al., 2020). In 
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2019, there were 103 proposals and, in 2020, 188 proposals submitted to the ICTV 

indicating that the creation of new categories of phages are continuously evolving 

(Barylski et al., 2020). The current orders, families, genera and species of phages may 

be sourced from the ICTV master list (Adriaenssens et al., 2020).  

 

1.5 The Interaction of a Phage and its Bacterial Host Cell  

Phage life cycles dictate their role in bacterial and archaeal biology (Campbell, 1988). 

Three life cycles of phages have been reported: lytic, lysogenic and chronic. In 

general, once a virulent phage (a phage that follows the lytic cycle) has attached to its 

host cell, the phage’s nucleic acid enters the cell and causes the bacterium to produce 

hundreds of phage copies. This results in the lysis of the cell and the newly-formed 

phages are then released into the surrounding environment. Temperate phages 

(phages that follow the lysogenic cycle) may follow one of two scenarios. The first 

scenario results in the lysis of the host cell and release of newly-formed phages, similar 

to the lytic life cycle outlined above. In the second scenario, phage DNA may be 

integrated into the bacterial chromosome. The integrated DNA (prophage) is non-

infectious and replicates as part of the bacterial chromosome. Incorporation of the 

phage DNA into the bacterial chromosome can be beneficial for the evolution of the 

bacteria, as useful genes may be transferred to the bacteria (Campbell, 1988). These 

prophage-mediated changes have been termed lysogenic conversion (Eichhorn et al., 

2018). In this state of symbiosis, both phage and the host cell experience an increased 

level of fitness. Under UV light or certain chemical treatments, the prophage is excised 

and causes the bacteria to produce phage particles. Figure 1-1 depicts the lytic and 

lysogenic lifecycle. The third life cycle is the chronic lifecycle which occurs in archaeal 
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viruses and some filamentous and temperate phages. These viruses do not cause cell 

disruption or cell death, but instead the newly-formed virions are continuously released 

from the cell. The infected host cells are capable of growing but at a much slower rate 

(Munson-McGee et al., 2018). 

 

 

Figure 1-1: The lytic and lysogenic lifecycle of bacteriophages. This image was created using 

Microsoft 365 PowerPoint.  

 

Generally, the infection process begins with the phage attaching to the surface of the 

host cell via particular host cell surface receptors. As a consequence of infection, the 

genetic material of the phage is injected into the cytoplasm of the bacterial cell. The 
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initiation of phage infection is triggered by the specific recognition between the phage’s 

RBPs located at the tip of the tail and a receptor located on the surface of the host 

cell. This specificity is directly related to the specificity of adsorption, which correlates 

to the structure of receptors located on the host’s cell surface (Bertozzi Silva et al., 

2016). The localization, volume and density of these receptors play a pivotal role in 

the recognition process. Cell surface receptors recognized by the phage may include 

protein receptors (outer membrane porin A (OmpA) and outer membrane porin C 

(OmpC) ), lipopolysaccharide (LPS) receptors, receptors located in capsular 

polysaccharides (Vi-antigen), pili and flagella (Figure 1-2) (Rakhuba et al., 2010). 

Proteins that act as receptors for phages may carry out a variety of functions in the 

host cells (i.e., enzymes, transport proteins, structural proteins, porins and flagella) 

(Rakhuba et al., 2010). Once successful binding to the host receptor has occurred, a 

conformational alteration in the phage’s baseplate occurs and consequently results in 

sheath contraction and injection of the phage’s nucleic acid into the host cell. 
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Figure 1-2: Examples of the possible host cell receptors a tailed phage generally may adsorb 

to on a bacterium. This image was created using Microsoft 365 PowerPoint.  

 

 

To begin the replication process, a phage may first have to overcome a variety of 

carbohydrate boundaries present on the surface of the bacterial cell. These 

carbohydrate moieties include capsular polysaccharides which can mask the host cell 

receptors (Labrie et al., 2010; Mostowy & Holt, 2018) and extracellular 

polysaccharides that may be secreted during biofilm production (Labrie et al., 2010). 

Phages have evolved a variety of carbohydrate-active enzymes—polysaccharide 

depolymerases, a common component of the tail in bacteriophages (Yan et al., 2014). 

These enzymes function to recognize, bind and degrade carbohydrate components 

and gain access to a once inaccessible host cell receptor. The binding of phages to 

these host cell receptors is discussed in detail in Sections 1.5.3 and 1.5.4. In 

accordance with their mechanism of action, phage depolymerases can either be 

hydrolases or lyases, each of which causes the breakdown of polysaccharides into 
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soluble oligosaccharides. The vast majority of hydrolases are members of the O-

glycosyl hydrolases group, which function by using a water molecule to cleave the O-

glycosidic bonds of the polysaccharide. To form soluble oligosaccharides, lyases 

cleave a glycosidic bond through β-elimination resulting in the introduction of a new 

double bond and, unlike hydrolases, they do not use water (Labrie et al., 2010). 

Hydrolases include sialidases that break down capsular polysialic acid and 

rhamnosidases that hydrolase O-antigen of LPS. Lyases include pectin lyases which 

degrade extracellular polysaccharides and hyaluronidases that degrade hyaluronate-

based capsules (Fernandes & Sao-Jose, 2018). If following a lytic life cycle, the newly-

formed phages within the bacterial cell must lyse the cell in order to release these 

virions into the surrounding environment. Tailed phages accomplish this lysis through 

the use of the phage-encoded enzyme endolysin and the protein holin (Latka et al., 

2017). Endolysins are peptidoglycan (PG) degrading enzymes synthesized during the 

late phase of gene expression in the lytic cycle. At a time when it is critical for lysis to 

occur, endolysins degrade the bacterial cell wall from within (Loessner et al., 2002). 

The most commonly found catalytic domains in these enzymes have muramidase or 

amidase activity. For phages infecting Gram-negative bacteria, the endolysin is 

generally a monomeric and globular polypeptide. Endolysins of Gram-positive phages 

are usually modular in structure, with an N-terminal catalytic domain connected to a 

C-terminal cell binding domain (CBD). Research conducted by Loessner et al. (2002) 

on the phages A188 and A500 that infect the Gram-positive bacterium L. 

monocytogenes indicated that the CBDs of these phages function in directing the 

phage endolysins Ply118 and Ply500 to their substrates present on the bacterial cell 

wall. Endolysins are granted access to the bacterial PG through holins which 

oligomerize in the cytoplasmic membrane and thus create small pores in the 
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membrane and allow the endolysins to reach their substrates (Eugster et al., 2011). 

Degradation is performed by a spanin complex which is composed of an outer 

membrane lipoprotein (o-spanin) and an integral cytoplasmic membrane protein (i-

spanin) (Berry et al., 2012).  

 

1.5.1 Endolysins from Phages Infecting Gram-Negative Bacteria 

Holins produced by the T4 phage must provide a pathway for endolysins to degrade 

the cell wall, causing lysis of the bacterial cell and release of the newly-formed virions 

into the surrounding environment. Holins can be classified into two groups: canonical 

holins and pinholins. Canonical holins form large holes allowing the release of pre-

folded, non-specific endolysin from the cytoplasm into the periplasmic space. Pinholins 

create much smaller holes that function only to depolarize the cell membrane (Pang 

et al., 2009). Holins from the T4 phage are canonical holins (T holin) that allow the 

release of endolysin from the cytoplasm. The T4 phage endolysin is known to have 

lysozyme activity that degrades host peptidoglycans. Once the canonical holins 

produce holes in the bacterial wall, the endolysin is free to begin the degradation of 

the host cell wall (Emrich & Streisinger, 1968). 

Research regarding the lysis of E. coli by the T4 phage shows that lysis can be 

indefinitely delayed when in the lysis inhibition state (LIN). LIN occurs when a T4-

infected cell becomes superinfected five minutes or more after the original infection. 

Infection begins as normal with irreversible infection occurring and a subsequent 

penetration of the outer membrane by the central tail tube. Yet, in the LIN state, the 

cytoplasmic membrane is not punctured, and virions are ectopically ejected into the 

periplasm of E. coli. This leads to the activation of a small protein called RI (antiholin) 
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which then inhibits the T holin of the T4 phage and thus inhibits the lysis of the host 

cell (Moussa et al., 2012). 

Virion-mediated “lysis from without” (LOV), as opposed to lysis caused by exogenously 

applied lysin (lysin-mediated LO (LOL)), can be defined as a phage’s potential to lyse 

bacteria without first infecting. LOV is a phenomenon observed in T4, as well as other 

T-even phages, occurring as a consequence of phage penetration through the 

bacterial cell envelope during adsorption (Abedon, 2011). In T4 phages, phage 

penetration is directed by gene product (gp) 5, encoding a tail-associated lysozyme 

(Arisaka et al., 2003). When the number of phages adsorbed to individual bacterial 

cells is low, then the damage caused by gp5 is relatively low and does not lead to 

premature bacterial lysis. However, when higher phage numbers adsorb, the cell wall 

damage caused can result in lysis at “weak points” in the bacterial wall (Tarahovsky 

et al., 1994). A lack of phage progeny as a result of this lysis phenomenon can have 

consequences for phage biocontrol/therapy. 

The study of the T4 phage endolysin and the lysis process paved the way for research 

regarding other phages and their endolysins. Rodríguez-Rubio et. al (2016) reported 

the characterization of the Salmonella phage, endolysin gp110. Conserved domain 

analysis revealed that the protein is modular in structure and contains an N-terminal 

PG_binding_1 domain (pfam01471) and a C-terminal DUF3380 domain (pfam11860). 

The PG_binding_1 domain has repeated motifs (DGIFGKAT and DGIAGPKT); 

Rodríguez-Rubio et al. (2016) state that this characteristic is usual for proteins that 

interact with repetitive structures such as peptidoglycan. The DUF3380 domain is 

located in bacteria that are commonly associated with the PG_binding_1 domain and 

is a member of a family of uncharacterized proteins. Through biochemical analysis of 

DUF3380 using PG, the team show that the domain has N-acetylmuramidase activity 
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and cleaves the β-(1,4) bonds between N-acetylmuramic acid and N-

acetylglucosamine in the sugar backbone of PG. This domain also shows low 

homology with lysozyme (Rodríguez-Rubio et al., 2016). 

 

1.5.2 Endolysins from Phages Infecting Gram-Positive Bacteria 

As a result of the antibiotic resistance epidemic, much interest has been generated in 

relation to using phage endolysins as novel antimicrobials. Although there is much 

interest around these enzymes, very little is known regarding their interaction with the 

bacterial cell wall. Eugster and team (2011) sought to have a better understanding 

around these interactions using the Listeria phage endolysin PlyP35 with the 

carbohydrates present in teichoic acid polymers on the peptidoglycan (Eugster et al., 

2011). The CBD of the L. monocytogenes endolysin PlyP35 recognizes the N-

acetylglucosamine (GlcNAc) residue at position C4 of the RboP subunit (Eugster et 

al., 2011). The work suggests that the binding of the CBD of this endolysin could be 

prevented through the removal of wall teichoic acid (WTA) polymers from the cell wall. 

Through a genetic investigation, it was determined that the L. monocytogenes genes 

lmo2549 and lmo2550 function in the decoration of WTAs with GlcNAc. If either gene 

is inactivated, resulting in no production of GlcNAc, there is no binding to the CBD 

PlyP35 (Eugster et al., 2011). Similarly, the interaction of endolysin Lyb5 from 

Lactobacillus fermentum phage ΦPYB5 and the surface of lactic acid bacteria has 

been investigated (Hu et al., 2010). Sequence analysis of endolysin Lyb5 indicated 

that the C-terminus of this protein (Ly5C) is involved in bacterial cell wall binding due 

to the presence of three putative lysin motif (LysM) repeat regions. The N or C terminus 

of Ly5C was fused with GFPuv (a variant of green fluorescent protein optimized for 
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optimal fluorescence when exposed to UV light) and the resulting fusion proteins were 

expressed in E. coli. Following incubation, GFPuv was successfully displayed on the 

surfaces of Lactococcus delbrueckii subsp lactis, Lactobacillus casei, Lactobacillus 

brevis, Lactobacillus plantarum, Lactobacillus fermentum, Lactobacillus helveticus 

and Streptococcus thermophilus cells. When mixed with chemically pre-treated L. 

delbrueckii subsp lactis and L. casei, an increase in fluorescent intensity was observed 

in comparison to non-pre-treated cells, which suggests that peptidoglycan is the 

binding ligand for Ly5C. This set of experiments indicates that Ly5C may be a novel 

anchor for construction of a surface display system for lactic acid bacteria (Hu et al., 

2010). 

 

1.5.3 Interaction of the T4 Phage and its Bacterial Host Cell 

(Receptors for Attachment) 

The recognition and infection process that is employed by the E. coli phage T4 has 

been used as a model for the study of phage–host interactions in Gram-negative 

bacteria (Mahony & van Sinderen, 2015). T4 is a member of the Myoviridae family of 

the Caudovirales order and has an exclusively lytic lifecycle. Recognition of the host 

cell occurs through the long tail fibres (LTFs) which are attached to the phage tail. The 

T4 LTFs are a complex trimer of gp34, a monomer of gp35 (proximal segment), a 

trimer of gp36 and a trimer of gp37 (distal segment). The C-terminal domain of gp37 

is responsible for the recognition of the host bacteria. For efficient functioning of the 

LTFs, additional chaperone proteins are required. Gp38 functions as a chaperone 

protein in the T4 phage and is necessary for the trimerization of gp37 (Marti et al., 
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2013). The LTFs can bind to both a LPS receptor on the host cell or the protein 

receptor, OmpC, located on the surface of the E. coli cell (Hyman & van Raaij, 2018). 

In the outer membrane of E. coli, OmpC exists as a trimer. In a monomer of OmpC, 

there is a pore that is formed of 16 beta-barrels and eight loops that connect each β-

sheet (Hyman & van Raaij, 2018). Significant research has focused on the binding of 

the T4 phage to LPS and OmpC. Results from these experiments indicate that the T4 

phage adsorbs to E. coli via two different modes, OmpC-dependent and OmpC-

independent (Hyman & van Raaij, 2018). A study performed by Washizaki et al. (2016) 

shows that the distal tail of phage T4 does not seem to bind to LPS in the presence of 

OmpC, but instead binds to OmpC directly. The preliminary results of this study 

support the hypothesis that there is direct binding between OmpC and the distal tail, 

where the amino acid substitution at a phenylalanine located in the extracellular loop 

4 of OmpC causes the inability of T4 adsorption (Washizaki et al., 2016). This result 

allowed the authors to hypothesize that the binding of the distal tail to OmpC needs 

simultaneous interaction between respective monomers of OmpC and the distal tail. 

By conducting these mutational studies, the authors suggest that the top surface of 

the LTFs of T4 interacts with LPS and the lateral surface interacts with OmpC 

(Washizaki et al., 2016). Prehm et al. (1976) also suggested that the glucose region 

of the LPS molecule may not be required for the expression of the receptor function, 

and OmpC may not be required at all once the glucose region is exposed at the distal 

end of the LPS. It may be said that OmpC and the glucose residue of LPS can replace 

each other in the interaction with gp37 adhesion in the T4 phage (Prehm et al., 1976). 

Following LTF binding to these host cell receptors, a recognition signal is sent to the 

baseplate which results in the extension of the short tail fibres, which irreversibly bind 

to the receptors. When unbound to a host cell, the LTFs of T4 are folded upwards 
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against the tail, neck and head domains. However, under optimal conditions for 

infection, an LTF can be released from the neck and head and scavenge the 

surroundings for a suitable host receptor site. Once a suitable binding site is located, 

adsorption of phage to a host cell occurs, until a second and up to six LTFs bind to the 

host cell. Once three or more LTFs successfully bind, the chosen host cell is highly 

likely to be a suitable replication host and the LTFs irreversibly bind to the host cell. 

Subsequently, the base plate alters its conformation from hexagonal to a star-shaped 

conformation and the short tail fibres extend, releasing their carboxy-terminal ends to 

bind tightly to the core region of LPS. The outer tail sheath contracts, driving the inner 

tail tube through the bacterial outer membrane and periplasm, allowing the end of the 

inner tube to interact with the bacterial inner membrane (Leiman et al., 2004). Phage 

DNA is now ejected into the bacterial periplasm, primed to direct synthesis of new 

phage particles (Hyman & van Raaij, 2018). Figure 1-3 depicts the binding of a phage 

to a specific receptor located on the surface of its host-bacterial cell. 
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Figure 1-3: The binding of a phage to a specific receptor located on the surface of its host-

bacterial cell. The image depicts reversible binding and irreversible binding of the phage to its 

receptor, the conformational changes in the phage’s baseplate and the ejection of phage 

nucleic acid into the host-bacterial cell’s periplasm. This image was created using Microsoft 

365 PowerPoint.  

 

1.5.4 Interactions of Other Phages and Their Gram-Negative Host 

Bacterial Cell (Receptors for Attachment) 

Like the T4 phage, the broad host range Salmonella phage S16 also binds to the LPS 

and OmpC of its host cell using its LTFs (Marti et al., 2013). The S16 phage is a 

member of the Caudovirales and belongs to the family Myoviridae. The composition 

of the S16 LTF includes five proteins (gp34–gp38) extending from the baseplate to the 

tail fibre tip. The distal segment of the S16 LTF is likely to be structurally similar to that 

reported for the T2 phage, in which the gp38 acts as the protein adhesin which caps 

a trimeric gp37 β-helix. Through the use of purified S16 LTFs and appropriate null 

mutants, Marti et al. (2013) assessed the binding of S16 GFP–LTF fusion proteins to 
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the mutant cells. The wild type revealed an even decoration of the bacterial surface 

by the fluorescent LTF. Removal of OmpC (ϪompC) totally abolished the decoration 

by S16 GFP–LTF, demonstrating that OmpC is necessary for sufficient recognition 

and binding of S16 LTF to Salmonella host cells. Furthermore, the ability of the whole 

S16 phage to bind to Salmonella Typhimurium DT7155 ϪompC resulted in a reduction 

of binding compared to the wild type (47% vs. 98%). The results from Marti et al. (2013) 

indicate that the primary receptor of phage S16 is OmpC. While knowing the vital role 

of OmpC, the possible synergistic relationship between LPS and OmpC cannot be 

ignored. The mutational analysis carried out by Marti et al. (2013) also highlighted the 

important role of LPS in the binding of S16 LTFs to Salmonella. It was shown that 

deletion of the inner core of LPS attenuates the adsorption of S16 to Salmonella (72% 

vs. 98%). When a double mutant was created where the host cells lacked OmpC and 

the inner core of LPS, adsorption of phage was further reduced (13%). Interestingly, 

deletion of OmpC and the LPS outer core allows complete immunity to infection by 

S16 (Marti et al., 2013). 

For a better understanding of the interaction of the S16 LTFs and the host cell 

Salmonella, Dunne et al. (2018) examined the mechanism responsible for the 

recognition of the host cell by phage S16. The team generated a crystal structure of 

gp38 and gp37 of phage S16 and determined that gp38 contains a polyglycine type II 

sandwich, the distal loops of which form putative receptor binding sites. The C-terminal 

domain of gp38 mediates host specificity and consists of a series of glycine-rich motifs 

(GRMs) and hypervariable segments (HVSs). These HVSs of gp38 are sensitive to 

frequent modular reshufflings that result in chimeric adhesins with different host 

receptor specificity. Again, the decoration of S16 GFP–LTF fusion proteins on different 

host cells was observed by Dunne and co-authors. They observed variations in cells 
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decorated with GFP–LTF: when OmpC was absent from the cell wall of S. 

Typhimurium, only 10.6% cell decoration by GFP–LTF was observed vs. the wild-type 

(100%). Further analysis of the relationship between the gp38 of S16 and OmpC 

revealed an LTF binding site on the extracellular Loop 5 of OmpC. There is 98% 

sequence similarity between the OmpC of Salmonella enteritidis and S. Typhimurium; 

however, a three-residue section (227-NAR-229) exists in S. Typhimurium which is 

switched to (227-DEH-229) in S. enteritidis. It is suggested that this three-residue area 

may be situated in the extracellular loop 5 of OmpC, which is responsible for the 

binding of the S16 to OmpC of the host cell. 

Structures that are not located in the cell wall of the bacterium have also been proven 

to act as receptors for certain phages that infect Gram-negative bacteria. These 

structures include flagella, pili and capsules. In a study carried out by Shin et al. (2012) 

25 Salmonella phages that infect S. Typhimurium were isolated and, through random 

mutagenesis experiments, the host cell receptors for these phages were identified. 

Receptors were identified for all 25 phages and included vitamin B12 uptake outer 

membrane protein (BtuB) (7 phages), LPS-related O-antigen (7 phages), and flagella 

(11 phages). Through transmission electron microscopy (TEM), the authors showed 

that phages using LPS-related O-antigen as a receptor were members of the 

Podoviridae family, and phages using BtuB and flagella as receptors were members 

of the Siphoviridae family. The mutational analysis provided insight into the specific 

genes responsible for infection of a specific host cell by the phage. Through deletion 

of one or both flagellin genes, fliC and fljB, the phages in this study were categorized 

into two groups: FI, phages that can only use fliC as a receptor; and FII, phages that 

can use both fliC and fljB as receptors. It is surprising that just three receptors were 

identified in this study, as many other outer membrane structures are known to be cell 
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receptors in Salmonella, including FhuA, TolC and OmpC. The complex structure of 

Salmonella LPS may block access of these outer membrane proteins to the phages, 

and thus these receptors may not be used by these particular phages (Shin et al., 

2012). 

A phage that is similar to the phages described by Shin et al. (2012) is the phage 

iEPS5, a Siphoviridae which also binds to the flagella of S. Typhimurium (Choi et al., 

2013). Like Shin et al. (2012), Choi et al. (2013) conducted a series of mutational 

analyses to determine the host cell receptor for iEPS5. Of 1700 clones tested, it was 

found that only five mutant strains were resistant to infection by iEPS5. All five of the 

resistant strains had insertions in genes involved in flagella biosynthesis. Here, it was 

found that iEPS5 does not have a preference for either fliC or fljB but can use either 

as a receptor (Choi et al., 2013). To further investigate the relationship between this 

phage and the flagellin of S. Typhimurium, the group investigated whether the motility 

of the flagella played a role in the adsorption of the phage to this receptor. motA and 

motB are integral membrane proteins that make up the stator complex of the flagellar 

motor in S. Typhimurium. The role of the stator complex is as a proton channel and 

couples proton flow with torque (rotational force) generation (Kojima et al., 2008). In a 

ΔmotA mutant, assembly of a flagellar filament and basal body proceeded but rotation 

of the flagella did not occur as there is a lack of torque. Using a range of mutants with 

varying motilities, it was shown that successful infection by iEPS5 is conditional on the 

degree of motility. Furthermore, it seems that counter-clockwise rotation of the flagella 

is required for successful binding to this receptor (Choi et al., 2013). 

Along with LPS, BtuB, flagella and pili, phages that target the Vi capsular antigen of 

S. Typhimurium have also been identified. Pickard et al. (2010) aimed to identify the 

reason that these phages—Vi phages I, III, IV, V, VI and VII—have adapted to use the 
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Vi capsular antigen as a receptor. A conserved protein domain that carries acetyl 

esterase was found to be associated with a tail fibre gene for all Vi phages (Pickard et 

al., 2010). These acetyl groups are located on the Vi exopolysaccharide capsule. A 

BLASTp (Basic Local Alignment Search Tool) analysis identified a putative adhesion 

region downstream of the acetyl esterase domain in all the phages. The authors 

reported that the acetyl esterases of these phages directly target the acetyl 

modification on the sugars of the capsule itself, which may cause destabilization of the 

linear Vi fibres due to the loss of hydrogen bond cohesion. By targeting these acetyl 

groups, efficient infection of S. Typhimurium is caused (Pickard et al., 2010). Figure 1-

4 displays the phages and their host cell receptors discussed in this section. 

 

 

Figure 1-4: The binding of phages receptors located on their host-bacterial cell’s surface. 

Depicted is the T4 phage binding to the host-bacterial cell receptors (LPS and OmpC), the 

S16 phage binding to its host-bacterial cell receptors (LPS and OmpC); the iEPS5 phage 

binding to its host-bacterial cell receptor (the flagellin); and the Vi phage binding to its host 

bacterial cell receptor (sugars of the capsule). This image was created using Microsoft 365 

PowerPoint. 
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1.5.5 Phage–Host Interactions in Gram-Positive Bacteria (Receptors 

for Attachment) 

The cell wall of Gram-positive bacteria is a complex structure composed of various 

biopolymers including PG, polysaccharides, teichoic acids (glycerol/ribitol-phosphate 

and amino acids) and (glycol) proteins (Bertozzi Silva et al., 2016; Malanovic & Lohner, 

2016). It is composed of glycan chains cross-linked through short peptide chains. 

Secondary polymers, including wall teichoic acids, polysaccharides, or LPXTG-

containing proteins, are linked covalently to the PG. Proteins may also be attached 

non-covalently by recognizing specific motifs of cell wall polymers. Alternatively, they 

may be organized as a layer outside the cell known as an S-layer. Anchored to the 

cytoplasmic membrane and inserted in the cell wall are lipoteichoic acids (Bertozzi 

Silva et al., 2016) which contribute to the functioning of the cell membrane. Phages 

infecting Gram-positive bacteria generally use a carbohydrate moiety on the surface 

of the host cell as a receptor, such as cell wall polysaccharides (CWPS) (e.g., L. lactis 

phages 936 and p335) and wall teichoic acids (e.g., L. monocytogenes phage PlyP35). 

 

1.5.5.1 Lactococcus lactis Phage–Host Interactions 

The phages of the Gram-positive lactic acid bacteria group have been extensively 

studied (Labrie et al., 2010). Members of the lactic acid bacteria (LAB) group are 

commonly used in food fermentations as starter cultures for the production of 

fermented dairy products, including cheese and yogurts. Phages infecting LAB are a 

real threat in the dairy industry. The main phages infecting L. lactis (LAB species 
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commonly used as starter cultures) strains are classified into three major species: 936, 

c2 and P335 groups belonging to the Siphoviridae phage family (Chapot-Chartier, 

2014). 

Through structural analysis of the RBPs of the phage groups 936 and P335, and 

genetic analysis of bacteriophage-insensitive mutants (BIMs), there is evidence that 

phages may use the cell wall polysaccharides (CWPS) of L. lactis as a receptor. 

Phages from species 936 and P335 have proven to have carbohydrate binding 

properties (Ainsworth et al., 2014). Research has shown that the genome of L. lactis 

may contain a single genetic locus which plays a role in CWPS biosynthesis and 

random insertion mutagenesis resulting in a sedimenting phenotype in liquid medium 

and insensitivity to infection by particular phages (Ainsworth et al., 2014). 

Subsequently, these authors investigated the CWPS of eight strains of L. lactis as a 

potential receptor for phages in the 936 and P335 groups. Here, an analysis of the 

genetic locus encompassing the CWPS biosynthesis operon of the eight strains 

resulted in the identification of a variable region within the strains tested. Located in 

this variable region were genes encoding glycosyltransferases which display low/no 

sequence homology within the subgroups (five subgroups of the C-type CWPS, 

subgroups C1–C5). The team isolated and purified an acidic polysaccharide from L. 

lactis strain 3107 (C2 subgroup), confirming the structural difference between this 

polysaccharide and the established CWPS of subgroup C1 L. lactis strain MG1363. 

Through CWPS swapping experiments and phage challenge assays, it was 

determined that the CWPS of the subgroup C2 is the host cell receptor of two P335 

phages, ϕLC3 and TP901-1 (Ainsworth et al., 2014). 

Research regarding the binding of c2 phages to their host cells has shown that a 

membrane protein is also required for infection of L. lactis. Studies have indicated the 
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requirement of a cell membrane protein, designated phage infection protein (Pip), as 

a secondary receptor for c2 phages. Reversible binding occurs for c2 phages when 

binding to the CWPS and irreversible binding occurs when binding to Pip, which leads 

to the injection of the phages’ genetic material into the host cell (Monteville et al., 

1994). Phage bLI67 belonging to the c2 family requires a membrane protein for 

infection of the host cell; the host transmembrane protein YjaE is recognised as a 

complementary receptor for the bLI67 phage (Millen & Romero, 2016). 

 

1.5.5.2 Listeria monocytogenes Phage–Host Interactions 

The Gram-positive bacteria L. monocytogenes is a foodborne pathogen that is 

particularly associated with ready-to-eat (RTE) foods that are not cooked or heated 

before consumption. The burden of listeriosis on the healthcare system and the 

economic losses and deaths associated with these outbreaks cannot be ignored. Due 

to the profile of this organism, much interest has now been generated with regards to 

the interaction of this bacterium and the phages that are specific for this pathogen. 

Research conducted on the L. monocytogenes-specific phages, A118 and P35, has 

allowed insight into the interaction of the RBPs and teichoic acids located on the cell 

surface of L. monocytogenes (Bielmann et al., 2015). An in silico analysis was 

performed to identify potential RBPs from each phage. From this analysis, gp19 and 

gp20 were identified as putative RBPs for phage A118. Candidate RBPs were also 

identified for phage P35—gp15, gp16 and gp17, due to their location at the end of 

structural genes. Once these proteins were identified, the team continued to explore 

the potential receptors that these proteins interact with on the host cell. A GFP label 

was fused with the potential RBPs of these phages. On the basis of surface marker, 
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such as somatic and flagellar antigens, the genus Listeria has 16 serovars and 13 of 

these are found among the groups 1/2, 3, 4 and 7 of L. monocytogenes. The variation 

is usually credited to differences in carbohydrate substitution of the polyribitol-

phosphate (RboP) subunits of WTAs (Eugster et al., 2011). Of the serogroups that 

were tested (1/2a, 1/2b, 1/2c, 4a, 4b, 4c, 5, 6a, 6b and 7), both proteins from A118 

and gp16 of P35 were able to fully coat the L. monocytogenes serovar 1/2a and 1/2b 

cells (serotype 1/2a and 1/2b), indicating that these proteins function in host cell 

recognition (Bielmann et al., 2015). Through a series of mutational analysis, it was 

determined that rhamnose residues located in the wall teichoic acids are binding 

ligands for both proteins of phage A118. The receptor for gp16 in P35 was identified 

as rhamnose and N-acetylglucosamine (Bielmann et al., 2015). 

Due to the abundance of both phages and their bacterial host cells, it is not feasible to 

discuss the interaction between every known phage and their corresponding 

receptors. Table 1-1 lists common bacterial pathogens and the bacterial receptors for 

the specific phages mentioned. The aim is to highlight the variety of different host cell 

moieties that may act as a receptor for phages. 

 

Table 1-1: Examples of phages infecting common bacterial pathogens and their bacterial host 

cell receptor. 

Receptors Localized on the Surface of Gram-Negative Bacteria 

Phage Host Bacterial Cell Receptor(s) Reference 

Sf6 Shigella flexneri (found in 
contaminated food and 

water) 
OmpA OmpC 

(Parent et al., 2014) 

SfMu 
Shigella flexneri 

O-antigen of 
lipopolysaccharide 

(LPS) 

(Jakhetia & Verma, 
2015) 
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KSF-1 Vibrio Cholera (found in 
contaminated food and 

water) 

Mannose-sensitive 
hemagglutinin type IV 

pilus 

(Faruque et al., 
2005) 

ICP1 Vibrio Cholera O1 antigen (Seed et al., 2012) 

PP01 

Escherichia coli O157:H7 
(carried by some 

amphibians, fish and 
invertebrates) 

OmpC 

(Morita et al., 2002) 

ᶲV10 Escherichia coli O157:H7 O157 antigen (Petty et al., 2007) 

P22 
Salmonella Typhimurium 
(found in intestinal tract of 

humans) 

O-antigen of LPS (Baxa et al., 1996) 

9NA Salmonella Typhimurium O-antigen of LPS 
(Schmidt et al., 

2016) 

F336 
Campylobacter jejuni (found 

in contaminated food and 
water) 

O-methyl 
phosphoramidate 

(MeOPN) 

(Sorensen et al., 
2011) 

F341 Campylobacter jejuni Flagellum 
(Baldvinsson et al., 

2014) 

JG004 
Pseudomonas 

aeruginosa (found in soil 
and contaminated water) 

O-antigen of LPS 
(Le et al., 2013) 

Phage K8 Pseudomonas aeruginosa O-antigen of LPS (Pan et al., 2016) 

Receptors Localized on the Surface of Gram-Positive Bacteria 

Gamma Phage 
Bacillus anthracis (found in 

soil and often infects 
livestock) 

GamR (LPXTG-
harboring protein) 

(Gillis & Mahillon, 
2014) 

AP50c Bacillus anthracis CsaB 
(Bishop-Lilly et al., 

2012) 

ᶲ11 

Staphylococcus 
aureus (found on skin and 
mucous layers of human 

and animals) 

wall teichoic acids 
(WTA) 

(Xia et al., 2011) 

ᶲSLT Staphylococcus aureus lipoteichoic acids  
(Kaneko et al., 

2009) 

A118 Listeria monocytogenes 
Rhamnose residues in 

WTA 
(Bielmann et al., 

2015) 
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1.6 Exploitation of Phage–Host Interactions 

The severe threat to our socio-economic balance and healthcare system from bacterial 

contamination of food has become a global burden. The World Health Organization 

(WHO) estimates that 600 million people in the world (approximately 1 in 10 people) 

fall ill following consumption of contaminated food every year and, of these, 420,000 

die. With the changes of food preparation and food styles over recent years, where 

more processed and RTE foods are available, cooking processes have altered 

significantly and so the risk of consuming food products containing pathogenic bacteria 

has increased (Mir et al., 2018). Foodborne pathogens such as Campylobacter spp., 

E. coli O157, Salmonella spp. and L. monocytogenes are responsible for numerous 

outbreaks of disease and the recall of food products worldwide. The gold standard for 

detection of foodborne bacteria is still conventional culture-based diagnostic protocols, 

due to their sensitivity and the benefit of yielding colonies that can be subjected to 

further diagnostic tests. However, these methods are time-consuming and labour-

intensive (Rohde et al., 2017). The development of ‘simple to use’ diagnostics for end 

product or processing-line testing is essential to ensure that the integrity of the food 

chain is maintained. 

Phages have existed alongside their host cells for billions of years and, as described 

in this review, have evolved systems that may be exploited for our benefit, particularly 

in the detection of foodborne pathogens. There are a variety of methods available for 

the detection of bacteria from food; however, the low cost and easy production of large 
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numbers of phages and their high specificity for their target host bacterial cells makes 

their application for bacterial detection ideal. Recent research has now been focused 

on the exploitation of phage–host interactions; these exploitations may play a role both 

in detection of foodborne pathogens and as a biocontrol tool or agent against these 

bacteria. 

Due to the specificity of phages for their target hosts, many applications have been 

proposed for their use: —for example, to treat acute and chronic infections; as vaccine 

carriers; and, of most relevance to this review, as a means of ensuring food safety and 

bio-preservation. Below, we discuss how interactions between phages and their host 

cells may be exploited for detection and elimination of their host cell in the food 

industry. 

 

1.6.1 Detection of Foodborne Pathogens 

Due to the detrimental effects of contamination of food by foodborne pathogens, many 

systems have been developed aimed at detecting these pathogens. Rapid and reliable 

detection of foodborne pathogens with high sensitivity is becoming more and more 

important. The gold standard and most widely used techniques to detect foodborne 

pathogens on food are conventional culture-based techniques. These methods are 

reliant on specific media for the enumeration and isolation of viable bacterial cells in 

food. The benefits of these methods are that they are highly sensitive, cost-effective 

and may give both qualitative and quantitative information on the number and nature 

of the bacterial pathogens present. Although these techniques are regarded as the 

gold standard, it can often take days to successfully identify viable pathogens (Mandal 

et al., 2011). Routine procedures for bacterial detection and identification are relatively 
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easy and inexpensive; however, the whole analysis of samples can take up to 72 h, 

and this length of time for testing is not suited for many cases (i.e., freshly squeezed 

juices have a shelf- life of only 48 h). More rapid methods have been developed with 

the aim to combat this limitation of time while maintaining a high level of sensitivity and 

specificity. Such techniques include immunoassays, nucleic acid-based methods and 

biosensors. 

The basis of immunoassays for the detection of foodborne pathogens is antibody–

antigen binding. Immunological detection has become more specific, sensitive, 

reliable and reproducible due to the development of monoclonal antibodies—

antibodies with monovalent specificity for one epitope (Zhao et al., 2014). A commonly 

used immunoassay for bacterial detection is the enzyme-linked immunosorbent assay 

(Martins & Germano., 2011). A sandwich Enzyme-Linked Immunosorbent Assay 

(ELISA) is a practical assay format in which the antigen from a sample is “sandwiched” 

between two antibodies: the capture antibody on the platform surface and the 

detection antibody (usually tagged with a fluorescent label). Drawbacks to these 

techniques include the requirement of sample enrichment to obtain detectable levels 

of pathogens, the requirement of trained personnel for carrying out testing, precise 

storage conditions of antibodies, and the ethical issues associated with the 

immunization of animals with potentially harmful substances (Cunningham et al., 

2018). Another popular method for detection of bacteria is the use of nucleic acid-

based detection techniques, the most popular being PCR. The principle of PCR is the 

amplification of target DNA from the pathogen to a level that is detectable, which 

confirms the presence of DNA from that organism in the sample. Like ELISA-based 

detection techniques, sample enrichment is usually required for PCR based systems 

(pre-enrichment of foods in media that will support the growth of specific pathogens 
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that are to be tested using PCR) which again adds to the delay in results becoming 

known, and this method also requires highly trained personnel. PCR usually cannot 

differentiate between viable and non-viable cells, unless the sample to be tested is 

treated with propidium monoazide (Vesper et al., 2008). Propidium monoazide 

penetrates into dead/ nonviable bacterial cells that have a compromised membrane 

but cannot penetrate into viable bacterial cells with intact cell membranes/walls. Under 

intensive light, propidium monoazide covalently binds with the DNA from the nonviable 

bacterium. This results in the removal of bound DNA during the DNA extraction 

process or chemical alteration of DNA, which prevents the DNA from being amplified 

by PCR (Vesper et al., 2008). Due to the limitation of these techniques, there is a need 

for a rapid, specific, reliable, and easy to use method to be developed. Biosensors 

present an intelligent alternative to the systems outlined above. A biosensor is a 

detection system that converts a biological response into a measurable signal. A 

biosensor consists of four main elements, a bio-recognition element, a signal 

transduction platform, a signal amplifier and a signal display (Cunningham et al., 

2018). The variety of available biosensors and the benefits of these systems will be 

discussed in a later section. 

 

1.6.2 Exploitation of Phage–Host Interactions for the Detection of 

Foodborne Pathogens 

The specific phage–host interactions discussed above may be exploited, particularly 

for the detection of foodborne pathogens. Due to the issues with more traditional 

detection methods outlined above, recent research has now been focused on the 

exploitation of phage–host interactions for the detection of foodborne pathogens (Petty 



31 
 

et al., 2007). Detection systems based on phage–host interactions do not have the 

same limitations as PCR-based systems; as they will detect only living cells, these 

systems can obtain results more rapidly than culture-based techniques and do not 

require highly trained personnel. The application of whole phages, phage-derived 

proteins and biosensors for this purpose will now be discussed. 

 

1.6.2.1 Whole Phages in the Detection of Foodborne Pathogens 

The simplest and most direct method of detecting foodborne pathogens using whole 

phages is the generation and enumeration of plaques on a lawn of bacteria in a method 

known as the phage amplification assay (O'Sullivan et al., 2019). The sample to be 

tested is combined with phages that are specific for the pathogen in question, and 

phages are given time to adsorb and bind to their host cells. If the titre of the phages 

increases, it correlates to successful binding of the phage to the host cell, leading to 

lysis and release of progeny phages, and thus the presence of the viable target in the 

food sample if indicated. This type of method was employed by Jung & Ahn (2016) for 

the detection of Shigella boydii in artificially inoculated lettuce and chicken breast and 

in pure culture. The mixtures were treated with 150 µL of FAS at 37 °C for 3 min to 

destroy any free phages. The assay resulted in the detection of Shigella boydii in both 

single and mixed cultures (E. coli O157:H7, L. monocytogenes and Shigella boydii). 

No significant difference was noted between single and mixed cultures in the 

enumeration of plaques, which indicates that this assay can specifically identify 

Shigella boydii. However, differences between the number of colonies and plaques 

were consistently noted in lettuce (6.3 log CFU/mL and 4.9 log PFU/mL) and chicken 

breast (6.1 log CFU/mL and 6.0 log PFU/mL). The team suggest that this may be due 
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to the adsorption rate of the bacteriophages and the hindrance of the food matrix (Jung 

& Ahn, 2016). Garrido-Maestu et. al (2019) used a phage amplification assay (PAA) 

in combination with qPCR (PAA-qPCR) for identification of S. enteritidis in spiked 

chicken meat samples. A total of 0.22 fg/µL of pure phage (vB_SenS_PVP-SE2) DNA 

and 103 PFU/mL of phage particles were detected using the qPCR method. The limit 

of detection of the method was determined to be <10 cfu/25g for 10 h of analysis, 

including 3 h of pre-enrichment, 6 h of co-incubation, 1 h of DNA enrichment and qPCR 

analysis. Following the addition of phage to spiked chicken samples, viable plate 

counts indicated that 8 cfu/25g of S. enteritidis could be detected within 10 h. It was 

also shown that if the concentration of S. enteritidis is high (102–103 cfu/25g) the 

detection could be performed following three hours of co-incubation, reducing the 

detection time to 7 h. 

The time required to obtain results is an issue when using phage to detect Bacillus 

anthracis (B. anthracis) (12–120 h for clinical identification). Cox et al. (2015) sought 

to overcome this issue by using γ phage amplification and lateral flow 

immunochromatography for the detection of B. anthracis. Using LFI (lateral flow 

immunochromatography) devices to assay phage amplification as a method of 

bacterial detection is based on the detection of progeny phages as opposed to the 

input of phage to initiate infection. The team combined species-specific phage 

amplification with anti- γ phage antibody-conjugated nanoparticles and reported a 

bacterial limit of detection (LOD) of 2.5 × 104 CFU/mL for B. anthracis. After 2 h, a 

positive result was obtained for an input of B. anthracis at 8.0 × 105 CFU/mL. Although 

this LOD seems quite high, the team noted that this is a significant improvement over 

culture-based detection methods which require 12–120 h to obtain the same result 

(Cox et al., 2015). 
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Conventional culture-based techniques for the detection of Mycobacterium avium 

subsp. paratuberculosis (MAP) can take weeks to yield results, due to the long 

doubling time of MAP (Bower et al., 2010). Foddai & Grant (2020a) have developed a 

novel one-day phage-based test for detection of viable MAP cells in cow’s milk. They 

reported the use of D29 mycobacteriophage-coated tosylactivated paramagnetic 

(PhMS) beads to capture and concentrate MAP cells from samples and subsequently 

lyse viable MAP cells, providing DNA to carry out IS900 qPCR. Bulk tank milk samples 

from 100 dairy farms were tested to demonstrate the ability of the assay to detect 

viable MAP in naturally contaminated milk. A total of 49% of these tested PhMS-qPCR-

positive and returned viable MAP numbers ranging from 3-126 CFU/mL (Foddai & 

Grant, 2020a).   

Another area that focuses on whole-phage detection systems is the use of 

recombinantly engineered phages (reporter phages). The mechanism of action of 

these reporter phage systems is based on the modification of phage genomes to 

incorporate a bioluminescence or fluorescence gene that the phage alone cannot 

express. Once the phage DNA has been injected into the host cell, 

bioluminescent/fluorescent proteins are synthesized, thereby allowing visual detection 

of the bacteria. Similarly, reporter phage systems can be created to allow detection 

based on enzymatic conversion of a chromogenic substrate. The genome of the E. 

coli phage ΦV10 has been exploited for the detection of E. coli O157:H7. Modification 

of the phage to express NanoLuc luciferase (Nluc) allowed bioluminescent-based 

detection of E. coli O157 (Zhang et al., 2016). This assay detected 5.4 cells in pure 

culture per assay (in 40 mL) within 7 h when 1.76 × 102 PFU/mL of the reporter phage 

(ΦV10nluc) was employed (Zhang et al., 2016). When testing for E. coli O157 in 

ground beef enrichment, using the NanoLuc phage, it resulted in a detection of 4.68 
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CFU/assay (40 mL) in approximately 9 h (Zhang et al., 2016). Both results required a 

pre-enrichment step in sample preparation. This technique was also adapted for the 

detection of S. Typhimurium. The bacterial luxCDABE operon was inserted into the S. 

Typhimurium temperate phage SPC32H’s genome. Approximately 20 CFU/mL of S. 

Typhimurium was detected using this bioluminescent reporter phage within 2 h. 

Results from this experiment also showed that bioluminescent signals increased 

proportionally to the number of cells present in lettuce, milk and sliced pork, indicating 

that the reporter phage successfully detects live S. Typhimurium (Kim et al., 2014). 

Fluorescent reporter phages usually have integrated fluorescent molecules such as 

green fluorescent protein (GFP) in the genome of the phage so that these phages may 

be applied to detection assays. The GFP gene is relatively small (approx. 700 bp) and 

so can be easily incorporated into the phage genome (Smartt et al., 2012). The 

advantages of using GFP include its stability and autofluorescence, which means 

there is no requirement for an activating substrate. In addition, a range of other 

fluorescent proteins are available with a variety of emission/excitation wavelengths 

that can be chosen for the formation of differently coloured reporter end point, or 

multicoloured end points, for multiplex detection of numerous foodborne pathogens 

(Smartt et al., 2012). 

The genome of Listeria phage A511 has also been exploited to contain a gene 

encoding a hyperthermophilic enzyme (β-glycosidase). The celB gene encoding the 

enzyme β-glycosidase was inserted into the phage genome. When L. monocytogenes 

was infected with the reporter phage A511: celB it resulted in gene expression and 

synthesis of a fully functional β-glycosidase enzyme. This particular assay had a 

detection limit for L. monocytogenes of 6 × 103 CFU/mL. This research also showed 

the practicality of these types of assays—when chocolate milk and salmon were 
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spiked with L. monocytogenes, the assay detected 10 CFU/g of the bacteria (Hagens 

et al., 2011). Although the techniques outlined above can detect foodborne pathogens 

more rapidly than conventional culture-based techniques (7–9 h), the sensitivity of 

reporter phage techniques does not compare favourably to culture-based techniques 

(2 × 102 CFU/mL for reporter phage techniques versus 1 CFU/mL for culture-based 

techniques). 

 

1.6.2.2 Phage-Derived Proteins for the Detection of Foodborne 

Pathogens 

Phage proteins that are responsible for the adsorption of the phage to a specific host 

cell, such as RBPS and CBDs, may also be integrated into systems for the detection 

of foodborne pathogens. The genome of Campylobacter jejuni phage NCTC12673 

was sequenced and its putative RBP was identified as gp047. This protein was applied 

to a simple glass slide agglutination assay for the detection of C. jejuni. RBPs from 

this phage showed 100% specificity for C. jejuni, 95% for Campylobacter coli and 90% 

for both C. jejuni and C. coli in pure and mixed cultures. Assays such as this can be 

performed in minutes and are very cost-effective in comparison to other detection 

systems available (Javed et al., 2013). Phage-derived proteins were also exploited by 

Denyes et.al (2017) for the detection of Salmonella cells, whereby the binding 

specificity of the LTFs of S16 was harnessed as an affinity molecule. Complexes of 

recombinant gp37–gp38 LTF were coated onto paramagnetic beads (MBs) for the 

magnetic separation and enrichment of Salmonella. The results obtained showed that 

95% of S. Typhimurium cells were captured within 45 min from suspensions containing 

10–105 CFU/mL. The recovery efficiency of the LTF–MBs was tested on pre-enriched 
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food samples (chicken, infant formula, milk and chocolate milk). The samples were 

artificially inoculated with 0, 1 to 10, 10, 100 or 1000 CFU/25g or CFU/mL. Salmonella 

was qualitatively detected in all food samples with a limit of 10 CFU/25g or mL. Plating 

of the bead-captured Salmonella resulted in highly sensitive detection of S. 

Typhimurium; however, the technique is not rapid, and the integration of the LTF-

based enrichment into a sandwich assay with horseradish-peroxidase (HRP) was 

investigated to overcome the issue of time. The principle of this assay was based on 

the HRP–LTF to label the bead-captured Salmonella, and the HRP catalyses the 

conversion of chromogenic 3,3’,5,5’-tetramethylbenzidine substrate leading to the 

detection of Salmonella. It was reported that the colour development in this assay was 

proportional for Salmonella concentrations between 102 and 107 CFU/mL. S. 

Typhimurium cells—at a concentration of 102—were detected in 2 h using this assay 

(Denyes et al., 2017). Using phage tailed proteins in conjunction with solid phase 

support (SPS) to simply and rapidly detect foodborne pathogens (E. coli O157:H7, 

Listeria spp. and Salmonella spp.) in artificially contaminated food samples (ground 

beef, lentil sprout, soya bean sprout, roast pork, egg and pastry) was investigated by 

Junillon et. al (2012). Here they functionalized the surface of SPS with specific phage 

tail proteins to target the pathogen of interest. This SPS is placed into the primary food 

enrichment bag after stomaching. The sample is incubated for the required time and, 

following this, the captured bacteria are detected visually in situ due to the bacterial 

reduction of the colourless soluble substrate triphenyltetrazolium chloride (TTC) to an 

insoluble formazan product (intracellular red). When testing foods contaminated with 

E. coli O157:H7, direct observation of the SPS led to a strong positive result (strong 

red colour) for lentil sprouts, ground beef and pasteurized and unpasteurized apple 

juice, and a positive result for soya bean sprouts (slightly less red than the other three 
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foods tested) following 22 h of incubation. The SPS was also functionalized using 

specific Listeria spp. phage tail proteins and used to test for the presence of L. 

monocytogenes 4b ATCC 1915 and L. seeligeri NSB 22460 in roast pork. Following 

40 h of incubation, positive results were obtained for both strains. Salmonella Napoli 

and S. Typhimurium were artificially inoculated in egg, pastry and ground beef and 

gave positive results. When testing S. Typhimurium in eggs, a pale red positive result 

was obtained (Junillon et al., 2012). The studies above indicate that phage-derived 

proteins may be applied for the rapid and sensitive detection of foodborne pathogens. 

 

1.6.3 The Use of Biosensors to Detect Bacteria 

The utilization of phages to act as biorecognition elements in a biosensor is an 

established idea to allow rapid, specific and highly sensitive detection of the bacteria 

in question. Biosensing systems are composed of a recognition element, a sensor 

surface, a transduction platform, an amplifier, a detector and a signal output. The 

sensitivity and specificity of the overall system depends on the transduction signal 

employed and what bio-probe is used. Figure 1-5 outlines the mandatory components 

of a biosensor. The majority of systems that utilize phages as recognition elements 

use the whole phages immobilized onto a solid substrate, such as the phage M13 

immobilised on a gold surface for detection of Salmonella spp., the T4 phage 

immobilised onto a silver and silicon platform to detect E. coli, and the BP14 

bacteriophage immobilised onto a gold surface for detection of methicillin-resistant 

Staphylococcus aureus (Niyomdecha et al., 2018; Srivastava et al., 2014; Tawil et al., 

2012). 

 



38 
 

 

 

Figure 1-5: The components of a biosensor, displaying the various capture elements that may 

be attached to the sensor’s surface. The capture elements displayed in this image include 

phage-derived receptor binding proteins (RBPs), phage-derived cell binding domains (CBDs) 

and phage display proteins (PDPs). Capture elements are immobilised onto the sensor 

surface where a transduction platform operates to produce a measurable signal. The amplifier 

depicted functions to amplify and process the signal produced to give a quantitative 

measurement of the analyte captured. The quantitative measurement may then be visualised 

on a suitable output. This image was created using Microsoft 365 PowerPoint.  

 

Alongside the use of whole phages, many of the initial sensing systems use surface 

plasmon resistance (SPR) biosensors based on optical transduction. SPR is a 

phenomenon that occurs when a beam of polarized light hits a metal surface at the 

interface of media with a different refractive index. Sensing techniques that use SPR 

are based on the principle that, under specific conditions, surface plasmons on a metal 

film may be excited by photons and transform a photon into a surface plasmon 

depending on the refractive index of the adsorbate. The most common geometrical 

set-up of SPR is the Kretschmann configuration. The incoming polarized light hits the 

metallic film on the opposite side of where the adsorbate is located. The photons 
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induce an evanescent field into the metallic film. Whenever a plasmon is excited, one 

photon disappears producing a dip in reflected light at that specific angle. The angle 

which is dependent on the refractive index of that adsorbate is measured with a 

charged couple device chip. When the molecule to be detected has adsorbed to the 

surface, the difference between the refractive index of the buffer and refractive index 

of the molecule can be converted into mass and thickness of the target molecule. In a 

study carried out by Balasubramanian et al. (2007), a biosensor was created to detect 

S. aureus using whole phages and SPR. This sensing system was capable of direct 

detection of 1 x 104 CFU/mL of S. aureus without any labelling or amplification steps. 

In this experiment, the whole phages were immobilized onto the gold surface of a 

SPREETA sensor via direct physical adsorption, avoiding complex surface chemistry 

and phage modification. Although this system is a simple-to-use alternative to label-

based systems, SPR based systems have been criticised for their high LOD (1.3 × 107 

CFU/mL) due to the technical limitation of the SPR principle in detecting bacteria 

(because of their large size). Systems with a lower detection limit would be more 

applicable to the food testing industry. 

Niyomdecha et al. (2018) proposed the use of a capacitive flow injection system for 

the detection of Salmonella spp. based on a working electrode modified with a 

Salmonella-specific M13 phage. The mechanism of action of a capacitive 

measurement is based on the electrical double layer on the surface of a metal 

electrode. An electrode is fixed with a biosensing element and has a stable 

capacitance response. Binding of the target bacteria to the biosensing element on the 

surface results in a decrease in capacitance. This device was capable of detecting 2.5 

× 102 to 1.0 × 107  CFU/mL and the LOD was as low as 250 CFU/mL. In order to 

improve the limit of detection in this system, the team suggested using a lower flow 
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rate or a higher sample volume, both of which would provide a longer contact time 

between the cell and the analytes. The team tested flow rates between 50–150 µL/min 

and a sample volume of 250–500 µL/min. A consequence of this is a longer response 

time. The authors used a lower flow rate of 75 µL/min and a 300 µL sample volume; 

this resulted in a lower LOD of 200 CFU/mL and a shorter detection time of 40 min 

(Niyomdecha et al., 2018). Although the two systems described resulted in the 

accurate detection of foodborne pathogens in a rapid and sensitive manner, the issues 

associated with using whole phages as the recognition elements cannot be ignored. 

The incorrect orientation of phages on the surface of the platform may play a role in 

the sensitivity of the device. Obtaining the correct orientation of the phages is one 

major issue that must be overcome by the manufacturers of the device. In addition, it 

has also been reported that phages lose their activity during drying following fixation 

on a surface (Singh et al., 2010). To overcome the issue of the incorrect orientation of 

phages on sensor surfaces, Anany et al. (2011) created a novel method for oriented 

immobilisation of phages based on the differences in charge between the phage head 

(net negative charge) and the tail fibres (net positive charge). The hypothesis here 

being that the phage heads would attach to a positively charged surface, leaving the 

tail fibres available to capture the bacteria E. coli O157:H7 and L. monocytogenes in 

this experiment. A cocktail of phages bound onto a positively charged cellulose 

membrane was examined to control the growth of L. monocytogenes and E. coli 

O157:H7 in RTE foods and raw meats. At 25 °C, the Listeria phage cocktail which was 

immobilized onto the cellulose membrane reduced the L. monocytogenes count by 1.4 

log in 24 h on RTE oven-roasted turkey breast. When carrying out the test at 10 °C 

under the same conditions resulted in an undetectable level of L. monocytogenes 

following 1 day of incubation. The phage cocktail immobilized onto the cellulose 
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membrane, however, had no significant effect on the artificially inoculated beef when 

incubated at 25 °C (Anany et al., 2011). 

Research is now primarily focused on using phage-derived proteins for detection of 

the host cells. The use of phage RBPs and CBDs is an attractive alternative to the use 

of whole phages. Since CBDs have a strong affinity and specificity for the target 

bacteria and can be easily cloned in an E. coli expression system, much interest has 

now been generated in their use in biosensing systems. Singh et al. (2011) conducted 

research into the detection of C. jejuni using phage RBPs as a probe. The group 

exploited the RBP of phage NCTC 12673 (gp48) for the capture of C. jejuni using RBP-

functionalized microbeads. The RBPs were placed on a gold surface-based 

transduction platform, using an SPR based detection system. In this study, the gp48 

protein was expressed as a fusion protein with a glutathione S-transferase (GST) tag 

to aid in its purification. The results also showed that the addition of a GST tag prior to 

immobilization of gp48 provided optimal orientation on the surface which improves the 

subsequent host capture in comparison to techniques based on random orientation. 

RBP functionalized SPR substrates were subsequently used to demonstrate a 

sensitive and selective detection of C. jejuni at concentrations as low as 102 CFU/mL 

(Singh et al., 2011). The binding experiments were performed using pure cultures of 

C. jejuni subsp. strain 11168H which were incubated for 18 h at 37 °C. 

 

1.7 Exploitation of Phages as Biocontrol Agents 

For almost a century, phages have been used as antimicrobial agents. In the Western 

hemisphere, the use of phages for this purpose drastically diminished with the 

emergence of chemical antibiotics; however, they are still heavily used as therapeutics 
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in parts of Eastern Europe. With the emergence of antibiotic resistance, the 

identification of novel antimicrobials to combat these resistant strains is more 

important than ever. The ability of multi-drug resistant (MDR) bacteria to enter the food 

chain during slaughtering requires efforts to be made for the elimination of these 

bacteria. MDR bacteria can enter the food chain from the environment via the 

contamination of ground surface water or through spraying of food crops with water 

containing MDR bacteria derived from animal and human waste (Perez-Rodriguez, & 

Merchanoglu-Taban., 2019). The use of phages to target these resistant bacterial 

strains is a promising area of research. Ideally, the candidate phage should have a 

broad host range and also be exclusively virulent to avoid the risk of transmission of 

bacterial DNA by transduction. While the use of single phages for detection of a 

foodborne pathogen is useful due to their specificity, as a biocontrol agent or tool the 

use of single phages is ineffective due to their limited host range and the fact that the 

host cell may have systems in place to create resistance to the phage (blocking of 

phage receptors, production of extracellular matrix, production of competitive 

inhibitors, preventing phage DNA entry, slicing phage nucleic acids and abortive 

infection mechanisms) (Labrie et al., 2010).To negate this issue, a number of options 

have been investigated, including the use of phage cocktails containing mixtures of 

phages specific for the target pathogen. 

 

1.7.1 Exploitation of Phages as Biocontrol Agents in Food 

The use of phages and their proteins as biocontrol agents or tools may be deemed as 

a suitable alternative, particularly with the Food Drug Administration (FDA)’s approval 

of List-ShieldTM (cocktail of Listeria phages), the LMP-102 phage preparation for the 
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control of L. monocytogenes in RTE foods (Mahony & van Sinderen, 2015). Moreover, 

Listex P100 (phage P100), another anti-Listerial agent, was approved by the FDA for 

the purpose of L. monocytogenes control in meats and cheese. Other phage-based 

food processing aids that have been approved include Salmonelex (cocktail of 

phages) produced by Micreos Food Safety, and EcoShield (cocktail of phages) and 

SalmoFresh (cocktail of six phages) from Intralytix. Research was conducted using 

the broad host range Salmonella phage FO1-E2 with the aim of reducing S. 

Typhimurium in RTE foods spiked with this bacterium (Guenther et al., 2012). These 

RTE foods were spiked with 1 × 103 Salmonella cells and 3 × 108 PFU/g of phage was 

applied and incubated for 6 days at 8 °C or 15 °C. Following the application of the 

phage preparation and incubation at 8 °C, no viable S. Typhimurium cells were 

recovered. When incubating the samples at 15 °C, the phages reduced S. 

Typhimurium cell numbers by 3 log CFU/mL in hot dogs and 5 log CFU/mL in turkey 

deli meat and chocolate milk (Guenther et al., 2012). 

 

1.7.1.2 The Use of Whole Phages and Phage-Derived Proteins as 

Biocontrol Agents in Foods 

Although broad host range phages exist for a variety of bacteria, it can be difficult to 

isolate broad host range phages for a specific bacterium of interest. Therefore, when 

phages are implemented as a biocontrol agent in research settings, it is often as a 

combination of phages with narrow and varying host ranges, known as a phage 

cocktail. There are many antiviral mechanisms that may be employed by the host cell 

to evade infection from phages and the result has been the emergence of phage-

insensitive bacteria strains (Labrie et al., 2010). Phage cocktails containing phages 
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that target different receptors of a host cell may reduce the colonisation of foodborne 

pathogens in foods without the development of phage-insensitive bacteria (Tanji et al., 

2004). The use of phage cocktails, as opposed to single phages, can moderate and 

delay the emergence of phage resistance. Fischer et al. (2013) compared the effects 

of applying a single phage and a four-phage cocktail in broilers on the reduction of 

C.jejuni and the emergence of bacterial resistance to phages. The percentage of 

isolates demonstrating resistance to each of the four individual phages ranged from 

16.49% to 30.25%. In contrast, the percentage of isolates demonstrating resistance to 

the cocktail was 0.23%, suggesting that the long-term efficacy of phage cocktail 

application is not seriously compromised by the emergence of resistance. 

Bai et al. (2019) developed a cocktail of phages to target S. Typhimurium in fresh 

produce, using phages that target different receptors of S. Typhimurium. Fresh lettuce 

and cucumber were spiked with S. Typhimurium. Twenty-one phages that recognize 

five different receptors—the flagella, O-antigen, BtuB, the core oligosaccharide region 

of LPS, and OmpC—were isolated. Treatment with the phage cocktail resulted in a 

4.8–5.8 log cfu/cm2 viable cell reduction in cucumber and 4.7–5.5 log cfu/cm2 reduction 

in lettuce, after incubating for 12 h at room temperature (25 °C) (Bai et al., 2019). 

Research such as this highlights the potential of using phage cocktails as an 

antimicrobial in RTE food products. Similarly, Coffey et al. (2011) examined phages 

e11/2 and e4/1c as potential biocontrol agents for E. coli O157:H7. The experiment 

involved the inoculation of sections (20 × 20 cm) of cattle hide with E. coli O157:H7 

(approximately 106 cfu/cm2), which were then treated with a suspension of the phage 

cocktail. Results showed that an hour after treatment there was no significant 

reduction in E. coli O157:H7 numbers; however, increased exposure time to the 
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cocktail showed a significant reduction in E. coli O157:H7 numbers (1.5 log10 cfu/cm2 

reduction) (Coffey et al., 2011). 

The genomes of phages can now be easily sequenced and analysed and the 

information exploited to identify phage-derived proteins which may themselves be 

used as biocontrol agents to prevent outbreaks of foodborne illness. Recent years 

have seen the application of phage-derived proteins in foods with the aim of reducing 

the growth/kill foodborne pathogens. When applied to lawns of indicator bacteria, the 

endolysin LysZ5 from Listeria phage FWLLm3 could lyse L. monocytogenes, L. 

innocua and L. welshimeri. With the addition of the protein to soya milk spiked with L. 

monocytogenes, this pathogen concentration reduced by more than 4 log10 CFU/mL 

following a 3 h incubation at 4 °C (Zhang et al., 2012). Other phage proteins—such as 

the virion-associated peptidase hydrolase (VAPGH)-derived fusion protein 

CHAPSH3— is obtained from the S. aureus phage vB_SauS-phiILA88. CHAPSH3 is 

a fusion of the VAPGH Hyd5 fused to the SH3 domain from lysostaphin (peptidoglycan 

hydrolase derived from Staphylococcus simulans biovar. staphylolyticus). The lytic 

activity of this protein was tested in milk spiked with 104 CFU/mL of S. aureus. Optimal 

activity was seen at room temperature, with the protein reducing S. aureus counts to 

an undetectable level. Furthermore, results showed that CHAPSH3 is heat stable and 

retains lytic activity following pasteurization (Rodríguez-Rubio et al., 2016). 
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1.7.2 Exploitation of Phages as Biocontrol Agents in Food Producing 

Plants 

1.7.2.1 Pre-Harvest Treatment of Food Producing Plants 

Pre-harvest and post-harvest treatment of food-producing plants is an area of interest 

to both the industry and researchers due to the economic loss and the threat of illness 

caused by foodborne pathogens. Das et al. (2015) used a phage cocktail as a pre-

harvest prophylactic treatment of Pierce’s Disease (PD), a severe disease of 

grapevines caused by Xylella fastidiosa that infects the xylem which is responsible for 

transporting water around the plant (Das et al., 2015). In this set of experiments, the 

prophylactic treatment was deemed successful, with vines which were not treated with 

phage displaying symptoms of PD and vines treated with the phage cocktail not 

displaying any symptoms over the course of the experiment (Das et al., 2015). A 

similar methodology was applied to defend against Ralstonia solanacearum infection 

(a causative agent of bacterial wilt) in tomatoes, where pre-treatment of tomato 

seedlings with a cocktail of lytic phages (φRSA1, φRSB1 and φRSL1) reduced 

penetration, movement and growth of root-inoculated bacterial cells (Fujiwara et al., 

2011). 
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1.7.2.2 Post-Harvest Treatment of Food Producing Plants 

As previously mentioned, Listex P100, a single virulent Listeria phage, received 

approval from the FDA as a food-processing aid and given a generally recognised as 

safe (GRAS) status. The effectiveness of Listex P100 as a post-harvest treatment to 

control the occurrence of L. monocytogenes was investigated by Oliveira et al. (2014). 

The experiment was carried out using melon, pear and apple products (juices and 

slices) stored at 10 °C for 8 days. Fruit slices were artificially inoculated with a cocktail 

of L. monocytogenes. A concentration of 1 × 105 CFU/mL of L. monocytogenes was 

applied onto the surface of each fruit wedge. Listex P100 was then pipetted onto the 

surface of each fruit wedge at a concentration of 1 × 108 PFU/mL, and 30 mL samples 

of fruit juices were inoculated with final concentrations of 1 × 105 CFU/mL of L. 

monocytogenes and 1 × 108 PFU/mL of Listex P100 (Oliveira et al., 2014). Treatment 

was most successful on melon, followed by pear—however, no effect on apple 

products was noted. L. monocytogenes counts reduced by 1.50 and 1.00 log CFU/plug 

for melon and pear slices, respectively.  

 

1.7.3 Exploitation of Phages as Biocontrol Agents in Agricultural 

Animals 

Raw materials used in the food industry, which includes both crops and animals, are 

at risk of microbial contamination. Pathogenic bacterial manifestations in agricultural 

animals can result in a reduction of quality of the food product or a reduction in yield 

due to the unsuitability of meat from infected animals. In seeking an alternative to 
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antibiotics, much research has been generated to investigate the suitability of treating 

pathogenic bacterial infections in agricultural animals with phage therapy (O'Sullivan 

et al., 2019). Carvalho et al. (2020) investigated the efficacy of a phage cocktail to 

reduce the growth of C. coli and C. jejuni in chickens by two routes of administration—

oral gavage and in feed. When administered orally, the phage cocktail decreased the 

concentration of both bacteria in faeces by approximately 2 log10 CFU/g. This reduction 

was achieved two days post-phage administration when the phage cocktail was 

incorporated into the birds’ feed (Carvalho et al., 2010). Similarly, when a phage 

cocktail was administered to pigs inoculated with S. Typhimurium, there was reduction 

in the titre of S. Typhimurium by >1.4 log10 CFU/g digesta (Callaway et al., 2011). 

Although phage cocktails reduced the concentration of pathogens in these studies, 

further research is required to determine the correct dosing regimens and the most 

effective combinations of phages targeting these pathogens (Schmelcher et al., 2012). 

The health benefits of phage lysins were investigated in the treatment of bovine 

mastitis caused by staphylococci. Two fusion proteins were generated (λSA2-E-Lyso-

SH3b and λSA2-E-Lysk-SH3b). The first fusion protein consisted of the endopeptidase 

domain of the endolysin from the streptococcal phage λSA2, combined with the cell 

wall binding domain from lysostaphin (λSA2-E-Lyso-SH3b). The second fusion protein 

consisted of the endopeptidase domain of the endolysin from the streptococcal phage 

λSA2, combined with the cell wall binding domain from endolysin LysK (and λSA2-E-

Lysk-SH3b). Both constructs killed 16 different S. aureus mastitis isolates, which 

included penicillin-resistant strains. Using 100 µg/mL of both λSA2-E-Lyso-SH3b and 

λSA2-E-Lysk-SH3b in processed cow milk resulted in a reduction of S. aureus by 3 

and 1 log units, respectively, within 3 h. Following 1 h however, λSA2-E-Lysk-SH3b 

permitted the regrowth of S. aureus. In a mouse model of mastitis, when λSA2-E-Lyso-
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SH3b or λSA2-E-Lysk-SH3b (25 µg/mL) were applied to the mammary glands, S. 

aureus reduced by 0.68 or 0.81 log units. Reduction of S. aureus mastitis, gland wet 

weight and intramammary tumour necrosis factor alpha (TNT-α) concentration was 

also shown in mouse models (Schmelcher et al., 2012). 

 

1.7.4 The Pros and Cons of Using Phages as Biocontrol Agents 

The use of phages as biocontrol agents in food and agriculture does not stem from 

attempts to reach a competitive advantage in the list of antimicrobials and bactericides, 

but rather the absolute necessity for novel agents for the control of pathogenic bacteria 

in this crisis of antibiotic resistance. The treatment of pathogenic bacteria or food 

spoilage bacteria must not have the same weaknesses as antibiotics, which is why the 

exploitation of phages as novel biocontrol agents has gained significant interest 

among researchers and in the industry. 

Exploiting phages with narrow host ranges may restrict the number of bacteria where 

the selection of phage-resistance mechanisms can occur. Phages are non-toxic and 

narrow host ranges will only infect, and in turn kill, bacterial strains they are specific 

for, having minimal effect on the microbiome. (Loc-Carrillo & Abedon, 2011). A unique 

advantage of phages is the occurrence of “auto dosing”—during the infection and 

killing process, phages increase in numbers (dependent on relatively high bacterial 

numbers), meaning that phages contribute to establishing the phage dose. Other 

advantages include single dose potential, low environmental impact and the relatively 

low cost (Loc-Carrillo & Abedon, 2011). 
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Although there are many attractive advantages in using phages as biocontrol agents, 

the disadvantages cannot be ignored. The drawbacks include their narrow, and thus 

limited, host range, the potential transduction of virulent traits from one bacterium to 

another, and the risk for potential development of resistant mutants (Kazi & Annapure, 

2016). Kazi & Annapure, (2016) state that another disadvantage is that research 

studies focused on the application of phages in food use artificially inoculated foods 

and this does not adequately reflect the real-world environments where phages may 

be applied in industry and agriculture (Kazi & Annapure, 2016). If phages are to be 

used as biocontrol agents, or as pharmaceuticals, the potential for interaction of these 

protein-based, live biological agents with the animal and human immune systems 

resulting in a harmful immune response cannot be ignored. However, this issue is not 

unique to phages—i.e., if antibiotics are used to lyse bacteria, the bacteria may release 

bacterial toxins in situ and protein-based pharmaceuticals can also cause an immune 

response. The same is also true for the application of phages. Phages function to lyse 

specific bacterial cells and these bacteria may also release toxins in situ so this must 

be considered if phage-based products are to be used in the future. 

 

1.8 Conclusion 

The integrity and stability of our food supply chain are continuously at risk due to the 

growing global population and the ability of foodborne pathogens to genetically 

diversify and potentially overcome all known antibiotics. The co-evolution of phages 

with their bacterial host cell has allowed these microorganisms to recognise and attach 

to their host cells with extreme specificity. The molecular interaction of phages and 

their host cells is of great interest to the scientific community, as these mechanisms 
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may be exploited for our benefit and for the maintenance of a safe and secure food 

chain. The molecular and structural composition of foodborne pathogens varies and 

thus the interaction of phages with the specific host cell will also vary from phage to 

phage. Exploitation of these interactions may be applied in areas such as foodborne 

pathogen detection, alternative antimicrobials and agricultural application. With regard 

to detection of foodborne pathogens, research has investigated genetically modified 

phages to create reporter assays, incorporation of phage RBPs and CBDs into 

agglutination assays, and incorporation of whole phage or phage proteins into 

biosensing platforms. Although research around the area of phage-based foodborne 

pathogen detection systems is promising, there is yet to be the creation of a system, 

either commercially or academically, that has the same detection sensitivity as 

conventional culture-based techniques. 

Future research regarding the exploitation of phage–host interactions should focus on 

the creation of novel systems that match the sensitivity of these culture-based 

techniques but have the benefit of a fast turnaround time. The use of endolysins as 

novel antimicrobials is also a promising area of research in the agricultural and the 

food industry to combat pathogenic bacteria that have evolved to acquire genes for 

antimicrobial resistance. For each of these applications a fundamental understanding 

of the interaction of the phage and its host cell is vital if these interactions are to be 

exploited. 

 

1.9  Research Aims and Hypotheses 

As indicated by the research discussed in this literature review, phages hold great 

potential to combat bacterial contamination and in bacterial detection systems; 
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however, the question should be asked, why are phages and phage-based products 

not being used commercially? The hypothesis of this thesis is that phages may aid in 

the combat against microbial contamination in the food industry by acting as biocontrol 

agents and by exploiting phages in detection systems. This work reports the 

application of whole phages and phage derivatives for these purposes. A total of six 

phages specific for L. monocytogenes will be exploited in this research. This research 

will bridge the gaps in phage research that prevent phages from being exploited 

commercially in Western Europe and will do so by: isolating a range of phages specific 

for L. monocytogenes ; applying these phages to a variety of foods at a variety of  

temperatures; investigating delivery systems for phage based lysins to increase the 

robustness of these proteins for biocontrol purposes; and exploiting phage proteins for 

the detection of L. mononcytogenes.  

By carrying out an in-depth review of the most recent literature I was able to identify 

gaps in this specific area of research. The first gap I have identified is that research 

regarding the exploitation of phages as biocontrol agents against L. monocytogenes 

largely focuses on the application of two well-known lytic phages—phages A511 and 

P100. Both phages have been well characterised and have been applied on a variety 

of different food matrices. By consistently focusing research on two lytic phages there 

is a risk of bacterial resistance to these phages. If research regarding the exploitation 

of phages as biocontrol agents against L. monocytogenes is to progress, efforts must 

be made to isolate new banks of phages. Furthermore, research should be carried out 

using a broader range of ready-to-eat foods. Historically the term ‘ready-to-eat foods’ 

is associated with foods such as microwave-meals, precooked meats and deli meats 

but the term ‘ready-to-eat foods’ is now also associated with foods such as fresh leafy 

greens, salads, hummus, and fresh cut fruits. The hypothesis of Chapter 2 of this 
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thesis is that the application of a virulent phage specific for L. monocytogenes will 

hinder the growth of L. monocytogenes on a number of different food matrices at abuse 

temperatures. The first aim of this chapter is to test several environmental sources 

(soil, compost, wastewater and silage) for the presence of virulent phages specific for 

L. monocytogenes. The second aim of this chapter is to phenotypically and 

genotypically characterise the isolated phage/phages. After a virulent phage has been 

successfully characterised, I will apply this phage to a number of ready-to-eat foods 

that have been artificially contaminated with L. monocytogenes, with the objective of 

exploiting this phage as a natural biocontrol agent against L. monocytogenes. 

Achievement of these aims will add to the knowledge of using phages as natural 

biocontrol agents and help identify the limitations preventing phages from being 

broadly used as biocontrol agents in the food industry.  

The second gap I have identified from reviewing the literature is that although there 

has been much research regarding phage lysins as biocontrol agents against 

foodborne pathogens, phage lysins are still not being commercially produced. The 

scalability of phage-derived lysins and the current regulatory framework certainly play 

a role in hindering phage lysins from being commercially produced; however, the lack 

of suitable delivery systems for these lysins is a gap that I have identified. The 

hypothesis of Chapter 3 of my thesis is that polyhydroxyalcanoate bionanoparticles 

(PHA_BNPs) can act as a suitable delivery mechanism for phage derived lysins 

against L. monocytogenes and the lytic activity of these lysins against L. 

monocytogenes will not be hindered. The aims of this chapter are to apply PHA_BNPs 

displaying the full-length lysin of phage vB_LmoS_293 and the amidase domain of this 

lysin to actively growing L. monocytogenes and to determine if L. monocytogenes is 

being lysed and the growth of L. monocytogenes inhibited. Meeting this aim should 
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indicate that linking phage lysins to PHA_BNPs may increase the robustness of these 

enzymes and allow the lytic proteins to be delivered in a number of environments in 

the future.  

As discussed in this literature review, phages and their products may be exploited for 

the detection of foodborne pathogens, but the sensitivity of phage-based detection 

systems must be improved if they are to compete with conventional culture-based 

systems. Phage RBPs located on the tail tip of a phage are responsible for the specific 

binding of a phage to its host-bacterial cell. The hypothesis of Chapter 4 is that 

recombinant RBPs from phages vB_LmoS_188, vB_LmoS_293 and vB_LmoH_P61 

may be produced and incorporated into a detection system for the rapid and sensitive 

detection of L. monocytogenes. The first aim of this chapter is to identify the RBP 

sequences for each of these phages through bioinformatic analysis. The second aim 

is to design a suitable vector to produce the recombinant protein. The third aim is to 

produce and purify large concentrations of the recombinant RBPs. The final aim of this 

chapter is to incorporate the recombinant RBPs into a suitable detection system from 

the detection of L. monocytogenes such as a biosensing system.  

Future perspectives of phage research include the exploitation of phages as 

alternatives to antibiotics in both human health and animal health. If phages are to be 

exploited in this way, it is vital that banks of phages are isolated and characterised 

well. Using banks of phages and their products will avoid issues related to bacterial 

resistance to phages. The hypothesis of the final chapter of my thesis is that grass 

silage is a source of phages specific for L. monocytogenes. The first aim of this chapter 

is to test grass silage for the presence of phages specific for L. monocytogenes. The 

final aim of this chapter is to characterise the phages that have been isolated through 

an in-depth bioinformatic analysis. If the aims of this chapter are achieved, it may result 
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in the generation of a bank of L. monocytogenes specific phages that can be exploited 

for control or detection purposes in the future.  

In summary, the literature that has been reviewed in the introduction of this thesis 

clearly indicates that phages may be exploited for the control and detection of 

foodborne pathogens. This thesis aims to add to the area of phage research by helping 

to bridge the gaps identified in this review. Therefore, the aims of this thesis are: to 

isolate and characterise virulent phages specific for L. monocytogenes; test the 

application of newly isolated virulent phages on modern ready-to-eat foods; investigate 

a potential delivery mechanism for a phage-derived lysin and the lytic domain of this 

lysin; produce, purify and incorporate phage recombinant RBPs into a detection 

system for L. monocytogenes; and to generate banks of well characterised phages 

specific for L. monocytogenes that may be used in the future.  
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Chapter 2 

Isolation and Characterization 

of Listeria monocytogenes Phage 

vB_LmoH_P61, a Phage with 

Biocontrol Potential on Different 

Food Matrices 

Disclaimer: To avoid self-plagiarism it should be noted that this chapter has been 

published in Frontiers in Sustainable Systems, 4, 521645 (2020). Section 2.3.12 has 

been added to this thesis. 
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2.1 Abstract 

The high mortality rate associated with Listeria monocytogenes as well as its ability to 

adapt to the harsh conditions employed in food processing have ensured that this 

pathogen has become a significant concern in the ready-to-eat food industry. Lytic 

bacteriophages are viruses that hijack the metabolic mechanisms of their bacterial 

host as a means to grow and replicate, subsequently leading to host cell death due to 

lysis. This study reports the biological and genomic characterization of the host range 

L. monocytogenes phage vB_LmoH_P61 (P61) and its potential application for the 

reduction of L. monocytogenes in artificially contaminated foods. Phage P61 is a 

virulent bacteriophage belonging to the family Herelleviridae and has a genome size 

of 136,485bp. The lytic spectrum of phage P61 was investigated, and it was shown to 

infect serotypes 1/2a, 1/2b, 1/2c, 4b, 4e and 6a. Treatment of artificially contaminated 

milk stored at 8 °C and 12 °C with phage P61 resulted in a significant reduction in L. 

monocytogenes numbers over the product shelf life. Similarly, phage P61 reduced the 

growth of L. monocytogenes on artificially contaminated baby spinach stored at 8 °C, 

12 °C and 25 °C. The research findings indicate that biocontrol of L. monocytogenes 

with phage P61 may offer a safe and environmentally friendly approach for the 

reduction of L. monocytogenes numbers in certain ready-to-eat foods.  
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2.2 Introduction 

On an annual basis, it is estimated that 600 million people globally (approximately 1 in 

10) fall ill following consumption of contaminated food and, of these, 420,000 die 

(Fontannaz-Aujoulat et al., 2019). Contamination of food with pathogenic bacteria 

poses a severe threat to our socio-economic balance and healthcare systems. 

Bacteria such as Campylobacter, Salmonella, Shiga toxin-producing Escherichia coli 

(STEC) and Listeria monocytogenes are responsible for the majority of outbreaks 

related to bacterial foodborne illness occurring in the EU (Lee & Yoon, 2021). 

Compared to the other bacterial species, the number of cases of illness caused by L. 

monocytogenes is low. In 2018, there were 2,549 cases of listeriosis in the EU 

compared to 246,571 cases of campylobacteriosis, 92,857 cases of salmonellosis and 

8,161 cases of STEC (Hazards et al., 2018). However, listeriosis accounts for the 

highest proportion of hospitalised cases (97%) and the highest number of deaths (229) 

in Europe, making it one of the most serious foodborne diseases (European Food 

Safety Authority, 2018). In addition, the trend in case numbers in Europe has been 

continuing upward over the past ten years (European Food Safety Authority, 2018). 

Gastroenteritis is the most common manifestation of listeriosis and, although the 

occurrence in healthy individuals is relatively rare, the disease can progress to 

septicaemia and death in immunocompromised individuals, pregnant women, 

neonates and the elderly (Smith et al., 2018; Vazquez-Boland et al., 2001). 

Issues of food contamination with L. monocytogenes are primarily associated with 

ready-to-eat (RTE) foods, which are foods intended by the producer or the 

manufacturer for direct human consumption without the need for cooking or other 
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processing to eliminate or reduce to an acceptable level micro-organisms of concern 

(Regulation (EC) No. 2073/2005). L. monocytogenes is found ubiquitously in the 

environment. It is present in soil, water, animal feed, vegetation, industrial plants, and 

on farms. It can enter the RTE food chain via a number of routes, soil and water being 

the most common, and can persist along the food chain (Ferreira et al., 2014). The 

control of L. monocytogenes in the food processing setting has proven difficult due to 

its ability to adapt to, and survive in, a wide range of environmental conditions. To 

minimise the risk associated with L. monocytogenes, processing of RTE foods may 

include the addition of preservatives (sodium nitrite, sorbic acid), decontamination 

(water, acid), curing, smoking, fermentation, heating (pasteurising, cooking, baking, 

boiling and steaming) and drying (Ricci et al., 2018). For RTE foods that undergo mild 

processing treatments (e.g., washing), such as fresh fruit and vegetables, the 

pathogen may still survive. Therefore, antimicrobials or bacteriostatic agents may be 

applied to minimise the growth. An antimicrobial is defined by the United States 

Department of Agriculture (USDA) Food Safety and Inspection Service as a substance 

in or added to a RTE product that has the effect of suppressing or limiting the growth 

of L. monocytogenes throughout the shelf-life of that product (Eblen et al., 2006). 

Recent reports on phages as natural and environmentally friendly antimicrobial agents 

have shown effective, specific targeting of bacterial pathogens of interest in different 

food matrices (Taylor, 2018). The specificity of phage-host interactions ensures the 

targeting of pathogenic bacteria in food without disturbing the normal microbiota of the 

food. There is no risk of the formation of secondary components upon their 

application—a reported disadvantage of using chemical agents in the decontamination 

process of foods (Shen et al., 2016). Commercially available phage products are 

usually water-based solutions consisting of purified phages, with low levels of salt and 
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little or no preservatives or additives, making them an attractive alternative to 

chemicals for producers and consumers of ‘clean label’ foods (Moye et al., 2018). 

Research also suggests that the application of phages does not affect the organoleptic 

properties of foods. In comparison to other antimicrobials and food safety 

interventions, the cost of application of phage preparations is relatively low, reportedly 

costing 1 - 4 cents per pound of food treated (Moye et al., 2018). These biological 

properties and qualities of commercially available phages make them an attractive 

proposition for improving the safety of RTE foods (Moye et al., 2018). 

In 2013, a total of 500 Listeria phages were isolated. Since then Listeria phages have 

been isolated from a number of environmental sources (Lee et al., 2017; Vongkamjan 

et al., 2017). All of these phages belong to the order Caudovirales, either featuring the 

long non-contractile tail of the Siphoviridae family or the contractile tail of the 

Herelleviridae family (Adriaenssens et al., 2020; Klumpp & Loessner, 2013; 

Vongkamjan et al., 2017). Commercial listeriophage preparations have been available 

to the food industry for some time, comprising of either single broad-host range phages 

or a cocktail of phages for application either on food matrices or on food processing 

plant surfaces (Golkar et al., 2014). In a research setting, the efficacy of phages as 

biocontrol agents in various food matrices has been tested, including in lettuce, 

cheese, smoked salmon and frozen entreès (Perera et al., 2015), as well as melon, 

pear and apple products (juices and slices) (Oliveira et al., 2014). 

The aim of this study was to phenotypically and genotypically characterize a L. 

monocytogenes phage, P61, isolated from grass silage. In addition, the potential of 

P61 as a biocontrol agent against L. monocytogenes in both liquid and solid food 

matrices was evaluated. In particular, given the increase in the consumption of fresh 

and minimally processed vegetables in recent years, the efficacy of phage P61 on 
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baby spinach was evaluated, a product on which the occurrence of L. monocytogenes 

has been reported. 

 

2.3 Materials and Methods 

 

2.3.1 Bacterial Strains and Culture Conditions 

L. monocytogenes strains used in this study were obtained from a collection of isolates 

housed at the Teagasc Food Research Centre, Moorepark, Cork, Ireland, unless 

otherwise indicated (Table 2-1). Overnight cultures of each strain were prepared 

following 18 h of incubation in tryptic soy broth (TSB) (Becton Dickinson and Company, 

Le pont-de-Claix, France) at 25 °C under aerobic conditions. Solid agar and soft agar 

TSB overlays contained 1.5% agar and 0.4% agarose (both Sigma-Aldrich, St Louis, 

USA), respectively. 

 

2.3.2 Bacteriophage Isolation and Propagation 

Five soil samples, 5 compost samples and 5 grass silage samples were tested for the 

presence of phages specific for L. monocytogenes. Phage P61 was isolated from 

grass silage sourced from the Teagasc Moorepark farm, Fermoy, Cork following the 

protocol outlined elsewhere (Alemayehu et al., 2009). Briefly, 10 g of sample was 

placed into a sterile bag and 20 mL of maximum recovery diluent (MRD) (Oxoid Ltd. 

Basingstoke, UK) was then added. Samples were then mixed at 230 rpm for 1 min. 

The supernatant was filtered using a 0.45 μm pore filter (Sarstedt, Wexford, Ireland). 

Samples were left to incubate at room temperature (22 °C) for 30 min. Following this, 
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5 mL of the filtrate was added to 5 mL of double strength TSB (Becton Dickinson and 

Company, Le pont-de-Claix, France) containing 10% inoculum of an overnight culture 

of the host bacterial cell (L. monocytogenes strain 3053) and 18.5 mM CaCl2 (Merck, 

Darmstadt, Germany). This mixture was incubated at 25 °C for 18 h. A plaque assay 

was then performed whereby a 5 mL sloppy agar tube (Tryptic Soy Broth (TSB), 0.4% 

agarose) contained 2% of L. monocytogenes strain 3053 and 20% of the phage lysate 

dilution to be tested and 3.7 mM CaCl2 (Merck, Darmstadt, Germany). The mixture was 

overlaid onto TSA plates (Becton Dickinson and Company, Le pont-de-Claix, France) 

and incubated at 25 °C for 18 h.  

Subsequently, individual phage plaques were subjected to four successive rounds of 

purification. Phage plaques were purified by aseptically picking a single plaque from a 

TSA overlay plate. The plaque was then inoculated into 10 mL of TSB containing 10% 

inoculum of an overnight culture of the host bacterial cell (L. monocytogenes strain 

3053) and 18.5 mM CaCl2 (Merck, Darmstadt, Germany). The mixture was incubated 

at 25 °C for 18 h. Following overnight incubation, the sample was filtered using a 0.45 

μm pore filter (Sarstedt, Wexford, Ireland). A plaque assay was then performed as 

outlined above, using each dilution and L. monocytogenes strain 3053. Following the 

plaque assay, a plaque was removed from the TSA plate and the procedure repeated 

4 times. 

To propagate the phage, 1 mL of TSB (Becton Dickinson and Company, Le pont-de- 

Claix, France) containing 10% inoculum of an overnight culture of the host organism 

(L. monocytogenes strain 3053) and 18.5 mM CaCl2 (Merck, Darmstadt, Germany) 

was incubated for 3 h at 25 °C. Following this incubation, a single plaque was 

aseptically removed from a TSA overlay plate using a 5 mL pipette and added to the 

1 mL of the bacterial host-cell (strain 3053). The volume was increased to 10 mL with 
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TSB containing 18.5 mM CaCl2 (Merck, Darmstadt, Germany) and 10% inoculum of 

strain 3053. The mixture was incubated for 18 h at 25 °C. Following overnight 

incubation, the sample was filtered using a 0.45 μm pore filter (Sarstedt, Wexford, 

Ireland). Phage titre (Plaque forming unit /mL)(PFU/mL) was determined using the 

host sensitive strain 3053, whereby 1 mL of phage lysate was diluted 1:10 in maximum 

recovery diluent (MRD) (Oxoid Ltd. Basingstoke, UK) to a dilution of 10-8. A plaque 

assay was then performed as outlined above.  

 

2.3.3 Bacteriophage Lytic Spectrum and Adsorption Assays  

The lytic spectrum of phage P61 was determined by plaque assays against a range of 

L. monocytogenes strains (listed in Table 2-1) using the protocol outlined by (Casey 

et al., 2015a). Efficiency of plaquing (EOP) figures were calculated by dividing the 

phage titre (PFU/ mL) of a given test strain by the phage titre (PFU/ mL) of the host 

sensitive strain (strain 3053).  
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Table 2-1: Origin and serogroup L. monocytogenes strains used in this study. † USDA-ARS, 
US Department of Agriculture-Agricultural Research Service, Albany, CA, USA; UVM, 
University of Veterinary Medicine, Vienna, Austria; Cornell University, Ithaca, NY, USA. ‡EOP, 
or efficiency of plaquing, is calculated by dividing the phage titre (PFU/ mL) of a given test 
strain, by the phage titre (PFU/ mL) of the host sensitive strain (strain 3053). 

Strain Serogroup Country of 
Origin 

Source† EOP‡ 

3053 1/2a, 3a Ireland Mushrooms 1 

3076 1/2a,3a Ireland Floor swab of mushroom plant 0.97 

2956 1/2a,3a Ireland Cheese 0.96 

3025 1/2a,3a Ireland Mushroom 0.85 

3048 1/2b,3b,7 Ireland Mushroom Compost 0.83 

3026 1/2b,3b,7 Ireland Mushroom 1 

702 1/2c Ireland Cheese 0.97 

3027 4b,4d,4e Ireland Mushroom 0 

RM3388 4e USA USDA-ARS 0.03 

RM3820 4e USA USDA-ARS 0.19 

RM2218 4e USA USDA 0.27 

AUS5098 4a/4c Austria UVM, Austria 0 

3023 4b,4d,4e Ireland Mushroom 0 

3049 4b,4d,4e Ireland Mushroom Peat 0.71 

FSL-
S4378 

4ab (Listeria 
innocua) 

USA Cornell University 0 

CDL231 

 

4e Austria UVM, Austria 0 

FSL-
S4120 

 

6a  

(Listeria marthii) 

USA Cornell University 0.56 

FSL-
R9915 

7 USA Cornell University 0 
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2.3.4 One Step Growth Curve to Determine the Growth Kinetics of 

P61 

To determine the growth kinetics of phage P61, a one-step growth curve was produced 

in accordance with Denes et al. (2015). Briefly, a 5 mL culture of L. monocytogenes 

was grown in TSB to a concentration of approximately 1 x 109 colony forming unit/mL 

(CFU/mL) and 20 mM of CaCl2 (Merck, Darmstadt, Germany) was added. P61 (1 x 

108 PFU/mL) was then added to the solution (multiplicity of infection (MOI) of 0.1). The 

solution was incubated at 30 °C while shaking (120 rpm). Two samples were taken 

every 10 min; one 100 μL was transferred into a tube containing 4 drops of chloroform 

and the other sample was immediately diluted and enumerated using strain 3053 as 

the host bacterial cell. At the end of the timeline, chloroform-treated phages were 

enumerated yielding the total concentration of viable phage particles in the sample, 

including intracellular phages. The average burst size was calculated by dividing the 

average concentration of infected cells and free viable phages at three time points 

following the first step of lysis (time point 80, 90 and 100 min) by the average 

concentration of infected cells and free viable phage from the first three time points 

post infection (Denes et al., 2015; Hyman & Abedon, 2009). The experiment was 

independently repeated three times (technical replicates). According to Hyman and 

Abedon, burst size can be determined using a minimalistic approach by taking one 

post-infection data point and one post-lysis data point and then perform numerous 

experimental and the perform numerous experimental repetitions. However, Hyman & 

Abedon, (2009) recommend that up to three platings for enumeration of unadsorbed 

phage per burst size determination. They also recommend at least three pre- and post 

rise platings to determine burst size. It is for this reason that three time points post 
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infection (10, 20 and 30 min) and three time points post-lysis (80, 90 and 100 min) 

were chosen and that the experiment was carried out independently three times. 

Furthermore, multiple platings and choosing multiple timepoints increases the 

robustness of the data and increases the independence of individual data (Hyman & 

Abedon, 2009).   

 

2.3.5 Determination of Bacteriophage-Insensitive Mutant Frequency  

To determine the frequency of cases of BIMs, a protocol was adapted from Filippov 

(2011). A total of 24 colonies were selected to test the frequency of BIMs. When testing 

for the frequency of BIMs it is important to have a variety of colonies (between 20-30 

colonies) as resistance mechanisms can vary greatly from bacterium to bacterium. 

Testing a large number of colonies will therefore give a more accurate result of the 

occurrence of BIMs. A single colony of strain 3053 was inoculated into TSB and 

incubated overnight at 25 °C. Following the overnight incubation, the sample was 

serially diluted in MRD and 100 μL spread-plated onto Listeria Chromogenic agar 

(Neogen, Lancashire, UK) with or without a double agarose overlay (0.4%) containing 

1x109 PFU/mL of phage P61. Plates were incubated for 48 h at 37 °C. Resulting 

colonies were counted and BIM frequency was determined using the formula surviving 

viable counts divided by initial viable counts.  

 

2.3.6 Ammonium Acetate Precipitation of Phage Lysate  

Phage P61 was concentrated using a protocol adapted from Casey et al., (2015a). A 

volume of 1.5 L of P61 was propagated to a titre of approximately 1x1010 PFU/mL. The 
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lysate was filtered through a 0.45 μm filter (Starstedt) and centrifuged at 6000 x g at 4 

°C to remove any cell debris. Filtrates were then centrifuged at 25,000 x g at 4 °C for 

1.5 h and the resulting pellet was resuspended in 10 mL of 0.1 M ammonium acetate 

and centrifuged at 25,000 x g for 1.5 h at 4 °C. The resulting pellet was then 

resuspended in 1 mL of 0.1M ammonium acetate. The 1 mL solution was centrifuged 

again at 25,000 x g for another 1.5 h at 4 °C and the pellet resuspended in 1 mL of 0.1 

M of ammonium acetate.  

  

2.3.7 Transmission Electron Microscopy  

Phage lysates were dialyzed for 20 min against SM-buffer buffer (20 mM Tris-HCl [pH 

7.2], 10 mM NaCl, 20 mM MgSO4). After 15 min adsorption to ultrathin carbon films, 

10 min fixation with 1% glutaraldehyde and negative staining with 1% (wt/vol) uranyl 

acetate, transmission electron microscopy was performed at an accelerating voltage 

of 80 kV (Tecnai 10; FEI Thermo Fisher Scientific, Eindhoven, The Netherlands). 

Micrographs were captured with a MegaView G2 CCD camera (Emsis, Muenster, 

Germany). 

 

2.3.8 Phage DNA Extraction 

DNA was extracted from phage P61 using the method adapted from Casey et al., 

(2015a). Briefly, 1 μL of RNAse (Thermo Fisher Scientific, Leicestershire, UK) 

(1mg/mL) and 12 U/μL of DNAse I (Roche Diagnostics, Mannheim, Germany) (6 μL 

of 2000 U/mL) were added to 1 mL of P61 lysate (1 x 109 PFU/mL) and incubated at 

37 °C for 30 min. The sample was then centrifuged at 18,407 x g for 5 min and the 

supernatant was transferred to a fresh 1.5 mL sterile Eppendorf tube. Lysis buffer (100 
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μL) (0.5 M Tris-HCl pH9, 0.25 M EDTA, 2.5% SDS) was then added to the sample, 

which was vortexed and incubated at 65 °C for 5 min. A total of 125 μL of 8 M 

potassium acetate (Sigma-Aldrich, Poole, UK) was then added and mixed by inverting 

the tube 4-6 times. The sample was placed at -20 °C for 15 min. Following this, the 

samples were centrifuged at 18,407 x g for 5 min and the supernatant was aliquoted 

equally into two fresh Eppendorf tubes. The sample was extracted twice with phenol 

chloroform-isoamyl alcohol (Sigma-Aldrich, Poole, UK). The top layer was again 

placed into a fresh Eppendorf tube where an equal volume of isopropanol (Sigma-

Aldrich, Poole, UK) was added and mixed by inverting. The sample was placed at -20 

°C for 40 min, centrifuged at 18,407 x g for 5 min and the isopropanol was removed. 

The pellet was washed twice with 70 % ethanol (Scharlau, Barcelona, Spain) and left 

to dry at 37 °C. 20 µL of dsH2O was added to the pellet and was incubated for 30 min 

at 37 °C.  DNA was quantified using the Invitrogen Quibit 4 fluorometer (Thermo Fisher 

Scientific, Renfrew, UK) using the protocol outlined by the manufacturer, and 

visualized on a 0.8% agarose gel.  

 

2.3.9 Genome Sequencing and Comparative Genomics 

The whole genome sequence of phage P61 was elucidated using the Illumina MiSeq 

Next Generation Sequencing platform at Microbes NG (Birmingham Research Park, 

UK). Prior to assembly, the trimmed reads were passed through FLASH (Fast Length 

Adjustment of Short reads) to eliminate overlapping paired end reads. The genome of 

P61 was assembled using the SeqMan NGen application of DNAStar Lasergene 

Genomics Suite (DNAStar, Inc., USA). Once assembled, the genome was uploaded 

onto the RAST server for annotation. Annotations were confirmed through analysis 

using BLASTp (https://blast.ncbi.nlm.nih.gov/), HMMER (http://hmmer.org/) and 
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Artemis (https://www.sanger.ac.uk/science/tools/artemis). Fully sequenced and 

assembled Listeria phage genomes used for comparison were obtained from the NCBI 

database (http://www.ncbi.nlm.nih.gov/genome). The genome sequence of P61 has 

been uploaded to the NCBI database with the accession no: MT438761 and the 

illumina paired reads have been uploaded onto SRA NCBI database, reference 

PRJNA599330. 

 

2.3.10 Determination of the Efficacy of phage P61 for the Reduction 

of L. monocytogenes in Milk  

Pasteurized milk (3.5% fat) was purchased from a local retail outlet and was screened 

for the presence of L. monocytogenes and Listeria phages prior to commencing the 

trial. An overnight culture of L. monocytogenes strain 3053 was diluted 1:5 in TSB and 

incubated for 3 h at 25 °C. Cells were then diluted in MRD (Oxoid Ltd.) to the desired 

cell numbers. Target cell numbers in the milk were 103 CFU/mL. A total of 18.5 mM 

CaCl2 (Merck, Darmstadt, Germany) was also added to the milk. Phage P61 was 

propagated using the protocol outlined above to a final concentration of 2 x 109 

PFU/mL. The phage was added to the test samples at a concentration of 2 x 106 

PFU/mL. Samples were then stored at 12 °C and 8 °C for a total of 7 days (shelf-life 

of milk). Bacterial viable counts (CFU/mL) and phage counts (PFU/mL) were 

determined immediately after phage addition (T0) and subsequently at days 1, 3, 5 

and 7. For enumeration of L. monocytogenes, samples were serially diluted and plated 

onto Listeria Chromogenic Agar (Neogen, Lancashire, UK). Plates were incubated at 

37 °C for 48 h. For enumeration of P61, samples were diluted, and plaque assays 

performed using the protocol outlined in section 2.3.2. The mean LogCFU/mL/ mean 
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LogCFU/mL and standard deviations were calculated from four technical replicates 

(two independent experiments with two technical replicates in each experiment (n=4)). 

 

2.3.11 Determination of the Efficacy of Phage P61 for the Reduction 

of L. monocytogenes in Baby Spinach  

Strain 3053 was found to not actively grow on the surface of baby spinach and 

therefore was not used in this experiment. As strain 702 was found to actively grow on 

the surface of baby spinach and was sensitive to infection from phage P61 it was 

chosen to be used in this experiment. L. monocytogenes strain 702 (serotype 1/2c) 

and phage P61 were prepared following the protocol described in section 2.3.2. An 

overnight culture of strain 702, which had been grown at 25 °C, was diluted 1:5 in TSB, 

incubated at 25 °C for 3 h and the optical density determined at 600 nm, and cells 

were diluted to desired cell numbers. Target cell numbers in spinach were 2 x 103 

CFU/g and the inoculum volume was 500 μL. Baby spinach was purchased from a 

local retail outlet and weighed out into 10 g portions and placed into sterile bags. 

Bacteria and phages were then separately applied by pipetting onto the surface of the 

baby spinach and shaking the bag vigorously for 30 s. L. monocytogenes was allowed 

to acclimatize to the spinach samples for approximately 1 h prior to the addition of 

phages. To the samples to be treated with phages, 500 µL aliquots of P61 were added 

to achieve a concentration of approximately 2 x 108 PFU/g of spinach. Samples were 

then stored at 25 °C, 12 °C and 8 °C for a total of 6 days (shelf-life of baby spinach). 

Samples were diluted 1:10 in full Fraser broth (Sigma-Aldrich, St Louis, USA) and 

homogenized at 230 rpm for 1 min and plated as described in section 2.3.10. The 

mean LogCFU/mL and standard deviations were calculated from four technical 
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replicates (two independent experiments with two technical replicates in each 

experiment (n=4)). For enumeration of P61, samples were serially diluted to 10-7 and 

plaque assays performed using the protocol outlined in section 2.3.2.  

 

2.3.12 Determination of the Efficacy of Phage P61 for the Reduction 

of L. monocytogenes in Smoked Salmon, Hummus and Basil Pesto 

 

As L. monocytogenes strain 3053 (serotype 1/2a) was found to actively grow on 

smoked salmon, hummus and basil pesto and is sensitive to infection from P61 it was 

chosen to be applied in this experiment. L. monocytogenes strain 3053 and phage 

P61 were prepared following the protocol described in section 2.3.10. An overnight 

culture of strain 3053, which had been grown at 25 °C, was diluted 1:5 in TSB and 

incubated at 25 °C for 3 h and the optical density determined at 600 nm, and cells 

were diluted to desired cell numbers. Target cell numbers in these foods was 

approximately 2 x 103 CFU/g and the inoculum volume was 500 μL. Smoked salmon, 

hummus and basil pesto were purchased from a local retail outlet and weighed out 

into 10 g portions and placed into sterile bags. Bacteria and phages were then 

separately applied by pipetting onto the surface of the smoked salmon, hummus or 

basil pesto and shaking the bag vigorously for 30 s. A total of 500 µL aliquots of P61 

were added to the samples to be treated with phages to achieve a concentration of 

approximately 2 x 106 PFU/g. Samples were then stored at 12 °C for the shelf-life of 

the food products. Samples were diluted 1:10 in full Fraser broth (Sigma-Aldrich, St 

Louis, USA) and homogenized at 230 rpm for 1 min and plated as described in section 

2.3.10. The mean LogCFU/mL and standard deviations were calculated from four 

technical replicates (two independent experiments with two technical replicates in 
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each experiment (n=4)). For enumeration of P61, samples were serially diluted to 10-

7 and plaque assays performed using the protocol in section 2.3.2.  

 

 

2.4. Results and Discussion  

 

2.4.1 Phage P61 infects six serotypes of L. monocytogenes.  

The host range of phage P61 was determined by performing EOP assays against a 

series of L. monocytogenes strains. The strains selected for analysis represent 

isolates from a range of environmental niches and sample types were of nine different 

serogroups (Table 2-1). P61 was shown to be capable of infecting 6 of the 9 

serogroups of L. monocytogenes tested (1/2a, 1/2b, 1/2c, 4b, 4e and 6a). An EOP 

value of 0.56 was obtained for a single strain of L. marthii that was tested (S4120), 

indicating that phage P61 can infect another species of Listeria. Phage P61 was 

unable to infect strains of serotype 4ab (Listeria innocua), 4a/c and 7. Further testing 

revealed that P61 infected all three L. monocytogenes strains tested belonging to the 

serotypes 1/2a and 1/2b, but only infected one out of two strains of the serotype 1/2c 

and 4b, and three out of four strains of serotype 4e. Strains tested are representatives 

from a given serotype. There is considerable variation between strains within a 

serotype, accounting for the differences shown here in susceptibility to phage P61. 

Vongkamjan et al. (2012) isolated 114 Listeria phages from two dairy farms and tested 

the host range of these phages against 13 strains, representing 9 major serotypes. 

This revealed that 12.3% of phage isolates showed a narrow host range and 28.9% of 

phages were broad host range phages. Vongkamjan et al. (2012) showed that the 
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broad host range phages in this study infected 84.6% of strains tested while the narrow 

host range phages infected between 7.7%-38.5% of strains tested. In this study, 17 

strains representing 9 major serotypes were used to test the host range of P61 and 

64.5% of strains tested were susceptible to phage infection. P61 has a limited host 

range in comparison to broad host range Listeria phages that have been characterized 

and can infect a wider range of serotypes than narrow host range Listeria phages that 

have been characterized (Casey et al., 2015a; Summers, 2012; Vongkamjan et al., 

2017). Thus, P61 cannot be defined as a narrow or broad host range phage but has a 

moderate host range against the representative strains used in this experiment. 

 

2.4.2 General Characteristics of the Genome of Phage P61 

The assembled genome of P61 presented here is a draft assembly with collasped 

terminal repeat regions positioned approximately at 10,000-13,000 bp. Figure 2-1 

shows the terminal repeat regions of phage A511 mapped to the draft assembly of 

phage P61 indicating the position of the collasped terminal repeats in the genome of 

phage P61. This draft assembly of P61 has a genome size of 136,485 bp and a G +C 

content of 35.92 %, which correlates well with values for other Listeria phages, e.g. 

the Herelleviridae LP-125 (135,281 bp) with a GC content of 35.9%, the Herelleviridae 

LP-124 (135,817 bp) with a GC content of 35.9%, and the Herelleviridae LP-048 

(133,096 bp) with a GC content of 36.0% (Denes et al., 2014). The total number of 

reads generated was 291863 and mean coverage was 880.637X. A total of 192 open 

reading frames (ORFs) and a cluster of 17 tRNA genes were identified in the draft 

assembly of phage P61. BLASTp and BLASTn analysis of the nucleotide sequences 

and amino acid sequences revealed the genome of phage P61 is similar in size and 
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sequence to that of the Listeria phage P100 (131,384bp) which encodes 174 ORFs 

and 18 tRNAs (Carlton et al., 2005) and that of A511 (134,494 bp), encoding 190 gene 

products and 16 tRNAs. The absence of genes or homologs related to the lysogenic 

life cycle—e.g. integrases, excisionases, the two repressor proteins Cro repressor and 

cI repressor (Ohlendorf et al., 1998), attachment sites—in the genome of phage P61 

suggests that it follows a strictly lytic lifecycle, a vital characteristic if phages are to be 

exploited as a biocontrol agent to avoid integration of phage DNA into the host cell 

genome (Casjens & Hendrix, 2015). Genes playing a role in host cell lysis were also 

identified. ORF 61 appears to encode the endolysin of phage P61, an N-

acetylmuramoyl-L-alanine amidase which shares 100% sequence similarity with the 

N-acetylmuramoyl-L-alanine amidase of Listeria phage LP-125 (Denes et al., 2014). 

 

Figure 2-1: Linear view of the annotated draft genome of phage P61 visualised using EasyFig 

2.2.4. The area 10,406-13717bp is marked with a box to indicate where the terminal repeat 

region of phage A511 maps to the draft genome of phage P61.  
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2.4.3 Transmission EM confirms phage P61 as a member of the 

Family Herelleviridae 

Electron microscopy analysis was performed to further characterize phage P61 in 

terms of morphology (Figure 2-2). Measurements of 12 phage P61 particles were 

shown to possess an isometric capsid of 85.5 ± 2.5 nm in diameter, with a thin collar 

structure evident beneath the capsid and blackberry-like surface structures on the 

capsid surface. A tail length of 218.5 ± 2.7 nm and width 22.4 ± 1.0 nm was measured. 

Thin tail fibres extending from the upper region of the baseplate structure were 

observed. A double disc baseplate structure was observed, with the baseplate height 

measured at 30.8 ± 2.3 nm and width of 50.7 ± 3.7 nm, with the collar shown to be 6.4 

± 0.4 nm (n=7) in height and 13.8 ± 0.8 nm (n=7) in width. The baseplate of phage 

P61 is complex, with conformational changes occurring when the tail contracts. The 

baseplate appendages seem to be highly flexible, either with a brush-like appearance 

or forming globular structures. Morphologically, phage P61 is similar to A511 and P100 

(Klumpp et al., 2008). 
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Figure 2-2: Transmission electron micrographs of L. monocytogenes phage P61 stained with 

1% (w/v) uranyl acetate. The open triangles indicate the thin collar structure beneath the 

capsids. The blackberry-like surface structure of the capsid surface is visible on intact phage 

particles (a-d). The arrows show thin tail fibres extending from the upper region of the 

baseplate structure of intact (c) or contracted phage particles (f & g). The double disc structure 

of the baseplate is visible on phage particles with contracted tail sheaths and damaged 

capsids (f & g). The baseplate appendages seem to be highly flexible with a brush-like 

appearance (a & b) or forming globular structures (d & e). Transmission electron micrographs 

were performed by Professor Horst Never from Max Rubner Institute Germany.  

 

2.4.4 One-Step Growth Curve and Bacteriophage Insensitive Mutant 

Frequency  

To determine the infection kinetics of phage P61, a one-step growth curve was 

performed on the host strain 3053 (Figure 2-3). Following 30 min of incubation, 99.99% 

of phage particles adsorbed to the bacterial host cell. Having a high percentage of 

adsorption suggests that there may be a strong concentration of available host 

bacterial cell receptors and phage P61 has a strong affinity for these receptors. The 

burst size of phage P61 was found to be 11.03 (calculated as defined in section 2.3.4). 
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The eclipse period, defined as the time interval between viral penetration and the 

production of progeny virions, was calculated as 40-50 min, and the latent period, 

defined as the time taken for the infected cell to lyse post infection, was calculated as 

60-70 min. The frequency of BIMs against host strain 3053 was calculated to be 4.36 

x 10-5 (n=24).  
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Figure 2-3: One-step growth curve of phage P61. Green squares represent samples that were 

directly plated, showing the cumulative concentration of absorbed phages and unabsorbed 

phages. Blue circles represent samples that were treated with chloroform prior to plating, 

showing the total concentration of phages including intracellular phage. All values are means 

of three independent experiments using technical replicates (n = 3). 

 

2.4.5 Phage P61 reduces L. monocytogenes numbers in liquid milk 

and baby spinach 

Phage P61 was evaluated as a potential biocontrol agent for the reduction of L. 

monocytogenes in both liquid (pasteurized milk) and solid food matrices (baby 



78 
 

spinach). Preliminary experiments in TSB at 8 °C and 12 °C showed that the 

application of phage P61 at an MOI of 100 resulted in inhibition of the growth of L. 

monocytogenes strain 3053 at both temperatures, with counts of L. monocytogenes 

reaching 2 x 108 CFU/mL in untreated samples versus 1 x 105 CFU/mL in phage-

treated samples at 8 °C. At 12 °C, a lower inhibition was seen, with counts reaching 2 

x 109 CFU/mL in untreated samples versus 3 x 108 CFU/mL in phage-treated samples 

12 °C (Figure 2-4). Experiments at 8°C and 12 °C were conducted using pasteurized 

milk (purchased at a local retail outlet) where samples were spiked with L. 

monocytogenes strain 3053 at a concentration of 1 x 103 CFU/mL, with phage P61 

added at an MOI of 10,000. At 12 °C, a significant decrease (p = 0.05) in CFU/mL of 

L. monocytogenes strain 3053 was observed compared to the phage-free control 

(Figure 2-5), with a reduction in L. monocytogenes counts of log 2.36 (99.57% 

reduction) in treated versus untreated samples at day 7. When stored at 8 °C a 

reduction of 1.2 log (93.75%) reduction was observed at day 7 (shelf-life of milk) (p = 

0.0173, Figure 2-5). Prior to these experiments, it was shown that P61 survives well 

in the absence of L. monocytogenes with the inoculated concentration of P61 staying 

consistent throughout the 7 days (Figure 2-6).  
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 Figure 2-4: Impact of temperature on the efficacy of phage P61 infection in TSB. L. 

monocytogenes cells were added to TSB broth at a final concentration of 106 CFU/mL and 

phage added at 108 PFU/mL (MOI = 100). Samples were incubated at 8 °C (blue symbols) 

and 12 °C (green symbols) and L. monocytogenes enumerated daily. Squares represent 

untreated samples (n=4); circles represent phage-treated samples (n=4). Results are 

presented as mean values of technical replicates, and error bars represent standard 

deviations of the means (n=4). 
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Figure 2-5: Efficacy of phage P61 against deliberately inoculated L. monocytogenes strain 

3053 in pasteurized liquid milk at 8 °C and 12 °C. Samples were incubated at 8 °C (blue 

symbols) and 12 °C (green symbols) and L. monocytogenes enumerated daily. Squares 

represent untreated samples (n=4); circles represent phage-treated samples (n=4). Results 

are presented as mean values of technical replicates, and error bars represent standard 

deviations of the means. 
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Figure 2-6: Survival of phage P61 over 7 days at 12 °C. Showing samples that were artificially 

inoculated with L. monocytogenes and treated with P61 (n=4) (blue symbols) vs control 

samples that were inoculated with P61 only (n=4) (green symbols). Results are presented as 

mean values of technical replicates, and error bars represent standard deviations of the means 

(n=4). 

 

A similar experiment was conducted with baby spinach artificially inoculated with L. 

monocytogenes strain 3053 and treated with phage P61 at an MOI of 10,000 (Figure 

2-7). However, the results were not promising, with no significant difference observed 

between the untreated and phage-treated samples during the trial, other than at a 

single time point on day 3, where a reduction of 0.8 log (p = 0.0034) was observed. 

Further investigation revealed that L. monocytogenes strain 3053 was not actively 

growing on the surface of the spinach, thus potentially hindering the phage action. A 

number of strains were tested on the spinach surface and L. monocytogenes strain 

702 was chosen for further analysis as this strain was found to grow well on spinach 

and was also shown to be susceptible to phage P61 (Table 2-1). The experiment on 

spinach was repeated with strain 702 and, on this occasion, the L. monocytogenes 

was left to acclimatize to the surface of the spinach prior to the application of phage 
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P61 (MOI of 100,000). On day 5, a reduction of 1.93 log (98.78%) was seen at 8 °C 

(p= 0.0024), 2.06 log (99.12%) at 12°C (p = 0.002), and 3.3 log (99.95%) at 25 °C (p 

= 0.0083) (Figure 2-8).  
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Figure 2-7: Application of P61 on baby spinach at 12 °C. Showing samples that were artificially 

inoculated with L. monocytogenes strain 3053 (host bacterial cells) and treated with P61 (n=4) 

(blue symbols) vs untreated samples that contain L. monocytogenes only (n=4) (green 

symbols). Results are presented as mean values of technical replicates, and error bars 

represent standard deviations of the means (n=4) 
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Figure 2-8: Efficacy of phage P61 against deliberately inoculated L. monocytogenes strain 702 

on baby spinach leaves at s at 8 °C (blue symbols) (n=4), 12 °C (green symbols) (n=4) and 

25 °C (orange symbols) (n=4). L. monocytogenes was enumerated daily; squares represent 

untreated samples; circles represent phage-treated samples. Results are presented as mean 

values of technical replicates, and error bars represent standard deviations of the means 

(n=4). 

 

In addition to liquid milk and baby spinach, we also tested a number of other semi-

solid and solid food products, including smoked salmon, hummus and pesto. Figure 

2-9 shows the application of P61 on smoked salmon. At day 5 a significant difference 

between the treated and the control (97.3%, p = 0.0196) was seen; however, there 

was no significant difference seen on any other day during this experiment. Phage 

P61 did not inhibit or reduce the growth of L. monocytogenes strain 3053 in other food 

matrices. When applied to spinach and pesto, phage P61 did not survive throughout 

the shelf-life of the food products and strain 3053 did not grow well, but survived on 

both matrices. The slightly acidic composition of the foods (pH 4.5-4.9) may also 

hinder the survival of P61 on these food matrices (Komora et al., 2018). 
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Figure 2-9: Application of phage P61 on smoked salmon stored at 12 °C. Green symbols show 

the L. monocytogenes strain 3053 control (n=4) and blue symbols show the phage treated 

samples (n=4). L. monocytogenes was enumerated daily. Results are presented as mean 

values of technical replicates, and error bars represent standard deviations of the means 

(n=4). 

 

Our results suggest that there are a number of determining factors as to whether the 

application of phage P61 will successfully reduce or inhibit the growth of L. 

monocytogenes. These include the food matrix, the storage temperature, the stage of 

growth of the bacterial pathogen and the MOI and the survival of the phage in the food 

matrix. Marcó et al. (2010) suggest that the diffusion of phages could be hindered or 

favoured depending on the structure and composition of the matrix and the 

environmental conditions (Marcó et al., 2010). To exploit phages as a biocontrol agent 

on different food matrices, the application must be specifically optimized for individual 
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food systems. The storage temperature is also a key determinant of phage activity. In 

our study, notable differences were seen when phage P61 was applied at 8 °C and 12 

°C in pasteurized milk, and 8 °C, 12 °C and 25 °C on baby spinach. In the case of 

pasteurized milk, Listeria counts decreased by 1.20 log in the phage-treated samples 

stored at 8 °C, in comparison to the 2.36 log reduction in the phage-treated samples 

stored at 12 °C after 7 days. There was little difference between the growth of L. 

monocytogenes at the two temperatures (0.03 log difference); this may indicate that 

strain 3053 used in this experiment is less susceptible to phage P61 at lower 

temperatures in a liquid medium. Tokman et. al (2016), discuss the effect of 

temperature on the susceptibility of L. monocytogenes to phages. They highlight that 

L. monocytogenes can gain physiological refuge from phage infection, indicating that 

adsorption rates of phage can be affected by the physiological state of the host 

(Tokman et al., 2016). In the case of baby spinach, a reduction of 1.93 log, 2.06 log 

and 3.3 log was seen in phage-treated samples at the end of the storage period at 8 

°C, 12 °C and 25 °C respectively. As expected, in samples that were not treated with 

phages L. monocytogenes grew best at 25 °C and it was at this temperature where 

the highest reduction in CFU/mL was observed in the phage-treated samples. The 

increase in the concentration of actively growing host cells may increase the likelihood 

of phage to come into contact with these cells and begin the infection cycle. Henderson 

et al. (2019) recently discussed the effect of temperature and surrounding 

environmental conditions on the efficiency of phage application to reduce the growth 

of L. monocytogenes in a laboratory cheese model (Henderson et al., 2019). These 

authors reported that treatment with phage P100 is more effective when the food is 

stored at higher temperatures, showing that the average L. monocytogenes counts on 

phage-treated samples were significantly lower when samples were stored at 22 °C 
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as opposed to samples stored at 6 °C or 14 °C (Henderson et al., 2019). This 

correlates with what we see for the solid matrix tested in our study, baby spinach; 

although it should be noted that storing foods at a higher temperature may aid the 

growth of bacteria in foods and lead to premature spoilage. Henderson et. al (2019) 

also concluded that the pH of the food and serotype of L. monocytogenes used 

influences the ability of phage P100 to reduce the growth of L. monocytogenes 

(Henderson et al., 2019). This has also been observed for a number of other foodborne 

pathogens and their phages in food system experiments (Hong et al., 2016; O'Flynn 

et al., 2004). In the O’Flynn et al. (2014) study, the authors noted that significant 

reductions in E. coli cell numbers were obtained at 30 °C and 37 °C; however, the lytic 

ability of the phage cocktail was greatly reduced at 12 °C.  

The MOI is also a determining factor as to whether the application of phages as a 

biocontrol will be successful. Tomat et al. (2013) suggested that the application of 

higher numbers of phages and higher MOI values will result in a greater reduction of 

the numbers of the foodborne pathogen (Tomat et al., 2013). Guenther et al. (2009) 

also report the significance of phage concentration. When applying Listeria phage 

A511 to hot dogs, chocolate milk and cabbage, these authors noted that lower doses 

of phages resulted in a less significant growth suppression of L. monocytogenes, with 

the higher titre of phage increasing the likelihood of phage making contact with its 

bacterial host cell (Guenther et al., 2009). Seo et al. (2016) used varying MOI values 

(1000-100,000) for the inhibition of E. coli O157:H7 in beef, pork and chicken meat 

and indicated that using a higher MOI value of 100,000 had a greater inhibitory effect 

compared to lower values used. In these sets of experiments, using a MOI of 100,000 

resulted in greater log reductions of L. monocytogenes than when lower MOIs were 

used in preliminary studies in broth and pasteurized milk (Seo et al., 2016). 
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Finally, the presence of actively growing bacterial host cells versus stationary phase 

cells seems vital for the application of phage as a biocontrol. Abedon (2017) 

distinguishes between an ‘active treatment’ and a ‘passive treatment’ for phage 

biocontrol (Abedon, 2017). In an active treatment, phages should actively produce 

newly-formed virions in situ to create sufficient titres to eradicate the bacterial 

pathogen over reasonable timeframes. By contrast, passive treatment uses phages 

that are bactericidal but incapable of generating new phage virions during their 

interactions with the bacterial host cell. It could be argued that having actively growing 

host cells allows the phage to hijack its host’s metabolic mechanisms, allowing for 

successful completion of its lifecycle and release of newly-formed phages into the 

surrounding environment (Abedon, 2017). L. monocytogenes strain 702, used in the 

second set of experiments, actively grew on the baby spinach leaves in comparison 

to strain 3053 used in the initial study, which did not grow during the course of the 

experiment. Phage P61 coming into contact with a growing host cell (strain 702) may 

have increased the release of newly-formed progeny into the environment, thus 

increasing the infection rate and subsequent reduction in L. monocytogenes numbers. 

 

2.5 Conclusion 

L. monocytogenes is a foodborne pathogen that is responsible for the invasive disease 

listeriosis which can lead to gastroenteritis, septicemia, endocarditis, meningitis, 

perinatal infection, abortion, and endocarditis. L. monocytogenes is found ubiquitously 

in the environment in sources such as water, soil, silage, and sewage. This pathogen 

can be isolated from humans, domestic animals, food packaging and food processing 

environments. The management of this pathogen is difficult as its capable of growing 
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at low temperatures, high salt concentrations and can form biofilms. The application 

of current Good Manufacturing Practices (cGMPs) and good hygiene practices within 

the food industry can reduce the risk of contamination from L. monocytogenes. These 

techniques include incorporation of personal protective equipment (PPE), such as 

single use gloves and thorough handwashing. The implementation of appropriate 

sanitization systems such as foamers, footbaths and dry powdered sanitizers are all 

examples of good hygiene practices that can reduce the risk of contamination from L. 

monocytogenes.  Foods that are most at risk of contamination from L. monocytogenes 

are RTE foods that have intrinsic characteristics (chemical and physical properties of 

a food) that support the growth of L. monocytogenes, i.e., pH and water activity. It is 

well-established that L. monocytogenes does not grow when the pH of the food is less 

than or equal to 4.4 and the water activity is less than or equal to 0.92. Alternatively, 

foods can be formulated to contain a combination of factors that have been 

scientifically proven to be effective in preventing growth (the ‘hurdles’ concept). Some 

antimicrobial substances, such as sorbic acid and benzoic acid, are added to foods to 

prevent the growth of L. monocytogenes. The growing demand of clean labelled foods 

by the consumer means that the ingredients of these RTE foods should preferably be 

natural. A suitable alternative to the usual antimicrobials added to foods should 

therefore be natural. Phages represent a viable alternative to these additives as they 

naturally occur in the environment and have been shown to have no effect on the 

organoleptic properties of foods.  

The work outlined in this study indicates that phage P61 could potentially be exploited 

for use as a biocontrol agent, particularly in liquid foods, for the inhibition of the strains 

L. monocytogenes that have been tested here. Findings from this study indicate that 

the application of phages as a biocontrol agent against foodborne pathogens needs 
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to be optimized for each food matrix used and the environment to which it is applied. 

The parameters tested in these sets of experiments—including temperature, food 

matrix, environment and the growth phase of the bacterial host cell—are all factors 

contributing to the success of application. The inhibition may also be affected by the 

type of application used (spraying, spreading, and pipetting). However, the positive 

results observed on the spinach matrix show promise for further studies on this and 

other horticultural products, where reports of the occurrence of L. monocytogenes are 

increasing and where limited options are available for safe, natural antimicrobials for 

inhibition of L. monocytogenes. 
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3.1 Abstract 

L. monocytogenes is an important foodborne pathogen that is responsible for the 

disease listeriosis. In recent years, much research has been conducted on the 

application of whole phages and their lysins for the biocontrol of foodborne pathogens. 

The work presented here describes the production of polyhydroxyalkanoate 

bionanoparticles (PHA_BNPs) as a potential delivery mechanism for phage-derived 

endolysins specific for L. monocytogenes. The aim of this work is to determine whether 

PHA_BNPs displaying the full-length endolysin of phage vB_LmoS_293, and 

PHA_BNPs displaying the amidase domain of this endolysin, can act as a biocontrol 

agent against L. monocytogenes. The hypothesis is that the PHA_BNPs may act as a 

suitable delivery system for phage-derived lysins and therefore lysins may be applied 

as biocontrol agents in a range of different environments. Phage vB_LmoS_293 was 

previously isolated from mushroom compost and exhibits specificity for L. 

monocytogenes strains serotypes 4b and 4e. Bionanoparticles displaying the full-

length endolysin and the amidase domain only of phage vB_LmoS_293 were 

generated. Turbidity reduction assays confirmed that the application of tailored 

PHA_BNPs displaying the full-length endolysin and the amidase domain resulted in 

cell lysis of L. monocytogenes strain 473 (serotype 4e) at both 37 °C and at ambient 

temperature (22 °C). Experiments were also conducted to investigate the inhibitory 

effect of the tailored PHA_BNPs on the growth kinetics of L. monocytogenes at 37 °C 

and 22 °C. At 37 °C, the application of PHA_BNPs displaying the full-length endolysin 

inhibited the growth of L. monocytogenes strain 473 by 83% compared to the control. 

At 22 °C, with a lower starting inoculum that better represents the contamination levels 
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of L. monocytogenes found in food processing environments (1 x 103 CFU/mL), the 

application of PHA_BNPs displaying the full-length endolysin resulted in the inhibition 

of L. monocytogenes strain 473 by 61.5% compared to the control. Similar 

experimental conditions were used to assess the application of PHA_BNPs displaying 

the amidase domain only of the phage vB_LmoS_293 endolysin. At 37 °C, inhibition 

of 90% was observed when the bionanoparticles were applied to 3x107 CFU/mL of L. 

monocytogenes strain 473 compared to the control. At 22 °C, with a cell concentration 

of 1x103 CFU/mL, a 54.6% inhibition was seen compared to the control (PHA_BNPs 

displaying no proteins). The difference in inhibition at 37 °C and 22 °C indicates that 

the lysins linked to PHA_BNPs work optimally at 37 °C and lower temperatures may 

reduce the enzymatic activity of these proteins. The results demonstrate proof of 

concept for the application of tailored PHA_BNPs displaying recombinant 

listeriophage enzymes as potential biocontrol agents for L. monocytogenes. 
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3.2 Introduction   

Food products which can support the growth of L. monocytogenes or are intended to 

be consumed by at risk groups including the young, the elderly and the 

immunocompromised, have stringent microbiological safety criteria associated with 

them. These include the absence of the bacterium in 25 g of ready-to-eat foods 

intended for infants and special medical purposes (Martins & Germano, 2011). 

Achieving these strict quality measures requires the implementation of essential steps 

such as cleaning and sanitization in food processing plants. The failure to enforce such 

procedures can lead to the survival of L. monocytogenes in food processing 

environments, resulting in the occurrence of persistent strains leading to the 

contamination of food products and increased consumer risk (Ferreira et al., 2014; 

Leong et al., 2014). L. monocytogenes can survive for months or years on food 

processing surfaces or equipment and, therefore, poses a threat of recontamination 

of food products (Redfern & Verran, 2017). The persistence of this foodborne 

pathogen lies in its ability to adapt to and survive in (grow at a much slower rate) 

inhospitable environmental conditions such as high salt concentrations, refrigeration 

temperatures, low pH, desiccation, nutrient deprivation, and application of sanitizers 

and preservatives (Carpentier & Cerf, 2011; Melo et al., 2015; Overney et al., 2017). 

Moreover, the elimination of L. monocytogenes can be difficult, as cells adhere to 

several materials located in food processing environments where they form biofilms 

(Colagiorgi et al., 2017; Overney et al., 2017). 

The use of phages acting as natural biocontrol agents against foodborne pathogens 

including L. monocytogenes has been investigated elsewhere (Oliveira et al., 2014; 

Stone et al., 2020). As reported in these and other studies, the application of whole 



93 
 

phages resulted in significantly reduced growth of L. monocytogenes on different food 

matrices. Production of recombinant phage proteins, such as endolysins, is a useful 

alternative to the use of whole phages. Endolysins (lysins) are phage-encoded 

peptidoglycan hydrolases produced in phage-infected bacterial cells toward the end 

of the replication cycle (Oechslin et al., 2021). They reach the peptidoglycan through 

cytoplasmic membrane lesions formed by holins and cleave to the bacterial cell-wall 

which subsequently leads to host bacterial cell lysis and release of the newly-formed 

progeny into the surrounding environment (Borysowski et al., 2006). Lysins acting 

against Gram-positive bacteria typically exhibit a modular design in which catalytic 

function and specific cell wall recognition are separated into two or more functional 

domains. Simplistically, they are composed of one N-terminal enzymatically active 

domain (EAD) and one C-terminal cell wall-binding domain (CBD), usually connected 

via a linker (Haddad Kashani et al., 2018). The use of recombinant lysins allows the 

exploitation of phages with a lysogenic life cycle and reduces the risk of the emergence 

of bacteriophage-resistant mutants. Lysins are also considered to be less host-specific 

and do not necessarily require actively growing host cells to bring about inhibition 

(Radford et al., 2017; Schmelcher & Loessner, 2016; Shannon et al., 2020). Previous 

work by our group investigated the application of the amidase domain from the phage 

vB_LmoS_293 lysin on the formation of biofilms by L. monocytogenes strain 473, 

although no impact on cell numbers was investigated in this study (Pennone et al., 

2019). When the purified amidase protein was co-inoculated with L. monocytogenes 

strain 473, biofilms were inhibited on both stainless-steel coupons and polystyrene 

microtiter plates. This study demonstrated the potential of the amidase domain from 

phage vB_LmoS_293 as a potential surface-active agent to inhibit the production of 

biofilms by L. monocytogenes in food processing environments.  



94 
 

Polyhydroxyalkanoates (PHAs) are biopolyesters synthesized by cells where they 

function as carbon reservoirs (Raza et al., 2018). The main enzyme for PHA 

biosynthesis is the PHA synthase PhaC, which forms the biopolyester by linking (T)-

3-hydroxyacyl-CoA thioesters. The resulting biopolymer remains covalently bound to 

PhaC. The hydrophobic polyester strands aggregate into spherical BNPs with the 

strands in the core and attached proteins forming the surface (Altermann et al., 2018). 

These PHA_BNPs have gained significant interest in the biotechnology industry and 

in a variety of applications, including food and agriculture, as they are economically 

efficient, non-toxic, biodegradable and produced in high yields (Altermann et al., 2018; 

Pakalapati et al., 2018). It has been proven that the main enzyme, PhaC, tolerates 

protein fusions to both its C- and N-termini and the resulting tailored BNPs have the 

ability to display proteins and enzymes on the surface in an orientated fashion while 

retaining their native enzyme activities (Altermann et al., 2018). PHA_BNPs offer 

distinct advantages over other possible expression methods. These include the 

stabilising matrix on the BNPs enabling ready deployment of proteins and enzymes in 

liquids or on surfaces and, the fact that PHA_BNPs can be expressed in a one-step 

process (Davies et al., 2021). Effective uses of these PHA_BNPs have previously 

been demonstrated by Altermann et al. (2018) where tailored BNPs lysed a range of 

rumen methanogen strains and reduced methane production by 97%. Similarly, 

Davies et al. (2021) reported that tailored PHA-BNPs could act as a successful 

protective layer in personal protective equipment (PPE) against mycobacteria after a 

1 log (91 %) reduction occurred after five hours when mycobacteria and PHA_BNPs 

designed to inhibit this bacterium were applied to filter paper.  

In this report, the hypothesis that PHA_BNPs can be successfully deployed as a 

potential production and delivery system for L. monocytogenes-specific phage-derived 
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endolysins and their catalytic domains is validated. Two separate types of tailored 

BNPs were generated: the first displaying the full-length lysin of the L. monocytogenes 

phage vB_LmoS_293 (PHA_lysin293_BNPs), and a second displaying a truncated 

protein, harbouring only the amidase domain of the vB_LmoS_293 lysin 

(PHA_amidase293_BNPs). The efficacy of these lysin-displaying BNPs against L. 

monocytogenes, in both turbidity reduction assays and in growth inhibition 

experiments, was tested to determine the potential of tailored BNPs as delivery 

mechanisms for phage-based biocontrol agents. There are five key objectives in this 

chapter. The objectives are 1) to determine if PHA_BNPs displaying either the full-

length lysin (PHA_lysin293_BNPs) or the truncated lysin (PHA_amidase293_BNPs) 

could be produced in E. coli and subsequently purified; 2) to determine if assays can 

be developed to successfully measure the lytic activity of these proteins; 3) to 

determine if the truncated lysin (PHA_amidase293_BNPs) will have equal or greater 

lytic ability than the full-length lysin (PHA_lysin293_BNPs); 4) to determine the effect 

of temperature on the lytic activity of these proteins; and 5) to determine if the 

concentration of bacterial cells (CFU/mL) has an effect on the lytic activity of these 

proteins.  

 

3.3 Materials and Methods 

L. monocytogenes strain 473 (serotype 4e) was streaked from frozen stocks onto 

Tryptic Soy Agar (TSA) (Becton Dickinson and Company, Le pont-de-Claix, France) 

and these plates were incubated at 37 °C for 48 h. Actively growing L. monocytogenes 

was produced by selecting a single colony from these plates and inoculating this into 

10 mL of Tryptic Soy Broth (TSB) (Becton Dickinson and Company, Le pont-de-Claix, 

France) and incubating for 18 h at 37 °C. E. coli BL21(DE3) (Thermo Fisher Scientific, 
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US) cells were grown in Lysogeny Broth (LB) liquid media (Neogen, Lancashire, UK) 

containing 50 μg/mL ampicillin (Am) and chloramphenicol (Cm) 64 μg/mL at 37 °C with 

shaking. Table 3-1 lists the bacterial cells, plasmids and conditions used to produce 

PHA-lysin293-BNPs, PHA-amidase293-BNPs and the PHA_BNPs. Figure 3-1 depicts 

a flow chart to indicate the experimental design of the assays in this chapter.  

 

3.3.1 Bioinformatic Analysis 

The genome of phage vB_LmoS_293 has been previously annotated and is available 

in the GenBank database with the Accession Number KP399678.1 (Casey et al., 

2015b). The Open Reading Frame 25 coding for the vB_LmoS_293 endolysin was 

analysed with the BLASTp against the Conserved Domains Database to identify the 

amidase domain (Pennone et al., 2019). 

 

3.3.2 Plasmid construction for PHA_BNPS generation  

 

The PHA_BNPs constructs used in these set of experiments were synthesized by 

GeneArt (Thermo Fisher Scientific, GENEART GmbH, Regensburg, Germany). 

Briefly, the gene fusion encoding the full lysin293 and the amidase domain (region 

19966-20502) of lysin293 and PhaC were codon optimised for expression in E. coli 

and synthesized by GeneArt (Thermo Fisher Scientific, GENEART GmbH, 

Regensburg, Germany). The synthetic gene was then incorporated into the pET14b 

vector under the control of the LacZ promoter. pET14b containing the PHA sequence 

only was also synthesized (Table 3-1). Following the synthesis of the pET14b vector 



97 
 

containing the gene fusion of PHA_lysin293_BNPs and PHA_amidase293_BNPs or 

the PHA sequence only, the plasmids were transformed into chemically competent E. 

coli BL21 (DE3) cells that contained the helper plasmid pMCS69. This helper plasmid 

harbours the phaA and phaB genes required to synthesize PHA precursors (González-

Miró et al., 2018). pMCS69 plasmid was transformed into chemically competent E. coli 

DE3 cells. Briefly, 1 μL of DNA (100 ng) (pMCS69) was transformed into 50 μL of E. 

coli competent cells and incubated on ice for 30 min. The cells were heat-shocked at 

42 °C for 60 s and placed on ice for 3 min. A total of 500 μL of LB medium was added 

to the samples and incubated at 37 °C for 40 min with shaking. Subsequently, 200 μL 

of the transformation mix was plated onto LB agar plates containing 50 μg/mL of 

chloramphenicol (CM) (Merck Life Science UK Limited). Plates were incubated at 37 

°C overnight. pET14b vector containing the gene fusion of PHA_lysin293_BNPs or 

PHA_amidase293_BNPs or the PHA sequence only, were transformed into the E. coli   

BL21 (DE3) cells containing the helper plasmid pMCS69 following the same method 

used to transform cells with the helper plasmid pMCS69. Transformants containing 

pET14b+lysin293 and the helper plasmid pMCS69 or pET14b+amidase293 and the 

helper plasmid pMCS69 were plated onto LB agar plates containing 50 μg/mL 

ampicillin (Amp) and 64 μg/mL Cm overnight at 37 °C. E. coli (pMCS69 + pET14b) 

was incubated overnight in 5 mL of LB broth (Amp and Cm) in a shaking incubator at 

37 °C.  To observe colonies, 10 μL of cells was plated onto LB agar plates containing 

50 μg/mL of CM (Merck Life Science UK Limited) and 64 μg/mL of Amp (Merck Life 

Science UK Limited) and incubated overnight at 37 °C. 
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 Table 3-1: Plasmids used in this study, detailing insert, features, hosts and products. 

 

 

 

 

 

 

 

 

Plasmid Insert Features Host Product Reference 

pET14b-PHA_lysin293_BNPs Gene fusion of lysin293 and PhaC  AmR E. coli BL21 (DE3) PHA_lysin293_BNPs This Study 

pET14b-PHA_amidase 293_BNPs Gene fusion of amidase293 and PhaC AmR E. coli BL21 (DE3) PHA_amidase293_BNPs This Study 

pET14b-PHA_BNPs PhaC sequence  AmR E. coli BL21 (DE3) PHA_BNPs This Study 

pMCS69 (Helper plasmid) N/A CmR E. coli BL21 (DE3) N/A  (Amara et.al, 2003)  



99 
 

 

Figure 3-1: A flow chart which depicts the experimental design of the assays created in this chapter. The flow chart shows the CFU/mL used in 
each experiment, the temperature used, the incubation time used, the proteins used and the method to determine the CFU/mL or the turbidity of 
the samples.  
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3.3.3 Generation of PHA_BNPs 

PHA_BNPs were produced at AgResearch in Palmerston North New Zealand by Dr 

Eric Altermann and team (Altermann et al., 2018). Both double transformants were 

grown in 1 L of LB broth, supplemented with Am (50 μg/mL), Cm (64 μg/mL) and 1% 

(w/v) glucose at 37 °C with shaking (150 rpm). When the OD600nm reached 0.5, the 

production of the BNPs (PHA_lysin293_BNPs, PHA_amidase293_BNPs and 

PHA_BNPs) was induced by the addition of 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) followed by agitation at 25 °C for 48 h. The cells were 

harvested by centrifugation (6,000 x g for 5 min at 4°C), the pellet resuspended in 50 

mM phosphate buffer pH 7.5 and lysed via sonication (Vibracell sonicator, Sonics and 

Materials, Newtown, CT, United States) on ice with 20 s bursts at medium intensity 

and 30 s rest intervals over a 10 min time interval. The BNPs were recovered by 

ultracentrifugation 21,000 x g for 2 h at 4°C in a Sorvall TH641 swing-out rotor 

(Thermofisher Scientific, Auckland, New Zealand) over a glycerol gradient, as 

described in Brandl et al. (1988). Following centrifugation, the white band containing 

the PHA_BNPs at the glycerol gradient interface was extracted and brought to a 

volume of 45 mL using phosphate buffered saline (PBS) (Life Technologies Ltd, 

Paisley, UK). The solution was centrifuged at 8000 x g for 20 min to separate the 

purified PHA_BNPs from any remaining glycerol. Following centrifugation, the 

supernatant was discarded and PHA_BNP pellets were resuspended in phage buffer 

(10 mM Tris (pH 7.5), 10 mM MgSO4 68 mM NaCl) to a concentration of 20 mg/mL 

with 20 μL/mL Tween80. The purified PHA_BNPs were stored at -80 °C. When in use 

the PHA_BNPs were stored at 4 °C and not continuously frozen and refrozen.  
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3.3.4 Turbidity Reduction Assays using L. monocytogenes strain 473 

 

3.3.4.1 Preparation of Bacterial Culture and Protein Concentration 

An overnight culture of L. monocytogenes strain 473 was prepared following 18 h of 

incubation in TSB (Becton Dickinson and Company, Le pont-de-Claix, France) at 37 

°C under aerobic conditions. The concentrations of each of the PHA_BNPs, 

PHA_lysin293_BNPs and PHA_amidase293_BNPs, were adjusted to 0.25 mg/mL in 

PBS (Life Technologies Ltd, Paisley, UK). Protein concentration was confirmed by 

Qubit protein quantification assay using the Qubit 4 Fluorometer (Invitrogen, Thermo 

Fisher, Singapore) following the manufacturer’s guidelines. 

 

3.3.4.2 Application of PHA_lysin293_BNPs, PHA_amidase293_BNPs 

and control PHA_BNPs for the lysis of L. monocytogenes strain 473 

L. monocytogenes cultures and protein concentrations were prepared according to 

section 3.3.4.1. TSB (Becton Dickinson and Company, Le pont-de-Claix, France) was 

inoculated with approximately 1 x 107 CFU/mL of L. monocytogenes strain 473 

(serotype 4e) and 0.25 mg/mL of PHA_lysin293_BNPs. PHA_amidase293_BNPs or 

control PHA_BNPs were added to give a total reaction volume of 200 μL (into one well 

of a 96 well plate). Samples were incubated at 37°C and the turbidity of the samples 

was measured at 30 min intervals for up to 3 h by reading the absorbance of samples 

using a Synergy 2 BioTek 96 well plate reader (BioTek Instruments, Inc. Vermont, 

USA) at an OD600nm.  
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To evaluate the impact of the beads at a lower starting cell number, TSB was 

inoculated with approximately 1 x 103 CFU/mL of L. monocytogenes strain 473 and 

0.25 mg/mL of PHA_lysin293_BNPs, PHA_amidase293_BNPs or the control 

PHA_BNPs were added to give a total reaction volume of 200 μL. On this occasion, 

samples were incubated at 22 °C, and the turbidity of the samples was measured by 

reading the absorbance of samples using a Synergy 2 BioTek 96 well plate reader at 

an OD600nm. Two experimental variables were altered in this experiment to better reflect 

the conditions that L. monocytogenes would be found in the food processing 

environment. These conditions are a lower temperature i.e., room temperature and a 

lower concentration of CFU/mL that represents the levels of contamination that would 

generally be found in food processing plants.  

 

3.3.4.3 Application of PHA_lysin293_BNPs, PHA_amidase293_BNPs 

and Control PHA_BNPs for the inhibition of L. monocytogenes strain 

473 

To determine if the application of PHA_lysin293_BNPs and PHA_amidase293_BNPs 

resulted in growth inhibition of L. monocytogenes strain 473 (serotype 4e), the 

CFU/mL of L. monocytogenes strain 473 was determined. 

TSB was inoculated with approximately 1 x 107 CFU/mL of L. monocytogenes strain 

473 and 0.25 mg/mL of either PHA_lysin293_BNPs, PHA_amidase293_BNPs or the 

control PHA_BNPs, in a total reaction volume of 200 μL. Samples were incubated at 

37°C and plated at 30 min intervals for up to 3 h on Listeria Chromogenic agar 

(Neogen, Lancashire, UK). The plates were incubated at 37 °C for 48 h.  
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To assess the inhibitory nature of the beads at a lower starting cell number, TSB was 

inoculated with approximately 1 x 103 CFU/mL of L. monocytogenes strain 473 and 

0.25 mg/mL of either PHA_lysin293_BNPs, PHA_amidase293_BNPs or the control 

PHA_BNPs, in a total reaction volume of 200 μL. Samples were incubated at 22 °C 

and plated at 30 min intervals over a 3 h period onto Listeria Chromogenic agar 

(Neogen, Lancashire, UK). The plates were incubated at 37 °C for 48 h.  

 

3.3.5 Statistical Analysis  

Statistical analysis was performed using Prism Software GraphPad 9. The paired t-

test was used for comparison between two groups. The data is presented as standard 

error of mean (SEM) values. A p-value of 0.05 was considered statistically significant. 

The mean Log CFU/mL and standard deviations were calculated from four technical 

replicates (two independent experiments with in duplicates each experiment (n=4)). 

The mean OD600nm and standard deviations were calculated from two independent 

experiments with duplicates in each experiment. 

 

3.4 Results and Discussion  

This study investigated a potential biocontrol treatment for L. monocytogenes in food 

processing environmental conditions based on the application of PHA_BNPs 

displaying the full-length lysin protein (PHA_lysin293_BNPs) and a truncated lysin, 

harbouring only the amidase domain of the vB_LmoS_293 lysin 

(PHA_amidase293_BNPs). The lysin exploited in this study belongs to the 

Siphoviridae phage vB_LmoS_293. This phage was previously isolated by our group 

from mushroom compost and found to be specific for L. monocytogenes serotypes 4e 
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and 4b (Casey et al., 2015a). An in-depth analysis of the genome of phage 

vB_LmoS_293 revealed that nucleotide 19966-20916 (951bp) of ORF 25 encoded a 

316 amino acid lysin. The lysin belongs to the N-acetylmuramoyl-L-alanine amidase 

family (COG5632) and residues 23-157 were associated to the amidase 2 family 

(pfam015100). Previous studies from our group have demonstrated the lytic ability of 

the amidase domain of lysin293 on autoclaved L. monocytogenes cells and its impact 

in the inhibition of L. monocytogenes biofilm formation (Pennone et al., 2019).  

 

PHA_BNPs displaying lysin293 and amidase293 cause lysis of L. 

monocytogenes strain 473 

To determine if the application of PHA_lysin293_BNPs and PHA_amidase293_BNPs 

resulted in the lysis of L. monocytogenes strain 473 (serotype 4e), turbidity reduction 

assays were conducted. Both the full-length lysin293 and the amidase293 domain 

were fused C-terminally to PHA and the lytic abilities of the PHA_BNPs were tested 

against L. monocytogenes strain 473, the host strain of phage vB_LmoS_293, in a 

series of turbidity reduction assays (experiments 1A and 2A as seen in Figure 3-1). 

The controls in these experiments consisted of cells of L. monocytogenes strain 473 

in the absence of any PHA_BNPs (L.mono-PHA_BNPs) and cells of L. 

monocytogenes strain 473 in the presence of PHA_BNPs displaying no form of lysin  

(L.mono+PHA_BNPs). Evaluating changes in optical densities required the 

consideration of two additional parameters—(a) the addition of BNPs increased the 

optical densities and (b) PHA_lysin293_BNPs or PHA_amidase293_BNPs formed 

larger aggregates overtime, thus changing the background light absorption. Optical 

densities were corrected according to Equation 1. 



105 
 

When applied at 37 °C to 1 x 107 CFU/mL (OD600nm 0.2) of L. monocytogenes strain 

473, the addition of PHA_lysin293_BNPs resulted in a reduction of turbidity of 80% (p 

= 0.0126) and 76.71% (p = 0.0002) after 30 min, compared to the control without BNPs 

(L.mono-PHA_BNPs) and with BNPs without lysin (L.mono+PHA_BNPs), respectively 

(Figure 3-2A). Under the same conditions, the application of PHA_amidase293_BNPs 

resulted in a reduction in turbidity of 81.5% (p = 0.0244) and 76.85% (p = 0.0012), 

compared to the control without BNPs (L.mono-PHA_BNPs) and with BNPs without 

lysin (L.mono+PHA_BNPs) controls, respectively (Figure 3-2A). In both cases, the 

reduction in optical density persisted throughout the duration of the assays and the 

growth of L. monocytogenes strain 473 was inhibited for 3 h.   

Following this, the experimental conditions were adjusted to reflect those that might 

be encountered in a food processing environment. The PHA_BNPs were applied at 

22 °C to 1 x 103 CFU/mL of L. monocytogenes strain 473 and the turbidity measured 

(experiment 2A). Addition of PHA_lysin293_BNPs resulted in a reduction of turbidity 

of 87.5% (p = 0.0088) and 81.8% (p= 0.0126) compared to the control without BNPs 

(L. mono-PHA_BNPs) and with BNPs without lysin (L.mono+PHA_BNPs) controls, 

respectively (Figure 3-2B). The addition of PHA_amidase293_BNPs resulted in a 

significant reduction of turbidity of 101.95% after 30 min (p = 0.0244) compared to 

L.mono-PHA_BNPs and 96.5% (0.0242) compared to the L.mono+PHA_BNPs when 

applied at 22 °C to 1 x 103 CFU/mL of L. monocytogenes strain 473 (Figure 3-2B). 

Again, reduction of cell numbers was maintained throughout the duration of the assay. 

This indicates that PHA_lysin293_BNPs and PHA_amidase293_BNPs work well 

when applied at temperatures of 37 °C and 22 °C, as cell lysis is demonstrated in both 

cases as measured by a reduction in the turbidity of L. monocytogenes strain 473 in 

TSB. 
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Equation1: Where n: sample taken at predefined time point; OD600 (n): corrected optical density at point 

n, OD600 (n) [a]: measured optical density at point n, OD600(0): measured optical density at time point 0; 

OD600 (n-1): measured optical density at point n-1; bc: test BNPs used, Lmc: L. monocytogenes control 

plus cells; bead: PHA_BNPs or PHA_lysin293_BNPs or PHA_amidase293_BNPs in the absence of L. 

monocytogenes cells. In summary, the increase in optical density due to the addition of BNPs was 

subtracted from measured optical densities. Changes in optical densities of BNPs in the absence of 

cells over time were calculated and also allowed for in the final optical density. 
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Figure 3-2A: Showing experiment 1A, turbidity reduction assays performed at 37 °C using 1 x 

107CFU/mL L. monocytogenes 473 (serotype 4e). The results depicted have been adjusted 

according to Equation 1. L. monocytogenes strain 473 was inoculated into TSB containing 

PHA_lysin293_BNPs (pink symbols) (n=4), PHA_amidase293_BNPs (black symbols) (n=4), 

L. mono+PHA_BNPs control (green symbols) (n=4) and L. mono-PHA_BNPs (blue symbols) 

(n=4). Absorbances OD600nm were read at times 0 mins, 30 mins, 60 mins, 90 mins, 120 mins, 

150 mins and 180 mins. 
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Figure 3-2B: Showing experiment 2A, turbidity reduction assays performed at 22 °C using 1 x 

103CFU/mL L. monocytogenes 473 (serotype 4e). The results depicted have been adjusted 

according to Equation 1. L. monocytogenes strain 473 was inoculated into TSB containing 

PHA_lysin293_BNPs (pink symbols) (n=4), PHA_amidase293_BNPs (black symbols) (n=4), 

L. mono+PHA_BNPs control (green symbols) (n=4) and L. mono-PHA_BNPs (blue symbols) 

(n=4). Absorbance readings (OD600nm) were read at times 0 mins, 30 mins, 60 mins, 90 mins, 

120 mins, 150 mins and 180 mins.  

 

PHA_BNPs displaying lysin293 and amidase293 cause inhibition of 

the growth of L. monocytogenes strain 473. 

To investigate the effects of PHA_lysin293_BNPs and of PHA_amidase293_BNPs on 

the growth kinetics of L. monocytogenes strain 473, cell counts (CFU/mL) were also 

performed. As with the previous turbidity assay, two experiments were designed, one 

at 37°C with a high starting inoculum (1 x107 CFU/mL), and one at 22 °C, with a 

starting inoculum that represents the concentration of L. monocytogenes commonly 
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isolated from contaminated plants (1 x 103 CFU/mL) (Beaufort et al., 2007) 

(experiments 1B and 2B). The controls in this group were the same as for the turbidity 

reduction assays. In experiment 1B (37°C, 1 x107 CFU/mL), the addition of 

PHA_lysin293_BNPs and PHA_amidase293_BNPs inhibited the growth of L. 

monocytogenes by 84.4% (p = 0.008) and 89.5% (p = 0.0006), respectively, following 

3 h of incubation when compared to the cells-only control (Figure 3-3 A). When 

compared to the L.mono+PHA_BNPs control, the PHA_lysin293_BNPs and 

PHA_amidase293_BNPs reduced the rate of growth of L. monocytogenes by 64.5% 

(p = 0.0206) and 75% (p = 0.0071), respectively. In experiment 2B (22 °C, 1 x103 

CFU/mL), the addition of the PHA_lysin293_BNPs and the PHA_amidase293_BNPs 

resulted in the inhibition of L. monocytogenes strain 473 by 61.5% (p = 0.0001) and 

54.6% (p = 0.0111) respectively, compared to the L. mono-PHA_BNPs control (Figure 

3-3 B). An average inhibition over the 3 h period exhibited by the addition of 

PHA_amidase293_BNP was 47.5% (p = 0.0025) and by the addition of 

PHA_lysin293_BNPs was 46.7% (p = 0.0022). A hypothesis as to why a reduction in 

the rate of growth of L. monocytogenes and not an inhibition of growth is seen in 

experiment 1B may be due to the PHA_lysin293_BNPs: L. monocytogenes ratio. In 

experiment 2B, the concentration of PHA_amidase/lysin293_BNPs per cell of L. 

monocytogenes is approximately 0.25 μg/cell (0.25mg/mL / 1 x 103 CFU/mL); in 

experiment 1B, the concentration of PHA_amidase/lysin293_BNPs per cell of L. 

monocytogenes is 0.025 ng/cell (0.25 mg/mL / 1 x107 CFU/mL). Thus, the ratio of 

PHA_amidase/lysin293_BNPs: cell of L. monocytogenes is 10,000 times greater in 

experiment 2B vs experiment 1B. To achieve the same PHA_amidase/lysin293_BNPs 

to cell ratio of L. monocytogenes in experiment 1B as experiment 2B, a concentration 

of 2.5 mg/mL of proteins would be required. However, preliminary studies were carried 
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out using varying concentrations of BNPs and it was determined that concentrations 

above 0.25 mg/mL increased the growth of L. monocytogenes. Another possible 

reason why inhibition of L. monocytogenes is seen in experiment 2B and not in 

experiment 1B is the difference in incubation temperatures. Both temperature and pH 

are known to have a significant effect on the lytic ability of enzymes and a lower 

temperature of 22 °C may be optimal for the enzymatic activity of lysin and amidase 

293. Future research regarding the generation of PHA_BNPs with phage lysins may 

be carried out to investigate the effect of pH on the lytic activity of these PHA_BNPs. 

In a study carried out by Chang et al. (2017), it was shown that, at room temperatures, 

lysin LysSA11 derived from the Staphylococcus aureus phage had double the lytic 

activity compared to when the lysin was applied at 4 °C and 65 °C, indicating that 

temperature plays a vital role in the lytic ability of these enzymes (Chang et al., 2017). 

The lysin of phage vB_LmoS_293 is 316 aa in size. BLASTp analysis revealed the 

protein contains a PGRP element that functions in peptidoglycan recognition in the 

bacterial cell wall and an amidase domain that is 178 aa in size. When analysing the 

growth kinetics of L. monocytogenes strain 473 in experiment 1B, the addition of 

PHA_lysin293_BNPs reduced the rate of growth of strain 473 by an additional 12.1% 

in comparison to PHA_amidase293_BNPs, although no significance was observed for 

this result (p = 0.986). This indicates that, under these experimental conditions, the 

truncated lysin (amidase) retains the same lytic ability as the full-length lysin when 

displayed on PHA_BNPs. A similar result was seen in experiment B, where there was 

no significant difference found between the application of PHA_lysin293_BNPs and 

PHA_amidase293_BNPs; the average concentration of L. monocytogenes strain 473 

only differed by approximately 2 cells (894 CFU/mL-PHA_amidase293_BNPs and 

892.85 CFU/mL-PHA_lysin293_BNPs). Interestingly, the application of 
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PHA_lysin293_BNPs and PHA_amidase293_BNPs resulted in the inhibition of L. 

monocytogenes strain 473, maintaining L. monocytogenes levels at approximately the 

same concentration as the starting inoculum over the course of incubation. As 

experiment B better represents the conditions of food processing plants, it can be 

suggested that the application of PHA_lysin293_BNPs and PHA_amidase293_BNPs 

may result in an inhibition of L. monocytogenes in food processing plants. However, 

further studies should be conducted to better mimic food processing plants, such as 

the application of these tailored BNPs onto stainless steel surfaces or surfaces similar 

to those found in processing plants. It has been reported that using the catalytic 

domain of lysins such as the amidase domain can increase their stability, solubility 

and, in some cases, lytic ability. In this study, the full-length endolysin (ORF25) and 

the amidase domain (region 19966.20502) showed similar lytic ability and stability 

under both experimental conditions tested.  

Preliminary studies investigating the effect of the tailored BNPs on the growth of L. 

monocytogenes indicated that incubations over 3 h resulted in the tailored BNPs 

having no effect on the growth of L. monocytogenes strain 473. These experiments 

were carried out for up to 24 h which may indicate that the stability of these tailored 

BNPs and functionality is lost when exposed to these temperatures for durations 

longer than 3 h. These tailored BNPs therefore are unlikely to be successful for the 

biocontrol of L. monocytogenes in foods, as the shelf-life of foods that are partial to L. 

monocytogenes contamination can be days to weeks. However, the tailored BNPs 

may have the potential to be used in sanitization and cleaning processes in food 

processing plants where the timeframes amount to minutes and hours rather than days 

and weeks.  
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Figure 3-3A: An investigation of the effect of PHA_lysin293_BNPs and 

PHA_amidase293_BNPs on 1 x 107CFU/mL L. monocytogenes 473 (serotype 4e). L. 

monocytogenes strain 473 was inoculated into TSB containing PHA_lysin293_BNPs (pink 

symbols) (n=4), PHA_amidase293_BNPs (black symbols) (n=4), L. mono+PHA_BNPs control 

(green symbols) (n=4) and L. mono-PHA_BNPs (blue symbols) (n=4). Samples were 

incubated at 37 °C and plated at 0 mins, 30 mins, 60 mins, 90 mins, 120 mins, 150 mins and 

180 mins. 
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Figure 3-3B: Investigation of the effect of PHA_lysin293_BNPs and PHA_amidase293_BNPs 

on 1 x 103CFU/mL L. monocytogenes 473 (serotype 4e). L. monocytogenes strain 473 was 

inoculated into TSB containing PHA_lysin293_BNPs (pink symbols) (n=4), 

PHA_amidase293_BNPs (black symbols) (n=4), L. mono+PHA_BNPs control (green 

symbols) (n=4) and L. mono-PHA_BNPs (control) (blue symbols) (n=4). Samples were 

incubated at 22 °C and plated at 0 mins, 30 mins, 60 mins, 90 mins, 120 mins, 150 mins and 

180 mins. 

 

Additional Studies using PHA_BNPs 

Other studies have been conducted using phage lysins linked to nanoparticles for the 

reduction of heat-inactivated L. monocytogenes cells. Pennone et al. (2019) described 

experiments similar to those outlined here where PHA_amidase293_BNPs were 

applied to L. monocytogenes strain 473 that had been subjected to autoclaving (121 

°C/15 min). Turbidity reduction assays revealed a reduction of 33.9% and 38% when 

using 1 mg and 5 mg of PHA_amidase293_BNPs, respectively (Pennone et al., 2019). 

Solanki et al. (2013) conjugated the lysin Ply500 to silica nanoparticles and when 

applied to iceberg lettuce, a 4-log reduction of Listeria innocua was observed (Solanki 
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et al., 2013). Interestingly, pairwise alignment of the amino acid sequences of the 

lysin293 revealed an 87.3% amino acid sequence similarity to the lysin Ply500; sharing 

such a high sequence similarity with a lysin that has been shown to be successfully 

applied to a variety of different surfaces adds to potential future prospects of 

PHA_lysin293_BNPs and PHA_amidase293_BNPs. Additionally, using PHA_BNPs 

would be more environmentally friendly than using silico-based nanobeads, as they 

are naturally produced and biodegradable.  

 

3. 5 Conclusion 

To summarize, the findings of this study show that when displayed on PHA_BNPs the 

amidase domain of lysin293 exhibits the same lytic ability of the full-length lysin293 at 

both 22 °C and 37 °C. Results also show that the inhibitory effect of 

PHA_lysin293_BNPs and PHA_amidase293_BNPs is temperature dependant, as 

indicated by the finding that there was only a reduction in the rate of growth at 37 °C 

and in inhibition of L. monocytogenes at 22 °C. The findings also indicate that the 

application of these tailored BNPs is time-limited, as they were shown to be ineffective 

when applied for durations greater than 3 h.  

The results are promising and show an initial proof of concept for the use of 

PHA_BNPs displaying listeriophage lysins as a potential biocontrol against L. 

monocytogenes. Ideally, the production of agents for the biocontrol or sanitizers 

against L. monocytogenes on an industrial scale does not entail any complex or 

expensive post processes. In this study, bacterial cells (E. coli DE3) produce 

PHA_BNPs in a one-step process that only requires simple disruption of the bacterial 

cells to free the PHA_BNPs. This holds promise for future large-scale production of 
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PHA_BNPs to be cost-effective. The application of these tailored BNPs was shown to 

be successful at both 37 °C and 22 °C and at L. monocytogenes concentrations of 

approximately 1 x 107 CFU/mL and 1 x 103 CFU/mL. An advantage of using this 

technology over chemical-based sanitizers or chemical inhibition techniques is that 

these BNPs are biodegradable and therefore could be released in the food processing 

plant and naturally degraded over time, thus posing no threat to human health. Further 

studies may be carried out on a larger scale and in food production environments to 

confirm that these phage BNPs may be used to combat L. monocytogenes in food 

production environments. Although a promising technology, there are obstacles to 

overcome prior to large-scale application. The use of GMOs in the food chain and in 

pharmaceuticals is strictly monitored in Ireland by both the Food Safety Authority 

Ireland and the Health Products Regulatory Authority. As the bacterial host E. coli DE3 

is a genetically modified organism (GMO), stringent purification processes must be 

employed to remove any host cell material if these nanobeads are to be applied in a 

food processing environment so that there is no risk of the GMOs entering the food 

chain. The current production system requires the addition of two antibiotics which 

may limit the scalability to fed-batch fermentations. The results obtained are 

encouraging, considering the potential future applications in food processing plants 

where cross contamination of L. monocytogenes poses a major concern. 
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Chapter 4  

Production of Bacteriophage 

Recombinant Receptor Binding 

Proteins and an Evaluation of their 

Binding Efficiency Capacity for 
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4.1 Abstract  

Phage receptor binding proteins (RBPs) represent valuable tools in the detection of 

foodborne pathogens as they allow for the rapid and specific binding of bacterial 

pathogens of interest. This chapter describes the production of recombinant RBPs 

from three listeriophages—vB_LmoS_188, vB_LmoS_293 and vB_LmoH_P61—for 

the purposes of detection of L. monocytogenes. The difficulties associated with 

production and purification of these recombinant proteins is discussed. The 

investigation of the binding abilities of these proteins and potential application of these 

proteins in the detection of L. monocytogenes is also discussed. Phages vB_LmoS-

_188, vB_LmoS_293 and vB_LmoH_P61 have been previously sequenced and 

annotated and their genomes deposited in the NCBI GenBank database. The RBPs 

of vB_LmoS_188, vB_LmoS_293 and vB_LmoH_P61 were identified through BLASTp 

analysis as ORF_19, ORF_20 and ORF_130, respectively. Expression vectors 

harbouring the RBP sequences of interest were generated, in addition to eGFP-tagged 

versions of RBP_188 and RBP_293, and attempts were made to over-express and 

purify each of the five proteins. Purification of three of these proteins (RBP_P61, 

eGFP_RBP_188 and eGFP_RBP_293) proved difficult as these proteins were found 

to be produced in inclusion bodies. Where RBP purification was successful, adsorption 

assays were conducted with the purified proteins to assess RBP interaction with and 

capture of L. monocytogenes cells. Results of these assays showed that an addition 

of 1.5 mg/mL of RBP_293 to cells of L. monocytogenes strain 473 inhibited the binding 

of phage vB_LmoS_293 to the cells by approximately 52% (p = 0.06), indicating the 

blocking of host receptor sites by the presence of RBP_293. This result demonstrates 
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that RBP_293 has potential for capturing and detecting L. monocytogenes. However, 

a similar experiment with RBP_P61 demonstrated that the addition of RBP_P61 did 

not have an inhibitory effect on the adsorption of phage vB_LmoH_P61 to its host L. 

monocytogenes strain 3053 which may be due to the low concentrations of RBP_P61 

retrieved following purification processes. The information in this chapter may be 

valuable for future experiments where RBPs are produced in inclusion bodies, as it 

describes valuable methods of retrieving these proteins of interest.  

 

4.2 Introduction  

Developing rapid diagnostic tests for the detection of L. monocytogenes is crucial due 

to the severe implications of the outcomes associated with the disease listeriosis. 

There are various microbiological methods used in the food industry to detect bacterial 

contamination. The gold standard method for detecting L. monocytogenes in food 

products and in the food processing environment is the culture-based method. Culture 

based methods are used globally and have been approved by the United States Food 

and Drug Administration (FDA), the Association of Official Analytical Chemists 

(AOAC), the United States Department of Agriculture (USDA) and the European Food 

Safety Authority (EFSA) (Besse et al., 2019; Foddai & Grant, 2020b). Culture-based 

methods have been designed to allow for the detection of a single target cell in a 

sample, a desired characteristic for any rapid method intended to replace a culture-

based method (Välimaa et al., 2015). Although reliable, these techniques can be time 

consuming and can take 2-3 days to obtain preliminary results and over a week for 

confirmation of the pathogen (Law et al., 2014).  
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Other methods used to detect L. monocytogenes from foods include PCR-based 

methods. Although these forms of detection systems are sensitive and time efficient, 

their reliability has been called into question due to the inability of distinguishing 

between viable and non-viable cells (Bassler et al., 1995; Cady et al., 2005; Chen et 

al., 2017). Immunoassays have also been used for the binding and detection of L. 

monocytogenes. These assays are based on the specific binding of an antibody and 

antigen. The most commonly used immunological assays are lateral flow 

immunoassays, enzyme-linked immunosorbent assays, enzyme-linked fluorescent 

assays (ELFIA) and immuno-magnetic separation (IMS). Although sensitive and rapid, 

the high cost associated with these systems hinders their universal use (Priyanka et 

al., 2016). ELISA, ELFIA and immune-magnetic techniques can each be optimised to 

detect only viable cells; however, a downfall of PCR based systems is the inability to 

distinguish between viable and non-viable cells. PCR based systems that detect only 

viable cells may require combination with additional techniques, such as phage 

amplification assays. Here the phage will infect and lyse living cells, and the nucleic 

acid released from the lysis of the cells may be used for PCR amplification and thus 

detection of viable cells.  

A novel technique for the detection of L. monocytogenes is the use of biosensing 

systems. A biosensor is an analytical device that converts a biological response into 

an electrical signal, consisting of a biological entity (cell, microorganism, enzyme, 

antibody, nucleic acid) which interacts with the target analyte and a transducer. Recent 

rapid biosensing methods for the detection of L. monocytogenes have been largely 

demonstrative and further testing is required to improve the sensitivity of such systems 

(Välimaa et al., 2015).  
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Phages co-evolve with their bacterial host-cells and recognise and infect these cells 

with a specificity that may be exploited as tools for the rapid detection of foodborne 

pathogens. Phages have been exploited for the detection of L. monocytogenes in 

systems such as the phage amplification assay for quantitative detection of viable L. 

monocytogenes (Oliveira et al., 2012). This protocol allowed the authors to detect 13 

CFU/mL in skimmed milk that had been artificially contaminated with L. 

monocytogenes after a 10 h assay. Similar amplification assays may also be combined 

with other technologies for the detection of L. monocytogenes. Stambach et al. (2015) 

combined such an assay with surface-enhanced raman spectroscopy (SERS) and 

lateral flow immunochromatography. Using this technique, the authors detected 5 x 

104 CFU/mL in 8 h (Stambach et al., 2015). Genetically engineered phages have also 

been employed in the detection of foodborne pathogens. Phages may be genetically 

engineered to encode reporter proteins that are produced upon infection, released 

from infected cells upon host lysis and can then be detected to indicate the presence 

of the bacterial host cell. Meile et al. (2020) created such an assay using engineered 

phage A511 containing an N-Luciferase gene which could reliably detect 1 CFU L. 

monocytogenes per 25g of spiked food in a time of 24 h (Meile et al., 2020).  

The host specificity of phages is usually determined by receptor binding proteins 

(RBPs) which account for the recognition of—and the binding to the cell wall structures 

of—the host bacterium. Phage RBPs have recently been incorporated into a number 

of tools that exploit the high specificity that these proteins have for their host bacterial 

cells (Simpson et al., 2016). The RBPs from phages vB_EfaS_Max (specific for E. 

faecalis) and vB_SauM_LM12 (specific for S. aureus) were fused with the red 

fluorescent mCherry gene and the green fluorescent protein gene (GFP) and 

examined for binding of their host cells by observations using epifluorescence 
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microscopy. 1-5 CFU/mL were detected in < 1.5 h using this technique, combined with 

an enrichment step (Santos et al., 2020). Javed et al. (2013) created a simple glass 

slide agglutination assay using the RBP (gp047) and demonstrated 100% diagnostic 

specificity, 95% sensitivity for C. jejuni and 90% sensitivity for C. coli. Singh et al. also 

exploited phage RBPs for the rapid detection of C. jejuni. Here, the RBP was 

expressed from phage NCTC 12673 as a glutathione S-transferase-RBP fusion 

protein, and this protein immobilised onto surface plasmon resistance (SPR) surfaces. 

The detection limit of the RBP-derivatised SPR surfaces was found to be 1x102 

CFU/mL (Singh et al., 2011). 

This chapter focuses on the production of recombinant RBPs from three 

listeriophages—phages vB_LmoS_188, vB_LmoS_293 and vB_LmoH_P61—with the 

objective of demonstrating interaction with and capture of L. monocytogenes cells and 

potential use in a detection application. Both phages vB_LmoS_188 and 

vB_LmoS_293 were found to have narrow host ranges infecting serotypes 4e and 4b, 

while the host range of phage vB_LmoH_P61 was found to be broader, infecting 

serotypes 4e, 4b, 1/2a, 1/2b, 1/2c and 6a (Casey et al., 2015a; Stone et al., 2020). 

Listeriophages vB_LmoS_293, vB_LmoS_188 and vB_LmoH_P61 were previously 

annotated and deposited in the NCBI GenBank database with the accession numbers 

KP399678.1, KP399677.1 and MT438761.1, respectively. The objective of this 

chapter is to produce and purify these recombinant proteins and investigate the 

binding abilities of these proteins and the potential future applications of them in the 

detection of L. monocytogenes. The hypothesis is that these recombinant RBPs may 

be produced in E. coli and incorporated into a detection system for L. monocytogenes. 

To successfully produce these recombinant RBPs, small-scale analysis was 

performed to optimise (1) the media used (i.e., LB or 2YT broth), (2) the concentration 
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of Isopropyl β-D-1- thiogalactopyranoside (IPTG) (Sigma, Ireland) used for induction, 

(3) the incubation time for IPTG induction (2 h, 6 h or 24 h) and (4) the temperature 

for IPTG induction (25 ºC, 30 ºC or 37 ºC). The protocols that have been designed in 

this chapter may be useful for future experiments that aim to produce recombinant 

RBPs in E.coli. 

 

4.3 Materials and Methods  

 

4.3.1 Bacterial strains, plasmids and culture conditions 

Five plasmids — pET-24a(+)_RBP_293, pET-24a(+)_RBP_188, pET-

24a(+)_RBP_P61, pET-24a(+)_eGFP_RBP_293 and pET-24a(+)_eGFP_RBP_188 

— were synthesized by Genscript (Leiden, Netherlands). E.coli DE3 cells containing 

1 of the 5 plasmids were streaked from frozen stocks onto Lysogeny broth (LB) agar 

(Neogen, Lancashire, UK) with 50 μg/mL of kanamycin sulphate (Merck Life Science 

UK Limited) and incubated at 37 °C for 24 h. Overnight cultures of E.coli DE3 

containing the sequence of interest was produced by selecting a single colony from 

these plates and inoculating this into 10 mL of 2YT broth (16g/L tryptone, 10g/L yeast 

extract, 5g/L NaCl) containing 50 μg/mL of kanamycin sulphate. Table 4-1 lists the 

bacterial strains, plasmids and culture conditions used in this chapter. 
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Table 4-1: Plasmids used for the production of the recombinant RBPs in this study. 

 

 

Plasmid Phage Phage 
Accession 

Number 

Sequence ORF Bacterial Strain Features Product 

pET-24a(+)_RBP_293 vB_LmoS_293 KP399678.1 RBP_293 20 E. coli BL21 (DE3) KanR RBP_293 

pET-24a(+)_RBP_188 vB_LmoS_188 KP399677.1 RBP_188 19 E. coli BL21 (DE3) KanR RBP_188 

pET-24a(+)_RBP_P61 vB_LmoH_P61 MT438761.1 RBP_P61 130 E. coli BL21 (DE3) KanR RBP_P61 

pET-24a(+)_eGFP_RBP_293 vB_LmoS_293 KP399678.1 eGFP_RBP_293 20 E. coli BL21 (DE3) KanR eGFP_RBP_293 

pET-24a(+)_eGFP_RBP_188 vB_LmoS_188 KP399677.1 eGFP_RBP_188 19 E. coli BL21 (DE3) KanR eGFP_RBP_188 
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4.3.2 Bioinformatic analysis  

Listeriophages vB_LmoS_293, vB_LmoS_188 and vB_LmoH_P61 were previously 

annotated and deposited in the NCBI GenBank database with the accession numbers 

KP399678.1, KP399677.1 and MT438761.1, respectively (Casey et al., 2015b; Stone 

et al., 2020). The sequence and gene product coding for the phage RBPs were 

analysed with the Basic Local Alignment Search Tool (BLAST) against the Conserved 

Domains Database for the identification of RBP regions (Marchler-Bauer et al., 2017). 

HHpred analysis (server for remote protein homology detection and structure 

predication that implements pairwise comparison of profile hidden Markov models) 

was also conducted using the sequences of gp19, gp20 and gp130 of phage 

vB_LmoS_188, vB_LmoS_293 and vB_LmoH_P61, respectively as inputs, to 

determine any structural homologs of the proteins. The homologous sequences 

identified using BLASTp were aligned to gp19, gp20 and gp130 of phage vB_LmoS-

_188, vB_LmoS_293 and vB_LmoH_P61 using the Clustal OMEGA server 

(https://www.ebi.ac.uk/Tools/msa/clustalo/).   

 

4.3.3 Synthesis of RBP Sequences into pET-24a (+) 

Sequences of the predicted RBP regions from each phage were sent to Genscript 

(Leiden, Netherlands). Constructs were synthesized by Genscript using the vector 

pET-24a (+). The synthesis involved the incorporation of the RBP sequence of interest 

into the NotI and XhoI site of the vector pET-24a (+). Constructs were also created to 

include an N-terminal eGFP label on RBP_293 and RBP_188. The pET-24a (+) vector 

was chosen as it is a T7 promoter, with protein expression induced by providing a 



125 
 

source of T7 RNA polymerase in the host strain, E. coli BL21 (DE3) (Thermo Fisher 

Scientific, US). T7 RNA polymerase is so selective that the majority of the host strain’s 

resources are converted to target gene expression. When pET-24a (+) is transferred 

into a host strain that contains a chromosomal copy of the T7 RNA polymerase gene 

under lacUV5 control, E. coli BL21 (DE3) expression can be induced by the addition 

of IPTG. 

 

4.3.4 Transformation of RBP Constructs  

Constructs containing RBP sequences were transformed into chemically competent 

E. coli BL21 (DE3) (Thermo Fisher Scientific, US). A total of 1 μL of DNA (100 ng) was 

transformed into 50 μL of E. coli competent cells and incubated on ice for 30 min. The 

cells were heat-shocked at 42 °C for 60 s and placed on ice for 3 min. A total of 500 

μL of LB medium was added to the samples and incubated at 37 °C for 40 min with 

shaking. Subsequently, 200 μL of the transformation mix was plated onto LB agar 

plates containing 50 μg/mL of kanamycin sulphate (Merck Life Science UK Limited). 

Plates were incubated at 37 °C overnight.   

 

4.3.5 Plasmid Extraction and Restriction Enzyme Digestion  

For plasmid extraction from the transformants, single colonies were picked from the 

transformation plates and inoculated into 20 mL of 2YT broth (16g/L tryptone, 10g/L 

yeast extract, 5g/L NaCl) and incubated with shaking at 180 rpm overnight at 37 °C. 

Plasmids were extracted using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, 

Germany) and analysed on a 0.8% agarose gel at 100 V for 1 h. Plasmid DNA was 

quantified using the Qubit 4 Fluorometer (Thermo Fisher Scientific, US) following the 
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manufacturer’s instructions. Restriction digests were used to confirm the presence of 

the insert. Plasmids were digested using the restriction enzymes NotI (New England 

Biolabs, Hertfordshire, UK) and XhoI (New England Biolabs, Hertfordshire, UK). Single 

and double restriction enzyme digestions were performed following the manufacturer’s 

guidelines, using specified buffers for single digestions and 3:1 buffer for double 

digestions. To confirm the presence of the inserts, digests were analysed on a 0.8% 

agarose gel at 100 V for 1 h. 

 

4.3.6 Small-Scale Analysis of RBP Expression 

Figure 4-1 shows a schematic diagram of the steps involved in the production and 

purification of the RBPs.  

Small-scale (20 mL) analysis of RBP expression was performed for all 5 proteins 

(RBP_293, RBP_188, eGFP_RBP_293, eGFP_RBP_188 and RBP_P61) to optimise 

(1) the media used (i.e. LB or 2YT broth), (2) the concentration of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Sigma, Ireland) used for induction, (3) the incubation 

time for IPTG induction (2 h, 6 h or 24 h) and (4) the temperature for IPTG induction 

(25 ºC, 30 ºC or 37 ºC).  

A 20 mL E. coli DE3 (containing 1 of the 5 constructs) culture was inoculated into 2YT 

with 50 μg/mL kanamycin and was grown overnight at 37 ºC with shaking at 120 rpm. 

2 mL of the overnight culture was added to 20 mL of fresh 2YT broth with 50 μg/mL 

kanamycin and incubated at 37 ºC and 180 rpm until OD600 0.6-0.8 was reached. One 

millilitre samples were taken just before and at appropriate times after induction (2 h, 

6 h and 24 h) with 1 mM IPTG, to determine the time taken for protein expression to 

occur following induction with IPTG. Samples were centrifuged for 5 min at 10,000 x 

g. All supernatant was removed, and cell pellets were resuspended in 2 mL of 
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resuspension buffer (20 mM HEPES pH 7.2, 100 mM NaCl, 0.1mM EDTA). Cells were 

then lysed by adding 1 mg/mL of lysozyme (ThermoFisher Scientific, US) for 15 min 

at 37 ºC. The lysed cells were immediately placed on ice and 50 μL of protease 

inhibitor cocktail (Sigma Aldrich, St Louis, US) added. Samples were centrifuged for 5 

min at 10,000 x g. The supernatant was removed and placed into a fresh tube for SDS-

PAGE analysis. The pellet was resuspended in 2 mL of resuspension buffer for SDS-

PAGE analysis. Samples were adjusted to the desired protein concentrations using 

the Qubit Fluorometer (Thermo Fisher Scientific, US) as described in section 4.3.5.
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Figure 4-1: A schematic diagram showing the steps involved in the production and purification of RBP_293, RBP_188, RBP_P61, 
eGFP_RBP_188, eGFP_RBP_293. Label 1 depicts the design of pET-24a(+) to include the sequence of interest, 2 shows the transformation of 
this vector into BL21 (DE3) chemically competent cells, 3 shows inoculation of these cells in 20 mL of 2YT kanamycin broth, 4 shows the 
inoculation of these cells into 980 mL of 2YT kanamycin broth, 5 the confirmation that the OD of the culture has reached approximately 0.7600nm, 
6 shows the addition of 1 mM of IPTG for induction of the proteins, 7 shows the incubation of induced cells at the temperature and at the time 
specified in table 4-2, 8 shows the centrifugation of induced cells and resuspension of pellet in resuspension buffer following incubation, 9 shows 
the lysis of cells, 10 shows centrifugation of cells following lysis, 11a shows the folding processes and dialysis step of proteins produced in 
inclusion bodies, 11b shows if proteins are produced in the supernatant no extra steps are required, step 12 shows the purification of proteins on 
a gravity-flow IMAC column, step 13 shows the dialysis of fractions, 14 shows the concentration of proteins using a spin column and step 15 
shows the analysis of proteins on an SDS-PAGE gel.
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4.3.7 Large-Scale RBP Production  

One colony of E. coli BL21 (DE3) transformed with pET-24(+)_RBP (RBP_293, 

RBP_188, RBP_P61, eGFP_RBP_293 and eGFP_RBP_188) was incubated 

overnight in 20 mL of 2YT broth with 50 μg/mL of kanamycin at 37 ºC, shaking at 180 

rpm. A 3 L conical flask containing 980 mL of 2YT broth and 50 μg/mL of kanamycin 

was inoculated with 20 mL of the overnight culture of E. coli BL21 (DE3) transformed 

with pET-24(+) _RBP and incubated at the temperature indicated in Table 4-2 while 

shaking at 120 rpm. When the culture reached approximately OD600nm 0.7, the cells 

were induced with 1 mL of IPTG 1M (final concentration: 1mM) and incubated under 

the conditions indicated in Table 4-2. After incubation, the cultures were held on ice 

for 15 min and the cells harvested by centrifugation (2500 x g for 20 min at 4 ºC). The 

cell pellet was resuspended in 98 mL of resuspension buffer and stored at -20 ºC until 

lysis was performed. The thawed cell pellet was lysed by a combination of treatment 

with 1 mg/mL of lysozyme and sonication (MSE Soniprep 150, Fisher Scientific, UK) 

with 5X medium frequency impulses for 10 s followed by 10 s on ice. A total of 2.5 mL 

of protease inhibitor cocktail was added to the lysed cell suspension. The lysate was 

centrifuged at 4696 x g for 30 min at 4 ºC in a Sorvall ST 40 centrifuge (Thermo Fisher 

Scientific, US). Supernatant and pellets were separated for further purification.  
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Table 4-2: Summary of conditions used to produce recombinant RBPs described in this chapter.  

Protein Phage Derivative Concentration 

of Cells Prior 

to Induction 

Concentration 

of IPTG 

for Induction 

Incubation 
Temperature 

Incubation 

Time 

Fraction Protein is 
Produced in 

Yield 
μg/mL 

RBP_293 vB_LmoS_293 

 

0.7 OD600nm 1mM 37 ºC 3 h Soluble Fraction 
(Supernatant) 

750 

RBP_188 vB_LmoS_188 

 

0.7 OD600nm 1mM 37 ºC 3 h Soluble Fraction 
(Supernatant) 

780 

RBP_P61 vB_LmoH_P61 0.7 OD600nm 1mM 30 ºC 3 h Insoluble Fraction 
(Inclusion bodies) 

90 

eGFP_RBP_293 vB_LmoS_293 

 

0.7 OD600nm 1mM 25 ºC 24 h Insoluble Fraction 

(Inclusion Bodies) 

0 

eGFP_RBP_188 vB_LmoS_188 

 

0.7 OD600nm 1mM 25 ºC 24 h Insoluble Fraction 

(Inclusion Bodies) 

100 
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4.3.8 Protein Extraction and Solubilisation  

The process of solubilisation and folding of proteins was adapted from Luger (1997). 

Cell pellets and supernatant were assessed for protein solubility by SDS-PAGE. If it 

was found that the protein of interest was located in the cell pellet, the supernatant 

was discarded and the pellet with inclusion bodies was resuspended in 10 mL of 

resuspension buffer and centrifuged at 4696 x g for 30 min at 4 ºC in a Sorvall ST 40 

centrifuge. The pellet was then resuspended in wash buffer (20mM HEPES pH 7.2, 

100mM NaCl, 0.1 mM EDTA, 1% (v/v) Triton X-100) and centrifuged at 4696 x g for 

30 min at 4 ºC in a Sorvall ST 40 centrifuge. The pellet was then solubilised by the 

addition of unfolding buffer (8 M Urea, 20 mM HEPES pH 7.2, 1 mM DTT).  

 

4.3.9 Dialysis of Unfolded Proteins 

A total of 1.5 mL samples of unfolded proteins were dialysed (Cellulose dialysis tubing, 

cut-off 14 kDa, Biodesign, US) in 500 mL of resuspension buffer while shaking at room 

temperature for 2 h. After 2 h, the buffer was renewed, and the samples held at 4 ºC 

overnight with shaking. The dialysed samples were recovered from the tubing, 

centrifuged for 10 min at 10,000 x g and the supernatant recovered for further protein 

purification.   

 

4.3.10 Refolding by dilution  

The dialysed samples from section 4.3.9 were incubated for 45 min at room 

temperature. The solution was then centrifuged at 18,000 x g for 15 min at room 

temperature. The supernatant was recovered, diluted into refolding buffer (20 mM Tris 

pH 8, 100 mM NaCl) at a ratio of 1: 25 mL and incubated at room temperature for 2 h. 

The refolded protein samples were centrifuged at 18,000 x g for 15 min at room 
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temperature. The samples were concentrated to a volume of 1 mL using a centrifugal 

filter concentrator (MilliporeSigma UFC910008 Amicon) by several centrifugation 

steps at 2000 x g at room temperature for 15 min. 

 

4.3.11 Protein Purification 

Supernatant containing the soluble fraction or inclusion bodies that were subjected to 

the solubilisation or refolding process was purified using Immobilised Metal Affinity 

Chromatography (IMAC) resins containing nitrilotriacetic acid charged with Ni2+ using 

the HisPur Ni-NTA gravity flow columns (ThermoFisher Scientific, US). The columns 

were equilibrated using equilibration buffer (20 mM sodium phosphate, 300 mM 

sodium chloride with 10 mM imidazole pH 7.4). The protein solutions were incubated 

with 2 mL of the HisPur resins for 1 h at 4 ºC. Following incubation, the flow through 

was collected and the columns washed with 2 resin bed volumes of wash buffer (PBS 

with 25 mM imidazole pH 7.4). This step was repeated until OD280nm of the flow through 

reached 0. The His-tagged proteins were then eluted using increasing concentrations 

of imidazole (50 mM, 150 mM, 250 mM and 500 mM). To determine if the protein of 

interest was eluted, all of the collected fractions were run on a 10.5% SDS-PAGE in a 

Mini-PROTEAN Tetra vertical electrophoresis cell (Bio-Rad, US) at 80 V for 20 min 

and increased to 120 V for a further 1.5 h using 1X SDS-PAGE running buffer (25 mM 

Tris, 0.192 M glycine, 0.1% SDS). The gel was stained using InstantBlue Coomassie 

Protein Stain (Abcam, Cambridge, UK) for 2 h and washed 5 times with water to 

destain.  
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4.3.12 Dialysis of Purified RBP Proteins 

To eliminate the imidazole from the purified protein samples, 4 mL of the fractions 

containing the purified protein of interest were dialysed with cellulose dialysis tubing 

with a cut-off of 14 kDa (Biodesign, US) in 1500 mL of resuspension buffer while 

shaking at room temperature for 2 h. Subsequently, the buffer was renewed and 

shaking continued overnight at 4 ºC. Fractions were concentrated using Amicon spin 

filters with a molecular weight cut-off of 10 kDa (Merck, Darmstadt, Germany).  

 

4.3.13 Analysis of SDS-PAGE Gels  

Results displayed on SDS-PAGE gels were analysed using ImageJ 

(https://imagej.nih.gov/ij/). Standard curves were constructed to determine protein 

molecular weights by plotting the relative migration distances (x-axis) of the proteins 

in a set of standards versus their known molecular weights (y-axis) on a semi-log 

graph. The relative distance (Rf) migrated by a particular protein is inversely 

proportional to the log10 of its molecular weight. Molecular weights were calculated 

using the equation of the line generated from the standard curves. Standard curves 

are displayed in the supplemental materials.  

 

4.3.14 Adsorption Inhibition Assays 

To test the binding abilities of the RBPs, adsorption inhibition assays were performed 

as described by Hayes et al. (2018), with certain modifications. Briefly, late exponential 

phase cells (OD600nm 0.7) of either L. monocytogenes strain 473 or L. monocytogenes 

strain 3053, resuspended in 1:4 strength Ringer’s solution (38.5mM NaCl, 1.4mM KCl, 

0.25mM CaCl2 and 0.6mM NaHCO3), were added to a tube containing either 50 μL of 

PBS or 50 μL of RBP, at concentrations of 0.25 mg/mL, 0.75 mg/mL and 1.5 mg/mL, 

https://imagej.nih.gov/ij/
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or 50 μL of P61 at concentrations of 0.1 mg/mL and 0.25 mg/mL. The cell-RBP mixture 

was incubated at 30 ºC for 1 h, at which point phages specific for the host cell were 

added at a final concentration of 106 PFU/mL (MOI 0.01) in a total reaction volume of 

0.5 mL. The mixture was incubated for 20 min before the host cells were removed by 

filtration using a 0.2 μm filter (Sarstedt, US). The filtrate was retained and residual titre 

of the remaining phages determined by plaque assay. Briefly, phage titre was 

determined using L. monocytogenes strain 473, whereby 100 μL of the filtrate was 

diluted 1:10 in Maximum Recovery Diluent (MRD) (Oxoid Ltd. Basingstoke, UK) to a 

dilution of 10-6. A plaque assay was then performed using each dilution whereby a 5 

mL sloppy agar tube (Tryptic Soy Broth (TSB), 0.4% agarose) contained 2% of strain 

473 and 1mL of the dilution being tested and 3.7 mM CaCl2 (Merck, Darmstadt, 

Germany). The mixture was overlaid onto TSA plates (Becton Dickinson and 

Company, Le Pont-de-Claix, France) and incubated at 25 ºC for 18 h. The control was 

used to calculate residual base-line adsorption, which was calculated by subtracting 

residual titre from the initial titre. The resulting figure was then divided by the initial titre 

to give the adsorption percentage. Adsorption inhibition was calculated according to 

Equation 2 (Hayes et al., 2018).  

 

Equation 2: Where control adsorption% is equal to the percentage adsorption of phage 

vB_LmoS_293 to its host cell L. monocytogenes strain 473 in a solution that did not contain 

any RBPs. 

 

𝑪𝒐𝒏𝒕𝒓𝒐𝒍 𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 % −  𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 % 𝒂𝒇𝒕𝒆𝒓 𝒊𝒏𝒄𝒖𝒃𝒂𝒕𝒊𝒐𝒏

𝑪𝒐𝒏𝒕𝒓𝒐𝒍 𝒂𝒅𝒔𝒐𝒓𝒑𝒕𝒊𝒐𝒏 %
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4.4 Results and Discussion  

 

4.4.1 Identification of Receptor Binding Proteins from Listeriophages 

vB_LmoS_293, vB_LmoS_188 and vB_LmoH_P61 

BLASTp analysis revealed that gp20 from vB_LmoS_293, gp19 from vB_LmoS_188 

and gp130 from phage vB_LmoH_P61 are all putative RBPs. This analysis revealed 

that gp130 from vB_LmoH_P61 shared 97.67% amino acid sequence identity with the 

RBP of phage P200, a listeriophage that exhibits a similar host range and nucleic acid 

sequence to phage vB_LmoH_P61 (98.08% nucleic acid sequence similarity) (Figure 

4-2). BLASTp analysis identified a conserved domain (PHA01818) at 8-140 amino 

acids. This conserved domain is also found in the tail fibre of listeriophage 

vB_Liva_VAfA18 and the RBPs of listeriophages P200, P100plus and vB_Lino_ 

VEfB7. HHpred analysis of gp130 from phage vB_LmoH_P61 revealed a 99.78% 

protein structural similarity to the RBP of the Staphylococcus phage α80 (Protein Data 

Bank ID 61AB). The results here indicate that gp130 is the putative RBP of phage 

vB_LmoH_P61. Sharing strong structural identities and a conserved amino acid 

sequence with the RBPs of Staphylococcus phages suggests the RBPs from these 

phages and phage vB_LmoH_P61 may have similar host cell receptors present on 

their Gram-positive host-bacterial cells. Through BLASTp analysis gp19 and gp20 of 

phages vB_LmoS_188 and vB_LmoS_293 were identified as BppU receptor binding 

proteins that contained a DUF2479 domain (Figure 4-3). The function of this domain 

is not known; however, it is purported to be the receptor binding protein of the 

listeriophage A118. In addition to RBP_293 and RBP_188, RBP sequences of RBP 

293 and 188 were synthesized to N-terminally link the sequence of eGFP—these 

proteins are abbreviated as eGFP_RBP_293 and eGFP_RBP_188. It was determined 
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that the estimated molecular weights are 41.1 kDa, 4.12 kDa, 48.8 kDa, 69 kDa, 69 

kDa for RBP_293, RBP_188, RBP_P61, eGFP_RBP_293 and eGFP_RBP_188, 

respectively. 

 

 

Figure 4-2: Multiple amino acid sequence alignment of gp130 of phage vB_LmoH_P61 and 
the RBP sequences of phage P200 and phage P100 plus, showing 97% sequence similarity. 
The image shows the percentage coverage of the multiple sequence alignment and the 
percentage sequence identity of the RBP sequences from phages P200 and P100plus to gp 
130 from phage vB_LmoH_P61. The image shows that the length of the amino sequences is 
430 aa and that there is a conserved PHA01818 domain between 8-140 aa in all three 
sequences. Multiple amino acid sequence alignment was generated using Clustal OMEGA 
https://www.ebi.ac.uk/Tools/msa/clustalo/. 
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Figure 4-3: Multiple amino acid sequence alignment of gp20 of phage vB_LmoS_293 and 
gp19 of phage vB_LmoS_188 and the RBP BppU sequence showing 97% sequence similarity. 
The image shows the percentage coverage of the multiple sequence alignment and the 
percentage sequence identity of the RBP sequences from phages vB_LmoS_293 and 
vB_LmoS_188 to the BppU protein. The image shows the length of these sequences is 357 
aa. Multiple amino acid sequence alignment was generated using OMEGA 
https://www.ebi.ac.uk/Tools/msa/clustalo/. 

 

4.4.2 Production of RBPs 

Small-scale experiments were conducted to optimise the production of the RBPs. 

Temperature, time, media and concentration of IPTG were modified. It was found that 

the RBPs from both vB_LmoS_293 and vB_LmoS_188 were produced in the soluble 

fraction after the addition of 1 mM of IPTG and incubating E. coli (DE3) cells for 2 h at 

37 ºC.  Figure 4-4 (A) shows the production of RBP_293 using different concentrations 

of IPTG for induction. ImageJ analysis calculated bands at 42 kDa, which is similar to 

the estimated protein size of RBP_293 (41.1 kDa, based on amino acid sequence). 

Small-scale analysis of the production of this protein indicated that RBP_293 was 

produced in both the soluble and insoluble fraction (in both the supernatant and the 

cell pellet as inclusion bodies) and this was also seen when performing large-scale 

(1L) production of the protein. The soluble fraction (supernatant) was selected for 
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purification using an IMAC nickel agarose column. Following purification, a single band 

could be observed on an SDS-PAGE gel at approximately 44 kDa. As the estimated 

molecular weight of RBP_293 is 41.1 kDa, it was concluded that this single band was 

the purified RBP_293 Figure 4-4 (B). Protein concentration was determined to be 750 

µg/mL.  

The same approach was used for small-scale analysis of the production of RBP_188. 

Preliminary tests indicated that the protein was produced both in the pellet and in the 

supernatant (Figure 4-5 A), and thus the supernatant was selected for purification as 

it contained the soluble proteins. A single band was observed at approximately 41 kDa 

(Figure 4-5 B), indicating that the protein eluted was likely to be RBP_188 (estimated 

molecular weight based on amino acid sequence is 41.1 kDa). Protein concentration 

of the purified RBP_188 was determined to be 780 µg/mL, which falls in between the 

expected range of recombinant proteins being produced in a T7 RNA polymerase host 

(0.1mg/mL-1mg/mL). 

 

Small-scale production indicated that the RBP_P61 was produced in the cell pellet 

and was inevitably found in the insoluble fraction in inclusion bodies. To investigate 

the solubility of this protein, further testing was conducted by analysing the protein 

contents of the soluble and insoluble fractions at 2 h, 6 h and 24 h and at temperatures 

of 25 ºC, 30 ºC and 37 ºC after induction with 1 mM of IPTG. Despite these adjustments 

to the conditions, it was found that RBP_P61 was invariably produced as inclusion 

bodies. Bacterial inclusion bodies are refractile aggregates of protease-resistant 

misfolded protein that commonly occur in bacteria due to the overexpression of genes 

(Carrio & Villaverde, 2002). In the biotechnology industry, the formation of inclusion 

bodies is an obstacle for protein production, as the in vitro recovery of functional 
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protein from insoluble deposits is dependent upon technically diverse and, at times, 

complicated procedures (Carrio & Villaverde, 2002). Initially, the insoluble fraction 

containing the inclusion bodies of RBP_P61 was purified without any prior 

solubilisation or folding steps, and this led to the elution of two bands with molecular 

weights of approximately 20 kDa and 22 kDa (Figure 4-6 A). From this it was decided 

that solubilisation and folding steps were required prior to the purification of RBP_P61. 

After the protein was solubilised and folded, the solution was purified, and a single 

band eluted with a molecular weight of 47 kDa. As the estimated molecular weight for 

RBP_P61 is 48 kDa, it was concluded that the eluted protein was RBP_P61 (Figure 

4-6 B). Although the protein was successfully eluted, the yield of the RBP_P61 was 

90 μg/mL, 8.6X and 8.3X less than that of RBP_188 and RBP_293, respectively. It 

has been reported that refolding proteins can lead to low protein yield due to protein 

aggregation (Singh et al., 2015). 

 

Constructs were also generated to facilitate the production of RBP_293 and RBP_188 

labelled with an N-terminal eGFP (eGFP_RBP_293 and eGFP_RBP_188). A 

preliminary examination of the proteins eGFP_RBP_188 (Figure 4-7 A) and 

eGFP_RBP_293 (Figure 4-8 A) showed that these proteins were produced in the pellet 

and were inevitably found in the insoluble fraction in inclusion bodies. Further 

experiments were conducted to investigate the solubility of eGFP_RBP_188 and 

eGFP_RBP_293 at different time points (2 h, 6 h, and 24 h) and temperatures (25 ºC, 

30 ºC). However, this analysis showed that, despite the conditions used, both proteins 

were invariably located in the cell pellet. Initially, attempts were made to purify the 

eGFP-labelled proteins from cell lysates; however, this resulted in the elution of 

multiple proteins that were smaller than the expected molecular weight. This led us to 
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conclude that the proteins were not folded correctly and, therefore, needed to be 

solubilised and folded into their primary structure, and in turn refolded before being 

purified. These steps were taken and, following subsequent purification, a band was 

observed at the correct molecular weight (69 kDa) for eGFP_RBP_188 (Figure 4-7 B). 

However, even after these steps, no protein of correct size could be purified for 

eGFP_RBP_293 (Figure 4-8 B) and only concentrations of up to 100 μg/mL could be 

purified for the two proteins. A reason for the poor recovery of refolded protein from 

the solubilisation mixture is aggregation (Singh & Panda, 2005). Figure 4-7 shows E. 

coli (DE3) colonies containing eGFP_RBP_188 above E. coli (DE3) colonies 

containing RBP_188.
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Figure 4-4: Section A shows a 10.5% SDS-PAGE analysis of small-scale (20 mL) production of recombinant RBP_293 from E. coli DE3 containing 
construct pET24a (+). Increasing concentrations of IPTG were used for induction at 37 °C for 4 h. The induced samples were subsequently 
separated into both the cell pellet and supernatant, both of which were run on the gel as indicated. L (lane) 1, cell pellet induced with 0.4 mM 
IPTG; L2, cell pellet induced with 0.8 mM IPTG; L3, cell pellet induced with 1 mM IPTG; L4, supernatant induced with 0.4 mM IPTG; L5, 
supernatant induced with 0.8 mM IPTG; L6, supernatant induced with 1 mM IPTG; L7 and L8 are uninduced BL21 DE3 cells. Image J analysis 
showed the average size of the protein bands highlighted as 42 kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). 
Section B shows a 10.5% SDS-PAGE analysis of purified RBP_293 from the large-scale production of (1 L) of RBP_293. L1 and L2 show crude 
protein extract, L3 shows purified protein with 50mM imidazole, L4 shows elution of protein with 250mM imidazole, L5 shows elution with 350 
mM imidazole and L6 shows elution with 500 mM imidazole. Image J analysis showed the average size of the protein bands highlighted as 46 
kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). 
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Figure 4-5: Section A shows a 10.5% SDS-PAGE analysis of small-scale (20 mL) production of recombinant RBP_188 from E. coli DE3 containing 
construct pET24a (+). Increasing concentrations of IPTG were used for induction at 37 °C for 4 h. The induced samples were subsequently 
separated into both the cell pellet and supernatant, both of which were run on the gel as indicated. L (lane) 1 shows the cell pellet induced with 
0.4 mM IPTG, L2 shows the induction of the cell pellet using 0.8 mM of IPTG, L3 shows the induction of the cell pellet using 1mM of IPTG, L4 
shows the supernatant induced with 0.4 mM IPTG, L5 shows the induction of the supernatant using 0.8 mM of IPTG, L 6 shows the induction of 
the supernatant using 1 mM of IPTG. Image J analysis showed the average size of the protein bands highlighted as 46 kDa, 10-245 kDa marker 
was used (Abcam, Discovery Drive, Cambridge, UK). Section B shows a 10.5% SDS-PAGE analysis of purified RBP_188 from the large-scale 
production of (1 L) of RBP_188. Purification of RBP_188. L1, L2 and L3 show crude protein extract, L4 shows elution of protein with 50 mM 
imidazole, L5 shows elution of protein with 250 mM imidazole, L6 shows elution with 350 mM imidazole and L7 and L8 shows elution with 500 
mM imidazole. ImageJ calculated protein size of bands to be 41kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). 
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Figure 4-6: Section A shows a 10.5% SDS-PAGE analysis of purified RBP_P61 from the large-scale production of (1 L). L1, L2 and L3 show 
crude protein extract, L4 and L5 show the proteins eluted from wash steps involved in the purification procedure, L6 shows elution of protein with 
50 mM imidazole, L7 shows elution with 250 mM imidazole and L8 shows elution with 350 mM imidazole and L9 with 500mM of imidazole. Image 
J analysis showed the average size of the protein bands highlighted as 24 kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, 
Cambridge, UK). Section B shows the purification of RBP_P61 after the protein was subjected to the refolding procedure. L1 shows the elution 
of protein with 350mM imidazole and L2 shows the elution of protein with 500mM imidazole. Image J analysis showed the average size of the 
protein bands highlighted as 48 kDa, 10-245 kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). 
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Figure 4-7: Section A depicts a 10.5% SDS-PAGE analysis of small scale (20 mL) production of recombinant eGFP_RBP_188 from E. coli DE3 
containing construct pET24a (+). Section A shows the cell pellet induced with 1mM of IPTG (L1 and L2). Section B, L1 and L2 shows the 
purification of eGFP_RBP_188 that had been subjected to the protein folding procedure (eluted with 500mM of imidazole). Section B L3 and L4 
shows the purification of eGFP_RBP_188 that had not been subjected to the protein folding procedure (eluted with 500mM of imidazole), 10-245 
kDa marker was used (Abcam, Discovery Drive, Cambridge, UK). Section C shows colonies of E. coli DE3 containing the construct 
eGFP_RBP_188-pET24a (+) glowing green on LB agar (Oxoid, Ashley Road, Altrincham, Cheshire, England) and E. coli DE3 containing the 
construct RBP_188-pET24a (+) that are not glowing green on LB agar (Oxoid, Ashley Road, Altrincham, Cheshire, England).  

 



145 
 

 

 

Figure 4-8: Section A depicts a 10.5% SDS-PAGE analysis of small scale (20 mL) production of recombinant eGFP_RBP_293 from E. coli DE3 
containing construct eGFP_RBP_293-pET24a (+). Increasing concentrations of IPTG were used for induction at 37 °C for 4 h. The induced 
samples were subsequently separated into both the cell pellet and supernatant, both of which were run on the gel as indicated. L (lane) 1, cell 
pellet induced with 0.4 mM IPTG; L2, cell pellet induced with 0.8 mM IPTG; L3, cell pellet induced with 1 mM IPTG; L4, supernatant induced with 
0.4 mM IPTG; L5, supernatant induced with 0.8 mM IPTG; L6, supernatant induced with 1 mM IPTG; L7, uninduced BL21 DE3 cells. Image J 
analysis showed the average size of the protein bands highlighted as 42 kDa, 10-245 kDa marker was used (abcam). Section B shows the 
purification of eGFP_RBP_293 after the protein had been subjected the protein folding procedure. L 1 shows the elution of the protein using 
50mM of imidazole, L2 shows elution with 250 mM imidazole, L3 shows elution with 350 mM imidazole and L4 with 500mM of imidazole.
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4.4.3 Adsorption Assays to determine the Binding affinities of RBPs  

In an effort to determine the ability of the purified RBPs to bind to L. monocytogenes 

cells, a series of adsorption assays were performed. The RBPs were incubated along 

with the host bacterial cells of the phage from which they were derived. Following this, 

the phage from which the RBP was derived was added to the RBP-cell sample and an 

adsorption assay performed. Successful binding of the RBP to the host cell indicates 

an inhibition of adsorption of the phage to the host cell, the premise being the RBP will 

bind to the host cell receptors and, therefore, block the adsorption of the phage to its 

host bacterial cell. Both phages vB_LmoS_293 and vB_LmoS_188 have identical host 

ranges and are specific for L. monocytogenes serotypes 4e and 4b (Casey et al., 

2015a). Phage vB_LmoH_P61 has a broad host range, infecting serotypes 1/2a, 1/2b, 

1/2c, 4e, 4b and 6a (Stone et al., 2020). RBP_293 and RBP_P61 were selected for 

adsorption assays to determine the binding ability of these proteins. When 

investigating the binding ability of RBP_293, the RBP was incubated with 1 x 108 

CFU/mL of L. monocytogenes strain 473 (serotype 4e) for 1 h at 30 ºC and then the 

phage from which RBP is derived (vB_LmoS_293) was added to the RBP-cell mix at 

a concentration of 1 x 106 PFU/mL (MOI 0.01). Concentrations of 0.1 mg/mL, 0.5 

mg/mL and 1.5 mg/mL of RBP_293 were tested in this experiment. No difference in 

adsorption of phage vB_LmoS_293 to cells of L. monocytogenes 473 was observed 

on the addition of 0.1 mg/mL and 0.5 mg/mL RBP_293 compared to the control (no 

RBP_293 added). However, when 1.5 mg/mL of RBP_293 was added, it resulted in 

42% of phage vB_LmoS_293 binding versus 94% in the control sample—see Figure 

4-9 (A). This result demonstrates that RBP_293 binds to its host bacterial cell L. 
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monocytogenes strain 473 and, therefore, is likely to play a role in phage-host 

interactions.  

 

 

Figure 4-9: (A) Adsorption inhibition assays using RBP_293 and phage vB_LmoS_293. Blue 
bars represent test samples that were incubated with RBP_293, pink bars represent control 
samples that were incubated with PBS. Increasing concentrations of RBP_293 were used: 0.1 
mg/mL, 0.5 mg/mL and 1.5 mg/mL. (B) Adsorption inhibition assays using RBP_293 and 
phage vB_LmoH_P61. Blue bars represent test samples that were incubated with RBP_293, 
pink bars represent control samples that were incubated with PBS. Increasing concentrations 
of RBP_293 were used: 0.1 mg/mL, 0.25 mg/mL and 0.75 mg/mL. 

 

To investigate if RBP_293 could interact with L. monocytogenes cells outside the host 

range of the phage from which it was derived, the protein was incubated with L. 

monocytogenes strain 3053 (serotype 1/2a) at the concentrations listed above (0.5 

mg/mL, 1.0 mg/mL and 1.5 mg/mL). Subsequently, phage vB_LmoH_P61 was added, 

which targets strain 3053. There was no difference in adsorption of phage 

vB_LmoH_P61 to cells of L. monocytogenes 3053 when incubated with RBP_293 at 

any concentration (data not shown), suggesting that RBP_293 cannot bind to L. 
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monocytogenes cells of the serotype 1/2a. This observation suggests that the host 

range for binding of RBP_293 is similar to the phage from which it was derived—in 

this case, phage vB_LmoS_293 which infects 4e and 4b strains only. However, further 

host range studies would need to be conducted to confirm this. It may be hypothesized 

that RBP_293 binds to specific cell surface moieties present in serotypes 4e and 4b 

only, although further investigation, such as mutational analysis, needs to be 

undertaken to confirm this.  

RBP_P61 was also tested for its binding abilities to L. monocytogenes strain 3053 

(serotype 1/2a). When investigating the binding ability of RBP_P61, the RBP was 

incubated with 1 x 108 CFU/mL of L. monocytogenes strain 3053 (serotype 1/2a) for 1 

h at 30 ºC and then the phage from which RBP is derived from (vB_LmoH_P61) was 

added to the solution at a concentration of 1 x 106 PFU/mL. RBP_P61 was then added 

at concentrations of 0.1 mg/mL, 0.25 mg/mL and 0.75 mg/mL. Lower concentrations 

of this RBP were added compared to RBP_293 due to the low yield of RBP_P61. No 

inhibition of the adsorption of phage vB_LmoH_P61 to its host cell strain 3053 (1/2a) 

was seen. Higher concentrations of RBP_P61 may have resulted in inhibition of phage 

adsorption; however, as the protein was produced in inclusion bodies, retrieving higher 

concentrations of these proteins proved difficult.  

 

4.5 Conclusion 

Recombinant protein production is an essential tool for the biotechnology industry and 

also paves the way to expanding areas of research, such as in the areas of diagnostics 

and novel antimicrobials. Though bacteria represent a viable production system, it is 

known that many recombinant polypeptides produced in prokaryotic hosts undergo 

irregular or incomplete folding processes that usually result in their accumulation as 
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insoluble and usually refractile aggregates known as inclusion bodies. In this work, it 

was found that three out of five proteins were produced in inclusion bodies and, 

therefore, the growth conditions had to be altered and solubilization and folding steps 

incorporated into the methodology prior to purification.  

 

From our observations, RBP_293 has the potential to be used for the specific binding 

and isolation of L. monocytogenes serotypes 4e and 4b. The standard protocol for 

serovar determination involves an agglutination assay which permits the use of a set 

of sera containing cell surface-recognizing antibodies. However, discrepancies can 

occur when using this technique as it is subject to interpretation. All L. monocytogenes 

phages with known receptors recognize different wall teichoic acids structural patterns 

when binding to their host bacterial cells, which correlates with phages from this study 

binding in a serovar-specific manner (Bielmann et al., 2015; Cheng et al., 2008; 

Wendlinger et al., 1996). Prior to exploiting the RBP_293 it would be beneficial to 

determine the host cell receptor to which this protein specifically binds. Similar 

techniques could be employed to determine the bacterial host cell receptors of phage 

vB_LomS_293 prior to the exploitation of its RBPs in future experiments.  
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Chapter 5 

 

Genomic and Phenotypic 

Characterization of Three 

Listeria monocytogenes Phages 

Isolated from Grass Silage 
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5.1 Abstract 

Phages may be exploited for the biocontrol and detection of L. 

monocytogenes. Generally, banks of phages targeting varying serotypes of L. 

monocytogenes are generated for these purposes. Phages are found 

ubiquitously in the environment wherever their host-bacterial cells thrive. 

Sources such as compost, soil, vegetation and grass silage were tested for 

the presence of L. monocytogenes-specific phages. Phages vB_LmoS_P7, 

vB_LmoS_C996 and vB_LmoS_P11 were isolated from grass silage sourced 

from the Teagasc Moorepark farm, Fermoy, Cork. The phages are specific for 

L. monocytogenes serotypes 4e, 4b and 6a. The genomes of phages 

vB_LmoS_P7, vB_LmoS_P11 and vB_LmoS_C996 were found to be 

41,156bp, 40,770bp and 36,798bp in size respectively and analysis of the 

genomes revealed the phages to be temperate in nature. An N-

acetylmuramoyl-L-alanine amidase was identified through BLASTp (100% 

amino acid sequence identity) analysis in the genomes of all three phages—

ORF 24 for phage vB_LmoS_P11, ORF 61 for phage vB_LmoS_C996 and 

ORF 17 for phage vB_LmoS_P7. Putative receptor binding proteins were also 

identified in phages vB_LmoS_P11, vB_LmoS_P7 and vB_LmoS_C996 as 

ORF 19, ORF 24 and ORF 36, respectively. The results here indicate that 

grass silage from dairy farms is a source of listeriophages and that these 

phages may be utilised in future applications for the control and detection of 

L. monocytogenes.  

 

 



152  

5.2 Introduction  

Although found naturally, L. monocytogenes is also prevalent in many food 

production plants and has been isolated from a number of foods such as deli 

meats, dairy products and leafy greens (Desai et al., 2019; Zhu et al., 2017). 

The high mortality rate (20-30%) associated with this bacterium is reason for 

stringent detection and control measures to be put in place in food processing 

environments.  

As described in previous chapters, phages specific for L. monocytogenes hold 

potential for the biocontrol and detection of L. monocytogenes. As shown in 

Chapter 2 of this thesis, single phage suspensions with medium to broad host 

ranges may be applied as biocontrol agents on different food matrices (Stone 

et al., 2020). Although this technique has been proven to be successful, the 

use of single phages is limited to the strains that this phage specifically infects 

and, therefore, the effect of these suspensions in different settings may vary 

significantly (Fischer et al., 2013; Marcó et al., 2010; Pereira et al., 2016; 

Perera et al., 2015). There is also a higher probability of phage resistance 

developing when using single phages versus a cocktail of phages (Yang et al., 

2020). Phage cocktails and cocktails of protein derivatives from phages have 

been used for the biocontrol and detection of L. monocytogenes. Perera et al. 

applied a cocktail of phages which inhibited the growth of a mixture of L. 

monocytogenes strains (serotypes 1/2a, 1/2b and 4b) by up to 99.9% on 

cheese, smoked salmon, apples and frozen entrées (Perera et al., 2015). 

Similar results were reported by Arachchi et al., when they investigated single 

phage treatments and phage cocktails for the decontamination of L. 

monocytogenes adherence on stainless steel surfaces. The application of 
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single phages (LiMN4L, LiMN4p or LiMN17) decreased adherence of bacterial 

cells by a maximum of 4.5 log and the application of a cocktail of these phages 

decreased adherence to less than detectable levels (5.4 log) 75 min after 

application (Arachchi et al., 2013). Suspensions of phage cocktails have also 

been employed for the detection of L. monocytogenes in phage amplification 

assays, reporter phage assays and incorporation of phages or phage-derived 

proteins into sensing platforms (Meile et al., 2020; Oliveira et al., 2014; Tolba 

et al., 2012). 

The objective of this chapter is to generate a bank of phages and to 

phenotypically and genotypically characterize these phages so that they may 

be exploited in the future for biocontrol and detection purposes. Grass silage 

(fermented grass used to feed ruminants) has been found to be a source of L. 

monocytogenes and spoiled silage has been identified as the source for a 

number of cases of listeriosis in ruminants (Queiroz et al., 2018). The 

prevalence of L. monocytogenes on dairy farms and in silage suggests that 

these environments may represent a major reservoir for L. monocytogenes 

and also suggests that silage may be a relevant source for listeriophage 

isolation, as phages are present in areas that their host-bacterial cells thrive 

(Queiroz et al., 2018).  
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5.3 Materials and Methods  

 

5.3.1 Bacterial Strains and Culture Conditions 

L. monocytogenes strains used in this study were obtained from a collection 

of isolates housed at the Teagasc Food Research Centre, Moorepark, Cork, 

Ireland, unless otherwise indicated (Table 5-1). Overnight cultures of each 

strain were prepared following 18 h of incubation in tryptic soy broth (TSB) 

(Becton Dickinson and Company, Le Pont-de-Claix, France) at 25 °C under 

aerobic conditions. Solid agar and soft agar TSB overlays contained 1.5% agar 

and 0.4% agarose (both Sigma-Aldrich, St Louis, USA), respectively. 

 

5.3.2 Bacteriophage Isolation and Propagation 

Five soil samples, 5 compost samples and 5 grass silage samples were tested 

for the presence of phages specific for L. monocytogenes. Phages 

vB_LmoS_P7 (host strain 1), vB_LmoS_C996 (host strain RM1762) and 

vB_LmoS_P11 (host strain CDL228) were isolated from grass silage sourced 

from the Teagasc Moorepark farm, Fermoy, Cork following the protocol 

outlined by Alemayehu et al. (2009). Briefly, 10 g of sample was placed into a 

sterile bag and 20 mL of Maximum Recovery Diluent (MRD) (Oxoid Ltd. 

Basingstoke, UK) added. Samples were then mixed at 230 rpm for 1 min. The 

supernatant was filtered using a 0.45 μm pore filter (Sarstedt, Wexford, 

Ireland). Samples were left to incubate at room temperature (22 °C) for 30 min. 

Following this, 5 mL of the filtrate was added to 5 mL of double strength TSB 

(Becton Dickinson and Company, Le Pont-de-Claix, France) containing 10% 
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inoculum of an overnight culture of the host bacterial cell (L. monocytogenes 

strain 3053) and 18.5 mM CaCl2 (Merck, Darmstadt, Germany). This mixture 

was incubated at 25 °C for 18 h. A plaque assay was then performed whereby 

a 5 mL sloppy agar tube (Tryptic Soy Broth (TSB), 0.4% agarose) contained 

2% of the host bacterial cell, 20% of the phage lysate dilution to be tested and 

3.7 mM CaCl2 (Merck, Darmstadt, Germany). The mixture was overlaid onto 

TSA plates (Becton Dickinson and Company, Le Pont-de-Claix, France) and 

incubated at 25 °C for 18 h. Subsequently, individual phage plaques were 

subjected to four successive rounds of purification. Phage plaques were 

purified by aseptically picking a single plaque from a TSA overlay plate. The 

plaque was then inoculated into 10 mL of TSB containing 10% inoculum of an 

overnight culture of the host bacterial cell and 18.5 mM CaCl2 (Merck, 

Darmstadt, Germany). The mixture was incubated at 25 °C for 18 h. Following 

overnight incubation, the sample was filtered using a 0.45 μm pore filter 

(Sarstedt, Wexford, Ireland). A plaque assay was then performed as outlined 

above, using each dilution and the host bacterial cell. Following the plaque 

assay, a plaque was removed from the TSA plate and the procedure repeated 

4 times. 

 

To propagate the phage, 1 mL of TSB (Becton Dickinson and Company, Le 

Pont-de-Claix, France) contained 10% inoculum of an overnight culture of the 

host bacterial (host bacterial cells of each phage are indicated in Table 5-1). 

The host bacterial cells were identified as the strain of L. monocytogenes that 

gave the highest EOP value against the phage tested. A total of 18.5 mM of 

CaCl2 (Merck, Darmstadt, Germany) was added to the inoculum and was 
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incubated for 3 h at 25°C. Following this incubation, a single plaque was 

aseptically removed from an overlay plate using a 5 mL pipette and added to 

the 1 mL of the bacterial host-cell. The volume was increased to 10 mL with 

TSB containing 18.5 mM CaCl2 (Merck, Darmstadt, Germany) and 10% 

inoculum of the host bacterial cell. The mixture was incubated for 6 h at 25 °C. 

Following incubation, the sample was filtered using a 0.45 μm pore filter 

(Sarstedt, Wexford, Ireland). Phage titre (PFU/mL) was determined using the 

host sensitive strain 1 for propagation of phage vB_LmoS_P7, strain CDL228 

for propagation of phage vB_LmoS_P11, and strain RM1762 for propagation 

of phage vB_LmoS_C996. 1 mL of phage lysate was diluted 1:10 in Maximum 

Recovery Diluent (MRD) (Oxoid Ltd. Basingstoke, UK) to dilution 10-7. A 

plaque assay was then performed as outlined above in this section. 

 

5.3.3 Bacteriophage Lytic Spectrum  

The lytic spectrum of phages vB_LmoS_P7, vB_LmoS_C996 and 

vB_LmoS_P11 were determined by plaque assays against a range of L. 

monocytogenes strains (listed in Table 5-1) using the protocol outlined in 

section 5.3.2 (Casey et al., 2015a). Efficiency of plaquing (EOP) was 

calculated by dividing the PFU/ mL of a given test strain by the PFU/ mL of the 

host sensitive strain (strain 1 for propagation of phage vB_LmoS_P7, strain 

CDL228 for propagation of phage vB_LmoS_P11 and strain RM1762 for 

propagation of phage vB_LmoS_C996). 
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5.3.4 One-Step Growth Curve to Determine the Phage Growth 

Kinetics  

To determine the growth kinetics of phage vB_LmoS_P7, vB_LmoS_C996 

and vB_LmoS_P11, a one-step growth curve was produced in accordance 

with Denes et al. (2015). Briefly, a 5 mL culture of L. monocytogenes (strain 

RM1762 for phage vB_LmoS_C996, strain CDL228 for phage vB_LmoS_P11 

and strain 1 for phage vB_LmoS_P7) was grown in TSB to a concentration of 

approximately 1 x 108 CFU/mL with 20 mM of CaCl2 (Merck, Darmstadt, 

Germany) added. vB_LmoS_P7, vB_LmoS_C996 and vB_LmoS_P11 (1 x 107 

PFU/mL) were then also added to the solution (multiplicity of infection (MOI) 

of 0.1). The solution was incubated at 30 °C while shaking (120 rpm). Two 

samples were taken every 10 min—one 100 μL was transferred into a tube 

containing 4 drops of chloroform and the other sample was immediately diluted 

and enumerated using the host bacterial cells as specified in section 5.3.3. At 

the end of the timeline, chloroform-treated phages were enumerated yielding 

the total concentration of viable phage particles in the sample, including 

intracellular phages. The average burst size was calculated by dividing the 

average concentration of infected cells and free viable phages by three time 

points following the first step of lysis (time points 80, 90 and 100 min) by the 

average concentration of infected cells and free viable phages from the first 

three time points post infection (Hyman & Abedon, 2009). The experiment was 

independently repeated in three times (technical replicates) (n=3).  
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5.3.5 Determination of Bacteriophage-Insensitive Mutant 
Frequency  

To determine the frequency of bacteriophage-insensitive mutants (BIMs), a 

protocol was adapted from Filippov et al. (2011). A total of 24 colonies were 

selected to test the frequency of BIMs. A single colony of the phages’ host 

bacterial cells was inoculated into TSB and incubated overnight at 25 °C. 

Following the overnight incubation, the sample was serially diluted in MRD and 

100 μL spread-plated onto Listeria Chromogenic agar (Neogen, Lancashire, 

UK) with or without a double agarose overlay (0.4%) containing 1x107 PFU/mL 

of vB_LmoS_P7, vB_LmoS_C996 or vB_LmoS_P11. Plates were incubated 

for 48 h at 37 °C. Resulting colonies were counted and BIM frequency was 

determined using the formula surviving viable counts divided by initial viable 

counts.  

 

5.3.6 Ammonium Acetate Precipitation of Phage Lysate  

Phages vB_LmoS_P7, vB_LmoS_C996 and vB_LmoS_P11 were 

concentrated using a protocol adapted from Casey et al. (2015a). A volume of 

1.5 L of each of the phages vB_LmoS_P7, vB_LmoS_C996 and 

vB_LmoS_P11 was propagated to a titre of approximately 1x108 PFU/mL. The 

lysate was filtered through a 0.45 μm filter (Sarstedt) and centrifuged at 6000 

x g at 4 °C to remove any cell debris. Filtrates were then centrifuged at 25,000 

x g at 4 °C for 1.5 h and the resulting pellet was resuspended in 10 mL of 0.1 

M ammonium acetate and centrifuged again at 25,000 x g for 1.5 h at 4 °C. 

The resulting pellet was then resuspended in 1 mL of 0.1 M ammonium 
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acetate. The 1 mL solution was centrifuged again at 25,000 x g for another 1.5 

h at 4 °C and the pellet resuspended in 1 mL of 0.1 M of ammonium acetate.  

5.3.7 Phage Electron Microscopy 

Phage lysates were dialyzed for 20 min against sodium chloride with 

magnesium sulphate buffer (SM-buffer) (20 mM Tris-HCl [pH 7.2], 10 mM 

NaCl, 20 mM MgSO4). After 15 min adsorption to ultrathin carbon films, 10 min 

fixation with 1% glutaraldehyde and negative staining with 1% (wt/vol) uranyl 

acetate, transmission electron microscopy was performed at an accelerating 

voltage of 80 kV (Tecnai 10; FEI Thermo Fisher Scientific, Eindhoven, The 

Netherlands). Micrographs were captured with a MegaView G2 CCD camera 

(Emsis, Muenster, Germany). 

 

5.3.8 Phage DNA Extraction 

DNA was extracted from phages vB_LmoS_P7, vB_LmoS_C996 and 

vB_LmoS_P11, using the method adapted from Casey et al. (2015a). Briefly, 

1 μL of RNAse (Thermo Fisher Scientific, Leicestershire, UK) (1mg/mL) and 

12 U/μL of DNAse I (Roche Diagnostics, Mannheim, Germany) (6 μL of 2000 

U/mL) were added to 1 mL of phage lysates (1 x 107 PFU/mL) and incubated 

at 37 °C for 30 min. The sample was then centrifuged at 18,407 x g for 5 min 

and the supernatant was transferred to a fresh 1.5 mL sterile Eppendorf Tube. 

Lysis buffer (100 μL) (0.5 M Tris-HCl pH9, 0.25 M EDTA, 2.5% SDS) was then 

added to the sample, which was vortexed and incubated at 65 °C for 5 min. A 

total of 125μL of 8 M potassium acetate (Sigma-Aldrich, Poole, UK) was then 

added and mixed by inverting the tube 4-6 times. The sample was placed at -
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20 °C for 15 min. Following this, the samples were centrifuged at 18,407 x g 

for 5 min and the supernatant was aliquoted equally into two fresh Eppendorf 

Tubes. The sample was extracted twice with phenol choloroform-isoamyl 

alcohol (Sigma-Aldrich). The top layer was again placed into a fresh Eppendorf 

Tube where an equal volume of isopropanol (Sigma-Aldrich) was added and 

mixed by inverting. The sample was placed at -20 °C for 40 min, centrifuged 

at 18,407 x g for 5 min and the isopropanol removed. The pellet was washed 

twice with 70% ethanol (Scharlau, Barcelona, Spain) and left to dry at 37 °C. 

A total of 20 µL of dsH2O was added to the pellet and was incubated for 30 

min at 37 °C. DNA was quantified using the Invitrogen Quibit 4 fluorometer 

(Thermo Fisher Scientific, Renfrew, UK) using the protocol outlined by the 

manufacturer, and visualized on a 0.8% agarose gel.  

 

5.3.9 Genome Sequencing and Comparative Genomics 

The whole genome sequences of phages vB_LmoS_P7, vB_LmoS_C996 and 

vB_LmoS_P11 were elucidated using the Illumina MiSeq Next Generation 

Sequencing platform at Microbes NG (Birmingham Research Park, UK). Prior 

to assembly, the trimmed reads were passed through FLASH (Fast Length 

Adjustment of Short reads) to eliminate overlapping paired end reads. The 

genomes of vB_LmoS_P7, vB_LmoS_C996 and vB_LmoS_P11 were 

assembled using the SeqMan NGen application of DNAStar Lasergene 

Genomics Suite (DNAStar, Inc., USA). Once assembled, the genome was 

uploaded onto the RAST server for annotation. Annotations were confirmed 

through analysis using BLASTp (https://blast.ncbi.nlm.nih.gov/), HMMER 

(hmmer.org) and Artemis (https://www.sanger.ac.uk/science/tools/artemis). 
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Fully sequenced and assembled Listeria phage genomes used for comparison 

were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/genome).  

 

5.4 Results and Discussion 

 

5.4.1 Phages vB_LmoS_P7, vB_LmoS_P11 and 

vB_LmoS_C996 belong to the family Siphoviridae and display 

a narrow host spectrum. 

Electron microscopy of the concentrated phage samples revealed that these 

phages belong to the family Siphoviridae, each with a flexible tail of 

approximately 280nm, a head approximately 60nm and a double disc 

baseplate (Figure 5-1). Interestingly, a single Siphoviridae containing a large 

flexible tail (520nm) was identified in concentrated samples of phage 

vB_LmoS_P11; however, analysis of the tail fibres from the whole genome 

data confirmed that this single phage is not phage vB_LmoS_P11 and may be 

a contaminating phage (Figure S7 appendix 2).  

The host ranges of vB_LmoS_P7, vB_LmoS_C996 and vB_LmoS_P11 were 

determined by performing efficiency of plaquing (EOP) assays on a series of 

L. monocytogenes strains. The strains selected for analysis represent isolates 

from a range of environmental niches and sample types and were of 13 

different serotypes (Table 5-1). Phage vB_LmoS_C996 exhibited the broadest 

host range of the three phages, infecting 10 out of 57 (17.5%) strains of L. 

monocytogenes tested. Three of these strains belonged to the serotype 4e 

(strains CDL228, CDL231 and RM1762); six strains belonged to the serotype 

4b (strains 473, NI225, F2501, 3023, 3027, 3049); and one strain belonged to 
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serotype 6a (strain S4120). Phage vB_LmoS_P11 infected six of the 57 

strains—10.5% of those tested. Four of these strains belonged to the serotype 

4b (strains 473, 3023, 3027 and 3049) and two belonged to the serotype 4e 

(strains CDL228 and RM1762). Finally, vB_LmoS_P7 also infected 6 of the 57 

strains (10.5%). These strains belonged to the serotypes 4b (strains 1, 473, 

3049) and 4e (strains CDL228, RM1762 and RM3386). Although these 

phages have similar host ranges, (all infecting serotypes 4e and 4b), the 

strains of L. monocytogenes that the phages infect varies. Phage 

vB_LmoS_C996 infects six L. monocytogenes strains belonging to serotype 

4b, vB_LmoS_P11 infects 4 and vB_LmoS_P7 infects two strains belonging 

to this serotype. Likewise, the strains of L. monocytogenes belonging to 

serotype 4e that each phage infects vary, as seen with phage vB_LmoS_C996 

infecting strains CDL228, CDL231 and RM1762, and phage vB_LmoS_P7 

infecting strains CDL228 and RM1762. As these phages only infect 10.5-22% 

of L. monocytogenes strains tested, they may be defined as narrow host range 

phages. The host-bacterial cells for these phages also vary: the host-bacterial 

cell for phage vB_LmoS_C996 is strain RM1762 (serotype 4e); the host-

bacterial cell for phage vB_LmoS_P11 is strain CDL228 (serotype 4e); and the 

host-bacterial cell for phage vB_LmoS_P7 is 1 (serotype 4b). Only phage 

vB_LmoS_P7 infects its host bacterial cell, L. monocytogenes strain 1; 

however, all phages infect the host-bacterial cells of phages vB_LmoS_P11 

and vB_LmoS_C996, L. monocytogenes strains RM1762 and CDL228 

respectively. Like lytic phages, temperate phages can infect and kill the 

bacterial cells they are specific to; however, on occasion the phage does not 

lyse the bacterial cell but integrates into the genome of the bacterial cells and 
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is then termed a ‘prophage’. When exposed to stress—i.e., suboptimal 

temperatures, UV light, chemical and osmotic stress—the temperate phages 

may re-enter the lytic cycle. Having obtained a result where the host bacterial 

cells (strain CDL228 and strain RM1762) of phage vB_LmoS_P11 and 

vB_LmoS_C996 are infected by all three phages, it is important to question if 

these phages were isolated from the environment or from strains CDL228 or 

RM1762 which may harbour multiple prophages. Vu et al. (2018) conducted a 

study for the isolation and characterisation of prophages from L. 

monocytogenes. Phages were excised from the bacterial cells’ genome using 

chemical stress (mitocycin C). In this study, measures were put into place to 

avoid the excision of prophages from bacterial cells—i.e., L. monocytogenes 

strains were not exposed to chemical stresses, UV, osmotic stresses, or high 

temperatures. Strains were incubated at 25 °C. Additionally, controls were put 

in place during phage isolation procedures and propagation procedures. A 

control plate containing only the host bacterial strains was incubated under the 

same conditions as plates containing propagated phages or silage samples 

tested for the presence of phages. No plaque formations were found on these 

control plates, indicating that these phages were indeed isolated from grass 

silage and not from L. monocytogenes strains harbouring prophages.  
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Figure 5-1: Electron transmission microscopy of phages vB_LmoS_P7 (A) (red), 
vB_LmoS_P11 (B) (green) and vB_LmoS_C996 (C)(blue) showing a flexible tail 
(280nm), isometric head (60nm) and a double disced baseplate for all phages. The 
electron microscopy images were taken by Dr Natalia Wagner from the Max Rubner 
Institute Kiel Germany. 
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Table 5-1 Origin and serotype of L. monocytogenes strains used in this study. EOP or efficiency of plaquing is calculated 

by dividing the PFU/mL of a given test strain by the phage titre (PFU/mL) of the host sensitive strains.  

 

Strain  Serotype  Country of 

Origin  

Source  EOP 

C996 

EOP  

P11 

EOP 

P7 

12 1/2a Ireland Cheese 0 0 0 

20 1/2a Ireland  Cheese 0 0 0 

29 1/2a Ireland Bailed Grass Silage  0 0 0 

36 1/2a Ireland  Waste Water 0 0 0 

315 1/2a Ireland  Cow Path  0 0 0 

316 1/2a Ireland Cow Path 0 0 0 

622 1/2a Ireland  Entrance to Cow Milking Area 0 0 0 

627 1/2a Ireland Entrance to Cow Milking Area 0 0 0 

3047 1/2a Ireland Floor of Mushroom Plant 0 0 0 

3052 1/2a Ireland  Compost 0 0 0 

37 1/2b Ireland  Straw Bedding Hen Shed 0 0 0 

102 1/2b Ireland  Hay for Cow Feeding  0 0 0 

103 1/2b Ireland Hay for Cow Feeding 0 0 0 

106 1/2b Ireland Hay for Cow Feeding 0 0 0 

112 1/2b Ireland Cow Manure 0 0 0 

113 1/2b Ireland Cow Manure 0 0  

114 1/2b Ireland Cow Manure 0 0 0 

115 1/2b Ireland Cow Manure 0 0 0 

116 1/2b Ireland Cow Manure 0 0 0 

3025 1/2b Ireland  Floor of Mushroom Plant 0 0 0 

3026 1/2b Ireland Floor of Mushroom Plant 0 0 0 

3079 1/2b Ireland  Floor of Mushroom Plant 0 0 0 

132 1/2b Ireland Straw on Farm 0 0 0 

14 1/2c Ireland  Dairy Farm 0 0 0 

702 1/2c Ireland  Mushroom Plant 0 0 0 

57 3a Ireland Dairy Farm 0 0 0 

63 3a Ireland Dairy Farm 0 0 0 

64 3b Ireland Hen Faeces  0 0 0 

104 3c Ireland Dairy Farm 0 0 0 

672 3c Ireland Mushroom Plant 0 0 0 

667 4a Ireland Mushroom Plant 0 0 0 

700 4a Ireland Mushroom Plant 0 0 0 

S4378  4ab

 (Innocua) 

USA USA 0 0 0 

1 4b Ireland Cheese 0 0 1 

32 4b Ireland Grass 0 0 0 
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Strain Serotype  Country of Origin  Source  EOP 

C996 

EOP  

P11 

EOP 

P7 

38 4b Ireland Dairy Farm 0 0 0 

128 4b Ireland Dairy Farm 0 0 0 

131 4b Ireland Dairy Farm 0 0 0 

473 4b Ireland Milk 0.036 0.26 0.16 

NI225 4b Ireland  University College Cork 0.0042 0 0 

33013 4b Ireland University College Cork 0 0 0 

F2501 4b USA USA 0.022 0 0 

3023 4b Ireland Mushroom Plant  0.02 0.85 0 

3027 4b Ireland Mushroom Plant 0.025 0.02 0 

3049 4b Ireland Mushroom Casing  0.156 0.043 0.152 

3075 4b Ireland Mushroom Plant 0 0 0 

592 4c Ireland  Mushroom Plant 0 0 0 

605 4c Ireland Mushroom Plant  0 0 0 

33115 4c Ireland University College Cork  0 0 0 

CDL228 4e Austria Martin Weidman Group 0.026 1 0.132 

CDL231 

 

4e Austria Martin Weidman Group 0.007 0 0 

RM1762 

 

4e USA Lisa Gorski 1 0.021 0.264 

RM3386 

 

4e USA Lisa Gorski 0 0 0.76 

RM3820 

 

4e USA Lisa Gorski 0 0 0 

S4 120 

 

6a USA Martin Weidman Group 0.33 0 0 

5 7 Ireland Mushroom Plant    
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5.4.2 General Characteristics of the Genomes of Phages 

vB_LmoS_C996, vB_LmoS_P11 and vB_LmoS_P7 

The genomes of phages vB_LmoS_C996, vB_LmoS_P11 and vB_LmoS_P7 

were sequenced, assembled, and annotated, and their genomes deposited 

onto the NCBI genbank with the accession numbers MZ361825, MZ361826 

and MZ361827, respectively. Phage vB_LmoS_P7 is a temperate phage 

indicated by the presence of a site-specific integrase between 36204-37148 

bp. The genome of phage vB_LmoS_P7 is 42553 bp with a GC content of 

36.64%, which correlates well with values for other temperate listeriophages—

e.g. the Siphoviridae A118 (40,834 bp) with a GC content of 36.1% (Loessner 

et al., 2000), the Siphoviridae A500 with a GC content of 36.68% (Dorscht et 

al., 2009), and the Siphoviridae LP-030-3 with a GC content of 36.55% (Denes 

et al., 2014). A total of 68 ORFs were found in the genome of vB_LmoS_P7 

with no tRNAs present (Figure 5-2). BLASTp and BLASTn analysis of the 

nucleotide sequence revealed that the genome of vB_LmoS_P7 is similar in 

size and percentage nucleotide identity (92.07%) to that of the listeriophage 

LP-030-3 (41,156bp), a Siphoviridae encoding 73 ORFs and no tRNAs.  

The genome of phage vB_LmoS_P11 is 40,770bp and has a GC content of 

36.9%. A total of 70 ORFs and no tRNAs were detected in the genome (Figure 

5-2). Like phage vB_LmoS_P7, the genome of phage vB_LmoS_P11 is similar 

in size and sequence to the Siphoviridae LP-030-3, sharing 92.9% nucleotide 

sequence similarity. The genome of phage vB_LmoS_C996 was found to be 

36798bp with a GC content of 36.67%. A total of 67 ORFs and no tRNAs were 

detected in the genome of vB_LmoS_C996.  
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Phylogenetic analysis was carried out using the large terminase genes from 

all three phages. This analysis revealed that the 3 phages cluster together with 

phages A118, LP-030-3 and A500 (Figure 5-3 A), indicating that these phages 

belong to the previously defined group of L. monocytogenes phages denoted 

as Orthocluster IV (Denes et al., 2014). This result indicates that the DNA of 

these phages are packaged via a headful packaging mechanism similar to 

Listeria phages A118 and A500 (Loessner et al., 2000). Phylogenetic analysis 

was also conducted using whole concatenated protein sequences from the 3 

phages which revealed that phages vB_LmoS_C996 and vB_LmoS_P7 group 

together, while vB_LmoS_P11 is also grouped together with these phages but 

in a separate branch (Figure 5-3 B). Whole proteome analysis confirms that 

these phages are related to Listeria virus A500. Linear alignments of the whole 

proteomes of phages vB_LmoS_P11, vB_LmoS_C996 and vB_LmoS_P7 

were conducted to visualise the amino acid sequence similarity (Figure 5-4). 

The results from this analysis revealed that all three phages have a high amino 

acid sequence similarity (up to 100%) of their terminase genes and genes 

associated with head and tail assembly. However, genes associated with DNA 

replication, host cell lysis and unknown functions show a higher degree of 

variability (18% sequence identity), which may account for not only the 

difference in amino acid and whole nucleic acid sequences of these phages 

but also their varying host ranges.  
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Figure 5-2: Linear depiction of the genomes of phages vB_LmoS_P11, vB_LmoS_P7 
and vB_LmoS_C996. The figure depicts the coding sequence regions of the 
genomes. The coding regions are annotated and organised by colour. Green depicts 
coding regions involved in head and tail assembly, yellow depicts the coding regions 
determined to be the terminase genes, red depicts coding regions involved in DNA 
replication, orange depicts coding regions involved in host cell lysis, grey depicts 
coding sequence regions with no determined function and blue depicts the coding 
region determined to be the integrase genes of the phages. The image is drawn to 
scale using EasyFig v 2.2.4 
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Figure 5-3: (A) Phylogenetic analysis of phages vB_LmoS_C996, vB_LmoS_P11 and 
vB_LmoS_P7 and closely related L. monocytogenes phages using the large 
terminase gene. The tree was generated in MEGAX using the bootstrap settings at 
1000 replicates. (B)Phylogenetic analysis of phages vB_LmoS_C996, vB_LmoS_P11 
and vB_LmoS_P7 and closely related L. monocytogenes phages was determined by 
BLASTn analysis. The tree was generated in MEGAX using the bootstrap settings at 
1000 replicates, input sequences for MUSCLE alignment consisted of whole 
proteomes of each phage. 
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P11
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Figure 5-4: Linear depiction of the genomes of phages vB_LmoS_P11, vB_LmoS_P7 
and vB_LmoS_C996 and phages A118 and A500 (both of these phages share a high 
nucleotide sequence identity with phages vB_LmoS_P11, vB_LmoS_P7 and 
vB_LmoS_C996). Regions of amino acid sequence similarity are joined by the 
shaded area using grey scale. Coding sequence regions are depicted as arrows and 
colour-coded based on predicted functions. The coding sequence regions are 
annotated and organised by colour. Green depicts coding regions involved in head 
and tail assembly, yellow depicts the coding regions determined to be the terminase 
genes, red depicts coding regions involved in DNA replication, orange depicts coding 
regions involved in host cell lysis, grey depicts coding regions with no determined 
function and blue depicts the coding region determined to be the integrase genes of 
the phages. The image is drawn to scale using EasyFig v 2.2.4 

 

5.4.3 One-Step Growth Curve and Bacteriophage Insensitive 

Mutants 

To determine the infection kinetics of all three phages, one-step growth curves 

were performed using the host-bacterial strains for each phage (Figure 5-5). 

The burst sizes of phages vB_LmoS_P11, vB_LmoS_P7 and vB_LmoS_C996 

were calculated to be 18.5, 13.1 and 19.2, respectively. The eclipse period, 
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defined as the time interval between viral penetration and the production of 

progeny virions, was shown to be between 10-40 min, 10-40 min and 50-60 

min for phages vB_LmoS_11, vB_LmoS_7 and vB_LmoS_C996, respectively. 

The latent period, defined as the time taken for the infected cell to lyse post 

infection, was shown to be between 50-70 min, 50-70 min and 70-80 min for 

phages vB_LmoS_11, vB_LmoS_7 and vB_LmoS_C996, respectively. The 

occurrence of BIMs against each phage’s host bacterial cells was calculated 

to be 6.7 x10-5 (n=24, p= 0.02), 9.6 x 10-5 (n=24, p= 0.01) and 1.2 x10-6 (n=24, 

p= 0.015) for phages vB_LmoS_C996, vB_LmoS_P11 and vB_LmoS_P7, 

respectively. Calculating the occurrence of BIMs is significant as it indicates 

how often bacterial resistance to these phages is likely to occur.  

 

 

 Figure 5-5: One-step growth curve of (A) vB_LmoS_P11, (B) vB_LmoS_C996 and 
(C) vB_LmoS_P7. Blue circles denote samples that were directly plated, representing 
the cumulative concentration of absorbed phages and unabsorbed phages. Red 
circles represent samples that were treated with chloroform prior to plating, 
representing the total concentration of phages including intracellular phage. All values 
are means of three independent experiments (n=3). 
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5.4.4 Future Applications of Phages vB_LmoS_P11, 

vB_LmoS_C996 and vB_LmoS_P7 

ORFs encoding integrases and excisionases were found in all three phages 

characterised in this chapter, indicating that they are temperate in nature, 

following a lysogenic lifecycle. Therefore, the phages cannot be applied as 

whole phages for the biocontrol of L. monocytogenes. However, the protein 

products which these phages encode may, in the future, be exploited for the 

control of L. monocytogenes. An N-acetylmuramoyl-L-alanine amidase was 

identified through BLASTp analysis in the genomes of all 3 phages—ORF 24 

for phage vB_LmoS_P11, ORF 61 for phage vB_LmoS_C996 and ORF 17 for 

phage vB_LmoS_P7. This N-acetylmuramoyl-L-alanine amidase also shows 

100% amino acid sequence identity with the endolysin Ply500 from phage 

A500 (a temperate phage) (Zhang et al., 2012) and the N-acetylmuramoyl-L-

alanine amidase of phage LP-030-3. Endolysin Ply500 was covalently 

attached to the surface of silica nanoparticles and was effective in killing L. 

innocua at concentrations up to 105CFU/mL in non-growth sustaining PBS, as 

well as under growth conditions on lettuce, showing up to a 1.6 Log reduction 

in CFU/mL. Methods such as this may be employed in the future for the 

exploitation of the amidase domains to PHA_BNPs as described in Chapter 3. 

A simpler method for exploiting these phages for the biocontrol of L. 

monocytogenes would be the direct application of these enzymes to food-

processing surfaces or food goods. As noted previously, the successful 

application of phage lysins for the control of foodborne pathogens has been 
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documented many times (Ibarra-Sánchez et al., 2021; Love et al., 2018; 

Mahony & van Sinderen, 2015; Pennone et al., 2019; Yang et al., 2020). 

Putative receptor binding proteins were also identified in phages 

vB_LmoS_P11, vB_LmoS_P7 and vB_LmoS_C996 as ORF 19, ORF 24 and 

ORF 36, respectively. These proteins may be employed in future systems for 

the detection of L. monocytogenes strains 4b, 4e and 6a or may be 

incorporated into systems using a bank of Listeria phage RBPs for the 

multiplex detection of L. monocytogenes. These proteins may be incorporated 

into systems using spectroscopy or microscopy techniques for the rapid 

detection of L. monocytogenes.  

 

5.5 Conclusion  

As the foodborne pathogen L. monocytogenes is common in dairy farm 

environments, it is likely that phages infecting this bacterium are present on 

dairy farms. To test this theory and to develop a diverse range of phages for 

further studies, grass silage was collected and tested for the presence of L. 

monocytogenes-specific phages. It was found that grass silage from dairy 

farms harbours listeriophages belonging to the family Siphoviridae infecting 

serotypes 4e and 4b. Three years prior to this study, grass silage was also 

collected from the same location (Moorepark Farm Co. Cork Ireland) and a 

virulent phage with a broad host range phage was isolated (vB_LmoH_P61), 

suggesting that grass silage is a source of listeriophages. Host-range analysis 

on these phages revealed that they are specific for serotypes 4e, 4b and 6a 

and infect a variety of L. monocytogenes strains from different environmental 

niches. Genomic and proteomic analysis revealed that phages 
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vB_LmoS_C996 and vB_LmoS_P11 are homologs of one another and that 

the 3 phages are members of the previously defined IV Orthocluster. Following 

assembly and annotation of the phages’ genomes, analysis using BLASTp 

and HHMER identified N-acetylmuramyl-L-alanine amidases and putative 

RBP sequenced in all 3 phages.  
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Chapter 6 

General Discussion and 

Conclusions 
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6.1 Discussion and Conclusions 

 

 L. monocytogenes is a foodborne pathogen that is a growing concern in the 

food industry as it is the causative agent of human listeriosis which has a high 

mortality rate of 20-30%. The aim of this thesis was to investigate the 

exploitation of phages, and proteins derived from these phages, for the 

biocontrol and detection of L. monocytogenes. The key findings from this 

thesis and perspectives for future research will be discussed here.  

Chapters Two and Three of this thesis focus on the exploitation of phages for 

the biocontrol of L. monocytogenes. A significant level of research has been 

carried out on the exploitation of phages as biocontrol agents. Despite this 

research, there is still a regulatory barrier in place preventing the application 

and commercialisation of phage-based products for biocontrol and clinical 

therapy purposes. In the future, phages may be exploited to combat 

antimicrobial resistance (AMR). AMR is a global issue and reports indicate that 

the number of infections due to resistant microbes are constantly increasing 

(Roope et al., 2019). Over-prescribing of antimicrobials by clinicians, improper 

use by patients, and the overuse of antimicrobials in agriculture and animal 

health have been shown to be causes for the occurrence of AMR.   

As antibiotics are becoming increasingly redundant, novel antimicrobials must 

be applied in agriculture and clinical settings in the future. The use of phages 

in Eastern Europe has been widespread since their discovery (Adesanya et 

al., 2020). The regulatory framework in Western Europe, however, is not 

compatible with sustaining phage therapy and is a notable hinderance to its 

deployment (Fauconnier, 2019). One reason for regulatory and legislative 
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reluctance in this matter is that the mode of action of phage therapy is 

markedly different to that of conventional pharmaceutical techniques. Phages 

are self-replicating and increase in concentration when attaching to their host-

bacterial cells and completing a lytic lifecycle. This means that phages may 

amplify in the body, depending on their bacterial host cell density. This is a 

fundamentally different approach from passive pharmaceuticals such as 

antibiotics, where concentrations decline over time as result of metabolism or 

excretion. Countries such as Belgium, France and the USA are paving the way 

for the creation of new regulations regarding phage therapy. The regulation of 

phages as therapeutics is progressing forward, at least at a national level. 

However, for regulations to be fully implemented, steps need to be put in place 

by international organizations such as the European Union, the European 

Directorate for the Quality of Medicines and HealthCare (EDQM), European 

Pharmacopoeia and the U.S. Food and Drug Administration (FDA).  

Another obstacle that may be faced when exploiting whole phages in phage 

therapy is public resistance to exploiting viruses in this way. Advancements of 

phage therapy in the future may require educating the public about these 

biological entities and raising awareness that these are harmless to human 

health and are found naturally in the environment. Macdonald et al. (2020) 

carried out a study that aimed to understand patient perceptions of phage 

therapy for diabetic foot infections. It was noted in this study that there was a 

high level of recognition and concern about AMR amongst patients, who were 

aware of viruses, yet had not heard of phage therapy. Focus groups revealed 

that the acceptance of phage therapy amongst patients was relatively high. It 
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was suggested that more information given to the public may alleviate any 

concerns. 

If legislation and public acceptance of using phages as antimicrobials and 

biocontrol agents is progressed in the future, more and more phage-based 

products could be commercialized for these purposes. The stability of phage 

preparations and shelf-life of these products should also be thoroughly 

investigated in future studies. A potential candidate for biocontrol or 

therapeutic purposes should have a long shelf-life and should be stored in 

solutions that do not reduce phage titre. In this research, it was noted that the 

lytic phage vB_LmoH_P61 had a relatively long shelf-life, being stored for 8 

weeks without a drop in titre in comparison to phages vB_LmoS_C996, 

vB_LmoS_P11 and vB_LmoS_P7, which all had a short shelf-life of only 2 

weeks before seeing a drop in titre of up to 3 logs. It was also noted that, 

following propagation, titres of phage vB_LmoH_P61 reached concentrations 

of 1 x 1010 PFU/mL in comparison to phages vB_LmoS_C996, vB_LmoS_P11 

and vB_LmoS_P7 that reached a maximum concentration of 107/108 PFU/mL. 

This is important—if phages are to be mass produced for biocontrol or clinical 

purposes large concentrations and volumes of phages will have to be 

generated. In Chapter 2 it was found that phage vB_LmoH_P61 can be easily 

propagated to concentrations of 1 x 1010 PFU/mL, it can stay at these 

concentrations for up to eight weeks when refrigerated at 4 ºC, it can infect six 

serotypes of L. monocytogenes and it follows a lytic lifecycle. As shown in 

Chapter 2 phage vB_LmoH_P61 can inhibit the growth of L. monocytogenes 

by up to 93.57% at 8 ºC and 99.57% at 12 ºC when applied to pasteurised milk 

and by up to 98.78% at 8 ºC, 99.12% at 12 ºC and 99.95% at 25 ºC when 
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applied to baby spinach. Considering its shelf-life, ease of propagation, 

stability, lifecycle and host-range, phage vB_LmoH_P61 may be the ideal 

candidate for commercialisation for the purposes of control of L. 

monocytogenes.  

As shown in Chapter 3, protein derivatives from phages known as endolysins 

may be exploited for the control of pathogens. Using phage-derived proteins 

rather than whole phages may alleviate the issues associated with regulations 

and public perception of using live viruses in agriculture and clinical settings. 

It has also been reported that lysins may harbour a broader host range than 

the phages they are derived from and that the occurrence of resistance is less 

likely. Enzymes derived from phages with the ability to kill or inhibit the growth 

of pathogens have been termed ‘enzybiotics’ (Dams et al., 2019). The 

applications of these enzybiotics have been shown to be successful and 

clinical trials have begun on human diseases (Abdelrahman et al., 2021; Jun 

et al., 2013 and Urbanek et al., 2021). Putative lysins have been identified in 

the genomes of all four of the phages isolated in this research. These lysins 

may be exploited in the future and commercialized as potential enzybiotics. If 

enzybiotics derived from phage lysins are successfully created in the future, it 

is vitally important to disseminate the knowledge generated from successful 

studies to the scientific community, regulatory and policy making communities, 

and to the general public, as this will enable the universal acceptance of 

enzybiotics. 

The specific binding of RBP_293 to L. monocytogenes strain 473 (serotype 

4e) paves the way for many future applications, including in the detection 

systems and for the specific separation of L. monocytogenes from foods. 
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Again, there has been much research in the area of exploiting phages for 

detection purposes yet only a small proportion of these systems have been 

commercialized. Rapid, phage-based detection systems have not yet been 

shown to be as sensitive in the detection of foodborne pathogens as methods 

defined by the ISO standards. For phage-based detection systems to be 

utilized globally, methods need to be equivalent to EN ISO 11290-1 in terms 

of the same detection limit of 1 CFU/25g and 100% accuracy. Research 

studies exploiting phages for the detection of L. monocytogenes report a limit 

of detection between 102-106 CFU/mL. The two main drawbacks associated 

with the EN ISO 11290-1 standard method for Listeria detection are that it is 

time-consuming (48 h-72 h) and labour intensive. Scientists developing 

phage-based detection systems have sought to overcome these drawbacks 

by generating rapid and simple to use techniques. Future research into phage-

based detection systems should now focus on improving the sensitivity of the 

technique, as developing a highly sensitive and reliable system will enable the 

broader use of these detection systems.  

Additionally, by carrying out this research I was able to identify specific areas 

where research may be beneficially focused in the future. Future research 

focused on the identification of host cell receptors and structural analysis of 

the proteins of phages, such as receptor binding proteins and endolysins, will 

add vital information to the area of phage-host interactions. As shown in this 

research, the sensitivity of L. monocytogenes to phage infection is strain 

specific; if banks of phages are generated with known host cell receptors, it 

may result in the generation of cocktails of phages with biocontrol potential 

against the majority of strains of L. monocytogenes and allow for the multiplex 
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detection of L. monocytogenes serotypes. A combination of mutational 

analysis to determine host cell receptors and structural analysis of phage 

RBPs and CBDs may add vital information on phage-host interactions that 

may be exploited in the future. 

In conclusion, this work has demonstrated that the newly isolated phage 

vB_LmoH_P61 has biocontrol potential on different food matrices and may be 

commercialized in the future for this purpose. Phage-derived proteins were 

also exploited in this research where PHA_lysin293_BNPs and 

PHA_amidase293_BNPs inhibited the growth of L. monocytogenes strain 473 

(for up to 3 h), and RBP_293 was shown to capture cells of L. monocytogenes 

strain 473. This research has shown the potential of phages for the control and 

detection of L. monocytogenes. Phages hold great potential to alleviate the 

issues associated with AMR. Should legislation regarding the production of 

phages for therapy and control purposes progress in Western Europe, the 

mass production and commercialization of phage-based products will 

inevitably follow. 
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Appendix 2- Supplement Material  

 

 

Figure S1: Shows the testing of RBP_P61 solubility at different temperatures and time 
points. Section A shows cells that have been incubated at 37 ºC, L1-4 shows the 
proteins present in the supernatant at the time points specified, L5-7 shows the 
proteins present in the pellet in the time points specified. L5 and L6 have been 
highlighted to show the increased band intensity of RBP_P61 at these timepoints. 
Section B shows cells that have been incubated at 30 ºC, L1-4 shows the proteins 
present in the supernatant at the time points specified, L5-8 shows the proteins 
present in the pellet in the time points specified. L1, L2, L3, L7 and L8 have been 
highlighted to show the increased band intensity of RBP_P61 at these timepoints. 
Section C shows cells that have been incubated at 25 ºC, L1-4 shows the proteins 
present in the supernatant at the time points specified, L5-8 shows the proteins 
present in the pellet in the time points specified. L6, L7 and L8 have been highlighted 
to show the increased band intensity of RBP_P61 at these timepoints. 

 

 



249  

 

 Figure S2: Shows the testing of eGFP_RBP_188 solubility at different temperatures 
and time points. Section A shows cells that have been incubated at 37 ºC, L1-4 shows 
the proteins present in the supernatant at the time points specified, L5-8 shows the 
proteins present in the pellet in the time points specified. Section B shows cells that 
have been incubated at 25ºC, L1-4 shows the proteins present in the supernatant at 
the time points specified, L5-8 shows the proteins present in the pellet in the time 
points specified. L8 has been highlighted to show the increased band intensity of 
eGFP_RBP_188 at this timepoint. Section C shows cells that have been incubated at 
30 ºC, L1-4 shows the proteins present in the supernatant at the time points specified, 
L5-8 shows the proteins present in the pellet in the time points specified.   

 

 

 Figure S3: Shows the testing of eGFP_RBP_293 solubility at different temperatures 
and time points. Section A shows cells that have been incubated at 25 ºC, L1-4 shows 
the proteins present in the supernatant at the time points specified, L5-8 shows the 
proteins present in the pellet in the time points specified. L3 has been highlighted to 
show the increased band intensity of eGFP_RBP_293 at this timepoint.  Section B 
shows cells that have been incubated at 30 ºC, L1-4 shows the proteins present in 
the supernatant at the time points specified, L5-8 shows the proteins present in the 
pellet in the time points specified. L2 has been highlighted to show the increased band 
intensity of eGFP_RBP_293 at this timepoint.   
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Figure S4: Standard curve generated using ImageJ to determine the molecular weight 
(MW) of purified eGFP_RBP_188 where x equals 0.37. The y-axis shows the LOG 
molecular weights of the abcam protein ladder used. The x-axis shows the Rf value. 
The Rf value is determined by dividing the distance between the sample well and the 
protein band by the distance between the sample well and the dye front.  
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Figure S5: Standard curve generated using ImageJ to determine the MW of purified 
RBP _188 where x equals 0.58. The y-axis shows the LOG molecular weights of the 
abcam protein ladder used. The x-axis shows the Rf value. The Rf value is 
determined by dividing the distance between the sample well and the protein band by 
the distance between the sample well and the dye front. 
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Figure S6: Standard curve generated using ImageJ to determine the MW of purified 
RBP _293 where x equals 0.44. The y-axis shows the LOG molecular weights of the 
abcam protein ladder used. The x-axis shows the Rf value. The Rf value is 
determined by dividing the distance between the sample well and the protein band by 
the distance between the sample well and the dye front. 
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Figure S7: Contaminant Siphovirus found in concentrated sample of phage 
vB_LmoS_P11. The figure depicts a 60nm isometric head (a), a 520nm flexible tail 
(b) and a base plate with two discs (c).  

 

 


