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Staphylococcus aureus is an opportunistic pathogen that causes several 

serious diseases in humans and animals ranging from skin infections to life-

threatening diseases. In addition, it is considered as a major foodborne pathogen 

that can cause various symptoms of food poisoning. Especially, due to the 

emergence of multidrug-resistant S. aureus such as methicillin-resistant S. aureus 

(MRSA), S. aureus-targeting bacteriophages and endolysins have been proposed as 

alternative biocontrol agents to antibiotics.  

To develop a novel-type biocontrol agent against S. aureus, 70 phages 

were newly isolated and characterized. Mixtures of turbid and clear plaques were 

appeared after almost all the purified phages infection excluding two phages, 

suggesting that all the phages except SA12 and SA97 might be temperate phages. 

Phage SA12 was characterized and its genome was completely sequenced. Host 

range and bacteriophage challenge tests demonstrated its specific and efficient host 

lysis. As the phage SA12 formed lysogen when infected to the host bacterial strain, 

suggesting that the phage SA12 is a temperate phage. Meanwhile, phage SA97, 
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which specifically inhibits the growth of S. aureus and produce only clear plaques, 

was characterized. Genome analysis revealed that the phage SA97 contains 40,592 

bp of DNA encoding 54 predicted ORFs and none of these genes were related to 

virulence or drug resistance. Although a few genes associated with lysogen 

formation were detected in the phage SA97 genome, the phage SA97 produced 

neither lysogen nor transductant in S. aureus. When it was treated to milk, 4.15 log 

CFU/mL of S. aureus cells were reduced. These results suggest that the phage 

SA97 may be a promising candidate for controlling S. aureus.  

Despite the obvious advantages of virulent phages for biocontrol or 

therapy, the number of the virulent phages targeting S. aureus is limited. Therefore 

in this study, a virulent phage SA13m with mutated genes in the lysogen decision 

gene cluster was constructed, characterized and the genomes were compared with 

the wild-type phage SA13. First, S. aureus temperate phage SA13 was newly 

isolated, characterized, and the genome was sequenced and analyzed. The genomic 

DNA consists of 42,652-bp containing 62 ORFs with a lysogen gene cluster 

encoding integrase, phage repressor, CI, Cro, and antirepressor. To verify the 

lysogen formation by this gene cluster, a virulent phage SA13m with mutated 

genes in the cluster was developed and compared with SA13, suggesting that this 

gene cluster decides to form lysogen. Through the genome analysis of the phage 

SA13m, it was revealed that the genes in the lysogen decision gene cluster were 

considerably truncated and examined not to form lysogen. Moreover, the virulent 

phage SA13m rapidly killed the host cells compared to the temperate wild-type 

phage. In addition, the population of target bacteria was reduced to 4.33 log 
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CFU/mL in 2 h incubation with the phage SA13m treatment to milk. From the 

results, the genetic engineering of a temperate phage to a virulent phage could be 

suggested and the virulent phage SA13m could be used as a promising biocontrol 

agent, as it has strong host lysis activity without lysogen formation.  

Bacteriophage endolysins, synthesized at the end of the phage life cycle, 

are the phage gene products that show antibacterial activities by hydrolyzing the 

peptidoglycan layer in bacterial cell wall. Comparison of 99 endolysin genes of S. 

aureus phages deposited in GenBank showed that they can be classified into six 

groups based on their domain composition. Interestingly, approximately 80.61% of 

the staphylococcal endolysins have a src-homology 3 (SH3_5) domain as a CBD, 

but the remaining 19.39%, including LysSA11 and LysSA97 endolysins, have a 

putative C-terminus CBD with no homology to the known one. In this study, two 

new kinds of endolysins LysSA11 and LysSA97 were purified and characterized. 

Bioinformatics analysis of LysSA11 endolysin, derived from a S. aureus virulent 

phage SA11, revealed an enzymatically active CHAP (cysteine, histidine-

dependent amidohydrolases/peptidases) domain that showed an amidase activity. A 

novel CBD in C-terminus revealed to bind to the broad spectrum of staphylococcal 

cells. The activity was efficient in contaminated foods or utensils with MRSA. In 

particular, the populations of contaminated MRSA in milk and on ham were 

significantly reduced to 1.96-log CFU/mL and 3.37-log CFU/cm2, respectively, in 

15 min. Moreover, polypropylene plastic cutting board and/or stainless steel knife 

with MRSA also showed a complete elimination about 4.01-log CFU/cm2 and/or 

4.15-log CFU/cm2 reduction, respectively, in 30 min. This is the first report to 
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assess the possibility of staphylococcal endolysin as an alternative biocontrol agent, 

not only as a food additive but also as a sterilizing agent. Further, the other 

endolysin LysSA97 was newly cloned from S. aureus phage SA97. Bioinformatics 

analysis revealed a novel putative CBD as well as two EADs containing CHAP and 

amidase_3 (N-acetylmuramoyl-L-alanine amidase) domains. The fusion protein 

containing green fluorescent protein and the putative CBD of LysSA97 endolysin 

showed a specific binding spectrum against staphylococcal cells suggesting that the 

C-terminal domain of LysSA97 endolysin is a novel CBD of staphylococcal 

endolysins. However, single treatment of LysSA97 endolysin showed weak 

bactericidal activities. In order to enhance its potential as a biocontrol agent against 

S. aureus, various kinds of essential oils were combined with LysSA97 endolysin. 

Among them tested, carvacrol with LysSA97 endolysin was found to have 

significant synergistic effect on the antimicrobial activity in food products 

including milk and beef. Conclusively, these results demonstrated that endolysin 

and carvacrol could act synergistically to inactivate Gram-positive bacteria such as 

S. aureus in food products.  

In this study, I suggested multiple approaches to control S. aureus by 

using bacteriophages and endolysins as biocontrol agents, and also investigated 

new CBDs for bioprobes.  

 

Key words: Staphylococcus aureus, bacteriophage, endolysin, cell wall binding  

domain, biocontrol  
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General Introduction 
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I-1. Staphylococcus aureus 

 

Staphylococcus aureus is a Gram-positive facultative anaerobe that is 

frequently colonizes in the nose, reside on various skin sites or in the respiratory 

tract of people and animals (Lindsay and Holden 2004; Masalha et al. 2001). S. 

aureus has been known to produce several toxins such as heat-resistant alpha, beta, 

and delta toxins, edema factor (EF), and toxic shock syndrome toxin-1 (TSST-1) 

(Argudin et al. 2010; Dinges et al. 2000; Garcia et al. 2009). With these toxins, this 

species causes various clinical symptoms including pneumonia, septicemia, 

endocarditis and toxic shock syndrome and food-borne poisoning including 

abdominal cramps, diarrhea, nausea, and vomiting (Mouallem et al. 2003). 

Therefore, S. aureus has been known as clinical and food-borne pathogens to be 

controlled. From 1998 to 2008 in the United States, S. aureus caused 458 food-

borne outbreaks with 6,741 hospitalizations (Bennett et al. 2013b), and 

approximately 500,000 patients are hospitalized in the United States every year due 

to the pathogenicity (Bowersox 1999). Moreover, S. aureus produces biofilm which 

can cause a variety of problems in the medical and agricultural industries (Arciola 

et al. 1999; Fox et al. 2005). Biofilm is a sessile communities of microorganisms, 

and the bacteria embedded in biofilms are considerably less susceptible to 

antibiotics than their planktonic counterparts due to the limited access of the 

antibiotics (Melchior et al. 2006).  

S. aureus is commonly transmitted via contaminated foods such as dairy 
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or meat products and its high tolerance to salt and heat treatments threatens food 

safety (Blaiotta et al. 2004; Fernandes et al. 2012). A number of diseases including 

staphylococcal toxemia caused by consumption of milk and milk products have 

been reported since the early 20th century (Crabtree and Litterer 1934; Denison 

1936; Hennekinne et al. 2012). S. aureus-mediated food poisoning usually occurred 

by consumption of milk and dairy products which produced by a cow suffering 

from mastitis caused by S. aureus (Dack 1937; Shaughnessy and Grubb 1937), and 

it is a major concern for the food safety (Gruet et al. 2001). S. aureus have also 

been regarded as a frequent cause of food poisonings in ham products (Richards et 

al. 1993). In Alaska (United States), 57% of the commercial airline passengers 

suffered from food poisoning illness caused by staphylococci-contaminated ham 

served for breakfast (State of Alaska epidemiology Bulletin, 1975). Also, in Florida 

(United States), staphylococcal food poisoning outbreaks was occurred by eating 

ham, caused nausea, vomiting, diarrhea, weakness, sweating and chills (Center for 

Disease Control and Prevention, 1997). Moreover, S. aureus foodborne diseases 

outbreaks happened in high probability by cross-contamination during food 

preparation and processing in kitchen. Related to this, insufficient cleaning of 

cooking utensils or contamination of food storage environments were the most 

common errors reported (Bennett et al. 2013; Kadariya et al. 2014). 

To control this pathogen, antibiotics have been widely used for many 

years. Abuse of antibiotics emerged antibiotic-resistant S. aureus such as 

methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) 

(Barber 1961; Rehm and Tice 2010). These highlights the importance of new 
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control efforts that replace the current control methods including antibiotics and 

physical and chemical treatments (Bal and Gould 2005).  
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I-2. Bacteriophages 

 

Bacteriophages (also called as phages) are natural antibacterial viruses 

those infect and kill specific host strain (Mahony et al. 2011). In Great Britain 

(1915), Frederick William Twort firstly discovered phages that infect S. aureus as 

well as investigated most of the features of phages (Twort 1915). Following, Felix 

d’Herelle in France (1917) newly designated the word “bacteriophage”, signifying 

a bacteria eater (d'Herelle 1917), and investigated the possibility of phage therapy. 

However, in the 20th-century, antibiotics were developed and large numbers were 

produced for more than 60 years (Keen 2012). Nevertheless, phages have regained 

attention in the past few decades as a need for alternative strategies to combat drug-

resistant bacteria which were increasingly emerged due to the abuse of antibiotics 

(Lu and Koeris 2011; Mahony et al. 2011).  

Phages are the most abundant living entities on Earth that about 1032 

exists (Oliveira et al. 2013). As phages only infects and replicates within host 

bacteria specifically, other than mammalian cells (Hanlon 2007), they have been 

suggested as potential biocontrol agents of various pathogens. Depending on two 

distinct phage life cycles, virulent phages even kill the infected bacterial cells or 

temperate phages establish a chronic infection to the host cell without killing 

(Lenski 1988). Virulent (lytic) phage particles multiply in the cytoplasm of an 

infected bacterium, and finally kill the host cells by lysis at the end of the phage 

life cycle. A phage infection to the host bacteria begins with a process called 
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adsorption. Tail fibers or some analogous structures mediate this stage (Chibani-

Chennoufi et al. 2004). The phage attaches to its host bacteria via specific receptor 

sites, wall teichoic acid for an example, which is one of the S. aureus cell surface 

components (Xia et al. 2011). For the next step, penetration begins. Phage genetic 

material from the head is injected into the host cell cytoplasm. And then, eclipse 

phase begins from the entry of phage nucleic acid into the bacterial cell and ends 

with the release of mature phage progeny. During this period, phage components 

such as structural proteins (head, tail) as well as the bacterial cell lysis proteins 

(endolysin, holin) are synthesized. The phage nucleic acid takes over the metabolic 

machinery of the host bacterium that the phage genome is transcribed by host RNA 

polymerase and new phage components are synthesized. Then, prepared 

components are assembled into complete particles, and maturation follows. Lysis 

step starts after the new phage particles construction, that the bacteria begin to lyse 

due to the accumulation of the phage lysis enzymes such as holin and endolysin 

that attack the bacterial peptidoglycan. Following, the phages within the host cell 

are released into the medium (Fischetti 2005; Hanlon 2007). The average number 

of the released phage particles per infected bacterial cell is defined as burst size. 

Meanwhile, temperate (lysogenic) phages those can either multiply via the lytic 

cycle or enter a quiescent state in a cell with integrating their DNA into the host 

chromosome as a prophage. Phage DNA are replicated along with the host and the 

daughter cells inherit the phage DNA (Hanlon 2007). ‘Prophage’ means this 

integrated state of phage DNA, the process is known as ‘lysogeny’, and the 

bacteria harboring prophage are termed ‘lysogenic bacteria’. The lysogenic cells 
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can get terminated spontaneously sometimes, and may be induced to lyse in 

stressed conditions such as mutagenic chemicals treatment, desiccation, or 

ultraviolet light, ionizing radiation exposure. With such stimulus, lytic cycle 

initiates, resulting in cell lysis. The use of phages can be differentiated according to 

the different life cycles. Temperate phages could be used for cloning, whereas 

virulent phages would be suitably utilized as biocontrol or therapeutic agents.  

Virulent phages have high potential to be used as alternatives to 

antibiotics. In food manufacturing industry, ListShield (Intralytix, Inc., Baltimore, 

MD, USA), Listeria monocytogenes phage cocktail, has firstly received approval of 

United States Food and Drug Administration (FDA) and U.S. Department of 

Agriculture (UDSA)’s Food Safety and Inspection Service (FSIS) in 2006 (Bai et al. 

2016). It could be treated to ready-to-eat foods those are high risk for L. 

monocytogenes contamination as well as food processing plants and other food 

establishment (Bren 2007). Also, Listex P100 (Micreos Food Safety, Wageningen, 

The Netherlands), liquid anti-Listeria phages solution, was approved as a GRAS by 

FDA for L. monocytogenes control in meat, cheese products (Carlton et al. 2005), 

raw salmon (Soni and Nannapaneni 2010), and fresh channel catfish fillets (Soni et 

al. 2010).  Additionally, EcoShield (Intralytix), E. coli O157:H7 phages (ECP-100) 

cocktail, and SalmoFresh (Intralytix), which is a Salmonella phage cocktail, were 

approved by FDA in 2011 and 2013, respectively (Bai et al. 2016).  

Moreover, the use of phage therapy has been studied since the nineteen-

hundreds. Phages were used as therapeutic agents against bacterial infections of 

humans and animals (Sulakvelidze et al. 2001). Also, they have been investigated 
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as a method to reduce the biofilms formed in food processing environments and 

medical devices such as catheters (Greer and Dilts 2002). A phage which was 

derived from sewage act well against S. aureus which causes wound abscess (Wills 

et al. 2005), as well as one of the Pseudomonas aeruginosa phage worked well in 

the mice which was attacked by intraperitoneal infection (Mcvay et al. 2007). 

Moreover, oral administration of phage was revealed to prevent diarrhea caused by 

Escherichia coli in calves (Smith et al. 1987) as well as prevent the sepsis caused 

by P. aeruginosa (Soothill 1992; Watanabe et al. 2007), and various routes of the 

phage administration like oral, aerosol and intra-muscular injections were tried to 

control the spread of Salmonella through poultry meat (Soni et al. 2010; Toro et al. 

2005).  
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I-3. Endolysins and their cell wall binding domains 

 

Endolysins, bacteriophage-encoded peptidoglycan hydrolases, are 

synthesized at the terminal stage of the phage multiplication cycle to lyse the host 

cell and release the newly produced virions (Gu et al. 2011b; Schmelcher et al. 

2015). They directly target bonds in the peptidoglycan of the bacterial cell wall, 

and exert lytic activity against host pathogens by breaking bacterial peptidoglycan 

layers (Daniel et al. 2010; Nelson et al. 2001). Double-stranded DNA phages 

utilize a two-component cell lysis cassette (endolysin and holin) to collapse the 

peptidoglycan layer of bacterial cell walls (Young 2013). Holins are small 

membrane proteins that are encoded by the phage and accumulate in the 

cytoplasmic membrane (Wang et al. 2000; White et al. 2011). The holin monomers 

assemble into oligomers, damage or make holes in the membrane, followed by the 

passage of the endolysins (Loessner 2005). Meanwhile, endolysins target and 

cleave specific bonds within the bacterial peptidoglycan (Catalao et al. 2013), 

result in osmotic cell lysis. In the case of Gram-negative cells which possess the 

outer membrane that prevents access of hydrophilic enzymes, bacterial cells 

become sensitive to external peptidoglycan hydrolase when the lipopolysaccharide 

layer is disrupted (Loessner 2005). Therefore, many researchers have used outer 

membrane permeabilizers, such as detergent, organic acids, or ethylene diamine 

tetraacetic acid (EDTA) to combat Gram-negative infections (Briers et al. 2011; 

Oliveira et al. 2014).  
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Endolysins from Gram-positive bacteria-infecting phages show a modular 

structure with two clearly separated functional domains, catalytic domains (also 

called as enzymatic active domain, EAD) and cell wall binding domains (CBD) 

(Schmelcher et al. 2012a). They were separated by a short linker (Fischetti 2008), 

contrary to endolysins active against Gram-negatives those generally display a 

globular structure and rarely show modular form. The catalytic domain in the N-

terminus of the endolysin is responsible for the cleavage of the bonds in the 

peptidoglycan. Depending on their different degrading activity and target bonds, 

endolysins can be classified into several groups. There are glycosidase that cleave 

the glycan component at the reducing end of N-acetylglucosamine or N-

acetylmuramic acid, muramidase (also called as lysozyme) which share the same 

glycan target as the lytic transglycosidases, amidase that hydrolyze the amide bond 

between N-acetylmuramic acid residue and the L-alanine, and endopeptidase which 

is known to cleave within the peptide bridges (Hermoso et al. 2007). Endolysins 

involved in amidase class usually describe broader host lysis spectrum compared to 

the endolysins in other classes since the amide bond is conserved among several 

bacteria (Fischetti 2008; Navarre et al. 1999; Oliveira et al. 2012). The CBD, 

generally located in the C-terminus of the endolysin, confers specificity of 

carbohydrate ligands recognition on the cell wall peptidoglycan, so that they 

increase access of the enzyme and substrate (Loessner 2005). These epitopes 

include species- or even strain-specific carbohydrates, teichoic acids, or peptide 

moieties of the peptidoglycan (Loessner et al. 2002; Schmelcher et al. 2011). In the 

case of the few Gram-negative bacteria-targeting endolysin with a modular 
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organization, all of them displayed in inverted molecular orientations compared to 

Gram-positives, with the EAD at the C-terminal and the CBD at the N-terminal 

side (Briers et al. 2007). 

Endolysins are promising biocontrol agents which could be applied in 

food biotechnology (Obeso et al. 2008; Oliveira et al. 2012). Resistance to 

endolysins is rarer than antibiotics because endolysins have evolved to target 

unique and essential molecules in the cell wall to avoid becoming trapped inside 

the host after a phage infection (Loeffler et al. 2001; Schmelcher et al. 2015). As 

the endolysins show the specific action to the bacterial strains, they could only 

control the unwanted bacteria without having any effect on other organisms such as 

normal microflora. It is commonly believed that repeated injection of the endolysin 

would induce an immune response in the animal. However, possibility of 

neutralization of endolysin activity due to immune response was challenged by 

Yang et al (Yang et al. 2014b), who reported that the repeated administration of the 

endolysin showed no obvious neutralization effect on the lytic activity of the 

endolysin. Moreover, they are reported to be harμess to animal (Witzenrath et al. 

2009). Also when applied, they do not change the texture properties and the 

sensory characteristics of the foods. Therefore, endolysins seem to be good 

candidiates for the control of foodborne pathogens in food products.  

The biotechnological potential of endolysins has been discussed 

previously (Fischetti 2005; Loessner 2005). Despite these benefits, only few 

studies have been done to assess the potential of endolysins as food additives 

(Callewaert et al. 2011; Garcia et al. 2010; Obeso et al. 2008). In 1957, the ability 
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of the endolysin to kill the host bacterium was first reported (Krause 1957). Also, 

in terms of staphylococcal phage endolysins application as biocontrol agents, a lot 

of effort has been put into improving their moderate cell lytic activity (Abaev et al. 

2013; Rodriguez et al. 2011). Horgan et al. (Horgan et al. 2009) demonstrated that 

a truncated derivative of LysK endolysin, which contains only the N-terminal 

cysteine, histidine-dependent amidohydrolases/peptidases (CHAP) domain, 

showed high lytic activity against staphylococcal cells. Manoharadase et al. 

(Manoharadas et al. 2009) modified P16 endolysin to enhance its solubility by 

conjugating its inferred endopeptidases domain with the C-terminus of the P17 

minor coat protein. Moreover, LysK endolysin acted synergistically with 

lysostaphin, a bacteriocin from Staphylococcus simulans, to lyse MRSA (Becker et 

al. 2008). And LysH5 endolysin and nisin mixture showed enhanced lytic activity 

against S. aureus in pasteurized milk (Garcia et al. 2010). Food application studies 

other than in milk have not been reported yet, though S. aureus have been regarded 

as a frequent cause of food poisonings in ham products (Richards et al. 1993). 

Moreover, so far, there are no reports on the potential of endolysin as a disinfectant 

which could be treated to cooking utentils.  

Meanwhile, endolysin studies have been also focused on medical 

applications in animal infection models as therapeutic agents (Loessner 2005). 

Nelson et al. (Nelson et al. 2001) firstly started the work about endolysins as 

therapeutic agents to reduce the colonization of mucosal surfaces with streptococci 

in mice. Additionally, Schuch et al. (Schuch et al. 2002) confirmed the curative 

effect of PlyG endolysin from the B. anthracis ϒ phage by intraperitoneal 
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injections, and Rashel et al. (Rashel et al. 2007) examined the remedial effect of 

staphylococcal phage endolysin MV-L, demonstrated MRSA reduction by its 

treatment. To control the outbreaks of foodborne pathogens efficiently, strategies 

using endolysins, as new food antimicrobials and therapeutic agents, could be 

suggested.   
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I-4. Purpose of this study 

 

S. aureus is an opportunistic pathogen that can cause various diseases 

including foodborne diseases in humans and animals. Due to the emergence of 

multidrug-resistant S. aureus strains, the demands for alternative natural agents 

against antibiotics are increasing. Not only a virulent phage-based biocontrol agent 

but also an endolysin-based biocontrol agent have been re-introduced as natural 

tools in the war against multidrug-resistant pathogens. In this respect, there is 

pressing need not only to isolate but also to construct new virulent phages targeting 

S. aureus. Moreover, new endolysins are needed to be purified and applied to the 

food and utensil products to predict and examine their capabilities in field test. In 

addition, an endolysin CBD which specifically targets host bacteria also started to 

receive attention as a new bioprobe candidate for detection of pathogenic bacteria. 

Therefore, this study aims to (i) isolate and characterize S. aureus-

targeting phages including new virulent one, (ii) construct the virulent mutant 

phage from the temperate one, (iii) recombine, characterize the novel endolysins 

containing new CBDs, and apply them to food and utensil samples.  
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II-1. Introduction 

 

S. aureus is considered as one of the major foodborne and clinical 

pathogens. It is a commensal pathogen which causes illness ranging from minor 

infections including diarrhea, abdominal pain, vomiting to serious diseases such as 

abscess, endocarditis, septicemia, purulent inflammation and toxic shock syndrome 

(Fowler et al. 2005; O'Flaherty et al. 2005b). Moreover, bovine mastitis caused by 

S. aureus infection has been emerged as a serious problem which threat food safety 

(Vanderhaeghen et al. 2010). Furthermore, the emergence of antibiotic-resistant S. 

aureus strains, such as MRSA and VRSA, has complicated the treatment of S. 

aureus infections (Appelbaum 2006). Reduced efficacy of conventional antibiotics 

has required to find novel alternatives to combat super-bugs (Mahony et al. 2011). 

To overcome this problem, alternative biocontrol approaches using S. aureus-

targeting phages have recently been used as alternative antibacterial therapies for 

human patients in Eastern Europe for several decades (Sulakvelidze et al. 2001). In 

addition, the FDA has approved the application of phages as a safe food 

preservative in 2006.  

Bacteriophages are natural antibacterial agents that lyse a specific 

bacterial host strain without infecting human cells (Mahony et al. 2011). Based on 

their bacterial host specificity and bacteriolytic activity, the use of phages has been 

suggested as a potential biocontrol strategy for various pathogenic bacteria. Once, 

the phage adsorb to the host bacteria, phage DNA injection into the host cell 
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occurred. Phage exhibits two distinct life cycles, virulent or temperate (Lenski 

1988). After the virulent phage particles are constructed and assembled within the 

host cell, they are rapidly released out by lysing the bacterial peptidoglycan, and 

finally the host cells are led to death (Fischetti 2005). Whereas temperate phages 

integrate their DNA into the host bacterial cell DNA. The prophage DNA replicates 

whenever the bacterial DNA replicates. Therefore, daughter cells would contain the 

phage DNA after the infection cycles (Hanlon 2007).  

Virulent phages are generally preferred to be used as biocontrol agents as 

they cannot integrate their genome into the bacterial chromosome to form lysogen, 

and therefore they will always lyse and kill infected target bacterial cells (Guenther 

et al. 2009). Since now, the potential of various staphylococcal lytic phages as 

biocontrol agents (Mahony et al. 2011) and therapeutic agents (Matsuzaki et al. 

2003; O'Flaherty et al. 2005a; O'Flaherty et al. 2005b) have been demonstrated. For 

examples, Myovirus phage S25-3 (Takemura-Uchiyama et al. 2013), K (O'Flaherty 

et al. 2005b) and the Podoviruses S13 and S24-1 (Takemura-Uchiyama et al. 2013) 

are all virulent phages, and they have been used to food samples or mice. However, 

more than 64% of S. aureus phages, reported as siphoviruses, are known as 

temperate phages those contain lysis/lysogen decision genes in their genome (Blair 

and Carr 1961; Goerke et al. 2009). Enterobacteria phage lambda (Groth and Calos 

2004; Ptashne and Hopkins 1968) and S. aureus phage phi11 (Shimatake and 

Rosenberg 1981) are well-known temperate phages that form lysogens. These 

phages all contain typical lysogen modules including cro-like repressor, 

antirepressor, integrase, excisionase, cI-ike repressor, and lambda contains 



１８ 

 

additional cII and cIII regulatory genes. Integrase mediates site-specific 

recombination between two DNA recognition sequences in phage and host bacteria, 

while excisionase is involved in excisional recombination by excising the phage 

genome from the bacterial chromosome. CI-like repressor represses lytic functions; 

Cro-like repressor, which is a repressor of cI, leads the phage to the lytic infection 

cycle, while the antirepressor blocks phage repressors. Among the lysogen 

formation-related genes, cI-like repressor gene is the key regulator that maintains 

the phage in the lysogenic life cycle (Groth and Calos 2004; Ptashne and Hopkins 

1968; Shimatake and Rosenberg 1981).  

To understand genetic diversity of S. aureus phages and further develop 

phage-based biocontrol agents, isolation and microbiological characterization of 

novel S. aureus phages are essentially needed. In this chapter, the results of 

microbiological and genomic characterization of 70 S. aureus phages were 

presented. Among these, especially, the phage SA97, revealed to infect S. aureus 

without lysogen formation, was newly obtained. An analysis of the whole genome 

of the phage SA97 revealed part of the genes encoding a lysogeny module but no 

genes related to virulence or drug resistance. An analysis of lysogen formation or 

transduction by SA97 showed that it produced neither lysogen nor transductant, 

suggesting that the phage SA97 may be applicable as a biocontrol agent against S. 

aureus. The results described here will broaden our knowledge of S. aureus phages 

and provide desirable biocontrol agent candidate against S. aureus.  
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II-2. Materials and Methods 

 

II-2-1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 2.1. Food isolates 1 

to 4 were from vegetable, pork and beef, respectively. They were isolated and 

purified by Baird-Parker agar medium (Difco, Detroit, MI, USA) and identified by 

VITEK®2 Compact (bioMerieux, Inc., Hazelwood, MO, USA). These strains were 

all routinely grown in tryptic soy broth (TSB) medium (Difco) at 37°C. The tryptic 

soy agar (TSA) plate prepared with TSB containing 1.5% (w/v) Bacto agar (Difco) 

and soft top agar containing TSB was prepared with 0.4 agar for phage plaque 

confirmation.  
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Table 2.1. Bacterial strains used in chapter II 

Strains (description) Source or referencea 

Staphylococcus strains 
 

S. aureus food isolate 1 (from vegetable) Laboratory collection 

S. aureus food isolate 2 (from beef) Laboratory collection 

S. aureus food isolate 3 (from pork) Laboratory collection 

S. aureus clinical isolate Laboratory collection 

S. aureus ATCC 6538 ATCC 

S. aureus ATCC 12600 ATCC 

S. aureus ATCC 23235 ATCC 

S. aureus ATCC 29213 ATCC 

S. aureus ATCC 33593 ATCC 

S. aureus RN4220 (Oku et al. 2009) 

S. aureus Newman (Park et al. 2010) 

MRSA CCARM 3089 CCARM 

MRSA CCARM 3090 CCARM 

S. epidermidis ATCC 35983 ATCC 

 
 

Other Gram-positive bacteria  

E. faecalis ATCC 29212 ATCC 

B. cereus ATCC 14579 ATCC 

B. subtilis ATCC 23857 ATCC 

L. monocytogenes ATCC 19114 ATCC 

   

Gram-negative bacteria  

S. Typhimurium SL1344 Laboratory collection 

E. coli O157:H7 ATCC 35150 ATCC 

C. sakazakii ATCC 29544 ATCC 

P. aeruginosa ATCC 27853 ATCC 
a, ATCC, American Type Culture Collection; CCARM, Culture Collection of Antimicrobial Resistant 

Microbes. 
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II-2-2. Bacteriophage isolation and propagation 

Seventy environmental samples were collected from a swine farm, poultry 

farm, a cattle shed, sewage, sludge, milk from mastitis-infected cows, and etc., as 

described in Table 2.2 and used for phage isolation. Phages were isolated as 

described previously (Yoon et al. 2013). Briefly, most of samples (25 g) were 

homogenized in 225 mL of sodium chloride and magnesium sulfate (SM) buffer 

(100 mM NaCl, 10 mM MgSO4, and 50 mM Tris-HCl, pH 7.5) for 90 s by using a 

BagMixer 400 blender (Interscience Laboratory) except phage SA97. To isolate the 

phage SA97, 0.5 cm2 of skin was rubbed with a cotton swab that was subsequently 

homogenized with 1 mM of SM buffer. Each of the sample was then mixed with 

TSB broth supplemented with 10 mM CaCl2 (final concentration), sub-cultured 

with S. aureus RN4220 (1%) and incubated at 37°C for 12 h with shaking. After 

incubation, the samples were centrifuged at 8000 x g for 10 min and filtered to 

remove bacterial cells and obtain the supernatant that contained the bacteriophage. 

For phage propagation, TSB broth containing 10 mM CaCl2 (final concentration) 

was first sub-inoculated with S. aureus RN4220 (1%), and the culture was 

incubated at 37°C for 1.5 h . Subsequently, the phages were added at a multiplicity 

of infection (MOI) of 1, and the culture was incubated for 3 h at the same 

temperature with shaking. The phage propagation was serially performed with 

three different culture volumes (3, 30, and 300 mL of the culture) to obtain more 

phages. To prepare a high-titer phage, the phages were precipitated with 

polyethylene glycol (PEG) 6000 and concentrated using CsCl density gradient 

ultracentrifugation. Finally, to confirm the phage plaque formation, the supernatant 
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was overlaid on 0.4% molten TSA soft agar containing 10 mM CaCl2 (final 

concentration) and S. aureus RN4220 (1%). Plaques were evident after incubation 

at 37°C for 12 h.  
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Table 2.2. Environmental sample lists used in chapter II 

Designation 
of phages 

Sources 
Designation 

of phages 
Sources 

SA1 Pig feces SA37 Soil in the pigsty shed 

SA2 Pig feces SA38 Soil in the pigsty shed 

SA3 Pig feces SA39 Soil in the pigsty shed 

SA4 Chicken feces SA40 Soil in the pigsty shed 

SA5 Milk cow feces SA41 Soil in the pigsty shed 

SA6 Chicken feces SA42 Soil in the pigsty shed 

SA7 Soil in the cattle shed SA43 Sewage in the farm 

SA8 Soil in the cattle shed SA44 River water 

SA9 Black goat feces SA45 Soil around the river 

SA10 Milk cow feces SA46 Sewage around the river 

SA12 Milk cow feces SA47 Sewage around the Donjak bridge 

SA13 Black goat feces SA48 Water from Icheon 

SA14 Sewage in the farm SA49 Soil from Icheon 

SA15 Soil in the cattle shed SA50 Sewage in park 

SA16 Soil in the ground SA51 Water in Banpo bridge 

SA17  Soil in the ground SA52 Soil in Ogeomgyo 

SA18 Soil in the ground SA53 Sewge in Yangpyeongyo 

SA19 Mastitis milk SA54 Soil in Mokdonggyo 

SA20 Mastitis milk SA55 Sewage in Ogeomgyo 

SA21 Mastitis milk SA56 Soil in Ogeomgyo 

SA22 Mastitis milk SA57 Sewage in Ogeomgyo 

SA23 Scooter handle grip SA58 Water in Gocheokgyo 

SA24 Hand SA59 Mastitis milk 

SA25 Cart handle SA60 Mastitis milk 

SA26 Elevator button SA61 Mastitis milk 

SA27 Bus handle SA62 Mastitis milk 

SA28 ATM button SA90 Chicken feces 

SA29 Sewage SA91 Dog feces 

SA30 Sewage sludge SA92 Turkey feces 

SA31 Milk cow feces SA93 Goose feces 

SA32 Milk cow feces SA94 Chicken feces 

SA33 Quail feces SA95 Chicken feather 

SA34 Chicken feces SA96 Pig feces 

SA35 Sewage in the farm SA97 Skin 

SA36 Soil in the pigsty shed SA98 Quail feces 

 

  



２４ 

 

II-2-3. Bacterial challenge assay 

Fifty milliliters of TSB broth containing 10 mM CaCl2 (final 

concentration) was sub-inoculated with S. aureus RN4220 (1%), and the culture 

was aerobically incubated at 37°C until it reached the early exponential growth 

phase (OD600 = 0.34 at 600 nm wavelength). The culture was then infected with the 

phage at a MOI of 1. The OD600 was measured each hour after phage infection for 

15 h (Lee et al. 2016). All experiments were performed in triplicate. 

 

II-2-4. Bacteriophage host range determination  

The bacterial strains listed in Table 2.1 were incubated overnight at 37°C. 

Each bacterial culture was added (1%) to 5 mL of the 0.4% TSA soft molten agar 

and overlaid on TSA agar plates. Subsequently, the phage-containing diluted 

lysates were spotted onto the prepared plate and incubated at 37°C. After 

incubation, the clarity of the plaques was determined.  

 

II-2-5. Transmission electron microscopy (TEM) 

Morphological analysis of the phages SA12 and SA97 were performed 

with TEM. Each phage suspension was placed on a carbon-coated copper grid and 

negatively stained with 2% uranyl-acetate (pH 4.0). The sample was examined 

under an energy-filtering transmission electron microscope at an operating voltage 
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of 120 kV (Lee et al. 2016). Phages were identified and classified according to the 

guidelines of the International Committee on Taxonomy of Viruses (Rodhain 1995).  

 

II-2-6. Receptor analysis 

S. aureus RN4220, a strain free of prophages, restriction-modification 

mechanisms and capsules (Wann et al. 1999), was used in this study (Table 2.1). 

The ΔtagO/RN4220 knockout mutant, which is deficient in the peptidoglycan-

anchored wall teichoic acid (WTA), and its complementation strain 

ΔtagO/RN4220::pBR474-tagO, constructed by sub-cloning the tagO into an 

Escherichia coli-S. aureus shuttle expression vector, were obtained from Oku et al 

(Oku et al. 2009). To examine the phage receptor, the spotting assays with the wild 

type, mutant, and complementation strain were conducted.  

 

II-2-7. Adsorption assay 

The phage adsorption ability was assayed as previously described (Yoon 

et al. 2013). Overnight cultures of the bacterial strains were diluted 1:100 in TSB 

and incubated until the OD600 reached 2.0. One milliliter of the strain culture was 

diluted 10-fold in fresh TSB, and the phage was added to the each diluted culture at 

an MOI of 0.01. The cultures were incubated at 37°C for 10 min. A sample was 

collected immediately after reaction and 10 min after incubation for each culture 

and immediately centrifuged at 14,000 x g and 4°C for 1 min. The samples were 
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then filtered using 0.22-μm filters. Subsequently, the supernatants were serially 

diluted and overlaid on TSA plates to determine the titers of unabsorbed phages. 

All the experiments were performed in triplicate.  

 

II-2-8. One-step growth curve assay 

One-step growth curve analysis was performed as previously described 

(Lu et al. 2003). Briefly, phage was mixed with S. aureus RN4220 (1%) in its early 

exponential growth phase (OD600 = 0.34 at 600 nm wavelength) at MOI of 0.001 in 

the presence of 10 mM CaCl2 (final concentration) and allowed to adsorb for 10 

min at room temperature, then it was centrifuged at 6000 x g for 10 min. The pellet 

containing infected cells was suspended in 50 mL of fresh TSB liquid medium and 

incubated at 37°C with aeration. Two sets of samples were taken every 5 min up to 

1 h. To release the intracellular phages, CHCl3 was added to one of them, and the 

eclipse period was determined. Subsequently, each sample was immediately 

tittered by the double-layer agar plate method and latent period, eclipse period and 

burst size were calculated. All the experiments were performed in triplicate. 

 

II-2-9. Bacteriophage genomic DNA purification 

Bacteriophage genomic DNA was purified as previously described 

(Wilcox et al. 1996). Prior to purification, the phage lysate was treated with DNase 

and RNaseA at 37°C for 1 h to remove bacterial DNA and RNA contamination, 
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respectively. The phage lysate was then treated with lysis buffer containing 0.1 M 

of EDTA, 10 mg/mL of proteinase K and 1% of sodium dodecyl sulfate (SDS) for 

15 min at 65°C. Finally, ethanol precipitation was performed, followed by phenol-

chloroform DNA purification.  

 

II-2-10. Full-genome sequencing and bioinformatics analysis 

The extracted phage genomic DNA was sequenced with a Genome 

Sequencer FLX titanium sequencer (Roche, Mannheim, Germany) and assembled 

with the GS de novo assembler software (Roche) at Macrogen Inc., South Korea. 

Open reading frames (ORFs) were predicted using the FGENESB, Glimmer v3.02 

(Delcher et al. 2007) and GeneMark.hmm (Lukashin and Borodovsky 1998) 

software packages. The ORFs were annotated using the InterProScan (Ziedaite et al. 

2005) and BLASTP (Altschul et al. 1997) programs. Comparative genomic 

analysis of the phage SA97 with other phietalikevirus Subgroup2 phages and 

visualization were conducted with BLASTN (Altschul et al. 1990) and ACT12 

(Carver et al. 2008).  

The complete genome sequence of S. aureus phages SA12 and SA97 were 

deposited in GenBank under accession number of KC677663 and KJ716334, 

respectively.  
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II-2-11. Lysogen formation 

To evaluate the ability of the phage to form lysogens, the phage-resistant 

bacteria were isolated after phage infection, and the phage-resistant strains grown 

to exponential phase were induced with mitomycin C at a final concentration of 0.5 

μg/mL and centrifuged for 5 min at 10,000 x g after incubation at 37°C. The 

supernatants were filtered using 0.22-μm filter and spotted onto S. aureus overlay.  

 

II-2-12. Determination of the frequency of the bacteriophage-insensitive 

mutants (BIMs) 

The frequency of the BIMs was determined as previously described 

(Garcia et al. 2007). Phage was mixed with S. aureus (109 CFU/mL) cell 

suspension containing 10 mM of CaCl2 (final concentration) with a MOI of 100. 

After incubation at 37°C for 10 min, serial dilutions of the mixtures were plated. 

The BIMs frequency was determined by dividing remaining viable counts by the 

initial viable counts. All the experiments were performed in triplicate.  

 

II-2-13. Transduction assay 

A transduction assay was performed to determine the ability of phage to 

induce horizontal gene transfer between the host bacteria cell and the phage. Donor 

phage lysate was prepared by infecting the phage to the host bacteria containing the 

erythromycin antibiotic-resistant cassette (ΔypfP::erm, the glycolipid-deficient 
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mutant) obtained by Oku et al. (Oku et al. 2009). After infection, the culture was 

incubated in TSB for 8 h at 37°C. After incubation, the culture was treated with 

chloroform, and the supernatant lysate was harvested. To determine the ability of 

the phage to transduce host bacteria, supernatant phage lysate was added to the 

recipient host bacteria culture (S. aureus RN4220, 1010 CFU/mL) at a MOI of 10 

and the culture was incubated for 15 min at 37°C. TSB containing ethylene glycol 

tetraacetic acid (EGTA) was added to the culture (final concentration of 20 mM) to 

stop the reaction. After incubation for 20 min under the same conditions, the 

phage-infected bacterial cells were harvested, spread on TSA agar plate containing 

erythromycin and incubated at 37°C. All the experiments were performed in 

triplicate, and the transduction frequencies were calculated as the quotient of the 

number of transductants divided by the number of input PFU per plate (Welker 

1988).  

 

II-2-14. Food application 

Pasteurized whole milk purchased at a local market (Seoul, South Korea) 

was inoculated with S. aureus RN4220 at 105 CFU/mL and incubated at 4°C and 

25°C, respectively, for 1 h prior to the addition of the phage. The phage was mixed 

with S. aureus-contaminated milk (5 mL) at a MOI of 104. The mixture was 

incubated in static state at 4°C and 25°C for up to 48 h, respectively. The number 

of viable cells were enumerated at 3, 6, 12, 24 and 48 h time points using the 

standard serial dilution and viable cell counting method. All of the tests were 
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conducted in triplicate. Statistical analysis was conducted using the GraphPad 

Prism program (version 5.01). The data was presented as mean ± standard 

deviation. All results were analyzed by Student’s unpaired t test. P value < 0.05 

was considered statistically significant.  
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II-3. Results and Discussion 

 

II-3-1. Isolation of bacteriophages and their bacterial challenge assay 

Seventy bacteriophages targeting S. aureus were newly isolated from 

various environmental samples and those were presented in Table 2.2.  

Bacterial growth inhibition activities were examined in the presence of the 

each phage (Fig. 2.1). The growth inhibition of S. aureus RN4220 by the most of 

the phages persisted for up to 3 to 7 h after infection with MOI of 1. The phage 

SA12 could completely inhibit S. aureus RN4220 up to 9 h, indicating that the host 

lysis activity of phage SA12 is relatively high. Also, the growth inhibition of S. 

aureus by the phage SA97 persisted for up to 10 h after infection with MOI of 1. 

SA97 showed a longer inhibitory effect than most other S. aureus phages those 

were newly isolated. Also, it showed longer growth inhibition effect than the 

phages such as CS1, DW2 (O'Flaherty et al. 2005a) and SAH-1 (Han et al. 2013), 

all of which showed only 3 h of growth inhibition. These results demonstrate that 

SA97 possess strong bacteriolytic activity, which is essential in phage therapy.  
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Fig. 2.1. Inhibition assays of S. aureus RN4220 with each phage. ●, control 

group without phage; ■, ▲, ▼, ◆, ○, □, △, ▽, ◇, x, +, experimental groups 

with each phage (MOI of 1). The data shown are the mean values from three 

independent measurements and the error bars represent the standard deviations.  
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II-3-2. Host range determination 

The host specificities of the 70 isolated phages were determined using 13 

S. aureus strains and several other strains of both Gram-positive and Gram-

negative bacteria as shown in Table 2.3. Host range test of the phage SA12 

indicated that it inhibits the growth of a limited number of S. aureus strains, 

including MRSA, and one S. epidermidis strain, suggesting that it is a unique phage 

that inhibits the growth of both S. aureus and S. epidermidis host strain. The phage 

SA97 exhibited the broadest host range among the newly isolated phages, albeit 

limited to S. aureus strains. Five out of nine S. aureus type strains and all four S. 

aureus local isolates tested were sensitive to SA97. It is interesting to note that six 

of these nine sensitive strains were isolated in Korea, indicating that SA97 phage 

may be more effective for controlling S. aureus strains isolated in Korea. Moreover, 

SA97 is the only phage that inhibited the growth of the S. aureus clinical isolate, 

and only clear plaques were shown by its infection. None of the 70 phages could 

lyse other bacterial species, including Enterococcus faecalis ATCC 29212, Bacillus 

cereus ATCC 14579, Bacillus subtilis ATCC 23857, Listeria monocytogenes ATCC 

19114, Salmonella Typhimurium SL1344, Escherichia coli ATCC 35150, 

Cronobacter sakazakii ATCC 29544 and Pseudomonas aeruginosa ATCC 27853.  

 



３４ 

 

Table 2.3. The host range of 70 phages 

Bacterial strain SA1 SA2 SA3 SA4 SA5 SA6 SA7 SA8 SA9 SA10 SA12 SA13 SA14 SA15 SA16 SA17 SA18 SA19 

Staphylococcus strains 
 

    
               

S. aureus food isolate 1 (from vegetable) T T T T I T T I T T C I T T I T C - 

S. aureus food isolate 2 (from beef) I I - - I - - I - - - I I I I I I - 

S. aureus food isolate 3 (from pork) I I - - I C C C C C C I C C C C C - 

S. aureus clinical isolate - - - - - I - - I - - - - - - - - - 

S. aureus ATCC 6538 I C - - C C C - C - - T C C C - - C 

S. aureus ATCC 12600 I I - - - - - I - - - C - - - - - - 

S. aureus ATCC 23235 - - - - - C - - C - - T - - C - - - 

S. aureus ATCC 29213 C C T C C C T C C C C T C C C T T T 

S. aureus ATCC 33593 I I - - I - - I - - - - I I I I I - 

S. aureus RN4220 C C C C C C C C C T C C C C C C C C 

S. aureus Newman C C - - C - C - - - - C - - C - - - 

MRSA CCARM 3089 C C C C C C C C C C C C C C C C C C 

MRSA CCARM 3090 - C - - C C C - C - - C - - - - - - 

S. epidermidis ATCC 35983 - - - - - - - - - - C - - - - - - - 

Other Gram-positive bacteria       
               

E. faecalis ATCC 29212 - - - - - - - - - - - - - - - - - - 

B. cereus ATCC 14579 - - - - - - - - - - - - - - - - - - 

B. subtilis ATCC 23857 - - - - - - - - - - - - - - - - - - 

L. monocytogenes ATCC 19114 - - - - - - - - - - - - - - - - - - 

Gram-negative bacteria       
               

S. Typhimurium SL1344 - - - - - - - - - - - - - - - - - - 

E. coli O157:H7 ATCC 35150 - - - - - - - - - - - - - - - - - - 

C. sakazakii ATCC 29544 - - - - - - - - - - - - - - - - - - 

P. aeruginosa ATCC 27853 - - - - - - - - - - - - - - - - - - 

* C, clear plaques; T, turbid plaques; -, no plaque.
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Table 2.3. (continued) 
                  

Bacterial strain SA20 SA21 SA22 SA23 SA24 SA25 SA26 SA27 SA28 SA29 SA30 SA31 SA32 SA33 SA34 SA35 SA36 SA37 

Staphylococcus strains 
 

    
               

S. aureus food isolate 1 (from vegetable) C - - T T T C T T C T - T I I I - - 

S. aureus food isolate 2 (from beef) I - - - - C - - - C C - - - - - T T 

S. aureus food isolate 3 (from pork) - - - C C I I - - - - - - - - - - - 

S. aureus clinical isolate - - - - - - - - - - - - - - - - - - 

S. aureus ATCC 6538 C C C C C - I - C - C - C C C C - C 

S. aureus ATCC 12600 - - - - - - - - - - - - - - - - - - 

S. aureus ATCC 23235 - - - - I - - - C - - - - - - - - - 

S. aureus ATCC 29213 C T T C C C C C C T T T T T T T T T 

S. aureus ATCC 33593 - - - - - - - - - - - - - - - - I - 

S. aureus RN4220 T C C C C T C C C C C C C C C C C C 

S. aureus Newman C - - - - - - - C - - - - - - - - - 

MRSA CCARM 3089 C C C C C C C C C C C C C C C C C C 

MRSA CCARM 3090 C - - - - - - - C - - - - - - - - - 

S. epidermidis ATCC 35983 - - - - - - - - - - - - - - - - - - 

Other Gram-positive bacteria       
               

E. faecalis ATCC 29212 - - - - - - - - - - - - - - - - - - 

B. cereus ATCC 14579 - - - - - - - - - - - - - - - - - - 

B. subtilis ATCC 23857 - - - - - - - - - - - - - - - - - - 

L. monocytogenes ATCC 19114 - - - - - - - - - - - - - - - - - - 

Gram-negative bacteria       
               

S. Typhimurium SL1344 - - - - - - - - - - - - - - - - - - 

E. coli O157:H7 ATCC 35150 - - - - - - - - - - - - - - - - - - 

C. sakazakii ATCC 29544 - - - - - - - - - - - - - - - - - - 

P. aeruginosa ATCC 27853 - - - - - - - - - - - - - - - - - - 

* C, clear plaques; T, turbid plaques; -, no plaque.
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Table 2.3. (continued) 

Bacterial strain SA38 SA39 SA40 SA41 SA42 SA43 SA44 SA45 SA46 SA47 SA48 SA49 SA50 SA51 SA52 SA53 SA54 SA38 

Staphylococcus strains 
 

    
               

S. aureus food isolate 1 (from vegetable) - T T I I - - - T T C C T T T T T - 

S. aureus food isolate 2 (from beef) C - - - - T T - I I - - - C - - - C 

S. aureus food isolate 3 (from pork) - - - - - - - - - I - - - - - - - - 

S. aureus clinical isolate - - - - - - - - - - - - - - - - - - 

S. aureus ATCC 6538 C I - - C C C C C - C C C - C C C C 

S. aureus ATCC 12600 - - - - - - - - - - - - - - - - - - 

S. aureus ATCC 23235 C - - - - - - - C - - - - - - - - C 

S. aureus ATCC 29213 T T T T T T T T T T T T C C T C C T 

S. aureus ATCC 33593 - - - - - - - - - - - - - - - - - - 

S. aureus RN4220 C C C C C T C C C C T T C C T T C C 

S. aureus Newman C - - - C - - - C - - - - - - - - C 

MRSA CCARM 3089 C C C C C C C C C C C C C C C C C C 

MRSA CCARM 3090 C - - - C C - - C - - - - - - - - C 

S. epidermidis ATCC 35983 - - - - - - - - - - - - - - - - - - 

Other Gram-positive bacteria       
               

E. faecalis ATCC 29212 - - - - - - - - - - - - - - - - - - 

B. cereus ATCC 14579 - - - - - - - - - - - - - - - - - - 

B. subtilis ATCC 23857 - - - - - - - - - - - - - - - - - - 

L. monocytogenes ATCC 19114 - - - - - - - - - - - - - - - - - - 

Gram-negative bacteria       
               

S. Typhimurium SL1344 - - - - - - - - - - - - - - - - - - 

E. coli O157:H7 ATCC 35150 - - - - - - - - - - - - - - - - - - 

C. sakazakii ATCC 29544 - - - - - - - - - - - - - - - - - - 

P. aeruginosa ATCC 27853 - - - - - - - - - - - - - - - - - - 

* C, clear plaques; T, turbid plaques; -, no plaque.
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Table 2.3. (continued) 

Bacterial strain SA55 SA56 SA57 SA58 SA59 SA60 SA61 SA62 SA90 SA91 SA92 SA93 SA94 SA95 SA96 SA97 SA98 SA55 

Staphylococcus strains 
 

    
               

S. aureus food isolate 1 (from vegetable) C T T - I I I T C T - C C - C C T C 

S. aureus food isolate 2 (from beef) I T T T T - T - - C - - - C T C - I 

S. aureus food isolate 3 (from pork) - - - - - - - - - - C - - - T C C - 

S. aureus clinical isolate - - - - - - - - - - - - - - - C - - 

S. aureus ATCC 6538 C C C C C C C C - C C - - - - - C C 

S. aureus ATCC 12600 - - - - - - - - - - - - - - - - - - 

S. aureus ATCC 23235 - - - - - - - - C C C - - - - - C - 

S. aureus ATCC 29213 T C C T T T T T T T T T T T T C C T 

S. aureus ATCC 33593 - - - - - - - - - - - - - - - C - - 

S. aureus RN4220 C C C C C C C C C C C C C T C C C C 

S. aureus Newman - - - - - - - - C C C C - - - - C - 

MRSA CCARM 3089 C C C C C C C C C - C C C - - C C C 

MRSA CCARM 3090 - - - - - - - - - - C - C - - C - - 

S. epidermidis ATCC 35983 - - - - - - - - - - - - - - - - - - 

Other Gram-positive bacteria       
               

E. faecalis ATCC 29212 - - - - - - - - - - - - - - - - - - 

B. cereus ATCC 14579 - - - - - - - - - - - - - - - - - - 

B. subtilis ATCC 23857 - - - - - - - - - - - - - - - - - - 

L. monocytogenes ATCC 19114 - - - - - - - - - - - - - - - - - - 

Gram-negative bacteria       
               

S. Typhimurium SL1344 - - - - - - - - - - - - - - - - - - 

E. coli O157:H7 ATCC 35150 - - - - - - - - - - - - - - - - - - 

C. sakazakii ATCC 29544 - - - - - - - - - - - - - - - - - - 

P. aeruginosa ATCC 27853 - - - - - - - - - - - - - - - - - - 

* C, clear plaques; T, turbid plaques; -, no plaque.
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II-3-3. Morphological analysis  

Morphological observation by TEM revealed that the phage SA12 has a 

175 ± 8 nm (n = 5) noncontractile tail and a 55 ± 2 nm (n = 5) capsid. For the 

phage SA97, it had an icosahedral capsid (63 ± 2 nm, n = 5) with a long, flexible 

and non-contractile tail (171 ± 6 nm, n = 5), indicating that these phages belong to 

the Siphoviridae family (Fig. 2.2). The baseplate structure of both of the phages 

SA12 and SA97 consist of multiple disc baseplates and similar to those of phages 

StB12, StB27 and StB20 (Deghorain et al. 2012). However, the tail of the phages 

SA12 and SA97 were shorter than those of the above-mentioned phages (206 nm 

for StB12, 213 nm for StB27, and 250 nm for StB20) (Deghorain et al. 2012). 

According to Xia and Wolz (Xia and Wolz 2014), phages SA12 and SA97 

belonged to serogroup B, which contain phages with a tail length of less than 200 

nm.  
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Fig. 2.2. Transmission electron micrograph of the phages. Both (A) SA12 and 

(B) SA97 phages belong to the Siphoviridae family. The phages were negatively 

stained with 2% uranyl acetate and observed using TEM JEM-2100 (JEOL, Tokyo, 

Japan) at 200 kV. The scale bar represents 100 nm.  
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II-3-4. Receptor analysis 

Previously, the only one host receptor of S. aureus phages has been 

identified as a peptidoglycan-anchored wall teichoic acid (WTA). Xia et al. (Xia et 

al. 2011) demonstrated that WTA is required for siphovirus and myovirus infection 

of S. aureus; thus, a ΔtagO mutant of S. aureus (RN4220ΔtagO) (Oku et al. 2009) 

was tested (Fig. 2.3). The RN4220ΔtagO strain presented high resistant to phage 

SA12 and SA97. However, the phage sensitivity was recovered by complementing 

the strain with tagO (Park et al. 2010) (Fig. 2.3). Moreover, the phage adsorption 

assay of the phage SA97 also showed that phage adsorption was severely reduced 

in the RN4220ΔtagO strain (Fig. 2.4). All these results indicated that the host 

receptor of the phages SA12 and SA97 is peptidoglycan-anchored WTA.  
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Fig. 2.3. WTA-dependent infection of S. aureus phages SA12 and SA97. The 

phages (A) SA12 and (B) SA97 were spotted onto lawns of wild-type RN4220 

(WT), ΔtagO mutant (ΔtagO), and tagO-complemented (ΔtagO pBR474:: ΔtagO) 

strains. Plaque formation indicates successful adsorption and infection by the 

phages.  
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Fig. 2.4. WTA-dependent adsorption ability of S. aureus phage SA97. The 

adsorption efficiency relative to the adsorption to wild-type strain RN4220, which 

was set to 100%, is indicated. The data shown are the mean values from three 

independent measurements and the error bars represent the standard deviations.  
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II-3-5. Genomic analysis 

II-3-5-1. Phage SA12 genomic analysis 

The complete genome sequence analysis of phage SA12 revealed that the 

DNA genome was 42,902 bp in length (GC content of 34.54%) with 58 predicted 

ORFs and no tRNA (Fig. 2.5). The average length of the ORFs is 686 bp, and the 

gene coding percentage is 92.7%. Annotation and functional analysis of the 

predicted ORFs revealed five functional groups: structure (portal protein, major 

capsid protein, head morphogenesis protein, head-tail connector protein, major and 

minor tail proteins, tape measure protein, minor structure proteins, and tail fiber 

protein), DNA manipulation (recombinase, ssDNA-binding protein, 

endodeoxyribonuclease, dUTP diphosphatase, and integrase), regulation 

(transcriptional activators RinAB, CI-like and Cro-like repressors, and anti-

repressor), host lysis (endo-β-N-acetylglucosaminidase, holin, and endolysin), and 

packaging (terminase small/large subunits) (Table 2.4).  

The structural genes encode head proteins, tail proteins, and head-tail 

connection proteins, indicating that this phage genome encodes most proteins 

required for the phage assembly. While head proteins such as major capsid protein 

(SA12_029) and head morphogenesis protein (SA12_026) may be functionally 

similar, they contain different conserved protein domains, phage_capsid (PF05065) 

and phage_Mu_F (PF04233), respectively. The phage_Mu_F domain was first 

identified in Bacillus subtilis phage SPP1, and may be involved in phage head 

morphogenesis as a minor capsid protein (Becker et al. 1997). Therefore, these two 
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genes most likely work together for phage head construction. The annotation data 

revealed that the tail gene cluster of this phage (SA12_035-047) encodes major and 

minor tail proteins (SA12_035 and SA12_039, respectively) as well as tail fiber 

protein (SA12_047), supported by minor structural proteins (SA12_040-041) and 

tape measure protein (SA12_038), indicating complete composition of phage tail 

proteins. While the major tail protein has a typical tail protein domain, 

phgtail_TP901-1 (PF06199) from Lactococcus lactis phage TP901-1, the minor tail 

protein has a Sipho_tail protein domain (PF05709), partially supporting the idea 

that this phage belongs to the Siphoviridae family. Interestingly, endo-β-

acetylglucosaminidase or tail-associated cell wall hydrolase (SA12_046) may be a 

component of the phage tail, which possesses putative lysis activity of host 

peptidoglycan (PF01832), although, the protein is classified into the host lysis 

category in Table 2.4. Tail fiber protein (SA12_047) is generally involved in the 

host specificity by interaction with host receptor (Steven et al. 1988). The receptor 

study of phage SA12 demonstrated that the WTA of S. aureus was a specific target 

of phage SA12, suggesting that the tail fiber of phage SA12 most likely interacts 

with the WTA of S. aureus (Fig. 2.3). Interestingly, this protein contains a collagen 

protein domain (PF01391) and is highly conserved, similar to the other tail fiber 

proteins in S. aureus phages (Christie et al. 2010), suggesting that the structure of 

the tail fiber protein in S. aureus phages may be similar to the collagen helix 

structure. To complete phage assembly, the phage head and tail should be linked to 

each other. The portal protein (SA12_025) and head-tail connector protein 

(SA12_031) may play roles in this linkage between the head and the tail (Guasch et 
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al. 1998). These linkage proteins are highly similar to those of B. subtilis phage 

SPP1, suggesting that the phage minor head and head-tail connector proteins may 

be derived from a common origin.  

The DNA manipulation and packaging category proteins are functionally 

related to phage genome replication and its packaging. RecT family recombinase 

(SA12_007), ssDNA-binding protein (SA12_009), integrase (SA12_052), and 

endodeoxyribonuclease RusA (SA12_012) may be involved in phage genome 

replication. After replication of phage genomic DNA, terminase large and small 

subunit proteins (SA12_023-024) may precisely cut phage genomic DNA for its 

packaging into the phage head (Black 1989). 

The host lysis gene cluster in phage SA12 encodes endolysin (SA12_050), 

holin (SA12_049), and endo-β-N-acetylglucosaminidase (SA12_046). An 

InterProScan analysis of the endolysin revealed three protein domains: the CHAP 

(PF05257) (Bateman and Rawlings 2003), amidase_2 (PF01510), and SH3 

domains (PF08460). Though the CHAP and amidase domains are related to 

peptidase or amidase activity for host lysis, interestingly, the SH3 domain may be 

involved in host cell wall binding, most likely the specific localization of endolysin 

before host lysis. For host lysis just before phage burst-out, holin generally creates 

holes in the host inner membrane to expose the peptidoglycan layer to endolysin. 

This holing contains a protein domain, the phage_holin_1 domain (PF04531) 

containing a transmembrane region. This transmembrane region may be involved 

in the transfer of this holing to the inner membrane before creating holes (Young 

and Bläsi 1995). As previously described, whereas endo-β-N-
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acetylglucosaminidase (or tail-associated cell wall hydrolase) may be one of the 

components for phage tail, the protein belongs to the host lysis category due to its 

host lysis activity.  

In the regulation category, putative regulatory proteins may be involved in 

local control of gene expression for DNA manipulation. The phage genome has two 

transcriptional activators, RinA and RinB. These proteins may be related to the 

control of packaging and structure reconstruction (Ye and Lee 1993). Interestingly, 

this phage genome contains CI-like and Cro-like repressor as well as an 

antirepressor (Ptashne et al. 1976). These proteins are known to be generally 

involved in determination of the lytic/lysogenic cycle (Schubert et al. 2007). 

However, a few genes encoding CII and other termination factors, such as N and Q, 

are missing in this lytic/lysogenic cycle determination gene cluster, most likely due 

to insufficient information on S. aureus-targeting phage genomes in the sequence 

databases. The Phage Classification Tool Set (PHACTS) analysis of phage SA12 

indicated that it is a temperate phage (data not shown) (McNair et al. 2012). 
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Fig. 2.5. Genome map of S. aureus phage SA12. The direction of arrows indicates the direction of each gene. The color of each gene refers to 

the functional groups such as structure (yellow), DNA manipulation (green), packaging (purple), host lysis (red), and regulation (blue).  
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Table 2.4. Functional categories of predicted ORFs in phage SA12 

Group Subgroup Locus_taga Function BLASTP best match Identity (%)b Accession no.c 

Structure Head SA12_029 major capsid protein 
Phage major capsid protein 
[Staphylococcus aureus subsp. aureus IS-125] 

323/324 (99) ZP_13425340.1 

  SA12_026 head morphogenesis protein 
Phage head morphogenesis protein 
[Staphylococcus aureus subsp. aureus JH9] 

329/331 (99) YP_001246266.1 

 Tail SA12_035 major tail protein 
phage major tail protein, TP901-1 family 
[Staphylococcus aureus subsp. aureus CIG1150] 

192/193 (99) ZP_13440311.1 

  SA12_038 tape measure protein 
Tape measure protein 
[Staphylococcus phage phiMR25] 

1133/1154 (99) YP_001949854.1 

  SA12_039 putative minor tail protein 
putative minor tail protein 
[Staphylococcus phage TEM123] 

309/315 (98) YP_006382275.1 

  SA12_040 putative minor structural protein 1 
phage minor structural protein, N-terminal domain protein 
[Staphylococcus aureus subsp. aureus 21201] 

614/633 (97) ZP_12538290.1 

  SA12_041 putative minor structural protein 2 
putative minor structural protein 
[Staphylococcus aureus subsp. aureus CIG1605] 

635/636 (100) ZP_13146026.1 

  SA12_046 endo-beta-N-acetylglucosaminidase 
mannosyl-glycoprotein endo-beta-N-acetylglucosaminidase  
[Staphylococcus aureus subsp. aureus DSM 20231] 

630/632 (99) ZP_20913974.1 

  SA12_047 tail fiber protein 
phage tail fiber 
[Staphylococcus aureus subsp. aureus CGS00] 

390/390 (100) ZP_11449784.1 

 Head-tail SA12_031 head-tail connector protein 
phage gp6-like head-tail connector family protein 
[Staphylococcus aureus subsp. aureus CIG1057] 

109/110 (99) ZP_13448453.1 

DNA manipulation  SA12_007 RecT family recombinase 
phage RecT family recombinase 
[Staphylococcus aureus M0108] 

305/306 (99) ENI85810.1 

  SA12_052 putative integrase No significant similarity found.   

  SA12_054 cI-like repressor 
cI-like repressor 
[Staphylococcus phage 11] 

238/239 (99) NP_803258.1 

  SA12_055 cro-like repressor 
cro-like repressor 
[Staphylococcus phage 11] 

72/72 (100) NP_803259.1 

  SA12_057 anti-repressor 
anti-repressor 
[Staphylococcus phage 11] 

261/263 (99) NP_803260.1 

Regulation  SA12_009 single-stranded DNA-binding protein 
single-stranded DNA-binding protein 
[Staphylococcus aureus A8796] 

156/156 (100) ZP_06930763.1 

  SA12_010 putative regulatory protein 
phage regulatory protein 
[Staphylococcus aureus A8796] 

294/295 (99) ZP_06930762.1 

  SA12_012 endodeoxyribonuclease RusA family protein crossover junction endodeoxyribonuclease RusA  134/134 (100) ZP_13201566.1 
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[Staphylococcus aureus subsp. aureus IS-3] 

  SA12_018 dUTP diphosphatase 
dUTP diphosphatase  
[Staphylococcus aureus subsp. aureus IS-3] 

177/178 (99) ZP_13201575.1 

  SA12_022 transcriptional activator RinA 
phage transcriptional regulator, RinA family protein  
[Staphylococcus aureus subsp. aureus CIG2018] 

139/140 (99) ZP_13479235.1 

  SA12_020 transcriptional activator RinB 
transcriptional activator RinB 
[Staphylococcus aureus A9781] 

57/57 (100) ZP_05642402.1 

Packaging  SA12_023 terminase small subunit 
phage terminase small subunit 
[Staphylococcus aureus subsp. aureus D139] 

146/146 (100) ZP_06324936.1 

  SA12_024 terminase large subunit 
PBSX family phage terminase, large subunit 
[Staphylococcus aureus A9719] 

425/425 (100) ZP_05683726.1 

  SA12_025 portal protein 
SPP1 family phage portal protein 
[Staphylococcus aureus M0329] 

512/512 (100) ENJ65982.1 

Host lysis  SA12_049 holin 
holin, phage phi LC3 family protein  
[Staphylococcus aureus subsp. aureus CGS00] 

145/145 (100) ZP_11449782.1 

  SA12_050 endolysin 
Endolysin 
[Staphylococcus phage phiSauS-IPLA88] 

472/481 (98) YP_002332536.1 

a Each predicted ORFs of phage SA12 was labled with locus_tag. 
b Identities were calculated between amino acid sequences. 
c GenBank accession numbers.
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II-3-5-2. Bacteriophage SA97 genomic analysis 

The phage SA97 genome was sequenced and analyzed. The complete 

genome sequence of the phage SA97 revealed that the genome consists of 40,592 

bp with a GC content of 34.25% encoding 54 predicted ORFs and not tRNA genes 

(Fig. 2.6).  

The functional analysis of the predicted ORFs revealed that they can be 

classified into five functional groups: phage structure (major capsid protein, head 

morphogenesis protein, head-tail connector protein, major and minor tail proteins, 

tape measure protein, minor structure proteins, tail fiber protein and endo-β-N-

acetylglucosaminidase), packaging (portal protein and terminase small/large 

subunits), host lysis (holin and endolysin), DNA regulation (single-stranded DNA-

binding protein, dUTP diphosphatase, transcriptional activators RinAB and 

transcriptional regulators) and lysis/lysogeny module (integrase and antirepressor) 

(Table 2.5).  

Interestingly, three genes in the category of host lysis may be responsible 

for the host lysis activity of phage SA97. Holin (SA97_035) is generally known to 

create a hole in the host inner membrane to expose the host peptidoglycan layer to 

endolysin. Endolysin (SA97_036) may then lyse the host peptidoglycan to allow 

phage burst-out. In general, Gram positive endolysins form in a modular structure, 

consisting of enzymatically active domains (EADs) and a cell wall binding domain 

(CBD) (Loessner 2005) which leads the enzyme specifically to the substrate 

bacterial peptidoglycan. The BLASTP analysis of endolysin revealed two major 

protein domains containing CHAP (PF05257) and amidase_3 (PF01520), which 
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may be involved in host lysis via the activities of endopeptidase and amidase. 

However, a host cell wall-binding domain (e.g., SH3 domain) was not detected, 

suggesting that this phage endolysin may contain a new type of CBD. Endo-β-N-

acetylglucosaminidase (SA97_032), which is known as a tail-associated cell wall 

hydrolase, may degrade the peptidoglycan of the bacterial cell wall during infection 

(Rodriguez-Rubio et al. 2013). 

A few putative genes associated with lysogen formation [antirepressor 

(SA97_045) and integrase (SA97_040)] were detected in the category of DNA 

manipulation and regulation; however, the major components of the lytic/lysogenic 

decision gene cluster, cI- or cro-like repressors, were missing. 

A phylogenetic analysis of the terminase large subunits in the 

staphylococcal bacteriophages, including phage SA97, was performed (Fig. 2.7). 

According to a previous study (Gutierrez et al. 2014). Siphovirus staphylococcal 

phages cluster into three groups: “3alikevirus”, “77likevirus” and “phietalikevirus”. 

“phietalikevirus” includes 31 staphylococcal phages, which are theoretically 

divided again into three subgroups based on DNA similarity. The terminase large 

subunit of phage SA97 is similar to those of phage 85 (Kwan et al. 2005) and 

phiMR25 (Hoshiba et al. 2010), so that SA97 could be classified into the 

phietalikevirus subgroup2 as shown in Fig. 2.7. Terminase large subunit of SA97 

(SA97_011) has a terminase_3 domain like B. subtilis phage SPP1, which is known 

to use the pac site for DNA packaging (Chai et al. 1992), suggesting the possibility 

that SA97 would also use a pac mechanism for packaging DNA. Moreover, the tail 

morphogenesis module of SA97 consists of the SGNH hydrolase superfamily 
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(SA97_026), tail protein (SA97_027), virion-associated peptidoglycan hydrolase 

(SA97_032) and tail fiber protein (SA97_033). The composition is the same as that 

of phages involved in “phietalikevirus subgroup 2” as analyzed by Gutierrez et al 

(Gutierrez et al. 2014). Additional comparative genomic analysis of the phage 

SA97 with phietalikevirus subgroup2 phages such as phage 85 and phage phiMR25 

(Fig. 2.8) revealed that DNA packaging and structure (heads and tails) gene 

clusters are highly conserved but the lysis/lysogeny control regions (Integrase, 

Repressor, Antirepressor and Cro-like protein) are not, suggesting that phage SA97 

may have distinctive lytic/lysogenic decision mechanism even though phage SA97 

is grouped in the phietalikevirus subgroup2 with phage 85 and phage phiMR25. 

The host cell lysis mechanism of SA97 is also expected to be different from those 

of phage 85 and phiMR25 because the endolysin and holing genes of SA97 differ 

from those of phage 85 and phiMR25.  
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Table 2.5. Functional categories of predicted ORFs in phage SA97 

Group Subgroup Locus_tag a Function BLASTP Best Match Identity (%) b Accession no. c 

packaging  SA97_010 terminase small subunit 
phage terminase small subunit [Staphylococcus 

aureus subsp. aureus JH1] 
164/164 (100) YP_001316047.1 

packaging  SA97_011 terminase large subunit 
PBSX family phage terminase large subunit 

[Staphylococcus aureus subsp. aureus JH9] 
431/431 (100) YP_001246264.1 

packaging  SA97_012 portal protein 
SPP1 family phage portal protein 

[Staphylococcus aureus subsp. aureus JH9] 
512/512 (100) YP_001246265.1 

structure head SA97_013 
head morphogenesis 

protein 

phage head morphogenesis protein 

[Staphylococcus aureus subsp. aureus JH9] 
331/331 (100) YP_001246266.1 

hypothetical  SA97_014 hypothetical protein 
hypothetical protein phiETA2_gp45 

[Staphylococcus phage phiETA2] 
56/56 (100) YP_001004305.1 

structure head SA97_015 capsid protein phage capsid protein [Staphylococcus aureus] 206/206 (100) WP_000392146.1 

structure head SA97_016 major capsid protein 
Phage major capsid protein [Staphylococcus 

aureus subsp. aureus DSM 20231] 
324/324 (100) WP_001836233.1 

hypothetical  SA97_017 hypothetical protein 
phage protein [Staphylococcus aureus subsp. 

aureus DSM 20231] 
95/95 (100) ELP28728.1 

structure head-tail SA97_018 head-tail adapter protein 
head-tail connector protein [Staphylococcus 

phage SA12] 
110/110 (100) YP_008241892.1 

hypothetical  SA97_019 hypothetical protein 

hypothetical protein NWMN_1023 

[Staphylococcus aureus subsp. aureus str. 

Newman] 

115/115 (100) YP_001332057.1 

structure head SA97_020 head protein 
hypothetical protein SAV0897 [Staphylococcus 

aureus subsp. aureus Mu50] 
127/127 (100) NP_371421.1 

structure tail SA97_021 major tail protein 
phage major tail protein [Staphylococcus phage 

phiNM] 
193/193 (100) YP_873998.1 

hypothetical  SA97_022 hypothetical protein hypothetical protein SaurJH9_0899 121/121 (100) YP_001246276.1 
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[Staphylococcus aureus subsp. aureus JH9] 

hypothetical  SA97_023 hypothetical protein 
hypothetical protein T874_02808, partial  

[Staphylococcus aureus SJOS6126] 
114/114 (100) EVG26589.1 

structure tail SA97_024 tape measure protein 

putative tape measure protein [Staphylococcus 

phage  

phiSauS-IPLA88] 

1130/1154 (98) YP_002332525.1 

structure tail SA97_025 
putative minor tail 

protein 

putative minor tail protein [Staphylococcus 

phage TEM123] 
314/315 (99) YP_ 006382275.1 

structure tail SA97_026 
prophage endopeptidase 

tail protein 

SGNH hydrolase superfamily [Staphylococcus 

aureus subsp. aureus 21283] 
632/632 (100) EHO98287.1 

structure tail SA97_027 
putative minor tail 

protein 
minor structural protein [Staphylococcus aureus] 635/636 (99) WP_000369023.1 

hypothetical  SA97_028 hypothetical protein 

hypothetical protein NWMN_0306 

[Staphylococcus aureus subsp. aureus str. 

Newman] 

607/607 (100) YP_001331340.1 

hypothetical  SA97_029 hypothetical protein 

SLT orf 129-like protein [Staphylococcus aureus 

subsp.  

aureus JH1] 

125/125 (100) YP_001316067.1 

hypothetical  SA97_030 hypothetical protein 

hypothetical protein SAP26_gp20 

[Staphylococcus  

phage SAP-26] 

57/57 (100) YP_003857088.1 

hypothetical  SA97_031 hypothetical protein 
hypothetical protein phiETA2_gp63  

[Staphylococcus phage phiETA2] 
99/99 (100) YP_001004323.1 

structure tail SA97_032 

mannosyl-glycoprotein 

endo-beta-N-

acetylglucosminidase 

mannosyl-glycoprotein endo-beta-N-

acetylglucosaminidase  

[Staphylococcus aureus subsp. aureus DSM 

20231] 

632/632 (100) WP_001836236.1 

structure tail SA97_033 putative tail fiber protein 
tail fiber [Staphylococcus aureus subsp. aureus 

JH1] 
412/412 (100) YP_001316071.1 
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hypothetical  SA97_034 hypothetical protein 

hypothetical protein SASA_03740 

[Staphylococcus aureus subsp. aureus DSM 

20231] 

131/131 (100) ELP28745.1 

host lysis  SA97_035 holin 
holin, SPP1 family [Staphylococcus aureus 

subsp. aureus 21267] 
91/91 (100) EZH90125.1 

host lysis  SA97_036 amidase 
CHAP domain-containing protein 

[Staphylococcus aureus subsp. aureus JH9] 
470/470 (100) YP_001246290.1 

hypothetical  SA97_037 hypothetical protein 
hypothetical protein SaurJH1_0932 

[Staphylococcus aureus subsp. aureus JH1] 
185/185 (100) YP_001316075.1 

hypothetical  SA97_038 hypothetical protein 

hypothetical protein SAOUHSC_02018  

[Staphylococcus aureus subsp. aureus NCTC 

8325] 

50/50 (100) YP_500515.1 

regulation  SA97_039 
putative transcriptional 

regulatory protein 

XRE family transcriptional regulator 

[Staphylococcus aureus] 
61/61 (100) WP_000382163.1 

lysis/lysogen

y 
 SA97_040 putative integrase 

integrase [Staphylococcus aureus subsp. aureus 

DSM 20231] 
349/349 (100) WP_001145725.1 

hypothetical  SA97_041 hypothetical protein 

hypothetical protein SAOUHSC_02087  

[Staphylococcus aureus subsp. aureus NCTC 

8325] 

301/301 (100) YP_500579.1 

hypothetical  SA97_042 hypothetical protein 
hypothetical protein phiETA2_gp04 

[Staphylococcus phage phiETA2] 
241/241 (100) YP_001004264.1 

hypothetical  SA97_043 hypothetical protein 
hypothetical protein SaurJH1_0868 

[Staphylococcus aureus subsp. aureus JH1] 
224/224 (100) YP_001316011.1 

regulation  SA97_044 
putative transcriptional 

regulator 

XRE family transcriptional regulator 

[Staphylococcus aureus] 
98/110 (89) WP_001055143.1 

lysis/lysogen

y 
 SA97_045 anti-repressor 

anti-repressor protein [Staphylococcus phage 

phiETA2] 
255/255 (100) YP_001004268.1 

hypothetical  SA97_046 hypothetical protein 
hypothetical protein WWS_01005  

[Staphylococcus aureus M1510] 
154/155 (99) ENN21654.1| 
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hypothetical  SA97_047 hypothetical protein 
hypothetical protein SAV0856 [Staphylococcus 

aureus subsp. aureus Mu50] 
74/74 (100) NP_371380.1 

hypothetical  SA97_048 hypothetical protein 
hypothetical protein phiETA2_gp10 

[Staphylococcus phage phiETA2] 
148/149 (99) YP_001004270.1 

hypothetical  SA97_049 hypothetical protein 
hypothetical protein phiETA3_gp11 

[Staphylococcus phage phiETA3] 
73/73 (100) YP_001004340.1 

hypothetical  SA97_050 hypothetical protein 
hypothetical protein SaurJH1_0876 

[Staphylococcus aureus subsp. aureus JH1] 
100/100 (100) YP_001316019.1 

hypothetical  SA97_051 hypothetical protein 

hypothetical protein SASA_03250 

[Staphylococcus aureus subsp. aureus DSM 

20231] 

86/86 (100) ELP28696.1 

hypothetical  SA97_052 hypothetical protein 
hypothetical protein phiSLTp16 [Staphylococcus 

phage phiSLT] 
177/178 (99) NP_075479.1 

regulation  SA97_053 
single-stranded DNA-

binding protein 1 

ssDNA-binding protein Staphylococcus aureus 

SA_ST125_MupR] 
216/216 (100) EPR23947.1 

regulation  SA97_054 
single-stranded DNA-

binding protein 2 

ssDNA-binding protein [Staphylococcus phage 

phiETA3] 
104/105 (99) YP_001004346.1 

hypothetical  SA97_001 hypothetical protein 
hypothetical protein U622_02779, partial  

[Staphylococcus aureus F53399] 
61/61 (100) EWV07862.1 

hypothetical  SA97_002 hypothetical protein 
hypothetical protein SaurJH9_0873 

[Staphylococcus aureus subsp. aureus JH9] 
101/101 (100) YP_001246250.1 

hypothetical  SA97_003 hypothetical protein 
hypothetical protein phiETA3_gp28  

[Staphylococcus phage phiETA3] 
118/118 (100) YP_001004357.1 

hypothetical  SA97_004 hypothetical protein 

hypothetical protein SASA_03390 

[Staphylococcus aureus subsp. aureus DSM 

20231] 

80/80 (100) ELP28710.1 

hypothetical  SA97_005 hypothetical protein phage protein [Staphylococcus aureus M0157] 110/110 (100) EUU37240.1 

regulation  SA97_006 dUTP diphosphatase 
dUTP diphosphatase [Staphylococcus aureus 

A9765] 
175/176 (99) WP_001797468.1 
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hypothetical  SA97_007 hypothetical protein 
hypothetical protein [Staphylococcus phage 

phiMR25] 
67/68 (99) YP_001949833.1 

regulation  SA97_008 
transcriptional activator 

RinB 

transcriptional activator RinB [Staphylococcus 

aureus subsp. aureus CM05] 
57/57 (100) WP_001657250.1 

regulation  SA97_009 
transcriptional activator 

RinA 

transcriptional activator RinA [Staphylococcus 

phage phiETA3] 
140/140 (100) YP_001004368.1 

a Each predicted ORFs of phage SA97 was labled with locus_tag. 
b Identities were calculated between amino acid sequences. 
c GenBank accession numbers. 
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Fig. 2.6. Genome map of S. aureus phage SA97. Representation of the ORF (ORF 1 to 54) organization of phage SA97. The predicted genes 

are indicated as arrows. Blue arrows, DNA regulation module; purple arrows, packaging module; yellow arrows, phage structural proteins; red 

arrows, host lysis proteins; green arrows, lysis/lysogeny module; black arrows, hypothetical proteins.  
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Fig. 2.7. Phylogenetic analysis of the staphylococcal phages. The terminase large 

subunits were compared using the ClustalW program, and the phylogenetic tree 

was generated with the neighbor-joining method with P distance values using the 

MEGA5 program.  
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Fig. 2.8. Comparative genomic analysis of phietalikevirus subgroup2 phages. 

The subgroup2 phages (SA97, 85, and phiMR25) were compared by BLASTN and 

ACT12. Black and gray bars indicate the functions of gene clusters in the genomes. 
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II-3-6. Lysogen formation 

Induction experiments of phage SA12-resistant host cells using 

mitomycin C revealed that a portion of the phage SA12-resistant host cells contain 

lysogens, suggesting that SA12 is a temperate phage.  

Re-growth of the culture 10 h after infection of the phage SA97 suggested 

the possibility of development of lysogen or resistant mutant. No plaques were 

observed after induction of the resistant strains with mitomycin C, indicating that 

the resistant strains were not SA97 lysogens but resistant mutants.  
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II-3-7. Determination of the frequency of bacteriophage insensitive mutants 

(BIMs) and horizontal gene transfer  

The frequencies of BIMs were calculated with the phages SA12 and SA97. 

Phage SA97 was compared with SA12 because the temperate phage is generally 

known to show a higher frequency of BIMs compared to the lytic phages (Garcia et 

al. 2007). The frequency of BIMs of S. aureus RN4220 by the phage SA97 was 

4.4x10-6 ± 2.9x10-6, which was much lower than 2.8x10-3 ± 2.79x10-3 observed by 

the phage SA12. These results indicate that the possibility of lysogen formation by 

the phage SA97 is very low compared with the phage SA12.  

To evaluate the ability of the phage SA97 to transduce, frequencies of 

erythromycin-resistant gene transduction by the phage SA97 were calculated with 

S. aureus RN4220 and four isolates (Table 2.6). Phage SA12 was used as a positive 

control. No erythromycin-resistant colonies were found from any strain tested after 

transduction with the phage SA97, suggesting that the horizontal gene transfer by 

the phage SA97 may have hardly occurred. However, the transduction was possible 

with the phage SA12 with transduction frequencies ranging from 1.7x10-6 ± 

1.2x10-8 to 6.0x10-7 ± 1.6x10-7. The cause of this difference could not be fully 

understood because most pac-type phages such as SA12 and SA97 are known to be 

able to transduce bacterial DNA, but it is speculated that the phage SA12 may 

transduce better than the phage SA97 because SA12 can produce lysogen while 

SA97 cannot. Genome analysis revealed that the phage SA12 has intact lysogeny-

related genes [recombinase (SA12_ORF07), cI-like repressor (SA12_ORF54), cro-

like repressor (SA12_ORF55), and antirepressor (SA12_ORF57)] but that cI-like 
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repressor, a key gene of the lysogeny module, is missing in the phage SA97 

genome.  

In conclusion, phage SA97 could not cause horizontal gene transfer 

despite containing genes encoding a lysogeny module, likely because the phage 

lacks a key gene (cI) important for lysogen formation. The results suggest that even 

phages containing a lysogen module should be examined for their ability to 

transduce or lysogenize because they can be used as biocontrol agents if they can 

form neither lysogen nor transductant.  
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Table 2.6. Transduction frequencies with the phages SA97 and SA12 

Recipient Strain    Transduction frequency 

 SA97 SA12 

S. aureus RN4220 0.0 ± 0.0 1.7 × 10−8 ± 1.2 × 10−8 

S. aureus food isolate 1 0.0 ± 0.0 2.6 × 10−7 ± 1.5 × 10−7 

S. aureus food isolate 2 0.0 ± 0.0 6.0 × 10−7 ± 1.6 × 10−7 

S. aureus food isolate 3 0.0 ± 0.0 5.1 × 10−8 ± 1.2 × 10−8 

S. aureus clinical isolate 1 0.0 ± 0.0 1.3 × 10−7 ± 0.5 × 10−7 
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II-3-8. One-step growth curve  

The one-step growth kinetics of the phage SA97 showed a latent period 

time of 20 min, an eclipse period time of 15 min and a burst size of 32 

PFU/infected cell when infecting S. aureus RN4220 (Fig. 2.9).  
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Fig. 2.9. One-step growth curve analysis. One-step growth curve analysis of 

phage SA97 on exponential culture of S. aureus RN4220 incubated in TSB. Cells 

were chloroform treated (o) or untreated (■). E, eclipse period; L, latent period; B, 

burst size. The data shown are the mean values from three independent 

measurements and the error bars represent the standard deviations. 
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II-3-9. Food application 

To verify the potential of using the phage SA97 as a novel biocontrol 

agent against S. aureus in foods, S. aureus RN4220 was added to milk samples 

containing phage SA97 at a MOI of 104, at two different temperature conditions 

(4°C and 25°C) and the viable cell numbers of S. aureus in the samples were 

monitored. After the phage SA97 was added to the sample and incubated at 

refrigerator temperature (4°C) the bacterial strain was lysed to non-detectable level 

in 24 h and did not recovered at all up to 48 h (Fig. 2.10). Meanwhile, viable cell 

counts in the phage SA97-treated milk samples stored at room temperature (25°C) 

were reduced to non-detectable level in 24 h and did not recovered. Through the 

results, the phage SA97 was revealed to show high host lysis activity in milk. 

Taken together, the results suggest that the virulent phage SA97 which 

lacks cI gene could be a possible candidate for the development of a novel 

biocontrol agent or natural food preservative against S. aureus.  
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Fig. 2.10. Food application of the virulent phage SA97. Bactericidal ability of 

the phage SA97 against S. aureus RN4220. The assay was performed in UHT 

whole milk at (A) 4°C and (B) 25°C for 48 h. Phages were added at a MOI of 104. 

●, S. aureus RN4220; ■, phage SA97 treated. Assays were performed in triplicate. 

The data shown are the mean values and the error bars represent the standard 

deviations. The asterisks indicate significant differences (***, P<0.001; *, P<0.05).  
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Chapter III. 

Characterization and Comparative Genome 

Analysis of S. aureus Temperate Phage SA13 

and Its Virulent Mutant SA13m 
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III-1. Introduction 

 

 Staphylococcus aureus is widely spread in various environmental habitats 

as well as even in human bodies (Oller et al. 2010). S. aureus has been known to 

produce several toxins such as heat-resistant alpha, beta, and delta toxins, edema 

factor (EF), and toxic shock syndrome toxin-1 (TSST-1) (Argudin et al. 2010; 

Dinges et al. 2000; Garcia et al. 2009). With these toxins, this species causes 

various clinical symptoms including purulent inflammation, septicemia, 

endocarditis and toxic shock syndrome and food-borne poisoning including 

abdominal cramps, diarrhea and vomiting (Chang et al. 2013; Le Loir et al. 2003). 

Therefore, S. aureus has been known as clinical and food-borne pathogens to be 

controlled. From 1998 to 2008 in the United States, S. aureus caused 458 food-

borne outbreaks with 6,741 hospitalizations, indicating that S. aureus is one of the 

most major food-borne pathogens (Bennett et al. 2013). Various antibiotics has 

been widely used to control this pathogen in many cases. Abuse of antibiotics 

emerged antibiotic-resistant S. aureus such as methicillin-resistant S. aureus 

(MRSA) and vancomycin-resistant S. aureus (VRSA) (Barber 1961; Rehm and 

Tice 2010). Therefore, alternative biocontrol agent has been urgently needed to 

prevent emergence of these antibiotic-resistance strains.  

Bacteriophage is a bacterial virus to infect and lyse the specific host strain 

for its replication and propagation (Karthik et al. 2014; Mahony et al. 2011). After 

phage infection to the host strain, virulent phage follows lytic cycle for host lysis 
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and temperate phage undergoes lysogenic cycle for generation of lysogen (Skurnik 

and Strauch 2006; Young 1992). Due to specific host lysis, phages have been 

isolated and characterized for development of a new-type biocontrol agent against 

specific pathogen. In general, phages have an advantage to infect and lyse specific 

host bacteria without any affecting other bacteria and even humans, indicating high 

host specificity and safety in humans (McCallin et al. 2013). Therefore, phages 

have been suggested as novel biocontrol agents against specific clinical and food-

borne pathogens, because phage treatment for their biocontrol has recently 

attracted public interest.  

Lambdoid temperate phages contain a lytic/lysogenic decision gene 

cluster consisting of cI, cII, cIII, cro, N and Q (Susskind and Botstein 1978; Vander 

Byl and Kropinski 2000). When lambda phage infects the host cell, early gene 

transcription automatically starts to express cro and N genes by the interaction of E. 

coli RNA polymerase with the constitutive promoters, PL and PR. After production 

of the proteins, N protein inactivates all terminators for further gene expression by 

antitermination. During this stage, CII, CIII, and Q proteins are produced. CIII 

protein stabilizes CII protein by formation of a complex. When CII-CIII complex is 

formed, CII is stable and activates the PRE and PI promoters to produce CI repressor 

and integrase. CI repressor inactivates PR promoter by binding to three operators 

(OR1, OR2, OR3) to block expression of cro and other genes associated with lytic 

cycle. Integrase promotes the integration of phage genome into the host one, 

initiating the lysogenic cycle. However, when the concentration of cyclic AMP is 

low because of a sufficient amount of glucose supply to the host cells, HflA 
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proteolytic enzyme is activated to digest the CII protein. The removal of CII 

protein inactivates PRE and PI promoters, causing blocking of CI repressor and 

integrase productions. At this time, CI repressor in three operators (OR1, OR2, OR3) 

is replaced by Cro protein. While the binding of Cro protein to the three operators 

inactivates PRM promoter to reduce CI production, the constitutive PR promoter is 

released from the binding of CI protein and activates expression of specific genes 

associated with lytic cycle including Q. Then, production of Q protein activates PR’ 

promoter to express phage late genes for lytic cycle.  

To date, 128 genomes of S. aureus-infecting phages have been reported 

and available in the National Center for Biotechnology Information (NCBI) 

databases (April, 2016). S. aureus genome annotation data showed that 83 phage 

genomes in the Siphoviridae do have lysogen decision gene clusters encoding Cro, 

CI, integrase, or antirepressor for lysogeny formation (Deghorain and Van 

Melderen 2012), unlike S. aureus phages in the families Myoviridae (34 phage 

genomes) and Podoviridae (11 phage genomes). However, most of S. aureus 

phages in the family Siphoviridae showed that they probably made lysogeny in a 

few hours and then lysed the host strain quickly, like virulent phages without any 

stress condition (Garcia et al. 2007; Hsieh et al. 2011). In addition, among the 

phages in the family Siphoviridae, the genome analysis of S. aureus phage SA97 

showed that it has only partial lysogen decision gene cluster without CI repressor. 

The subsequent experiments revealed that the phage SA97 is a virulent phage 

indeed (Chang et al. 2015), suggesting that bioconversion of temperate to virulent 

phages in the family Siphoviridae may be possible using molecular mutation for 
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various applications as biocontrol agents.  

 In this study, S. aureus phage SA13 in the family Siphoviridae was newly 

isolated and characterized. To verify the possibility of SA13 phage as a novel 

efficient biocontrol agent, its genome was completely sequenced and lysogen 

formation was tested. Furthermore, SA13m mutant phage was constructed by 

random mutation. Taken together, the understanding of the molecular 

bioconversion from temperate to virulent phages would be useful for improving 

applications. 
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III-2. Materials and Methods 

 

III-2-1. Bacterial strains, media and growth conditions 

 The bacterial strains used in this study are summarized in Table 3.1. All of 

these strains were aerobically grown in tryptic soy broth (TSB) medium (Difco, 

Detroit, MI) at 37°C. The tryptic soy agar (TSA) plate was prepared with TSB 

supplemented with 1.5% Bacto agar (Difco) and soft top agar containing TSB was 

prepared with 0.4% agar for phage plaque confirmation. 
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Table 3.1. Bacterial strains used in chapter III 

Strains (description) Source or referencea 

Staphylococcus strains 
 

Staphylococcus aureus ATCC 6538 ATCC 

Staphylococcus aureus ATCC 23235 ATCC 

Staphylococcus aureus ATCC 29213 ATCC 

Staphylococcus aureus Newman (Park et al. 2010) 

Staphylococcus aureus RN4220 (Oku et al. 2009) 

Staphylococcus aureus ATCC 12600 ATCC 

MRSA CCARM 3089 CCARM 

MRSA CCARM 3090 CCARM 

  

Other Gram positive bacteria  

Enterococcus faecalis ATCC 29212 ATCC 

Bacillus cereus ATCC 14579 ATCC 

Bacillus subtilis ATCC 23857 ATCC 

Listeria monocytogenes ATCC 19114 ATCC 

  

Gram negative bacteria  

Salmonella enterica serovar Typhimurium SL1344 Laboratory collection 

Escherichia coli O157:H7 ATCC 35150 ATCC 

Cronobacter sakazakii ATCC 29544 ATCC 

Pseudomonas aeruginosa ATCC 27853 ATCC 
a, ATCC, American Type Culture Collection; CCARM, Culture Collection of Antimicrobial Resistant 

Microbes. 
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III-2-2. Bacteriophage isolation and propagation 

 Bacteriophage SA13 was isolated from a goat fecal sample using S. 

aureus ATCC 29213 as a host strain. To isolate the phage, 25 g of the goat fecal 

sample was mixed with 225 mL of sodium chloride and magnesium sulfate (SM) 

buffer (100 mM NaCl, 10 mM MgSO4, and 50 mM Tris-HCl, pH 7.5) and 

homogenized (Park et al. 2012b). Twenty-five milliliter of the mixture was diluted 

with the same volume of 2 X fresh TSB supplemented with 10 mM CaCl2 (final 

concentration in total 50 mL). After 1% subinocuation of the host strain S. aureus 

ATCC 29213, the culture was incubated at 37°C for 12 h. After incubation, the 

sample was centrifuged at 8,000 х g for 10 min and the supernatant was filtrated 

using a 0.22-μm filter to remove bacterial cells. A hundred microliter of the 

supernatant was mixed with 5 mL of the 0.4% molten soft agar containing 1% S. 

aureus ATCC 29213 and 10 mM CaCl2 (final concentration), and the mixture was 

overlaid on the TSA plate. To isolate the pure individual phage, a single phage 

plaque was picked and resuspended with 200 μL of fresh SM buffer. These steps 

for isolation and purification of a single phage were performed in five times.  For 

phage propagation, the host strain S. aureus ATCC 29213 (1%) was inoculated and 

incubated with fresh TSB supplemented with 10 mM CaCl2 (final concentration) at 

37°C for 1.5 h. After incubation of the culture, the phage was added to the culture 

at a multiplicity of infection (MOI) of 1, and incubated at 37°C for 3 h. This phage 

propagation method was serially performed with three different culture volumes (3, 

30, and 300 mL of the culture) to obtain more phages, accompanied with 

centrifugation at 8,000 х g for 10 min and subsequent filtration with 0.22-μm filters 
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for removal of host cells. To obtain a high-titer phage, the isolated phage particles 

were precipitated with polyethylene glycol (PEG) 6000 (Junsei, Japan) and 

concentrated using CsCl gradient density ultracentrifugation (Himac CP 100β; 

Hitachi, Japan) with concentration gradient (densities = 1.3, 1.45, 1.5 and 1.7 g/mL) 

at 78,500 х g for 2 h at 4°C (Park et al. 2012b). The obtained phage particles were 

purified with dialysis for 1 h. To confirm the phage titer, 10 μL of each serially 

diluted phage was spotted onto TSA plates covered with 0.4% soft agar containing 

1% (final concentration) S. aureus ATCC 29213 and 10 mM (final concentration) 

CaCl2 and the number of plaques was counted. Purified phage was stored at 4°C. 

 

III-2-3. Transmission electron microscopy (TEM) 

 Morphological analysis of the phage SA13 was performed with TEM. 

Staining of the phage and morphological observation were performed as previously 

described by Shin et al. (Shin et al. 2014b). Based on the observed morphological 

characteristics of phage SA13, it was identified and classified according to the 

guidelines of the International Committee on Taxonomy of Viruses (Rodhain 1995). 

 

III-2-4. Bacterial challenge assay 

 The host strain S. aureus ATCC 29213 (1%) was subinoculated into 50 

mL of fresh TSB and the culture was aerobically incubated at 37°C until it reached 

the early exponential growth phase (OD = 0.35 at 600 nm wavelength). The phage 

at a MOI of 1 was added to the culture and incubated at 37°C up to 32 h. Growth of 

the host strain was monitored with spectrophotometer at 600 nm wavelength. All 
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the experiments were performed in triplicate. Frequency of the bacteriophage-

insensitive mutants (BIMs) was determined as previously described (O'Flynn et al. 

2004). All the experiments for formation of BIMs were conducted in triplicate. 

 

III-2-5. Lysogen confirmation test 

To evaluate the ability of phage to form lysogen, the phage-resistant host 

strain was isolated at 32 h after the phage infection. The selected host strain was 

induced with mitomycin C (0.5 μg/mL, final concentraton) and aerobically 

incubated at 37°C for 2 h. After incubation, the culture was centrifuged at 10,000 х 

g for 5 min and then the supernatant was transferred to a new tube. Bacterial host 

cells were removed by filtration of the supernatant with 0.22-μm syringe filter and 

the filtered supernatant was spotted onto TSA plates covered with 0.4% molten soft 

agar containing 1% S. aureus RN4220 (final concentration). 

 

III-2-6. Host range analysis 

 The bacterial indicator strains listed in Table 3.1 were incubated at 37°C 

for 12 h. Each bacterial culture (1%) was added to 5 mL of the 0.4% molten soft 

agar, and then the mixture was overlaid on TSA plates. After incubation, the clarity 

of the plaques was determined, and efficiency of plating (EOP) was calculated with 

the comparison of the phage titer on the test strain and the phage titer on S. aureus 

ATCC 29213. 
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III-2-7. Determination of host receptor 

 The host strain S. aureus RN4220 was used for determination of host 

receptor of the phage SA13, which is prophage-free without restriction-

modification system and capsulation (Kreiswirth et al. 1983; Wann et al. 1999). 

The ΔtagO/RN4220 knockout mutant and ΔtagO/RN4220::pBR474-tagO 

complementation strain were obtained from Oku et al (Oku et al. 2009). To identify 

the phage receptor, the spotting assays with the wild type RN4220 strain, 

ΔtagO/RN4220 mutant, and ΔtagO/RN4220::pBR474-tagO complementation 

strain were conducted and compared. 

 

III-2-8. Bacteriophage genome sequencing and bioinformatics analysis 

 Prior to isolation and purification of phage genomic DNA, phage particles 

were treated with DNase I and RNase A at 37°C for 1 h to remove contamination of 

bacterial DNA and RNA. Phage genomic DNA was isolated and purified as 

previously described by Wilcox et al. (Wilcox et al. 1996). The genomic DNA was 

sequenced using a Genome Sequencer FLX Titanium Sequencer (Roche, 

Mannheim, Germany) and assembled with GS de novo assembler software (Roche) 

at Macrogen Inc. (Seoul, Korea). Open reading frames (ORFs) were predicted and 

compared with FgenesB software (http://www.softberry.com), Glimmer v3.02 

(Delcher et al. 2007), and GeneMarkS (Lukashin and Borodovsky 1998). Predicted 

ribosome binding sites (RBSs) by RBSfinder (J. Craig Venter Institute, Rockville, 

MD, USA) were used to confirm the predicted ORFs. Conserved protein domain 

analysis using InterProScan5 (Ziedaite et al. 2005) and BLASTP (Altschul et al. 
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1990) were performed for functional analysis of predicted ORFs. Putative tRNAs 

were predicted using tRNAscan-SE 1.21.  

 

III-2-9. Preparation of a lytic mutant phage SA13m 

 The lytic mutant of a temperate phage SA13 was obtained by DNA 

random deletion as previously described (Ladero et al. 1998) with some 

modifications. The wild-type phage SA13 (106 PFU) and the host strain S. aureus 

ATCC 29213 (106 CFU) mixture was treated with 100 mM sodium pyrophosphate 

(pH 7.4) and incubated for 60 min at 37°C. After incubation, the phages forming 

clear plaques were selected, picked, and suspended in fresh SM buffer. The phage 

in SM buffer was treated again with the same concentration of sodium 

pyrophosphate and incubated under the same condition. Overall mutation process 

was repeated in 25 times. After repetitive mutations, a virulent mutant phage 

forming clear plaques, SA13m, was then selected. 

 

II-2-10. Food application 

Pasteurized whole milk purchased at a local market (Seoul, South Korea) 

was prepared. The milk sample was inoculated with S. aureus ATCC 29213 (105 

CFU/mL) and pre-incubated at 4°C and 25°C, respectively, for 1 h. Subsequently, 

the phage was added to S. aureus-contaminated milk (5 mL) at a MOI of 103. The 

milk samples were incubated in static state at 4°C and 25°C for up to 48 h, 

respectively. The number of the viable cells were enumerated at 3, 6, 12, 24 and 48 
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h time points. All of the tests were conducted in triplicate. Statistical analysis was 

conducted using the GraphPad Prism program (version 5.01). The data was 

presented as mean ± standard deviation. All results were analyzed by Student’s 

unpaired t test. P value < 0.05 was considered statistically significant. 

 

III-2-11. Nucleotide sequence accession number 

 The complete genome sequence of S. aureus phage SA13 is available in 

the GenBank database under accession number KC677663. 
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III-3. Results and Discussion 

 

III-3-1. Isolation and morphological characteristics of bacteriophage SA13 

 S. aureus infecting phage SA13 was newly isolated from a goat fecal 

sample (Seoul National University Farm, Suwon, Korea) with an indicator strain  

S. aureus ATCC 29213, showing turbid plaques like a temperate phage. TEM 

analysis revealed that phage SA13 has an icosahedral capsid (60 ± 2 nm) with a 

long, flexible and non-contractile tail (150 ± 3 nm), indicating that it belongs to the 

family Siphoviridae (Fig. 3.1).  
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Fig. 3.1. TEM image of phage SA13 in the family Siphoviridae. The phage was 

negatively stained with 2% (w/v) uranyl acetate and observed using TEM JEM-

2100 (JEOL, Tokyo, Japan) at 200 kV. 
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III-3-2. Host range analysis 

 The host range of the SA13 was determined using eight S. aureus 

indicator strains and other Gram-positive and Gram-negative bacteria (Table 3.2). 

All S. aureus indicator strains were infected by the phage SA13. While infection of 

the phage SA13 to S. aureus RN4220, ATCC 12600, CCARM 3089, and CCARM 

3090 showed clear plaques, infection to ATCC 6538, ATCC 23235, ATCC 29213, 

and Newman showed turbid ones, suggesting that the phage SA13 may be a 

temperate phage (Table 3.2). However, this phage cannot infect other Gram-

positive and Gram-negative bacteria, suggesting that it is highly host-specific 

phage.  
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Table. 3.2. Host range of bacteriophages SA13 and SA13m 

Bacterial strain 
Plaque 

formation of 
SA13

a
 

Plaque 

formation of 
SA13m

a
 

Staphylococcus aureus strains   

ATCC 6538 TTT CCC 

ATCC 23235 T C 

ATCC 29213 TT CC 

Newman TT CC 

RN4220 C C 

ATCC 12600 C C 

CCARM 3089 (MRSA) CC CC 

CCARM 3090 (MRSA) CC CC 

   

Other Gram-positive bacteria   

Enterococcus faecalis ATCC 29212 - - 

Bacillus cereus ATCC 14579 - - 

Bacillus subtilis ATCC 23857 - - 

Listeria monocytogenes ATCC 19114 - - 

   

Gram-negative bacteria   

Salmonella enterica serovar Typhimurium SL1344 - - 

Escherichia coli O157:H7 ATCC 35150 - - 

Cronobacter sakazakii ATCC 29544 - - 

Pseudomonas aeruginosa ATCC 27853 - - 
a, T and C represent turbid and clear plaques, respectively; TTT, EOP of 2 to 1; TT, EOP of 

1 to 0.2; T, EOP < 0.2; CCC, EOP of 2 to 1; CC, EOP of 1 to 0.2; C, EOP < 0.2; -, not 

susceptible to phage. 
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III-3-3. Bacterial challenge assay 

 The bacterial growth inhibition of phage SA13 was determined with the 

host strain S. aureus ATCC 29213 (Fig. 3.2). After initial incubation of the host 

strain was conducted up to 0.35 of OD at 600 nm wavelength, the phage SA13 at 1 

of MOI was added to the culture and then incubated up to 32 h. After phage 

infection, the bacterial host strain grew up like non-phage treated host strain by 3 h 

after the phage infection. Since then, host cell lysis was initiated and persisted for 

28 h by SA13 phage infection. However, since 30 h after the phage infection, 

phage SA13-infecting host strain grew up again (Fig. 3.2).  
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Fig. 3.2. Bacterial challenge test of phage SA13 and SA13m with S. aureus 

ATCC 29213. Each phage was added at a MOI of 1 when the culture reached 

early-exponential phase (OD600 = 0.35). The closed circles (●) indicate non-phage-

treated S. aureus ATCC 29213 as a control; the open squares (□) indicate phage 

SA13-treated S. aureus ATCC 29213; the closed triangles (▲) indicate SA13m-

treated S. aureus ATCC 29213. The data shown are the mean values from three 

independent measurements and the error bars represent the standard deviations. 
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III-3-4. Identification of the host receptor 

 To date, only one host receptor of S. aureus has been reported, 

peptidoglycan-anchored wall teichoic acid (WTA) (Xia et al. 2011). Among the 

gene products associated with WTA biosynthesis pathway, TagO is an enzyme to 

transfer N-acetylglucosamine-1-phosphate to undecaprenyl phosphate producing a 

base compound for elongation of glycerol phosphates as an initial step of WTA 

biosynthesis (Atilano et al. 2010). To determine the host receptor of S. aureus, a 

ΔtagO mutant of S. aureus (RN4220ΔtagO) and its complementation strain 

(ΔtagO/RN4220::pBR474-tagO) (Park et al. 2010) were tested (Fig. 3.3). The 

phage infection of the mutant strain with SA13 showed insensitivity of phage 

infection but subsequent phage infection of the complementation strain showed 

recovery of the sensitivity, suggesting that the host receptor of the phage SA13 is 

WTA (Fig. 3.3). Partial recovery of the phage infection sensitivity may be due to 

tagO gene expression level in the expression vector (Xia et al. 2011). 
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Fig. 3.3. Determination and confirmation of S. aureus RN4220 host receptor of 

phage SA13. The host receptor was determined using wild-type RN4220 strain, the 

mutant strain (ΔtagO/RN4220), and its complementation strain 

(ΔtagO/RN4220::pBR474-tagO). Ten-fold serially diluted phage samples (from 101 

to 108 PFU/mL) were dotted. 
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III-3-5. Genome sequence analysis 

 Complete genome sequence of the phage SA13 was determined. The 

genome of SA13 is a double stranded DNA consisting of 42,652-bp with 62 

predicted ORFs and no tRNA gene in the GC content of 35.4%, which is slightly 

higher than those of S. aureus strains (33.0% identity) (Muto and Osawa 1987). In 

addition, no virulence factor or toxin gene was detected in the genome, suggesting 

that this phage may be able to be use for human or food applications. Subsequent 

genome sequence analysis with bioinformatics revealed that all annotated ORFs 

can be categorized into five functional groups (lysogen formation, Nucleotide 

manipulation, DNA packaging, phage structure, and host lysis): (i) lysogen 

decision gene cluster for lysogen formation (phage integrase, putative repressor, CI 

repressor, Cro protein, and putative antirepressor), (ii) Nucleotide manipulation 

(single-stranded DNA-binding (SSB) protein, phage replication protein, dUTP 

diphosphatase, rho-termination factor domain-containing protein, and 

transcriptional regulator RinAB), (iii) DNA packaging (phage terminase 

small/large subunits, and phage portal protein), (iv) phage structure/morphogenesis 

(head morphogenesis protein, major capsid protein, head-tail connector/adaptor 

protein, tape measure protein, major tail protein, putative tail fiber proteins, 

putative tail tip protein, tail lysin, and tail assembly protein), and (v) the host lysis 

proteins (putative holin and endolysin) (Fig. 3.4). This annotation result showed 

that the phage SA13 has all required genes for host infection, phage genome 

integration, phage replication and propagation via lysogenic and lytic cycles. 

  



９１ 

 

Fig. 3.4. Genome map of phage SA13. The inner circle with the red line indicates 

the G+C content. The outer circle indicates the locations of predicted ORFs with 

different colors: Blue, lysogen decision; orange, nucleotide manipulation; purple, 

DNA packaging; green, phage structure/morphogenesis; red, the host lysis; black, 

hypothetical proteins. Annotated proteins are also indicated with different colors in 

the same way. 

 

  



９２ 

 

III-3-6. Construction of virulent mutant phage SA13m 

To construct the virulent mutant, random mutation of the lysogen decision 

gene cluster was performed with sodium pyrophosphate. Pyrophosphate has been 

often used for DNA mutation of extrachromosomal elements including plasmids 

and viruses (Quinn et al. 2011). Although it has been known that pyrophosphate 

plays a role in chelation of cationic ions from phage capsid membrane resulting in 

unstable capsid membrane, its mechanism for DNA mutation is not understandable 

yet. However, it was previously reported that pyrophosphate reduces or blocks the 

DNA polymerase activity (Beutner 1995; Jones and Scholar 2008). If 

pyrophosphate is rich in the host cells, it is assumed that it could probably compete 

with the pyrophosphates in dNTPs at the binding site of DNA polymerase, 

resulting in blocking of DNA elongation. Based on this, foscarnet, a pyrophosphate 

analog, has been known as one of the non-nucleotide viral DNA polymerase 

inhibitors probably with the same inhibition mechanism of DNA polymerase (Jones 

and Scholar 2008; Öberg 1982). Based on this, I suggest a new theory for mutation 

of phage genomes with pyrophosphate: Once the phage genome integrates into the 

host chromosome, phage genome replication follows the host chromosome 

replication. During replication, pyrophosphate could inhibit the polymerization 

activity of DNA polymerase by competition between free pyrophosphate and 

pyrophosphate of dNTPs. Therefore, DNA polymerization could be often stopped 

in the middle of DNA replication. Without correction of this error by the weaken 

DNA polymerase, newly synthesized DNA fragments can be ligated each other by 

DNA ligase, resulting in possible mutation of the genome. Consequently, the 
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induced phage has phage genome with mutations in some genes. However, this 

theory needs to be confirmed experimentally. Previous study reported that sodium 

pyrophosphate was used for mutant phage construction with point mutations, 

supporting this (Garcia et al. 2007). 

To verify this random mutation, the lysogen decision gene cluster region 

(SA13_01-07) of a selected mutant phage forming clear plaque, designated SA13m, 

was partially sequenced and compared with the complete genome sequence of 

SA13 (Table 3.3). Interestingly, the genome comparison of wild-type and mutant 

phages revealed that four genes in the cluster (SA13_01 for integrase, SA13_02 for 

repressor, SA13_05 for CI, and SA13_07 for antirepressor) were shorten (Fig. 3.5). 

These shorten genes encode integrase, putative repressor, CI repressor, and putative 

antirepressor, which may contribute to decision of lysogen formation. Mutated 

gene sequences showed that these genes lost nucleotides in random locations (4 nt 

for integrase, 13 nt for repressor, 4 nt for CI, and 5 nt for antirepressor), resulting in 

overall frameshift in these genes. Therefore, mutation of genes encoding CI 

repressor and integrase may result in no lysogen formation, due to blocking of PRM 

promoter by Cro repressor as well as free PR promoter by no CI repressor for gene 

expression associated with lytic cycle. 
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Table 3.3. Gene annotation of lysogen decision gene cluster in SA13 genome 

ORFa 
Predicted 
function 

Lengthb BLASTP best matches 
% 

identityc 
Accession no. 

SA13_
01 

integrase 461 
Putative phage recombinase/integrase 

[Staphylococcus phage P954] 
100 over 
461 aa 

ACV04942.1 

SA13_
02 

phage repressor 226 
pemK-like phage protein [S. aureus 

phage B236] 
100 over 
226 aa 

AKC04677.1 

SA13_
03 

hypothetical 
protein 

241 
Hypothetical protein phiETA2_gp04 

[Staphylococcus phage phiETA2]  
100 over 
241 aa 

YP_001004264.1 

SA13_
04 

hypothetical 
protein 

224 Hypothetical protein [S. aureus] 
100 over 
224 aa 

WP_000775187.1 

SA13_
05 

cI-like repressor 110 
Cro/CI family helix-turn-helix domain 
protein [S. aureus CBD-635] 

100 over 
110 aa 

EOR90015.1 

SA13_
06 

Cro reprssor 64 
Cro protein [Staphylococcus phage 

phiETA2] 
100 over 

64 aa 
YP_001004267.1 

SA13_
07 

antirepressor 254 
Phage antirepressor protein KilAC 
domain protein [S. aureus 21272] 

99 over 
254 aa 

EHO97181.1 
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Fig. 3.5. Comparative sequence analysis of lysogen decision gene clusters in 

SA13 and SA13m. Red and green arrows represent mutated and non-mutated 

genes, respectively. Black arrows indicate the mutated spots in the genes. 
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III-3-7. Comparative analysis of SA13 and SA13m 

The host range of phage SA13m was determined and compared with that 

of phage SA13. After phage SA13m infection to S. aureus host strains, four of 

them (ATCC 6538, ATCC 23235, ATCC 29213, and Newman) showed different 

phenotype of plaques from turbid to clear ones, while no change in the host range 

of both phages as well as no phenotypic change in clear plaque formation of other 

S. aureus strains (RN4220, ATCC 12600, CCARM 3089, and CCARM 3090), 

suggesting mutation of temperate phage SA13 to virulent phage SA13m (Table 3.2).  

 As some genes associated with the lysogen decision gene cluster were 

mutated, growth inhibition of SA13 and SA13m to the host strain S. aureus ATCC 

29213 should be different. To investigate this, additional challenge assay of SA13m 

to S. aureus ATCC 29213 was conducted and compared with that of SA13. 

Contrary to the phage SA13, challenge assay of SA13m revealed complete growth 

inhibition of the host strain up to 32 h, suggesting that phage SA13m may be a 

virulent phage (Fig. 3.2). This comparative challenge assay could suggest that the 

lysogen decision gene cluster of phage SA13 should work like temperate phage 

after infection. Additionally, virulent phenotype of phage SA13m harboring 

mutated genes encoding genes in the lysogen decision gene cluster substantiates 

this.  

As previously reported, BIM frequency of temperate phage is higher than 

that of virulent one (Garcia et al. 2007). Comparative BIM frequency tests of SA13 

and SA13m showed that BIM frequency of SA13 (2.4x10-2 ± 7.88x10-3) is 

approximately 3.6x104-fold higher than that of SA13m (6.67x10-7 ± 5.77x10-7), 
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suggesting that phage SA13 has temperate phenotype. Emergence of phage 

resistance in the host cells (i.e. BIM) may be due to transient resistance (i.e. 

transglycosylation of LPS in the host cells) (Hancock and Reeves 1976) or lysogen 

formation in the host cells (Latino et al. 2014).  

To elucidate whether SA13-infected host strain is lysogen or not, the host 

strain at after SA13 phage infection was collected and induced with mitomycin C. 

Interestingly, the phage SA13 was reproduced from induction experiment with the 

host strain, suggesting that the host strain is a lysogen. However, subsequent phage 

induction of SA13m-infected host strain using mitomycin C did not reproduce 

phage SA13m, suggesting that the host strain infected by SA13m does not form 

lysogen due to virulent phenotype of SA13m. This virulent phenotype of SA13m 

may be due to mutations of the start codons of these key genes (Fig. 3.5). This 

phenotypic comparison between SA13 and SA13m confirmed that the lysogen 

gene cluster of SA13 properly works after phage infection, resulting in a temperate 

phenotype, but inactivation of key genes in lysogen gene cluster resulted in a 

virulent phenotype of SA13m (Fig. 3.5).  
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II-3-8. Food application 

To verify the potential of using the virulent phage SA13m as a novel 

biocontrol agent against S. aureus in foods, S. aureus ATCC 29213 was added to 

milk samples containing phage SA13m at a MOI of 103, at two different 

temperature conditions (4°C and 25°C) and the viable cell numbers of S. aureus in 

the samples were monitored. After the phage SA13m was added to the sample and 

incubated at refrigerator temperature (4°C) the bacterial strain was lysed to non-

detectable level in 12 h and did not recovered at all up to 48 h (Fig. 3.6). 

Meanwhile, viable cell counts in the phage SA13m-treated milk samples stored at 

room temperature (25°C) were reduced to non-detectable level in 3 h and did not 

recovered. High host lysis activity of the phage SA13m in milk implies that it is a 

possible candidate for the development of a novel biocontrol agent for food 

sterilizing agent against S. aureus.  

In this study, a new type of S. aureus virulent phage SA13m was 

constructed and characterized. It could be used as a new type biocontrol agent to 

control this pathogen, because it has strong host lysis activity without lysogen 

formation. 
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Fig. 3.6. Food application of the virulent phage SA13m. Bactericidal ability of 

the phage SA13m against S. aureus ATCC 29213. The assay was performed in 

pasteurized whole milk at (A) 4°C and (B) 25°C for 48 h. Phages were added at a 

MOI of 103. ●, S. aureus ATCC 29213; ■, phage SA13m treated sample. Assays 

were performed in triplicate. The data shown are the mean values and the error bars 

represent the standard deviations. The asterisks indicate significant differences 

(***, P<0.001; **, P<0.01; *, P<0.05). 
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IV-1. Introduction 

 

Endolysins, bacteriophage-encoded cell wall hydrolases, are synthesized 

at the end of the phage multiplication cycle, lyse the host pathogens by breaking 

bacterial peptidoglycan layers and newly produce virions (Daniel et al. 2010; Gu et 

al. 2011b; Nelson et al. 2001; Schmelcher et al. 2015). They have been widely 

proposed as potent environmentally friendly substitutes for antibiotics (Loeffler et 

al. 2001; Loessner 2005). Resistance to endolysins is rarer than antibiotics because 

endolysins have evolved to target unique and essential molecules in the cell wall to 

avoid becoming trapped inside the host after a phage infection (Fischetti 2008; 

Schmelcher et al. 2015). Due to the characteristic cell wall structure with 

peptidoglycans exposed to the exterior, endolysins are considered as promising 

biocontrol agents against Gram-positive bacteria in agriculture and food industry 

(Obeso et al. 2008).  

In general, endolysins originating from phages infecting Gram-positives 

form a modular structure. They contain an enzymatically active domain (EAD) that 

is responsible for hydrolysis of bacterial peptidoglycans and a cell wall binding 

domain (CBD) that leads the enzyme specifically to the bacterial peptidoglycan 

(Loessner 2005). Most staphylococcal endolysins are reported to have a src-

homology 3 (SH3 domain (PF08460)) domain as a CBD (Oliveira et al. 2013). 

However, bioinformatic analysis of endolysins LysSA11 and LysSA97 by BLAST 

(Altschul et al. 1997) and InterProscan5 (Jones et al. 2014) revealed that LysSA11 

endolysin was composed of CHAP (cysteine, histidine-dependent 



１０２ 

 

amidohydrolases/peptidases) with a C-terminal domain not homologous to any 

known CBDs, and LysSA97 was revealed to possess two EADs containing CHAP 

and N-acetylmuramoyl-L-alanine amidase (Amidase-3, PF01520) along with a C-

terminal domain not homologous to any known CBDs. Here, 99 staphylococcal 

endolysins reported in GenBank were analyzed and found that 79 staphylococcal 

endolysins possess SH3 domain (PF08460) as a CBD. Thirteen staphylococcal 

endolysins, including LysSA11 endolysin, and another seven endolysins, including 

LysSA97 endolysin, have a novel putative CBD at their C-terminal. The function 

of this CBD as a specific binder to Staphylococcus was also confirmed in this 

chapter.  

Selection of virulent phages to avoid transduction of unwanted harmful 

genes and a potential development of bacterial strains resistant to phages are one of 

obstacles when considering phages as antimicrobials in the food industry. 

Therefore, endolysins are alternatively considered as promising biocontrol agents 

those could be applied in food biotechnology without such problems (Obeso et al. 

2008; Oliveira et al. 2012). Despite these benefits, only few studies have been done 

to assess the potential of endolysins as food additives (Garcia et al. 2010; Obeso et 

al. 2008). According to the results, about 1 log CFU/mL reduction occurred in 1 h 

at 37°C, by approximately 160 U/mL (88 μg/mL) of LysH5 endolysin treatment 

(Obeso et al. 2008). Food application studies other than in milk have not been 

reported yet, though S. aureus have been regarded as a frequent cause of food 

poisonings in ham products (Richards et al. 1993). Moreover, so far, there are no 

reports on the potential of endolysin as a disinfectant which could be treated to 
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cooking utensils. Staphylococcal endolysin LysSA11 was purified and 

characterized in this chapter. LysSA11, endolysin from a virulent phage SA11 (Kim 

and Myung 2012), is comprised of a CHAP domain as well as a novel cell wall 

binding domain. Its strong antimicrobial activity was tested both in foods 

(pasteurized milk and ham) and in cookwares (a polypropylene plastic cutting 

board and a stainless steel knife). This is the first study to examine the possibility 

of using staphylococcal endolysin LysSA11 not only as a food preservative but also 

as a sterilizing agent.  

Meanwhile, in terms of application of staphylococcal bacteriophage 

endolysins as biocontrol agents, a lot of effort has been put into improving their 

moderate cell lytic activity (Abaev et al. 2013; Rodriguez et al. 2011). For instance, 

an effective approach to the improvement of endolysins as a bactericidal tool is to 

use other antimicrobial agents in combination. LysK endolysin acted 

synergistically with lysostaphin against MRSA (Becker et al. 2008) and nisin 

enhanced the lytic efficacy of LysH5 endolysin in pasteurized milk (Garcia et al. 

2010). Combinations of two antimicrobial agents enhance the efficacy of each 

treatment by synergic interactions and thus reduce the doses required for 

bactericidal activity. Furthermore, the use of two agents with distinct mechanisms 

of action decreases the risk of resistance development (Aiyegoro and Okoh 2009). 

In this context, bioactive compounds extracted from essential oils are promising 

food preservatives compatible with endolysin. Essential oils, natural substances 

produced by various aromatic plants, are one of the well-known antibacterial 

agents which have antiradical, antioxidant, and antimicrobial properties (Burt 2004; 
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Landry et al. 2014). For instance, carvacrol (C10H14O), a major monoterpenoid 

phenol present in the essential oils of oregano and thyme, inactivates S. aureus in 

foods (Djenane et al. 2011; Roller and Seedhar 2002) and its low toxicity and 

pleasant flavor merit a safe food additive (Ginex et al. 2014; Nostro and Papalia 

2012). The essential oil-derived natural antimicrobial compounds destabilize the 

lipid layer of bacterial cytoplasmic membrane and cause leakage of cellular 

constituents leading to cell death (Burt 2004). Therefore, essential oils have been 

applied to improve the lethal effect of bacteriophages and their endolysins in 

Gram-negative pathogens (Diez-Martinez et al. 2013; Viazis et al. 2011). The 

bioactive compounds of essential oils are postulated to facilitate the accessibility of 

bacteriophages and their endolysins to the rigid envelope structure of Gram-

negative bacteria. Likewise, a similar strategy is applicable to enhance the low 

bactericidal activity of bacteriophage endolysins against Gram-positive pathogens. 

Attacking two different sites of peptidoglycans and the lipid-enriched cytoplasmic 

membrane by endolysins and essential oils, respectively, could lead to a faster 

breakdown of cell wall structure in Gram-positive bacteria. In this chapter, the 

feasibility of cooperative action between endolysins and essential oils was 

investigated against S. aureus, a representative Gram-positive foodborne pathogen. 

This is the first study showing that a combination of two natural antimicrobial 

agents, endolysin and carvacrol, provides a promising stratagem for food 

biopreservation against S. aureus contamination.  
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IV-2. Materials and Methods 

 

IV-2-1. Bioinformatics analysis of staphylococcal endolysins 

The nucleotide sequence of 99 S. aureus phages on NCBI were analyzed 

and the putative endolysin genes were identified. The bioinformatics analysis by 

the domain compositions of staphylococcal endolysins were done. From the 

complete genome sequences of S. aureus phages SA11 (accession number 

NC_019511.1) (Kim and Myung 2012) and SA97 (accession number KJ716334) 

(Chang et al. 2015), genes encoding LysSA11 endolysin (SA11_gp172) and 

LysSA97 endolysin (SA97_036) were identified. Domain architectures of LysSA11 

and LysSA97 were analyzed using the BLAST (Altschul et al. 1997) and 

InterProScan5 (Jones et al. 2014).  

To determine the phylogenetic position of the LysSA11 and LysSA97 

endolysins and their CBDs, respectively, phylogenetic trees were constructed based 

on the alignment of the amino acid sequences from the full-length endolysins and 

their CBDs from 99 staphylococcal endolysins. The amino acid sequences used for 

phylogenetic trees are available online in the NCBI nucleotide databases. To 

determine the phylogenetic position of the LysSA11 and LysSA97 endolysins and 

their CBDs, phylogenetic trees were created using the Clustal X2 program (Larkin 

et al. 2007), and the phylogenetic trees were constructed with MEGA5 by the 

neighbor-joining method with P distance values (Kumar et al. 2008).  

 



１０６ 

 

IV-2-2. Bacterial strains, media, and growth conditions 

The bacterial strains used in this study are summarized in Table 4.1. All of 

the strains were grown in tryptic soy broth (TSB) medium (Difco, Detroit, MI) at 

37°C with aeration, and tryptic soy agar (Difco) containing 1.5% (w/v) Bacto agar 

was used for bacterial counting. Baird-Parker agar with egg yolk tellurite (BPA; 

Difco) plate was used for selective enumeration of S. aureus. Escherichia coli 

DH5α and BL21 (DE3) used for cloning of endolysin gene and its expression, 

respectively, were grown in Luria-Bertani (LB) broth (Difco) at 37°C with aeration.  
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Table 4.1. Bacterial strains used in chapter IV 

Strains (description) Source or referencea 

Staphylococcus strains 
 

Staphylococcus aureus RN4220 (Oku et al. 2009) 

Staphylococcus aureus Newman (Park et al. 2010) 

Staphylococcus aureus KCTC 1916 KCTC 

Staphylococcus aureus ATCC 6538 ATCC 

Staphylococcus aureus ATCC 23235 ATCC 

Staphylococcus aureus ATCC 25923 ATCC 

Staphylococcus aureus ATCC 29213 ATCC 

Staphylococcus aureus ATCC 33593 ATCC 

Staphylococcus aureus ATCC 33586 ATCC 

MRSA CCARM 3089 CCARM 

MRSA CCARM 3090 CCARM 

MRSA CCARM 3793 ATCC 

Staphylococcus aureus ATCC 12600 ATCC 

Staphylococcus aureus ATCC 13301 ATCC 

Staphylococcus xylosus ATCC 29971 ATCC 

Staphylococcus hominis ATCC 37844 ATCC 

Staphylococcus capitis ATCC 35661 ATCC 

Staphylococcus saprophyticus ATCC 15305 ATCC 

Staphylococcus haemolyticus ATCC 29970 ATCC 

Staphylococcus intermedius ATCC 29663 ATCC 

Staphylococcus epidermidis ATCC 35983 ATCC 

Other Gram-positive bacteria  

Enterococcus faecalis ATCC 29212 ATCC 

Bacillus cereus ATCC 14579 ATCC 

Bacillus subtilis ATCC 23857 ATCC 

Listeria monocytogenes ATCC 19114 ATCC 

Gram-negative bacteria  

S. Typhimurium SL1344 Labolatory collection 

E. coli O157:H7 ATCC 35150 ATCC 

Cronobacter sakazakii ATCC 29544 ATCC 

Pseudomonas aeruginosa ATCC 27853 ATCC 
a, KCTC, Korean Collection for Type Culture; ATCC, American Type Culture Collection; CCARM, 

Culture Collection of Antimicrobial Resistant Microbes. 
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IV-2-3. Cloning, overexpression, and purification of endolysins and CBDs 

IV-2-3-1. LysSA11 endolysin and LysSA11-CBD 

The endolysin gene (SA11_gp172) was PCR amplified with the primers 

lysSA11F and lysSA11R in Table 4.2. The PCR product was cloned into pET29b 

vector (Novagen, Madison, WI) which had C-terminal hexahistidine (His6)-tag 

sequences. E. coli BL21 (DE3) harboring the resulting recombinant plasmid was 

supplemented with 0.5 mM isopropyl-β-thiogalactopyranoside (IPTG; final 

concentration) at OD600 0.8 to express the LysSA11 endolysin, then further 

incubated at 18°C for 22 h. Cells suspended in a lysis buffer (20 mM sodium 

phosphate, 200 mM NaCl, pH 8.0) were sonicated (Branson Ultrasonics, Danbury, 

CT), and the supernatant containing soluble protein were obtained by centrifuged at 

15,000 x g for 30 min and filtration (0.22-μm pore size; Millipore). Protein was 

purified using a Ni-nitrilotriacetic acid (NTA) Superflow column (Qiagen Gnbh, 

Germany) according to the manufacturer’s instructions. The identity and purity of 

the protein were confirmed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Dunne et al. 2014). The purified protein was stored 

at -80°C until use after the buffer changing (storage buffer; 20 mM sodium 

phosphate, 200 mM NaCl, 30% glycerol, pH 8.0) using a PD Miditrap G-25 (GE 

healthcare, Amersham, Bucks, UK). 

Predicted cell wall binding domain (LysSA11-CBD)-encoding region was 

PCR amplified using primers lysSA11_CBD-F and lysSA11_CBD-R (Table 4.2). 

The PCR product was cloned into pET28a-EGFP, which has His6 tag sequence and 
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enhanced green fluorescent protein (EGFP), to construct the EGFP fused LysSA11-

CBD (EGFP-LysSA11-CBD). The EGFP-LysSA11-CBD was expressed and 

purified as described above. 

 

IV-2-3-2. LysSA97 endolysin and LysSA97-CBD 

The endolysin gene (SA97_036) was PCR amplified with the primers 

lysSA97F and lysSA97R (Table 4.2). The PCR product was cloned into a pET28a 

vector (Novagen), which had N-terminal hexahistidine (His6)-tag sequences. Next, 

it was transformed into E. coli BL21 (DE3). The T7 promoter was induced with 0.5 

mM isopropyl-β-thiogalactopyranoside (IPTG) at OD600 0.8 to express the 

endolysin LysSA97, followed by incubation at 18°C for 22 h. The bacteria were 

suspended in phosphate lysis buffer (20 mM sodium phosphate, 300 mM sodium 

chloride, pH 7.0) and disrupted by sonication (Branson Ultrasonics). The cells were 

centrifuged at 15,000 x g for 30 min to obtain supernatant containing soluble 

protein, which was passed through a Ni-NTA superflow column (Qiagen) to 

acquire purified protein. After this, we moved the purified protein to storage buffer 

(20 mM sodium phosphate, 300 mM sodium chloride, pH 7.0, 50% glycerol) using 

a PD Miditrap G-25 (GE healthcare) to store the protein at -20°C until use. 

The green fluorescent protein (GFP) fusion to LysSA97_CBD (EGFP-

LysSA97_CBD) was then constructed. Putative CBD regions were determined by 

the domain analysis of LysSA97. CHAP was located at the N-terminus, N-

acetylmuramoyl-L-alanine amidase (Amidase-3, PF01520) at the middle region, 
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and no homologue was at the C-terminus. Therefore, the putative CBD would was 

predicted to be next to N-acetylmuramoyl-L-alanine amidase (Amidase-3, 

PF01520), in the 368 to 470 region of LysSA97. For strain construction, 

LysSA97_CBD was amplified by PCR with the primers LysSA97_CBD-F and 

LysSA97_CBD-R (Table 4.2), and cloned into a pET28a-containing GFP (pET28a-

GFP) vector. The T7 promoter was induced with 0.5 mM IPTG at exponential 

growth to express the EGFP-LysSA97_CBD, followed by incubation at 37°C for 3 

h. Subsequently, protein purification was conducted as previously described (Gu et 

al. 2011a).  
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Table 4.2. Oligonucleotide primers used for cloning in chapter IV 

Primer Nucleotide sequences [5`→ 3`]
a
 

Restriction 
sites 

lysSA11F AAGGAGTGAAAACATATGAAAGCATCGATG NdeI 

lysSA11R AAAATTCCCTAGTCTCGAGTTTCCAGTTAATA XhoI 

lysSA11_CBD-F TCAAAGACGAGGGATCCACAACTTGGA BamHI 

lysSA11_CBD-R AAAATTCCCTCTCGAGTTATTTCCAGT XhoI 

lysSA97F GGAGATGATACATATGCCGTCGGTTA NdeI 

lysSA97R AATAACCTACCTCGAGTCTTTTTATA XhoI 

lysSA97_CBD-F GATGCGCCAGGATCCAAGCCAAGC BamHI 

lysSA97_CBD-R AATAACCTACCTCGAGTCTTTTTATA XhoI 

aRestriction sites are underlined. 
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IV-2-4. Turbidity reduction assay 

IV-2-4-1. LysSA11 endolysin 

The lytic activities of LysSA11 endolysin were assessed by turbidity 

reduction assay (Son et al. 2012). Exponentially growing cells (S. aureus ATCC 

13301) were harvested and resuspended in a reaction buffer (50 mM sodium 

phosphate, 200 mM NaCl, pH 8.0) to adjust the OD600 to approximately 1.0 (Gaeng 

et al. 2000). After the addition of purified endolysin (45 nM to 450 nM), the OD600 

values were periodically monitored. For Gram-negative bacteria, the exponentially 

growing cells were pretreated with a buffer containing 50 mM sodium phosphate, 

200 mM NaCl (pH 8.0) and 100 mM EDTA for 5 min at room temperature (RT). 

The cells were washed three times with reaction buffer to remove residual EDTA 

(Leive 1968) prior to the endolysin addition.  

To test the susceptibility against various pH buffer, 225 nM of LysSA11 

was added to the S. aureus ATCC 13301 cell suspension with various buffers: 0.1% 

trifluoroacetic acid (pH 2.0), 50 mM sodium acetate (pH 4.0), 50 mM 2-(N-

morpholino) ethanesulfonic acid (pH 6.0), 50 mM bis-tris (pH 7.0), 50 mM tris-

HCl (pH 8.0), 50 mM N-cyclohexyl-2-aminoethanesulfonic acid (pH 9.0), and 50 

mM N-cyclohexyl-3-aminopropanesulfonic acid (pH 10.0) (Shin et al. 2014a). To 

assess the effect of temperature on LysSA11 enzymatic activity, endolysins 

incubated at different temperatures (4-65°C) were used in the turbidity reduction 

assay. The influence of NaCl on the lysis activity were evaluated under a various 

NaCl concentrations (0-300 mM).  



１１３ 

 

The effects of metal ions on the lysis activity were determined as 

previously reported (Schmelcher et al. 2012b). To chelate metal ions attached to the 

endolysin and to inhibit its catalytic function, EDTA (5.0 mM; final concentration) 

was added to the enzyme (225 nM) and incubated at 37°C for 1 h. EDTA was 

removed by exchanging to buffer composed of 50 mM phosphate buffer (pH 8.0) 

using PD trap G-25. The EDTA-treated enzyme was added to the cell suspension 

with metal ions (CaCl2, MgCl2, MnCl2, CuCl2 or ZnCl2; 1.0 mM; final 

concentration) and the lysis activity was assayed in the reaction buffer. 

 

IV-2-4-2. LysSA97 endolysin 

The lytic activities against S. aureus RN4220 were assessed. Bacterial 

cells were incubated to an early-exponential phase, harvested, and suspended with 

reaction buffer (50 mM sodium phosphate, pH 7.0). In the case of Gram-negative 

bacteria, cells were pre-treated with 50 mM sodium phosphate buffer with 0.1 M 

EDTA for 5 min at room temperature (RT) and the cells were washed three times, 

as previously described (Leive 1968). Various amounts (0-3.76 μM) of the 

endolysins and the bacterial cell suspensions were mixed thoroughly and incubated 

at RT, and OD600 values were monitored over time.  

To test the pH stability, 940 nM of LysSA97 endolysin was added to the S. 

aureus RN4220 cell suspension with various buffers: 0.1% trifluoroacetic acid (pH 

2.0), 50 mM sodium acetate (pH 4.0), 50 mM 2-(N-morpholino) ethanesulfonic 

acid (pH 6.0), 50 mM bis-tris (pH 7.0), 50 mM tris-HCl (pH 8.0) and 50 mM N-
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cyclohexyl-3-aminopropanesulfonic acid (pH 10.0). To assess the effect of 

temperature on LysSA97 endolysin enzymatic activity, different temperatures (4-

65°C) were set, and the endolysin was incubated in each group for 30 min. Next, 

the turbidity reduction assay was applied to S. aureus RN4220. The influence of 

NaCl on lysis activity was evaluated under various conditions with several different 

NaCl concentrations (0-300 mM) at RT.  

 

IV-2-5. Plate lysis assay 

Plate lysis assays were performed as previously described (Becker et al. 

2009). In brief, twenty microliters of diluted endolysin in the reaction buffer (0.5 

μg/μL; final concentration) were spotted onto a freshly prepared bacterial lawn at 

mid-log phase on TSA plates. Plates were air-dried in a laminar flow hood for 15 

min, and incubated overnight at 37oC. Cleared spots were scored within 20 h of 

plating. Lysis with clear bacterial zone was considered as a positive result. 

 

IV-2-6. Amidase assay 

N-acetylmuramoyl-L-alanine amidase activity was measured by 

quantification of acetaldehyde from the peptidoglycan after the endolysin reaction. 

S. aureus peptidoglycan was prepared as previously described (Fein and Rogers 

1976; Kuroda and Sekiguchi 1990). The bacterial cells were disrupted by 

sonication and centrifuged in low speed (1,400 x g, 10 min) to remove the 

unbroken cells. Supernatant was centrifuged again in high speed (27,000 x g, 5 
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min), and the crude cell wall pellet was boiled for 10 min in 4% SDS solution 

(wt/vol). After three times of washing with distilled water, peptidoglycan fraction 

was resuspended in endolysin reaction buffer. Peptidoglycan solution or endolysin 

solution only was used as negative control groups, and the reaction buffer only was 

used as the reference. For the experimental group, 200 μL of peptidoglycan 

solution (1 mg/mL) containing endolysin was prepared, and all of these groups 

were incubated at RT for 1 h. To stop the reaction, 1.0 M NaOH was added into 

each reaction. After 30 min incubation at 38°C, 500 μL of 0.5 M H2SO4 and 5 mL 

of concentrated sulfuric acid were added in due order to each set. The stoppered 

reaction tubes were placed in boiling water for 5 min. After cooling in ice, 4% 

CuSO4∙5H2O and 1.5% ρ-hydroxydiphenyl solution were added, and incubated for 

30 min at 30°C. Finally, the activity of N-acetylmuramoyl-L-alanine amidase was 

calorimetrically assed by measuring the OD560 nm of the supernatants (Hadzija 1974; 

Hazenberg and de Visser 1992). First, muramic acid of the peptidoglycan was 

formed by each endolysin treatment (N-acetylmuramoyl-L-alanine amidase), and 

then a lactic acid was derived from a muramic acid by 0.5 M sulfuric acid 

treatment. Following, decarboxylation of lactic acid to acetaldehyde was happened 

by concentrated sulfuric acid treatment, and subsequently, the color of the solution 

was changed to blue by the reaction of acetaldehyde and ρ-hydroxydiphenyl (Park 

et al. 2012a).  
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IV-2-7. Biofilm reduction assay 

A biofilm disruption assay was performed as previously described with 

some modifications (Wu et al. 2003). S. aureus Newman incubated in BHI medium 

supplemented with 0.25% D-(+)-glucose (Sigma) was prepared and was sub-

cultured to the same media in a 96-well polystyrene microplate. Glucose was 

supplemented to the medium as it can induce the biofilm formation by inducing ica 

gene (Jin et al. 2005) and most staphylococci adhered to the plates in glucose-rich 

medium than in glucose-poor medium (Moreira et al. 2013). After incubating the 

microplate for 24 h at 37℃, all wells were washed with PBS. Once the biofilm was 

formed, the experimental group wells were filled with endolysin, whereas PBS was 

added to the negative control. After the incubation for 2 h at 37℃, each well was 

washed once with PBS and stained with 0.1% crystal violet. Additional washing 

with PBS, followed by solubilizing with 33% acetic acid, was done. The 

absorbance of the obtained solution was measured at 570 nm and the sessile 

biomass was presented as the OD570 value (Salazar et al. 2013; Simoes et al. 2007; 

Son et al. 2010).  

To prepare samples for scanning electron microscopy (SEM), the 

procedures of the biofilm assay on glass cover slips in a six-well culture plate 

(Corning, NewYork, NY, USA) instead of a 96-well microplate as described above. 

The microscopic sample was prepared following a previously reported method (Wu 

et al. 2003). A Field-Emission Scanning Electron Microscope (SUPRA 55VP, Carl 

Zeiss, Germany) was used to observe the biofilm formation.  
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IV-2-8. Formation of carvacrol nanoemulsion 

Carvacrol and other essential oils were nanoemulsified using conventional 

homomixing-sonication methods wherein mechanical devices disrupt and 

intermingle the oil and water phases (McClements and Rao 2011). Both Ultra-

Turrax homogenizer (Ultra-Turrax, Model T18, IKA-Works, Inc., Cincinnati, OH, 

USA) and sonicator (Diagenode, Bioruptor Standard, Belgium) were used for 

nanoemulsion formation. The method of preparation was as follows: carvacrol or 

other essential oils in PBS were mixed thoroughly with 1% (w/v) Tween-20 

surfactant and subsequently homogenized and sonicated for 1 min each. Droplet 

sizes of the emulsion were measured using dynamic light scattering 

spectrophotometer (Zetasizer Nano ZS, Malvern Instruments, UK) and their 

averaged droplet sizes were determined (Shimizu 1981).  

 

IV-2-9. Scanning electron microscopy 

S. aureus cells were treated with different concentrations of antimicrobial 

agents for 1 h as described above and were pre-fixed with 2% glutaraldehyde at 

4°C for 2 h. Fixed cells were washed with 0.05 M sodium cacodylate buffer three 

times and then post-fixed using 2% osmium tetroxide in 0.1 M cacodylate buffer at 

4°C for 2 h. After fixation, the cells were washed twice with distilled water and 

dehydrated with gradient concentrations of ethanol (30, 50, 70, 80, 90, and 100%) 

and hexamethyldisilazane. Finally, the cells were examined using a scanning 
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electron microscope (SEM: Carl ZEISS, SUPRA 55VP, Germany) as previously 

described (Bennis et al. 2004; de Souza et al. 2010).  

 

IV-2-10. ATP bioluminescence assay 

S. aureus grown overnight was diluted in fresh TSB at a ratio of 1:100 and 

cultured to reach exponential phase. Aliquots of the culture were harvested and 

resuspended in phosphate buffer as described above and treated with LysSA97 

endolysin, carvacrol, or their cocktail at different concentrations. After 1 h 

incubation at room temperature, cells were centrifuged and washed with PBS to 

remove extracellular ATP released from lysed bacteria. The live cells undamaged 

by the treatments of antimicrobial agents were subjected to BacTiter-GloTM 

Microbial Cell Viability Assay (Promega, Madison, WI) to determine intracellular 

ATP levels according to the manufacturer’s instructions (Mempin et al. 2013). The 

levels of oxyluciferin produced in the presence of ATP were measured using 

SpectraMax i3 plate reader (Molecular Devices, Sunnyvale, CA) at 560 nm.  
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IV-2-11. Antimicrobial activity assay in the food samples  

IV-2-11-1. LysSA11 endolysin treatment 

The lytic activity of LysSA11 endolysin against S. aureus was tested in 

commercial pasteurized milk and ham which were purchased from a local market 

(Seoul, Korea). Fresh milk sample (4 mL) pasteurized at 63°C for 30 min was 

inoculated with 1 mL of exponentially growing MRSA CCARM 3089 cells (2 x 

105 CFU/mL). Before the addition of LysSA11 at 0, 1.125, 2.25, 3.375, 4.5 and 9 

μM, milk sample was pre-incubated at 4°C (representing refrigeration temperature) 

or 25°C (representing RT) for 1 h to allow the bacteria to adapt to each condition. 

Each milk sample was further incubated at 4°C or 25°C for 1 h. The viable 

bacterial cells (CFU/mL) were counted in every 15 min after LysSA11 endolysin 

addition by plating each sample to the BPA plate, the selective media of 

Staphylococcus spp. The absence of S. aureus in non-inoculated milk was verified 

by direct plating.  

Ham samples were aseptically cut into cubes about 0.5 cm3. S. aureus at a 

concentration about 2 x 105 CFU/mL were inoculated onto the surface of each ham 

sample with pipette spreading and pre-incubated at 4°C or 25°C for 1 h to allow the 

bacteria to adapt to each condition. Subsequently, each ham sample was inoculated 

with 0 to 9 μM endolysin LysSA11 and further incubated at 4°C or 25°C for 1 h. 

The viable bacterial cell (CFU/cm3) on the surface were counted at every 15 min 

after LysSA11 endolysin addition. At each time point, S. aureus cells were 

detached from the ham surface by agitating the ham in PBST (PBS containing 0.05% 
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Tween-20) for 2 min with a benchtop vortex mixer set at maximum speed. Cell 

suspensions were serially diluted and plated onto the BPA plate. The absence of S. 

aureus in a non-inoculated ham was verified, and was used as negative control.  

 

IV-2-11-2. LysSA97 endolysin treatment 

Pasteurized whole and skim milks purchased at a local market (Seoul, 

Korea) were inoculated with S. aureus RN4220 at 105 CFU/mL and incubated at 

room temperature for 1 h prior to the addition of antibacterial agents. LysSA97 

endolysin, carvacrol, and their cocktail were mixed with S. aureus-contaminated 

milks thoroughly and the live bacteria were enumerated at 1 h interval for 3 h by 

plating the aliquots on Baird-Parker agar. Beef (total fat < 10%) purchased from a 

local butcher shop was cut into uniformed cubes (2 cm3) and the surface was 

inoculated with bacteria at 105 CFU/cm3. Beef cubes were incubated at room 

temperature for 1 h to dry the dampened surface and randomly divided into groups 

for the treatments of different antibacterial agents. Solutions of LysSA97 endolysin, 

carvacrol, and their cocktail in PBS were applied to the beef surface and the 

number of bacteria surviving the antimicrobial agents was determined every hour. S. 

aureus cells were detached from the beef surface by agitating the beef in PBS with 

a benchtop vortex mixer set at maximum speed for 1 min. Cell suspensions in PBS 

were serially diluted and plated onto Baird-Parker agar. The sterility of foods was 

examined by direct plating the food samples not-inoculated with S. aureus.  
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IV-2-12. Antimicrobial activity assay in the cooking utensils 

A cutting board (polypropylene) and a knife (stainless steel) were 

sterilized with 70% alcohol. Exponentially growing MRSA CCARM 3089 

bacterial cells were harvested and resuspended in PBS to approximately 105 

CFU/mL. Prepared bacterial cells (1 mL) were pipette spread onto the surfaces 

(squares of 4 cm2) of the cooking utensils and dried up for 1 h. Subsequently, each 

region was treated with LysSA11 (0 to 1.35 μM) and left for 30 min at RT. For the 

negative control, PBS was used instead of LysSA11. To recover the bacteria, swabs 

premoistened with PBST were swiped methodically in horizontal, vertical and 

diagonal directions ten times each. After sampling, swabs were placed into the 

tubes containing PBST, and were agitated with a benchtop vortex mixer at 

maximum speed for 2 min. After serial dilutions, each dilute was plated onto the 

BPA plate and incubated at 37°C for 24 h.  

 

IV-2-13. Binding assessment of GFP fusion protein to the bacterial cell 

Cells at early-exponential growth phase (1 mL) were harvested and 

resuspended with 100 μL of PBS. After incubation with 0.8 μM of EGFP fused 

LysSA11-CBD or LysSA97-CBD protein for 5 min at RT, the cells were collected 

by centrifugation at 16,000 x g for 1 min, washed and suspended in PBS. EGFP 

alone was used as a negative control to test whether the EGFP has any binding 

affinity to the bacterial cell surfaces. A super-resolution confocal microscope 
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(Leica, SP8 X STED, Germany) was used to detect the fluorescence from the 

treated cells to determine the binding specificity (Gu et al. 2011a). 

 

IV-2-14. Statistics 

The experimental results were presented as mean ± standard deviation. 

Statistical analyses were conducted using the GraphPad Prism (version 5.01) and 

InStat v.3.1 programs (GraphPad, San Diego, CA, USA). The Student’s unpaired t 

test for two groups and the one-way analysis of variance (ANOVA) followed by 

Turkey’s multiple comparison test (95% confidence interval) among more than two 

groups were done. P value < 0.05 was considered statistically significant.  

 

  



１２３ 

 

IV-3. Results and Discussion 

 

IV-3-1. Grouping of staphylococcal endolysins 

EADs and CBDs of 99 known S. aureus endolysins (April 2015) were 

predicted and compared to evaluate the possibility of the C-terminal domain of 

LysSA11 and LysSA97 as novel CBDs. Staphylococcal endolysins have several 

distinct domain compositions; most have two EADs (CHAP and N-

acetylmuramoyl-L-alanine amidase (Amidase-2, PF01510) or N-acetylmuramoyl-

L-alanine amidase (Amidase-3, PF01520)), and some have CHAP as a single EAD; 

however, not all staphylococcal endolysins have SH3 domain (PF08460) as a CBD, 

contrary to previous reports (Oliveira et al. 2013). All of the endolysins except the 

2638A endolysin have CHAP as EAD in the N-terminal. Therefore, the endolysins 

can be divided into six groups based on their domain compositions. Group I 

contains endolysins containing CHAP as a catalytic domain and a putative CBD 

not homologous to any known CBD, and group II contains those with CHAP and 

SH3 domain (PF08460) domains. Endolysins with CHAP/N-acetylmuramoyl-L-

alanine amidase (Amidase-2, PF01510)/ SH3 domain (PF08460) domains are in 

group III, and those with CHAP/N-acetylmuramoyl-L-alanine amidase (Amidase-3, 

PF01520)/ SH3 domain (PF08460) domains are in group IV. Group V contains 

endolysins with both CHAP and N-acetylmuramoyl-L-alanine amidase (Amidase-3, 

PF01520) but with another putative CBD not homologous to any known CBD, and 

group VI contains endolysins with peptidase_M23/N-acetylmuramoyl-L-alanine 

amidase (Amidase-2, PF01510)/ SH3 domain (PF08460) domains.  
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According to the InterProscan5 results, firstly staphylococcal endolysin 

CBDs were divided into two groups, SH3 domain (PF08460) and unknown. 

Interestingly, 19 out of 99 endolysins contained putative CBDs with no homology 

to the known CBD, SH3 domain (PF08460). Further, the unknown group was 

divided again into two groups, type I_CBD and type V_CBD, according to the 

amino acid sequence alignment results through BLAST align analysis. LysSA11, 

together with 13 other endolysins in group I and LysSA97, together with seven 

other endolysins in group V, contain a putative CBD with more than 97% similarity, 

and endolysins in group I contain other putative CBDs not homologous to those in 

group V endolysins, suggesting that at least two more types of CBDs exist in 

staphylococcal endolysins in addition to the well-known SH3 domain (PF08460) 

domain (Table 4.3). 

To compare the genomes of the staphylococcal full-length endolysins and 

their CBDs, phylogenetic analysis were performed based on their amino acid 

sequences (Fig. 4.1 and 4.2, respectively). The results were comparable to the 

grouping analysis by domain compositions (Table 4.3). Especially, phylogenetic 

analysis of the CBD sequences revealed that LysSA11-CBD was involved in type I 

and LysSA97-CBD was involved in type V. Each of CBDs in type I and type V was 

totally different from another (Fig. 4.2). Two endolysins from the phage SA5 

(GenBank accession no. JX875065.1) and ISP (GenBank accession no. 

FR852584.1) were classified into type II according to the domain compositions, 

however, both of their full-length and CBD genome sequences were revealed to be 

more similar to type III (Fig. 4.2 and 4.3). The results seemed to be occurred as N-
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acetylmuramoyl-L-alanine amidase (Amidase-2, PF01510) domain was missing in 

those two endolysins because of some genes mutation. In the case of the phage 

2638A endolysin in type VI, its CBD (SH3 domain (PF08460)) was similar to the 

CBD in type III, even though the genome sequences of the full-length endolysin 

was totally different from others (Fig. 4.2 and 4.3). 
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Table 4.3. Staphylococcal endolysins grouping based on the domain 

compositions 

 

  

Group Domain composition 
Phages containing the same group 

endolysin 

type I 
EAD (CHAP),  
CBD (no homology 1) 

42E, 187, SAP-26, SAP090B, phi13, 
phiBU01, phiPV83, phiNM3,  
phiN315, tp310-3, P954, JS01, 
SA11 

type II 
EAD (CHAP),  
CBD (SH3 domain) 

44HJD, 66, P68, SAP-2, S13´, S24-
1, GRCS, vB_SauM_Remus, 
vB_SauM_Romulus, SA5, ISP 

type 
III 

EAD (CHAP, Amidase-2),  
CBD (SH3 domain) 

11, 29, 37, 52A, 55, 69, 80, 85, 88, 
92, 676Z, A3R, A5W, DW2, JD007, 
Fi200W, MSA6, X2, EW, P4W, 
GH15, K, MCE-2014, Sb-1, SP5, 
SP6, SA12, SA13, Staph1N, S25-3, 
S25-4, phiMR11, phiMR25, 
phiNM2, phiSauS-IPLA88, 
phiSA012, phiIPLA-C1C,  
phiIPLA-RODI, 812 

type 
IV 

EAD (CHAP, Amidase-3),  
CBD (SH3 domain) 

3A, 53, 96, 77, 80alpha, ROSA, 
TEM123, TEM126, tp310-1,  
tp310-2, SMSAP5, StauST398-4, 
LH1, PVL, phiNM, phi12,  
phiSauS-IPLA35, phiPVL108, 
phi2958PVL, phiPVL-CN125, 
phiNM1, phiNM4, phiSa119, 
phiSLT, phi5967PVL,  
phi7247PVL, phi7401PVL, 
YMC/09/04/R1988 

type V 
EAD (CHAP, Amidase-3),  
CBD (no homology 2) 

phiETA, phiETA2, phiETA3, 71, 
StauST398-1, StauST398-5, SA97 

type 
VI 

EAD (Peptidase_M23, Amidase-2), 
CBD (SH3 domain) 

2638A 
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Fig. 4.1. Phylogenetic analysis of the full-length endolysin genome sequences of 

99 staphylococcal endolysins. The phylogenetic tree was generated with the 

neighbor-joining method with P distance values using the MEGA5 program.  



１２８ 

 

 

Fig. 4.2. Phylogenetic analysis of the CBD sequences of 99 staphylococcal 

endolysins. The phylogenetic tree was generated with the neighbor-joining method 

with P distance values using the MEGA5 program. 
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IV-3-2. Characterization of LysSA11 endolysin and its development into a 

potent biocontrol agent against S. aureus in foods and cooking utensils 

IV-3-2-1. Bioinformatics analysis of LysSA11 endolysin 

Endolysin LysSA11 from the phage SA11 (Kim and Myung 2012), 

composed of 252 amino acids (28.82 kDa), was subjected to a domain analysis 

using Pfam 28.0. The endolysin contains a CHAP domain (PF05257; E-value, 2.2e-

11) in N-terminal, known as the enzymatic domain that cleaves the amide bond 

between the N-acetylmuramic acid and L-alanine residue in the bacterial cell walls 

(Szweda et al. 2012) (Fig. 4.3(A)).  

BLAST analysis revealed that LysSA11 shows a closest homology at the 

amino acid sequence level to an amidase from S. aureus phage vB_SauM_Romulus 

(YP_007677654.1, 98% identity) (Vandersteegen et al. 2013), and no other 

homologous that share identity higher than 60% were found. When the amino acid 

sequence was compared to the previously reported endolysins, LysSA11 showed a 

low identity with other endolysins that could be classified into a separated group on 

the basis of domain compositions: endolysins from SA97 (47.0% identity; 

KJ716334.1; comprised of CHAP and amidase_3 domains), GRCS (21.5%; 

KJ210330.1; comprised of CHAP and SH3_5 domains), SAP-26 (20.6%; 

NC_014460.1; comprised of a CHAP domain), TEM126 (26.0%; HQ127381.1; 

comprised of CHAP, amidase_3 and SH3_5 domains), phiMR11 (31.9%; 

NC_010147.1; comprised of CHAP, amidase_2 and SH3_5 domains) and 2638A 

(14.6%; NC_007051.1; comprised of peptidase_M23, amidase_2 and SH3_5 
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domains) (Fig. 1B). Although endolysins from phage SAP-26, 42E, 187, SAP090B, 

phi13, phiBU01, phiPV83, phiNM3, phiN315, tp310-3, P954 and JS01 contained 

only one CHAP domain similar to the LysSA11, they had totally distinct CBD 

compared to the LysSA11, resulting in the low sequence similarity. The results 

suggest that LysSA11 is a novel one which could be classified in a new type of the 

staphylococcal endolysin.  

Soluble fraction of the LysSA11 endolysin expressed from the E. coli was 

purified by nickel affinity chromatography (Fig. 4.3(C)). To confirm the predicted 

amidase activity of LysSA11, the quantity of free muramic acid from the 

peptidoglycan after endolysin treatment was calorimetrically measured (Hadzija 

1974). As shown in Fig. 4.4, the amount of free muramic acid from the S. aureus 

ATCC 13301 peptidoglycan was 5.8 times increased by 1 h of LysSA11 treatment 

compared to the non-treated or substrate-free control groups. Thus, it could be 

concluded that LysSA11 endolysin has an amidase activity which cleaves the 

lactate link between the N-acetylmuramic acid and the L-alanine of the peptide side 

chain.  

The results of InterProScan5 analysis of LysSA11 endolysin revealed no 

CBD homologs from the database even though most of the previously reported 

staphylococcal endolysins were known to contains a SH3_5 domain as CBD 

(Oliveira et al. 2013), suggesting that LysSA11 may have a novel CBD in a C-

terminal region which is large enough to function as a CBD. 
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Fig. 4.3. Modular structure and lytic activities of LysSA11 endolysin. (A) 

Schematic representation of LysSA11, which has a domain of conserved N-

terminal cysteine, histidine-dependent amidohydrolases/peptidases (CHAP). (B) 

Sequence alignment of staphylococcal phage endolysins in various groups. SA11, 

SA11 phage endolysin containing a CHAP domain; SA97, SA97 phage endolysin 

comprised of CHAP and amidase_3 domains; GRCS, GRCS phage endolysin 

comprised of CHAP and SH3_5 domains; SAP-26, SAP-26 phage endolysin 

containing a CHAP domain; TEM126, TEM126 phage endolysin comprised of 

CHAP, amidase_3 and SH3_5 domains; phiMR11, phiMR11 phage endolysin 

comprised of CHAP, amidase_2 and SH3_5 domains; 2638A, 2638A phage 

endolysin comprised of peptidase_M23, amidase_2 and SH3_5 domains. 
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Conserved and identical residues are shaded in gray (dark gray, >70% conserved; 

light gray, >40% conserved) and black, respectively. (C) Purified LysSA11 was 

loaded on an SDS-PAGE gel. Lane M, standard molecular weight marker; 

LysSA11, purified LysSA11 fraction. (D) Lysis of S. aureus ATCC 13301 cells 

treated with recombinant LysSA11 from outside of the bacterial cells. The optical 

density was measured periodically after the LysSA11 treatment. ●, negative control 

(no LysSA11 treated); ■, 45 nM; ▲, 135 nM; ▼, 225 nM; ◆, 450 nM LysSA11 

treated.  
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Fig. 4.4. N-acetylmuramoyl-L-alanine amidase activities of LysSA11 endolysin. 

Peptidoglycan (PGN) extracted from S. aureus ATCC 13301 was incubated with or 

without 225 nM of purified LysSA11. The level of released muramic acid was 

measured calorimetrically after 1 h endolysin incubation (details in Materials and 

Methods). PGN, peptidoglycan only; LysSA11, treatment of 225 nM LysSA11 

without peptidoglycan; PGN+LysSA11, 225 nM LysSA11 was added to the 

peptidoglycan. Each column represents the mean standard deviations of triplicate 

assays and the asterisk indicate significant differences (***, P<0.001). 

  



１３４ 

 

IV-3-2-2. Expression and characterization of LysSA11 endolysin 

The LysSA11 endolysin showed concentration-dependent cell lysis 

activity against exponential phase S. aureus ATCC 13301 (Fig. 4.3(D)). The 

highest dose (450 nM of endolysin) exhibited 50% reduction in optical density less 

than 20 min and 70% reduction within a half-hour.  

LysSA11 endolysin showed more than 60% residual lytic activity after 

incubation at a range from 25 to 45°C, while the activity was less than half at 4°C 

or 65°C (Fig. 4.5(A)). It retained more than 50% activities between pH 6.0 to pH 

8.0 condition, but the activity was markedly reduced at acidic pH (below pH 4.0) 

(Fig. 4.5(B)). Because the activities of previously reported several staphylococcal 

endolysins were enhanced by the addition of NaCl (Becker et al. 2009; Garcia et al. 

2010), we investigated the activity of LysSA11 in the presence of NaCl ranging 

from 0 to 500 mM. As expected, it showed increased activity with up to 200 mM of 

NaCl (Fig. 4.5(C)). Based on the above observations, subsequent antimicrobial 

assays were performed in a phosphate buffer at pH 8.0 containing 200 mM of NaCl. 

These results suggest that LysSA11 could be a good candidate as a food additive, in 

particularly in neutral/moderately acidic foods or the sodium-containing foods. 

To examine whether divalent ions are needed for the LysSA11 endolysin 

activity, the effect of metal ions on the lytic activity was determined. Lytic 

activities were declined in EDTA-treated LysSA11, suggesting that the LysSA11 

required metal ions for full activity. However, when 1 mM Ca2+ was added to the 

EDTA-treated endolysin, approximately 150% activity compared to the control was 

exhibited (Fig. 4.6). Intriguingly, the activity of LysSA11 treated with other metal 
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ions (i.e., magnesium, manganese, cooper and zinc) was similar to that of the 

EDTA-treated sample, indicating that the dependence of divalent metal ion for 

LysSA11 is calcium ion specific. In accordance with this, several CHAP domain-

containing staphylococcal endolysins (Donovan et al. 2006; Fenton et al. 2011; Gu 

et al. 2014) have been shown to require the calcium ion for their activity.  

In order to determine the spectrum of lytic activity of LysSA11 endolysin, 

23 different bacterial strains including MRSA and several other representative 

Gram-positive and Gram-negative pathogens were tested by lytic assay (Table 4.4). 

Although no lytic activity was observed on any other strains, the activity was 

exhibited against all staphylococcal strains tested including MRSA. Thus, LysSA11 

has an activity spectrum specific to the staphylococcal species, in accordance with 

the binding spectrum of LysSA11-CBD.  
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Fig. 4.5. Effect of pH, temperature, and NaCl on the lytic activities of LysSA11 

endolysin. The effect of (A) temperature, (B) pH and (C) NaCl concentration on 

the lytic activities of LysSA11 against S. aureus ATCC 13301 cells are shown. 

Each column represents the mean of triplicate experiments, and error bars indicate 

the standard deviation. The asterisks indicate significant differences (***, P<0.001; 

**, P<0.01; *, P<0.05).    
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Fig. 4.6. Effects of metal ions on the lytic activity of LysSA11 after EDTA 

treatment. Relative lytic activities were calculated with the comparison of the lysis 

activity of each ion-treated group and the lysis activity of non-treated group on the 

EDTA-treated strain. Values represent the mean standard deviation of triplicate 

assays and the asterisks indicate significant differences (***, P<0.001). 
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Table 4.4. The antimicrobial spectrum of SA11 phage and LysSA11 endolysin, 

and the cell wall domain binding spectrum of LysSA11-CBD  

Bacterial strain 
Host range of 

SA11 

Lysis zone 
formation by 

LysSA11 

Binding activity of 
LysSA11-CBD 

Staphylococcus strains 
   

 Staphylococcus aureus ATCC 13301 + + + 
 MRSA CCARM 3089 + + + 
MRSA CCARM 3090 + + + 
MRSA CCARM 3793 + + + 

 Staphylococcus aureus KCTC 1916 + + + 
 Staphylococcus aureus ATCC 6538 + + + 
 Staphylococcus aureus ATCC 23235 + + + 
 Staphylococcus aureus ATCC 29213 + + + 
 Staphylococcus aureus ATCC 25923 + + + 
 Staphylococcus aureus Newman + + + 
 Staphylococcus aureus ATCC 33586 + + + 
 Staphylococcus aureus RN4220 + + + 
 Staphylococcus aureus ATCC 33593 + + + 
 Staphylococcus aureus ATCC 12600 + + + 
  

   
Other Gram positive bacteria 

   
 Enterococcus faecalis ATCC 29212 - - - 
 Bacillus cereus ATCC 14579 - - - 
 Bacillus subtilis ATCC 23857 - - - 
 Listeria monocytogenes ATCC 19114 - - - 
  

   
Gram negative bacteria 

   
 Salmonella Typhimurium SL1344 - -

a
 -

a
 

 Escherichia coli MG1655 ATCC 47076 - -
a
 -

a
 

 Escherichia coli O157:H7 ATCC 35150 - -
a
 -

a
 

 Cronobacter sakazakii ATCC 29544 - -
a
 -

a
 

 Pseudomonas aeruginosa ATCC 27853 - -
a
 -

a
 

a, Gram-negative bacteria were treated with EDTA.  
b, ATCC, American Type Culture Collection; KCTC, Korean Collection for Type Culture; 

CCARM, Culture Collection of Antimicrobial Resistant Microbes.  
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IV-3-2-3. Confirmation of the C-terminal domain of LysSA11 endolysin as a novel 

CBD 

To identify the specific bacterial binding activity of a putative CBD of 

LysSA11 (LysSA11-CBD), a fusion protein containing the predicted CBD region 

(amino acid residues 166-252) and EGFP was cloned into a pET28a vector and 

expressed in E. coli (Fig. 4.7(A)). Purified EGFP or EGFP-LysSA11-CBD was 

added to the bacterial cells and protein binding was viewed by fluorescence 

microscopy. While EGFP alone did not bind to S. aureus, the fusion protein bound 

specifically to S. aureus ATCC 13301 cells, causing fluorescence emission from the 

cell surfaces as shown in Fig. 4.7(B). The LysSA11-CBD binding spectrum 

covered entire staphylococcal strains tested including MRSA (Table 4.4). However, 

no binding of fusion protein was observed against any other bacteria tested under 

the same conditions (Table 4.4). These results indicate that the LysSA11-CBD 

targets specifically the staphylococcal cells.  
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Fig. 4.7. Purification and binding activity of EGFP-LysSA11-CBD. (A) Purified 

EGFP-LysSA11-CBD was loaded on an SDS-PAGE gel. Lane M, standard 

molecular weight marker; EGFP-LysSA11-CBD, purified fraction of LysSA11-

CBD. (B) LysSA11-CBD bind to the S. aureus ATCC 13301 cells. EGFP-

LysSA11-CBD, treatment of EGFP fused LysSA11-CBD to S. aureus ATCC 13301; 

EGFP only, treatment of EGFP alone to S. aureus. Images represent bright field 

(left) and fluorescent (middle), and merged (right) states.  
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IV-3-2-4. Antibacterial ability of LysSA11 endolysin against S. aureus in foods 

The suitability of LysSA11 endolysin as a biocontrol agent for S. aureus 

in foods was evaluated. Antibacterial activities were examined with various amount 

(1.125-9 μM) of endolysin against the MRSA (S. aureus CCARM 3089) strain in 

pasteurized milk or ham. Milk and ham are known to have a high possibility of S. 

aureus contamination (Hennekinne et al. 2012; Richards et al. 1993), and they 

could be a proper food model for LysSA11 activity because they are in 

neutral/moderately acidic (milk; pH 6-7) or sodium-containing (ham) conditions 

(Fig. 4.5(B) and (C)). The number of bacterial cells was not reduced in the negative 

control group (untreated), but was reduced by LysSA11 treatments (see below). No 

viable resistant cells were recovered in a day after endolysin treatment, confirmed 

by direct plating on BPA plate.  

In the milk at a refrigerating temperature (4°C), significant inhibitory 

effects (P<0.05) were shown within only 15 min by 3.375 μM of LysSA11 and 

viable cells were reduced to undetectable levels in 1 h with 9 μM of LysSA11 

treatment (Fig. 4.8(A)). At a room temperature (25°C), the significant inhibitory 

effects (P<0.05) were shown within 15 min by 3.375 μM of LysSA11 treatment 

like as the case of 4°C, but the viable cells were more rapidly reduced to 

undetectable levels (within 30 min) by 9 μM of LysSA11 treatment (Fig. 4.8(B)). 

These results suggested that LysSA11 works more efficiently at 25°C than at 4°C 

in milk, in accordance with the result in Fig. 4.5(A) that LysSA11 showed higher 

activity at 25°C than at 4°C. 
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When LysSA11 endolysin was treated to ham stored at 4°C, 

staphylococcal viable cells were reduced to undetectable levels within 30 min by 

3.375 μM of LysSA11 treatment and 1.125 μM treatment resulted in the significant 

inhibitory effects (P<0.0001) within 15 min (Fig. 4.8(C)). At 25°C condition, only 

1.125 μM of LysSA11 endolysin was sufficient to reduce the number of 

staphylococcal cells to undetectable levels within 30 min (Fig. 4.8(D)), also 

suggesting that LysSA11 works more efficiently at room temperature than at 

refrigerating temperature in ham. LysSA11 worked more efficiently in ham than 

milk, probably due to the difference in endolysin treatment methods; LysSA11 was 

directly applied to the artificially contaminated bacteria on the surface of the ham, 

while it was somewhat diluted when treated to milk. These results suggested that 

LysSA11 would work better in the contaminated surface of the solid foods than in 

the liquid foods. A few studies had reported the application of staphylococcal 

endolysin to milk only (Garcia et al. 2010; Obeso et al. 2008), and the results 

showed about 1-log reduction of S. aureus cells per milliliter by 160 U/mL (88 

μg/mL) of LysH5 endolysin in 1 h (Obeso et al. 2008). In the present study, 

LysSA11 reduced the number of staphylococcal cells in milk about 2.53-log per 

milliliter with 3.375 μM endolysin in 1 h, and also showed a strong activity against 

artificially contaminated staphylococcal cells in the ham. These data suggested that 

LysSA11 endolysin would be a promising biocontrol agent as a food antimicrobial 

to control S. aureus in dairy or ham products.  
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Fig. 4.8. Killing effects of methicillin-resistant S. aureus CCARM 3089 by 

LysSA11 at (A, C) 4°C and (B, D) 25°C in (A, B) pasteurized whole milk and 

(C, D) ham. The number of S. aureus CCARM 3089 cells without LysSA11 

treatment (●, negative control), with LysSA11 1.125 μM (■), 2.25 μM (▲), 3.375 

μM (▼), 4.5 μM (◆), and 9 μM (○) treatment was counted. Values are the means 

of three independent experiments with standard deviation. The asterisk indicates 

significant differences (***, P<0.001; *, P<0.05). N/D, not detected. 
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IV-3-2-5. Disinfection efficacy of LysSA11 endolysin against S. aureus in cooking 

utensils 

Cross-contamination during food processing or preparation has been a 

major cause of foodborne illness outbreaks. In particularly, insufficient cleaning of 

cooking utensils has been the most common faults reported (Bennett et al. 2013; 

Kadariya et al. 2014). The MRSA reduction efficacy of the LysSA11 treatments on 

cooking utensils was proportionated to the amount of the endolysin. Noticeably, 

however, no distinct difference was observed between polypropylene plastic 

cutting board and stainless steel knife in the effect of endolysin (Fig. 4.9). 

Treatment of 1.35 μM LysSA11 onto a surface of the polypropylene plastic cutting 

board or stainless steel knife resulted in a complete elimination of contaminated 

MRSA within 30 min, indicating that LysSA11 was effective against 

staphylococcal cells in a similar level, regardless of the materials of the utensils. 

Staphylococcal endolysins have not been used as a disinfectant yet, and the present 

study firstly showed a successful application of the staphylococcal endolysin to the 

surface of the cooking utensils. Conclusively, we suggest that LysSA11 endolysin 

could be a superior decontaminant to remove S. aureus existing in the surfaces of 

the cooking utensils, which made of a plastic or stainless steel.  
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Fig. 4.9. Antibacterial activity of LysSA11 endolysin against methicillin-

resistant S. aureus CCARM 3089 on the cooking utensils. (A) polypropylene 

plastic cutting board and (B) stainless steel knife. The number of S. aureus 

CCARM 3089 cells without LysSA11 treatment (■, negative control), with PBS 

(▤), LysSA11 450 nM (▩), 900 nM (▦), 1.35 μM (▨) treatment was counted. 

Each column represents the mean standard deviations of triplicate assays and the 

asterisk indicate significant differences (***, P<0.001). N/D, not detected. 
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IV-3-3. Characterization of the LysSA97 endolysin and its synergistic with 

carvacrol in controlling S. aureus in foods 

IV-3-3-1. Functional domains of LysSA97 endolysin 

LysSA97 is composed of 470 amino acids (55.4 kDa). BLAST (Altschul 

et al. 1997) and InterProScan5 (Jones et al. 2014) analysis suggested that LysSA97 

is a putative N-acetylmuramoyl-L-alanine amidase consisting of an N-terminal 

CHAP domain (PF05257; E-value, 3.9e-12) and a middle N-acetylmuramoyl-L-

alanine amidase (Amidase-3, PF01520) domain (PF01520; E-value, 1.1e-23), 

known as the enzymatic domains that cleave the amide bond between the N-

acetylmuramoyl and L-alanine residues in bacterial cell walls (Oliveira et al. 2013; 

Szweda et al. 2012). Amino acid sequence alignment revealed that LysSA97 

presents 100% overall identity with a CHAP domain containing protein of S. 

aureus JH9. 

To confirm the predicted amidase activity of LysSA97 endolysin, the 

quantity of free muramic acid on the N-acetylmuramic acid residue was analyzed 

(Hadzija 1974). As shown in Fig. 4.10, the amount of muramic acid in the 

peptidoglycan significantly increased within 1 h after the endolysin reaction. When 

LysSA97 was applied to the S. aureus peptidoglycan, free muramic acid production 

was 4.83 times more than in the control groups that means LysSA97 cleaves the 

lactate link between the N-acetylmuramic acid and L-alanine of the peptide side 

chain. Therefore, LysSA97 was demonstrated to have amidase activity.  
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However, the BLAST, InterProScan5 analysis of LysSA97 endolysin did 

not reveal a CBD homologous to the known CBD even though most reported 

staphylococcal endolysins are known to have SH3 domain (PF08460) as a CBD 

(Becker et al. 2009; Oliveira et al. 2013) (Table 4.5). This suggests that LysSA97 

may have a novel CBD because it has a C- terminal domain large enough to 

function as a CBD in addition to the EAD.  
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Fig. 4.10. N-acetylmuramyl-L-alanine amidase activities of LysSA97 endolysin. 

Peptidoglycan (PGN) extracted from S. aureus RN4220 was incubated with or 

without 940 nM of purified LysSA97. The level of released muramic acid was 

measured after 1 h endolysin incubation. Peptidoglycan (PGN), peptidoglycan only; 

LysSA97 940 nM, LysSA97 only; PGN+LysSA97 940 nM, 940 nM LysSA97 was 

added to the PGN. Each column represents the mean standard deviations of 

triplicate assays. The asterisk indicate significant differences (**, P<0.01). 
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Table 4.5. The antimicrobial spectrum of LysSA97 endolysin, cell wall binding 

spectrum of LysSA97_CBD and bacterial SH3 domain (PF08460) 

Bacterial strain 

Lysis zone 
formation 

of 
LysSA97 

Binding 
activity of 

LysSA97_CBD 

Binding 
activity of 

bacterial SH3b 

Staphylococcus strains    
Staphylococcus aureus RN4220 + + + 
Staphylococcus aureus Newman + + + 
Staphylococcus aureus KCTC 1916 + + + 
Staphylococcus aureus ATCC 6538 + + + 
Staphylococcus aureus ATCC 23235 + + + 
Staphylococcus aureus ATCC 25923 + + + 
Staphylococcus aureus ATCC 29213 + + + 
Staphylococcus aureus ATCC 33593 + + + 
Staphylococcus aureus ATCC 33586 + + + 
MRSA CCARM 3089 + + + 
MRSA CCARM 3090 + + + 
MRSA CCARM 3793 + + + 
Staphylococcus aureus ATCC 12600 - + + 
Staphylococcus aureus ATCC 13301 - + + 
Staphylococcus xylosus, ATCC 29971 + + + 
Staphylococcus hominis, ATCC 37844 + + + 
Staphylococcus capitis, ATCC 35661 + + + 
Staphylococcus saprophyticus, ATCC 15305 + + + 
Staphylococcus haemolyticus, ATCC 29970 + + + 
Staphylococcus intermedius, ATCC 29663 + + + 
Staphylococcus epidermidis ATCC 35983 - + + 
    
Other Gram-positive bacteria    
Enterococcus faecalis ATCC 29212 - - - 
Bacillus cereus ATCC 14579 - - - 
Bacillus subtilis ATCC 23857 - - - 
Listeria monocytogenes ATCC 19114 - - - 
    
Gram-negative bacteria    
Salmonella Typhimurium SL1344 - a - a - a 
E. coli O157:H7 ATCC 35150 - a - a - a 
Cronobacter sakazakii ATCC 29544 - a - a - a 
Pseudomonas aeruginosa ATCC 27853 - a - a - a 

a, Gram-negative bacteria were treated with EDTA.  
b, Binding activities were examined by LysSA12_CBD involved in type III (GenBank 

accession no. NC_021801.1). 
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IV-3-3-2. Overexpression and characterization of LysSA97 endolysin 

The endolysin gene was identified from the genome sequence of phage 

SA97 (Chang et al. 2015), cloned, and overexpressed in E. coli. LysSA97 was 

purified to near homogeneity (Fig. 4.11(A)). This preparation showed 

concentration-dependent cell lysis activity (Fig. 4.11(B)). To examine the 

susceptibility of various strains against LysSA97, plate lysis assay was performed. 

LysSA97 could lyse the bacterial cells confined to staphylococcal species (Table 

4.5). These results suggest that LysSA97 may effect to the analogous peptidoglycan 

structure with the amide linkage between N-acetylmuramic acid and L-alanine, 

commonly found in various staphylococcal strains (Schleife and Kandler 1972). 

The results demonstrated that LysSA97 endolysin can lyse most of staphylococcal 

strains specifically.  

Lytic activity analysis at different pH values demonstrated that LysSA97 

endolysin was relatively stable under pH ranges between 6.0 and 8.0, with highest 

activity at pH 7.0 (Fig. 4.12(A)). LysSA97 endolysin was highly active under the 

temperature ranges between 25 and 37℃ (Fig. 4.12(B)). Its activity was relatively 

stable under a wide ranges of NaCl concentrations up to 300 mM, with the 

maximum activity level at 0 mM NaCl conditions (Fig. 4.12(C)). These results 

suggest that LysSA97 endolysin could be a good biocontrol agent candidate as it is 

active in a relatively wide range of conditions.  

  



１５１ 

 

 

Fig. 4.11. Purification and lytic activities of LysSA97 endolysin. (A) Purified 

LysSA97 was loaded on an SDS-PAGE gel. Lane M, standard molecular weight 

marker; LysSA97, purified LysSA97 fraction. (B) Lysis of S. aureus RN4220 in the 

presence of recombinant LysSA97. ●, negative control (no enzyme added); ▼, 564 

nM enzyme added; ◆, 940 nM enzyme added; ○, 1.88 μM enzyme added; □, 3.76 

μM enzyme added. The data shown are the mean values from three independent 

measurements and the error bars represent the standard deviations. 
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Fig. 4.12. Effect of pH, temperature, and NaCl on the lytic activities of 

LysSA97 endolysin. The effect of pH (A), temperature (B), and NaCl 

concentration (C) on the lytic activities of LysSA97 endolysin against S. aureus 

RN4220 cells are shown. Each column represents the mean of triplicate 

experiments, and error bars indicate the standard deviation. The asterisks indicate 

significant differences (***, P<0.001; **, P<0.01; *, P<0.05).  
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IV-3-3-3. Confirmation of the C-terminal domain of LysSA97 as a novel CBD  

To confirm the bacterial binding activity of a putative CBD of LysSA97 

endolysin, a fusion protein containing the predicted CBD region (amino acid 

residues 368-470) and GFP was cloned into a pET28a vector and purified (Fig. 

4.13(A)). Purified GFP or GFP-LysSA97_CBD was added to S. aureus cells and 

binding was viewed by fluorescence microscopy. GFP alone did not show any 

binding affinity to the bacterial cells as a control in Fig. 4.13(B). The 

LysSA97_CBD binding spectrum covered entire staphylococcal strains tested 

including 14 S. aureus and 7 of other staphylococcal strains known to be harmful to 

human (Al-Mathkhury et al. 2008; Cone et al. 2005; Daniel et al. 2014; Hovelius 

and Mardh 1984; Kelesidis and Tsiodras 2010; Petinaki et al. 2005; Vuong and 

Otto 2002) (Table 4.5). However, no binding of fusion protein to any other bacteria 

tested was observed under the same conditions (Table 4.5). At least eight different 

types of peptidoglycan exist in Gram-positive bacteria (Schleife.Kh and Kandler 

1972). Other Gram-positive bacteria which were tested in this study have different 

cell wall types without glycine-rich interpeptide bridges. Especially, 

Staphylococcus have A3α type which possess penta-glycine structure, however 

Bacillus have A1ϒ type (Regulski et al. 2013), Listeria have A1ϒ type (Kamisango 

et al. 1982), and Enterococcus have D-Asx cross bridges instead of glycine-rich 

bridges in peptidoglycan structure (Hendrickx et al. 2013). These results indicate 

that the LysSA97_CBD targets specifically to the envelope of staphylococcal cells. 

In the case of SH3 domain (PF08460) domain, pentaglycine cross bridges 

were proposed as the binding ligands within the cell wall envelope (Grundling and 
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Schneewind 2006). As binding specificity of LysSA97_CBD was comparable to 

the SH3 domain (PF08460) domain (Table 4.5) and specifically bound to 

staphylococci, I could predict that it might be attached to distinctive region in 

staphylococcal cells, such as pentaglycine cross bridge structure which is already 

known as a binding site of SH3 domain of lysostaphin (Grundling and Schneewind 

2006). These results indicate that the LysSA97_CBD is a novel CBD of 

staphylococcal endolysins which targets specifically to the envelope of 

staphylococci, representing a potential use of LysSA97_CBD as a bioprobe for 

detecting staphylococcal cells.  
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Fig. 4.13. Purification and binding activity of LysSA97_CBD. (A) Purified 

LysSA97_CBD was loaded on an SDS-PAGE gel. Lane M, standard molecular 

weight marker; LysSA97_CBD, purified fraction of LysSA97_CBD. (B) GFP-

LysSA97_CBD, LysSA97_CBD directly interacted with S. aureus RN4220; GFP 

only, GFP alone did not bind to S. aureus. Images represent bright field (left), 

fluorescent (middle), and merged (right) states.  
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IV-3-3-4. Biofilm reduction activity of LysSA97 endolysin 

The biofilm matrix disruption by LysSA97 endolysin was verified by 

visual comparison in crystal violet-staining and SEM. Although the biofilm 

removal extent was sufficient to be determined by visual examination, it was 

further confirmed by quantification of crystal violet staining. As shown in Fig. 

4.14(A), the blue-stained color was significantly reduced in the LysSA97 

endolysin-treated group compared with the PBS-treated control group. 

Approximately 90% of the biofilm was reduced in the LysSA97 endolysin-treated 

group compared with the control. Most biofilms formed after 24 h incubation of S. 

aureus Newman cells were removed and a few cells remained on the glass surface 

were deformed after treatment with 940 nM of LysSA97 endolysin for 2 h (Fig. 

4.14(B)). As not only the cells deformation was visible but also the cellular debris 

is evident by SEM analysis, the biofilm disruption was presumed to be mediated 

mainly by cell lysis (Fenton et al. 2013; Shen et al. 2013; Son et al. 2010; Yang et 

al. 2014a). It was hypothesized that LysSA97 endolysin probably lyses individual 

staphylococcal cells embedded in the extracellular matrix, consequentially brings 

about destabilization of the biofilms and their detachment from the surfaces would 

be occurred. These results demonstrate that LysSA97 endolysin can be used to treat 

infections caused by biofilm-forming S. aureus cells that grow in biofilms as well 

as planktonic cells (Eftekhar and Dadaei 2011).  

  



１５７ 

 

 

Fig. 4.14. Examination of the S. aureus biofilm disruption abilities by LysSA97 

endolysin treatment. (A) Biofilms after crystal violet-staining were shown. Left 

well, negative control treated with PBS; right well, the experimental group applied 

with purified LysSA97 (940 nM). The dark staining indicates the existence of a 

biofilm that is maintained after treatment for biofilm disruption, and light staining 

indicates the successful removal of biofilm. The biomass amount was presented as 

the OD570 value. Each column represents the mean standard deviations of triplicate 

assays. The asterisks indicate significant differences (***, P<0.001). (B) Scanning 

Electron Microscope analysis of the degradation efficacy of LysSA97 against S. 

aureus Newman biofilms. Control indicates the sample treated with PBS; LysSA97 

940 nM indicates the sample treated with 940 nM of LysSA97. Magnification 

×10,000 and scale bar indicates 500 nm.   
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IV-3-3-5. Synergistic antimicrobial activity between LysSA97 endolysin and 

essential oil-derived compounds on S. aureus 

Essential oil-derived compounds are proposed to compromise the integrity 

of bacterial cytoplasmic membrane, leading to leakage of essential cellular 

constituents (Burt 2004). However, their antimicrobial activities vary each other 

depending on the lipophilic properties of their hydrocarbon skeleton and the 

hydrophilicity of their functional groups (Faleiro 2011). In order to select an 

essential oil compound compatible with LysSA97 endolysin, the lethal effects of 

well-known essential oil compounds were compared in combination with LysSA97 

endolysin. Four different essential oil constituents including carvacrol, 

cinnamaldehyde, thymol and cinnamic acid, which were known to have anti-

staphylococcal effects (Burt 2004), were emulsified into nanoemulsion droplets 

between 10 and 200 nm in diameter to increase their accessibility to bacterial cells 

or foods (Fig. 4.15). Each essential oil compound was added to the culture of S. 

aureus RN4220 individually and in combination with LysSA97 endolysin, and 

time-kill curves were plotted for an hour. All materials except for cinnamic acid 

showed synergistic killing effects with LysSA97 endolysin on staphylococcal cells 

and the cocktail of carvacrol and LysSA97 endolysin had the most drastic decrease 

in bacterial optical density (Fig. 4.16). The synergism between carvacrol and 

LysSA97 endolysin was reproduced in other ten different S. aureus strains 

including two MRSA strains of S. aureus CCARM 3089 and S. aureus CCARM 

3090, suggesting that their synergistic antimicrobial effects might be prevalent 



１５９ 

 

against S. aureus strains in common (Fig. 4.17). Thus carvacrol was chosen to 

define the synergistic efficacy with endolysins in detail.  
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Fig. 4.15. Measurement of droplet diameters of carvacrol emulsion. The droplet 

size of carvacrol nanoemulsion was measured using dynamic light scattering 

spectrophotometer. The mean radius was 64.1 ± 1.1 nm with a polydispersity index 

(PDI) of 0.200. PDI is indicative of the distribution of individual molecular masses 

in a given polymer sample, which is calculated by dividing the weight average 

molecular weight by the number average molecular weight (Rogosic et al. 1996).  
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Fig. 4.16. Synergistic effects of essential oils on bactericidal LysSA97 endolysin 

activity. Time curves of S. aureus RN4220 were plotted after treatments of 

LysSA97 endolysin, essential oils, and their combination at indicated 

concentrations. Tested essential oils are carvacrol (A), cinamaldehyde (B), thymol 

(C), and cinnamic acid (D). Optical density at 600 nm was measured in triplicate 

for 1 h. 
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Fig. 4.17. Time-kill curves of ten S. aureus strains after treatments of LysSA97 

endolysin, carvacrol, and their combination. Ten different S. aureus strains were 

inactivated with LysSA97 endolysin (376 nM), carvacrol (0.05%), and their 

cocktail and their optical densities at 600 nm were measured in triplicate. S. aureus 

strains used include 2 MRSA strains of S. aureus CCARM 3089 (A) and S. aureus 

CCARM 3090 (B) and 8 others of S. aureus ATCC 6538 (C), S. aureus ATCC 

23235 (D), S. aureus ATCC 29213 (E), S. aureus ATCC 25923 (F), S. aureus ATCC 

33586 (G), S. aureus ATCC 33593 (H), S. aureus KCTC 1916 (I), and S. aureus 

Newman (J). 
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IV-3-3-6. Viability of S. aureus under the treatment of cocktails of endolysin and 

carvacrol  

The synergism between LysSA97 endolysin and carvacrol was assessed in 

detail by comparing bactericidal activities at different concentrations of LysSA97 

endolysin or carvacrol individually or in combination. Synergism has been defined 

as a phenomenon in which two or more agents, entities, factors, or substances are 

combined to produce a greater effect than the sum of their individual activity. The 

cocktail of LysSA97 endolysin (376 nM) and carvacrol (0.05%) caused a decrease 

of bacterial optical density around 67.22 ± 6.25% for 1 h treatment, whereas 

individual treatments of LysSA97 endolysin and carvacrol at equivalent 

concentrations showed 27.0 ± 7.51% and 18.78±0.67% decreases, respectively, 

when the absorbance was measured at 600 nm (Fig. 4.18(A)). This cooperative 

effect between LysSA97 endolysin and carvacrol was comparable with the 

activities of single doses of LysSA97 endolysin and carvarcrol at 3.76 μM and 

0.5%, respectively, both of which are ten-fold higher than the doses in the cocktail. 

The synergistic efficacy between LysSA97 endolysin and carvacrol was further 

verified by comparing the viability of S. aureus against different concentrations of 

LysSA97 endolysin and carvacrol. The numbers of live S. aureus cells were 

decreased by 0.78 ± 0.19 log CFU/mL and 1.04 ± 0.04 log CFU/mL under the 

treatments of LysSA97 endolysin and carvacrol at 376 nM and 0.05%, respectively. 

However, their cocktail at the equivalent concentration each exhibited a bacterial 

viability reduction of 4.49 ± 0.2 log CFU/mL, which is comparable with the 

decrease by LysSA97 endolysin at 3.76 μM (Fig. 4.18(B)). The accelerated lytic 
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activity of LysSA97 endolysin and carvacrol in combination was also supported by 

assessing the levels of intracellular ATP of live cells. Staphylocococcal cells 

surviving the treatments of carvacrol, LysSA97 endolysin, or both in combination 

were disrupted to release intracellular ATP and the ATP proportional to live cell 

numbers was used to produce oxyluciferin. In accordance with the results above, 

LysSA97 endolysin and carvacrol combined in a cocktail showed a greater 

decrease in live cells than the summed decrease of individual usages of LysSA97 

endolysin and carvacrol (Fig. 4.19).  

Interestingly, the synergistic lethal effect of carvacrol on endolysin was 

observed in other endolysin application as well. LysSA12 endolysin (Chang et al. 

2013) is a staphylococcal phage endolysin with a high homology (98%) with 

LysH5, a well-characterized staphylococcal endolysin comprised of CHAP, 

amidase_2 enzymatic active domain (EAD), and SH3_5 cell wall binding domain 

(CBD) (Garcia et al. 2010). A combination of carvacrol (0.05%) and LysSA12 

endolysin (92.9 nM) exerted synergistic killing efficacy on staphylococcal cells, 

compared with individual treatments of carvacrol and LysSA12 endolysin at the 

same concentrations in both of bacterial optical density at OD600 and viability 

assays (Fig. 4.20). These results propose that carvacrol acts synergistically with 

any type of staphylococcal phage endolysins independent of their cell wall binding 

domains: compatible with endolysins harboring SH3_5 CBD of many 

staphylococcal endolysins or the unusual CBD of LysSA97 endolysin and others.  
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Fig. 4.18. Time-kill curves of S. aureus RN4220 treated with LysSA97 

endolysin, carvacrol, and their combination. Upon the addition of antimicrobial 

agents to the bacterial suspension at the concentrations indicated, the optical 

density at 600 nm (A) and the number of viable cells (B) were measured 

periodically for an hour. Each symbol indicates the mean value from triplicate 

measurements. N/D, not detected. 
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Fig. 4.19. ATP assay of S. aureus after treatments of LysSA97 endolysin, 

carvacrol, and their combined cocktail. Intracellular ATP was released from live 

S. aureus after 1 h treatments with 376 nM LysSA97 (▥), 3.76 μM LysSA97 (▨), 

0.05% carvacrol (▩), 0.5% carvacrol (▤), and their combined cocktail (■; 376 nM 

LysSA97 and 0.05% carvacrol). Untreated S. aureus RN4220 (▧) was used in 

parallel as a control. ATP-dependent luminescence was measured in triplicate and 

averaged. Each column represents the mean of triplicate experiments, and error 

bars indicate the standard deviation. The asterisks indicate significant differences 

(***, P<0.001; **, P<0.01). 
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Fig. 4.20. Synergistic lytic activity between carvacrol and other endolysin 

LysSA12. Time-kill curves of S. aureus RN4220 after treatments of LysSA12 (92.9 

and 929 nM) (Chang et al. 2013), carvacrol (0.05 and 0.5%), and their cocktail 

(92.9 nM LysSA12 and 0.05% carvacrol) were depicted using bacterial optical 

density at 600 nm (A) and bacterial counting (B). Each symbol represents the mean 

value from three independent measurements. N/D, not detected. 
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IV-3-3-7. Morphological changes of S. aureus surface structure by LysSA97 

endolysin, carvacrol, and their combination  

Conventional methods to improve the moderate lytic activities of 

staphylococcal endolysins included genetic modification of endolysins to enhance 

their activity and solubility (Horgan et al. 2009; Manoharadas et al. 2009) and co-

administration with other antimicrobial agents such as bacteriocins with synergistic 

effects (Becker et al. 2008; Garcia et al. 2010). In order to propose the cocktail of 

endolysin and carvacrol as a new approach for controlling Staphylococcus, the 

synergistic lytic activity between endolysin and carvacrol was further testified 

visually using scanning electron microscopy. LysSA97 endolysin and carvacrol 

both caused morphological changes in the bacterial surface structure. But the 

damaged surface structures appeared differently between LysSA97 endolysin and 

carvacrol treatments, probably due to the distinct modes of action between them 

(Fig. 4.21). S. aureus cells exposed to LysSA97 endolysin became shriveled at low 

concentrations (376 nM) and clumped each other with their cell wall structures 

lysed at high concentrations (3.76 μM), compared with coccus-shaped untreated 

cells. Irregular deformation of the cell wall might be attributable to the predicted N-

acetylmuramoyl-L-alanine amidase activity of LysSA97 endolysin, breaking down 

the bonds between N-acetylmuramoyl residues and L-alanine within peptidoglycan 

layers. Essential oils, meanwhile, are suggested to penetrate into the phospholipid 

bilayer of the cytoplasmic membrane and interact with membrane-bound enzymes 

and intracellular components, leading to the leakage of critical molecules and ions 

(Denyer 1990; Shan et al. 2007). SEM observation confirmed considerable 
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morphological alteration to the surface of S. aureus cells in contact with carvacrol. 

Collapsed regions of the cell envelope appeared bumpy projections on the cell 

surface at low concentrations of carvacrol (0.05%) and resulted in slimy lumps of 

cells crumbled away at high concentrations of carvacrol (0.5%). As expected, 

drastic structural deformation was observed in S. aureus by the treatment of low 

concentrations of LysSA97 endolysin (376 nM) and carvacrol (0.05%) in 

combination, supporting the synergistic antimicrobial activity between them. It is 

speculated that the synergism between LysSA97 endolysin and carvacrol is 

attributable to the sequential action of two antimicrobial agents with distinct target 

sites on the cell wall: LysSA97 cleaving bacterial peptidoglycan layers is likely to 

render the cell wall structure less rigid so that carvacrol may reach out to the 

cytoplasmic membrane of S. aureus more readily.  
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Fig. 4.21. Scanning electron microscopy of S. aureus after treatments with 

LysSA97 endolysin, carvacrol, and their combined cocktail. SEM images 

represent following: (A) untreated S. aureus RN4220; (B) and (E) S. aureus treated 

with LysSA97 endolysin at 376 nM and 3.76 µM, respectively; (C) and (F) S. 

aureus treated with carvacrol at 0.05% and 0.5%, respectively; (D) S. aureus 

treated with their cocktail (LysSA97 endolysin 376 nM and carvacrol 0.05%). 
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IV-3-3-8. Synergistic antimicrobial activity between endolysin and carvacrol in 

foods  

Bacteriophage endolysins targeting specific pathogens merit the control 

agent against food-borne pathogens, leaving the natural and beneficial bacterial 

flora of the food product undamaged. For instance, S. aureus in pasteurized milk 

was inactivated below the detection limit within 4 h by the staphylococcal phage 

endolysin LysH5 (Obeso et al. 2008). In this study, the result was demonstrated that 

the moderate lytic activity of LysSA97 endolysin against S. aureus was improved 

with the aid of carvacrol in phosphate buffer. Two different antimicrobial agents 

exerting synergistic killing activity may be utilized as a practical hurdle technology 

inhibiting food-borne pathogens on certain food products. For further exploitation 

of endolysin as an antimicrobial food additive, the synergism between LysSA97 

endolysin and carvarcrol was evaluated in foods. Common food sources of S. 

aureus contamination, including pasteurized whole and skim milks and beef, were 

inoculated with S. aureus and treated with LysSA97 endolysin, carvacrol, or their 

combination. In pasteurized skim milk, single treatments of LysSA97 endolysin 

(1.88 μM) or carvacrol (0.1%) showed bacterial decreases less than 2 log CFU/mL 

for 3 h. However, the number of live S. aureus was decreased below the detection 

level by the cocktail of LysSA97 endolysin and carvacrol at the equivalent 

concentrations within 3 h (Fig. 4.22(A)). The synergism between LysSA97 

endolysin and carvacrol was also observed in beef, reducing the live bacterial 

numbers by 2.04 log CFU/cm3 within 3 h (Fig. 4.22(C)). Interestingly, the co-

administration of carvacrol with LysSA97 endolysin did not provide a synergistic 
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antimicrobial activity in whole milk (Fig. 4.22 (B)). With regard to the complex 

contents of whole milk, carvacrol might not target the lipid-enriched bacterial 

cytoplasmic membrane effectively. The dampened antimicrobial activities of 

essential oils in high-fat dairy products have been observed by others (Chen et al. 

2014). They reasoned that essential oil components were solubilized less in 

complex food systems and bound with fat globules (Gaysinsky et al. 2007; Shah et 

al. 2013). Moreover, dissolved carvacrol components could be strongly combined 

to proteins such as β-lactoglobulin, the major whey protein, which has a 

hydrophobic β-barrel that can carry hydrophobic compounds (Zhang et al. 2013), 

and they could also diffuse into porous casein micelles (McMahon and Oommen 

2013). These results demonstrate that the cooperative bactericidal effects between 

endolysin and carvacrol are varied by the contents and structural characteristics of 

foods; the cocktail of endolysin and carvacrol is competent to control 

staphylococcal cells in low-fat food products. 

Conclusively, this study proposes carvacrol as a potent additive improving 

endolysins with anti-staphylococcal effects in low-fat food systems. The synergistic 

activity between endolysins and essential oils, which act at distinct target sites, 

bacterial peptidoglycan layer and the cytoplasmic membrane, respectively, is 

explorable in other Gram-positive bacteria. This study could provide a novel and 

practical approach for the improvement of safety assurance in food industry. 
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Fig. 4.22. Antimicrobial activity assay of LysSA97 endolysin and carvacrol in 

foods. S. aureus RN4220 in pasteurized skim (A) and whole (B) milks, and lean 

beef (C) was inactivated with LysSA97 endolysin, carvacrol, and their combination 

at the concentrations indicated. Bacterial viability was measured every hour by 

plating live cells onto Baird-Parker agar medium. The mean values from three 

independent measurements are plotted. Asterisks indicate significant differences as 

follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05. N/D, not detected. 
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국   

 

 황색포도상구균(Staphylococcus aureus)  그람 양  

병원균  동 과 인체에 종 , 농 염증 등  부 질   심장 

내막염, 증, 폐  등  심각  질병과 식 독  다. 특히, 

엠알에스에이(methicillin resistant S. aureus, MRSA) 등  항생  

내  균  만연  인 여 리 지(bacteriophage, 지)  

지 단 질인 엔도라이신(endolysin)  생   (biocontrol 

agent) 개 이 주목 고 있다. 이에, 본 연구에 는 지  

엔도라이신  생    검출용  개  해 다양  

경 시료 부  70  지를 분리 고 특  분 다. 그 , 

SA12 SA97 지를 외  모든 지들  주 균에 감염 후, 

명  (clear plaque)과 불 명  (turbid plaque)이 합  

태  (plaque)  함에 라 이들이 용원  지(temperate 

phage)임  인   있었다. SA12 지는 포도상구균  특이  

사멸 고, 체 분  결과 42,902 bp 크  게놈(genome)  

보 고 있었 며 용균/용원  결  자군  포함  58 개  개  

해독틀 (open reading frame, ORF)  구 어 있었다. 용원(lysogen) 

 능  시험  결과, SA12 지는 용원  는 용원  

지임이 므  향후 생  사용 에는 합 지 않았다. 

편, 시포 리데과(Siphoviridae)에 속 며 황색포도상구균 
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펩티도 리칸 에 존재 는 이 산(wall teichoic acid)  용체  

사용 여 감염 는 SA97 지는 40,592 bp 크  게놈  보 고 

있었 며 54 개  ORF  구 어 있었다. 씨원(cI) 자를 외  

일부 용균/용원  결  자가 존재 나, 용원  여부를 시험  

결과 SA97 지는 용원  지 않았 며 주 균  질 

도입  지 않  것  보아 이는 용균  (lytic) 생 사  사는 

용균  지(virulent phage)임  인 다. 나아가 냉장 도  

상 에 보  각각  우  시료에  황색포도상구균 장 해 

실험  통해 SA97  용균 능  인 다. 이러  결과들  

SA97 이 황색포도상구균  어   있는 생    사용   

있  시사 다. 편, 용균  지만이 생   용   

있 에도 불구 고 실  경에는 황색포도상구균  (target)  

는 용원  지가 높   존재 다고 알  있다. 라  본 

연구에 는 작 인 돌연변이  식  용원  지인 SA13 

지 부  용균  지인 SA13m 지를 새롭게 구축  후, 체  

 생  특   분 다. 체 분  결과, 용균  

돌연변이 지인 SA13m 내  부분  용균/용원  결  자가 

단  것  인 며, 용원  능  시험 결과 SA13 지는 

용원  는 면, SA13m 지는 용원  지 않았 며, 이 

결과는 SA13m 이 용원  지에  용균  지  었  

시사 다. 추가 , SA13 지는 주 균에  감염 후 3 시간 
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이후부  주  생장  해  면, SA13m 지는 주 균에 

감염  직후부  32 시간 이상 강  균 해능  보임  인 다. 

불어 우  시료에  황색포도상구균 장 해 실험  통해 

SA13m 지가 상 에  2 시간 이내에 4.33-log CFU/mL 이상  

주 생장 해능  보임  인 다. 본 연구 결과는 자 조작 

 통  용원  지  항균 질 개  가능  시사 며, 

특히 SA13m  우  주 생장 해능  갖는 생   후보 

질임  인 다.  

지  불어 지 단 질   종 인 엔도라이신  지가 

주 내에  조립 후 출 는 과 에  주  포벽  용해 는 

효소 , 강  용균 능 과 높  특이  인해 생   

용이 연구 고 있다. 일  그람 양 균   는 지가 

갖는 엔도라이신  효소   도 인(enzymatic active domain, 

EAD)과 포벽 결합 도 인(cell wall binding domain, CBD)  모듈 

구조  구 어 있다. GenBank 에 보고  99 개  포도상구균 

엔도라이신  도 인 구 에 라 6 그룹  분  결과, 체  

80.61%는 src-homology 3(SH3_5) 도 인  CBD  갖고 있었 며, 

본 연구에  새롭게 획득  LysSA11  LysSA97 엔도라이신  

CBD 를 포함  19.39%  엔도라이신  존에 알 진 SH3_5 이외  

새 운 CBD 를 C 말단 부 에 갖고 있  것  상 었다. SA11 

지에  분리  LysSA11 엔도라이신  체 분  결과, N 
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말단 부 에는 아미데이즈(amidase)  갖는 CHAP (cysteine, 

histidine-dependent amidohydrolases/peptidases) 도 인  일  

EAD  가지며 C 말단 부 에는 존에 보고  단 질들과 사 지 

않  특이  염 열  갖고 있었 며, SA97 지에  획득  

LysSA97 엔도라이신  CHAP 과 amidase_3 도 인  EAD  가지며, 

C 말단  염 열  존  단 질과 상동 이 거  없  인 다. 

C 말단 부  능  인  해 녹색  단 질과  합 

단 질인 EGFP-LysSA11_CBD  EGFP-LysSA97_CBD 를 각각 

구축 후 여 리아  검출 능  시험  결과, 검사  모든 

포도상구균 균주에 우 게 부착 에 이들  용  경우 

포도상구균이 검출 가능함  인 고, 라  LysSA11  CBD  

LysSA97  CBD 는 각각 포도상구균에  부착능이 우  새 운 

CBD 임  내어, 이는 향후 황색포도상구균 검출  용   

있  시사 다. LysSA11 엔도라이신  다양  포도상구균에  

용균  보이며,  양  처리 시에도 짧  시간 내에 강  

 보 다. 이는 MRSA 가 염  우  햄 식품 시료에  

우 게 작용 여 1.125 μM  LysSA11 엔도라이신 처리 시, 

상 에  15 분 내에 각각 1.96-log CFU/mL  3.37-log 

CFU/cm3  균 사멸 효과를 보 다. 뿐만 아니라, 황색포도상구균  

염에  식 독 생이 주요 게 생 는 조리 도구인 스 인리스 

칼과 라스틱 도마  면에 도 우   보여 1.35 μM 처리 
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시, 30 분 이내에 4.15-log CFU/cm3  4.01-log CFU/cm3  

살균효과를 보 다. 이는 포도상구균   는 엔도라이신이 

식품 내에 뿐만 아니라 식품  조리 공 에  사용 가능  

살균 써  용 가능  시  첫 연구이며, LysSA11  향후 

우  생 써 용   있  시사 다. 신규 CBD 를 

갖는다고 진 LysSA97 엔도라이신  아미데이즈  가지며 

황색포도상구균에 해 생  이 름  거능이 있었다. 지만 

이는 LysSA11 에 해 약  용균  보  에 이를 개  

해 여러 종  (essential oil)에  도출  합 과 

LysSA97  병용 처리를 시험 고, 그 결과, 

카 크 (carvacrol)과  병용 처리 시 용균 능  상승 

효과(synergistic antimicrobial effect)를 보임  인 다. 소량  

LysSA97(376 nM)과 카 크 (0.05%)  포도상구균에 단일 처리  

경우, 각각 약 0.78-log CFU/mL  1.04-log CFU/mL 사멸 효과를 

보인 면,  질  병용 처리 시에는 약 4.49-log CFU/mL  균이 

사멸 다. 포도상구균   는 엔도라이신과 카 크  용균 

능  상승 효과는 LysSA97 뿐만 아니라 다른 종  엔도라이신  

통해 도 인 었 며, 10 종 이상  포도상구균에 도 동일 게 

검증 었 므  본 시스  포도상구균 엔도라이신에 해 일  

용   있  시사 다. 또  카 크 과 LysSA97 합  

시 지 효과가 실  식품 내에 도 일어나는지 우   소고  시료에  
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검증  결과, 식품이 함 는 지  함량에 라 그 효과에 차이가 

보 다. 특히 지  식품 내에  우  시 지 효과가 인 었 며, 

이는 고지  우 보다 탈지 우 에  그 효과가 잘 보 다는 결과를 

통해 명   있었다. 결과  포도상구균   는 

엔도라이신과 카 크  병용 처리 시, 단독 처리 시보다 상승  용균 

 보 며, 이는 실  식품 내에 도 용 었다. 본 연구를 통해 

황색포도상구균   는 리 지  엔도라이신  

생 써  용 안  가능  다각도  시 며, 신규 

포벽 결합 도 인  견  통해 이들이 향후 균 검출  개 에 

용   있도  다.  

 

주 어: 포도상구균, 리 지, 엔도라이신, 포벽 결합 도 인,  

생  

번: 2010-21258 
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