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1. ABSTRACT  

Recombinant Phage Endolysins Production and Investigation of their Efficacy 

against Staphylococcal Biofilms 

Due to increasing antibiotic resistance among pathogenic bacteria, and inefficient 

strategies to combat biofilm infections, rigorous search for new alternative antimicrobial 

and anti-biofilm agents are subjects of many recent studies.  Recently, phage endolysins 

have been investigated as potential antimicrobial agents that kill the cells by disrupting the 

bacterial cell wall. The present study aimed to isolate bacteriophages that infect 

Staphylococcus aureus and to express their endolysin genes as recombinant enzymes and 

then test their efficacy in killing and removal of Staphylococcus biofilms. Seven lysogenic 

phages were isolated from clinical isolates of S. aureus using the mitomycin C induction. 

Three phages with widest host range including Фtrsa10, Фtrsa14, and Фtrsa15, were 

selected and further characterized. From the genomic DNA of these three phages and one 

commercial phage, S. aureus subsp. aureus bacteriophage 52, the endolysin genes were 

amplified and cloned into pET SUMO expression vector. Four cloned endolysins, 

LysSA10, LysSA14, LysSA15, and LysSA52, with a molecular mass of 66 kDa were over-

expressed in E.coli BL21 (DE3) and characterized in terms of their anti-staphylococcal and 

anti-biofilm properties. The therapeutic effects of the four endolysins in combination were 

significantly superior to that of the individual ones and they showed activity against 78 

(88.6 %) of the 88 total planktonic Staphylococcal strains including S. aureus, S. 

epidermidis, and S. heamolyticus. For S. aureus and S. epidermidis biofilms established on 

catheters, the addition of endolysin cocktail resulted in up to 2.6 log reduction and coating 

of catheters with these enzymes resulted in inhibition of biofilm by 1.5 log units. 

Disruption of biofilms was confirmed further by scanning electron microscope. Overall, 

the newly identified endolysins exhibited a broad host range, especially in combination, 

against staphylococcal strains both as planktonic and biofilm forms. Thus, these endolysins 

are promising antimicrobial agents for combating staphylococcal infections.   

Key Words:  Bacteriophage, biofilm, cloning, endolysin, Staphylococcus 
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2. ÖZET 

Faj Kaynaklı Endolizinin Rekombinant Olarak Üretilmesi ve Staphylococcus 

Biyofilmleri Üzerine Etkisinin Araştırılması 

Patojen bakteriler arasında antibiyotik direncinin giderek yayılması ve biyofilm 

enfeksiyonları ile etkin bir mücadele için günümüzde alternatif antimikrobiyal ve 

antibiyofilm özellik gösteren ajanların keşfedilmesine yönelik yapılan çalışmalar giderek 

önem kazanmıştır. Son zamanlarda yapılan çalışmalar, bakteriyofaj kaynaklı 

endolizinlerin, bakterilerin hücre duvarı yıkımına neden olmaları ile antibakteriyel ajan 

olarak kullanılma potansiyellerinin olduğunu göstermiştir. Bu çalışmada, Staphylococcus 

aureus'u enfekte eden bakteriyofajların izole edilmesi ve bunların endolizin genlerinin 

rekombinant olarak üretilmesi ve daha sonra stafilokokal biofilmlere karşı etkinliklerinin 

test edilmesi amaçlandı. Klinik S. aureus suşlarından mitomisin C indüklemesiyle yedi 

lizojenik faj izole edildi. Konak spektrum aralığı en geniş olan üç faj (Фtrsa10, Фtrsa14 ve 

Фtrsa15) seçilerek karakterize edildi. Bu üç faj ve ilave olarak ticari S. aureus subsp. 

aureus 52 fajının endolizin kodlayan gen bölgeleri amplifiye edilerek pET SUMO 

ekspresyon vektörüne klonlandı. Molekül ağırlıkları 66.22 kD olarak tespit edilen bu dört 

rekombinant enzim LysSA10, LysSA14, LysSA15 ve LysSA52 olarak adlandırıldı ve E. 

coli BL21 (DE3) suşunda ekspresse edilerek anti-stafilokok ve anti-biyofilm özellikleri 

açısından karakterize edildi. Dört endolizin kombine edildiğinde tedavi edici etkilerinin, 

tek tek uygulanmasına göre daha fazla olduğu ve bunların S. aureus, S. epidermidis, S. 

heamolyticus de dahil olmak üzere toplam 88 planktonik stafilokokal suşun 78 ine (% 

88,6)’ karşı aktivite gösterdiği belirlendi. Kateter üzerinde oluşturulan S. aureus ve S. 

epidermidis biyofilmlerine dört endolizin kombinasyonu eklendiğinde biyofilmdeki hücre 

popülasyonunda 2.6 log değerinde azalma olduğu, katater endolizin kombinasyonu ile 

kaplandığında biyofilm inhibisyonunun 1.5 log oranında gerçekleştiği tespit edildi. Bu 

azalma taramalı elektron mikroskobu ile gösterildi. Sonuç olarak yeni tanımlanan 

endolizinlerin stafilokokların planktonik ve biyofilm formlarına karşı, özellikle kombine 

halinde kullanıldıklarında, geniş spektrumda litik aktiviteye sahip oldukları gösterildi. Bu 

sonuçlar, endolizin enzimlerinin stafilokokal kaynaklı enfeksiyonlarla mücadelede 

kullanılmak için umut verici bir antibakteriyel ajan olduğunu göstermektedir. 

Anahtar Kelimeler: Bakteriyofaj, biyofilm, endolizin, klonlama, Staphylococcus 
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3. INTRODUCTION AND OBJECTIVES 

Staphylococcus species are one of the most frequent causes of healthcare-associated 

infections and mainly responsible for infections related to medical devices (1). Many of the 

healthcare associated infections, particularly those with Staphylococcus species including 

methicillin-resistant Staphylococcus aureus (MRSA), are mainly transmitted either by 

direct contact with colonized healthcare workers or as a result of invasive medical 

procedures including surgeries and the introduction of medical implants. Among 

staphylococcal strains, S. aureus and S. epidermidis are the most common in biofilm-

associated infections (2). These infections usually lead to an increase in hospital stays, as 

well as hospital-associated mortality and substantial economic burden (3).  

Today, as the use of medical devices increases, the rate of staphylococcal biofilm 

infections also increases. Staphylococcal strains participating in the biofilm structure are 

much more resistant to antibiotics than their counter free-living strains. While replacing 

biofilm-covered devices with new ones can provide a partial solution (2), patient 

discomfort, high cost and some complications are significant disadvantages. To date, most 

research has focused on coating the material surface with antibiotics. While the results of 

such studies are promising, the concern has been raised that the use of antibiotic-coated 

devices may lead to the generation of antibiotic resistance (4). For this reason, there is a 

need for novel methods to prevent colonization and biofilm formation particularly on 

biomaterials. 

Lytic bacteriophages (phages) have been used by themselves or together with 

conventional antimicrobial agents in the treatment of infections (5). However, the narrow 

host range, which is largely due to variability in phage receptor molecules on the host cell 

surface, limit the application of phage therapy (6). In recent years, researchers have been 

investigating the therapeutic efficacy of endolysins for Gram-positive bacterial infections 

including the infections caused by antibiotic-resistant bacteria (7-9). Endolysins are 

enzymes synthesized in the host cell at the last stage of bacteriophage life cycle for the 

release of their newly produced phage particles by disrupting the peptidoglycan structure 

of the host bacteria (10). It has been observed that when recombinant endolysin is added 

exogenously to the Gram-positive bacterial culture, it results in disintegration of bacteria 

within a very short period of time without the assistance of holin proteins unlike in their 

normal life cycle (11-14), and this characteristic made them attractive antibacterial agents. 
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There are a number of advantages for using phage endolysins over phages and 

classical antimicrobial agents. This is because they have the ability to kill the cells upon 

exposure. Phage endolysins are very specific and they do not harm the normal microflora, 

and it is very rare to develop bacterial resistance (15). These features of phage endolysins 

allow them to be utilized in various areas such as in medicine, veterinary medicine, 

agriculture, food industry and biotechnology (10).  

The production of recombinant endolysin has been achieved in a number of studies 

and their antimicrobial potential against clinically relevant pathogens to humans and 

animals has been described previously (9, 16, 17). However, compared to the estimated 

global phage population size, which is most abundant and diverse biological entities on the 

planet, the reported phage endolysins are very limited in numbers (18). Phages can be 

readily isolated from any environmental samples that can support bacterial growth such as 

aquatic habitats (18), soil (19), sewage or wastewater (20), or induction of phages from 

lysogenized host strains (21, 22). Therefore, all these indicate that there are still potential 

novel phages and their endolysins to be explored.   

Formation of biofilm on a range medical device like catheters, orthopedic implants, 

and others are the main concern of device-related infections (4). In response to these 

problems, there have been few studies that demonstrated the efficacy of phages in 

preventing the formation of biofilm by S. epidermidis, Pseudomonas aeruginosa, Proteus 

mirabilis and E. coli on the catheters (23-25). Even though the results of these studies are 

promising, there are certain disadvantages for using whole phages.  Phages are highly host 

specific, have limited bacterial host range and are ineffective against biofilms of different 

species in the same genera, even the same species with different serotypes. In addition, 

there is a risk of transferring antimicrobial resistance and virulence genes between bacteria. 

For this reason, use of phage endolysins should be considered instead of total phages in 

order to overcome these problems. The ability of endolysin to remove catheter-associated 

biofilm remains largely unexplored. To our knowledge, there are few studies that 

investigated anti-biofilm activities of endolysins. In one of these studies, endolysin was 

used against Acinetobacter baumannii biofilm established on the catheter (26), and no 

phage endolysin has been reported to disrupt Staphylococcal biofilms on the catheters. 

The aim of this study was to isolate phages that infect Staphylococcus aureus species, 

clone and produce their endolysins in E. coli, and test the efficacy of recombinant 
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endolysins in inhibition and removal of Staphylococcus biofilms including biofilms on 

catheters. This study was carried out in four parts: i) isolation of temperate phages from 

clinical strains of staphylococci using induction method, morphological (transmission 

electron microscopy), genetic and functional (life cycle, host range) characterization of the 

isolated phages, ii) molecular cloning and expression of endolysin genes from phages 

(DNA isolation, PCR amplification, cloning and expression of amplified endolysin genes 

in E. coli BL21 (DE3) using pET SUMO expression system), iii) functional evaluation of 

recombinant endolysins (anti-staphylococcal and anti-biofilm features) using various 

methods such as spot assay, crystal violet assay, plate count assay, and scanning electron 

microscope, and iv) evaluation of  cytotoxicity of the  endolysins on a human fibroblast 

cell in an in vitro conditions.  
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4. LITERATURE REVIEW 

4.1. Overview of Staphylococcus Species 

Staphylococcus is Gram-positive, non-motile, facultatively anaerobic, with a 

diameter of 0.5-1.5 µm spherical or cocci cells form a shape that looks like a bunch of 

grapes. These cocci cause a variety of diseases both in humans and animals (27, 28). The 

Staphylococcus genus comprises more than 30 different species and some of them can 

cause a variety of infections, but most infections are caused by S. aureus and many of them 

preferentially colonize the human body (29).  

Usually, members of the staphylococci are catalase-positive, and this distinguishes 

them from other Gram-positive cocci such as streptococci, which is catalase-negative (30). 

Within staphylococci, the most pathogenic strain such as S. aureus is differentiated from 

others (like S. epidermidis, S. haemolyticus, S. saprophyticus, and others) by their ability to 

produce an enzyme called coagulase, which help them to escape from the immune system 

of the host by clotting the plasma and which in turn resist to phagocytosis (27).  

4.1.1 Staphylococcus aureus  

Staphylococcus aureus is in clusters or tetrad, Gram-positive, producing buttery 

yellow colonies on mannitol salt agar due to the phenol red in the media that turns yellow 

by acidic product formed upon mannitol fermentation by the organism (31). They appear 

as grape-like cluster when viewed through an electron microscope (Figure 4.1). They are 

catalase positive, the enzyme which breaks down the hydrogen peroxide into oxygen and 

water.  S. aureus displays golden color when grown in certain solid media (32). They 

produce also coagulase and they are responsible for many diseases such as food poisoning 

(within 4-6 hours of ingestion of contaminated foods), boils and other skin infections 

including pimples, impetigo, and cellulitis. It can also cause toxic shock syndrome, septic 

arthritis, nosocomial or hospital-acquired infections (31, 33). Like S. epidermidis, they are 

common causes of infections associated with medical devices (4).  Generally, with the 

emergence of antibiotic resistance strains, they have become the major health problems for 

humans (34). 
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Figure 1. Electron micrograph of Staphylococcus aureus (from this study) 

4.1.1.1. Cell Wall Structure   

The S. aureus cells are surrounded by a thick protective cell wall, which provides 

structural support and prevents cell lysis. Peptidoglycan, teichoic acids, and proteins are 

the main components of the cell wall (35). Among these, peptidoglycan is a primary 

component and makes up the majority of the cell wall mass. The backbone of the 

peptidoglycan is composed of two derivatives of glucose molecules: N-acetylglucosamine 

(NAG) and N-acetylmuramic acid (NAM) that are cross-linked by a pentaglycine linkage 

(Figure 2). This maintains the cell shape and is responsible for withstanding the internal 

osmotic pressure (33, 36). The second largest component of the cell wall is teichoic acid 

(phosphate-containing polymers) and, it accounts for about 40% of the total cell wall mass. 

Normally, teichoic acid classified into two; those attached to the membrane (membrane-

associated teichoic acid) and those attached to peptidoglycan. Teichoic acids contribute a 

negative charge to the staphylococcal cell surface and play a role in the acquisition and 

localization of metal ions, particularly divalent cations, and the activities of autolytic 

enzymes (37). 
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Figure 2. Peptidoglycan units of S. aureus cell wall. It is made up of several different units 

of sugars and amino acids. Penta Gly (Glycin) form a linkage between peptide 

bonds and branching off the amino sugars (36) 

4.1.1.2. Mechanism of S. aureus Pathogenicity 

Microbes exert their pathogenesis by means of their virulence factors (38). There are 

numerous virulence factors for S. aureus to cause infection (Figure 3). One mechanism is 

their ability for adhesion and colonization of the host through their teichoic acid structures 

to the nares and damaged skin (39) or to the surface of implanted medical devices to cause 

bacteremia (40). Another potential pathogenicity of S. aureus involves the evasion of the 

host immune system by different mechanisms. For example, they produce some 

chemotaxis inhibitory proteins that can prevent phagocytosis by neutrophils (38). They 

have also displayed an immunoglobulin binding factor called protein A on their surfaces 

and as a result, they can prevent opsonophagocytosis. S. aureus produces a coagulase 

(clumping factor) protein that binds to prothrombin and form blood clots to shield 

themselves from phagocytic cells of the human immune system (41).  

Furthermore, the S. aureus secretes invasive toxins. Exfoliative toxins cause the 

sloughing off the body, and the cytolytic toxins disrupt the cytoplasmic membrane of a 

variety of cells (42). Moreover, staphylococcal superantigens (TSST-1 or toxic shock 

syndrome toxin1) are important virulence factors in infectious endocarditis, sepsis, as well 

as toxic shock syndrome (33). The pathophysiology of S. aureus also includes biofilm 

formation. For example, prosthetic device infections are often mediated by the ability of S. 

aureus strains to form biofilms via communicating by using their quorum sensing signals 

in a cell density-dependent manner (31). The rate of invasion increases with the 
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compromised immune system, and the presence of damage in the physical integument. The 

pathogenesis of the majority of the diseases caused by this organism is multifactorial (43). 

 

Figure 3. Virulence determination in S. aureus (44) 

4.1.1.3. Epidemiology of S. aureus  

The epidemiology of S. aureus is dynamic and has changed significantly over the 

years with distributions worldwide (45). Though it is most often found in hospitals and 

nursing homes, time to time community setting becomes increasingly contaminated as well 

(44). It is the most opportunistic pathogen that causes many different clinical 

manifestations. They are found in the environment and in normal human flora as well. 

Humans are the major reservoir for this organism and mainly they are located on the skin 

and mucous membranes. It is estimated that up to half of all adults are colonized, and 

approximately 20 % of the population persistently harbor S. aureus in the anterior part of 

the nares. Some people tends to have higher rates of S. aureus colonization especially 

healthcare workers, intravenous (IV) drug users, hospitalized patients, and 

immunocompromised individuals (46). Normally these bacteria do not cause infection on 

the healthy skin; however, if it is allowed to enter the bloodstream or internal tissues, they 

may cause a variety of potentially serious infections (45). Nosocomial infections, often 

associated with S. aureus including MRSA, are commonly transmitted either by direct 

contact with colonized healthcare workers or as a result of invasive medical procedures 
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including surgeries and the introduction of medical implants. These infections usually lead 

to an increase in hospital stays as well as hospital-associated mortality, likely due to 

infection with antibiotic-resistant S. aureus, resulting in a substantial economic burden on 

the medical industry (47). 

4.1.2. S. epidermidis and other Coagulase Negative Staphylococcus  

Historically, coagulase-negative Staphylococcus (CoNS) species are categorized as 

less or non-pathogenic historically but they have become one of the major causes of 

nosocomial infections, particularly S. epidermidis followed by S. haemolyticus. Some 

strains like S. saprophyticus are responsible for acute urethritis because they usually 

colonize the rectum and genitourinary tract (48). They are also associated with infection of 

implanted foreign bodies and infections in preterm newborns (49). The key source for 

endogenous infection by CoNS is mainly from colonized strains on various parts of the 

body including skin and mucosa, where they constitute part of the microbiota of these sites. 

However, their transmission is mainly through invasive medical procedures.  Once 

inserted, foreign bodies can be colonized by CoNS, and they become a major source of 

infection, make the treatment unsuccessful and result in considerable medical and 

economic burden (49).  

Among the CoNS strains, S. epidermidis is the leading and the most prevalent 

species that contribute about 60-70 % of the CoNS Staphylococci strains colonized on the 

skin (48). Pathogenesis of S. epidermidis is mostly involved in biofilm formation 

especially in the foreign body related infections, which begin by attachment on the surface 

of indwelling or implanted medical devices before proliferation as well as producing s 

extracellular polysaccharide matrix that help them attach together and form multilayered 

biofilms matrix (50). This extracellular polysaccharide, also termed as polysaccharide 

intracellular adhesin, are positively charged homopolymers of 𝛽-1,6-linked N-

acetylglucoseamine (NAG) residues. These are produced by the ica gene cluster. The 

presence of this gene is used as an epidemiomological marker for the biofilm infections, 

since the presence of the ica genes responsible for polysaccharide intracellular adhesin 

production correlate with infections (51).  

4.2. Bacterial Biofilms 

A biofilm is an assemblage of microbial cells or a surface-attached bacterial 

community of cells. Biofilms can be formed on various surfaces of living and non- living 
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materials by surrounding themselves with extracellular polymeric substances (EPS) mainly 

composed of proteins, polysaccharides, and also extracellular DNA (52). The extracellular 

polymeric substances provide the ability to attach on surfaces, which is the initial step in 

the colonization of any surfaces by planktonic cells during biofilm formation, and provide 

structural support (53, 54). EPS may also provide a protective barrier by giving them 

resistance to host defenses during infection and confers tolerance to various antibiotics and 

disinfectants (54). 

4.2.1. Stage of Biofilm Formation  

Formation of biofilm involves sequential steps (Figure 4), which fall into four main 

stages: i) bacterial attachment to the surface, ii) microcolony formation, iii) biofilm 

maturation, and iv) detachment or disassembly of single or cell cluster by various 

mechanism, which is believed to be crucial for the colonizing of new sites by a process 

known as biofilm dispersal (50, 52). At each step, the attachment and development of a 

microbial community makes them highly protected from antimicrobial agents including the 

actions of cleaners or sanitizers. Commonly, in addition to the interaction between the 

cells, initial adhesive force is required for the growth and development of biofilm. The 

attachment of microorganisms to a surface can be facilitated by a number of factors like an 

increase in shear force, motility of bacteria, and electrostatic interaction between microbes 

and the surface (55). In addition, the developments of fluid-filled channels are important 

for nutrient delivery to cells in the biofilm. These channels are also responsible for the 

three-dimensional structure for the matured biofilm. The disruptive forces also involved in 

the detachment of cell cluster from the biofilm, which are able to colonize new sites and 

dissemination of infection within the host (56). For many pathogens, this process plays an 

important role in the transmission of bacteria from the environmental reservoir to the 

human host, in horizontal and vertical cross-host transmission, and also increases the 

severity and spread of infection within the host (57). Since host defense mechanisms and 

response to antimicrobials are severely reduced against bacteria living in the biofilm, 

related chronic infections and sepsis represent a major concern in nosocomial infections 

(58). 
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Figure 4. Stages of biofilm formation (52) 

4.2.2. Biofilms in Device-Related Infections 

Microbial biofilm infection plays a major role in nosocomial infections especially 

those related to the indwelling devices. To date, there is an increasing use of biomaterial to 

facilitate management of serious medical and surgical illness. Many types of artificial 

devices such as catheter (vascular and dialysis), and prosthetic joints heart are among 

widely used. However, there are increasing evidences that bacterial biofilms are 

responsible for the failure of these medical devices, leading to device-associated infections 

(2, 59). From all the hospital-associated infections, about 60 % and over one million cases 

per year are due to biofilms that have formed on indwelling medical devices (60). The 

initial contamination of medical devices most likely occurs from patient’s skin or from 

invasive nursing procedures, contaminated water or other external environmental sources 

(59). This initial contamination is subsequently followed by successive adherence to the 

devices to form biofilms, which are protected from the antimicrobial agents and host 

defense mechanisms (56, 60). 

Failure of treatment of device-related infections depends on a number of factors such 

as the type of host, biomaterial, and microbial factors. Even though a number of 

microorganisms have been involved in medical device-related infections, S. epidermidis 

and S. aureus are recognized as a major source of healthcare associated infections, which 

are widely associated with biofilms on a range of medical devices (59, 61). There are 

reports regarding the attachment of microorganisms to the biomaterials through cell 

surface and biomaterial interactions. For instance, staphylococcal species display cell 

surface proteins, which is known as staphylococcal surface protein-1 and -2 (SSP-1 and 
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SSP-2), localized on the cell surface on a fimbria-like polymer and linked with the 

adhesion of S. epidermidis to biomaterials (61). Besides, the capsular 

polysaccharides/adhesins play major role in the adherence of clinical isolates of CoNS to 

biomaterials (62). The autolysins in S. epidermidis also has been linked with the adhesion 

of this strain to biomaterial surface (63). 

4.2.3. Biofilm Control  

Currently, many types of research have focused on more refined methods of 

sterilization and altering biomaterial surfaces to hinder the colonization of microbes (55). 

Covering of implanted surface with various antimicrobial agents is one strategy, and for 

instance, silver has been commonly added as antimicrobial agent. This covering or 

impregnation of antimicrobial to biomaterials like catheters can apply in different ways: it 

can be attached ionically or it can be added as a thin film on the surface of the device (64). 

A study conducted by Francolini and his co-workers (4) have reported the anti-biofilm 

activity of silver ion impregnated into polymeric materials known as polyurethanes, which 

are polymers used for the manufacturing of medical devices. 

The surface alteration of the medical devices with hydrogel, which is a hydrophilic 

polymer that has an ability to absorb large quantities of water and minimize microbial 

colonization and provide biocompatibility (64). Moreover, uses of bioactive molecules and 

enzymes have also been reported as a preventive mechanism of biofilm growth on 

implanted materials. Based on the study conducted by Ren and co-workers (65), enzymatic 

detergent treatment removed E. coli biofilm from flexible endoscopes.  

Currently, antiseptic wound dressings that are widely used in clinical wound 

infection are the most common ones, but their effectiveness against chronic wound is very 

limited and still, appropriate agents are highly in need for this infection. One recent study 

conducted by Gawande and co-workers (66) showed the efficacy of a naturally occurring 

enzyme-based gel that has both antimicrobial and anti-biofilm activity on chronic wound 

associated microorganisms including MRSA, S. epidermidis, and other coagulase-negative 

staphylococcal strains, and A. baumannii. In their study, they formulated a novel 

DispersinB® antibiofilm enzyme-based wound gel containing a broad spectrum cationic 

antimicrobial decapeptide KSL-W. DispersinB is a naturally occurring enzyme (with anti-

biofilm activity) produced by an oral Gram-negative bacterium Actinobacillus 

actinomycetemcomitans, which is associated with juvenile periodontitis (67). Different 



 
14 

studies reported the efficacy of phages in preventing various bacterial biofilm formations 

on the catheter. In the study of P. aeruginosa biofilm control (25), use of cocktail phages 

demonstrated a significant reduction in the number of colony forming unit on the phage-

treated catheter, and as a result of this, biofilm formation was reduced.    

 4.3. Bacteriophages  

Bacteriophage or phages are viruses that infect bacterial cells and they are considered 

the most abundant and diverse biological entities on the planet, which are estimated to be 

over1031 in the population (18). From these, approximately 5,100 phage types had been 

isolated and identified by the end of the last century (68). Phages were discovered 

independently by two scientists; in 1915 by the British bacteriologist Fredrick Twort and in 

1917 by a Canadian microbiologist Felix d’Herelle. But before these discoveries, their 

presence was reported in 1896 by Ernest Hankin (69), after observing that there were 

filterable entities having antibacterial action (against Vibrio cholerae, restrict epidemic at 

that time) in the water of Ganges and Jumna rivers in India.  

In 1915, Twort (69) isolated filterable entities that produced small cleared areas on 

bacterial lawns (micrococci, intestinal bacilli, and Staphylococcus aureus). Following this, 

d'Herelle (1917) isolated the filterable entities from fecal matter and tested them on agar 

plates containing Shigella strains, and after observing a small clear area called plaque, he 

proposed a name “bacteriophage” which means in Greek bacteria eating (70).  

4.3.1. Phage Structure 

A phage has an outer protein shell called the head or capsid, which can vary in size 

and shape (71). Some are icosahedral and others are filamentous. The head, which is 

present in every phage, acts as a protective covering and encloses the phage's genetic 

material. The genetic material of the phage can be either DNA or RNA, which, in turn, can 

be double or single-stranded, in a linear or a circular form (71). Some phage heads have 

tails, through which its genomic material passes into the bacterial cell during infection. The 

tail may be surrounded by a contractile sheath (Figure 5), as in the T4 phage. Some phages 

have tail fibers and a base plate at their tail terminal that play a role in the attachment of 

the phage to the bacterial cell. 
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Figure 5. Generalized structure of tailed phage (72) 

4.3.2. Phage Life Cycle  

Like all viruses bacteriophages require a specific host cell in order to multiply 

themselves. Basically, they have a lytic and/or lysogenic cycle (Figure 6) (72). In the 

Lytic cycle, the host bacterial cells are destroyed at the end of the replication cycle. As 

soon as the cell is destroyed, the newly formed progeny phages can find a new host to 

continue the cycle. These phages are lytic phages or virulent phages. In contrast, the 

lysogenic cycle does not result in immediate lysing of the host cell and those phages that 

are able to undergo lysogeny are known as lysogenic phages or temperate phages. 

Generally, in the lysogenic cycle, the nucleic acid of the phage integrates into the host 

genome and replicates when the DNA of the host cell is replicated. The virus is thus 

transmitted to daughter cells at each subsequent cell division and stays there as prophage 

until they are forced by the harsh conditions faced by their respective hosts (73). 
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Figure 6. Bacteriophage life cycle (72) 

4.3.3. Prevalence, Isolation, and Classification of Phage 

Bacteriophages can be found in almost all environments on earth, ranging from soil, 

sediments, water, and in/on living or dead plants/animals. Essentially, phages can exist on 

any material that will support bacterial growth; because of this, they are the most abundant 

‘life’ forms on earth (69). For instance, it is estimated that aquatic environments have a 

total phage population above 1031 (18). Many terrestrial ecosystems have been shown to 

harbor 107 phages per gram of soil (19); and raw domestic waste is known contain in the 

range of 105- 107 PFU cm-3 (20).  

Phages can be readily isolated from feces, sewage, soil, water and any water, and 

in/on living or dead plants/animals. An enrichment method is classical and is still the most 

common approach for isolating virulent bacteriophages from environments. This method 

involves growing cultures of the host bacterium with an inoculum which is expected to 

contain phage, following incubation for a certain period of time, cells are pelleted and the 

supernatant is evaluated for the presence of phages (75). 

Temperate or lysogenic phages can be isolated by induction from bacterial genome 

using some inducing agents such as UV radiation, hydrogen peroxide, and mitomycin C. 

Among these, mitomycin C is the most commonly used for isolation of the lysogens. 
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Mitomycin C is a natural product isolated from Streptomyces caespitosus and was 

discovered by a Japanese microbiologist in the 1950s (76). Its mode of action involves a 

cross-linking of DNA bases that leads to cell death (76). The DNA damage to the bacterial 

cell appears to be the trigger that stimulates the production of RecA proteins via the SOS 

(Save Our Souls) DNA repair system, which induces prophages to switch to the lytic cycle 

(77). The induction of prophages from various bacterial strains by treatment with 

mitomycin C has previously been described (26, 78-80). Many of the S. aureus phages 

isolated so far are temperate phages (21). 

Over the years, a sophisticated phage classification system has been drawn up by the 

International Committee for Taxonomy of Viruses (ICTV) to account for the diversity 

(72). Originally the taxonomy of phages was organized according to their morphological 

characteristics, type of nucleic acid, and presence of envelope or lipid. Accordingly, the 

phages were categorized into 14 distinct phage families as shown in Figure 7 and Table 1 

adopted from elsewhere (72, 81). Since 1959, over 5,500 bacteriophages have been studied 

by electron microscopy, and of those studied from the morphological perspective, 96.3% 

have been reported as “tailed phages”, which are composed of an icosahedral head and a 

tail, with double-stranded DNA (dsDNA) (82). Based on their tail morphology, these 

phages were further categorized into three main families. These are i) Myoviridae (phages 

with contractile tail), ii) Siphoviridae (phages with long non-contractile tail), and iii) 

Podoviridae (phages with a short tail) (83).  The majority of S. aureus phages isolated so 

far are categorized in Siphoviridae family and they have double-stranded DNA (21). 
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Table 1: The phage families based on morphology and genome characteristics. Adopted 

from Elbreki et al. (72) 

Family Morphology Nucleic acid 

Myoviridae Non-enveloped, contractile tail  Linear dsDNA 

Siphoviridae Non-enveloped, long contractile tail Linear dsDNA 

Podoviridae Non-enveloped, short contractile tail Linear dsDNA 

Micoviridae Non-enveloped, isometric Linear dsDNA 

Corticoviridae Non-enveloped, isometric Circular dsDNA 

Tectiviridae Non-enveloped, isometric Linear dsDNA 

Leviviridae Non-enveloped, isometric Linear ssRNA 

Cystoviridae Enveloped, spherical Segmented dsDNA 

Inoviridae Non-enveloped, filaments Circular ssDNA 

Lipothrixviridae Enveloped, rod-shaped (Helical) Linear dsDNA 

Rudivirdae Non-enveloped, rod-shaped (Helical) Linear dsDNA 

Plasmaviridae Enveloped, pleomorphic Circular dsDNA 

Fuselloviridae Enveloped, lemon-shaped Circular ssDNA 

    ssDNA = single-stranded DNA; dsDNA = double-stranded DNA 

 

 

Figure 7. Schematic representation of major phage groups (72) 
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4.3.4. Bacteriophage Therapy 

The killing of bacteria by a bacteriophage is used for the treatment of disease, and 

this process is known as bacteriophage therapy. This practice was started for almost a 

century ago but the development of conventional antibiotics surpassed the use of phages. 

Currently, with the decreasing effectiveness of classical antimicrobial agents and the 

emergence of antibiotic resistant strains, use of phage therapy is reviving. Historically, the 

treatment of infection by phages is performed by simply adding naturally existing 

bacteriophages at the site of infection in order to kill the bacteria. The advancement of 

biotechnology now expanded the potential applications of phage therapy to include various 

novel strategies using bioengineered phages and phage derived lytic proteins (72).  

In addition to therapeutic use, phages are also used in food preservation. But 

considerable attention must be given to the lytic phage rather than the lysogenic phages 

because of the fear of the resistance gene of transferring to the host by these phages (84). 

Phage therapy has been successfully used both in human and animal treatment either alone 

or in combination with antibiotics (5, 70, 85). Bacteriophage proteins, including endolysin, 

have also been investigated for their use in the treatment of bacterial disease of humans 

and plants. The uses of bacteriophage proteins rather than whole bacteriophages eliminate 

the possibility of phages entering lysogenic lifecycle in the bacteria thus potentially 

increasing virulence (72). 

4.4. Bacteriophage Endolysins 

Endolysins or lysins are essential enzymes encoded by bacteriophages at the last 

stage of their replication cycle to lyse the infected host cell for releasing of the newly 

formed phage particles (7). Endolysins acts as molecular scissors by cutting or degrading 

the peptidoglycan meshwork of the cell wall (7, 9, 10). As displayed in Figure 8, to achieve 

access to the cell wall, endolysin require a second lysis factor called holin, which is a small 

membrane protein used for penetrating the plasma membrane (10). Like endolysin, holin 

protein is produced in the late phase of the phage lytic cycle and accumulates in the cytosol 

of the host cell. The holin protein forms pores on plasma membranes at a genetically 

specific time, as a result the endolysin easily goes through this pore to access its target in 

the peptidoglycan where they cut peptidoglycan meshwork. Consequently, impairing of the 

peptidoglycan results in an unsustainable internal pressure, which in turn results in osmotic 

lysis with the concomitant release of mature phage progeny (9). 
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Figure 8. Schematic representation of mode of action of endolysin in the phage life cycle. 

Image is modified from Elbreki et al. (72) 

4.4.1. The Structural and Biochemical Diversity of Endolysins 

Structurally the endolysins derived from bacteriophage infecting Gram-positive 

bacteria generally possess a modular organization with one or two catalytic domain (s) at 

the N-terminal and one cell wall binding domain at the C-terminal (Figure 9A). Both 

termini separated from each other by a short flexible interdomain linker (10, 92). The 

catalytic domain or enzymatically active domains (EAD) show a large diversity depending 

on the type of chemical bonds of peptidoglycan (PG) they target. Based on the targeted 

sites on the bonds of peptidoglycan (Figure 9B), endolysin can be classified into five major 

groups (93). These are: i) N-acetyl-muramidase (generically also termed lysozymes), 

which cleave the N-acetylmuramoyl-ß-1,4-N-acetylglucosamine glycosidic bonds of the 

sugar strand; ii) N-acetyl-𝛽-D-glucosaminidase, cut the glycosidic bond, N-

acetylglucosaminyl-ß-1,4-N-acetylmuramamine, in the sugar strand; iii) N-acetyl-

muramoyl-L-alanine amidase hydrolyze the amide bond between the sugar and the peptide 

moieties; iv) L-alanoyl-D-glutamate endopeptidase cleaves within the peptides making up 

the interconnecting stem portion of the peptidoglycan units; v) Interpeptide bridge-specific 

endopeptidase. 

 In contrast to endolysins originated from Gram-positive bacteria, most endolysins 

derived from bacteriophages infecting Gram-negative bacteria possess a single globular 

protein having only one catalytic domain with low molecular mass ranging from 15 to 20 

KDa. But there are also a few reports that demonstrate phage endolysin with both catalytic 
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and cell wall binding domains. For example, endolysins KZ144 and EL188 isolated from 

Pseudomonas aeruginosa phage ФKZ and phage ФEL respectively, harbor a lytic domain 

in the C-terminal and cell wall binding or substrate domain at the N-terminal positions, 

which is opposite to the modular arrangement of endolysin from Gram-positive bacteria 

infecting phages (94). 

 

Figure 9. Schematic representation of the modular structure of endolysin (A), and catalytic 

cleavage sites on peptidoglycan (B). The endolysin target sites: 1) N-acetyl-

muramidase (lysozymes); 2) N-acetyl-𝛽-D-glucosaminidase; 3) N-acetyl-

muramoyl-L-alanine amidase; 4) L-alanoyl-D-glutamate endopeptidase; 5) 

Interpeptide bridge-specific endopeptidase. Image is adopted from Fenton et al. 

(12) 
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4.4.2. Applications of Endolysins 

The increasing interest in endolysins as novel antimicrobial agents is due to its ability 

to lyse and result in immediate cell death of Gram-positive bacteria when added 

exogenously even in the absence of holin (7-10). The cell death occurs due to the local 

degradation of the exposed peptidoglycan and as a result, the cytoplasmic membrane alone 

cannot withstand the osmotic pressure of the cytoplasm (69). This characteristics of phage 

endolysin pave the way for the exploitation of phage endolysin as novel antimicrobial 

agents and having various potential applications in different sectors such as health-care 

community, food industry, veterinary and agriculture, and other biotechnology sectors 

(95). In contrast to Gram-positive pathogens, the use of phage endolysins for Gram-

negative bacteria is limited due to the presence of outer membrane which hinders the 

endolysins activity when added exogenously (7). 

4.4.2.1. Endolysin as Therapeutic Agents  

The therapeutic potential of endolysin against bacterial infections of humans and 

animals was first reported in 2001 by Nelson and co-workers (96). In their study, they 

reported the potential application of an endolysin called PlyC (then termed C1 lysin) in 

controlling colonization of Streptococcus species in mice. After this date, studies regarding 

the therapeutic application of endolysin have been on the increase (97).  

As a potential therapeutic method, phage endolysins have many important features 

such as distinct mode of action. They are also highly specific and rapid in their actions, and 

they are active against the bacterial cell in spite of their antibiotic resistance properties 

(92). Furthermore, phage endolysin have an advantage over conventional antibiotics in that 

they demonstrate a low probability of developing resistance, due the fact that they target 

only unique and conserved bonds in the peptidoglycan (98). Their specificity allows them 

to target specific bacterial pathogens without affecting the commensal microflora. For 

example, endolysin originated from streptococcal phage will specifically target 

streptococci (92). But in some cases, phage endolysin with broad host range have also been 

reported. For example, lysine PlyV12, which is isolated from enterococcal bacteriophage 

Φ1, is demonstrated lytic activity against S. aureus and Streptococcus species besides to 

the E. faecalis and E. faecium (99).  

Many pre-clinical in-vivo trials performed using topical, systemic or intravenous 

routes. The therapeutic effects of endolysins in these trials showed the absence of side 
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effects in the host (10). Although endolysins are able to stimulate an immune response, it 

does not neutralize or hinder their activity (100, 101). The organizations of their modular 

arrangement can be exploited for bioengineering, as the different domains can be shuffled 

within the protein, or domains from different endolysins can be combined to generate new 

enzymes that are more potent. For example, chimeric Ply187 endolysin (a fusion protein 

developed from catalytic domain of Ply187AN endolysin and cell wall binding domain 

from LysK endolysins) has greater activity than the parental endolysins (102). 

 Different studies have also demonstrated the synergistic effects of endolysin with 

antimicrobial agents, resulting in overall increased antibacterial efficacy (100, 103, 104). 

In general, a number of in vitro and in vivo tests using different purified endolysins either 

alone or together with classical antimicrobial agents have been demonstrated to possess 

therapeutic effects (Table 2). For example, Cp∣-1, a pneumococcal phage lytic enzyme, 

showed synergistic effect with either penicillin or gentamycin in the killing of 

Streptococcus pneumonia (100). The synergy of ClyS, chimeric endolysin obtained from 

two different S. aureus phages (Twort phage and phiNM3) with oxacillin to eradicate 

MRSA has also been demonstrated and its synergy with oxacillin demonstrated synergic 

effect in the eradication of MRSA (104). 
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Table 2. Some examples of recombinant phage endolysins targeting pathogenic bacteria 

Endolysin Origin References 

Cp1-1 Streptococcus pneumoniae фCp1-1 (101, 105) 

Ply700 S. suis фSMP (106) 

PlyC S. pyogenes ФC1 (96) 

Ply118 Listeria monocytogens фA118 (91) 

Ply511 L. monocytogenes фA511 (91) 

CD27 endolysin Clostridium difficile ФCD27 (107) 

PlyB B. anthracis ФBcp1 (108) 

Lys16 S. aureus ФP68 (109) 

LysK S. aureus ФK (8) 

Phi11 endolysin S. aureus Ф11 (16) 

MV-L S. aureus ФMR11 (13) 

LysGH15 S. aureus ФGH15 (110) 

LysWMY S. warneri M ФWMY (111) 

Ply3626 C. perfringens Ф2626 (112) 

EFAL-1 E. faecalis ФEFAP-1 (113) 

4.4.2.2. Application of Endolysin in Biofilm Removal  

Many pathogenic bacteria organize in a multispecies community called biofilms and 

formation of this biofilm usually results in resistance to many antimicrobial agents (60). 

Biofilm formations are also a problem in food industry (9). In response to this problem, 

recent studies demonstrated a promising application of endolysins. Staphylococcus strains 

are one of the most recognized causative agents of infections and biofilm formation. 

Endolysin destroying these biofilms have been reported.  Bacteriophage Ф11 lysin derived 

from S. aureus phage is able to eliminate biofilms of S. aureus (16). Another 

staphylococcal phage endolysin, SAL-2, significantly removed S. aureus biofilms 

compared to its parental phage (84). The destruction of Streptococcus pneumonia, S. 

pseudopneumoniae and S. oralis biofilms by pneumococcal phage endolysins (Cp1-1 and 

Cp1-7) has been reported. A cooperative effect of Cp1-1 with autolysin LytA in the 

disintegration of S. pneumonia biofilm has also been reported in the same study (114). 
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4.4.2.3. Endolysin in Veterinary and Food Applications 

Endolysins have also potential application in the veterinary sector in preventing the 

spread of zoonotic disease or transmission of pathogens into food (9). For example, bovine 

mastitis is one of the most common diseases in adult dairy cows which accounts for most 

of the morbidity and causes significant economic loss in dairy farm sectors. Mastitis also 

results in contamination of the raw milk, and this poses a more direct threat to public 

health (115). In this context, Obeso and his-coworkers demonstrated a possible application 

of endolysin as an antimicrobial additive for preventing the growth of S. aureus in dairy 

products (115). In their report, the addition of purified endolysin LysH5 was able to kill S. 

aureus growing in pasteurized milk rapidly. The LysH5 also exhibited synergy with the 

bacteriocin nisin at a low concentration resulting in complete elimination of S. aureus in 

milk (116).    

A study conducted by Zhang and his coworkers showed experimental evidence for 

successful control of Listeria monocytogenes in soy milk to an undetectable level by L. 

monocytogenes phage endolysin LysZ5 (117). In the same report, more than 4 log 

reduction of L. monocytogenes growing in soya milk after 3 h of treatments at refrigeration 

temperature (4oC) was reported. Generating safe surface and enhancing food safety are 

other approaches for endolysin applications. Solanki and his co-workers demonstrated 

endolysin-based listericidal nanocomposites in order to control bacterial growth in lettuce 

(118). They formulated Listeria bacteriophage endolysin Ply500 by attaching this enzyme 

to silica nanoparticles (SNPs) followed by incorporating the conjugate into a thin poly film 

and binding to edible crosslinked starch nanoparticles via construction of a maltose binding 

protein fusion. This formulation was demonstrated to be effective in killing of L. innocua 

on lettuce. 

4.5. Production of Recombinant Proteins 

Currently, recombinant proteins are widely used by various sectors including 

medical, agricultural and food industries. Higher production efficiencies and, 

consequently, lower costs of the final active product that can be used for intended 

applications is of great importance (86). The choice of expression systems (bacteria, yeast, 

or insect cell), the choice of vector, the size of the protein to be expressed, the type of 

affinity tag if required, and the most appropriate purification strategy are the main concerns 

for cloning, expression, and purification of any protein including phage endolysins (87). 
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As proteins vary in their characteristics including phage endolysins, there is no definitive 

cloning strategy. Thus, it must be determined empirically and optimize for each individual 

protein (88).  

Recombinant proteins are produced in various hosts including bacteria, yeast, insect 

and mammalian cells, filamentous fungi, transgenic animals, and plants. Among these, 

prokaryotic cells are the most widely used expression systems. These systems allow one to 

obtain large quantities of protein in a short time. A simple and inexpensive bacterial cell 

culture and well-known mechanisms of transcription and translation facilitate the use of 

these microorganisms (89). But production of large proteins in bacterial cells may result in 

aggregation of insoluble proteins, which is a drawback of this system (90). The majority of 

cloned phage endolysin proteins have been expressed in E. coli strains. But there are also 

few reports in which Lactococcus lactis was used as an expression host; as in the case of S. 

aureus endolysin LysK expressed in L. lactis NZ9800 and MG1614 (8), and Listeria 

monocytogenes endolysin Ply511 expressed in L. lactis MG1363 (91).  
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5. MATERIALS AND METHODS 

5.1. Materials 

5.1.1. Bacterial Strains and Plasmids  

Clinical isolates of staphylococcal strains including S. aureus, MRSA, S. epidermidis, 

and S. haemolyticus) (Table 6) were used in the current study. All listed strains in Table 6 

were used for endolysin activity and phage infectivity tests, and some of them were used 

for prophage induction. E. coli One Shot MachlTM-T1R strain (Invitrogen, USA) was 

used for stable propagation and maintenance of recombinant plasmids. E. coli BL 21 

(DE3) cells having a genotype of F– ompT hsdSB (rB
–, mB

–) gal dcm (Invitrogen, USA) 

were used as expression host in the production of endolysin proteins.  

pET SUMO vector plasmid was used as cloning and expression vector (Invitrogen, 

USA). This plasmid has cloning and expression features such as TA cloning site for 

ligating the amplified PCR product, a promoter (T7 lac), IPTG inducible gene, histidine tag 

for facilitation of purification, SUMO protein fusion at the N-terminus for enhancing 

solubility of target proteins, and also contain kanamycin resistance gene for selection upon 

transformation in E. coli (Figure 10)  

 

Figure 10. Map of pET SUMO vector 
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5.1.2. Primers Used in the Study 

 Primers used in this study are listed in Table 3.  Two pairs of primers covering 

staphylococcal endolysin genes were designed based on the published sequences of DW2, 

phiMR11, phiSauS-IPLA88, SA12, and SA13 with accession numbers of KJ140076, 

NC_010147, EU861005, KC677663, and NC_021863 respectively.   

Table 3. List of primers used in this study  

       Name                  Primer sequences 

PhiDW2-Lys-F1 5’- ATGCAAGCAAAACTAACTAAAAAAG -3’ 

PhiDW2-Lys-R1 5’- TTAACTGATTTCTCCCCCATAAGTC -3’ 

PhiDW2-Lys-F2 5’- AATTGGCTAGGCGGTGGCTGGACTG-3’ 

PhiDW2-Lys-R4 5’-TTGTATTTTCTGTTTGCTGGTAAT-3’ 

pET SUMO Forward  5’-AGATTCTTGTACGACGGTATTAG-3’ 

T7 reverse primer 5’-TAGTTATTGCTCAGCGGTGG-3’ 

5.1.3. Media, Growth Conditions and Storage of Bacteria and Phage 

Tryptic Soy Broth (TSB) and Tryptic Soy Agar (TSA) (Lab M, UK) for the growth 

of staphylococcal strains, Luria Bertani (LB) broth and Luria Bertani (LB) agar (Lab M, 

UK) for the growth of E. coli cells were used. Kanamycin (Km) at a final concentration of 

50 µg/mL was included in LB medium. Top agar prepared by mixing 10 g tryptone, 5 g 

yeast extracts, 5 g sodium chloride (NaCl), and 7 g agar (Acumedia, USA) in 1 L of 

distilled water was used to resuspend phage and bacterial cells on top of solidified agar 

plates. Super Optimal Broth (Invitrogen, US) was used as recovery media for transformed 

cells. All staphylococcal strains were cultured in TSB and TSA at 37oC. E. coli strains 

were cultured in Luria Bertani (LB) medium at 37oC except for protein expression, which 

was carried out at 20oC. Plasmid selection was accomplished by the addition of 

kanamycin. All bacterial strains were stored in 20% glycerol containing broth and 

maintained at -80 0C.  
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5.1.4 Enzymes, Chemicals and Reagents 

PCR amplification kit, DNA molecular weight standards, endonucleases, T4 DNA 

ligase, Taq DNA polymerases were purchased from Promega (USA). Big Dye® 

Terminator v3.1Cycle Sequencing Kit was purchased from Applied Biosystem (USA), 

Protein K was purchased from New England Biolabs (USA), mitomycin C, kanamycin, 

sodium dodecyl sulfate (SDS), DL-dithiothreitol, dimethylsulfoxide (DMSO), potassium 

chloride (KCl), polyethylene glycol, and ammonium persulfate were purchased from 

Sigma-Aldrich (USA). Methanol, acetic acid (Chromanorm, France), phosphate buffer 

solution (Oxoid, UK), magnesium sulphate, dipotassium hydrogen phosphate (K2HPO4), 

isoamyl alcohol, potassium dihydrogen phosphate (KH2PO4), sodium hydroxide (NaOH), 

glucose were purchased from Merck (Germany), N, N, N’ N’-Tetramethylethylenediamine 

(TEMED), acrylamide, Precision plus protein ladder were purchased from Bio-Rad (USA), 

uranyl acetate (PubChem, ?), agarose and  EDTA were purchased from Quantum (New 

Zealand); Isopropyl β-D-1-thiogalactopyranoside (IPTG) was  purchased Thermo Fisher 

(USA). 

5.2. Methods 

5.2.1. Bacterial Culture Conditions 

A total of 88 staphylococcal strains including 60 S. aureus, of which 13 are MRSA, 

25 S. epidermidis, 3 S. heamolyticus strains isolated previously from various clinical 

samples at the Farabi Hospital of the Karadeniz Technical University and maintained at the 

Department of Medical Microbiology Culture Collection were revived in TSB at 37oC and 

used in this study.  

5.2.2. Bioinformatics Search and Primer Design  

Bioinformatics search was performed for retrieving endolysin gene sequences from 

the NCBI website (www.ncbi.nlm.nih.gov). Among the various available Staphylococcal 

phage endolysin sequences, five different sequences (with the reference number of 

NC_021801.1, NC_010147, NC_011614.1, NC_024391.1, and NC_021863.1) and 

encoding single full open reading frame (ORF) were selected. Then, the sequences were 

aligned using Multiple Sequence Alignment program called ClustalW which is available at 

http://www.ebi.ac.uk/Tools/msa/clustalo/ to check the conserved regions. Following this, 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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PCR forward and reverse primers specific for whole endolysin genes were designed from 

the conserved regions. 

5.2.3. Genomic DNA Extraction from S. aureus  

Genomic DNA was extracted from clinical isolates of S. aureus using a method 

described by Englen and Kelley (119) with some modifications.  Briefly, cells plated on 

TSA agar media for 12 to 24 h at 37oC. Then single colony was picked and suspended in 

50 µL of lysostaphin (150 µg/mL) in an Eppendorf tube and incubated for 20 min in a 

water bath at 37oC. Then, 50 µL of proteinase K (100 µg/mL) and 150 µL Tris buffer (0.1 

M) was added to the samples and mixed by pipetting up and down before incubating the 

tubes at the 37oC heating block for 20 min. The tubes were then transferred to 97oC heating 

block for 10 min to inactivate proteinase K. After this, the tubes were centrifuged for 1 min 

at 5000 rpm to pellet the cell debris. Supernatant was used directly as DNA template for 

PCR amplification, and remaining supernatants were stored at -800C until needed.  

5.2.4. PCR Screening of Endolysin Genes in Genomic DNA of S. aureus Strains 

Presence of prophages in the chromosomes of S. aureus strains was evaluated by 

PCR before phage induction. Chromosomal DNA extracted from S. aureus strains were 

used as template for PCR, and conditions described by Biddappa and co-workers (79) were 

used for amplification. Briefly, the PCR reaction was adjusted into 25 µL reaction volume 

containing 5μL PCR buffer (Promega 5х), 0.5 µL dNTP (2.5µM), 0.75µL of each forward 

and reverse primer of phage endolysin gene (10 pmol/ µL), 1.5 µL of MgCl2 (25mM), 0.15 

µL (5U/µL) Taq DNA polymerase (Promega), 5 µL DNA template, and 11.35 µL 

sterilized distilled water. PCR conditions adjusted to initial denaturation at 94oC for 5 min, 

followed by 30 cycles of denaturation at 94oC for 1 min, annealing at 51.8oC for 1 min, 

extension at 72oC for 1 min, and a final extension at 72oC for 7 min. After completion of 

the PCR amplification, the presence of products was checked by 1 % agarose gel 

electrophoresis, stained with ethidium bromide, and visualized under UV illuminator 

(Cleaver Scientific, UK).  

5.2.5. Phage Isolation  

PCR positive strains for endolysin genes were subsequently exposed to mitomycin C 

(Sigma-Aldrich, USA) for phage induction as described elsewhere (80) with some 

modifications. Briefly, S. aureus strains were inoculated in 5 mL of TSB media and grown 
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for overnight at 37oC. The overnight culture samples were then diluted into 1:100 in fresh 

TSB media and grown at 37oC until the exponential phase was attained (OD600nm = 0.5). 

Subsequently, mitomycin C was added to the culture at a final concentration of 1 µg/mL 

and incubation at 37°C with shaking at 200 rpm was continued for 4 hours to release phage 

particles. Then, 1 ml culture samples were centrifuged at 4500 rpm for 20 min and 

supernatants were sterilized using 0.22 µm pore size filter. This clear supernatant (5 µL) 

were then spotted into plates with agar overlay lawns of the staphylococcal strains and 

incubated for 12 to 24 h at 37oC. Presence of phage plaques or clear zone on the plates was 

confirmed using single plaque assay.   

5.2.6. Plaque Assay and Phage Purification 

Positive phage lysates for spot test were further examined for the presence of a single 

type of phage using the plaque assay method as previously described by Carey-Smith and 

co-workers (120) with some modifications. Briefly, a100 µL of diluted phage lysate, 100 

µL of logarithmic phase S. aureus cultures and 2 µL of 1M CaCl2 were mixed thoroughly 

in an Eppendorf tube and incubated at room temperature for about 30 min to facilitate 

bacteriophages to adsorb to their host. After the incubation period, the mixture was 

transferred to a tube containing 4 mL of TSA soft agar (0.6 %) at 49oC and mixed 

thoroughly before pouring it to the TSA plate and incubated for 12-24 hours. Phage plaque 

were picked and resuspended in a 50-100 µL SM buffer for further purification by 

infecting logarithmic phase culture of S. aureus as described before.  

5.2.7. Phage Propagation and Concentrations  

For propagation, each single plaque solution was poured into 8-10 TSA plates using 

the same procedure mentioned previously. Plates covered with plaques were used to 

harvest the phage particles. Briefly, 2 to 4 mL of SM buffer (50 mM Tris-Cl, pH 7.5; 8 

mM MgSO4.H2O; 100 mM NaCl) was added on each plate and incubated on a shaker at 

room temperature for about 1 h. Then top agar containing plaques was collected in a falcon 

tube, gently vortexed, and centrifuged at 10,000 rpm for 20 min. The supernatant was 

transferred to a new tube and filtered through 0.2μm filter (Sartorius Stedim Biotech 

GmbH, Germany). The resulting filtered lysate concentrated further by polyethylene glycol 

(PEG) solution as described elsewhere (121). Briefly, to 40 mL of phage lysate in a sterile 

conical flask containing 1M NaCl and 1 μl/mL DNase was added and incubated for 1 h at 

room temperature. After the incubation, 10 ml of PEG (20 %) solution was added, 
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thoroughly mixed, and left overnight at 40C. The solution was then centrifuged at 10,000хg 

for 40 min (Eppendorf Centrifuge 5804 R, Germany) to pellet the phage particles. After 

pouring of the supernatant, pellets were re-suspended in 2 mL of SM buffer and filtered 

through 0.22 mm filter and stored at 4oC for short term and at -80 ºC in SM buffer 

containing 50 % glycerol for long term. 

5.2.8. Imaging of Phages by Transmission Electron Microscopy (TEM) 

Purified and concentrated phage particles were used to examine the phage 

morphology by Transmission Electron Microscopy after staining with 2 % uranyl acetate 

(pH 4.0) using a method described elsewhere (122) with some modifications. Briefly, 10 

µL of phage suspension (with a minimum concentration of 1010 PFU/mL) was placed on 

the top of formvar carbon-coated grid (Electron Microscopy Science, USA) and allowed to 

absorb for about 4 min. Excess lysate was removed with filter paper from the copper-grids. 

Then the grid was rinsed with 5 µL of sterile water. After 1 min incubation, the excess 

water was completely removed with filter paper. Following this, the phage lysate was 

stained for 3 min by adding 10 µL of 2 % uranyl acetate. The excessive stain was also 

removed by touching the side of the gird using Whatman paper. The grids were then 

allowed to air dry for overnight. Finally, the copper grids were examined using JEOL 

JEM-1010 Transmission Electron Microscope operating at 75 kV. 

5.2.9. Determination of Phage Host Range 

The host range of each phage was investigated against different staphylococcal 

strains using the spot test method described previously (122) with little modification. 

Briefly, 100 μL exponential phase S. aureus cultures were mixed with 0.6 % top agar 

before overlaying on TSA plates. After solidifying for about 10 min, 5 μl of each phage 

lysate was dropped on the lawns and incubated at 370C overnight. Results were analyzed 

based on detection of lysis of host bacteria with clear or turbid phage plaques. Those 

phages having broad lytic spectrum were selected for further characterization including 

endolysin gene extraction. 
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5.2.10. One-step Growth Curve 

To understand the phages growth cycle, one-step growth curve was conducted as 

previously described (123) with some modifications. Briefly, the phage lysate and 

exponential phase of S. aureus cells were mixed at a multiplicity of infection of 0.01, and 

then allowed to adsorb for 30 min by incubating at 37oC. After the incubation period, 

samples were centrifuged at 10,000 rpm for 1 min and the pellet containing infected cells 

was resuspended in 3 mL of prewarmed TSB medium and incubated at 37oC with shaking 

at 160 rpm. At 10 min intervals for 2 h, 100 µL of the sample was taken and serial dilution 

was performed immediately followed by double-layer agar plate method for enumerating 

the plaque forming unit per milliliter (PFU/mL) after 12 to 24 h of incubation at 37oC. 

Phage growth parameters such as latent period (the time between adsorption of phage by 

the host and the beginning of lysis), burst size (the ratio of the final phage particles 

liberated to the inoculum) were calculated. 

5.2.11. Phage DNA Isolation  

The phenol-chloroform extraction method was used for DNA isolation. Briefly, 468 

µL purified phage samples (approximately 1 x 1012 PFU/mL) was treated with lysis buffer 

(100 mM Tris-HCl, pH7.5; 300 mM MgCl2; 10 mg/mL DNaseI and 20 mg/mL RNase A) 

for 30 min at 37oC.   The samples were centrifuged at 10,000 rpm for 5 min and 

supernatants were transferred to new Eppendorf tubes followed by addition of phenol in 

one to one ratio with supernatant. The tube contents were mixed by gentle inverting for 5 

min in order to digest phage structural proteins before centrifugation at 10,000 rpm for 5 

min. The supernatant was transferred to new tube for chloroform:isoamyl alcohol (24:1) 

extraction for 5 min at room temperature. Following centrifugation at 40C, supernatants 

were mixed with 2 volumes of 95% ethyl alcohol and incubated at 200C overnight. DNA 

was precipitated by centrifugation for 5 min at 10,000 rpm, and DNA washed with 70% 

ethanol and dried at 65oC for 15 min. DNA was resuspended in TE buffer and run on 1 % 

agarose gel electrophoresis to examine its quality. 

5.2.12. Restriction Enzyme Analysis of Phage DNA 

Restriction endonuclease analysis was performed in order to estimate the genome 

size of the phages. Phage DNA was digested with BamH I, Hind III, Pst I, Xba I (Promega, 

USA) according to the manufacturer’s recommendations.  The digested DNA fragments 



 
34 

were then analyzed by 0.8 % agarose gel electrophoresis along with 1 kb DNA ladder 

(Promega, USA) to compare and calculate the sizes of the phage genome.  

5.2.13. Amplification of Endolysin Gene from Phage DNA by PCR 

PCR primers for endolysin gene amplification were designed in accordance with 

appropriate TA cloning site of pET SUMO expression vector (Table 3). The PCR 

amplification was undertaken in 25 µL reaction volume containing the following 

compositions: 5 µL PCR buffer (Promega 5x), 0.5 µL dNTP (2.5 µM), 0.75 µL of each 

primer (10 pmol/ µL), 1.5 µL of MgCl2 (25 mM), 0.15 µL (5U/µL) Taq DNA polymerase 

(Promega), 1 µL of phage DNA, and 15.35 µL of sterilized distilled water. Then PCR 

conditions adjusted to 5 min of initial denaturation at 94oC, followed by 30 consecutive 

cycles of denaturation at 94oC for 1 min, annealing at 51.8oC for 1 min, extension at 72oC 

for 1 min, and a final extension at 72oC for 7 min. PCR products were analyzed by agarose 

gel electrophoresis. 

5.2.14. Agarose Gel Electrophoresis for Separation of DNA Fragments 

The agarose gel was prepared by melting 1 % (w/v) agarose in 100 ml of 1xTris-

borate EDTA (TBE) using a microwave oven. The gel was then loaded with 3-5 µL 

volume of amplified PCR product in loading buffer and subjected to electrophoresis for 45 

min at 100 volts. The gel was visualized under UV illuminator. The size of the amplified 

PCR product was determined by comparison with DNA marker.  

5.2.15. Purification of PCR Products 

The amplified PCR product were purified before ligating into pET SUMO expression 

vector using High Pure PCR Product Purification Kit (Sigma-Aldrich, USA) according to 

the manufacturer’s instructions. Briefly, 500 µL of binding buffer was added to each of the 

100 µL PCR tube before mixing the samples well. Then the samples were transferred into 

the upper reservoir High Pure Filter Tube connected to collection tube and centrifuged a 

maximum speed for 1 min in a standard table top centrifuge at room temperature. The flow 

through solution was discarded and the Filter Tube was reconnected to same collection 

tube prior to adding 500 µL wash buffer to the upper reservoir tube and centrifugation for 

1 min at a maximum speed. The flow through was discarded and the same washing step 

was repeated using 200 µL washing buffer. Following this, the flow-through and collection 

tube were discarded and the Filter Tube was reconnected to a clean 1.5 mL of 
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microcentrifuge tube. Finally, 10-50 µL elution buffer was added to the upper reservoir of 

the Filter Tube and centrifuged at a maximum speed for 1 min. The quality of the purified 

DNA was checked by gel electrophoresis.   

5.2.16. Cloning and Transformation of Endolysin Genes  

5.2.16.1 Preparation of Competent Cells 

E. coli OneShot competent cells were prepared according to the method described by 

Chung and Miller (124). Briefly, a single colony was inoculated into 5 mL LB media and 

grown overnight at 37oC with shaking at 200 rpm. Then, the culture was diluted to 1:100 in 

a flask containing 100 mL of LB media and grown until the OD600 reached 0.4-0.5. Cell 

were then centrifuged at 10,000 rpm for 10 min at 4oC.  The supernatant was discarded 

while the tube was retained on ice. The pellets were re-suspended in 0.5 to 1 mL of TSS 

buffer (1 % Bacto-Tryptone, 5 % Yeast extract, 0.5 % NaCl, 10 % (w/v) PEG 3350, and 5 

% (v/v) dimethyl sulfoxide). Then aliquots of 100 µL were made and used immediately for 

transformation. Remaining competent cells were stored at -80oC up to 3 months. 

5.2.16.2. Cloning of PCR Products  

PCR amplified and purified endolysin genes were cloned into commercially available 

linearized pET SUMO expression vector according to the manufacturer’s 

recommendations. Briefly, 1 µL of 10 x ligation buffers, 2 µL pET SUMO vector, 4 µL of 

PCR purified DNA fragments, and 2 µL of double-distilled water (ddH2O) and 1 µL of T4 

DNA ligase (5U) were mixed and incubated at room temperature for 30 min to get 

recombinant plasmids (designated as pET SUMO-LySA10, pET SUMO-LySA14, pET 

SUMO-LySA15 and pET SUMO-LySA52).  

5.2.16.3 Transformation of Recombinant Plasmids into E. coli  

Each ligation mixture was added to 100 µL of thawed competent E. coli OneShot 

cells and kept on ice for 30 min before heat shocked for 2 min at 42oC. Following the heat 

shock, tubes transferred back to on the ice for 3-5 min. Cells then transferred to a tube 

containing 900 µL of SOC medium (Super Optimal Broth, Invitrogen, USA) for 

expression at 370C for 1 h with shaking at 220 rpm. Following incubation, cells were 

transferred to 1.5 mL Eppendorf tubes and centrifuged at 10,000 rpm for1 min. About 800 

µL of supernatant was discarded and pellets were resuspended in the remaining liquid. 
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From each homogenized pellet, 10 µL, and 90 µL were spread on pre-warmed agar plates 

containing 50 µg/mL kanamycin, and plates were incubated at 37oC for 12 to 24 h. 

5.2.17. Plasmid DNA Isolation  

From each plate containing transformed cells, colonies were picked and inoculated 

into LB media with kanamycin (50 µg/mL) and grown at 37oC with shaking at 220 rpm 

overnight. From this culture, plasmids isolation was performed using QIAprep Miniprep 

kit (Quiagen, Germany) based on the manufacturer’s instructions. The plasmid DNA was 

eluted in 30 to 40 µL of elution buffer. Plasmid DNAs were checked for insert by gel 

electrophoresis. Plasmids with heavier bands considered as having the insert were selected 

for further confirmation by sequencing. 

5.2.18. Sequencing of Plasmid DNA 

Selected purified plasmids were sequenced to confirm both presence and correct 

orientation of insert within the vector. To perform sequencing, Applied Biosystem ABI 

373x1 DNA Analyzer with BigDye® v3.1 Cycle sequencing kit (Applied Biosystem®, 

USA) and vector specific sumo forward and T7 reverse primer were used. The sequence 

reaction was carried out in a total of 10 µL reaction volume consisting of 2 µL of plasmid 

DNA, 1.5 µL of 5x sequencing buffer, 1 µL of BigDye v 3.1; 0.32 µL of each 

forward/reverse primer (10 pmol/µL) and 5.18 µL of sterile ddH2O. After the reagents 

were mixed, PCR was run with the following PCR conditions: 3 min of initial denaturation 

at 96oC, followed by 25 cycles of denaturation at 96oC for 10 sec, annealing at 50oC for 5 

sec, extension at 60oC for 4 min, and a final extension at 4oC. The resulting PCR products 

were purified by passing through a spin column containing polymerized Sephadex G-25®. 

The purified product was loaded onto microtiter plate of the DNA sequence Analyzer and 

the results of the sequencing were analyzed. Plasmids with correct sequence orientation 

were selected for protein expression in E. coli BL21 (DE3). 
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5.2.19. Transformation of Recombinant plasmids into Expression Host  

Competent E. coli BL 21 (DE3) cells were prepared and transformed with 1-2 µL of 

each recombinant plasmid with correct orientation of the insert as described earlier. 

5.2.20. Expression of Endolysins  

Before performing a large-scale protein expression, a small-scale expression analysis 

was performed to evaluate the expression conditions, such as solubility of the proteins and 

optimum expression time in E. coli. For this, the standard procedure provided by the 

manufacturer was used. Briefly, single colony from each plate containing transformed E. 

coli BL21 (DE3) cell with recombinant plasmids was inoculated into 5 mL LB media 

containing 50 µg/mL kanamycin and grown overnight at 37oC shaking. From overnight 

culture, 500 µL of the samples were transferred into 20 mL of fresh LB medium containing 

1% glucose and kanamycin and were grown further at 37oC shaking until the optical 

density at 600 nm reached 0.4-0.6.  The culture was then divided into two sets, each 

containing two cultures. One set of the cultures were induced with IPTG (Isopropyl-ß-D-

thiogalactopyranoside) at a final concentration of 1 mM and the second set left uninduced. 

Then the cultures were incubated at two different temperatures, 37oC and 20oC, for the 

expression.  At different time points, 1 mL of sample was collected from each tube and 

centrifuged at full speed for 1 min, the supernatant was removed and the pellet was kept at 

-20oC until protein expression analysis was conducted using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). 

5.2.21. Preparation of Samples for SDS SDS-PAGE Analysis 

Frozen cell pellets were thawed on ice and lysed in 150 µl Lysis buffer (50 mM 

Potassium Phosphate pH 7.8, 400 mM NaCl, 100 mM KCl, 10 % glycerol, 0.5 % Triton X-

100, 10 mM imidazole), followed by three cycles of freeze-thawing with alternating -20oC 

and 42oC. Maintaining the samples on ice, cells were further disrupted by sonication for 10 

sec sonication followed by 10 sec rest over 3 min (Vibra Cell™ Sonics, USA)). The lysate 

was centrifuged at maximum 12,000 rpm for 10 min at 4oC to remove the cell debris. The 

supernatant was transferred to new Eppendorf tube and 30 µL was taken and mixed with 7 

µL of 2x SDS loading buffer. The pellet was resuspended in 300 µL of 1x SDS-PAGE 

loading buffer. Both pellet and supernatant samples were incubated at 990C for 5 min in a 

heating block before analyzed by SDS-PAGE. 
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5.2.22. Analysis of Expressed Endolysins by SDS-PAGE 

SDS-PAGE was carried out using the Mini-PROTEAN 4 apparatus (Bio-Rad, USA) 

according to the manufacturer’s instructions. Briefly, a 12% v/v resolving gel was prepared 

by combining 3 mL of 40 % w/v acrylamide, 4.35 mL of ddH2O, 2.5 mL of 1.5 M Tris-

HCl (pH 8.8), 0.1 mL of 10 % w/v SDS, 5 µL of TEMED and 50 µL of 0.1 % fresh 

ammonium persulfate. The solution was carefully mixed and immediately poured into the 

glass plate cassette. About 500 µL 2-propanol or alternatively ddH2O was added over the 

top of resolving gel to prevent the gel from drying and then left to polymerize for 40 min. 

The 2-propanol or water on top of the gel was carefully removed and a 4 % v/v spacer gel 

was prepared by combining the following components;1 mL of 40 % w/v acrylamide, 6.4. 

mL of ddH2O, 2.5 mL of 0.5 M Tris-HCl (pH 6.5), 0.05 mL of 10 % w/v SDS, 3 µL of 

TEMED and 0.05 mL of 0.1 % fresh ammonium persulfate. The solution was carefully 

mixed and immediately poured on top of the resolving gel before inserting a comb.  After 

about 40 min, the comb was removed and the gel cassette placed in electrophoresis tank. 

The tank was filled with 1X electrode buffer, and protein samples were loaded into wells 

using capillary pipette tips (20 µl from the supernatants and 10 µl from the plates). The gel 

was run first at 75 V for 15 min then run at 100 V for about 1.5 h until the dye reached the 

bottom of the resolving gel. Following this, the gel was removed from the cassette and 

rinsed in distilled water. The gel was placed in fixing solution (46 % methanol and 7% 

acetic acid) for 30 min to immobilize proteins. Gels were then washed 2 times with 

distilled water and stained for 30 min with coomassie blue. Finally, the gel was destained 

with destaining solution (5 % methanol, and 7.5 % acetic acid) for overnight. The gel 

image was captured using ChemiDOC™ MP imaging system (Bio-Rad, USA). The 

Precision Plus Protein Ladder was used as molecular weight marker. The gel image was 

analyzed and the conditions for best expression were selected for the large-scale 

production. 

5.2.23. Large-scale Expression of Recombinant Endolysin Production  

The expression parameters such as temperature and incubation time were selected 

based on the result obtained from pilot expression assay. Then large-scale production 

carried out as follows: 10 ml of LB containing kanamycin was inoculated with E. coli BL 

21 (DE3) carrying the recombinant plasmids and grown overnight at 37oC shaking. The 

next day, 100 mL of LB containing kanamycin and 1 % glucose was inoculated with 2 mL 



 
39 

of the overnight culture and grown at 37oC shaking. When the optical density at 600 nm 

reached 0.4-0.5, the culture was induced with IPTG at a final concentration of 1 mM and 

incubated for additional 18-20 h by shifting the temperature from 37 to 20oC shaking. The 

cell pellet was collected by centrifugation at 8,000 rpm for 10 min at 4oC and resuspended 

in 4 mL of lysis buffer (50 mM potassium phosphate pH 7.8, 400 mM NaCl, 100 mM KCl, 

10 % glycerol, 0.5 % Triton X-100, 10 mM imidazole) and kept at room temperature for 1 

h on a rocking platform. The resulted cell lysate was then subjected to three freeze-thaw 

cycles (-80oC/42oC) maintaining the samples in ice, cells were further disrupted by 

sonication (18 cycles, 10 s pulse, 10 s rest, amplitude set at 40 %,). The homogenized 

suspension was centrifuged at a maximum speed of 12,0000 rpm for 15 min at 4oC to 

remove the cell debris. The protein lysates were then filtered through Minisart® Syringe 

Filters with 0.2 μm pore size (Sartorius Stedim Biotech GmbH, Germany) and aliquots 

were made for storing at -20oC until needed. 

5.2.24. Purification of Recombinant Endolysins 

Filtered protein lysates were used for purification using Nickel-Nitrilotriacetic Acid 

(Ni-NTA) affinity chromatography system (Qiagen, USA).  In brief, 3 mL of Ni-Binding 

buffer was added to Ni-NTA gravity column and allowed to drain by gravity. Then, 1 mL 

of cleared supernatant protein lysate was mixed with 2 mL of Ni-washing buffer and 

passed through the column. After this, the column was washed with 3 mL of Ni-washing 

buffer to remove unbound protein from the column. At this stage, the flow through of the 

column was collected for analysis. Following washing, 1 to 3 mL of elution buffer was 

added to the column to elute the protein bound in nickel column. Finally, eluted protein 

fractions, crude lysate, and flow through were run alongside with protein ladder on 12% 

(w/v) SDS-PAGE gels for analysis as described before.  

5.2.25. Biological Activity of Recombinant Endolysins 

The lytic activity of each expressed endolysin was determined by the spot test 

method as described elsewhere (125) with some modification. Briefly, 100 µL of 

exponential phase S. aureus culture was spread on TSA agar plate and allowed to dry for 

about 10 min. Then 10 µL of filtered cleared lysate from induced E. coli cells harboring 

plasmids containing LysSA10, LysSA14, LysSA15, and LysSA52 were dropped on TSA 

agar plates and incubated at 37oC overnight.  As a negative control cleared lysate from E. 
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coli cells without insert DNA was used. After incubation overnight visualization of 

inhibition zone on agar plates indicated the presence of endolysin activity. 

5.2.26. Biochemical Characterization of Recombinant Endolysins 

5.2.26.1. Heat Sensitivity Test for Endolysins  

The sensitivity of lysSA10, lysSA14, lysSA15 and lysSA52 to heat was evaluated as 

previously reported (126). Briefly, each endolysin was incubated at different temperatures 

(30oC, 40oC, 50oC, 60oC, 70oC, 80oC, and 90oC) for 30 min followed by a 20 min cooling 

step on ice, after which the activity was checked by spotting 10 µL each of the treated 

endolysin on S. aureus strain and incubating at 37oC for 24 to 48 h. Endolysin enzyme 

solution without preheating was used as a control. Inhibition zone diameters were 

measured for each treatment and compared with the control, and the relative activities were 

presented in percentage compared to the control, assuming that the activity for control is 

100 %.  

5.2.26.2. Influence of pH on Endolysin Activity 

To evaluate the effect of pH on endolysin activity the following experiment was 

carried out. First, 10 µL of phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 

10 mM Na2HPO4, 2 mM KH2PO4) with pH values of 4, 5, 6, 7, 8, 9, and 10 was added to 

separate tubes containing 45 µL endolysin and 10 µL from each mixture was dropped on 

TSA agar preinoculated with S. aureus. Following 24 to 48 h incubation, presence of clear 

zone was checked and pH range for each endolysin was determined based on their lysis 

efficiency and diameter of the inhibition zones. 

5.2.26.3. The Effect of Divalent Metal Ions on Activity of Endolysins 

To evaluate the effects of divalent metal ions on the activity of each endolysin, a 

previously described method (126) was employed with some modifications. In brief, each 

endolysin was treated with EDTA at a final concentration of 50 mM for 30 min at room 

temperature to chelate metal ions and remove any residual metal ions attached to the 

endolysin, thereby inhibiting its catalytic function. Subsequently, enzymes were dialyzed 

against 50 mM phosphate buffer (pH 8.0) using mini dialysis column (Slide-A-Lyzer™ 

MINI Dialysis Devices, ThermoFisher, USA) to remove the EDTA. Following this, 

suspension of metal ions such as CaCl2, MgCl2, and ZnCl2 buffers at 0.5 mM and 1mM 

concentrations were added to the EDTA treated endolysin separately and mixed gently by 
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pipetting before incubating for 15 min at room temperature. After the end of incubation 

period, 10 µL from each mixture was dropped on TSA agar containing S. aureus and 

incubated for 24 to 48 h. Non-EDTA treated endolysin and EDTA treated but no divalent 

ions endolysin were also dropped as controls. Zone of inhibitions (clear zones) were 

measured for each treatment and expressed as an average of three replicates. From this 

measurement, the relative activities were presented in percentage by comparing with the 

control, in which the activity for the control was assumed 100 %. 

5.2.27. Host Range Determination of Endolysins 

The spot test method described before was used to test the lytic range for each 

endolysin proteins against 88 clinical staphylococcal strains including S. aureus, MRSA, S. 

epidermidis, and S. haemolyticus strains.  

5.2.28. In Vitro Anti-biofilm Properties of Endolysin 

The effect of LysSA10, LysSA14, LysSA15, and LysSA52 endolysins on biofilms 

were evaluated before and after the establishment of S. aureus and S. epidermidis biofilms 

in 96 well microtiter plates and on catheter sections.  

5.2.28.1. Biofilm Disruption Test in Microtiter Plates  

Biofilm removal or disruption assay was evaluated using microtiter plate assay as 

previously described (127), with some modifications. Briefly, an overnight culture of S. 

aureus or S. epidermidis strains were diluted with 0.25 % w/v D-(+)-glucose to attain an 

initial inoculum level of 106 CFU/mL. From each strain, 200 µL of prepared inoculums 

was poured into 96 wells flat-bottomed microtiter plate and 200 µL TSB was added in 

separate wells as negative control. Microtiter plates were then incubated at 37oC without 

agitation for 48 h to allow biofilm formation. After incubation period, the contents of the 

wells were removed and wells were washed 2 times with PBS. Following washing, 100 µL 

of each recombinant endolysin at three different concentrations 0. 20 mg/mL, 0. 30 

mg/mL, and 0. 50 mg/mL were added to each well. For each treatment and control four 

wells were used. Plates were incubated for 12 h at 37oC before discarding the contents and 

washing with PBS. To quantify the remaining biofilm the wells were stained by adding 

200 µL of 1 % (w/v) crystal violet solution. The unbound crystal violet was removed by 

washing with PBS, and then 200 µL ethanol-acetone (80:20) was added in each well to 

solubilize the bound crystal violet from the stained S. aureus and S. epidermidis biofilms. 
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The the solubilized samples were measured using plate reader at OD595 nm to quantify the 

remaining biofilms. The results were presented in percent remained biofilms. The mean of 

four wells used and the experiments were repeated three times. 

5.2.28.2. Biofilm Inhibition Assay in Microtiter Plates 

To investigate the ability of each endolysin in preventing the formation of S. aureus 

and S. epidermidis biofilms, crystal violet staining assay was used except that endolysins 

were added before biofilm establishment. Simply, an overnight culture of S. aureus and S. 

epidermidis strains were diluted with 0.25 % w/v D-(+)-glucose to attain an initial 

inoculum level of 106 CFU/mL. From each strain, 180 µL culture was transferred into 96 

wells flat-bottomed microtiter plate and 20 µL (0.50 mg/mL) endolysin was added 

immediately to each well before incubating at 37oC for 48 h. In a control set, the same 

amount of PBS was used instead of endolysins. After incubation period, the planktonic 

bacteria were removed and the wells were washed, stained and quantified as described in 

earlier section.  

5.2.28.3. Biofilm Removal Assay from Catheters   

For determining the biofilm removal capacity of endolysins, previously reported 

method (26) was used. Briefly, Foley catheter was cut into 3 cm pieces with a sterile 

scalpel and placed in test tubes. Overnight culture of S. aureus and S. epidermidis strains 

were diluted with 0.25 % w/v D-(+)-glucose to attain an initial inoculum level of 106 

CFU/mL from which 900 µL culture was added to each tube and incubated at 37oC for 48 

h to allow biofilm formation.  Catheter sections were removed from the tubes and washed 

2 times with PBS, and then placed in new sterile test tube where treated with 300 µL of 

endolysin (0. 50 mg/mL). For the control sets, PBS was used instead of endolysins. Both 

controls and treatment tubes were incubated at 37oC for 12 h. After treatment, the 

remaining biofilm was removed from the catheter sections mechanically by thoroughly 

resuspending in 50 mM sodium phosphate buffer (pH 7.5), which was vortexed for 2 min 

and scrapped with sterile pipette tip. The samples were then serially diluted and plated on 

TSB agar plates to enumerate the colony forming unit. Results were presented in log of 

CFU and log reduction unit was also determined as compared to control.  
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5.2.28.4. Prevention of Biofilm Formation on Catheters 

To quantify the extent of biofilm formation on endolysin coated catheter sections, the 

modified method of a previous report was used (128). Briefly, Foley catheter pieces were 

placed in test tubes containing 300 µL endolysin solutions (0.5 mg/mL) and incubated at 

4oC for 1 h. After the end of incubation, catheter sections were removed from the tube and 

air dried in the hood under sterile conditions. Subsequently, the coated and dried catheters 

sections were submerged in a tube containing 900 μL of S. aureus or S.epidermidis diluted 

overnight culture and incubated at 37oC for 48 h to allow biofilm formation. Sterile PBS 

was used as control. After incubation period, catheter sections were removed from the 

tubes, washed with PBS; biofilms were removed mechanically and enumerated as 

described in previous section. Results were presented in log reduction of CFU as compared 

to control. 

5.2.29. Scanning Electron Microscopy of Biofilms  

Biofilm of S. aureus and S. epidermidis were established on glass coupons (10 mm 

diameter x 1 mm height) and catheter sections for 48 h followed by washing and treatment 

with endolysin for 12 h. Then, both treated and untreated biofilm samples were prepared 

for scanning electron microscopy (SEM, ZEISS EVO LS 10, Germany) examination as 

previously described (129) with slight modification.  In brief, biofilm samples were fixed 

in 4 % phosphate-buffered glutaraldehyde for 1 h at 4oC, then washed with PBS. Following 

washing, the biofilm samples were dehydrated with serially increasing concentration of 

ethanol (50%, 70%, 80%, 90%, 95%, and 100%) for 10 min at 4oC and then were placed in 

a fume hood for about 2 h to remove any remaining liquid. Specimens were mounted on 

stubs with silver paint and coated with gold using sputter coater (Quorum Technologies, 

UK) for 1.5 min. Coated samples were visualized at 15 kV SEM at a magnification of X 

5000, X 10,000 and X 20, 000. 
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5.2.30. In vitro Cytotoxic Effects of Endolysins Assay 

The cytotoxic effects of each endolysin were evaluated on growing human fibroblast 

cell derived from kid foreskin, which was kindly provided by the Department of Medical 

Biology of Karadeniz Technical University (Trabzon, Turkey).  Fibroblast cells were 

thawed and mixed with 10 mL DMEM with 10 % FBS, and 4 % streptomycin (Invitrogen, 

USA) and grown to the desired level of confluency in a T75 flask by incubating at 37oC 

incubator under 5% CO2 air. After the desired confluence was attained, the growth medium 

in the flask was decanted and flasks were rinsed with a small amount of fresh growth 

medium to remove the entire old medium. About 1 mL of trypsin solution was added to 

loosen cells from the flask at 37oC for 1-2 min. Once the cells started lifting up from the 

surface, the trypsin reaction quickly was quenched by adding 10 mL of cell culture 

medium. The cell suspension was transferred into sterile 15 mL of falcon tube and 

centrifuged at 1200 rpm for 5 min. The supernatant was discarded and the pellet was 

resuspended in 1 mL of cell growth medium. The number of cells in the cell suspension 

was counted by using hemocytometer stained with Trypan Blue (dilution factor = 2) under 

an inverted microscope using x20 magnification before they were used in cytotoxicity 

assay.   

5.2.30.1. Cytotoxicity Assay  

Fibroblast cells were seeded at 5000 cells per well of 96 well microtiter plate and 

incubated until 85% cell confluence has been reached. Confluent fibroblast cells were then 

treated with four endolysins (LysSA10, LysSA14, LysSA15, and LysSA52) at a final 

concentration of 10 mg/mL and endolysin buffer (20 mM NaHPO4, 0.5M NaCl, 20mM 

imidazole) as well as untreated fibroblasts were included as controls and for 24 h. 

Following the incubation period, MTT cell viability assay [3-(4, 5-dimethylthiazol-2-yl) -

2,5-diphenyltetrazolium bromide (Thermo-Fisher, USA)] was performed as described 

previously (130) with slight modifications. Briefly, 10 µL of MTT, which is reduced by 

metabolically active cells due to the action of dehydrogenase enzymes that results in 

intracellular purple colored formazan crystals, was added to the contents of each well and 

cover the plates with aluminum foil to prevent the effect of light on MTT. Following 

incubation of the plate at 37oC for 3 h, the contents of the wells were aspirated and 100 µL 

DMSO a solvent that can dissolve the crystals formed already as result of MTT, was added 

to each well and incubated for another 30 min at 37oC. The plates were then analyzed 
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spectrophotometrically by reading the absorbance at 570 nm. The viability of fibroblast 

cells was expressed in percentage relative to the untreated control cells.  

5.2.31. Statistical Analysis 

All experimental results were expressed as the mean ± standard deviation (SD) for 

analysis performed in duplicate at least three times. Statistical analysis of the data was 

performed by Analysis of Variance (ANOVA) and mean comparison using Student’s t-test, 

using SPSS software version 22. P-values < 0.05 were considered statistically significant. 

5.2.32. Phylogenetic Analysis 

The nucleotide sequence of each endolysin was analyzed using the Basic Local 

Alignment Search Tool (BLASTn) to identify the homologous regions with the sequences 

deposited in the NCBI database (https://blast.ncbi.nlm.nih,gov). Various staphylococcal 

phage endolysins were first retrieved from NCBI database. Then, multiple sequence 

alignments were performed using ClustalW2 which is available at 

https://www.ebi.ac.uk/Tools/msa/clustalw2/ or MEGA (Molecular Evolutionary Genetic 

Analysis) 7.0. The phylogenetic tree was then constructed using the neighbor-joining 

method via MEGA 7.0.  

5.2.33. Sequence Variation Analysis 

The nucleotide sequences of endolysins were translated into their corresponding 

protein sequences using Bioinformatics Tools for Sequence translation available at 

https://www.ebi.ac.uk/Tools/st/emboss_transeq/. The translated amino acid sequences were 

aligned using ClustalW2. The prediction of protein functional domains was performed by 

SMART (Simple Modular Architecture Research Tool) available at http://smart.embl-

heidelberg.de/. 

5.2.34. Structural Modeling  

The SWISS-MODEL available at https://www.swissmodel.expasy.org/ was used for 

structural modeling of the amidase-2 domain of each endolysin. Briefly, PDB database was 

searched for endolysin proteins homology by using our sequences as a query. The 3-D 

structure of the amidase-2 domain of LysGH15 with PDB Id: 4ols was selected as it is the 

best hit with a sequence identity of 53.42 % and 2.3-angstrom resolution among the listed 

templates for homology modeling. After the selection of the best template, a 3-D model 

https://blast.ncbi.nlm.nih,gov/
https://www.ebi.ac.uk/Tools/msa/clustalw2/
https://www.ebi.ac.uk/Tools/st/emboss_transeq/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://www.swissmodel.expasy.org/
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(Three-dimensional model) was generated using the same web-server (SWISS-MODEL), 

and then visualized using the UCSF Chimera molecular analysis program (131).  
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6. RESULTS 

6.1. Screening Endolysin Gene in Genomic DNA of S. aureus  

General primer, which is specific for S. aureus bacteriophage endolysin was designed 

after retrieving endolysin gene sequences from NCBI database and aligned using ClustalW 

program. From the alignment result, one forward primer having the start codon “ATG” at 

the beginning and one reverse primer having stop codon “TAA” at the end terminal was 

designed (Table 3). Using these primers, endolysin gene sequences were screened by PCR 

in the chromosomal DNA of 60 clinical S. aureus isolates. Of these, 17 of them were found 

to be positive for the endolysin gene, and all of them have almost the same size that is 

approximately 1500 bp (Figure 11). These positive strains were then selected for phage 

induction.  

       

Figure 11. Screening for the endolysin gene in chromosomal DNA of S. aureus. M, 

Molecular Weight Marker; 1-17, endolysin positive S. aureus strains: 

TRSA10, 14, 15, 196, 197, 201, 202, 204, 205, 207, 216, 220, 222, 249, 261, 

262, 264, respectively.  

6.2. Phage Isolation 

Phages were isolated by induction with mitomycin C. Among the 17 PCR positive 

strains for endolysin genes, 7 of them were induced by mitomycin C and confirmed for the 

presence of functional phages by spot and plaque assay methods (Figure 12 A, B, C and D) 

on the lawn of S. aureus strains. The seven phages were designated as Фtrsa10, Фtrsa14, 

Фtrsa15, Фtrsa205, Фtrsa207, Фtrsa220 and Фtrsa222 based on the code given for their 

respective host in which they were isolated.  
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Figure 12. Lytic activity of phages against S. aureus strains using the spot method (A and 

B) and the plaque assay method (C and D)  

6.3. Transmission Electron Microscopy of phage 

Morphological characterization of phages Фtrsa10, Фtrsa14, Фtrsa15, Фtrsa205, 

Фtrsa207, Фtrsa220 and Фtrsa222 were made by Transmission Electron Microscopy 

(TEM). The results of the TEM revealed that all seven phages shared features like an 

isometric head measuring about 40 – 62 nm and long non-contractile tails of approximately 

between 90 – 210 nm in length (Table 4). Based on the TEM micrographs, all seven 

phages belong to the Siphoviridae family, which is characterized by phages with a long 

non-contractile tail (Figure 13). 



 
49 

         

         

        

          

Figure 13. Transmission Electron Microscopic images of isolated phages: A, Фtrsa10; B,  

Фtrsa15; C, Фtrsa205; D, Фtrsa207; E, Фtrsa220; F, Фtrsa222; G, Фtrsa14; H, 

Фtrsa14 attached to its host (S. aureus 35). The scale bar denotes 100 nm.   
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Table 4. Morphological characteristics of the seven phages isolated from clinical isolates 

Phage Capsids or 

head diameter 

(nm) 

Capsids or 

head length 

(nm) 

Tail width 

(nm) 

Tail length 

(nm) 

Фtrsa10 44.3 ± 1.0 44.3 ± 1.0 8.2 ± 0.6 171.0 ± 2.8 

Фtrsa14 43.1 ± 2.3 54.4 ± 2.0 9.7 ± 0.3 213.9 ± 1.0 

Фtrsa15 59.3 ± 0.3 59.3 ± 0.3 10.3 ± 1.0 156.2 ± 1.6 

Фtrsa205 62.3 ± 1.3 62.3 ± 1.0 14.2 ± 0.3 143.4 ± 1.3 

Фtrsa207 46.4 ± 2.0 46.4 ± 2.0 10.7 ± 2.1 165.0 ± 2.8 

Фtrsa220 48.6 ± 1.0 48.6 ± 1.0 10.3 ± 0.8 128.3 ± 0.3 

Фtrsa222 41.8 ± 0.8 45.1 ± 1.5 12.5 ± 1.3 96.2± 2.0 

6.4. Host Range Determination and Selection of Virulent Phages 

Spot assay method was applied for the determination of the lytic spectrum of each 

phage and to select phages with the broader host range for further characterization.  For 

this, each phage was challenged with a total of 88 staphylococcal strains (including 60 S. 

aureus, 25 S. epidermidis, and 3 S. haemolyticus). Results of the spot test showed that 

phages Фtrsa10 showed effectiveness against 28 (46.6 %) out of 60 S. aureus isolates 

tested, while Фtrsa14, Фtrsa15, Фtrsa205, Фtrsa207, Фtrsa220 and Фtrsa222 were effective 

against27 (45 %), 26 (43.3 %), 21 (35%), 15 (25 %), 12 (20 %), and 11 (18.3 out of 60 S. 

aureus tested, respectively (Figure 14). None of them showed effectiveness against any of 

the S. epidermidis, and S. haemolyticus isolates.  Based on this host range determination 

result, three most efficient phages namely Фtrsa10, Фtrsa14, and Фtrsa15 were selected for 

further characterization including cloning, expression, and functional analysis of their 

respective endolysin genes.  
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Figure 14. Host range of the seven phages against 60 S. aureus isolates 

6.5. One-step Growth Curve 

One-step growth curve experiments were performed to analyze the life cycle of three 

phages, Фtrsa10, Фtrsa14, and Фtrsa15. The latent period and burst size of the phages in 

the phage infection process were estimated from the curve. According to the results 

obtained from the growth curves, the latent periods for Фtrsa10 and Фtrsa14 were about 20 

min which is followed by a raise period of 30 min that results in a burst size of about 30 

and 40 PFU per infected cell, respectively (Figure 15 A and B). Phage Фtrsa15 showed a 

latent period of about 25 min and a raise period of 30 min that resulted in a burst size of 

about 20 PFU per infected cell (Figure 15 C). 
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Figure 15. One-step growth curves of phages; Фtrsa10 (A), Фtrsa14 (B), and Фtrsa15 (C). 

The curves shown here is the PFU/infected cell at several time points over 90 

min. L, latent periods; B, burst size. 

6.6. Analysis of Phage DNA  

DNA extraction was carried out from Фtrsa10, Фtrsa14, and Фtrsa15 using phenol-

chloroform methods and visualized by ethidium bromide gel electrophoresis (Figure 16).  

The purified DNAs were digested with EcoRI, HindIII, BamHI, BSP, and XbaI restriction 

enzymes (Figure 17). Based on the restriction endonuclease digestion genomic DNA of the 

three phages were estimated and the sum of the fragments resulted in the approximate 

genomic size of 37, 36 and 38 kb for Фtrsa10, Фtrsa14 and Фtrsa15, respectively. 
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Figure 16. Agarose gel electrophoresis of phage genomic DNA. 1, Фtrsa10; 2, Фtrsa14; 3, 

Ф52; 4, Фtrsa15. 

 

Figure 17. Restriction analysis of Фtrsa10, Фtrsa14, and Фtrsa15 DNA. M, Molecular 

Weight Marker; un, undigested DNA (as control); and 1-5 indicated each 

phage DNA digested with BamH I, Bsp106 I, EcoRI, Hind III, and XbaI, 

respectively.  

6.7. PCR Amplification of Endolysin Genes from Phage DNA 

The endolysin genes were amplified from three phages, Фtrsa10, Фtrsa14, and 

Фtrsa15, isolated in this study, and an additional phage, S. aureus subsp. aureus 

bacteriophage 52 (ATCC®27692-B1™) obtained from ATCC using one pair of designed 

endolysin primers. As shown in Figure 18, single PCR products of approximately 1500 bp 

in length was successfully amplified using genomic DNA as template from each phage.  

Accordingly, endolysin from Фtrsa10 was named as LysSA10, and endolysins from 

Фtrsa14, Фtrsa15 and S. aureus subsp. aureus bacteriophage 52 were designated as 

LysSA14, LysSA15, and LysSA52, respectively. 
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Figure 18. Amplification of endolysin genes from phages DNA. M, Molecular Weight 

Marker; 1, LysSA10 gene of Фtrsa10; 2 and 3, LysSA14 gene of Фtrsa14; 4, 

LysSA15 gene of Фtrsa15; 5, LysSA52 gene of Ф52, 

6.8. Molecular Cloning of Endolysin Genes 

Purified LysSA10, LysSA14, LysSA15 and LysSA52 endolysin gene fragments were 

cloned into linearized pET SUMO expression vector (Invitrogen) using TA cloning 

methods. The ligated products such as pET SUMO- LysSA10, pET SUMO- LysSA14, 

pET SUMO- LysSA15 and pET SUMO- LysSA52 were first transformed into One 

Shot®Mach 1™-T1R component E. coli cells. To identify the cells that contain the desired 

insert, plasmid DNA was isolated from resultant colonies and selected based on band size 

on gel electrophoresis (Figure 19). Accordingly, one plasmid from pET SUMO- LysSA10 

construct (Figure 19 I), six plasmids from pET SUMO- LysSA14 (Figure 19 II), 2 

plasmids from pET SUMO- LysSA15 (Figure 19 III) and four plasmids from pET SUMO- 

LysSA52 construct (Figure 19 IV) were obtained by the preliminary criteria (i.e. band 

size). With sequence analysis, at least one plasmid with the right insert orientation was 

identified from each construct. The correct orientation from each construct was labeled by 

a circle in the figure 19 I-IV.   
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Figure 19. Screening of recombinant plasmids from E. coli OneShot transformed by pET 

SUMO-endolysin construct. I, potential pET SUMO-LysSA10 clones; II, 

potential pET SUMO-LysSA14 clones; III, potential pET SUMO-LysSA15 

clones; IV, potential pET SUMO-LysSA52 clones. Circled numbers are 

selected plasmids for analysis. C, control, a plasmid harboring known insert. 

6.9. Plasmid Sequencing  

After positive clones were selected according to plasmid-size based criteria, the 

presence and orientation of insert were verified by sequencing. From each of the four 

plasmid constructs, pET SUMO-LysSA10, pET SUMO-LysSA14, pET SUMO-LysSA15, 

and pET SUMO-LysSA52 were sequenced. With the sequence, an insert size of 1446 bp 

with correct orientation was obtained and named as LysSA10, LysSA14, LysSA5, and 

LysSA52 genes. Each of them showed the presence of a 1446 bp encoding single open 

reading frame that begins with the ATG start codon and ends with the TAA stop codon 

(Figure 20 A-D). The sequence data were submitted to the GenBank database (National 

Center for Biotechnology Information, USA) and assigned the accession numbers 

MH025825, MH025826, MH025827, and MH104949 for LysSA10, LysSA14, LysSA15, 

and LysSA52 respectively.  
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A 

ATGCAAGCAAAACTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAACTTCTGAGGGAAAACAATTCAATG

TGGACTTATGGTATGGATTTCAATGCTTTGATTATGCCAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCT

AAAAGGTTTAGGTGCAAAAGATATACCATTTGCAAACAATTTTGATGGACTAGCTACTGTATACCAAAATA

CGCCGGACTTTTTGGCAAAACCCGGCGATATGGTTGTGTTCGGTAGCAATTACGGTGCAGGATACGGACAC

GTAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAGGCGGTGGCTG

GACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGACGACAACATGCTTTACGATTT

CCCTATGTGGTTTATCCGTCCTATCCCAAAAGCGAAACAGCTCCACGATCAATACAATCTCCTACGCAAGC

ATCTAAAAAGGAAACAGCTAAGCCACAACCTAAAGCGGTAGAACTTAAAATTATCAAGGATGTGGTTAAA

GGTTATGACCTTCCTAAACGTGGTGGTAATCCTAAAGGTATTGTCATTCATAATGACGCAGGAAGCAAAGG

GGCGACAGCGGAAGCTTATCGCAACGGATTAGTTAACGCGCCTTTATCGAGATTAGAGGCAGGTATTGCAC

ATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCACAAGTAGGTTGGCATACTGCTAAC

CAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAATCAATGGGCGCAGATAACGCGACATTCTT

AAAAAATGAACAGGCAACTTTCCAAGAATGTGCTAGGTTATTAAAAAAGTGGGGATTACCAGCAAACAGA

AATACAATCAGATTGCACAATGAATTTACTTCAACATCATGCCCTCATAGAAGTTCGGTTTTACACACTGGT

TTTGACCCAGTAACTCGCGGTCTATTGCCAGAAGACAAGCGGTTGCAACTTAAAGACTACTTTATCAAGCA

GATTAGGGCGTACATGGATGGTAAAATACCGGTTGCCACTGTCTCTAATGAGTCAAGCGCTTCAAGTAATA

CAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGAAAGTGCTAG

ATTCACAAACGGCAATCAACCAATCACAGTAAGAAAAGTGGGGCCATTCTTATCTTGTCCAGTGGGTTATC

AGTTCCAACCTGGTGGGTATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATAT

ACATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT

AGGTGACTTATGGGGAGAAATCAGTTAA 

B 

ATGCAAGCAAAACAAACTAAAAAAGAGTTTATAGAGTGGTTGAAAACTTCTGAGGGAAAACAATTCAATG

TGGACTTATGGTATGGATTTCAATGCTTTGATTATGCCAATGCTGGTTGGAAAGTTTTGTTTGGATTACTTCT

AAAAGGTTTAGGTGCAAAAGATATACCATTTGCAAACAATTTTGATGGACTAGCTACTGTATACCAAAATA

CGCCGGACTTTTTGGCAAAACCCGGCGATATGGTTGTGTTCGGTAGCAATTACGGTGCAGGATACGGACAC

GTAGCATGGGTAATTGAAGCAACTTTAGATTATATCATTGTATATGAGCAGAATTGGCTAGGCGGTGGCTG

GACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGACGACAACATGCATACGATTTC

CCTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACAGCTCCACGATCAATACAATCTCCTACGCAAGC

ATCTAAAAAGGAAACAGCTAAGCCACAACCTAAAGCGGTAGAACTTAAAATTATCAAGGATGTGGTTAAA

GGTTATGACCTTCCTAAACGTGGTGGTAATCCTAAAGGTATTGTCATTCATAATGACGCAGGAAGCAAAGG

GGCGACAGCGGAAGCTTATCGCAACGGATTAGTTAACGCGCCTTTATCGAGATTAGAGGCAGGTATTGCAC

ATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCACAAGTAGGTTGGCATACTGCTAAC

CAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAATCAATGGGCGCAGATAACGCGACATTCTT

AAAAAATGAACAGGCAACTTTCCAAGAATGTGCTAGGTTATTAAAAAAGTGGGGATTACCAGCAAACAGA

AATACAATCAGATTGCACAATGAATTTACTTCAACATCATGCCCTCATAGAAGTTCGGTTTTACACACTGGT

TTTGACCCAGTAACTCGCGGTCTATTGCCAGAAGACAAGCGGTTGCAACTTAAAGACTACTTTATCAAGCA

GATTAGGGCGTACATGGATGGTAAAATACCGGTTGCCACTGTCTCTAATGAGTCAAGCGCTTCAAGTAATA

CAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGAAAGTGCTAG

ATTCACAAACGGCAATCAACCAATCACAGTAAGAAAAGTGGGGCCATTCTTATCTTGTCCAGTGGGTTATC

AGTTCCAACCTGGTGGGTATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATAT

ACATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT

AGGTGACTTATGGGGAGAAATCAGTTAA 

Figure 20. Sequencing of endolysin genes cloned on pET SUMO vector. A, pET SUMO-

LysSA10; B, pET SUMO-LysSA14. 
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C 

ATGCAAGCCACCCTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAACTTCTGAGGGAAAACAATTCAATGT

GGACTTATGGTATGGATTTCAATGCTTTGATTATGCCAATGCTGGTTGGAAGTTTTGTTTGGATTACTTCTA

AAAGGTTTAGGTGCAAAAGATATACCATTTGCAAACAATTTTGATGGACTAGCTACTGTATACCAAAATAC

GCCGGACTTTTTGGCAAAACCCGGCGATATGGTTGTGTTCGGTAGCAATTACGGTGCAGGATACGGACACG

TAGCATGGGTAATTGAAGCAACTTCAGATTATATCATTGTATATGAGCAGAATTGGCTAGGCGGTGGCTGG

ACTGACAGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAAGACGACAACATGCTTACGATTTCC

CTATGTGGTTTATCCGTCCTAACTTCAAAAGCGAAACAGCTCCACGATCAATACAATCTCCTACGCAAGCA

TCTAAAAAGGAAACAGCTAAGCCACAACCTAAAGCGGTAGAACTTAAAATTATCAAGGATGTGGTTAAAG

GTTATGACCTTCCTAAACGTGGTGGTAATCCTAAAGGTATTGTCATTCATAATGACGCAGGAAGCAAAGGG

GCGACAGCGGAAGCTTATCGCAACGGATTAGTTAACGCGCCTTTATCGAGATTAGAGGCAGGTATTGCACA

TAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCACAAGTAGGTTGGCATACTGCTAACC

AATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAATCAATGGGCGCAGATAACGCGACATTCTTA

AAAAATGAACAGGCAACTTTCCAAGAATGTGCTAGGTTATTAAAAAAGTGGGGATTACCAGCAAACAGAA

ATACAATCAGATTGCACAATGAATTTACTTCAACATCATGCCCTCATAGAAGTTCGGTTTTACACACTGGTT

TTGACCCAGTAACTCGCGGTCTATTGCCAGAAGACAAGCGGTTGCAACTTAAAGACTACTTTATCAAGCAG

ATTAGGGCGTACATGGATGGTAAAATACCGGTTGCCACTGTCTCTAATGAGTCAAGCGCTTCAAGTAATAC

AGTAAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGAAAGTGCTAGA

TTCACAAACGGCAATCAACCAATCACAGTAAGAAAAGTGGGGCCATTCTTATCTTGTCCAGTGGGTTATCA

GTTCCAACCTGGTGGGTATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATATA

CATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATTA

GGTGACTTATGGGGAGAAATCAGTTAA 

D 

ATGCAAGCAAAACTAACTAAAAAAGAGTTTATAGAGTGGTTGAAAACTTCTGAGGGAAAACAATTCAATG

CGGACTTATGGTATGGATTTCAATGCTTTGATTATGCCAATGCTGCTTGGAAAGTTTTGTTTGGATTACTTCT

AAAAGGTTTAGGTGCAAAAGATATACCATTTGCAAACAATTTCGATGGACTAGCTACTGTATACCAAAATA

CACCGGACTTTTTGGCACAACCCGGCGACATGGTTGTGTTCGGTAGTAATTACGGTGCAGGATACGGACAC

GTAGCATGGGTAATTGAAGCAACTTTAATTATATCATTGTATATGAGCAGAATTGGCCAGGCGGTGGCTGG

ACTGACGGAATCGAACAACCCGGCTGGGGTTGGGAAAAAGTTACAGACGACAACTTGCTTACGATTTCCCT

ATGTGGTTTATCCGCCCGAACTTCAAAAGCGAAATAGCACCCACGATTCAGTTCAATCTCCTACACAAGCA

CCTAAAAAGGAAACAGCTAAGCCACAACCTAAAGCAGTAGAACTTAAAATCATCAAAGATGTGGTTAAAG

GTTATGACCTACCTAAGCGTGGTAGTAACCCTAAAGGTATAGTTATTCATAACGACGCAGGAAGCAAAGGG

GCGACAGCAGAAGCGTATCGAAACGGATTAGTTAACGCGCCTTTATCGAGATTAGAGGCAGGTATTGCAC

ATAGTTATGTATCAGGTAACACAGTGTGGCAAGCTTTAGATGAATCACAAGTAGGTTGGCATACTGCTAAC

CAATTAGGCAATAAATATTATTACGGTATTGAAGTGTGTCAATCAATGGGCGCAGATAACGCGACATTCTT

AAAAAATGAACAGGCAACTTTCCAAGAATGTGCTAGGTTATTAAAAAAGTGGGGATTACCAGCAAACAGA

AATACAATCAGATTGCACAATGAATTTACTTCAACATCATGCCCTCATAGAAGTTCGGTTTTACACACTGGT

TTTGACCCAGTAACTCGCGGTCTATTGCCAGAAGACAAGCGGTTGCAACTTAAAGACTACTTTATCAAGCA

GATTAGGGCGTACATGGATGGTAAAATACCGGTTGCTACTGTCTCAAATGATTCAAGCGCTTCAAGTAATA

CAGTTAAACCAGTTGCGAGTGCATGGAAACGTAATAAATATGGTACTTACTACATGGAAGAAAGTGCTAG

ATTCACAAACGGCAATCAACCAATCACAGTAAGAAAAGTGGGGCCATTCTTATATTGTCCAGTGGGTTATC

AGTTCCAACCTGGTGGATATTGTGATTATACAGAAGTGATGTTACAAGATGGTCATGTTTGGGTAGGATAT

ACATGGGAGGGGCAACGTTATTACTTGCCTATTAGAACATGGAATGGTTCTGCCCCACCTAATCAGATATT

AGGTGACTTATGGGGAGAAATCAGTTAA 

Figure 20. (Continued) 

All of the four endolysins were then aligned with other S. aureus phage endolysin 

genes found in the databases using the Multiple Sequence Alignment program ClustalW2 

to determine the degree of similarity between the endolysins. The neighbor-joining 

phylogenetic tree showing the relationship between the endolysins was constructed based 
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on multiple alignments using the DNA sequences generated from ClustalW2 (Figure 21). 

As can be seen in this figure, all of the four endolysins are closely related to each other. 

They had an identity between 88 to 99 % with endolysins genes derived from various S. 

aureus phages such as PhiSA13, PhiDW2, PhiSA12, phiSaus-IPLA88, PhiMR11, phi005, 

and Staphylococcal phage 80 (Table 4). In contrast, they are very divergent from 

endolysins derived from various S. aureus phages such as phiP68, phi44AHJD, phi GRCS, 

phiH5, Staphylococcal phage SA4, and Staphylococcal phage 812 (Figure 21).  

Table 5. Percent identity matrix of each endolysin with some other S. aureus phage 

endolysin genes found in the databases 

  1 2 3 4 5 6 7 8 9 10 11 

1 PhiSA13 100 93.22 100 96.40 91.45 91.76 91.77 91.56 89.28 91.76 92.18 

2 PhiDW2 93.22 100 93.22 91.08 87.76 88.65 88.66 88.45 86.93 88.57 88.86 

3 PhiSA12 100 93.22 100 96.40 91.15 91.76 91.77 91.56 89.28 91.76 92.18 

4 ФSauS- 

IPLA88 

96.40 91.08 96.40 100 91.42 91.49 91.49 91.29 89.14 91.90 92.18 

5 ФMR11 91.15 87.76 91.15 91,42 100 95.57 95.57 95.37 95.23 94.60 95.16 

6 Фtrsa10* 91.76 88.65 91.76 91.49 95.57 100 99.72 99.52 93.22 97.09 97.37 

7 Фtrsa14* 91.77 86.66 91.77 91.49 95.57 99.72 100.00 99.52 93.22 97.09 97.37 

8 Фtrsa15* 91.56 88.45 91.56 91.29 95.37 99.52 99.52 100 93.02 96.88 97.16 

9 Phi005 92.18 86.93 88.28 89.14 95.23 93.22 93.22 93.02 100 93.35 93.91 

10 Ф52** 91.76 88.86 91.76 92.18 94.60 97.09 97.09 96.88 93.35 100 99.52 

11 S. aureus 

phage 80 

92.18 88.76 92.18 92.18 95.16 97.37 97.37 97.16 93.91 99.52 93.91 

*, Endolysin genes purified from phages obtained during this study;  

**, Endolysin genes purified from phage obtained commercially.  
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Figure 21. Phylogenetic position of LysSA10, LysSA14, LysSA15, and LysSA52 endolysin 

genes derived from phages Фtrsa10, Фtrsa14, Фtrsa15 and phage 52 endolysins, 

respectively. The phylogenetic tree was constructed using the neighbor-joining 

method.  
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6.10. Pilot Expression of Endolysin Proteins 

Plasmids harboring endolysin genes with the right orientation were successfully 

transformed into E. coli BL 21 (DE3) cells for expression. But before made large-scale 

purification, small-scale expression analysis was performed by using an E. coli BL21 

(DE3) transformed with pET SUMO-LysSA10. After induction with IPTG (1mM) at 37oC 

and 20oC at different times, both pellet and supernatant fractions were analyzed by 12% 

SDS-PAGE (Figure 22 A and B). As seen in the in the figure 21 A, the desired bands that 

we are looking for in the lane 2, 4, and 5 of supernatant fractions at about 66 kDa are not 

distinct and cannot be distinguished from other bands in the lanes. This finding indicated 

that LysSA10 may not have been present in the soluble fraction at 37oC. In contrast, the 

protein of interest (LysSA10) is produced quite well in the pellet fractions as shown in the 

lanes 2, 4, and 6 of Figure 22B. The bands in these lanes are very distinct as compared to 

non-IPTG induced. This indicates that the LysSA10 is well expressed in E. coil BL 21, but 

was produced in the insoluble fraction at 37oC. The comparison of the molecular weight of 

the band with protein ladder suggests that the weight of the LysSA10 with SUMO fusion is 

produced at expected size, which is about 66 kDa (53 kDa for LysSA10 plus 13 kDa for 

the SUMO fusion protein) (Figure 22B).  

However, when the temperature of induction was shifted from 370C to 200C the 

fusion protein (His tag-SUMO-LysSA10) was efficiently over-expressed in its soluble 

form in the host following induction with 1 mM IPTG at 200C for 20 h (Figure 23). The 

band in the lane 3 is very distinct as compared to non-IPTG induced in lane 1 of Figure 23. 

This indicates that the LysSA10 is well expressed in E. coil BL 21, in the soluble fraction 

at 20oC. Of course, there is also a distinct band in lane 2, which indicate that there is still 

insolubilized protein remained in the pellet fractions. The comparison of the molecular 

weight of the band with protein ladder suggests that the weight of the LysSA10 with 

SUMO fusion is produced both in pellet and supernatant fractions at expected size, which 

is about 66 kDa (Figure 23). 
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Figure 22. SDS-PAGE analysis of expressed LysSA10 endolysin at 37o C.  A, supernatant 

fractions of LysSA10 endolysin expressed for 3, 6 and 12 hours, respectively; 

and B, pellet fractions of LysSA10 endolysin expressed for 3, 6 and 12 hours, 

respectively.  Lanes M, protein ladder; 1, uninduced LysSA10 at 3rd h; 2, IPTG 

Induced LysSA10 at the 3rd h; 3, uninduced LysSA10 at the 6th h; 4, IPTG 

induced LysSA10 at 6th h; 5, uninduced LysSA10 at 12th h; 6: IPTG induced 

LysSA10 at the 12th h.  

     

Figure 23. SDS-PAGE analysis of expressed LysSA10 endolysin at 20oC. Lanes M, 

protein ladder; 1, uninduced LysSA10 for 20 h; 2, IPTG induced LysSA10 

(pellet fraction); 3, IPTG induced LysSA10 (supernatant fraction). 
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6.11. Large Scale Expression of Endolysins 

The expression parameters such as temperature and duration of induction time 

obtained from the pilot study (Figure 22 and 23) assays were used for expressing the 

endolysins in large scale. Following induction of the culture by IPTG at a final 

concentration of 1 mM at a temperature of 20oC for 20 h, the cells were harvested, lysed 

and SDS-PAGE analysis was performed. All the four endolysins (LysSA10, LysSA14, 

LysSA15, and LysSA52) were produced with SUMO fusion at expected size of 66 kDa 

(Figure 24). The crude lysates were filter sterilized for biological activity testing and 

further purifications.  

 

Figure 24.  SDS-PAGE analysis of supernatant fractions of four endolysins after large-

scale expression at 20oC for 20 hours. Lanes M, protein ladder; 1, uninduced 

LysSA10; 2, IPTG induced LysSA10; 3, uninduced LysSA14; 4, IPTG 

induced LysSA14; 5, uninduced LysSA15; 6, IPTG induced LysSA15; 7, 

uninduced LysSA52; 8: IPTG induced LysSA52. 

6.12. Purification and SDS-PAGE Analysis of Expressed Endolysins  

As described earlier in section 3, expression cultures were grown in LB broth to an 

OD600nm of 0.4-0.6 before induction. Following 20 h of incubation, cultures were 

harvested and the recombinant proteins were purified under native conditions using 

Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography. The targeted proteins were 

eluted with the elution buffer and visualized in SDS-PAGE gels stained with Coomassie 

blue stain (Figure 25 A-C). Results of purification in SDS-PAGE for His-SUMO-LysSA10 
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demonstrated high purity in the first purification attempt, but with the low yield (Figure 25 

A). In the rest of the endolysins, partial purifications were achieved, since nonspecific 

bands were observed in the gel (Figure 25 B and C).  

 

 

 

Figure 25. SDS-PAGE analysis of SUMO fused endolysins before and after purifications. 

A, 6xHis tag-SUMO-LysSA10 fusion protein; B, 6xHis tag-SUMO-LysSA14 

fusion protein. Lanes M, protein marker; 1 and 2 total protein before 

purification; 3 and 4, the flow through from nickel column (wash fraction), 

and 5 and 6 are eluted fractions.  
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Figure 25. (Continued) SDS SDS-PAGE analysis of SUMO fused endolysins before and 

after purifications. Lanes M, protein marker; lanes 1, uninduced culture 

(control); 2, 3, 4, and 5, LysSA10, LysSA14, LysSA15 and LysSA52 before 

purification; 6, 7, 8, and 9, LysSA10, LysSA14, LysSA15 & LysSA52 after 

purification. The arrows indicated the predicted size of bands. 

6.13. Lytic Activity and Host Range Determination of Endolysins  

In the spot test method, drops of filtered crude lysates from induced E. coli cultures 

harboring recombinant endolysins (LysSA10, LysSA14, LysSA15, and LysSA52) were 

applied on agar plates inoculated with indicator bacteria, S. aureus, S. epidermidis, and S. 

haemolyticus, and incubated at 370C for overnight. Cleared lysis zones indicated functional 

endolysins (Figure 26). No lytic activity was observed in the control extracts.  Each phage 

endolysin was assayed by spot test on 88 staphylococcal strains including 60 S. aureus, of 

which 12 were MRSA, 25 S. epidermidis, and 3 S. haemolyticus, isolated from clinical 

samples (Table 6). The results showed that LysSA10, LysSA14, LysSA15, and LysSA52 

were active against 59 (64.8%), 67 (76%), 51 (58.9%), and 49 (55.7%) of the strains tested, 

respectively. A combination of the four endolysins showed activity against 77 (87.5%) of 

the total strains tested. 
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Figure 26. Spot assay showing the ability of endolysins to lyse S. aureus (A and B), S. 

epidermidis (C), S. haemolyticus (D), and MRSA (E and F). Numbers 1, 

LysSA10; 2, LysSA14; 3, LysSA15; 4, LysSA52; C, control (lysate prepared 

from E. coli harboring plasmid without insert).        
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Table 6. In vitro lytic efficacy of phages and its derived recombinant endolysin against 

staphylococcus strains isolates originated from various clinical samples 
N
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*

 

1 TRSA1 S. aureus  Pus - - - + - - - - 

2 TRSA2 S. aureus Wound +++ ++ +++ ++ +++ ++ ++ +++ 

3 TRSA3 S. aureus Blood + ++ + + + ++ ++ ++ 

4 TRSA4 S. aureus Tr.As + + + + + + + ++ 

5 TRSA5 S. aureus Tr.As - - - + - - - + 

6 TRSA6 S. aureus Tr.As + + + + + + + ++ 

7 TRSA7 S. aureus Wound + + + + + + + + 

8 TRSA8 S. aureus Tr.As +++ +++ +++ +++ +++ +++ +++ +++ 

9 TRSA9 S. aureus Ear - + - + - + + + 

10 TRSA10 S. aureus Wound - + - + - + + ++ 

11 TRSA11 S. aureus Ear - - - ++ - - - ++ 

12 TRSA12 S. aureus Wound - + - + - + + ++ 

13 MRSA1 S. aureus Tr.As - + - + - + + + 

14 TRSA14 S. aureus Wound + + + + + + + + 

15 MRSA2 S. aureus Tr.As - + - + - + + + 

16 TRSA16 S. aureus Wound - - - + - - - + 

17 MRSA3 S. aureus Sputum - ++ - ++ - - - ++ 

18 TRSA18 S. aureus Urine - - - + - - - + 

19 TRSA19 S. aureus Tr.asp - - - + - - - + 

20 TRSA20 S. aureus Wound - - - + - - - + 

21 TRSA21 S. aureus Pus - - - + - - - + 

22 MRSA4 S. aureus Wound + +++ + +++ + +++ ++ +++ 

23 MRSA5 S. aureus Wound + + + + + + + ++ 

24 TRSA24 S. aureus Tr.asp + + + + + + + ++ 

25 MRSA6 S. aureus Tr.asp - + - + - - - + 

26 TRSA26 S. aureus Wound - - - + - - - + 

27 TRSA27 S. aureus Nose - - - + - - - + 

28 TRSA28 S. aureus Wound + + + + - + + + 

29 TRSA29 S. aureus Wound - - - + - - - + 

30 TRSA30 S. aureus Pus - +  - + - +  +  ++ 

31 TRSA31 S. aureus Tr.asp - -  - + - -  -  + 

32 TRSA32 S. aureus Wound ++ ++  ++ + ++ ++  ++  +++ 

33 TRSA33 S. aureus Tr.asp - ++ - + - ++ ++ ++ 
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Table 6. (Continued)   
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34 TRSA34 S. aureus Wound + +  + + + +  +  ++ 

35 TRSA35 S. aureus Wound + + + + + + + ++ 

36 TRSA36 S. aureus Blood ++ + + ++ + ++ + + + + +++ 

37 TRSA37 S. aureus Tissue + +  + + + +  +  + 

38 TRSA38 S. aureus Blood + ++ + + + ++ ++ ++ 

39 TRSA39 S. aureus Wound + + + + + + + + 

40 MRSA7 S. aureus Wound - ++ - ++ - ++ ++ ++ 

41 MRSA8 S. aureus Tr.As - + - + - + + + 

42 TRSA42 S. aureus Wound + + + + + + + + 

43 TRSA43 S. aureus Pus + ++ + + + ++ ++ ++ 

44 TRSA44 S. aureus Blood + + + + + + + + 

45 TRSA45 S. aureus Wound ++ ++ ++ ++ ++ ++ ++ +++ 

46 TRSA46 S. aureus Wound ++ ++ ++ ++ ++ ++ ++ ++ 

47 MRSA9 S. aureus Wound - + - + - + + + 

48 TRSA48 S. aureus Blood + + + + + + + + 

49 TRSA49 S. aureus Ear + + + + + + + + 

50 MRSA10 S. aureus Tr. asp - +++ - +++ - +++ ++ +++ 

51 TRSA51 S. aureus Wound + + + + + + + + 

52 TRSA52 S. aureus Blood - - - - - - - - 

53 TRSA53 S. aureus Wound - + - - - - - + 

54 TRSA54 S. aureus Wound - + - - - - - + 

55 MRSA12 S. aureus Blood - - - - - - - - 

56 MRSA13 S. aureus Wound + ++ ++ ++ - ++ - ++ 

57 TRSA57 S. aureus Wound - + - + - + + + 

58 MRSA14 S. aureus Blood + + - + + + + + 

59 TRSA59 S. aureus Wound - - - - - - - - 

60 TRSA60 S. aureus Wound - - - - - - - - 

61 TRSE1 S. epidermidis Blood - + - - - + + + 

62 TRSE2 S. epidermidis Blood - - - - - - - - 

63 TRSE3 S. epidermidis Urine - - - +++ - - - +++ 

64 TRSE4 S. epidermidis Wound - - - ++ - - - ++ 

65 TRSE5 S. epidermidis Blood - - - +++ - - - +++ 

66 TRSE6 S. epidermidis Urine - +++ - + - +++ +++ +++ 

67 TRSE7 S. epidermidis Urine - ++ - +++ - ++ ++ +++ 
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Table 6. (Continued) 
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                        68 TRSE8 S. epidermidis Wound - - - + - - - + 

69 TRSE9 S. epidermidis Wound - + - + - + + + 

70 TRSE10 S. epidermidis Urine - - - + - - - + 

71 TRSE11 S. epidermidis Urine - + - + - - - + 

72 TRSE12 S. epidermidis Blood - + - + - - - + 

73 TRSE13 S. epidermidis Blood - - - - - - - - 

74 TRSE14 S. epidermidis wound - - - - - - - - 

75 TRSE15 S. epidermidis Wound - + - - - + + + 

76 TRSE16 S. epidermidis Blood - - - - - - - - 

77 TRSE17 S. epidermidis Wound - - - + - - - + 

78 TRSE18 S. epidermidis Wound - + - + - + + + 

79 TRSE19 S. epidermidis Urine - - - + - - - + 

80 TRSE20 S. epidermidis Wound - - - + - - - + 

81 TRSE21 S. epidermidis Blood - + - - - + + + 

82 TRSE22 S. epidermidis Urine - ++ - - - ++ - +++ 

83 TRSE23 S. epidermidis Wound - + - - - + + ++ 

84 TRSE24 S. epidermidis Wound - - - ++ - - - ++ 

85 TRSE25  S. epidermidis Urine - - - - - - - - 

86 TRSH1 S. haemolyticus Blood - +++ - +++ - +++ +++ +++ 

87 TRSH2 S. haemolyticus Blood - - - - - - - - 

88 TRSH3 S. haemolyticus Blood - ++ - ++ - ++ ++ +++ 

Total number of positive out of 88  28 57 27 67 26 51 49 77 

 “+++”, very clear zone; “++”, moderate; “+”, Turbid; “-”, no clear zone at all, Tr.asp, Tracheal Aspirate; 

MRSA, Methicillin Resistance S. aureus  

6.14. Biochemical Characterization of Endolysins 

In the biochemical characterization of endolysin, the optimal conditions for each 

endolysin activity such as pH, temperature, and effects of divalent metal ions were 

evaluated. Among these, the temperature was one of the key factors affecting the 

bactericidal activity of endolysins. As shown in Figure 27, all of the four endolysins 

(LysSA10, LysSA14, LysSA15, and LysSA52) displayed high antibacterial activity at 

temperatures that ranged from 35 to 50oC. At these range of temperatures, they maintained 
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more than 80 % of their activity. However, their activities sharply decreased at or above 

60oC (Figure 27). 

Regarding the pH conditions, all the four endolysins works best at alkaline pH range 

with a maximum activity at pH 8.0 for LysSA10, LysSA14, and LysSA15. For LysSA52, 

the maximum activity was observed at a pH of 7.0. However, the activities of the four 

endolysins were markedly decreased at acidic pH (below 6.0) (Figure 28). The effects of 

addition of divalent metal cations was assessed by three different buffers containing 

calcium, magnesium, and zinc ions, which were added individually to each endolysin 

before quantifying their activity. The results showed that the addition of 1 mM of calcium 

and magnesium ions increased enzymatic activity by 2 to 10 % as compared to the control 

(Figure 29).   

 

Figure 27. Temperature stability of LysSA10, LysSA14, LysSA15, and LysSA52 

endolysins. The activity was determined by measuring of inhibition zones and 

expressing the results in percentage relative to control (non-heat treatment 

endolysin). Each column represents the mean of triplicate assays, and error 

bars indicate the standard deviation. 
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Figure 28. Influence of pH conditions on the bacterial activity of four endolysins 

(LysSA10, LysSA14, LysSA15, and LysSA52). The activity was determined 

by measuring of inhibition zones. Each column represents the mean of 

triplicate assays, and error bars indicate the standard deviation. 

 

Figure 29. Effects of divalent metal cations (Mg2+, Ca2+, Zn2+) on the lytic activity of the 

four endolysins. Each column represents the mean of results from triplicate 

assays, and error bars indicated the standard deviation.  

6.15. Biofilm Removal and Inhibition Capacity of Endolysin 

6.15.1. Biofilm Removal Assay Using Plate Staining Method  

To see the biofilm removal capacity of endolysin using crystal violet assay, 48 h 

mature biofilms of S. aureus and S. epidermidis established in microtiter plates were 

treated with each endolysin and endolysin cocktail at three different concentrations (0.20 

mg/mL, 0.30 mg/mL, and 0.50 mg/mL) for 12 h. Solubilization of crystal violet stain and 

subsequent measurement of OD595nm allowed to obtain the quantitative information 



 
71 

between control and endolysin treated well. The data demonstrated that all endolysins 

treatment reduced biofilms of both S. aureus and S. epidermidis relative to the control 

group at all concentration tested as shown in Figure 30 A and B. In these graphs, it is a 

clear that the reduction was displayed in a dose-dependent response for each endolysin and 

was markedly sensitive to 0.50mg/mL concentration of each endolysin. At this particular 

concentration, a reduction of 61%, 57%, 56 %, 54%, and 47% of S. aureus biofilm after 

treatment with mixed lysins, LysSA10, LysSA14, LysSA15, and LysSA52, respectively 

was observed (Figure 27). In the S. epidermidis biofilm removal test, almost comparable 

results with S. aureus biofilm were identified (Figure 28). A one-way ANOVA indicated 

that LysSA10 and endolysin cocktail (mixed lysins) treatment showed a statistically 

significant change in biofilm disruptions in both strains (P-value < 0.05). 

 
 

 

Figure 30. Biofilm degradation capacity of endolysins as determined by 96-well microtiter 

plate assay. A, mean percentage of S. aureus biofilm; B, mean percentage of S. 

epidermidis biofilm. Error bars represent the SD of three independent 

experiments. Significant differences marked by an asterisk (*) (two-tailed t-

test, P < 0.05). 
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6.15.2 Prevention of Biofilm Formation Using Plate Staining Method 

While all four endolysins can be shown to remove the established S. aureus and S. 

epidermidis as shown in Figure 30 A and B above, we tested if they could also prevent the 

initial formation of biofilms. For this, a microtiter plate containing a combination of 0.50 

mg/mL of each endolysin and planktonic S. aureus or S. epidermidis in each well was 

incubated at 37oC for 48 h to determine if the bacterial attachment and subsequent biofilm 

formation would be prevented. Biofilms grown individually in the presence of all the four 

endolysins tested individually or in cocktail forms showed biofilm inhibition compared to 

the control group both in S. aureus and S. epidermidis (Figure 31). The maximum 

inhibition, which is about 57 %, was observed in wells containing mixed lysin. While the 

lysSA10, lysSA14, lysSA15, and lysSA52 were showed inhibition capacity of S. aureus 

biofilms formation by 54 %, 53 %, 53.5 %, and 48 % respectively (Figure 31).  As clearly 

seen in the same graph of Figure 31 below, almost comparable S. epidermidis biofilms 

inhibitions were detected by all the four endolysins tested.  

 

Figure 31. Effect of endolysins on biofilm formation by S. aureus and S. epidermidis as 

determined by 96-well microtiter plate assay. Bars represent mean percentage 

of biofilm. Error bars represent the SD of three independent experiments. 

Significant differences in values compared with control are marked by an 

asterisk (*) (two-tailed t-test, P < 0.05). 

6.15.3. Biofilm Removal Assay from Catheter 

S. aureus and S. epidermidis are among the most common microorganisms associated 

with biofilm formation on biomaterials including catheters. Therefore, we investigated 
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whether the endolysins produced in this study had anti-biofilm activity on catheter 

sections. For this, 0.50 mg/mL of each endolysin was used to treat 48 h old S. aureus and 

S. epidermidis biofilms. Following treatment for 12 h, a plate count assay was performed 

in order to evaluate the biofilm removal capacity. The results of viable cell counts are 

summarized in the bar chart in Figure 32. The maximum log reduction was observed in the 

endolysin cocktail, which was about 2.6 for S. aureus (Figure 32 A), and 2.5 for S. 

epidermidis (Figure 32 B). On the other hand, treatment with LysSA10, LysSA14, 

LysSA15, and LysSA52 resulted in 2.2, 1.9, 2.0, and 1.4 log reduction in S. aureus cell 

numbers, respectively. In the biofilm of S. epidermidis, about 1.9 log reduction was 

achieved after treated with LysSA10, LysSA14, and LysSA15 endolysins individually. 

LysSA52, on the other hand, decreased the cell number by 1.5 log units (Figure 32 B).    

 

 

Figure 32. The ability of endolysins to remove 48 h old S. aureus (A) and S. epidermidis 

(B) from catheter sections as determined by viable cell count assay method. 

Error bars represent the SD of three independent experiments. 
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6.15.4. Prevention of Biofilm Formation on Foley Catheter 

To examine whether the expressed endolysins are able to prevent biofilm formation 

on the catheter, a section of catheter was coated with 0.50 mg/mL of each endolysin for 1 h 

prior to the establishment of S. aureus and S. epidermidis biofilms. Following 48 h of 

incubations, catheter sections were washed with PBS and then biofilm inhibition capacity 

was enumerated using plate count assay and presented as log reduction in Figure 33 A and 

B. The growth of S. aureus on catheter sections coated with mixed lysin caused a 1.3-log 

cell number drop in biofilms, while LysSA14, LysSA15, and LysSA52 showed an 

approximate biofilm inhibition capacity of 1.1 log units (Figure 33 A). Similar results were 

observed for S. epidermidis biofilm inhibition (Figure 33 B).   

   

   

Figure 33. Effect of catheter coating with endolysin on the adherence of S. aureus (A) and 

S. epidermidis (B) to the catheter surface. The extent of prevention of biofilm 

formation was determined by enumerating CFU of treatment and control 

groups. Error bars represent the SD of three independent experiments. 



 
75 

6.16. Analysis of Biofilm Disruption Capacity of Endolysins by Scanning Electron 

Microscopy (SEM) 

Endolysin treated and untreated S. aureus and S. epidermidis biofilms established on 

catheter sections and glass coupons were examined by SEM. The examination of the SEM 

images revealed that the endolysin treatment disrupted the biofilms of both S. aureus and 

S. epidermidis strains formed on glass coupons (Figure 34 and 35) and on the surfaces of 

catheter sections (Figure 36).  Morphologically, the bacterial morphology was distorted, 

and only cell debris was observed after treatment. 

          

          

Figure 34. Scanning electron microscopy showing the effect of treatment with the 

endolysin cocktail on 48 h old biofilms of S. aureus TRSA8 established on 

glass coupons. The pictures on the left column are untreated biofilm imaged 

at different magnification (A = 10,000x; and C = 20,000x). The pictures on 

the right column (B and D) are post-treatment with endolysin (0.50 mg/mL), 

which were imaged at different magnifications (B,10,000x; and D, 20,000x). 
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Figure 35. Scanning electron microscopy to show the effect of treatment with endolysin 

cocktail on 48 h old biofilms of S. epidermidis 30 (TRSE30) on coupons. The 

left side pictures (A, C, and D) are untreated biofilm imaged at different 

magnification (A, 16,000x; C, 16,000x; and C,60,000x). The pictures on right-

hand side are after endolysin treatment and imaged at different magnifications 

(B, 10,000x; D, 3,000x; and F, 20,000x). 
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Figure 35. (Continued) scanning electron microscopy to show the effect of treatment with 

endolysin cocktail on 48 h old biofilms of S. epidermidis TRSE31 established 

on coupons. The pictures on the left (G, I and K) are untreated biofilm imaged 

at different magnifications (G, 5,000x; I, 10,000x, and K, 20,000x). The 

pictures on the left are after endolysin treatment and imaged at different 

magnifications (H, 15,000x and J, 10,000x; and,10,000x). 
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Figure 36. Scanning electron microscopy (SEM) images of treated and untreated S. aureus 

and S. epidermidis biofilms on catheter surfaces. Biofilms were formed on 

catheter sections and then treated with endolysin (0.50 mg/mL) for 12 h before 

analysis was performed with SEM. A, untreated S. aureus biofilm (10,000x); 

B, treated S. aureus biofilm (10,000x); C, untreated S. epidermidis biofilm 

(5,000x); D, treated S. epidermidis biofilm (10,000x); E, untreated S. 

epidermidis biofilm (20,000x); F, treated S. epidermidis biofilm (20,000x) 
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6.17. Cytotoxicity Assessment of Endolysin on Fibroblast Cells 

To investigate the cytotoxicity of endolysins, a human fibroblast cell line was used. 

For this, confluent grown fibroblast cells were incubated at 37oC for 24 h in the presence 

of endolysins. The lethal effect of each endolysin was examined using the MTT assay 

method. The result of the MTT test is presented as percent survival in Figure 37 below.  As 

can be seen in this figure, there is a little deviation in cell proliferation between endolysin 

treated and untreated cells.  

 

Figure 37. Assessment of cytotoxicity of four endolysins (LysSA10, LysSA14, LysSA15, 

and LysSA52) on human fibroblast cells. The viability of the fibroblast was 

determined using the MTT assay and the results were presented in percentage 

relative to non-treated fibroblast (100 %). Average and SD of triplicate 

experiments are shown here. 

6.18. Bioinformatics Analysis. 

6.18.1 Amino Acids Sequence Variation Analysis  

The nucleic acid sequences of the four endolysins are translated into corresponding 

amino acid sequences using the MEGA 7 software. A total of 481 amino acids were 

obtained in each of the translated endolysin gene sequences. The resulted amino acid 

sequences of the four endolysins (LysSA10, LysSA14, LysSA15, and LysSA52) were 

compared using the Multiple Sequence Alignment program called ClustalW2 (Figure 38).  
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Figure 38. Amino acid sequence alignment of LysSA10, LysSA14, LysSA15, and 

LysSA52. “*” indicates identical amino acids  

 

From the alignment results, the degree of similarity was obtained and the 

phylogenetic tree was constructed. As can be seen in Figure 39, LysSA52, which is derived 
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from commercial S. aureus subsp. aureus bacteriophage 52, is found in the same cluster 

with LysSA10 and they shared about 90.40 % similarity (Table 7). The LysSA52 also 

showed 88.73 % homology with LysSA14 and LysSA15. In general, the three endolysins 

(LysSA10, LysSA14, and LysSA15) derived from phages Фtrsa10, Фtrsa14, and Фtrsa15 

isolated in this study, showed more than 97% amino acid sequence similarity to each other 

(Table 7). 

 

Figure 39. Neighbor-joining phylogenetic tree showing the relationship between the four 

endolysin protein sequences isolated from Фtrsa10, Фtrsa14, Фtrsa15, and S. 

aureus subsp. aureus bacteriophage 52. The phylogenetic tree was constructed 

based on multiple alignments of the protein sequences generated from 

ClustalW2 

Table 7. Percent identity matrix of each endolysin obtained in this study. 

Endolysin  LysSA52 LysSA10 LysSA14 LysSA15 

LysSA52 100.00 90.40 88.73 88.73 

LysSA10 90.40 100.00 97.51 97.51 

LysSA14 88.73 97.51 100.00 99.17 

LysSA15 88.73 97.51 99.17 100.00 

6.18.2. Analysis of Modular Structures of Endolysins 

In order to determine the modular structures of our newly identified endolysins, we 

analyzed the structures using the online software, SMART, and the results of the analysis 

indicated that all of the four endolysin proteins had three distinct domains: CHAP 

(cysteine, histidine-dependent) domain, amidase (Ami-2) domain, and SH3b domain 

(Figure 40). Of the total 481 amino acid of each endolysin (LysSA10, LysSA14, LysSA15, 

and LysSA52), amino acids 20 to 113 are involved in constituting CHAP (cysteine, 

histidine-dependent amidohydrolases /peptidases) catalytic domain, 138 to 338 amino 
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acids constitute a central amidase (Ami-2) domain, which also confers the lytic activity, 

and amino acids from 396 to 466 constitute the SH3b domain (Figure 40), which is thought 

to be involved in cell wall recognition and binding activity (166).   

 

Figure 40. Domain organization of the four endolysins (LysSA10, LysSA14, LysSA15, 

and LysSA52) as displayed by SMART (http://smart.embl-heidelberg.de/) 

containing two catalytic domains (CHAP and Ami-2) and one cell wall binding 

domain (SH3b). Numbers indicate amino acid positions.  

6.18.3. Structural Modeling  

In addition to the most commonly used x-ray crystallography method for prediction 

of three-dimensional structures of proteins, another approach like homology modeling also 

has been reported (110, 136-138). In many cases, only one, enzymatically active domain of 

the endolysins was determined (110, 137, 139). In the present study, a homology or 

comparative modeling was performed to predict the three-dimensional structure of one 

catalytic domain (Ami-2) with 151 amino acids. In order to carry out this, the SWISS-

MODEL was used. Template selection is the first criteria for homology modeling and 

based on the search results for the query sequence, we selected amidase-2 domain of 

LysGH15 (Protein Data Bank Id; 4ols), which previously was solved with by 

crystallography, as the template (110). The result of the modeling showed that all the four 

endolysins are similar to each other, and their enzymatic core is formed by a twisted, five-

stranded ß-sheet flanked by four helices linked through a loop region (Figure 41). In 

addition, one zinc cation is located at the center of the groove and interacts with different 

side chains. 

http://smart.embl-heidelberg.de/
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Figure 41. The predicted 3-D structures of endolysins using the SWISS-MODEL program 

available at https://swissmodel.expasy.org/. A, LysSA10; B, LysSA10; C, 

LysSA15; D, LysSA52. The Zn2+ ion in each endolysin is shown as a gray 

sphere.  
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7. DISCUSSION 

Among coagulase positive Staphylococci, S. aureus is one of the most important 

human pathogens that produce local and systemic infections (140). S. aureus plays a major 

role in nosocomial infections. Difficulties in the treatment of these infections are reported 

due to the high rate of MRSA infections (141, 142). As an alternative to antibiotics, the use 

of phage endolysin has attracted the interest of scientists in combating pathogenic bacteria 

(7, 36, 93). In this study, we aimed to isolate and characterize new phages that can infect S. 

aureus and to produce its endolysin gene as a recombinant protein for combating 

staphylococcus strains. Initial attempts to isolate virulent phages from the environment 

were not successful. Due to the high prevalence of prophages in S. aureus genome (22), 

along with our sole interest in endolysin genes, use of virulent or temperate phages made 

no difference. We decided to isolate temperate phages (prophages) using the induction 

technique for our project.  

Before induction of prophages from the genome of S. aureus, we screened for the 

presence of endolysin gene as a preliminary indicator of the availability of prophages by 

PCR using specific primers that we designed from S. aureus phage endolysins retrieved 

from the database. From the 60 chromosomal DNA of S. aureus screened for endolysin, 

only 17 were positive for presence endolysin genes (Figure 11). This result is very low 

since many strains of S. aureus harbor at least one or two prophages in its genome (22). 

The most probable reason for the small number or lack of endolysin positive S. aureus 

strains could be due to the primer set we used. Inclusion of different primer sets might 

increase the number. PCR positive strains were subsequently exposed to mitomycin C for 

the induction of prophages.  

Using the induction technique, 7 functional phages were initially obtained by the spot 

test method (Figure 12 A and B), which was further verified by the plaque assay method 

(Figure 12 C and D) since clear zones can also be produced by bacteriocin (132). In the 

rest of the 10 lysates, no lytic phages were observed. This might be explained by 

inefficient induction of the culture and/or very low concentration of the phages that cannot 

infect host strains, or lack of appropriate hosts. In the phage positive lysates, plaques were 

obtained after incubation of plates at 37oC overnight. The sizes of the plaques for all the 

seven phages (Фtrsa10, Фtrsa14, Фtrsa15, Фtrsa205, Фtrsa207, Фtrsa220, and Фtrsa222) 

were small and ranged from 0.2 to 1 mm. Morphologically the newly identified phages 
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were investigated using transmission electron microscopy. The TEM analysis revealed that 

all seven phages have long tails with isometric and icosahedral heads (Figure 13). The 

isometric and icosahedral heads of   Фtrsa10, Фtrsa14, and Фtrsa15 were measured and 

found to be 44.3 ± 1.0, 43.1 ± 2.3 and 59.3 ± 0.3 nm in diameters, respectively (Table 4). 

These phages also had a non-contractile long tail, measuring 171.0 ± 2.8, 213.9 ± 1.0, and 

156.2 ± 1.6 nm respectively (Table 4). Morphology is one of the most frequently used 

methods for the classification of bacteriophages. According to their morphological 

characteristics and based on the guidelines of the International Committee on Taxonomy of 

Viruses (143), all of the seven phages including Фtrsa10, Фtrsa14, and Фtrsa15, belong to 

Siphoviridae family in the order Caudovirales (Figure 13). Furthermore, as they have long 

tails, they belong to type B phages in Bradley’s classification (132). More than 95 % of the 

phages reported so far in the literature belong to Caudovirale (144). About 60 % these 

phages have long and flexible tails and are assigned to the family of Siphoviridae (83). 

Therefore, all of the phages identified in the current study are categorized in Siphoviridae 

family. 

With respect to host range, the seven newly isolated phages were further 

investigated for their lytic activity against all bacterial isolates (Table 6), in order to select 

the most virulent lytic phages. From these, three phages Фtrsa10, Фtrsa14, and Фtrsa15 

had broad host ranges with lytic activities against 28 (46.6 %), 27 (45 %), and 26 (43.3 %) 

of the 60 S. aureus strains tested, respectively, were selected (Figure 14). As compared to 

the most known S. aureus phage K, which has a broad lytic activity (145), our phages have 

lower host ranges. The low lytic activity in our case may be associated with lysogenicity, 

which required induction for lytic activity (145) or with superinfection immunity by 

resident prophages (80), as this was also confirmed in the present study, in which, the 

addition of Фtrsa10, Фtrsa14, and Фtrsa15 did not infect their respective host in which they 

were originated. The host range differences of phages could be related to bacterial receptor 

mutation that can prevent the adsorption of phages (146) or through restriction 

modification system by which bacterial cells prevent foreign DNA from replicating, in 

particular, phage DNA leading to phage resistance (147).   

To understand the growth of phage Фtrsa10, Фtrsa14, and Фtrsa15, the one-step 

growth curve was performed as the estimation of the burst size and burst period in the life 

cycle of phages has a great importance in phage therapy (85). The latent period, the timing 
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of phage-induced host cell lysis, which is typically under the control of holin, and any 

mutation in holin can significantly modify the timing of the latent period (148). According 

to the one step-growth curve experiments, the latent periods of phage Фtrsa10 and Фtrsa14 

were found to be 20 min, followed by a 30 min rise period, and a burst size of 29 and 39 

PFU per infected cell, respectively (Figure 15 A and B), whereas phage Фtrsa15 showed 

25 min of latent period and burst size of 21 PFU per infected cell (Figure 15 C). Large 

burst size is considered as one of the major characteristics of effective phage that can be 

used as an antibacterial agent; because burst size is closely related to phage propagation 

(149) and can increase the initial dose of the phages several folds in short period of time 

(85, 150). 

With regard to phage genome study, DNA was purified from phage Фtrsa10, 

Фtrsa14, and Фtrsa15 and in order to determine the approximate genome size of each 

phage, DNA was digested with four different restriction enzymes (Figure 17). After 

digestions with the above enzymes the molecular size of the genomic DNA of the three 

phages were estimated. The sum of the fragments resulted in the approximate genomic size 

of 37, 36 and 38 kb for Фtrsa10, Фtrsa14 and Фtrsa15, respectively. These results are close 

to the genome size of Siphoviridae family of phages established by Kwan and co-workers 

previously (151), who used genome size to classify the staphylococcal phages into 

different categories. For this, they conducted a comparative study on 27 genomes derived 

from S. aureus phage families (Siphoviridae, Podoviridae, and Myoviridae) and analyzed 

by a variety of bioinformatics tools, and then classified staphylococcal phages in to three 

categories or classes based on their genome sizes (class I: < 20 kb; class II ≈ 40 kb, class 

III > 125 kb). These categories were compared with morphological classification and 

similar results were found in which Podoviridae harboring the smallest genomes (class I), 

Siphoviridae containing medium size genome (class II), and Myoviridae harbors the largest 

ones (class III). This classification is in line with the estimation of our phage genome size 

since our phages belongs to Siphoviridae family.  

Even though using of temperate phages as a whole have limited therapeutic potential 

(152), they each carry a gene encoding an essential enzyme called endolysin, with the 

ability to degrade bacterial cell wall when added exogenously (7, 103, 115). Thus, these 

proteins could be produced recombinantly and used as effective therapeutic agents against 

staphylococcal infections. However, in many cases, production of recombinant proteins 
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including phage endolysin faces many challenges such as misfolding of protein, poor 

solubility due to the formation of inclusion bodies, and purification difficulties (153-155). 

In order to overcome many of these challenges, gene fusion technologies have been 

developed to improve protein expression. Among these, pET SUMO plasmid (Figure 10), 

which is a cloning and at the same time expression vector, was developed to improve 

folding and solubility of target proteins (153). Considering these advantage, we selected 

this vector for cloning and expression of endolysin genes.  

In the current study, a total of four endolysins genes (LysSA10, LysSA14, LysSA15, 

and LysSA52) having 1446 bp (Figure 18) were amplified from phage genome and cloned 

into pET SUMO expression vector successfully. The need to obtain the recombinant 

protein in the soluble fraction is of great importance, which is influenced by the expression 

system and induction temperature (156), Because of this, expression of cloned endolysin 

was conducted in E. coli BL 21 (DE3) at two different induction temperatures (37oC and 

20oC). Following this, pellet and supernatant fractions were tested by SDS-PAGE. During 

induction at 37oC, the recombinant proteins were present in insoluble fractions or inclusion 

bodies (Figure 22 B). However, when the culture temperature was reduced to 20oC, the 

recombinant protein started to be found in the soluble fractions (Figure 23). This 

observation is supported by previous reports which showed that the low temperature 

reduces the formation of inclusion bodies (112, 157).  

The SUMO (small ubiquitin-related modifier) fusion in the pET SUMO vector 

comprised of 100 amino acids has a hydrophobic core and hydrophilic surface; this 

characteristic makes it highly soluble (158). In addition to the low temperature, the SUMO 

fusion in the plasmid vector may also contribute to the solubility of our proteins. With this 

system, various bioactive peptides have been expressed as SUMO fusion proteins 

including but not limited to Brazzein, an edible fruit protein used as commercial sweetener 

(159), SARS-CoV (severe acute respiratory syndrome coronavirus) proteins (160), and 

human epidermal growth factor (hEGF) (161).  In contrast to these, application of the 

SUMO fusion strategy to antimicrobial recombinant proteins has not been widely reported. 

Furthermore, to the best of our knowledge, this is the first report in cloning and expression 

of endolysin in this particular vector. 

After expression, the purification approaches of proteins are necessary for continued 

structural and functional studies along with other applications. Affinity, hydrophobic 
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interaction, ion exchange, expanded bed adsorption, and size exclusion/gel filtrations are 

among the most commonly available techniques of the chromatographic purification 

system. The presence of his-tag (histidine-tag) in the SUMO fusion facilitates purification 

through affinity chromatography (153, 161). We tried to purify the crude lysate of 

expressed endolysins using Nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography. 

Though we obtained greater purity with less yield for LysSA10 (Figure 25 A), only partial 

purification was attained for LysSA14, LysSA15 and LysSA52 as shown in Figure 25 B 

and C. The reason for the appearance of non-specific bands on SDS-PAGE after 

purification may be due to the high salt or imidazole concentration that we have used. 

Careful choice of purification technique and an extensive phase of optimization are 

necessary to obtain satisfactory yields of the pure active enzymes (162); however, due to 

constraints of purification materials during this study, no further optimization was 

performed.  

Currently, the demand for recombinant proteins has increased because of utilisation 

in various sectors such as healthcare, agriculture, food industry and others (86). 

Considering this, the presently produced endolysins (LysSA10, LysSA14, LysSA15, and 

LysSA52) tested for their biological activity. Both crude lysate and purified endolysin 

protein were used in activity test. The crude lysate prepared from E. coli BL21 cells 

harboring recombinant plasmids (endolysin containing plasmid) were exposed to 

exponential cultures of indicator strains resulted in the formation of clear zone (Figure 26). 

In contrast to this, no clear zone was formed upon spotting of lysate prepared from E. coli 

harboring plasmid without endolysin. This clearly demonstrated that the bacterial cells 

were lysed by the phage endolysins. Similar endolysin lytic activity test was reported in 

previous studies (26, 125, 163).  

A significant activity loss was detected for purified or partially purified endolysins as 

compared to the crude lysate endolysin extracts. Similar results were also reported in a 

previous study (163) that described the purification of enzymes resulted in considerable 

activity loss. Certain reagents that have been used in purification procedure may impair the 

structure and thus, the activity of the protein of interest. In one study conducted by Fenton 

and colleagues (135), the use of NaCl at a final concentration of 300 mM greatly decreased 

the activity of endolysin. In our case, even a higher concentration of NaCl (500 mM) was 

applied in the elution buffer, and so this could be one factor for the partial activity loss of 
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our protein. In another study, the presence of high imidazole interfered with protein 

activity by forming aggregates (164). This could be another possible reason for the activity 

loss in our purified endolysins as we have used 500 mM imidazole in the elution buffer. 

Sometimes the N-terminal 6x His-tag sequence of the fusion protein has been shown to 

interfere with folding (165); which may, in turn, reduce the catalytic activity of the CHAP 

domain of endolysin. 

Because the activities of several staphylococcal endolysins may or may not be 

enhanced by the addition of divalent metal ions such as calcium, magnesium, zinc and 

others were reported (110, 133-135), we examined the lytic activity of all of the four 

endolysins in the presence or absence of metal cations (Mg2++, Ca2++ and Zn2++). The 

analysis of this determinations indicated that addition of calcium or magnesium cations 

increases the lysine activity by 5 to 10 % as compared to control (Figure 29). The pH test 

for LysSA10, LysSA14, LysSA15, and LysSA52 analysis showed that all of the four 

endolysins were stable at a broad pH range (4.0 to 9.0) which is a desirable feature 

required for promising antibacterial agents. Optimal pH for LysSA10 and LysSA14 was 

found to be around 8.0, while for LysSA15 and LysSA52 was found to be around 7.0 

(Figure 28). Heat sensitivity test of the four endolysins showed that all of them retained 

high activity (relative antibacterial activity > 90 %) against S. aureus at 60oC (Figure 27). 

Compared to some previously reported staphylococcal phage endolysin proteins (115), the 

endolysins identified in this study had a broader range of pH and thermostability.  

The presence of one or two enzymatically active domains and one cell wall binding 

domain was reported for endolysins. Like many other staphylococcal endolysins described 

previously (8, 85, 115), the four endolysins identified in this study displayed three distinct 

domains: namely an N-terminal CHAP (Cysteine, histidine-dependent 

amidohydrolases/peptidases) domain, which has hydrolytic function, Ami-2 (N-

acetylmuramoyl-L-alanine amidase) domain, which has also hydrolytic functions, and C-

terminal SH3b domain, which is used for substrate recognition, were identified (Figure 

40). In contrast to our endolysins, there are reports of staphylococcal endolysins with two 

domains. For instance, the endolysin of phage p68, Lys16, lacks the central N-

actylmuramoyl-L-alanine amidase domain (109). 

The lytic spectrum of each endolysin produced in this study (LysSA10, LysSA14, 

LysSA15, and LysSA52) was evaluated by the spot assay method. Based on this assay, all 
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endolysins were found to be biologically active against a wide range of clinical 

Staphylococcus species including S. aureus, MRSA, S. epidermidis, and S. haemolyticus 

strains; whereas parental phages (Фtrsa10, Фtrsa14, and Фtrsa52) had antibacterial activity 

against only some of the S. aureus strains (Table 6). The results clearly showed that the 

host range of each endolysin was significantly broader than that of their respective parent 

phage (Table 6). This is in agreement with previous reports that described phage endolysin 

displayed a broader range of activity than the parent phages (8, 84). The differences for the 

host range between the endolysins and the parent phages are largely due to variability in 

phage receptor molecules on the staphylococcal cell surface, which is crucial for initial 

attachment during infection. In contrast to this, the phage endolysin have the advantage of 

targeting a part of the bacterial cell common to the entire genus Staphylococcus (167). 

Thus, these properties support the superior therapeutic potential of endolysins compared to 

whole phages.  

Among the four endolysins, LysSA14 was more potent than LysSA10, LysSA15, and 

LysSA52 (Table 6). The potency against staphylococcal isolates increased when the 

combinations of the four enzymes applied. From a total of 88 staphylococcal strains tested, 

78 (88.6 %) strains were at least sensitive to one of the four endolysins. However, they did 

not show any activity against other bacterial species including Streptococcus spp. and E. 

coli. This demonstrated that the newly identified endolysin in the present study had a broad 

spectrum within the Staphylococcus genus but no other bacterial species. This remarkable 

feature of endolysins has been also extended against staphylococcal biofilms in the present 

study. 

In this study, the potential of LysSA10, LysSA14, LysSA15, and LysSA52 as a 

therapeutic agent for biofilm-associated S. aureus and S. epidermidis infections were 

evaluated. We considered that one of the valuable characteristics of the four endolysins 

was that they are effective against both S. aureus and S. epidermis biofilms because these 

types of bacteria are far more difficult to eradicate than their free-living (planktonic) 

counterparts (1, 168, 169). Different studies demonstrated biofilm removal ability of phage 

endolysins. Endolysin derived from phage phi11 hydrolyzed S. aureus biofilm established 

on polystyrene surface after 2 h treatment at 37oC (16). Similarly, endolysin SAL-2 

derived from S. aureus phage SAP-2 eliminated S. aureus biofilms established in a 

microtiter well (84). Also, in another recent report, an endolysin, LysH5, showed 
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significant removal of S. aureus biofilms after 12 h treatments (110). Likewise, the newly 

identified endolysins in this study were also evaluated for their biofilm removal as well as 

biofilm inhibition capacity using crystal violet assay, plate count assay, and scanning 

electron microscopy. 

his indicated that endolysin SAL-2 had a 

broader spectrum of activity within the Staphylococcus 

genus than bacteriophage SAP-2. 

here's bacteriophage SAP-2 had antibacterial 

activity against only some S. aureus strains (Table 1) 

For the biofilm established and treated in microtiter plates, the biofilm removal 

capacity was quantified by crystal violet assay. In this assay, we found that biofilms of 

both S. aureus and S. epidermidis were reduced in all tested concentration of each 

endolysin as compared to the control and the reduction was displayed in dose-dependent 

manner for each endolysin and significant removal of biofilm at 0.50 mg/mL was observed 

(Figure 30). At this particular concentration, treatments of both S. aureus and S. 

epidermidis biofilms reduced significantly by LysSA10 and endolysin cocktails, 

suggesting that these endolysins have a good potential in controlling biofilm infections 

caused by S. aureus and S. epidermidis. The removal activity of endolysins may be 

affecting individual sessile cells in the S. aureus biofilms. Similar biofilm removal 

activities have been reported in endolysin SAL-2 (84) and lysostaphin (127). 

The explanation for the wider activity of the endolysin cocktail could be that these 

endolysins may have different cleavage sites on the peptidoglycan, as previously described 

that the catalytic domains of endolysins illustrate a large diversity and different chemical 

bonds of peptidoglycan are targeted (7). Eventhough there are two catalytic domains in the 

N-terminal of many staphylococcal endolysins, one might be dominant over the other. For 

instance, deletion analysis of 2638A endolysin derived from staphylococcal phage 2638A 

indicated that the amidase (Ami-2) domain confers most of the lytic activity over the other 

N-terminal peptidase (CHAP) domain of the same endolysin (166).  In another study, 

maximum activity of antibacterial and antibiofilm properties have been reported with the 

combined action of endopeptidase and amidase domains of endolysins (16).  
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Since treatment of established biofilms of S. aureus and S. epidermidis by each 

endolysins exhibited reduction, we also determined the preventive capacity of biofilm 

formation. In this regard, the microtiter plate staining assay confirmed the reduction of 

biofilm growth in endolysin treated wells compared to the control setting (Figure 31). In 

this assay, the endolysin mixture was very effective in preventing the establishment of S. 

aureus and S. epidermidis biofilms compared to the individual endolysins. In general, the 

four endolysins were found to exhibit a strong synergy in killing staphylococcal strains as 

previously demonstrated for streptococcal phage λSA2 and B30 endolysins against 

streptococci (170). This synergic effect can be explained by increased destructive effects 

on the three-dimensional peptidoglycan network when multiple unique bonds are attacked 

simultaneously, or by enhanced access to the cleavage site of one enzyme as a 

consequence of the catalytic action of the other (171) 

To extend our understanding of LysSA10, LysSA14, LysSA15, and LysSA52 as anti-

biofilm agents and their potential as disinfectants, we established S. aureus and S. 

epidermidis biofilm on folly catheter (well Lead®) and glass coupons, and then treated each 

with endolysin individually and in combination. Based on the plate count assay, the 

addition of endolysin on the matured biofilms resulted in decreasing colonized S. aureus 

and S. epidermidis by approximately up to 2.6 log compared to the control setting (Figure 

32). Notably, scanning electron microscopy confirmed the reduction in total biomass in 

biofilms and highly induced morphological changes, which are an indication of bacterial 

cell damage (Figure 34-36). Similar to this, one recent study conducted by Lood and 

collogue (26), described the efficacy of phage lysine (PlyF307) on biofilm of 

Acinetobacter baumannii established on a catheter tube. According to their report, 2-hour 

treatment of the 3-day old biofilm resulted in a reduction of 1.6 log unit of A. baumannii in 

in vitro setting and about 2 log reduction of two days old biofilm in an in vivo model. 

Initial attachment of bacteria to a solid surface, especially on medical devices like a 

catheter, is the first step in biofilm formation. Coating biomaterial surfaces with 

bactericidal or bacteriostatic substances in such a way that no bacterial adhesion can occur 

is one of the strategies to decrease the incidence of medical device-related infections 

among many (169). For instance, antibiotics have been commonly used to impregnate 

catheters to prevent biofilm formation (172, 173). Even though the result is promising, it 

could lead to the selection of antibiotic resistance (174). For this reason, investigating of 
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potential natural antimicrobial agents that can prevent and control microbial biofilm 

development on a range of medical devices has great importance. In the present study 

coating catheter with endolysin and subsequent prevention of biofilm formation on the 

catheter by S. aureus and S. epidermidis were also investigated using viable cell count 

assay. In this assay, an inhibition of biofilm formation by approximately 1 to 1.5 log unit 

was achieved (Figure 33). This result is low as compared to the result of biofilm removal 

assay of the same strains in this study, in which about 2.5 log reductions were achieved. 

The low result of preventing the initial attachment on coating catheter is most likely due to 

the instability of the enzymes on the catheter or leaching out from catheter sections. Thus, 

a strategy for the enzyme stability on the catheter surface is required in order to sustain 

their biofilm inhibition potential.  

Catheter-related infections are one of a number of significant problems in healthcare 

(59). For example, catheter-related infections are responsible for bloodstream infection, 

and urinary tract infections in bladder catheters, which accounts for an estimated 20 % of 

the episodes of nosocomial infections in acute care and more than 50 % in long-term care 

facilities (175). Prevention of infections related to these biomaterials is an important goal. 

In view of the results of the biofilm formation and disruption assays in the present study, 

LysSA10, LysSA14, LysSA15, and LysSA52 endolysins could potentially be used as 

coating agents on medical devices to prevent staphylococcal adherence and biofilm 

formation. The validity of this approachhas been previously demonstrated in lysostaphin-

coated catheters for killing S. aureus (128) and Dispersin B (enzyme produced by oral 

Gram-negative bacterium Actinobacillus actinomycetemcomitans) coated catheters 

together with triclosan (an antiseptic present in many household products). These showed 

significant protection against colonization of S. aureus and S. epidermidis, E. coli, and C. 

albicans (176). 

For the bioactivity evaluation of any protein, cytotoxicity test is one of the most 

important methods for preclinical research (177). In vitro cytotoxicity test makes use of use 

mammalian cell culture. This is more an advantageous over in vivo assays in some aspects 

such as cost efficiency, time and ethics (178). Among the various approaches of in vitro 

cytotoxicity tests, we selected the MTT assay method for testing of our newly produced 

endolysins against a human fibroblast cell line, in order to examine the concept whether 

they can be applied in the treatment of superficial infection caused by staphylococcal 
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species. This method is very sensitive, quantitative, and a reliable colorimetric assay which 

is used in evaluating cell viability as a function of redox potential (179). The evaluation of 

the cytotoxicity of the four endolysins (LysSA10, LysSA14, LysSA15, and LysSA52) 

revealed that there is a maximum of 8 % decrease in cell viability in LysSA52 treated cells 

compared to the untreated cells (Figure 37). For LysSA10, LysSA14, and LysSA15 only 4 

to 5 % cell viability decrease was detected. The reduction of cell viability could result from 

the endolysin buffer that we used during the preparation of endolysins. The decreased in 

cell viability after endolysin buffer treatment supports this assumption. Another possibility 

for the apparent cytotoxicity could be due to the endotoxin transferred from the host cells 

during endolysin productions.  
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8. CONCLUSIONS AND RECOMMENDATIONS 

 The result of the current study showed that prophage carriage is a common event for 

clinical isolates of S. aureus. PCR screening of the endolysin gene for identification 

and isolation of potential prophage in clinical isolates is required. With this approach 

new phages that infect S. aureus strains were isolated and characterized in this study.  

 Genes encoding endolysins were amplified from the genomes of four phages and 

cloned into the pET SUMO expression vector. Four endolysins (LysSA10, LysSA14, 

LysSA15, and LysSA52), with a molecular mass of 66.22 kDa were over-expressed in 

E. coli BL21 (DE3) successfully.  

 The putative genes of the four endolysins identified in this study were sequenced, and 

the resulting sequence data were submitted to the GenBank database and assigned the 

accession numbers MH025825, MH025826, and MH025827 for LysSA10, LysSA14, 

and LysSA15 respectively. 

 The functionality of each endolysin was evaluated by spot test on a range of 

staphylococcal strains. The combination of the four endolysins showed activity against 

78 (88.6 %) of the 88 total clinical staphylococcal strains including S. aureus, S. 

epidermidis, and S. heamolyticus. The lytic activities of each endolysin was 67 (83.7%) 

for LysSA14, 53 (62.3%) for LysSA10, 51 (60%) for LysSA15, and 48 (56.5%) for 

LysSA52 against 88 staphylococcal clinical isolates including S. aureus, S. 

epidermidis, and S. heamolyticus.  

 The expressed endolysins were also characterized in terms of pH range and 

thermostability, and results revealed that all the four endolysins had a good stability 

over a broad range of pH (5.0-9.0) and retained high activity up to 50oC.  

 In addition, the effects of endolysins on biofilm removal and biofilm inhibition of S. 

aureus and S. epidermidis on microtiter plates and on catheter sections were examined 

through crystal violet staining, viable bacterial counts, and scanning electron 

microscopy. 
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 Quantification of biofilms using crystal violet assay after 12 h treatment with endolysin 

cocktail revealed that there is decreased biofilm masses by up to 60 %. On catheter 

sections, the addition of endolysin at a concentration of 0.50 mg/mL, separately and in 

combination, resulted reduction of colonization by S. aureus and S. epidermidis by 

approximately 1.5 to 2.5 log units compared to the control. 

 Notably, scanning electron microscopy confirmed that reduction in total biomass in S. 

aureus and S. epidermidis biofilm, and highly induced morphological changes were 

observed in both strains upon addition of endolysin, which is an indicative of bacterial 

cell damage. 

 Analysis of cytotoxicity of each endolysin on mammalian fibroblast cells using the 

MTT assay indicated that their toxicity is tolerable.  

 Certainly, all of the four endolysins (LysSA10, LysSA14, LysSA15, and LysSA52) 

characterized here provide starting point for further formulation of each endolysin to 

enhance their antimicrobial activities. Overall, our results show that LysSA10, 

LysSA14, LysSA15, and LysSA52 have a potential for application for 

decontamination, and could be utilized as coating agents on biomaterials including 

catheter to prevent the adherence and subsequent biofilm formation by staphylococcal 

strains.  

 Further in vitro and in vivo studies are needed to be undertaken to assess their efficacy 

in the complex biological environments. Therefore, the following recommendations are 

made as future guidance.    

 Determining the activity of each endolysin in combination with various antimicrobial 

drugs with an aim to identify the synergistic effects on eliminating both planktonic and 

biofilm forms of staphylococcal species.  

 Development of an adequate formulation and stabilization of endolysins for various 

purposes such as spray, ointment, and other anti-staphylococcal agents.  

 Improvement of the stability of the endolysin on a range of medical devices including 

catheters with various approaches such as enzyme immobilization (attachment of 

enzyme molecules onto or into a large surface) via nanoparticles, or through simple 

adsorption and covalent attachment. 
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  Furthermore, enhancing the activity of recombinant endolysins by modifying their 

structure can be considered.  
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