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Abstract 

 

Ha, Eunsu 

Department of Agricultural Biotechnology 

The Graduate School 

Seoul National University 

 

Clostridium perfringens is a Gram-positive, anaerobic, and spore 

forming bacterium that is widely distributed in the environment and is one 

of the most common causes of foodborne illnesses. Besides, C. perfringens 

spores are important food contaminants because they can survive high 

temperature in a dormant state and germinate in a food or in a human body. 

The increasing prevalence of multidrug-resistant bacteria requires the 

development of alternatives to typical antimicrobial treatments. 

Bacteriophages are regarded as one of the most promising alternatives to 

antibiotics in controlling antibiotic-resistant pathogenic bacteria. In this 

study, virulent C. perfringens phages CPS1 was isolated. Analysis of CPS1 

genome and morphology revealed that CPS1 has a small genome (19 kbps) 

and a short noncontractile tail, suggesting that CPS1 can be classified as a 

member of Picovirinae, a subfamily of Podoviridae. To determine its host 
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receptor, the EZ-Tn5 random transposon mutant library of C. perfringens 

ATCC 13124 was constructed and used for screening to select CPS1 

resistant mutant. Analysis of the CPS1-resistant mutants revealed that a gene 

named CPF_0486 was disrupted by Tn5. The CPF_0486 was annotated as 

galE, a gene encoding UDP-glucose 4-epimerase (GalE). However, 

biochemical analyses demonstrated that the encoded protein possessed dual 

activities of GalE and UDP-N-acetylglucosamine 4-epimerase (Gne). I 

found that the CPF_0486::Tn5 mutant produced a reduced amount of 

capsular polysaccharides (CPS) compared with the wild type. I also 

discovered that glucosamine and galactosamine could competitively inhibit 

host adsorption of CPS1. These results suggest that CPS acts as a receptor 

for this phage. To find an alternative antibiotic to control and a biological 

detection agent against C. perfringens, I isolated and characterized a C. 

perfringens-specific virulent bacteriophage CPS2 from chicken, additionally. 

The CPS2 phage contains a 17,961 bp double-stranded DNA genome with 

25 putative ORFs, and belongs to the Picovirinae, subfamily of Podoviridae 

like CPS1 phage. Bioinformatic analysis of the CPS1 and CPS2 genome 

revealed that both have putative endolysins, LysCPS1 and LysCPS2, 

respectively. LysCPS1 has a lytic activity at pH 7 to 9 and retains the 

activity in 0.5 M salt condition at pH 7.5. LysCPS2 showed strong lytic 

activity against C. perfringens with optimum conditions at pH 7.5–10, 25–
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65℃, and over a broad range of NaCl concentrations. Interestingly, 

LysCPS2 was found to be highly thermostable, with up to 30% of its lytic 

activity remaining after 10 min of incubation at 95℃. The cell wall binding 

domain (CBD) in the C-terminal region of LysCPS2 showed a binding 

spectrum specific to C. perfringens strains. The study of LysCPS2 is the first 

report to characterize highly thermostable endolysin isolated from virulent C. 

perfringens bacteriophage. In the process of identifying an endolysin 

LysCPD7 from C. perfringens virulent bacteriophage CPD7, I discovered 

the spore binding activity of C-terminal region of LysCPD7. The mCherry-

fused C-terminal region cannot bind to C. perfringens cells, however, the 

fusion protein can bind to C. perfringens spores, suggesting that the C-

terminal region of LysCPD7 contains a spore binding domain (SBD). Both 

immunogold electron microscopy and  binding assay indicated that the 

SBD binds to the spore cortex. Bioinformatic analysis of the C-terminal 

region of LysCPD7 revealed five residues (E187, R192, Q196, K201, E208) 

supposed to be important for spore binding. Point mutation analysis 

revealed that two (E187K, R192E) of these five residues are essential for 

spore binding activity. The LysCPD7 derivatives containing the single point 

mutation at the four residues (R192E, Q196A, K201E, E208K) showed 

lower lytic activity compared to the wild-type LysCPD7. I selected the 

E187K mutant that retains lytic activity as wild type LysCPD7 but impairs 
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spore binding activity. Further, a recombinant phage including E187K of 

LysCPD7 derivatives was constructed by phage genome editing. The 

bacterial challenging assay with the recombinant phage or wild type CPD7 

phage was performed in C. perfringens sporulation condition. The assay 

revealed that host cells infected with the recombinant phage showed higher 

sporulation efficiency than those infected with wild type phage, suggesting 

that the role of SBD hinders sporulation of the C. perfringens. In this study, 

I identified a receptor of a C. perfringens-infecting phage CPS1. I 

characterized endolysins from phage CPS1 and CPS2 as C. perfringens 

biocontrol agents. CBD and SBD, domains of endolysins, are characterized 

to detect C. perfringens cells and spores. Further, the biological role of SBD 

is identified as inhibitor of host sporulation. These results suggest as tools 

for controlling C. perfringens by application of phage and endolysin. In 

addition, the results reveal as C. perfringens vegetative cells and spores 

detection methods by using CBD and SBD of endolysin.  

 

Keywords: Clostridium perfringens, bacteriophage, endolysin, genome 

editing, biocontrol, detection 
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I. Introduction 
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I.1. Clostridium perfringens 

 

Clostridium perfringens is an obligate anaerobic rod-shaped 

bacterium and commonly found in the gastrointestinal tracts of both 

animals and humans (Sengupta & Alam, 2011). The organism produces a 

variety of extracellular toxins. On the basis of differential production of the 

toxins, the bacteria can be classified into five types A through E. Type A 

strains producing alpha toxin, which is phospholipase C, cause gas 

gangrene which is characterized by rapid tissue destruction with production 

of gas (Sengupta & Alam, 2011).  

Type A strains are also associated with one of the most common 

food-borne illness (Lindsay, 1996). C. perfringens enterotoxin (CPE) is 

known to be responsible for the food poisoning. The CPE consists of a 

single polypeptide of ~35 kDa molecular weight with a unique amino acid 

sequence and evokes diarrhea (Lindsay, 1996).    

According to the Centers for Disease Control and Prevention (CDC), 

C. perfringens is ranked as one of the five most common food-borne 

pathogens in the United States (Olsen S.J et al., 2000). In addition, the 

bacterium also causes a significant problem in the poultry industry because 

it is evoking necrotic enteritis, characterized by outbreaks with high 
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mortality and small intestinal mucosal necrosis (Timbermont et al., 2011). 

Increased mortality, economic loss, and contamination of poultry products 

for human consumption are important concerns regarding C. perfringens in 

the poultry industry. As a result, C. perfringens has been spotlighted by the 

problem of food poisoning.  
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I.2. Bacteriophage and phage cocktail 

 

Bacteriophages (or phages) are viruses which infect and kill bacteria 

specifically (Bai, Kim, Ryu, & Lee, 2016). It is estimated that at least ten-

fold more phages compared with bacteria exist in nature (Skurnik & Strauch, 

2006). The high host specificity of phages is one of the many advantages of 

using phages as a biocontrol against various bacterial pathogens (Kim & 

Ryu, 2011). Phages have several advantages as well; relative ease of 

discovery, increase of titer during bactericidal process, and minimized 

disruption of normal flora (Loc-carrillo & Abedon, 2017). Therefore, phage 

therapy has been spotlighted as alternative to antibiotics.  

However, spontaneous emergence of phage-resistant bacteria has been 

an impeding factor in the phage therapy. Basically, phages contact the cell 

surface randomly by Brownian motion, dispersion, diffusion or flow (Silva, 

Storms, & Sauvageau, 2016). Phages bind to bacterial receptors in the 

process. After phages adhere to the receptor, phages infection occurs when 

phage tail structure recognizes receptors on host bacteria, followed by phage 

DNA injection and eventual phage replication. Nonetheless, phage infection 

cannot be initiated when bacterial receptor is removed or blocked. Moreover, 

bacteria can develop resistance against phages by concealing or modifying 
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receptors. Phage adsorption blockage is one of the most well-known phage-

resistance mechanisms, which imposes major hindrance upon the phage 

therapy (Baptista, Santos, & Sa, 2008; Labrie, Samson, & Moineau, 2010). 

As a solution, a cocktail of multiple phages can be suggested, since it is 

much more burdensome for bacteria to develop mutations in numerous 

receptors than developing one or two (Chan, Abedon, & Loc-Carrillo, 2013). 

Hence, many previous studies have been focused on phage receptors, but 

thorough understandings about phage receptors do not be accomplished. 
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I.3. The domains of bacteriophage endolysin 

 

Endolysins are phage-encoded peptidoglycan (PG) hydrolases that are 

synthesized at the end of the phage replication cycles to lease the viral 

progeny as breaking down the bacterial PG (Schmelcher, Donovan, & 

Loessner, 2012). To cross the cytoplasmic membrane and access to the PG, 

endolysins have to be supported by holing proteins. Holins are small 

hydrophobic proteins and they attach to cytoplasmic membrane to form 

holes enough to allow endolysin arrive to the PG at the appropriate time 

(Young, 1992). Sequentially, endolysins degrade rapidly the PG of the host 

bacteria followed by osmotic cell lysis and subsequently release of the 

virions. Endolysins show killing effect to the host bacteria when applied 

exogenously as recombinant proteins. For this reason, endolysins have 

attracted increasing interest as potential antimicrobial agents. 

However, the intact endolysins have a limitation that can only be 

applied to Gram-positive bacteria because of the property of endolysins that 

must be directly in contact with PG (Schmelcher, Donovan, et al., 2012). 

Therefore, endolysins have been studied to control Gram-positive bacteria 

as alternatives to antibiotics. In case of Gram-negative bacteria, endolysins 

are prevented by an outer membrane (Borysowski, Weber-Da̧browska, & 
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Górski, 2006). To apply biocontrol of Gram-negative bacteria, many 

researchers have made efforts to modify endolysins such as combining the 

proteins with an outer membrane permeabilizer or endolysin engineering 

(Briers & Lavigne, 2015). The engineered endolysins, called as ‘Artilysins’, 

have been reported in the case of endolysins combining an outer membrane 

permeabilizing peptide (Yves Briers, et al., 2015). The engineered 

endolysins can induce local distortion of the lipopolysaccharides (LPS) and 

promoted uptake followed by degradation of PG. 

Endolysins from phages infecting Gram-positive bacteria consist of 

the modular domain structures typically: an enzymatically active domain 

(EAD) at an N-terminal region, a cell wall binding domain (CBD) at a C-

terminal region and a newly discovered a spore binding domain (SBD) 

(Schmelcher, Donovan, et al., 2012; Yang, et al., 2012). The EAD embodies 

the lytic mechanism of an endolysin, catalyzing the degradation of PG. 

Endolysins can be classified into different groups depending on the specific 

bond of the PG attacked by the EAD (Oliveira et al., 2013). Lysozymes and 

transglycosidases break down the glycosidic bond that links the amino 

sugars in the PG. Amidases and endopeptidases break down the amide and 

peptide bonds of the cross-linking oligopeptide stems and interpeptide 

bridges (Oliveira et al., 2013).  

The CBD confers specificity to an endolysin for certain cell wall 
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types by noncovalently binding to ligand molecules of PG, thereby 

significantly impacting the activity range of the endolysins (Borysowski et 

al., 2006). PG-1, SH3, LysM, Cpl-1 and Cpl-7 have been characterized as 

the CBD (Oliveira et al., 2013). LysM domain has been shown to bind to N-

acetylglucosamine (GlcNAc) residues in the sugar backbone of the PG. Cpl-

1 domain specifically recognizes the choline-containing teichoic acids in the 

PG of S. pneumoniae and the Cpl-7 domain binds to PG of pneumococcal 

cell in a choline-independent fashion (Borysowski et al., 2006).  

The first SBD has been reported in Bacillus anthracis phage 

endolysin PlyG (Yang, et al., 2012). The SBD from Bacillus cereus phage 

PBC2 endolysin has contributed to lytic activity at the expense of increased 

stability (Kong et al., 2018). However, there is no report about how the 

spore binding activity of SBD affects the lytic cycle of phage.  
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I.4. Purpose of this research 

 

To control C. perfringens without antibiotics, bacteriophages and 

phages encoded endolysins have been characterized. However, the hardness 

of genetic modification to C. perfringens disturbs the studies of phages and 

endolysins.  

Therefore, I set up the genetic modification of C. perfringens. Besides, 

genome editing method of phages is also constructed in this study. Based on 

these technologies, this study aims to (i) identify a receptor of a C. 

perfringens virulent phage, (II) characterize endolysins including the cell 

wall binding domain from C. perfringens infecting phages, (III) identify and 

characterize a spore binding domain from a phage endolysin.  
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II. Identification of the C. perfringens 

bacteriophage receptor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

23 

 

II.1. Introduction 

 

Clostridium perfringens is a Gram-positive, spore-forming, anaerobic 

bacterium that is widely distributed in nature (Rood and Cole, 1991). C. 

perfringens spores can persist in the environment, and the bacteria cause 

infectious diseases, such as gas gangrene and necrotic enteritis, in humans 

and animals. Enterotoxigenic strains of C. perfringens can cause food 

poisoning (Sawires and Songer, 2006; Timbermont et al., 2017). According 

to the Centers for Disease Control and Prevention (CDC), C. perfringens is 

ranked as one of the five most common food-borne pathogens in the United 

States (Olsen S.J et al., 2000). 

Bacteriophages (or phages) are defined as viruses that specifically infect 

and kill bacteria. Interest about phage therapy has recently been revived 

because of the worldwide problem of antibiotic-resistant bacteria (Loc-

carrillo and Abedon, 2017). The host range of phage is narrow, so phages 

can be used to destroy target bacteria without disrupting the natural 

microflora. A phage cocktail composed of multiple phages is used to 

increase the phage host range (Kim and Ryu, 2011; Zhang et al., 2010) and 

to delay the appearance of phage-resistant bacteria (Shin et al., 2012). Phage 

infection occurs when the phage tail recognizes receptors on host bacteria, 
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and infection is followed by phage DNA injection and eventual by phage 

replication. Bacteria can develop phage resistance by modification or 

masking of the receptors (Labrie, Samson, and Moineau, 2010; Baptista, 

Santos, and Sa, 2008). If the phage cocktail is made with various phages 

utilizing different receptors, this phenomenon can delay the development of 

resistant bacteria, since it is much more difficult for bacteria to mutate a 

number of different receptors (Chan, Abedon, and Loc-Carrillo, 2013; Bai et 

al., 2016). These findings suggest that identification of the phage receptor is 

essential to improve the efficiency of phage therapy (Kim et al., 2014; 

Hyman, 2019) 

Although several phage receptors of Gram-positive bacteria, such as cell 

wall teichoic acids (WTA), cell wall-associated polysaccharides, and 

lipoteichoic acids (LTA), have been reported (Baptista, Santos, and Sa, 

2008; Chapot-Chartier, 2014), relatively little is known about the host 

receptors of phages infecting Gram-positive bacteria compared with those of 

phages infecting Gram-negative bacteria (Silva, Storms, and Sauvageau, 

2016). It is known that a complex of peptidoglycan and WTA can 

competitively inhibit phage adsorption to Staphylococcus aureus (Rakhuba 

et al., 2010) and that glycosylation of WTA can prevent S. aureus phage 

infection (Rakhuba et al., 2010; Li et al., 2015). Bacillus phage SPP1, SP10, 

and SP02 are unable to infect Bacillus mutants lacking WTA (Silva, Storms, 
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and Sauvageau, 2016; Rakhuba et al., 2010). Lactobacillus phages are 

inactivated when exposed to LTA isolated from the host cell wall (Baptista 

et al., 2008; Rakhuba et al., 2010). A few C. perfringens phages have been 

reported (Seal, 2004; Seal et al., 2011; Morales et al., 2012); however, none 

of their host receptors have been identified. 

Here, I isolated the C. perfringens virulent bacteriophage CPS1. The 

phylogenetic and morphological analysis categorized CPS1 as a member of 

Picovirinae, a Podoviridae subfamily. Screening of a random transposon 

mutant library of C. perfringens ATCC 13124 revealed that C. perfringens 

capsular polysaccharides (CPS), synthesized by bifunctional UDP-galactose 

(UDP-Gal)/UDP-N-acetylgalactosamine (UDP-GalNAc) 4-epimerase, 

served as a CPS1 phage receptor. This is the first report to identify the host 

receptor of C. perfringens phage. 
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II.2. Materials and Methods 

 

II.2.1. Bacteria and bacteriophage growth conditions 

     The C. perfringens strains used in this research, ATCC 13124, were 

acquired from Korean Collection for Type Cultures (KCTC). The bacterial 

cells were grown in brain heart infusion (BHI) medium with appropriate 

antibiotic supplements (chloramphenicol 5 μg/ml, erythromycin 10 μg/ml) 

at 30℃ under anaerobic conditions. CPS1 was isolated from Livestock 

Waste Treatment Plants in Namyangju, Korea. Phage isolation method was 

previously described (Seal et al., 2011).  

 

II.2.2. Morphological analysis by TEM 

     Purified CPS1 (  PFU/ml) was placed on carbon-coated 

copper grids and negatively stained with 2% aqueous uranyl acetate (pH 

4.0) for 20 s. The morphology of CPS1 was analyzed by transmission 

electron microscopy (TEM, LEO 912AB transmission electron microscope; 

Carl Zeiss, Wezlar, Germany). TEM images were scanned at the National 

Academy of Agricultural Science (Jeonju, Korea). 
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II.2.3. DNA purification and whole-genome sequencing of 

bacteriophage CPS1 

     To extract genomic DNA from CPS1, host DNA was removed by 

treatment of the virions with DNaseI and RNaseA (1 μg/ml each) at room 

temperature for 30 min. The virions were then lysed by reacting them with a 

mixture (50 μg/mL proteinase K, 20 mM ethylenediaminetetraacetic acid 

(EDTA), 0.5% sodium dodecyl sulfate (SDS)) at 56℃ for 1 h. After lysis, 

the DNA was purified by phenol-chloroform extraction and precipitated by 

ethanol (Kirby, 1956; Zeugin and Hartley, 1985). The purified genomic 

DNA of CPS1 was sequenced using the GS-FLX Titanium sequencer 

(Roche Holding AG, Basel, Switzerland). A total of 1,225 sequencing reads 

obtained were assembled using GS De Novo Assembler version 2.9 (Roche 

Holding AG, Basel, Switzerland) with default parameters. Additional DNA 

sequencing of the phage was performed to identify end regions of the 

genomic DNA sequence using primers in Macrogen Inc. (Seoul, South 

Korea) (Table II-1). The position of open reading frames (ORFs) was 

predicted using bioinformatics tools, including Glimmer 3.02 and Rapid 

Annotation using Subsystem Technology (RAST) software (Altschul, S.F et 

al., 1990; Aziz et al., 2008). The function of each ORF was predicted using 

NCBI BLASTP and InterProScan databases (Altschul, S.F et al., 1990). 
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Based on the information obtained, the name of each ORF was annotated 

manually. The complete genome sequence of CPS1 was deposited in 

GenBank under accession number KY996523. 
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Table II-1. Bacterial strains, plasmids and primers used in this chapter 

 

Strain and plasmid Genotype and main characteristics 

Clostridium perfringens  

FD1 Clostridium perfringens FD1; wild-type strain 

ATCC 13124 Clostridium perfringens ATCC 13124; wild-type strain; host for phage CPS1  

ATCC 13124 CPF_0486::Tn5 ATCC 13124 with transposon insertion in CPF_0486 

ATCC 13124 CPF_0486::Tn5  

+ pJIR750::CPF_0486 

CPF_0486::Tn5 complemented with ATCC 13124 CPF_0486 gene 

Escherichia coli  

E. coli TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 

galK16 rpsL(StrR) endA1 λ- 

E. coli BL21 E. coli BL21, host of inducible recombinant protein expression 
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Plasmid  

pJIR750 E. coli - C. perfringens shuttle vector, Cm R 

pCPF_0486 pJIR750::CPF_0486; CmR 

pET28a_CPF_0486 

pET28a with ATCC 13124 CPF_0486 cloned at BamHI/SalI site, encoding His tag at N-terminal domain; 

Kanr 
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Primer Sequence (5′-3′ ) 

CONSTRUCTION OF 

PLASMID 
 

CPF_0486_F_BamHI GCGGGATCCTATTAAACCCATATAAAATAAGAAAGGATATAAA 

CPF_0486_R_SalI CGCGTCGACCCTCTTATCCCCTTGTAAATCAAAATTTT 

pET28a_CPF_0486_F_BamHI AATTGCGGGATCCATGAATATATTATTAACTGGTGGAATT 

pET28a_CPF_0486_R_EcoRI AATTCGCGAATTCTTATTTAAAGTTTTTCATTCCAACGCA 
  

SEQUENCE 

CONFIRMATION 
 

CPS1_endconfirm_F TACAAGCAACATCACCGTAAAGTGAAACA 

CPS1 endconfirm_R TGCTCAAGTTCATCAATGCTCTTAGCTT 

CPS1_resistant_mutant_F GCCAACGACTACGCACTAGCCAAC 

CPS1_resistant_mutant_R AGATTGTACTGAGAGTGCACCATAT 

CPF_0486_confirm_F TGGCTTATAACTTTGGAGGAAGA 

CPF_0486_confirm_R ACCATCAGCCACCTTTGAAACAT 

pJIR750_seq_F AGCGGATAACAATTTCACACAGGAAACAGCT 

pJIR750_seq_R AGATTGTACTGAGAGTGCACCATAT 
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II.2.4. Phylogenetic analysis 

     To determine the phylogeny of CPS1 or ATCC 13124 CPF_0486 

protein, I plotted phylogenetic trees based on the alignment of the amino 

acid sequences from the DNA polymerase of various bacteriophages or 

NAD+-dependent epimerase of various organisms. The amino acid 

sequences used for phylogenetic trees are available online in the NCBI 

nucleotide databases (http://www.ncbi.nlm.nih.gov/nuccore). The amino 

acid sequences were aligned using the Clustal X2 program (Larkin et al., 

2007). The phylogenetic trees were constructed with MEGA7 by the 

neighbor-joining method and bootstrap analysis (2,000 replicates) with P-

distance values (Kumar et al., 2008). 

 

II.2.5. Molecular genetic method  

   C. perfringens ATCC 13124 CPF_0486::Tn5 was made by EZ-Tn5. 

Before constructing the mutant, I had optimized the electroporation 

conditions by using the E. coli-C. perfringens shuttle vector pJIR750, since 

C. perfringens ATCC 13124 is extremely difficult to modify using 

conventional electroporation conditions (Myers et al., 2006; Jirásková et al., 

2005). At 30℃, pJIR750 was successfully transformed into ATCC 13124. 

pJIR750 was transformed into ATCC 13124 with a short noncoding DNA 

http://www.ncbi.nlm.nih.gov/nuccore
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fragment (sfDNA, 300 bp) to yield 10-fold higher efficiency (Konishi et al., 

2008). A random C. perfringens ATCC 13124 mutant pool was generated 

using the EZ-Tn5 kit as described by the manufacturer (Epicentre® , 

Madison, WI, USA). The EZ-Tn5 transposon is composed of 1 μl 

transposase (EpicentreⓇ) with 1 μl erythromycin transposon (2 μg/μl). 400 

μL of electrocompetent cell was mixed with the EZ-Tn5 transposome plus 

short-fragment DNA (sfDNA, 300 bps) and electroporated using a Bio-Rad 

Gene PulserTM with pulse controller set at 200 Ω, 25 μF, 1.5 kV and 0.2-cm 

cuvette width. The efficiency of Erm-transposon transformation was ~2,500 

transformants/reaction. This mutant pool was mixed with CPS1 phage by 

the high-titer-overlay method (109 PFU/ml) on a BHI agar plate with 

erythromycin. Phage-resistant mutants appeared after 30 h of incubation at 

30℃. When phage-resistant colonies were developed, gDNA was purified 

from the colonies and sequenced using primers by Macrogen Inc (Table 

II-2). The resulting sequence data were compared with the ATCC 13124 

gDNA sequence by BLAST analysis.  

For complementation, the E. coli-C. perfringens shuttle vector 

pJIR750 was used. CPF_0486 was amplified containing the upstream 403 

bp and the downstream 281 bp. pJIR750 was digested with BamH1 and Sal1. 

ATCC 13124 CPF_0486::Tn5 was transformed with pJIR750::CPF_0486. 
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To confirm complementation, the bacteriophage dotting assay was 

performed with CPS1. 

 

II.2.6. ATCC 13124 CPF_0486 expression and purification 

The CPF_0486 gene from the C. perfringens ATCC 13124 genome 

was amplified using primers (Table II-3) containing either a terminal EcoR

Ⅰ or BamH1 site to introduce appropriate restriction enzyme sites for 

subcloning into pET28a. The PCR product was purified, digested with EcoR

Ⅰ and BamH1, purified using the Wizard DNA purification kit (Promega), 

and introduced into similarly digested, purified pET28a via conventional 

means. The constructed vector was transformed into E. coli BL21 (DE3).    

The CPF_0486 gene containing a His6-tag in the N-terminal region 

of the protein was expressed in Escherichia coli strain BL21 (DE3) and 

purified by Ni-agarose affinity chromatography. To express the protein, the 

precultured transformants were inoculated in LB broth containing 50 μg/ml 

kanamycin to an OD600 of 0.7 and induced with 0.5 mM isopropyl-β-D-

thiogalactopyranoside (IPTG). Then, the induced culture was incubated for 

12 h at 30℃, 200 rpm. The E. coli cells were harvested by centrifugation 

(10,000  min at 4℃), and the cell pellet was resuspended in 

lysis buffer (100 mM NaCl, 50 mM Tris-Cl) and disrupted by sonication 
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(Branson Ultrasonics). After centrifugation at 16,000  for 40 min, the 

supernatant was purified using a Ni-nitrilotriacetic acid (NTA) Superflow 

column (Qiagen) according to the manufacturer’s instructions. The identity 

and purity of the protein were assessed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). The purified CPF_0486 

protein was stored at 80°C after the buffer was replaced with storage buffer 

(4 mM NAD+, 50% glycerol) using PD Miditrap G-25 (GE Healthcare). To 

remove the His6 tag from CPF_0486 protein, I used the thrombin kit 

(Novagen). The enzyme assays were performed after removal of the His6-

tag with thrombin. 

 

II.2.7. ATCC 13124 CPF_0486 protein characterization 

The UDP-galactose 4-epimerase activity was measured with the 

colorimetric epimerase assay (Fry et al., 2000). The reaction was conducted 

at 37℃ for 10 min in a total volume of 0.5 ml (pH 9.0), which contained 10 

mM glycine, 1 mM MgCl2, 0.2 mM UDP-Gal and 10 μg of CPF_0486 

protein (Fry et al., 2000; Wang et al., 2006). After 10 min, the reaction was 

halted by adding 1 μl of 10 M HCl and boiling for 5 min. To neutralize the 

mixture, 1.25 μl of 10 M NaOH was added. The glucose product was 

assayed by adding 2 ml of 0.1 M phosphate buffer (pH 7.0) containing 200 
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μg of glucose oxidase, 10 μg of peroxidase, and 600 μg of o-dianisidine. 

After 30 min, the reaction was stopped by adding 2.0 ml of 100% H2SO4, 

and the color was measured at 540 nm.  

  The UDP-N-acetylgalactosamine 4-epimerase activity assay has been 

previously described (Wang et al., 2006). The enzyme assay was performed 

identically to the assay for UDP-GalNAc with the following assay 

components per 0.5 ml: 10 mM glycine, 1 mM MgCl2, 0.2 mM UDP-

GalNAc and 10 μg of CPF_0486 protein. The reaction was performed at 

37℃ for 10 min and stopped by addition of 1 μl of 10 M HCl and boiling 

for 30 min. After neutralization with 1.25 μl of 10 M NaOH, 50 μl of freshly 

prepared 1.5% (v/v) acetic anhydride in acetone was added. After 5 min at 

room temperature, 150 μl of a 0.7 M potassium tetraborate solution was 

added, and the mixture was immediately boiled for 3 min. After cooling, 

300 μl of DMAB reagent was added without shaking, followed by the 

addition of 2.7 ml of glacial acetic acid (Reissig, J.L et al., 1955). After 

incubation at 37℃ for 30 min, the color was measured at 585 nm. 

 

II.2.8. In vitro bacteriophage adsorption assays 

Bacterial cells (50 ml; OD600 = 1.0) were prepared at an OD600 of 0.1 

(approximately 107 CFU/ml), and the sample was aliquoted into 15-ml 
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Falcon tubes (10 ml suspension per tube). The cells were supplemented with 

25 μg/ml of chloramphenicol to prevent cell growth and phage 

multiplication (Baptista, Santos, and Sa, 2008). Then, 100 μl of 107 PFU/ml 

CPS1 was added to each tube and incubated at 30°C. Samples were 

collected at 5-min intervals, and the cells were immediately removed by 

centrifugation (16,000 ; 1 min; 4°C) and filtration (0.22-μm-pore-size 

filter). The amount of unbound free phage particles was determined by the 

phage dotting assay. 

For the periodate and proteinase K treatment adsorption assay, I 

followed a previously described method (Baptista, Santos, and Sa, 2008; 

Sørensen et al., 2011). Briefly, exponentially growing C. perfringens ATCC 

13124 cells were treated with proteinase K (0.2 mg/ml; Qiagen) at 30°C for 

2 h. For the periodate treatment group, the cells were centrifuged, and the 

pellet was suspended in sodium acetate (50 mM; pH 5.2) or sodium acetate 

containing either 10 or 100 mM periodate (Sigma) before incubation for 2 h 

in the dark. Following incubation, the samples were washed twice with fresh 

BHI broth. Adsorption assays were conducted for the various treated cells as 

described in the results section.  
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II.2.9. Capsule staining 

Capsules were negatively stained using Anthony’s capsule stain 

(Brimacombe et al., 2013). Briefly, 1 ml of stationary-phase C. perfringens 

culture was harvested by centrifugation and resuspended in 1 ml of 

carnation skim milk (skim milk powder resuspended in D.W. at 1% w/v). A 

loop of each resuspended culture was spread onto a clean microscope slide 

and allowed to dry in the air. Smears were then stained with 1% crystal 

violet for 5 min and washed gently and thoroughly with 20% copper sulfate. 

Then, the slides were allowed to dry in the air and subsequently examined 

using oil-immersion phase contrast microscopy at 100x magnification. 

 

II.2.10. Quantification of capsular polysaccharides 

C. perfringens ATCC 13124 harboring pJIR750, C. perfringens ATCC 

13124 CPF_0486::Tn5 harboring pJIR750 and C. perfringens ATCC 13124 

CPF_0486::Tn5 harboring pCPF_0486 were treated with proper antibiotics. 

Capsular polysaccharides were quantified according to a previously 

described method (Yang Y-B et al., 2016). Briefly, bacterial cells were 

grown to stationary phase in BHI broth with antibiotics. Each normalized 

culture was harvested by centrifugation (10,000 ; 10 min; 4°C) and 

washed with PBS. The pellets (0.7 g) were suspended in 10 ml of sodium 
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phosphate buffer (50 mM, pH 7.0) containing 70 mg lysozyme (Sigma). 

After incubation at 37℃ for 24 h, the supernatant was recovered following 

centrifugation. The supernatant was treated with 10 mg of DNase Ⅰ 

(Roche) and 5 mg of RNase A (Roche) at 37℃ for 1 h. Proteinase K (10 

mg) was added for 2 h at 55℃. The supernatant was adjusted to a 

concentration of 30% (v/v) cooled ethanol and allowed to stand at 4℃ for 2 

h. The precipitate formed was removed by centrifugation, and the 

supernatant was adjusted to a concentration of 80% cooled ethanol and 

precipitated. The precipitate was recovered by centrifugation and dried 

completely. The pellet was resuspended in 3 ml of D.W. I used a modified 

phenol-sulfuric acid method. Phenol-sulfuric acid colorimetric carbohydrate 

quantification was conducted in the following manner: 600 μl of the sample 

and 300 μl of 5% phenol were mixed together in a glass test tube; 1.5 ml of 

93% sulfuric acid was added, and the tube was agitated to ensure mixing 

and then allowed to develop color for 10 min. Eventually, the intensity of 

color was measured at 490 nm in a spectrophotometer. The standard curve 

of the trisaccharide mixture (rhamnose, galactose, and N-

acetylgalactosamine; molecular ratio, 1:1:1) was generated as above 

described, and concentration of the extracted CPS were interpolated. 
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II.2.11. Inhibition of phage infection by CPS or 

monosaccharide 

Inactivation of CPS1 was examined as previously described with 

modifications (Heller and Braun, 1979). Briefly, dilutions of phage CPS1 

(105 PFU/ml) were mixed with equal volumes of CPS extracted from each 

strain (100 μg/ml) or monosaccharides (400 mM or 40 mM) and incubated 

at 25℃ for 1 h. The mixtures were diluted 10-fold with SM buffer, and the 

number of remaining active phages was counted using the double-agar layer 

overlay assay. The number of phages from a parallel assay conducted with 

10% SM buffer was used as a negative control. 

 

II.2.12. Statistical analysis 

Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, Inc., La Jolla USA, Version 5.01). Statistically significant 

differences were calculated by one-way ANOVA with Tukey’s multiple 

comparison test are indicated. P values < 0.05 were considered significant.  
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II.3. Results 

 

II.3.1. C. perfringens bacteriophage CPS1 is a member of the 

Picovirinae 

C. perfringens bacteriophage CPS1 was isolated from animal feces 

samples collected in Namyangju, Korea, and C. perfringens ATCC 13124 

was used as a host. Phage CPS1 forms clear plaques on several strains of 

tested C. perfringens (Table II-2). Transmission electron microscopy (TEM) 

images of CPS1 displayed a small icosahedral capsid of approximately 40 

nm in diameter and a short noncontractile tail (Figure II-1A). 

The CPS1 genome was sequenced using the GS-FLX next-generation 

sequencing platform (Roche) with 73.64x coverage. The genome consisted 

of a linear dsDNA of 19,089 base-pairs with 25 open reading frames (ORFs) 

(Figure II-2B). No genes homologous to known genes associated with 

lysogeny were identified. The 166-bp inverted terminal repeat (ITR) regions 

at both ends were identified as in other Picovirinae phages (Figure II-3C) 

(Volozhantsev et al., 2012). 
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Table II-2. Host range of phage CPS1 

 

Bacterial strain CPS1 plaque formationª 

 Clostridium strains   

    Clostridium perfringens H3 I 

    Clostridium perfringens H9 - 

    Clostridium perfringens FD-1 - 

    Clostridium perfringens ATCC 3624 I 

    Clostridium perfringens ATCC 13124 + 

    Clostridium perfringens FORC25 - 

    Clostridium histolyticum ATCC 19401 - 

    Clostridium indolis ATCC 25771 - 

  

 Other Gram positive bacteria  

    Listeria monocytogenes EGD-e - 

    Bacillus cereus ATCC 13061 - 

    Bacillus cereus ATCC 10987 - 

    Bacillus subtilis ATCC 23857 - 

    Staphylococcus aureus RN4220 - 

    Staphylococcus aureus Newman - 
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Figure II-4. Morphology and genome map of CPS1. 

(A) TEM image of C. perfringens phage CPS1. The scale bar indicates 100 nm. (B) Genome map of CPS1. Red: structure and 

packaging, blue: DNA manipulation, green: host lysis, black: hypothetical protein. Twenty-five putative ORFs were predicted in the 

CPS1 genome. (C) Inverted repeat terminal sequences of CPS1. 
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BLASTP analysis of the CPS1 genome revealed that ORF_6 encoded 

a putative type-B DNA polymerase, which requires terminal proteins to 

prime DNA replication (Volozhantsev et al., 2012). I aligned the sequences 

of Picovirinae phage type-B DNA polymerase and compared the 

phylogenetic relationship of the family (Volozhantsev et al., 2012). The 

results classified CPS1 as a member of Picovirinae (Figure II-2). 
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Figure II-2. Phylogenetic tree of Picovirinae phages  

Phylogenetic tree showing the relationship between CPS1 and other 

Picovirinae phages based on type-B DNA polymerase comparisons. 
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II.3.2. CPS1 binds to C. perfringens cell surface 

polysaccharides 

The phage adsorption assay revealed that approximately 95% of CPS1 

was bound to C. perfringens after 40 min of incubation (Figure II-3A). To 

clarify whether a receptor for CPS1 is a cell surface protein or 

polysaccharide, a CPS1 adsorption assay was performed after periodate or 

proteinase K treatment of C. perfringens cells (Kim et al., 2014b; Kong and 

Ryu, 2015). As periodate degrades saccharide rings with vicinal diols 

(Sørensen et al., 2011), treatment of periodate can disrupt cell surface 

polysaccharides, whereas proteinase K can digest cell surface proteins. The 

assay indicated that the treatment of periodate reduced CPS1 adsorption by 

C. perfringens, but proteinase K did not affect the binding of CPS1 to the 

cell surface (Figure II-3B). These results suggest that cell surface 

polysaccharides play a crucial role in CPS1 infection.  
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Figure II-3. CPS1 binds to polysaccharides on the cell surface. (A) CPS1 adsorption assay with ATCC 13124. CPS1 was 

infected at 30℃. It was found that 95% of CPS1 adsorbed in 40 min. (B) CPS1 adsorption assay with various treatment. 1: BHI (No 

cells), 2: untreated cells, 3: acetate treatment, 4: 10 mM periodate treatment, 5: 100 mM periodate treatment, 6: proteinase K 

treatment.  
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II.3.3. Screening of a random mutant library of C. perfringens 

for CPS1 resistance 

I attempted to identify a CPS1 receptor gene using an EZ-Tn5 random 

transposon mutagenesis library of C. perfringens ATCC 13124 (Vidal et al., 

2009). Unfortunately, electroporation was extremely difficult due to the 

presence of the restriction modification system in C. perfringens ATCC 

13124 (Myers et al., 2006). Thus, short-fragment DNA (sfDNA) was tested 

as a competitor of nuclease during transposon electroporation (Konishi et al., 

2008). The efficiency of the electroporation method with sfDNA is known 

to be dose and length-dependent (Konishi et al., 2008). sfDNA molecules of 

different lengths (50, 300, 600, or 1000 bps) were tested, and the 300-bps 

sfDNA provided the best results for increasing the transformation efficiency 

(Figure II-4). The Tn5 random mutant library containing 2,500 mutants was 

infected with CPS1 phage, and the CPS1-resistant mutants were isolated. 

Seven colonies were obtained from the library, and the Tn5 insertion sites 

were sequenced, revealing that CPF_0486, CPF_0596, and rRNA genes 

were disrupted by Tn5 insertion. I chose a CPF_0486::Tn5 mutant for 

further study considering that the periodate treatment decreased CPS1 

adsorption to C. perfringens, as described above. The CPF_0486 gene is in 

the polysaccharides biosynthesis clusters (Figure II-5A) (Mäkelä, P.H. and 
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Stocker, 1969). The sensitivity of a CPF_0486::Tn5 mutant against CPS1 

was restored by complementation (Figure II-5B). Comparison of phage 

adsorption between the wild type and the CPF_0486::Tn5 mutant showed 

that CPS1 did not bind to the CPF_0486::Tn5 mutant (Figure II-5C).  
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Figure II-4. Optimization of C. perfringens ATCC 13124 electroporation conditions; 50 bp, 300 bp, 600 bp, and 1000 bp of 

sfDNA were tested at 30℃. (A) 1 μg of pJIR750 was transformed by electroporation with 15 pmol sfDNA at different lengths (n=3). 

(B) 1 μg of pJIR750 was transformed by electroporation with 1.5 μg of sfDNA at different lengths.  
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Figure II-5. The CPF_0486 gene was involved in CPS1 resistance. 

(A) Gene order surrounding the CPF_0486 gene in C. perfringens ATCC 13124. The inverted triangle is the EZ-Tn5 

transposon insert site. (B) Bacteriophage serial diluted dotting assay with ATCC 13124 plus pJIR750, ATCC 13124 CPF_0486::Tn5 

plus pJIR750, complementary strain. (C) CPS1 was not able to attach to the CPF_0486::Tn5 mutant. All adsorption assays were 

performed at 30℃ for 40 min. The means and standard deviations from three independent experiments are indicated by error bars. 
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II.3.4. CPF_0486 has UDP-glucose 4-epimerase (GalE) and 

UDP-N-acetylglucosamine 4-epimerase (Gne) activities  

CPF_0486 was annotated as galE, the gene encoding UDP-glucose 

(UDP-Glc) 4-epimerase or UDP-Gal 4-epimerase (Myers et al., 2006). In 

previous studies, galE and gne were found to encode highly homologous 

proteins in Vibrio vulnificus and Bacillus subtilis (Figure II-6A) (Valiente et 

al., 2008; Soldo et al., 2003). These reports led us to investigate the 

characteristics of the CPF_0486 product to verify whether it exhibits UDP-

GalNAc 4-epimerase activity (Serotype et al., 2007).  

First, I tried to confirm GalE activity in the CPF_0486 gene product. 

A glucose oxidation (GO) assay was conducted to examine the potential 

GalE activity of the CPF_0486 product (Fry et al., 2000). The protein 

catalyzed the conversion of UDP-Gal into UDP-Glc (Figure II-6B). Next, I 

evaluated the Gne activity of the product. The Morgan-Elson reaction assay 

was used to investigate the UDP-GalNAc 4-epimerase activity (Canals et al., 

2006). The CPF_0486 product epimerized UDP-GalNAc to UDP-GlcNAc 

(Figure II-6C). These findings indicate that CPF_0486 of C. perfringens 

ATCC 13124 may function as both a UDP-Gal 4-epimerase and a UDP-

GalNAc 4-epimerase.  
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Figure II-6. CPF_0486 function was characterized using a colorimetric assay. 

(A) Phylogenetic tree showing the amino acid sequence relatedness of C. perfringens CPF_0486 with UDP-glucose 4-

epimerase and UDP-N-acetylglucosamine 4-epimerase of other species using the MEGA7 software. (B) Glucose (GO) assay. UDP-

Glc, UDP-glucose (2 mM); UDP-Gal, UDP-galactose (2 mM); CPF_0486 +UDP-Gal, CPF_0486 with UDP-galactose (2 mM). (C) 

Morgan-Elson reaction assay. UDP-GlcNAc, UDP-N-acetylglucosamine (0.2 mM); UDP-GalNAc, UDP-N-acetylgalactosamine (0.2 

mM); CPF_0486+UDP-GalNAc, CPE_0486 with UDP-N-acetylgalactosamine (0.2 mM). Representative colorimetric result from 

two independent experiments was presented.  
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II.3.5. Capsular polysaccharides are a receptor for C. 

perfringens phage 

Gne has been reported to be associated with lipopolysaccharide 

biosynthesis in Vibrio vulnificus (Valiente et al., 2008). In another study, Gal, 

Glc, GalNAc, and GlcNAc were shown to be the components of 

Streptococcus suis capsular polysaccharides (Elliott, S.D. and J. Y. Tai,  

1978). Additionally, according to the annotation of ATCC 13124, CPF_0486 

clustered with several genes predicted to be involved in putative capsular 

polysaccharides (CPS) synthesis (Myers et al., 2006). These reports suggest 

that the gene would be involved in the synthesis of CPS, indicating that the 

CPF_0486::Tn5 mutant might have an impaired ability to produce capsule. 

Anthony’s capsule staining method was adopted to visualize CPS of wild 

type and the CPF_0486::Tn5 mutant (Anthony, E.E., 1931). I found that 

wild type strain exhibited a halo around the cells, indicative of the presence 

of a capsule. The halo was greatly reduced in the CPF_0486::Tn5 mutant, 

indicating reduced capsule production. Capsule synthesis was recovered by 

complementation of the CPF_0486::Tn5 mutant (Figure II-7A). 

I quantified the CPS for each strain. The CPS were extracted and 

quantified from stationary-phase cultures of each strain. The 

CPF_0486::Tn5 mutant strain produced approximately half the amount of 
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CPS compared with the wild type strain, and CP production was restored in 

the complemented strain (Figure II-7B). These results indicate that 

CPF_0486 is associated with CP synthesis in C. perfringens. In addition, the 

specificity of CPS1 binding to CPS was examined by comparing the ability 

of the CPS extracted from different strains of C. perfringens to inhibit CPS1 

infection of C. perfringens ATCC 13124. The efficiency of plating (E.O.P.) 

of CPS1 on C. perfringens ATCC 13124 was reduced when CPS extracted 

from C. perfringens ATCC13124 were mixed with the bacteria (Figure 

II-7C). However, CPS extracted from C. perfringens FD1, which is not a 

CPS1 host, were unable to interfere with CPS1 infection (Figure II-7C). 

These results indicate that CPS are a receptor of CPS1. 

The repeating structure of trisaccharide (rhamnose, Gal, and GalNAc) 

units in C. perfringens ATCC 13124 capsular polysaccharides (CPS) was 

recently reported (Vinogradov, Aubry, and Logan, 2017). Based on the idea 

that CPS are the key components of the CPS1 receptor, I tested the effect of 

monosaccharides comprising CPS on CPS1 infection. The E.O.P. of CPS1 

pre-incubated with monosaccharides, such as Glc, Gal, glucosamine, 

galactosamine, GlcNAc, GalNAc and rhamnose, was measured. While 

GalNAc, GlcNAc, Glc, Gal and rhamnose did not exhibit any effect on 

E.O.P., glucosamine and galactosamine inhibited CPS1 infection (Figure 

II-8). These results also support the conclusion that CPS are the phage 
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receptor for C. perfringens. 
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Figure II-7. Capsular polysaccharides are receptors of CPS1.  

 (A) Capsule staining of wild type, CPF_0486::Tn5 mutant and complementary strain. (B) Quantification of CPS. (C) 

Measuring E.O.P of CPS1 which was preincubated with CPS. Top: CPS of C. perfringens ATCC 13124; bottom: CPS of C. 

perfringens FD1. The means with standard deviations (A, B, C) of triplicate experiments are shown. *P < 0.05, **P < 0.01, ***P < 

0.0001. 
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Figure II-8. CPS1 adsorption was inhibited by glucosamine and galactosamine. 

Measurement of the E.O.P. of CPS1, which was preincubated with the indicated monosaccharides. The results are expressed 

as the means and standard deviations of triplicate assays.   
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II.4. Discussion 

 

Using C. perfringens ATCC 13124 as the host bacterium, I isolated C. 

perfringens-specific bacteriophage CPS1. Morphological analysis by TEM 

revealed that CPS1 has an icosahedral head and a short noncontractile tail. 

Structurally, CPS1 can be considered a member of the order Caudovirales in 

the family Podoviridae (Volozhantsev et al., 2012). The CPS1 genome 

consists of a linear dsDNA strand of 19,089 base-pairs. The ITRs of the 

CPS1 genome are 166 nucleotide pairs in length, which is much longer than 

the ITRs of other C. perfringens phages belonging to the subfamily 

Picovirinae (Volozhantsev et al., 2012). Additionally, CPS1 contains type-B 

DNA polymerase requiring a terminal protein to prime DNA synthesis. 

Phylogenetic analysis of the polymerase amino acid sequences showed that 

the polymerase of CPS1 is closely related to other C. perfringens 

Picovirinae phages. These genomic properties suggest that CPS1 is a 

member of the Picovirinae subfamily. 

Phages encounter the bacterial cell surface randomly by Brownian 

motion, dispersion, diffusion or flow (Silva, Storms, and Sauvageau, 2016). 

Phages bind to bacterial receptors during such processes. After attachment 

to a receptor, phage molecules undergo conformational changes to insert 
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their genomic DNA into the host cytoplasm. According to previous studies, 

most Gram-positive bacteria-targeting phages bind to WTA or LTA on the 

cell surface (Silva, Storms, and Sauvageau, 2016). Even though CPS are 

found in both Gram-positive and Gram-negative bacteria, CPS have been 

reported as a phage receptor only in Gram-negative bacteria (Labrie, 

Samson, and Moineau, 2010; Silva, Storms, and Sauvageau, 2016). 

However, I found that C. perfringens phage CPS1 used CPS as a receptor in 

this study, which is, to my knowledge, the first report of a phage infecting 

Gram-positive bacteria (Silva, Storms, and Sauvageau, 2016).  

The EZ-Tn5 random mutagenesis system was used to identify a 

receptor of C. perfringens phage. Unlike C. perfringens strains 13 and 

SM101, ATCC 13124 is known for its associated difficulty in genetic 

transformation by electroporation (Myers et al., 2006). Although I improved 

the electroporation efficiency of ATCC 13124 using sfDNA, mutant 

generation using the EZ-Tn5 transposon was still low in ATCC13124, but 

phage-resistant mutants were isolated. Among the screened EZ-Tn5 C. 

perfringens phage-resistant mutants, 5 out of 7 mutants carried a transposon 

inserted in the rRNA genes. In a previous study, the EZ-Tn5 transposon has 

been reported to exhibit higher insertion rates in C. perfringens rRNA genes 

than expected (Vidal et al., 2009). In other mutants, transposons were 

inserted in CPF_0596 or CPF_0486, which were annotated as group 2 
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family of glycosyl transferase or galE, respectively. However, unlike 

CPF_0486, the function of the protein encoded by CPF_0596 was not 

characterized; hence, I selected the CPF_0486 gene for this study.  

In previous studies, enzymatic activities of the protein encoded by gne 

have been assessed in Vibrio vulnificus, Campylobacter jejuni, Aeromonas 

hydrophila, and Bacillus subtilis. The product of gne exhibited activities of 

both UDP-Glc 4-epimerase and UDP-GlcNAc 4-epimerase in that species, 

whereas the galE-encoded protein had UDP-Glc 4-epimerase activity only 

(Valiente et al., 2008; Soldo et al., 2003). Although C. perfringens ATCC 

13124 does not carry any gene annotated as gne, two ORFs, CPF_0282 and 

CPF_0486, were annotated as galE (Myers et al., 2006). In this study I 

showed that CPF_0486 was responsible for the conversion of UDP-Gal to 

UDP-Glc as well as UDP-GalNAc to UDP-GlcNAc, suggesting that the 

CPF_0486 gene annotated as galE may actually be gne. I supposed that 

CPF_0486 can also catalyze the reverse reaction because typical nucleotide 

sugar epimerases are known to catalyze reversible reactions (Soldo et al., 

2003; Valiente et al., 2008). Moreover, I hypothesized that the CPF_0486 

gene would be involved in the biosynthesis of CPS based on genetic 

analysis. According to the genome report of C. perfringens ATCC 13124, 

genes associated with the L-rhamnose pathway cluster were predicted to be 

located upstream of CPF_0486 (Myers et al., 2006). CPS in C. perfringens 
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ATCC 13124 are composed of repeating units of trisaccharide (rhamnose, 

Gal and GalNAc) (Vinogradov, Aubry, and Logan, 2017). The 

CPF_0486::Tn5 mutant constructed in this research was expected to have 

no CPS because it lacks GalNAc due to CPF_0486 deletion. In contrast to 

my expectations, the mutant could still produce a reduced amount of CPS 

(Figure II-7A and B). Bioinformatic analysis of C. perfringens ATCC 13124 

genome revealed that the CFP_0282 gene, also annotated as galE, may have 

similar function as the CFP_0486 gene. Since UDP-Glc and UDP-GlcNAc 

are common precursors of CPS in the bacterial cell, CPF_0282 may have 

contributed to the production of CPS in the CPF_0486 mutant. A follow-up 

study is required to verify this assumption. 

I expected that GalNAc would inhibit CPS1 infection because CPS of 

wild type competitively inhibited CPS1 infection (Figure II-7C). However, 

infection of CPS1 was inhibited by glucosamine and galactosamine rather 

than GalNAc (Figure II-8). Similar phenomena have been previously 

reported (Keogh and Pettingill, 1983; Wendlinger, Loessner, and Scherer, 

1996). In those cases, glucosamine residues were fully N-acetylated in 

Listeria monocytogenes teichoic acids. L. monocytogenes phage A118 could 

not infect cells with a GlcNAc component of teichoic acid that was blocked 

by lectin, but unlike glucosamine, pure GlcNAc did not interfere with A118 

infection (Wendlinger, Loessner, and Scherer, 1996). The authors explained 
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that the failure of GlcNAc to inhibit phage infection may be due to the 

unsuitable molecular conformation or charge under the experimental 

condition (Wendlinger, Loessner, and Scherer, 1996). In contrast to my 

initial expectations, pure GalNAc could not inhibit phage infection, while 

CPS of wild type could. As phage infection was also inhibited by pure 

glucosamine and galactosamine, it could be assumed that GalNAc 

incorporated in CPS would share structural similarity with these pure 

monosaccharides.  

Host range of CPS1 phage was narrow based on the analysis with 

limited number of C. perfringens strains (Table II-2), however, a larger 

number of strains that include strains closely related with C. perfringens 

ATCC 13124 would be necessary because C. perfringens represents quite a 

diverse group of strains for which only 12.6% of their genome represents 

core genes shared between strains (Kiu, et al., 2017). 

C. perfringens is known to have various CP structures. C. perfringens 

Hobbs 10 has a capsule containing iduronic acid, and C. perfringens strain 

13 is predicted to have a capsule containing mannose (Myers et al., 2006; 

Sheng and Cherniak, 1997). Additionally, the host of the CPS1 phage, C. 

perfringens ATCC 13124, has a rhamnose-containing capsule. It can be also 

supported that such diversity of capsule structures has resulted in the narrow 

host range of CPS1 phage (Table II-2). 
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The narrow host range of CPS1 and the rapid emergence of CPS1-

resistance in C. perfringens are two major limitations in practical 

application of phage CPS1. Further studies on the preparation of the 

appropriate phage cocktails with different phages or on modification of the 

CPS1 tail to broaden its host range are required to address these issues. 

In summary, for the first time, I isolated C. perfringens virulent phage 

CPS1 and constructed the EZ-Tn5 random transposon mutant library of C. 

perfringens to identify the phage receptor. In this study, I revealed that CPS 

served as a receptor for the virulent phage that infects C. perfringens. 

Random mutant library construction using sfDNA in C. perfringens, as 

established in this study, can be used to identify a receptor of other C. 

perfringens phages. 
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III. Characterization of endolysins     

from C. perfringens bacteriophages 
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III.1. Introduction 

 

Clostridium perfringens is a Gram-positive anaerobic bacterium that 

has the ability to form spores (Canard, Saint‐Joanis, and Cole, 1992). C. 

perfringens is responsible for a wide range of diseases: including gas 

gangrene (clostridial myonecrosis), necrotic enteritis, and non-foodborne 

gastrointestinal infections (Myers et al., 2006). Approximately 5% of all C. 

perfringens strains produce C. perfringens enterotoxin (CPE), which causes 

diarrhea and abdominal cramping symptoms. Most CPE-positive stains are 

classified as type A, and food poisoning by cpe-producing C. perfringens 

type A is the second most common foodborne illness in developed countries 

(Freedman, Shrestha, and McClane, 2016). In addition, C. perfringens has 

become a significant problem in the poultry industry because it is a 

causative agent of necrotic enteritis, characterized by outbreaks with high 

mortality and small intestinal mucosal necrosis (Timbermont et al., 2011). 

Increased mortality, economic loss, and contamination of poultry products 

for human consumption are important concerns regarding C. perfringens in 

the poultry industry.  

Furthermore, the increasing incidence of antibiotic resistance of 

bacterial pathogens and the lack of novel antibiotics have become serious 
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worldwide problems. Bacteriophages (phages) and gene products such as 

endolysins have been attracting considerable attention as alternatives to 

antibiotics. Endolysins are phage-encoded peptidoglycan hydrolases that 

break down the bacterial peptidoglycan at the end of their reproduction 

cycles to release the viral progeny (Schmelcher, Donovan, and Loessner, 

2012). The purified endolysin protein has potent hydrolytic activity against 

Gram-positive bacteria when applied exogenously. In addition, endolysins 

have significant advantages over classic antibiotics, such as narrow host 

specificity, high sensitivity, and low probability for development of resistant 

bacteria (Borysowski, Weber-Da̧browska, and Górski, 2006).  

To date, there have been few reports on C. perfringens phage 

endolysins. Most studies have attempted to isolate endolysin from the 

prophage because of the relative difficulties in isolating the phage from 

anaerobic C. perfringens. N-acetylmuramidases of C. perfringens phage 

phiSM101 and N-acetylmuramoyl-l-alanine amidase of φ3626 phage were 

isolated from lysogenic C. perfringens strains and characterized (Nariya et 

al., 2011; Zimmer et al., 2002). CP25L endolysin was examined for the 

activity to kill C. perfringens, and endolysin delivery by Lactobacillus 

johnsonII was reported (Gervasi et al., 2014). Two endolysins from the 

clostridial phages ΦCP39O and ΦCP26F have been reported to have lytic 

activity against C. perfringens stains (Seal, 2013). However, detailed 
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information about these endolysins have not been reported. 

Here I identified and characterized endolysin LysCPS1 from C. 

perfringens virulent bacteriophage CPS1. I isolated novel virulent C. 

perfringens phage CPS2 from chicken feces, and its predicted endolysin 

LysCPS2 was identified in the genome of bacteriophage CPS2. The gene 

was cloned and expressed in Escherichia coli, and the purified endolysins 

were biochemically characterized for its potential as an antimicrobial and a 

detection agent.  
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III.2. Materials and Methods 

 

III.2.1. Bacterial strains and growth conditions 

C. perfringens ATCC 13124 was used as a host strain for isolation and 

propagation of the bacteriophage CPS1 and CPS2. E. coli BL21 was grown 

in Luria-Bertani (LB) broth (Difco, Detroit, MI) at 37°C and used as the 

host for expression of the recombinant LysCPS1 and LysCPS2. Bacterial 

strains that were used for antimicrobial spectrum determination are listed in 

Table III-1, along with the results. All of the bacterial strains were routinely 

grown at 37℃ in Brain Heart Infusion (BHI) broth medium (Difco) under 

anaerobic conditions.  

 

III.2.2. Isolation and propagation of bacteriophage CPS2 

To isolate a bacteriophage, I applied the same method as described in 

the previous study (Seal et al., 2011). Isolated phages were amplified by 

serial propagation and concentrated by polyethylene glycol precipitation and 

subsequent CsCl density gradient ultracentrifugation (78,500 × g at 4°C for 

2 h). The concentrated phages were dialyzed using 2 L of standard dialysis 

buffer (10 mM NaCl, 10 mM MgSO4, and 50 mM Tris-HCl; pH 8.0) for 2 h. 

The phage stock obtained was stored in glass vials at 4°C. 
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III.2.3. Transmission electron microscopy (TEM) analysis 

Purified CPS2 (1 X 109 PFU/ml) was placed on carbon-coated 

copper grids and negatively stained with 2% aqueous uranyl acetate (pH 

4.0) for 20 s. The morphology of CPS2 was analyzed by TEM (LEO 912AB 

transmission electron microscope; Carl Zeiss, Wezlar, Germany). Images 

were scanned at the National Academy of Agricultural Science (Jeonju, 

South Korea). 

 

III.2.4. DNA purification and whole genome sequencing of 

bacteriophage CPS2 

To extract genomic DNA from CPS2, host DNA was removed by 

treatment of the virions with DNaseI and RNaseA (1 μg/mL each) at room 

temperature for 30 min. The virions were then lysed by reacting with 

proteinase K mixture [50 μg/mL proteinase K, 20 mM 

ethylenediaminetetraacetic acid (EDTA), 0.5% sodium dodecyl sulfate 

(SDS)] at 56℃ for 1 h. After lysis, the DNA was purified by the phenol-

chloroform extraction (Kirby, 1956) and concentrated by ethanol 

precipitation (Zeugin, 1985). The purified genomic DNA of CPS2 was 

sequenced using the GS-FLX Titanium sequencer (Roche Holding AG, 
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Basel, Switzerland). Total 23,050 sequencing reads obtained were 

assembled using the GS De Novo Assembler version 2.9 (Roche Holding 

AG, Basel, Switzerland) with default parameters. The phage DNA with 10 

pmol of primers CPS2endF or CPS2endR sent for sequencing at Macrogen 

for phage end DNA sequencing. The position of open reading frames 

(ORFs) was predicted by bioinformatics tools, including Glimmer 3.02 

(Altschul, S.F. et al., 1990) and Rapid Annotation using Subsystem 

Technology (RAST) software (Aziz et al., 2008). The function of each ORF 

was predicted using NCBI BLASTP and InterProScan (Altschul, S.F. et al., 

1990) databases. Based on the information, each ORF’s name was annotated 

manually. The gene encoding endolysin was identified, and its domain 

structure was investigated using InterProScan databases. The complete 

genome sequence of CPS2 phage was deposited in GenBank under 

accession number MH248069. 
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III.2.5. Cloning, expression, and purification of endolysins 

The endolysin gene (lysCPS1) was amplified from the genomic DNA 

of the bacteriophage CPS1 by polymerase chain reaction (PCR) using 

primers lysCPS1F (5’-GCG TCT AGA AAT AAT TTT GTT TAA CTT TAA 

GAA GGA GAT ATA CCA TGA AAA TAG GTA TTA GAA-3’) and 

lysCPS1R (5’-CGC GTC GAC ATT ACA CCC CTC CA-3’). The PCR 

product was cloned into pET28a (Novagen), which has an C-terminal 

hexahistidine (His)-tag sequence. Plasmid with a correct insert was 

transformed into competent E. coli BL21 (DE3). 

The endolysin gene (lysCPS2) was amplified from the genomic DNA 

of the bacteriophage CPS2 by PCR using primers lysCPS2F (5’-GCG GGA 

TCC ATG AAA ATA ATA CAA TCA AAT ATC CAT TTT-3’) and 

lysCPS2R (5’-CGC AAG CTT TTA GTC TTT TTT AAT ATA TTT TGC 

GGA-3’). The PCR product was cloned into pET28a (Novagen), which has 

an N-terminal hexahistidine (His)-tag sequence. Two plasmids with a 

correct insert was transformed into competent E. coli BL21 (DE3). 

Expression of the recombinant LysCPS1 and LysCPS2 was induced with 0.5 

mM isopropyl-b-D-thiogalactopyranoside with adjusted OD600 to 0.6-0.8, 

followed by incubation for an additional 15 h at 30°C. Bacterial cells were 
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suspended in lysis buffer (50 mM Tris-HCl and 100 mM sodium chloride; 

pH 7.5) and disrupted by sonication (Branson Ultrasonics). After 

centrifugation at 15,000 × g for 40 min, the supernatant was collected, 

mixed with 500 μl of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) 

and incubated at 4℃ for 1 h with gentle shaking. The flow-through was 

discarded and the resin was serially washed with 10 ml of 10 mM imidazole 

and 5 ml of 20 mM imidazole. An elution buffer (50 mM Tris-HCl, 100 mM 

sodium chloride, and 250 mM imidazole; pH 7.5) was used to elute the 

protein. The purified protein was stored at -4℃ until use, after the buffer 

was changed to the storage buffer (50 mM Tris-HCl, 100 mM sodium 

chloride, and 30% glycerol; pH 7.5) using PD Miditrap G-25 (GE 

Healthcare).  

 

III.2.6. Lytic activity assay 

The lytic activity of the endolysin against bacterial cells was assayed 

by monitoring the decrease in OD600. All tested bacteria were cultivated to 

the exponential phase. Cells were harvested and resuspended with reaction 

buffer (50 mM Tris-HCl and 100 mM NaCl; pH 7.5) to OD600 to 0.8-1.0. 

The endolysins (50 μl) were added to the cell suspension (950 μl), followed 

by incubation at room temperature, unless indicated otherwise. OD600 values 
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were monitored over time. The lytic activity was calculated after 40 min as 

follows; {ΔOD600 test (endolysin added) - ΔOD600 control (buffer only)} 

/initial OD600. Antimicrobial spectrum was tested in plate lysis assay. Plate 

lysis assays were performed as previously described (Chang, Kim, and Ryu, 

2017). In brief, 10 μl of diluted endolysin in reaction buffer (1 μg/μl; final 

concentration) was spotted onto a freshly prepared bacterial lawn on BHI 

agar plates. Spotted plates were air-dried in a laminar flow hood for 15 min 

and incubated overnight at 37°C. To evaluate the effect of pH on endolysins 

enzymatic activity, the endolysin were added to C. perfringens cells 

suspended with a universal pH buffer (Walmagh and Boczkowska, 2013). 

The universal buffer consists of 50 mM KCl, 10 mM KH2PO4, 10 mM Na-

citrate, and 10 mM H3BO4 and was adjusted to different pH values, between 

3 and 10, using 5 M NaOH or 5 M HCl. Different temperatures (25-95°C) 

were applied to test the effect of temperature on LysCPS2 (162 nM) 

enzymatic activity. To evaluate the stability of the endolysin, the lysis assays 

were performed against C. perfringens ATCC 13124 at room temperature 

and pH 7.5 after the enzyme was incubated for 30 min under the selected pH 

conditions or at different temperatures. The influence of NaCl on lytic 

activity of endolysins were tested with addition of concentrations of 0, 100, 

200, 300, 400, and 500 mM NaCl. The effects of metal ions on lysis activity 

were determined as previously reported (Borysowski, Weber-Da̧browska, 
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and Górski, 2006). To chelate metal ions attached to the endolysin, thereby 

inhibiting its catalytic function, EDTA (100 mM; final concentration) was 

added to the LysCPS2 (4.86 μM) and incubated at 37°C for 1 h. The EDTA 

was removed by exchanging the endolysin into the reaction buffer using a 

PD trap G-25 column. The EDTA-treated enzyme was added to cell 

suspensions with metal ions (MgCl2, CaCl2, MnCl2, ZnCl2, CuCl2; 1.0 mM 

final concentration), and the lysis activity was assayed in the reaction buffer. 

 

III.2.7. CBD binding and fluorescence microscopy 

The gene encoding the putative CBD was amplified from the genomic 

DNA of CPS2 by PCR using primers lysCPS2_CBDF (5’-GCG GGA TCC 

GGA AAC TTA GAT TTA AAC AAA TTA AGA ACA GAT GTA AAC-3’) 

and lysCPS2_CBDR (5’-CGC AAG CTT TTA GTC TTT TTT AAT ATA 

TTT TGC GGA-3’). The resulting PCR product was cloned into pET28a-

mcherry, which encodes the mCherry protein (Kong et al., 2017). mCherry-

tagged LysCPS2_CBD protein was produced in E. coli BL21 and purified 

by affinity chromatography, as described earlier (Kong et al., 2015). Purified 

protein at a final concentration of 100 μM was added to C. perfringens cells, 

and the mixture was then incubated for 10 min at 25°C. Subsequently, cells 

were collected by centrifugation and washed twice with Dulbecco's 
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phosphate-buffered saline (PBS). For fluorescence microscopy, images were 

captured on a DE/Axio Imager A1 microscope (Carl Zeiss) with a charge-

coupled-device camera using AxioVision release 4.7 (Carl Zeiss, 

Oberkochen, Germany).  
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III.3. Results and Discussion 

 

III.3.1. Morphology of phage CPS2  

The C. perfringens phage CPS2 was isolated from chicken feces using 

C. perfringens isolate as a host stain. Morphological observation of phage 

CPS2 revealed that it belongs to the family Podoviridae due to the presence 

of short and non-contractile tails (Figure III-1A). The diameters of the 

icosahedral head and non-contractile tail were approximately 40 nm and 15 

nm, respectively.  
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Figure III-1. Characterization of C. perfringens virulent phage CPS2. (A) TEM image of CPS2. (B) Bacterial challenge assay 

of CPS2 against C. perfringens ATCC 13124. The closed circle indicates non-phage-treated C. perfringens ATCC 13124, and the 

closed triangle indicates phage-treated C. perfringens ATCC 13124. (C) Genome map of CPS2. Red: structure and packaging, blue: 

DNA replication, green: host lysis, black: hypothetical protein. Twenty-five putative ORFs were predicted in the CPS2 genome. 
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III.3.2. Antibacterial properties of phage CPS2  

The bacterial challenge assay was performed to evaluate the growth 

inhibition ability of the CPS2 phage. When phage CPS2 was added to 

exponentially growing C. perfringens at a multiplicity of infection (MOI) of 

1.0, complete inhibition of host cells was observed 1 h after phage infection, 

and growth inhibition was maintained up to 6 h (Figure III-1B). A host 

range test showed that CPS2 can inhibit the growth of only C. perfringens 

ATCC 13124 and C. perfringens human stool isolate 3 out of 10 tested C. 

perfringens strains. CPS2 phage did not show lytic activity against other 

clostridial bacteria and other Gram-positive bacteria, indicating very narrow 

host specificity (Table III-1).  
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Table III-1. Antimicrobial spectra of the LysCPS1, CPS2, LysCPS2, and 

binding spectrum of LysCPS2_CBD 

 

 

a ATCC, American Type Culture Collection 

Bacterial strain 

Lysis zone formation 

by LysCPS1 

CPS2 plaque formation 

Lysis zone formation 

by LysCPS2 

Binding activity of 

LysCPS2_CBD 

Reference  

or source 

Clostridium strains         

C. perfringens H3 +  Lysis from without + + 

(Sheng and 

Cherniak, 1997) 

C. perfringens ATCC 3624 +  Lysis from without + +  ATCCa 

C. perfringens ATCC 13124 + + + + ATCC 

C. perfringens FORC25 + - + + This study 

C. perfringens human stool isolate 1 + - + + This study 

C. perfringens human stool isolate 2 + - + + This study 

C. perfringens human stool isolate 3 + + + + This study 

C. perfringens human stool isolate 4 +  Lysis from without + + This study 

C. histolyticum ATCC 19401 - - - - ATCC 

C. indolis ATCC 25771 - - - - ATCC 

      

Other Gram-positive bacteria      

Bacillus cereus ATCC 10987 - - - - ATCC 

Bacillus subilis ATCC 23857 - - - - ATCC 

Listeria monocytogenes EGD-e - - - - 

(Kretzer et al., 

2007) 

Staphylococcus aureus RN4220 - - - - 

(Chang, Kim, 

and Ryu, 2017) 
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III.3.3. Genomic analysis of CPS2  

The complete genome of C. perfringens bacteriophage CPS2 

comprises 17,961-bp with an overall G+C content of 33.30 %. Twenty-five 

putative ORFs were identified, and no tRNA genes were detected. The 

functional ORFs were clustered into 4 functional groups of DNA replication, 

host lysis, structure plus packaging, and additional function (Figure III-1C). 

The sequence analysis showed the linear structure of CPS2 double-stranded 

DNA, as well as the inverted terminal repeats (ITR) of 366 nucleotide pairs 

on the phage genomic termini. Furthermore, the CPS2 genome encoded a 

putative Type-B DNA polymerase that is utilized in a protein-primed 

replication mechanism, implying the presence of terminal proteins for DNA 

replication (Volozhantsev et al., 2012). These findings suggest that CPS2 

belong to the Podoviridae sub-family Picovirinae (Nelson et al., 2003). 

Importantly, the CPS2 genome does not have toxin production- and bacterial 

virulence-associated genes. Genes associated with lysogenization were not 

detected, suggesting that CPS2 is a virulent phage. 
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III.3.4. Identification and expression of the endolysins 

The putative endolysin was predicted by the CPS1 genome analysis 

and constructed as LysCPS1. Database analysis presented that LysCPS1 is a 

putative N-acetylmuramoyl-L-alanine amidase that consists of N-terminal 

amidase_3 domain (PF01520) as an enzymatically active domain (EAD) 

(Figure III-2A). No domain was observed as a C-terminal cell wall binding 

domain (CBD) (Figure III-2A). Amino acid sequence alignment revealed 

that LysCPS1 was highly homologous to endolysins of Clostridium phage 

phi24R, phiCP34O and phiCP39O at the amino acid sequence level (Figure 

III-2B). The LysCPS1 showed 79% sequence identity with previously 

reported Clostridium phage phi24R putative endolysin (Volozhantsev et al., 

2012). The LysCPS1 was cloned and expressed in E. coli with an N-terminal 

His-tag. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) showed a single band of the purified endolysin (Figure III-2C). 

Turbidity reduction assay revealed that 185 nM of the purified LysCPS1 

showed saturated lysis activity against C. perfringens ATCC 13124 cells 

(Figure III-2D).  
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Figure III-2. Modular structure and lytic activities of the LysCPS1 endolysin from CPS1. (A) Schematic representation of 

LysCPS1. The conserved amidase3 domain is shown. (B) Sequence alignment of various Clostridial phage endolysins; CPS1 phage 

endolysin, phi24R phage endolysin, phiCP34O, and phiCP39O phage endolysin. (C) SDS-PAGE analysis of purified LysCPS1. M: 

standard molecular weight marker, LysCPS1: purified LysCPS2 fraction. (D) Lysis of C. perfringens ATCC 13124 cells treated 

externally with various concentrations of recombinant LysCPS1. Optical density was measured periodically after LysCPS1 

treatment. 
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The putative endolysin gene was identified from the CPS2 genome 

and designated as LysCPS2. Pfam and Conserved Domain Database 

analysis revealed that LysCPS2 is a putative N-acetylmuramoyl-L-alanine 

amidase that consists of N-terminal amidase_2 domain (PF01520) as an 

EAD and a C-terminal SH3_3 (PF08239) as a CBD (Figure III-3A). Amino 

acid sequence alignment revealed that LysCPS2 was highly homologous to 

endolysins of Clostridium phage phiZP2 and phiCP7R at the amino acid 

sequence level (Figure III-3B) (Volozhantsev et al., 2012). The N-terminal 

region from LysCPS2 showed 51% sequence identity with previously 

reported Clostridium phage vB_CpeS-CP51 endolysin. Although BLAST 

analysis revealed many proteins homologous to LysCPS2, most of them 

were autolysins. The LysCPS2 was cloned and expressed in E. coli with an 

N-terminal His-tag. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) showed a single band of the purified endolysin 

(Figure III-3C). Turbidity reduction assay revealed that 32 nM of the 

purified LysCPS2 showed saturated lysis activity against C. perfringens 

ATCC 13124 cells (Figure III-3D). These results indicate that LysCPS2 is 

highly active compared to endolysin from C. difficile phage ΦCD27, in 

which a similar amount of endolysin had barely exhibited lytic activity 

against C. difficile (Mayer, Narbad, and Gasson, 2008).
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Figure III-3. Modular structure and lytic activities of the LysCPS2 endolysin from CPS2. (A) Schematic representation of 

LysCPS2. The conserved amidase2 domain is shown. (B) Sequence alignment of various Clostridial phage endolysins; CPS2 phage 

endolysin, phiZP2 phage endolysin, phiCP7R phage endolysin. (C) SDS-PAGE analysis of purified LysCPS2. M: standard 

molecular weight marker, LysCPS2: purified LysCPS2 fraction. (D) Lysis of C. perfringens ATCC 13124 cells treated externally 

with various concentrations of recombinant LysCPS2. Optical density was measured periodically after LysCPS2 treatment. 
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III.3.5. Antimicrobial spectrum of the endolysins 

Antimicrobial activity against Clostridium and other Gram-positive 

bacterial strains was examined (Table III-1). All of the tested C. perfringens 

strains were susceptible to LysCPS1 and LysCPS2, indicating a much 

broader antimicrobial spectrum of the endolysins, considering the narrow 

host range of the CPS1 and CPS2 phage (Table III-2 and Table III-1). 

However, other Clostridium species such as C. histolyticum and C. indolis 

were not lysed by treatment of the endolysins, meaning that its enzymatic 

activity requires species-specific moieties of the cell wall component. These 

enzymes did not show lytic activity against other Gram-positive bacteria, 

such as Bacillus cereus, Bacillus subtilis, Listeria monocytogenes, and 

Staphylococcus aureus. B. cereus, B. subtilis, and L. monocytogenes have an 

A1γ type peptidoglycan directly cross-linked with meso-diaminopimelic 

acid (m-DAP), and S. aureus has an A3α type cross-linked by penta-glycine 

bridges in its peptidoglycan. C. perfringens has a different type of 

peptidoglycan structure containing L,L-DAP and glycine instead of m-DAP 

in the A1γ type peptidoglycan (Schleifer and Kandler, 1972). Since 

LysCPS1 and LysCPS2 exhibited lytic activity specifically for C. 

perfringens, I could predict that LysCPS1 and LysCPS2 might act on a 

distinctive region of C. perfringens. 
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III.3.6. pH and NaCl effects on LysCPS1 activity 

To determine optimum conditions for the endolysin activity, the 

biochemical properties of LysCPS1 were evaluated. Analysis of lytic 

activity at different pH levels showed that LysCPS1 had the highest lytic 

activity at pH 7-9 (Figure III-4A). The effect of ionic strength on the lytic 

activity of LysCPS1 was assessed at various concentrations of NaCl, 

ranging from 0 to 500 mM (Figure III-4B). LysCPS1 retained its lytic 

activity even at 500 mM NaCl, suggesting that LysCPS1 is highly stable in a 

broad range of NaCl concentrations.  
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Figure III-4. Effects of pH and NaCl on the lytic activity of LysCPS1. Effects of (A) pH and (B) NaCl on the lytic activity of 

LysCPS1 against C. perfringens ATCC 13124 cells. Each column represents the mean of triplicate experiments, and error bars 

indicate the standard deviation.
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III.3.7. pH, temperature, NaCl, and metal effects on LysCPS2 

activity 

To determine optimum conditions for the endolysin activity, the 

biochemical properties of LysCPS2 were evaluated. Analysis of lytic 

activity at different pH levels showed that LysCPS2 had the highest lytic 

activity at pH 7.5-10 (Figure III-5A). More than 60% residual lytic activity 

was observed in the temperature range from 25°C to 65°C (Figure III-5B). 

The effect of ionic strength on the lytic activity of LysCPS2 was assessed at 

various concentrations of NaCl, ranging from 0 to 500 mM (Figure III-5C). 

LysCPS2 retained its lytic activity even at 500 mM NaCl, suggesting that 

LysCPS2 is highly stable in a broad range of NaCl concentrations, in 

contrast to the endolysin Psm–his from C. perfringens phage phiSM101 that 

showed reduced activity above 200 mM of NaCl (Nariya et al., 2011). 

Even though phiSM101 endolysin showed 36% amino acid sequence 

identity with LysCPS2, it was the only C. perfringens endolysin that could 

be compared with the influence of NaCl on the lytic activity of LysCPS2. To 

examine the effect of metal ions on the enzyme activity of LysCPS2, metal 

ions were initially removed from the endolysin with 100 mM EDTA. 

Addition of EDTA showed little effect on the LysCPS2 activity, indicating 
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that LysCPS2 activity is independent of the presence of divalent cations. All 

tested metal ions except Ca2+ decreased enzymatic activity of LysCPS2, and 

the enzyme was completely inactivated in the presence of Zn2+ (Figure III-

5D). Although many divalent ions have been reported to enhance the 

enzymatic activity of endolysin, the inhibition effect by certain metal ions 

on endolysin activity has also been reported in several studies (Son et al., 

2012; Pritchard et al., 2004). The peptidoglycan hydrolase of Burkholderia 

pseudomallei phage ST79 showed reduced lytic activity in the presence of 

Zn2+, Mg2+, or Mn2+ (Khakhum et al., 2016). The inhibition effect of Zn2+ is 

also found in the T5 phage endolysin (Mikoulinskaia et al., 2009). 
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 Figure III-5. Effects of pH, temperature, NaCl and metal ions on the lytic activity of LysCPS2. Effects of (A) pH, (B) 

temperatures, (C) NaCl, and (D) metal ions on the lytic activity of LysCPS2 against C. perfringens ATCC 13124 cells. Each column 

represents the mean of triplicate experiments, and error bars indicate the standard deviation. 
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III.3.8. Determination of thermal stability 

Generally, endolysins are not heat stable, and most lose their 

hydrolase activity above 50-60°C (Lavigne et al., 2004). However, few 

endolysins such as listerial phage endolysins HPL511, HPL118, and 

HPLP35 have been reported to be thermostable, showing residual activity 

after 10 min incubation at 90°C (Schmelcher, Waldherr, and Loessner, 2012). 

Stenotrophomonas maltophilia phage endolysin P28 retained 55% of its 

activity after treatment at 70°C for 30 min (Dong et al., 2015) and a 

thermostable chimeric endolysin, PlyGVE2CpCWB, targeting C. 

perfringens has exhibited 57% residual activity at 55°C (Swift et al., 2015). 

LysCPS2 showed remarkable heat stability. The lytic activity after pre-

incubation of enzyme at temperatures between 4 and 65°C was not reduced 

compared with the heat-untreated control. LysCPS2 retained more than 30% 

of its activity after heating at 95°C for 10 min and 60% after heating at 75°C 

for 10 min (Figure III-6).  This is the first report to characterize highly 

thermostable endolysin isolated from virulent C. perfringens bacteriophage. 

This enzyme will provide powerful tools for many applications in molecular 

biology, biotechnology, and medicine (Loessner, 2005). 
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Figure III-6. LysCPS2 thermal stability. LysCPS2 was incubated at different temperatures for 10 min, then cooled on ice. 

Lytic activity values are expressed relative to the control (non-heat-treated enzyme). 
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III.3.9. Binding activity of LysCPS2_CBD 

The specific bacterial binding activity of the putative LysCPS2_CBD 

was identified with an mCherry (red fluorescent protein) fusion protein 

(Figure III-7). As shown in Table III-1, all tested C. perfringens cells were 

decorated by mCherry_LysCPS2_CBD, whereas other Clostridium species 

and other Gram-positive bacteria could not be labeled by the fusion protein 

(Table III-1). These results demonstrated that LysCPS2_CBD specifically 

binds to C. perfringens cells, which is consistent with the antimicrobial 

spectrum of the LysCPS2. Interestingly, mCherry_LysCPS2_CBD 

predominantly bound to polar region of the cells and decorated the entire 

cell surface with weak binding affinity, suggesting that LysCPS2_CBD 

might directly target with peptidoglycan, and the presence of secondary cell 

wall polymer might interfere with decorating the entire cell surface (Eugster 

and Loessner, 2012; Schlag et al., 2010). The specificity and affinity of 

LysCPS2_CBD could be useful for developing an efficient bio-probe 

against C. perfringens. 
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Figure III-7. mCherry_LysCPS2_CBD binding activity. LysCPS2_CBD binds to C. perfringens human isolate cells. Bright 

field (A), fluorescence (B) and merged (C) images are shown. 
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III.4. Conclusion 

 

In this study, I characterized the endolysins from C. perfringens 

virulent phages. LysCPS1 had lytic activity at pH 7 to 9 and retained 

activity in 0.5M salt condition. I expect that LysCPS1 is capable of 

regulating food poisoning by C. pefringens. I also revealed the thermostable 

endolysin LysCPS2 originating from C. perfringens virulent phage CPS2. 

LysCPS2 was putative N-acetylmuramoyl-L-alanine amidase and active 

against C. perfringens strains only. As this enzyme shows strong lytic 

activity and stability in broad range of pH and ionic strengths, LysCPS2 has 

high potential as an effective antibacterial agent to control C. perfringens. 

Especially, high thermostability of LysCPS2 will be advantageous features 

for industrial applications. LysCPS2_CBD showed the binding ability 

against C. perfringens strains. Taken together, LysCPS2 could be useful for 

the development of a powerful biocontrol and detection agent against C. 

perfringens. 
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IV. Deciphering spore binding domain of 

endolysin from C. perfringens  

bacteriophage CPD7  
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IV.1. Introduction 

 

Clostridium perfringens is a Gram-positive, anaerobic, spore-forming 

bacterium causing foodborne illnesses. C. perfringens initiate sporulation in 

response to nutrient starvation (Al-Riyami et al., 2016). The spores are 

important food contaminants because they are resistant to environmental 

stresses, such as heat, radiation, and toxic chemical. As a consequence of 

this resistance, spores can survive in environment including foods and 

germinate in a food or in a human body (Paredes-Sabja et al., 2008). The 

spores have the thick layer of cortical peptidoglycan that is located between 

the spore coat proteins and the membrane-bound spore protoplast (core) (Al-

Riyami et al., 2016). The thick layer of cortical peptidoglycan, cortex, is 

essential for maintaining the relative dehydration of spore cores that 

contribute to metabolic dormancy and spore heat resistance (Al-Riyami et 

al., 2016).  

Endolysins are bacteriophage (phage)-encoded peptidoglycan 

hydrolases that are released by bacteriophages at the end of their lytic life 

cycle in the host cell (Zimmer, Vukov, Scherer, Loessner, et al., 2002). 

Endolysins commonly show a modular organization of at least two distinct 

domains, N-terminal enzymatically active domain (EAD) and C-terminal 
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cell wall binding domain (CBD) (Eugster et al., 2011). In C. perfringens, 

endolysins from prophages and virulent phages have been reported (Ha, Son, 

and Ryu, 2018). Prophages of phiSM101 and Φ3626 have encoded a 

endolysin N-acetylmuramidases and N-acetylmuramoyl-L-alanine amidase 

respectively (Nariya et al., 2011; Zimmer, Vukov, Scherer, Loessner, et al., 

2002). The endolysin LysCPS2 from virulent C. perfringens phage CPS2 

was examined for the activity to kill C. perfringens (Ha, Son, and Ryu, 

2018). Although SH3_3 domain of LysCPS2 was identified as a CBD, C-

terminal CBDs have been still few reports comparing with N-terminal EAD 

(Ha, Son, and Ryu, 2018). Recently, a domain of endolysin which can bind 

to host spores has been reported from Bacillus spp. and Clostridium spp. 

(Garde et al., 2017; Kong, Na, Ha, & Ryu, 2018; Yang et al., 2012). CTP1L, 

a bacteriophage endolysin active against Clostridium tyrobutyricum, has C-

terminal CBD having cell wall binding activity and spore binding activity. 

However, domains having spore binding activity do not be identified as 

biological functions during phage infection cycle because of the difficulty of 

editing phage genome, especially Clostridium spp.   

Classically, to analyze unknown function of genes, the gene is 

mutated by inserting an antibiotic resistance gene (Kiro, Shitrit, and Qimron, 

2014). This strategy has been efficiently powerful for bacteria, however, 
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modification of phage genome was limited until recently (Schilling et al., 

2018). The CRISPR-Cas system-based genetic tools was introduced in many 

fields of biology (Murugan et al., 2017). The CRISPR-Cas system is a 

prokaryotic immune system to protect phages or plasmids (Terns and Terns, 

2011). The Cas protein with a single guide RNA (sgRNA) to a 

corresponding target DNA sequence resulting in its cleavage (Jiang et al., 

2013). The association of a specific protospacer adjacent motif (PAM) with 

the target sequence is necessary to initiate of this process (Jiang et al., 2013). 

In the case of a type Ⅱ CRISPR-Cas system, a trans-acting RNA 

(tracrRNA) is needed for formation of a functional sgRNA Cas9 complex 

(Jiang et al., 2013). Target gene DNA for mutation can be cleaved by the 

CRISPR-Cas system without any antibiotics genes for alternatives (Kiro, 

Shitrit, and Qimron, 2014). Hence, the system can be used to edit the phage 

genome because no edited phage would be cleaved by the CRISPR-Cas 

system. 

Here, I characterized a novel endolysin, LysCPD7, derived from a 

isolated C. perfringens phage, CPD7, and constructed various LysCPD7 

derivatives via domain deletion, mCherry fusion, and site-directed 

mutagenesis to determine the role of the C-terminal domain of LysCPD7. 

Further, I suggest the role of the C-terminal domain in phage infection by 
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phage genome editing by CRISPR-Cas system.   
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IV.2. Materials and Methods 

 

IV.2.1. Bacterial strains and growth conditions 

C. perfringens FORC25 which was acquired from Food-borne 

Pathogen Omics Research Center (FORC) used as a host strain for 

bacteriophage genome editing. C. perfringens isolate 2722 which was 

acquired from Institute of Health and Environment, Daejeon Metropolitan 

City used as a host strain for assay including propagation of CPD7. The 

bacterial cells were grown in brain heart infusion (BHI) medium with 

appropriate antibiotic supplements (chloramphenicol 5 μg/ml) at 37℃ 

under anaerobic conditions. C. perfringens FD-1 and isolate 2722 strains 

were grown in fluid thioglycolate (FTG) or modified Duncan and Strong 

(mDS) medium (Himedia) with 0.05% of theophylline to sporulate the cells 

at 37℃ under anaerobic conditions. 

 

IV.2.2. Production of recombinant proteins 

All plasmids used in this work are listed in Table IV-1. The gene 

fragments encoding endolysin (LysCPD7), mutants of endolysin and the 

catalytic domain of the endolysin (LysPBC2_EAD) were cloned into 

pET28a (Novagen). For the mCherry-fused proteins, gene fragments 
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encoding the SBD, mutants of SBD and truncations were digested with the 

corresponding restriction enzymes (TaKaRa Clontech, Kyoto, Japan) and 

subcloned into mCherry-containing pET28a (Kong et al., 2017). The site-

directed mutants of LysCPD7 were generated using overlapping PCR with 

the primers listed in Table IV-2. The sequences were verified for all 

constructs. The cloned plasmid was transformed into E. coli BL21(DE3) 

(Invitrogen, Carlsbad, CA, USA). The expression and purification of 

recombinant proteins were performed as previously described with some 

modifications (Ha, Son, and Ryu, 2018; Kong et al., 2018). Expression of 

the recombinant proteins cloned into pET28a was induced with 0.25 mM 

isopropyl-b-D-thiogalactopyranoside (IPTG), with adjusted OD600 to 0.6–

0.8, followed by incubation for an additional 20 h at 30℃. Expression of the 

recombinant proteins cloned into pET28a-mCherry was induced with 0.5 

mM IPTG, with adjusted OD600 to 0.6–0.8, followed by incubation for an 

additional 20 h at 18℃. Bacterial cells were suspended in lysis buffer (50 

mM Tris-HCl, 200 mM sodium chloride, 30% of glycerol, pH 8.0) and 

disrupted by sonication (Branson Ultrasonics, Shanghai, China). After 

centrifugation at 21,000× g for 40 min, the supernatant was collected, mixed 

with 500 µL of nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen, 

Hilden, Germany) and incubated at 4 °C for 1 h with gentle shaking. The 

flow-through was discarded and the resin was serially washed with 10 mL 
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of 10 mM imidazole and 5 mL of 20 mM imidazole. An elution buffer (50 

mM Tris-HCl, 200 mM sodium chloride, 250 mM imidazole and 30% of 

glycerol, pH 8.0) was used to elute the protein. The purified protein was 

stored at −4 ◦C until use, after the buffer was changed to the storage buffer 

(50 mM Tris-HCl, 200 mM sodium chloride, pH 8.0, 30% glycerol) using 

PD Miditrap G-25 (GE Healthcare, Little Chalfont, UK). 

 

IV.2.3. Lytic activity of endolysin derivatives 

The lytic activity of the endolysin was confirmed with a turbidity 

reduction assay with some modifications as previously described (Ha, Son, 

and Ryu, 2018). All tested bacteria were cultivated to the exponential phase. 

Cells were harvested and resuspended with reaction buffer (50 mM Tris-HCl, 

200 mM NaCl, pH 7.4) to OD600 to 0.8–1.0. Then, the purified endolysin 

was added to a final concentration of 50 nM, and OD600 values were 

monitored over time. For the lytic activity of the mutants of LysCPD7 and 

EAD, an equimolar concentration (50 nM) was used to take into account the 

differences in protein molecular weight. 

 

IV.2.4. Cell binding assay with fluorescence microscopy 

The binding property of the mCherry fusion proteins was examined as 
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previously described (Kong et al., 2018). Briefly, 1 ml of exponentially 

grown bacterial cells was centrifuged (16,000 x g for 1 min) and 

resuspended in 1 ml of reaction buffer (50 mM Tris-HCl, 200 mM NaCl, pH 

7.4). Next, 100 µl of cells was incubated together with 1 µM mCherry 

fusion proteins at 37°C for 20 min. The cells were washed twice with 

reaction buffer. For fluorescence microscopy, images were captured on a 

DE/Axio Imager A1 microscope (Carl Zeiss) with a charge-coupled-device 

camera using AxioVision release 4.7 (Carl Zeiss, Oberkochen, Germany).  

 

IV.2.5. Spores preparation 

C. perfringens FD-1 strain was grown overnight at 37°C in 10 mL of 

fluid thioglycolate medium (FTG; Oxoid). Subsequently, 500 µl of cell 

culture was inoculated in 50 ml of mDS with 0.05 mM theophylline and 

incubated 24 h at 37°C (De Jong, Beumer, and Rombouts, 2002). After 

inducing sporulation, spores were harvested by centrifugation (10,000 x g, 

10 min) and suspended in 2 mL of DI water. The suspended spores were 

centrifuged (10,000 x g, 30min) on 10 mL of 50% Histodenz (Sigma-

Aldrich) and then the pellet was washed three times with DI water. 

Microscopy examination was conducted to check that the spores were >95% 

pure. The purified spores were stored at -80°C until use. 
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IV.2.6. Spore binding assay with SBD 

The spore binding property of the mCherry fusion proteins was 

examined as previously described (Kong et al., 2018). Briefly, spores in 

reaction buffer (50 mM Tris-HCl, 200 mM NaCl, 0.05% Tween 20, pH 7.4) 

were reacted with 1 µM of mcherry-tagged SBD (spore binding domain) 

protein at 37°C for 20 min. After washing two times with reaction buffer by 

centrifugation (16, 000 x g for 1 min), the labeled spores were analyzed by 

either fluorescence microscopy (DE/Axio Imager A1 microscope; Carl Zeiss, 

Oberkochen, Germany) or a SpectraMax i3 multimode microplate reader 

(Molecular Devices, Sunnyvale, CA, USA) with excitation at 587 nm and 

emission at 610 nm. Statistical analysis was performed with GraphPad 

Prism version 5.01. Statistical significance was calculated with unpaired t-

test.  

 

IV.2.7. Immunogold electron microscopy 

Spore sections were prepared and viewed as previously described 

(Kong et al., 2018) with some modifications. For immunogold electron 

microscopy (IEM), spores in reaction buffer (50 mM Tris-HCl, 200 mM 

NaCl, 0.05% Tween 20, pH 7.4) were reacted with 1 µM mCherry fusion 

proteins at 37°C for 30 min and washed two times with reaction buffer. 
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Spores were then fixed in a 2% glutaraldehyde and 2% paraformaldehyde 

PBS solution overnight at 4°C and postfixed for 1 h in 1% osmium tetroxide. 

After two 10-min washes in PBS, the spores were dehydrated in 70%, 80%, 

90%, 95%, and 100% ethanol twice respectively and infiltrated with and 

embedded in Embed 812 resin (Electron Microscopy Sciences). This 

suspension was incubated at 55°C for 48 h to embed the spores in 

polymerized resin. Ultrathin sections (70 nm) were collected on 

Formvar/carbon-coated grids (Electron Microscopy Sciences). The sections 

were then blocked in TBST buffer (50 mM Tris-Cl [pH 7.5], 200 mM NaCl, 

0.1% Triton X-100) containing 2% bovine serum albumin (BSA) for 30 min. 

The grids were incubated for 3 h in TBST buffer containing rabbit anti-

mCherry antibody (50 µg/ml, Abcam), washed six times with TBST, and 

blocked for 15 min in TBST containing 2% BSA. The grids were then 

incubated with 10-nm gold-conjugated goat anti-rabbit IgG H＋L (20 

µg/ml; Abcam) for 90 min. After a series of washes in TBST and distilled 

water, the sections were briefly stained with uranyl acetate and lead citrate 

before examination with a JSM-1200EX II (JEOL) microscope.  
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IV.2.8. Plasmid construction for phage genome editing 

pCas9 and pCRISPR plasmids were obtained via Addgene. To 

construct CPD7 genomic DNA cleavage vactor, Cas9, tracrRNA, SBD 

target crRNA, bgaR were amplified by the PCR method using primers listed 

in Table IV-2. The products were combined by Gibson assembly. To 

construct CPD7 genomic DNA editing vector, PCR product of LysCPD7 

derivate with flanked homologous regions was inserted to the vector.  

 

IV.2.9. Phages infection assay during the host sporulation 

C. perfringens isolate 2722 was cultured in FTG during overnight at 

37℃. 1% of the cell was inoculated to mDS with 0.05% of theophylline and 

incubated at 37℃ during 3 h. CPD7 or recombinant phage were added to 

the culture at an MOI of 0.001. During incubation at 37℃, a 50 μL sample 

was collected from the phage-treated culture every 6 h. After sample 

collection, the samples were serially diluted and dotted onto agar plates for 

determination of the viable cell count (CFU/ml). The samples were treated 

by heat during 20 min at 75℃ when the spores were counted. 
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Table IV-1. Strains and plasmids used in this study  

Strain and plasmid Genotype and main characteristics References 

Clostridium perfringens 
  

FD1 Clostridium perfringens FD1; wild-type strain Ryu & Labbe, 1989 

FORC 25 Clostridium perfringens FORC 25; wild-type strain This study 

Isolate 2722 Clostridium perfringens isolate 2722; wild-type strain; host for CPD7 This study 

Escherichia coli 
  

TOP10 F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 nupG recA1 

araD139 Δ(ara-leu)7697 galE15 galK16 rpsL(StrR) endA1 λ- 

Invitrogen 

BL21 E. coli BL21, host of inducible recombinant protein expression Invitrogen 

Plasmid 
  

pET28a Kan R vector with a T7 promoter Novagen 
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pET28a-mCherry mCherry gene cloned into NdeI-BamHI site of pET28a Kong et al., 2017 

pET28a-LysCPD7 LysCPD7 gene cloned into BamHI-HindIII site of pET28a This work 

pET28a-

LysCPD7_E187K 

LysCPD7 (E187K) gene cloned into BamHI-HindIII site of pET28a This work 

pET28a-

LysCPD7_R192E 

LysCPD7 (R192E) gene cloned into BamHI-HindIII site of pET28a This work 

pET28a-

LysCPD7_Q196A 

LysCPD7 (Q196A) gene cloned into BamHI-HindIII site of pET28a This work 

pET28a-

LysCPD7_K201E 

LysCPD7 (K201E) gene cloned into BamHI-HindIII site of pET28a This work 

 

pET28a-

 

 

This work 
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LysCPD7_E208K LysCPD7 (E208K) gene cloned into BamHI-HindIII site of pET28a 

pET28a-LysCPD7_EAD EAD fragment (Met1-Asp158) of LysCPD7 cloned into BamHI-HindIII site of 

pET28a 

This work 

pET28a-mCherry-

LysCPD7 

LysCPD7 gene cloned into BamHI-HindIII site of pET28a-mCherry 
 

pET28a-mCherry-

CPD7_EAD 

EAD fragment (Met1-Asp158) of LysCPD7 cloned into BamHI-HindIII site of 

pET28a-mCherry 

This work 

pET28a-mCherry-

CPD7_EADtruc 

EAD truncation (Met1-Thr61) of LysCPD7 cloned into BamHI-HindIII site of 

pET28a-mCherry 

This work 

pET28a-mCherry-

CPD7_SBD 

SBD fragment (Ile159-Ile224) of LysCPD7 cloned into BamHI-HindIII site of 

pET28a-mCherry 

This work 

pET28a-mCherry- SBD (E187K) gene cloned into BamHI-HindIII site of pET28a-mCherry This work 
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SBD_E187K 

pET28a-mCherry-

SBD_R192E 

SBD (R192E) gene cloned into BamHI-HindIII site of pET28a-mCherry This work 

pET28a-mCherry-

SBD_Q196A 

SBD (Q196A) gene cloned into BamHI-HindIII site of pET28a-mCherry This work 

pET28a-mCherry-

SBD_K201E 

SBD (K201E) gene cloned into BamHI-HindIII site of pET28a-mCherry This work 

pET28a-mCherry-

SBD_E208K 

SBD (E208K) gene cloned into BamHI-HindIII site of pET28a-mCherry This work 

pJIR750 E. coli - C. perfringens shuttle vector, Cm R Trudi L. Bannanm and 

Julian I. Rood, 1993 

pCas9 Cm R, p15A ori, cas9, tracrRNA, repeat-BsaI_spacer-repeat  Addgene 
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pCRISPR Kan R , repeat-BsaI_spacer-repeat Addgene 

pJIR750-

CRISPR_Cas9_target 

Cm R, cas9, tracrRNA, repeat-BsaI_spacer-repeat, crRNA_SBD This work 

pJIR750-

CRISPR_Cas9_editing 

Cm R, cas9, tracrRNA, repeat-BsaI_spacer-repeat, crRNA_SBD, 

HR_LysCPD7*_HR 

This work 
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Table IV-2. Primers used in this study  

Primer Sequence (5′-3′) Purpose 

bgaR_F_BamHI AATTGCGGGATCCATGAAAAGTATAAGAGCTAATTTAGATATT

A 

Constructi

on of lactose 

inducible 

promoter 

bgaR_R_SalI TATCTTCATGGTATTCATTTTTTAATATCAT 

mCherry_F ATGATATTAAAAAATGAATACCATGAAGATAATGGTGAGCAA

GGGCGAGG 

mCherry_R AATTCGCGTCGACCTTGTACAGCTCGTCCATGC 

pJIR750_F TCAAGACGATAGTTACCGGATAA Constructi

on of phage 

genome editing 

pJIR750_R AGTTTTTCTTTTTCGGCAAGTGTTCA 

tracRNA_F TGAACACTTGCCGAAAAAGAAAAACTAAAAAGCACCGACT

CGGTGC 
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tracRNA_R TAAATTAGCTCTTATACTTTTCATATTAATGACACAAAATTCTT

TTAAAAAGTAGTTTATTTT 

bgaR_F CATTAATATGAAAAGTATAAGAGCTAATTTA 

bgaR_R TTTACCCTCCCAATACATTTAAAATAATT 

Cas9_F AATTATTTTAAATGTATTGGGAGGGTAAAATGGATAAGAAATA

CTCAATAGGCTT 

Cas9_R TTATCCGGTAACTATCGTCTTGATGGTATTAACCCTCTTTCTCA

AGTT 

SBD_target_crRNA_F AAACGTTAAAGTTTCATAAGGACAG 

SBD_target_crRNA_R AAAACTGTCCTTATGAAACTTTAAC 

LysCPD7_HR1_F_pst1 AATTGCGCTGCAGAGATGTTTTAGGTATTAATAATAACTCTAA 

LysCPD7_HR1_R AATTTTCTAGTTTTTAAAATATTTTCTATATACATTTTTAAAATC
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CCCCCTAAATTTATTATGA 

LysCPD7_HR2_F TTATATTGTTTCACCGAGAAAATATAGAAGTTTCATGTAAAAC

ATAAAAGGAGG 

LysCPD7_HR2_R_HindIII TCTACCCCATTTTACTGATTTATTTATTAAGCTTGCGAATT 

LysCPD7_F ATGTATATAGAAAATATTTTAAAAACTAGAAA 

LysCPD7_R CTATATTTTCTCGGTGAAACAATAT 

LysCPD7_silent 

mutation_F 

TCACCTTGTCCATATGAGACTTTAACAAGGGCTTTATGTCATG

CGGT 

LysCPD7_silent 

mutation_R 

GTTAAAGTCTCATATGGACAAGGTGACCATATATCAATGTCTT

TT 

LysCPD7_F_BamHI GCGGGATCCATGTATATAGAAAATATTTTAAAAACTAGAAA Mutations 

of LysCPD7 and LysCPD7_R_HindIII GCGAAGCTTCTATATTTTCTCGGTGAAACAATAT 
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LysCPD7_SBD_F_BamHI GCGGGATCCATTGATATATGGTCACCTT SBD 

LysCPD7_E187K_F TACCTTTAACAGATAAACCGGACTATTACCGTGTGGT 

LysCPD7_E187K_R AATAGTCCGGTTTATCTGTTAAAGGTATTGAAGGGTCGA 

LysCPD7_R192E_F GGACTATTACGAAGTGGTTGTTCAAAGATTTAAAACAAAG 

LysCPD7_R192E_R TTTGAACAACCACTTCGTAATAGTCCGGTTCATCTGTTAA 

LysCPD7_Q196A_F TGTGGTTGTTGCGAGATTTAAAACAAAGGAAGATGCTGA 

LysCPD7_Q196A_R TTTGTTTTAAATCTCGCAACAACCACACGGTAATAGTCC 

LysCPD7_K201E_F AGATTTAAAACA GAA GAAGATGCTGAAAAAGCTGAAAGTA 

LysCPD7_K201E_R TCAGCATCTTCTTCTGTTTTAAATCTTTGAACAACCACAC 

LysCPD7_E208K_F GCTGAAAAAGCTAAAAGTAAAATAAAAAATGATTTAGGATTA

TATTGTT 

LysCPD7_E208K_R TTTTATTTTACTTTTAGCTTTTTCAGCATCTTCCTTTGT 
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IV.3. Results 

 

IV.3.1. Spore binding domain of LysCPD7 

The isolated C. perfringens phage CPD7 genome sequence was 

revealed in 2019 (MK017820). Gene encoding a putative endolysin 

(CPD7_12, N-acetylmuramoyl-L-alanine amidase) was found. A conserved 

domain analysis by BLSTP revealed that LysCPD7 contains enzymatically 

active domain (EAD) which is N-terminal amidase_3 domain (PF01510). 

Unlike LysCPS2, no domain is found in the C-terminal of LysCPD7 (Ha, 

Son, and Ryu, 2018) (Figure IV-1A). LysCPD7 shares overall 50% amino 

acid sequence identity with the putative endolysin of phiCP26F, phiCP13O, 

phiCP34O and phiCP39O (Oakley et al., 2011). The C-terminal region of 

LysCPD7 shares overall 60% amino acid sequence identity with the putative 

endolysins (Figure IV-1B). The C-terminal conserved region of the putative 

endolysins was predicted by CBD (Oakley et al., 2011). The prediction 

suggesting that the C-terminal region of LysCPD7 play a role of CBD. To 

confirm the binding activity against C. perfringens cells of the C-terminal 

region of LysCPD7, I constructed mCherry-fused LysCPD7 and mCherry-

fused the C-terminal region of LysCPD7. LysCPD7 showed binding activity 

to the cells. On the other hand, the C-terminal region of LysCPD7 could not 
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bind to the cells (Figure IV-1C). The earlier report presented that a domain 

of endolysin from bacteriophage of Bacillus species showed spore binding 

activity (Yang et al. 2012; Kong et al., 2018). I tested whether the fusion 

proteins had spore binding activity. Interestingly, LysCPD7 and the C-

terminal region showed binding activity to the spores of C. perfringens 

(Figure IV-1C). As a result, the C-terminal region of LysCPD7 was 

suggested to spore binding domain (SBD).      
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Figure IV-1. Spore binding domain (SBD) of LysCPD7. (A) Schematic diagram of the structure of LysCPD7. (B) Sequence 

alignment of LysCPD7-related endolysins. Conserved residues are shaded in gray (>60% identity) and black (>80% identity). The 

brackets indicate SBD (blue). (C) Binding capacities of mCherry only, mCherry-LysCPD7 and mCherry-SBD for C. perfringens 

spores and vegetative cells. 
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IV.3.2. LysCPD7_SBD localizes to the spore cortex 

Spore cortex-lytic enzyme (SCLE) of C. perfringens is an N-

acetylmuramoyl-L-alanine amidase and has been reported to act on the 

spore cortex in C. perfringens S40 spores (Miyata et al., 1997). SCLE is 

initiate the germination of C. perfringens S40 spores by localizing spore 

cortex. In NCBI BLASTP analysis, LysCPD7 is annotated to N-

acetylmuramoyl-L-alanine amidase. I hypothesized that LysCPD7 may have 

similar function as SCLE by binding to cortex of spores. If N-terminal EAD 

of LysCPD7 bind to spore cortex, LysCPD7 would play a role at spore like 

SCLE. To identify spore binding activity of N-terminal EAD, mCherry-

fused N-terminal EAD was constructed. mCherry-fused LysCPD7, EAD, 

and SBD were used to compare spore binding activity (Figure IV-2A). To 

test the ability of the mCherry fusion proteins to recognize C. perfringens 

spores, C. perfringens spores were mixed with equal concentration of 

mCherry and mCherry fusion fragments. All of mCherry fusion proteins 

showed binding activity to C. perfringens spores (Figure IV-2B). To confirm 

whether spore coat proteins block the binding activities of mCherry fusion 

proteins, I used chemical extraction method to disrupt the spore coat 

proteins (Paredes-Sabja, Setlow, Setlow, & Sarker, 2008). The experiment 

with mCherry fusion proteins showed that the decoated spores displayed 
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much higher fluorescence intensity than the intact spores (Figure IV-2C and 

2D). 

The previous study reported that LysPBC2_SBD from Bacillus cereus 

bacteriophage can bind to spores of B. cereus and binding target of 

LysPBC2_SBD was spore cortex near the inner coat (Kong et al., 2018). To 

identify that LysCPD7 actually bind to the spore cortex, immunogold 

electron microscopy was performed with the mCherry fusion proteins. The 

binding site of the fusion proteins was shown by using rabbit anti-mCherry 

antibody as the primary antibody and a secondary antibody that was reactive 

against the primary antibody and labeled with 10-nm gold nano particles. 

Few gold particles were found in mCherry only treated spores. Fusion 

proteins treated spores, however, showed a lot of gold particles at spore 

cortex (Figure IV-2E). These results suggest that the binding target of 

LysCPD7, EAD, and SBD is the spore cortex.    
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Figure IV-2. Determining binding target site of spore binding domain (SBD). (A) Schematic diagram of mCherry fused the 

fragments of LysCPD7. Blue box: enzymatically active domain (EAD), red box: SBD, purple box: LysCPD7 (B) Relative 

fluorescence intensities of spores after incubation with the fusion proteins. mC: mCherry only, F: mCherry-LysCPD7, 1: mCherry-

EAD, 2: mCherry-SBD. (C) Binding profiles of mCherry-SBD with C. perfringens intact spores and decoated spores. (D) Relative 

fluorescence intensities of intact spores and decoated spores after incubation with mCherry-SBD and mCherry-only proteins. (E) 

Immunogold electron microscopy images of C. perfringens spores after incubation with the fusion proteins were labeled with 

primary antibody. mC: mCherry only proteins, F: mCherry-LysCPD7, 1: mCherry-EAD, 2: mCherry-SBD. The arrows point to 10-

nm gold nanoparticles. The scale bars represent 100 nm. 
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IV.3.3. Single point mutations within the SBD affect the spore 

binding activity and LysCPD7 lytic activity.  

A sequence alignment analysis revealed that C-terminal regions of 

endolysins from C. perfringens phages including SBD of LysCPD7 in 

Figure IV-1B showed conserved residues in the region (Figure IV 1B and 

3A). The earlier study revealed that SBD mutants of endolysin showed 

increased lytic activity compared to that of the wild type endolysin (Kong et 

al., 2018). To test whether the alteration of spore binding modulates the lytic 

activity of LysCPD7, I constructed derivatives of LysCPD7 having single 

amino acid replacements by site-directed mutagenesis (Figure IV 3A). I 

evaluated their spore binding activity toward C. perfringens spores using 

mCherry-fused SBD derivatives. Spore binding assay showed that two 

charge inversion mutations (E187K, and R192E) significantly impaired the 

spore binding activity of SBD (Figure IV 3B). Other mutations (Q196A, 

K201E, and E208K) displayed similar spore binding activity of wild type 

SBD. Then, I measured the lytic activity against C. perfringens cells using 

LysCPD7 derivatives containing the single point mutation within the SBD 

region. A turbidity reduction assay revealed that all the tested LysCPD7 

derivatives except E187K (m1) residue mutant displayed decreased lytic 

activity compared to that of the wild type LysCPD7 (Figure IV 3C). The 
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result showed that SBD region was involved in lytic activity of LysCPD7. 

However, m1 residue mutant showed similar lytic activity of LysCPD7 

despite the decreased spore binding activity.  

To identify role of SBD during phage infection, construction of a 

mutant phage encoding endolysin mutant impaired spore binding activity is 

necessary. I selected the m1 residue mutant in further study to construct a 

mutant phage because m1 mutant has impaired spore binding activity and 

shows same lytic activity compared to LysCPD7.  
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Figure IV-3. The effects of single point mutations within SBD on the lytic activity of LysCPD7. (A) Conserved residues of 

SBD from C. perfringens phage endolysins. The arrows point single mutation of amino acid. m1: E187K, m2: R192E, m3: Q196A, 

m4: K201E, m5: E208K. (B) Effects of point mutations within the SBD on spore binding. *, P<0.05; **, P<0.01; ***, P<0.001 

versus wild type SBD (WT), determined by unpaird t-test. (C) Effects of point mutations within the SBD on the lytic activity of 

LysCPD7 against C. perfringens cells. 
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IV.3.4. Vector construction for phage genome editing in C. 

perfringens.  

Recently, CRISPR-Cas based methodology employing the Type Ⅱ 

system from Streptococcus pyogenes for use in genome editing of 

Clostridium was reported (Pyne et al., 2016). I choose the system to edit 

phage genome. However, introduction of the system has a problem that 

expression of the Cas9 endonuclease has been shown to be toxicity in a 

multitude of organisms including Clostridium (Pyne et al., 2016; Bruder et 

al., 2016). Since the lethal effect of Cas9 affects the transformation 

efficiency (Bruder et al., 2016), I tried to introduce inducible promoter to 

cas9-expressing plasmid construct for control cas9 expression in 

transformation. bgaR, the lactose-dependent regulator, was reported in 

Clostridium perfringens strain 13 and highly conserved in Clostridium 

perfringens (Hartman, Liu, and Melville, 2011) (Figure IV 4A). Because 

bgaR can regulate downstream gene expression by lactose, I inserted bgaR 

to upstream of cas9 (Figure IV 4B). To confirm the lactose dependency of 

bgaR, I constructed bgaR-mCherry vector and tried to induce mCherry 

protein with lactose. mCherry was expressed successfully in lactose 10 mM 

(Figure IV 4C and 4D). Finally, I constructed CRISPR-Cas9 vector for 

phage genome editing with the lactose inducible promoter (Figure IV 4B).   
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Figure IV-4. Vector construction for phage genome editing in C. perfringens. (A) Conserved residues of bgaR from C. 

perfringens strain 13 and ATCC 13124. (B) The vector map of pJIR750::CRISPR-Cas9 for phage genome editing. White arrow box: 

LysCPD7 gene flanked 1.2-kbp homologous region of CPD7, green arrow box: LysCPD7 gene including SBD mutation, gray arrow 

box: pJIR750 replication region, deep green arrow box: chloramphenicol acyltransferase gene, purple arrow box: trans-activating 

crRNA (tracrRNA), yellow arrow box: bgaR, blue arrow box: cas9, deep yellow arrow box: CRISPR RNA (crRNA), black arc bar: 

the region of lactose inducible promoter. (C) Fluorescence intensity of C. perfringens ATCC 13124 containing bgaR-

mCherry::pJIR750. 1: no vector of ATCC 13124, 2: transformant in 0 mM lactose, 3: transformant in 1 mM lactose, 4: transformant 

in 10 mM lactose. (D) Fluorescence microscopy images of transformants. The scale bars represent 1 µm. 
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IV.3.5. Construction of phage genome editing system in C. 

perfringens.  

To replace 187th glutamic acid of LysCPD7 including SBD to lysin, I 

inserted an editing template that harbored LysCPD7 flanked homologous 

regions and LysCPD7 E187K (m1 mutant) (Figure IV 4B). Because the 

mutant phages have to avoid the lethal double-stranded DNA cleavage by 

Cas9, m1 mutant had silent mutations in crRNA target site additionally 

(Figure IV 5A and 5B). To edit phage genome, CPD7 phages were infected 

to host cell harboring the vector. If the LysCPD7 sequence of the phage 

genome was changed to the m1 mutant sequence, the phage mutant can 

evade the CRISPR-Cas9 system (Figure IV 5B and 5C). To confirm the 

vector is working, CPD7 phages were infected to host cells harboring 

LysCPD7 target crRNA with no editing template. The phages can not 

survive after infecting to the host cells (Figure IV 5D). On the other hand, 

many plaques appeared after infecting to host cells harboring CRISPR-Cas9 

system with editing template (Figure IV 5E). I picked the plaques of Figure 

IV 5E and dotted the plaques on the cells that can delete wild type CPD7. 

Five plaques were obtained. Finally, through sequencing, four plaques from 

infecting the cells harboring an editing template were confirmed as SBD 

mutation of LysCPD7 and I obtained the m1 mutant phage. 
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Figure IV-5. Construction of phage genome editing system in C. perfringens. (A) Concept of genome editing using CRISPR-

Cas system. The CRISPR targeting construct directs cleavage of CPD7 genomic DNA and is co-transformed with an editing 

template that recombines with the target to prevent cleavage. White arrow box: LysCPD7 gene flanked 1.2-kbp homologous region 

of CPD7, gray arrow box: LysCPD7 gene including SBD mutation, red box: point mutation site of SBD, yellow box: PAM site, pink 

box: protospacer (B) Nucleotide and amino acid sequence of the wild type phage and edited (white and red nucleotides; underlined 

amino acid resiudes) phage. The protospacer, PAM and single point mutation site of SBD region are shown. (C) Overview of the 

procedures for isolating a desired recombinant CPD7 phages. The CPD7 phages overlay assay for phage genome editing. (D) and 

(E) are results of the overlay assay. The transformed host cells harbored pJIR750-CRISPR_Cas9_target (pO) or pJIR750-

CRISPR_Cas9_editing (pE) (Table IV-1). pOI: the host cells harbored pO with 10 mM lactose, pEI: the host cells harbored pE with 

10 mM lactose.  
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IV.3.6. SBD plays a role as sporulation inhibitor in C. 

perfringens sporulation during CPD7 infection. 

I hypothesized that SBD affects the host sporulation because SBD can 

bind the host spore cortex. To identify a role of SBD during the host 

sporulation, I designed the experiment to focus on phage infection in 

sporulation. If SBD can affect the host sporulation, the number of spores is 

different between infection of CPD7 phage and m1 mutant phage in the 

sporulation condition. The same infectivity of CPD7 phage and m1 mutant 

phage was prerequisite condition. The plaque morphologies of CPD7 phage 

and m1 mutant phage were same (Figure IV 6A). Subsequently, the 

infectivity of CPD7 phage and m1 mutant phage was tested in bacterial 

challenge assay. Each phage was added to the C. perfringens isolate 2722 

culture at an MOI of 1, and the bacterial growth was periodically monitored 

by measuring the optical density at 600 nm. As expected, CPD7 phage and 

m1 mutant phage showed same infection pattern (Figure IV 6B).  

Next, each phage was added to the isolate 2722 culture at an MOI 

0.001 in sporulation condition. The number of vegetative cells and spores 

was measured at intervals of six hours. The number of vegetative cells was 

not significantly different between the cells infecting CPD7 phage and m1 

mutant phage. The result validated that lytic activity of CPD7 phage and m1 
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mutant phage was same. Phage resistant cells appeared after 12 h in each 

culture (Figure IV 6C). The number of spores, however, showed difference 

between CPD7 phage and m1 mutant phage. Spores appeared after 12 h in 

control culture. CPD7 phage showed lower the number of spores than m1 

mutant phage significantly after 24 h (Figure IV 6D).    
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Figure IV-6. SBD inhibits sporulation in phage infection. (A) The plaque morphology of CPD7 and E187K (m1) mutant 

phage (B) The challenge assay of CPD7 and m1 mutant phage with C. perfringens isolate 2722 at an MOI 1. (C) The number of 

isolate 2722 vegetative cells in infection of CPD7 and m1 mutant phage at MOI 0.001. (D) The number of isolate 2722 spores in 

infection of CPD7 and m1 mutant phage at MOI 0.001. *, P<0.05; **, P<0.01; ***, P<0.001 determined by one-way ANOVA with 

Tukey’s post hoc test. 
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IV.4. Discussion 

 

I showed spore binding activity of LysCPD7 and identified SBD in 

the endolysin. In previous reports, SBD was related in EAD of endolysins 

from Bacillus phages (Kong et al., 2018; Yang et al., 2012). The endolysins 

from B. cereus phages have CBD at C-terminal region and SBD are 

overlapped in EAD, however, LysCPD7 has no CBD at C-terminal region 

(Figure IV-1C). Instead, SBD is located at C-terminal region. All the tested 

LysCPD7 derivatives except a m1 mutant showed decreased lytic activity 

compared to the wild type LysCPD7. The result suggests that C-terminal 

region including SBD is also involved in EAD like SBD from Bacillus 

phages endolysins (Yang, et al., 2012; Kong et al., 2018).  

SBD of LysCPD7 was highly conserved in C. perfringens phages 

including phiCP34O phage and phiCP39O phage (Figure IV-1B and 3A). In 

a previous study, the C-terminal regions of endolysins from phiCP34O 

phage and phiCP39O phage were predicted to CBD (Oakley et al., 2011). 

These CBDs may have bind to C. perfringens cells as predicted. However, 

the predicted CBDs have the possibility of SBD like LysCPD7. A follow-up 

study is required to confirm these domains. 

The CRISPR-Cas9 system was chose to construct C. perfringens 
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phage genome editing. Previously, genome editing tools of Clostridium 

were reported by previous studies (Bruder et al., 2016; Chen et al., 2005; 

Pyne et al., 2016). The alpha toxin gene of C. perfringens, plc gene, was 

deleted by using group Ⅱ intron-based Target-Tron technology. The 

technology is site specific, highly efficiency and does not require no 

antibiotic resistance genes for selection (Chen et al., 2005). However, it is 

no report that the technology applied to phages genome. The CRISPR-Cas9 

system is generally known to phage genome editing method (Kiro et al., 

2014). However, the case of C. perfringens phage genome editing has been 

not reported. In this study, LysCPD7 sequence of CPD7 phage was replaced 

to m1 mutant sequence by the CRISPR-Cas9 system. I expect that the 

construction method of the recombinant phage can provide as a tool of C. 

perfringens phage genome editing or engineering.        

SBD of LysPBC2 from B. cereus PBC2 phage showed specifically 

spore binding activity to B. cereus spores and targeted to the boundary 

region between the spore’s cortex and coats (Kong et al., 2018). B. cereus 

spores have the exosporium and it has been reported that the channels of the 

exosporium layer are too small to permit the diffusion of large proteins 

(Kong et al., 2018). Nevertheless, a few EGFP-tagged LysPBC2_SBD can 

bind to cortex. On the other hand, in this study, a lot of mCherry-tagged 

LysCPD7_SBD bound to cortex (Figure IV 2C). The LysCPD7_SBD may 
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have bound to spores easily compared to the LysPBC2_SBD because C. 

perfringens does not have an exosporium (Paredes-Sabja et al., 2016).         

Endolysins are expressed in the late stages of the phage’s lytic 

replication cycle to lyse the host (Bai et al., 2016). I hypothesized that SBD 

of LysCPD7 played a role in lytic replication cycle of the phage especially 

in the sporulation condition of the host cells. I have succeeded to construct 

m1 mutant phage that had almost same infectivity of CPD7 phage. CPD7 

phage showed inhibition of the host sporulation compared to m1 mutant 

phage (Figure IV-6D). In contrast to the spores, vegetative cells can be 

infected by phages. The absence of the spores in the nature may help the 

survival of phages because phages can not infect the spores. The SBD may 

have contributed to phage infection well in the host sporulation condition. 
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V. Future perspectives 
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Suggestions for future study 

 

     Phage propagation has to be concerned with the toxicity of the host 

bacteria for application of the phage. C. perfringens has limitation as a 

phage propagation of the host in the industry because of alpha toxin. To 

overcome the problem, alpha toxin of C. perfringens will be deleted by 

using modified CRISPR-Cas9 system which has been constructed in this 

study.  

Several studies can be suggested for future work. For example, CBD 

of LysCPS2 and SBD of LysCPD7 could be combined to Magnetic Nano 

Cluster (MNC) by conjugation. The conjugated MNC complexes could bind 

to C. perfringens vegetative cells and spores in real food samples. After then, 

the cells and spores would be detected by mCherry-fused CBD and SBD, 

rapidly.   

Supplementary experiments to identify biological role of SBD are 

planned. It is unclear what benefits other than SBD of bacteriophage inhibits 

sporulation of C. perfringens. It is necessary to measure population of phage 

during phage infection in sporulation of the host. To suggest that the 

biological role of SBD is inhibition of the host sporulation, mutation of 

LysCPD7 m1 residue would not affect the stability of the protein. Hence, 

stabilities of LysCPD7 and m1 mutant have to be measured in vitro. The 
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stabilities could be measured by protein thermal shift. The result will 

support Figure IV-6D and 6C. Stabilities of LysCPD7 and m1 mutant have 

to be measured in vivo by using a western blot, additionally. Sporulation 

causes expression of C. perfringens enterotoxin (CPE) in the intestine. 

Spores would be emitted to environment by diarrhea caused the CPE. 

Inhibition of sporulation by SBD may have contributed to inhibit emission 

of the phage in the intestine. A follow-up study is required to verify this 

assumption by using animal model.
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국문 초록 

 

클로스트리디움 퍼프리겐스 (Clostridium perfringens)는 

그람 양성 균으로 혐기 조건에서 잘 자라고 포자를 형성할 수 

있는 세균이다. 이 세균은 자연 환경에서 흔히 존재하고 식중독을 

일으킬 수 있는 주요 병원 균 중 하나이다. 또한, 클로스트리디움 

퍼프리겐스가 형성한 포자는 높은 열에도 살아남을 수 있어 

포자가 오염된 식품을 충분한 열 처리 없이 조리하여 섭취 시 

사람의 장 안에서 균으로 발생하여 식중독을 일으킬 수 있다. 전 

세계적으로 항생제 다재 내성균이 증가함에 따라 균을 죽이는데 

있어 항생제를 대체할 새로운 물질을 개발하려는 노력이 

이루어지고 있다. 박테리오파지는 항생제 대체할 수 있는 물질로 

각광받으며 많은 연구가 이루어지고 있다. 본 연구자는 본 

연구에서 클로스트리디움 퍼프리겐스에 특이적으로 감염하는 

용균성 파지 CPS1을 분리하였다. 유전체 분석 결과 CPS1은 19 

kbps의 작은 유전체를 가지고 있었고 작은 비수축성 꼬리를 

지니고 있어 Podoviridae의 하위 구성인 Picovirinae로 분류할 수 
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있었다. CPS1의 숙주 수용체를 알아보기 위하여, 무작위로 

유전자를 돌연변이 시킬 수 있는 EZ-Tn5를 사용하여 

클로스트리디움 퍼프리겐스 ATCC 13124 돌연변이 라이브러리를 

구축하고 CPS1을 감염시켜 CPS1에 살아남는 균주를 분리하고자 

하였다. 살아남은 균주 중 유전자 CPF_0486이 망가진 균주를 

선별하였다. 이 유전자는 이전에 UDP-글루코오스 4-

에피머레이스 (GalE)를 발현하는 galE 유전자로 알려져 있었다. 

그러나 CPF_0486에서 발현된 단백질을 생화학적 분석을 통해 

알아본 결과, CPF_0486 단백질은 GalE 활성뿐만 아니라 UDP-

N-아세틸글루코사민 4-에피머레이스 (Gne) 활성 또한 지니고 

있었다. 본 연구자는 CPF_0486 유전자가 돌연변이 된 균주가 

야생주에 비해 캡슐 다당질 (capsular polysaccharides)이 

감소했음을 알 수 있었다. 본 연구자는 또한 CPS1이 숙주에 흡착 

시 글루코사민과 갈락토사민이 각각 경쟁적으로 이를 방해함을 

발견했다. 이 결과들은 캡슐 다당질이 CPS1의 숙주 수용체라는 

것을 보여준다. 클로스트리디움 퍼프리겐스를 저해하기위한 

항생제 대체제와 생물학적 검출 제재를 찾기 위해 본 연구자는 

클로스트리디움 퍼프리겐스를 특이적으로 감염하는 박테리오파지 
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CPS2를 닭 똥으로부터 분리하고 특성을 분석했다. CPS2 파지의 

유전체는 18 kbps 정도의 이중가닥 DNA이고 25 개의 해독틀 

(open reading frame) 정보를 담고 있다. CPS2 또한 CPS1과 

마찬가지로 Podoviridae의 하위 구성인 Picovirinae로 분류할 수 

있었다. 생물정보학적 분석을 통해 CPS1과 CPS2 파지의 유전 

정보 안에 엔도라이신 (endolysin)으로 추정되는 단백질 

LysCPS1과 LysCPS2를 찾아냈다. LysCPS1은 pH 7에서 9 

사이에 용균 활성을 보이고 pH 7.5에서 0.5 M 염 농도 안에서도 

활성을 가지고 있었다. LysCPS2는 pH 7.5에서 pH 10, 25℃에서 

65℃, 그리고 넓은 범위의 염 농도 안에서 강한 용균 활성을 

보였다. 흥미롭게도 LysCPS2는 95℃에서 10분 간 두어도 용균 

활성의 30%가 보존되는 뛰어난 열 안정성을 보였다. 추가적으로  

LysCPS2의 C-말단에 존재하는 세포벽 결합 도메인 (cell wall 

binding domain)은 클로스트리디움 퍼프리겐스에 특이적으로 

붙은 것을 알 수 있었다. LysCPS2는 클로스트리디움 퍼프리겐스 

용균성 파지로부터 분리한 내열성 엔도라이신에 관한 첫번째 

연구로 그 의의가 있다. 클로스트리디움 퍼프리겐스 용균성 파지 

CPD7으로부터 유래한 엔도라이신 LysCPD7을 연구하는 과정 
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중에 본 연구자는 LysCPD7의 C-말단 부위가 클로스트리디움 

퍼프리겐스 포자에 붙는다는 것을 발견하였다. 엠체리 (mCherry) 

형광 단백질과 결합한 C-말단 부위는 클로스트리디움 퍼프리겐스 

영양 세포 (vegetative cell)에는 붙지 않지만 포자에 붙는다는 

것을 알 수 있었고, 이를 포자 결합 도메인 (spore binding 

domain)으로 명명하였다. 면역 금 전자 현미경 기법 

(immunogold electron microscopy)과 부착 정도를 비교하는 

기법 (binding assay)을 통해 포자 결합 도메인이 포자피질 

(spore cortex)과 포자핵 주변에 붙는 것을 확인하였다.  

생물정보학적 분석을 활용하여 LysCPD7 C-말단의 다섯 잔기들 

(E187K, R192E, Q196A, K201E, E208K)을 포자 결합에 영향을 

미치는 주요 잔기로 추정하였다. 점 돌연변이 기법 (point 

mutation analysis)에서 추정한 다섯 개의 잔기 중 두 개의 

잔기가 포자 결합에 영향을 끼치는 것을 알 수 있었다. 점 

돌연변이 LysCPD7 유도체들 중 네 개는 야생형 LysCPD7과 

비교해서 활성이 떨어졌다. 이들 중 포자 결합에 영향을 주지만 

엔도라이신 활성에는 영향을 주지 않는 E187K 돌연변이를 본 

연구에 활용하였다. 추후 연구를 위해 파지 유전체 편집 기술을 
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사용하여 포자 결합 도메인에 점 돌연변이된 LysCPD7 E187K 

돌연변이가 포함된 재조합 박테리오파지를 구축하였다. 야생형 

파지와 재조합 파지를 포자 형성 조건에서 키운 클로스트리디움 

퍼프리겐스에 접종하여 감염된 숙주의 생장 정도를 분석하는 

실험을 진행하였다. 본 실험에서 야생형 파지가 감염된 숙주는 

재조합 파지가 감염된 숙주보다 포자를 덜 형성함을 확인하였고, 

이를 통해 포자 결합 도메인이 클로스트리디움 퍼프리겐스의 포자 

형성을 방해한다는 것을 제안할 수 있었다. 본 연구자는 

박테리오파지의 수용체를 규명하였고 엔도라이신의 도메인들에 

대해 연구하였다. 본 연구 결과를 통해 파지와 엔도라이신을 

활용하여 클로스트리디움 퍼프리겐스를 효과적으로 저해할 수 

있는 방법과 더불어 엔도라이신의 도메인들이 세균 검출 기술 

개발에 활용될 수 있는 가능성을 제시하였다. 

주제어: 클로스트리디움 퍼프리겐스, 박테리오파지, 엔도라이신, 

유전자 조작 기법, 생물방제, 검출  

학번: 2014-22944 
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