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ABSTRACT 

 

Bacteriophage which can infect specific bacteria has emerged as a 

new tool to control various food-borne pathogens. A novel bacteriophage 

SCB3 targeting Salmonella enterica serovar Typhimurium was isolated from 

chicken skin. Morphological analysis revealed that phage SCB3 belongs to 

the Siphoviridae family. The genome of phage SCB3 consists of 108,773-bp 

nucleotides excluding terminal redundancy with 153 open reading frames 

(ORFs). Additional phylogenetic analysis revealed that phage SCB3 is 

classified as T5-like phage. Interestingly, phage SCB3 could infect only 

rough strains which do not have O-antigen of lipopolysaccharides even 

though BtuB (the vitamin B12 uptake outer membrane protein) is used as a 

host receptor. Comparative genomic analysis of phage SCB3 with other T5-

like phage SPC35 revealed that the specificity to rough strains of phage 

SCB3 may be associated with tail fiber genes. Swapping of the tail fiber gene 

of phage SCB3 with that of phage SPC35 enabled phage SCB3 to infect wild 

type Salmonella, suggesting that the tail fiber protein is involved in the 

interaction of phage with O-antigen. These results indicate that phage tail 

fiber protein may play an ancillary role in infection of bacteria by phages 

using BtuB as a receptor. Therefore, it experimentally supports that tail fiber 
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protein of phage SCB3 is one of the major determinant for host specificity, 

along with the receptor binding protein. 

 

 
Keywords: Salmonella Typhimurium, Bacteriophage, Tail fiber protein, 

Receptor binding protein, Host specificity 
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I. INTRODUCTION 

 

 Salmonella enterica serovar Typhimurium is pathogenic Gram-

negative enterobacteria and one of the major causes of food poisoning. 

Annually in the United States, 31% of food-related deaths is caused by 

Salmonella infection, (Ganesh et al. 2010) and this pathogen is responsible 

for gastroenteritis and sepsis (Vega et al. 2013). In order to control food-

borne pathogen like Salmonella, bacteriophage has emerged as a promising 

new tool and a substitute for antibiotics because of its high specificity toward 

target bacteria without irritating normal microflora and its effectiveness 

against increasing antibiotic-resistant bacteria (Chanishvili et al. 2001). In 

order to improve the effect of the phage control inhibiting occurrence of 

phage-resistant bacteria, phage cocktails have been researched and applied 

(Kelly et al. 2011). However, advanced fundamental research about bacteria-

phage interaction has been continuously needed to increase the actual use of 

phage control and verify the safety to human in order to apply to real 

industrial field. There is still much to learn about it.  

 Bacteriophages use specific structures in host bacteria surface as a 

receptor to occur phage infection. In Salmonella phages, various host surface 

structures have been known to be used as receptor; flagella for bacteriophage 
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chi (ϕχ) and iEPS5 (Kagawa et al. 1984; Choi et al. 2013), outer membrane 

protein, FhuA for ES18 (Casjens et al. 2005), TolC for ST27, ST29, and 

ST35 (Ricci and Piddock 2010), BtuB for EPS7 and SPC35 (Hong et al. 

2008; Kim and Ryu 2011), OmpC for Gifsy-1, Gifsy-2, and S16 (Ho and 

Slauch 2001; Marti et al. 2013), and lipopolysaccharides for P22 and Felix 

O1 (Hudson et al. 1978; Steinbacher et al. 1997; Shin et al. 2012).  

Lipopolysaccharide (LPS) in outer membrane of Gram negative 

bacteria consists of lipid A, core-oligosaccharides and O-antigen repeat part. 

Intact LPS having all these three part is called smooth-type (S-type) and 

truncated LPS without O-antigen is called rough-type (R-type) LPS structure 

(Wilkinson 1996). In Salmonella, the structure and length of O-antigen 

repeat have been known to be changed by phase variable mechanism. For 

example, Salmonella enterica modifies its O-antigen structure with 

glucosylation by expression of gtrABC1 gene cluster (Kim and Ryu 2012) 

and changes O-antigen length by expression of STM2209-STM2208 gene for 

the phase variable alteration (Cota et al. 2012). These phase variation assists 

bacterial adaption against rapid environmental change (Henderson et al. 1999; 

Kim and Ryu 2012). The infection ability of some phages is critically 

dependent on the type of LPS. For example, when constitutive expression of 

STM2209-STM2208 causes short length of the O-antigen, phage P22 which 
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is specific for O-antigen cannot infect Salmonella cells (Cota et al. 2012). 

 In many phages, binding process to the host bacterial cell is 

composed of two steps; first step is reversible adsorption between the phage 

component and host structure, second step is irreversible adsorption with 

second receptor and receptor binding protein, followed by phage DNA 

penetration (Hancock and Braun 1976; Sciara et al. 2010; Kim and Ryu 2012; 

Le et al. 2013). For example, T5 phage first adsorbs polymannose O-antigen 

of E.coli with its L-shaped tail fibers and secondly adsorbs FhuA 

(ferrichrome-iron uptake protein) with its pb5 irreversibly (Heller and 

Schwarz 1985; Mondigler et al. 1996). T5-like phage SPC35 also first 

adsorbs O-antigen with its tail fibers and secondly adsorbs BtuB (vitamin 

B12 uptake protein) with its receptor binding protein (Kim and Ryu 2011; 

Kim and Ryu 2012). This type of adsorption mechanism suggests that not 

only receptor binding protein of the phage but also tail fibers may be 

significantly related to determine host specificity of the phage (Kim and Ryu 

2012; Le et al. 2013).  

In this study, a novel bacteriophage SCB3 targeting S. Typhimurium 

was isolated and characterized. Phage SCB3 was classified as a T5-like 

phage by phylogenetic analysis and BtuB was found as a major receptor of 

phage SCB3. Interestingly, phage SCB3 could infect only rough strain 
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harboring truncated LPS. It is another example of two-step phage adsorption 

and phage tail fiber proteins were turned out to be involved in this 

phenomenon. Through constructing a phage mutant having swapped tail 

fiber genes with phage SPC35, this study aimed to prove the role of the tail 

fibers on the phage adsorption and determination of host specificity.  
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II. MATERIALS AND METHODS 

 

2.1. Bacterial strains and growth condition 

Bacterial strains and plasmids used in this study are listed in Table 1. 

Prophage-cured Salmonella enterica serovar Typhimurium LT2 strain 

(designated as LT2(c)) from Cancer Research Center and its various mutants 

were mainly used in this study. All bacterial strains were aerobically grown 

at 37°C in Luria-Bertani (LB) broth or agar that was added 1.5% agar to the 

LB broth.  

 

2.2. Bacteriophage isolation and propagation 

12 samples of chicken feces, skin, and organs were obtained from 

the Mo-ran traditional market, Seoul, South Korea for screening of 

Salmonella-specific bacteriophage. The 25 g of each sample was 

homogenized in 225 ml sterile Butterfield’s phosphate-buffered dilution 

water (0.25 M KH2PO4 adjusted to pH 7.2 with NaOH) in sterile bags with a 

blender (BacMixer 400, Interscience Laboratory Inc., France). The 25 ml of 

each suspension was added to 25 ml of 2X LB broth and incubated for 24 hr. 

After centrifugation at 9,000 × g, 4°C for 10 min and filtration using 0.22 μm 

pore size filters (Millipore, USA), 10 ml of each filtrate was mixed with 50 
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ml LB broth containing 1% overnight culture of appropriate host Salmonella 

mutant strain and then the mixture was incubated at 37°C for 8 hr. The 

culture was centrifuged at 9,000 × g for 10 min and the supernatant 

containing phages was filtered using 0.22 μm pore size filter to remove 

bacterial debris. To confirm the presence of bacteriophage, Ten-fold serially 

dilutes of this supernatant were dotted on molten 0.4% LB soft agar 

containing 1% host Salmonella strain. The plates were incubated overnight at 

37°C and plaque formation was observed. To isolate and purify the 

bacteriophages, the overlay assay was carried out (Park et al. 2012). Only 

single plaque was picked with sterile tip and eluted in sodium chloride-

magnesium sulfate (SM) buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 

mM MgSO4). This step was repeated three times for fully purification.  

The lysate of a single plaque was added to the culture of appropriate 

host Salmonella mutant strain, ΔrfbP (OD600 = 0.5) and the mixture was 

incubated at 37°C for 2hr. Cell debris was removed by centrifugation at 

9,000 × g, 4°C for 10 min and filtrated using 0.22 μm pore size filters. Then, 

the filtrate was infected to another host culture (OD600 = 0.5) and these steps 

were repeated, gradually increasing the volume of the mixture. The phage 

particles in the final filtrate were precipitated by mixing with 10% (wt/vol) 

polyethylene glycol (PEG) 6,000 (Sigma, USA) in 1 M sodium chloride at 
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4°C for 10 hr. After centrifugation (10,000 × g, 20 min, 4°C ), precipitated 

phages were resuspended in SM buffer and separated by CsCl density 

gradient ultracentrifugation (himac CP 100β, Hitachi, Japan) with different 

CsCl steps (step density = 1.3, 1.45, 1.5 and 1.7 g/ml) at 78,500 × g, 4°C for 

2 hr. The phage band fraction was collected and dialyzed using Spectra/Por 

dialysis membrane (molecular weight cutoff, 12,000 to 14,000; Spectrum 

Laboratories Inc., USA) and 1 L of standard dialysis buffer (5 M NaCl, 1 M 

MgCl2 and 1 M Tris∙HCl at pH 8.0). After measuring the titer of the 

concentrated phage stock by overlay assay, the stock was stored at 4°C. 

 

2.3. Transmission electron microscopy 

For morphological analysis, the phage stock dilution (approximately 

1010 PFU/ml) was examined by transmission electron microscopy. The phage 

sample was put on carbon-coated copper grids and negatively stained with 2% 

aqueous uranyl acetate (pH 4.0) for 30 s. The treated phages were observed 

by transmission electron microscope (LIBRA 120, Carl Zeiss, Germany) at 

80 kV at the National Academy of Agricultural Science (South Korea). The 

phages were identified and classified according to the guidelines of the 

International Committee on Taxonomy of Viruses (Fauquet and Fargette 

2005; Shin et al. 2012). 
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2.4. Spotting assay and efficiency of plating 

A 100 μl of overnight bacterial culture was added to 5 ml of the 

molten 0.4% LB agar containing 5 mM MgCl2 and CaCl2. The mixture was 

overlaid on the 1.5% LB agar plate. After drying for 20 min at room 

temperature, 10 μl of serial dilutions of phage SCB3 stock was dotted on the 

overlaid bacterial lawns and these plates were incubated at 37°C for 

overnight. The formation of a single plaque or the inhibition zone was 

observed to determine the sensitivity of each bacterium. For more 

confirmation, overlay method which is pouring the bacteria and the phage 

together on plates was used as described previously (Kim and Ryu 2011). 

Also, for comparing with efficiency of plating (EOP), the ratio of the number 

of plaque in several LPS mutants to that in ∆rfbP was calculated (Marti et al. 

2013).  

 

2.5. Construction of deletion mutants and complementation 

S. Typhimurium LT2(c) strains with deletion of candidate gene for 

phage receptor was constructed using the λ-Red recombination system 

(Datsenko and Wanner 2000) and P22 transduction (Schmiege.H 1972; 

Hughes and Maloy 2007). Briefly, in the λ-Red recombination system, the 
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kanamycin resistance cassette from pKD13 was amplified by PCR and this 

resulting product had homologous sequences of up and downstream in flgK 

gene. Then PCR product was transformed to the Salmonella double mutant 

ΔbtuB/rfbP strain having pKD46, and the flgK::KmR / ΔbtuB/rfbP was 

created by homologous recombination. And then the KmR cassette was 

removed by introducing plasmid pCP20. The primers used in this study are 

listed in Table 2. In P22 transduction, P22 which infected flgK::Km/SL1344 

(Choi et al. 2013) before, newly infected LT2(c). By the phage replication 

cycle, flgK::Km/LT2(c) was created and selected. pCP20 made the KmR 

cassette removed.  

For complementation of the btuB deletion mutant, the 

complementation vector (pbtuB) (Kim and Ryu 2011) was transformed into 

the mutant. Expression of the btuB gene was constitutively induced and 

susceptibility to phages was examined by dotting assay.  

 

2.6. One step growth curve 

Bacterial overnight culture was added in 50 ml LB broth to be 1% 

(final concentration), and this solution was incubated at 37°C with 

aerobically shaking until OD600 reaches to 0.5. Phage was added at a MOI of 

0.01 with 5 mM divalent ions and allowed to be absorbed at room 
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temperature for 5 min. After centrifugation (6000 × g, 10 min, 4°C), the 

supernatant was discarded to remove the residual phages and the pellet was 

re-suspended with the same volume of fresh LB broth containing 5 mM 

divalent ions. This culture was further incubated at 37°C with aerobically 

shaking (at 220 rpm). During incubation, two sets of the samples were 

collected every 5 min, diluted immediately and plated to measure the phage 

titer. To determine the eclipse period, the second set of samples was treated 

with 1% CHCl3 (final concentration) to release intracellular phages. Latent 

period and burst size were determined based on PFU per ml. 

 

2.7. Bioinformatics analysis 

Whole genomic DNA of phage SCB3 was sequenced by a 

pyrosequencing using the Genome Sequencer FLX Titanium and assembled 

with GS de novo assembler (v. 2.60) at Macrogen Inc., South Korea. 

Prediction of all open reading frames (ORFs) was carried out using 

GeneMarkS (Besemer et al. 2001), Glimmer 3.02 (Delcher et al. 2007), and 

FgenesB (Softberry, Inc., USA) softwares. The predicted ORFs were 

annotated according to the results of BLSTP (Altschul et al. 1990), 

InterProScan (Zdobnov and Apweiler 2001), and NCBI Conserved Domain 

Database (Marchler-Bauer et al. 2007). tRNAs were predicted by tRNAscan-
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SE (Lowe and Eddy 1997). To confirm ORFs prediction, Ribosomal binding 

sites (RBS) were predicted using RBSfinder (J. Craig Venter Institute, USA). 

The sequencing and annotation data were handled by Artemis14 and ACT 

(Carver et al. 2008). The phylogenetic analysis for major capsid proteins of 

bacteriophages was performed using MEGA5 with the neighbor-joining 

method using p-distance values (Kumar et al. 2008). Comparison of amino 

acid sequences was conducted using ClustalX (Thompson et al. 1997) and 

GeneDoc program (Nicholas et al. 1997). 

 

2.8. Phage DNA extraction 

Phage genomic DNA was extracted from the CsCl-concentrated 

phage lysate as previously described by Wilcox et al. (Wilcox et al. 1996). 

Before purification, phage lysate was treated with DNase I and RNase A at 

37°C for 30 min respectively in order to remove non-phage DNA and RNA. 

Lysis buffer (1% of Sodium dodecyl sulfate (SDS), 0.5 mol/liter of EDTA 

and 10 mg/ml of proteinase K) was treated to the samples for 2 h at 56°C. 

And then, standard phenol-chloroform DNA purification and ethanol 

precipitation were carried out to isolate the phage DNA. 
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2.9. Construction of the mutant phages 

Phage SPC35 ORFs coding tail fiber proteins and up/downstream of 

homologous sequences of phage SCB3 tail fiber ORFs were amplified by 

overlapping PCR (Marinelli et al. 2008; Bryksin and Matsumura 2010) and 

primers used are listed in Table 2. After cutting PCR product and pBAD18 

with SacI and SphI, they were ligated to make the vectors, pBAD18::SPC35 

122/123. Then phage SCB3 DNA and the vector were co-electroporated into 

E. coli DH10B including 100 mM arabinose-induced pKD46 plasmid 

(Marinelli et al. 2008). After 2 hr recovery at 37°C under shaking condition, 

the lysate was added to 0.4% LB top agar with 100 μl of the selection strain 

LT2(c) and overlaid on 1.5% LB plates (Mahichi et al. 2009). Some single 

plaques were picked up and purified three times. The mutant phage was 

confirmed by PCR and sequencing analysis (Table 2). 

 

2.10. Adsorption assay 

Bacteriophage adsorption assay with various S. Typhimurium 

mutants was performed according to the previous study with some 

modifications (Kim and Ryu 2012; Choi et al. 2013). Bacterial overnight 

culture was added in 20 ml LB broth to be 1% (final concentration), and this 

solution was incubated at 37°C with aerobically shaking (at 220 rpm) until 
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OD600 reaches to 1.0. After harvesting cell (6000 × g, 10 min, 4°C), it was 

re-suspended and 10-fold diluted with LB broth in order to make OD600 at 

0.1. Phage was added at a MOI of 0.01 with 5 mM MgCl2 and CaCl2 (final 

concentration) and it was aliquoted into 1.75-ml tube, 1 ml respectively. The 

tubes were incubated at 37°C for 20 min. The samples were collected at 1, 5, 

10, 15 and 20 min, centrifuged at 16,000 × g for 1 min and filtered using 

0.22 μm pore size filters to get free phage in supernatant. The filtrates were 

serially diluted and unabsorbed phages in the filtrates were counted with 

double agar overlay methods using the host bacteria of the phage. The initial 

phage titer was based on the number of phages only in LB broth. An 

adsorption constant (k) was calculated according to the following formula: k 

= -ln (Pt/P0)/Nt, where Pt = phage titer at the time t (PFU/ml), P0 = initial 

phage titer (PFU/ml), N=bacterial density (cfu/ml) and t=time (min). 

 

2.11. Bacterial challenge assay and phage propagation analysis 

Bacterial overnight culture was added in 50 ml LB broth to be 1% 

(final concentration), and this solution was incubated at 37°C with 

aerobically shaking until OD600 reaches to 0.5. At that time, phage was added 

in it at a MOI of 1 with 5 mM MgCl2 and CaCl2. During the mixture was 

further incubated for another 25 hr under the same conditions, the culture 
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samples were collected at regular time intervals and OD600 was measured. 

For a negative control, SM buffer was added with the same volume of the 

phage into another bacterial culture.  

And for phage propagation analysis, collected culture samples were 

centrifuged (4°C, 1 min, 16000 × g) and filtered and then serially diluted. 

These dilutes were used in dotting and overlay assay. The ratio of the 

number of plaque in lysates from several time points to that from 0 time 

point was calculated and plotted (Choi et al. 2013). 

 

2.12. β-galactosidase assay and gtrABC1 overexpression  

β-galactosidase assay was conducted according to the methods of 

Miller and previous study (Kim and Ryu 2012). The gtrABC1-lacZ (Kim and 

Ryu 2012) bacterial culture infected with the phage was incubated over 1 day 

and the culture was streaked on LB X-gal plate. Then resistant bacteria of the 

phage appeared and were used for β-galactosidase assay.  

IPTG of different concentration induced gtrABC1 expression in 

pgtrABC1/∆gtrABC1 strain and the phage was added in these bacterial lawns. 

And the sensitivity of these bacteria to the phage was observed. For negative 

control, ∆gtrABC1 strain harboring backbone plasmid was used. This assay 

followed the methods of previous study (Kim and Ryu 2012).  
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Table 1. Strains and plasmids used in this study. 

Strain or plasmid Genotype/plasmid
a
 Reference or source 

Bacterial strains 
  

    Salmonella enterica serovar Typhimurium 
 

LT2(c) Prophage cured strain LT2; wild type; host for phage SCB3 TFM, SPC35 Erickson et al. (2009) 

SR5016 △rfbP ; host for phage SCB3 Kim and Ryu (2012) 

 
△rfaC Kim (2013) 

SR5019 △btuB Kim and Ryu (2012) 

SR5021 △btuB/rfbP Kim and Ryu (2012) 

SR5003 △gtrABC1 Kim and Ryu (2012) 

 
△flgK This study 

  △fliR  This study  

 
 △flgK/rfbP  Kim (2013)  

 
△btuB/rfbP/flgK This study 

 
△rfaJ Kim (2013) 
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△rfaI Kim (2013) 

 
△rfaG Kim (2013) 

 
△rfaF Kim (2013) 

 SR5019 with pACYC184; Cm
R
 This study 

 SR5019 with pbtuB; Cm
R
 This study 

 SR5021 with pACYC184; Cm
R
 This study 

 SR5021 with pbtuB; Cm
R
 This study 

SR5004 SR5003 with pUHE21-2 lacI
q
 Kim and Ryu (2012) 

SR5005 SR5003 with p
LT2

gtrABC1; gtrABC1 overexpression strain Kim and Ryu (2012) 

SR5024 gtrABC1::lacZ; Km
R
 Kim and Ryu (2012) 

Escherichia coli 
  

K-12 MG1655 Wild type Laboratory collection 

DH10B Harboring pKD46 Laboratory collection 

DH5α F-. supE44, ∆lacU169(ϕlacZ∆M15)hsdR17, relA1, emdA1, gyr96, thi-1, relA1 Neuberger (1985) 

Bacteriophages 
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SCB3 Newly isolated T5-like phage; BtuB-specific of rough strains This study 

SCB3 TFM Mutant phage having tail fiber proteins of SPC35; SCB3 backbone  This study 

SPC35 T5-like phage; BtuB-specific Kim and Ryu (2011) 

P22 General transduction phage Laboratory collection 

Plasmids 
  

pKD46 P
BAD

-gam-beta-exo oriR101 repA101
ts
; Amp

R
 

Datsenko and Wanner 
(2000) 

pKD13 FRT Km
R
 FRT PS1 PS4 oriR6Kγ, Amp

R
 

Datsenko and Wanner 
(2000) 

pCP20 cl857 λP
R
flp oripSC101

ts
; Amp

R
 Cm

R
 

Datsenko and Wanner 
(2000) 

pBAD18 P
araC

, oriColE1, Amp
R
 

 

pBAD18::122/123 pBAD18 expressing SPC35 122 and SPC35 123 ; Amp
R
 This study 

pUHE21-2 lacI
q
 reppMB1 lacI

q 
; Amp

R
 Soncini et al. (1995) 

pgtrABC1 pUHE21-2 lacI
q
-

LT2
gtrABC1; Amp

R
 Kim and Ryu (2012) 

pACYC184 repp15A CmR TetR Chang and Cohen (1978) 

pbtuB pACYC184-btuB; Cm
R
 Kim and Ryu (2011) 

a, Km
R
, kanamycin resistant; Amp

R
, ampicillin resistant; Cm

R
, chloramphenicol resistant; TetR, tetracycline resistant. 



 

18 

Table 2. Primers used in this study. 

Purpose Primer name Oligonucleotide sequence(5' to 3')a 

Gene deletion   

 
flgK-red-F  

GTC CAC GTA GTC GCT GCC GAT AAC AAC GAG TAT TGA AGG ATT AAA AGG AAC 

CAT CTG TAG GCT GGA GCT GCT TCG 

 
flgK-red-R  

CTC ATA TTT TGT TCG TCG TAC ATC ATC TGG GTA CTG ATA CGC ATG TCA TCC TTC 

TCC TAT TCC GGG GAT CCG TCG ACC 

 
fliR-red-F  

ATT ACG TGC GCA CTC TGT TCA GCA ATT TAC CTT ATA TCA TCG GAT AAA CAG 

AAC GTG TAG GCT GGA GCT GCT TCG  

 
fliR-red-R 

GTG AAT GTT TTT TAA AAT TTA TTT TCG GAT AAA CCT TAG TAA AAC AGG ATA 

AAA AAT TCC GGG GAT CCG TCG ACC 

PCR for tail fiber insert 
  

 
TF clon F AAA GAG CTC TTT GTT TAC TTA GAT ACT AGA CAA ATC CTA  

 
TF clon R  AAA GCA TGC CAT TAT CTG ATA ACC CGG AAG CCT ATT ACA  

 
elonF 

GCT GTA CAA TAA TTT TAG TTT TAA GTG CCA TTA TTT AGT TAC CCC ATC ACT GAT 

AAA TAC TTT ACC CTC CAT TAT ACG AAA GGA G  

 
elonR 

AAA CTG GTA AAA CAG TTA CTT GAT AAA TAA CCA CCT TAT TGC GCG TGA GTT 

TGA ATG GCT ATC AGA TGG GCG CAA AGA TCG AGG A  

 
overlap 2F TAT CGT TAT TAG CAC CTT TA 
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overlap 2R TAA AGG TGC TAA TAA CGA TA 

 
overlap 3F TAT CAT TAC AGA AAA CTC CA 

 
overlap 3R TGG AGT TTT CTG TAA TGA TA 

Confirmation of mutant 
  

 
cfm 4 F GGA GCA TGA AAG ATA TGT CAA ATA AAA G 

 
cfm 4 R ACT GCC ATA GAG GGT CAG TCT TAA C 

 
SCB3 128 F CTC TCC AGT ATT ACC TAC ATA GAA ACC 

 
SCB3 128 R CAC AGT AGG ACC CAC AAT GAA TGG TGT 

a, Restriction sites are underlined.
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III. RESULTS 

 

3.1. Isolation of phage SCB3 and its morphology 

In order to improve the efficiency of phage cocktail, new Salmonella 

specific phages which have different receptors other than lipopolysaccharide 

were needed in our group. For this purpose, two S. Typhimurium mutants 

which have defected LPS were mainly used in this study; rfaC or rfbP 

deletion mutant of the prophage-cured Salmonella enterica serovar 

Typhimurium LT2 strain. The mutation of the gene encoding RfaC 

(Heptosyltransferase I) in S. Typhimurium causes heptose-deficient and 

rough type LPS which has only the innermost Kdo residues. RfbP 

(undecaprenyl-phosphate galactose phosphotransferase ) is an enzyme 

transferring the galactose phosphate from UDP-galactose to the 

undecaprenyl phosphate and the mutation of it causes absence of O-antigen 

by inhibiting its biosynthesis initiation (Kim and Ryu 2012). 

Two phages were isolated using the rfaC deletion mutant as a host, 

from skin and intestine of chicken. Among two phages, phage SCB3 formed 

clearer plaque than the other and it was chosen for further experiment. 

Because phage SCB3 could form clearer and larger plaque on rfbP deletion 

mutant lawn, this strain was used to propagate phage SCB3.  
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 Morphological analysis of phage SCB3 was conducted by TEM. It 

demonstrated that phage SCB3 belongs to the Siphoviridae family which 

features an icosahedral head and non-contractile long tail (Fig. 1).  
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Figure 1. Morphology of phage SCB3. Phage SCB3 was negatively stained 

with 2% uranyl acetate and observed by transmission electron microscopy. 

The scale bar appeared at the bottom right corner of the image. 
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3.2. Host range of phage SCB3 

Through the spotting assay, sensitivity of various bacteria to phage 

SCB3 was checked up (Table 3). Phage SCB3 could form distinct plaques in 

only few Gram negative bacteria; two Salmonella strains and three E. coli 

strains. Instead, it formed the inhibition zone in most Salmonella, E.coli and 

Shigella flexineri 2a strain 2457T. It did not have any influence on Gram 

positive bacteria, at least which are tested here. These results show the 

narrow host range of phage SCB3 and infer its inability of infecting general 

strains which have intact LPS. Therefore, LT2(c) ∆rfbP mutant was used as 

main host bacteria of phage SCB3 in the further experiment and it was 

expected that the receptor of phage SCB3 is possibly hidden by intact LPS.  
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Table 3. Host range of phage SCB3. 

Bacterial host Plaque formationa 
Reference  
or sourceb 

Salmonella ssp.  
 

 

S. Typhimurium LT2(c)c (+) Erickson et al. (2009) 

S. Typhimurium DT104 (+) Poppe et al. (1998) 

S. Typhimurium ATCC 43147 (+) ATCC 

S. Typhimurium UK1 (+) Zhang et al. (1997) 

S. Typhimurium SL1344 (+) NCTC 

S. Typhi Ty 2-b (+) IVI 

S. Paratyphi A IB 211 + IVI 

S. Paratyphi B IB 231 + IVI 

S. Paratyphi C IB 216 (+) IVI 

S. Dublin IB 2973 (+) IVI 

S. arizonae KCCM 41035 (+) KCCM 

S. arizonae KCCM 41575 - KCCM 

S. indica KCCM 41759 (+) KCCM 

S. houtenae KCCM 41760 (+) KCCM 

S. diarizonae ATCC 41761 - ATCC 

S. salamae KCCM 41762 (+) KCCM 

Escherichia coli 
 

 

E. coli BL21 - 
Miroux and Walker 

(1996) 

E. coli DH5α + ATCC 

E. coli MG1655 + Hayashi et al. (2006) 

E. coli DH10B + Durfee et al. (2008) 
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E. coli O157:H7 ATCC 35150 (+) ATCC 

E. coli O157:H7 ATCC 43888 (+) ATCC 

E. coli O157:H7ATCC 43890 (+) ATCC 

E. coli O157:H7 ATCC 43894 (+) ATCC 

E. coli O157:H7 ATCC 43895 (+) ATCC 

E. coli O157:NM H-0482 (+) IVI 

E. coli O157:NM 3204-92 (+) IVI 

Other Gram negative bacteria 
 

 

Shigella flexineri 2a strain 2457T (+) IVI 

Shigella boydii 1B 2474 - IVI 

Vibrio fisheri ES-114 ATCC 700601 - ATCC 

Cronobacter sakazakii ATCC 29544 - ATCC 

Cronobacter sakazakii BAA-894 - ATCC 

Gram positive bacteria 
 

 

Bacillus cereus ATCC 14579 - ATCC 

Bacillus subtilis ATCC 23857 - ATCC 

Staphylococcus aureus ATCC 29213 - ATCC 

Pseudomonas aeruginosa ATCC 27853 - ATCC 

Listeria monocytogenes ATCC 19114 - ATCC 

a, +, single plaque; (+), inhibition zone; -, no plaque. 
b, ATCC, American Type Culture Collection; NCTC, National Collection of Type Cultures; 
IVI, International Vaccine Institute; KCCM, Korean Culture Center of Microorganisms. 
c, S. Typhimurium LT2(c) : prophage-cured Salmonella enterica serovar Typhimurium LT2. 
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3.3. Receptor determination of phage SCB3 

To determine the receptor, several gene deletion mutants of LT2(c) 

was infected with phage SCB3 using spotting assay (Table 4). Phage SCB3 

formed only inhibition zone on lawn of LT2(c) wild type and ∆gtrABC1 

mutant showing that O-antigen modification did not affect phage SCB3 

infection (Kim and Ryu 2012). Phage SCB3 also formed inhibition zone on 

lawn of ∆flgK mutant having defected flagella, however it could infect 

∆flgK/rfbP double mutant. Interestingly, in case of btuB gene encoding the 

outer membrane protein for vitamin B12 uptake, phage SCB3 could not 

infect all ∆btuB, ∆btuB/rfbP double mutant and ∆btuB/rfbp/flgK triple 

deletion mutant. Therefore, BtuB was considered as a certain candidate for 

receptor which was masked by O-antigens and this guess was confirmed by 

complementation using plasmid which had the btuB gene. As shown in Fig. 

2A, after transformation of pbtuB into btuB deletion mutants, their 

susceptibility to phage SCB3 was changed. It demonstrated that BtuB plays a 

role as a receptor for infection of phage SCB3 to Salmonella. Also, 

comparing the efficiency of plating (EOP) of variable defected LPS mutants, 

it was shown that phage SCB3 could infect all mutants that did not have O-

antigen repeat with very similar degree (Fig. 2B). However, in case of three 
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mutants having only inner core part of LPS was infected by phage SCB3 

forming smaller and more turbid plaques and their bacterial resistance to 

phage SCB3 appeared more faster in broth condition, than other mutants 

having outer core residues (Fig. 2B and 2C). All these results demonstrates 

that phage SCB3 uses BtuB as a primary host receptor and O-antigen of host 

LPS structure probably interrupts infection and exposure of outer core part 

have a more positive effects on phage SCB3 infection than inner core part. 
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Table 4. Spotting assay results of phage SCB3 to various Salmonella 

mutants. 

Salmonella ssp. 
Plaque formation of 

phage SCB3
a 

LT2(c) (+) 

△rfaC + 

△rfbP + 

△btuB - 

△btuB/rfbP double mutant - 

△flgK (+) 

△fliR (+) 

△flgK/rfbP double mutant + 

△btuB/rfbP/flgK triple mutant - 

△gtrABC1 (+) 

a,+, single plaque; (+), inhibition zone; -, no plaque. 

  



 

29 

 

 

 

 (A) 
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Figure 2. Phage SCB3 targeting BtuB of Salmonella rough strains. (A) Spotting assay of phage SCB3 to 

complemented btuB deletion strains. Serial dilutes of phage SCB3 lysate was dotted on each bacterial lawn. (B) EOP 

and spotting assay of phage SCB3 to various LPS truncated mutants. The ratio of the number of plaques in each 

mutant to that in ∆rfbP was calculated. Each gray dashed arrow represents the cleavage site of LPS structure and the 

name of deleted gene. Full names of these genes are: rfbP, undecaprenyl-phosphate galactosephosphotransferase; rfaJ, 

LPS 1,2-glycosyltransferase; rfaI, LPS 1,3-galactosyltransferase; rfaG, glucosyltransferase I; rfaF, ADP-heptose-LPS 

heptosyltransferase; rfaC, LPS heptosyltransferase I. The Black and gray circles indicate outer core and inner core 

carbohydrate residues of LPS, respectively. The abbreviations shown in these circle residues are: GlcNAc, N-

acetylglucosamine; Glc, glucose; Hep, heptose; Gal, galactose; P, phosphate; PPEtn, pyrophosphorylethanolamine; 

kdo, 3-deoxy-D-manno-octulosonic acid. Also O-Ag means O-antigen repeat and (+) mark indicates formation of 

inhibition zone. The EOP data are expressed as means and standard error of the mean of triplicate assays. (C) Bacterial 

challenge assay of phage SCB3 against various LPS mutants. Phage SCB3 was added at an MOI of 1 at arrow-

indicated time point. For negative control, SM buffer was added as the same volume of the phage lysate. 



 

33 

3.4. One step growth curve of phage SCB3 

In order to figure out the lytic characteristics of phage SCB3, ∆rfbP 

mutant was used as a host to draw the one step growth curve of phage SCB3 

(Fig. 3). It demonstrated that phage SCB3 has 15 min of eclipse period and 

25 min of latent periods. It also showed that from one infected bacterium, 

phage SCB3 of approximately 100 plaque forming unit (PFU) was released 

after host lysis.   
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Figure 3. One-step growth curve of phage SCB3. S. Typhimurium LT2(c) 

∆rfbP was used as a host. Circle indicates chloroform-untreated sample and 

rectangle indicates chloroform-treated sample. The error bars indicate the 

standard deviation in triplicate experiments. Abbreviation: E, eclipse period; 

L, latent period; B, burst size. 
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3.5. Whole genome sequence of phage SCB3 

The whole genome sequencing analysis of phage SCB3 was 

conducted and the terminal redundant DNA sequence was excluded for 

convenience. It demonstrates that phage SCB3 is consisted of 108,773-bp 

nucleotides and 153 open reading frames (ORFs) with GC content of 39.02% 

(Fig. 4). The predicted ORFs could be grouped according to their functional 

categories and most ORFs are quite homologous to those of T5 phage.  
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Figure 4. Genome map of phage SCB3. Whole phage genome structure was analyzed and the terminal redundant 

DNA sequence was excluded for convenience. The outmost circle indicates the gene coding regions with two strands 

and the predicted ORFs were expressed as colored boxes according to their functional categories: purple, nucleotide 

metabolism; green, additional function; yellow, host lysis; red, DNA replication and repair; pink, regulation; blue, 

structural protein; dark blue, packaging; orange, host interaction. The innermost hollow circle with jagged red line 

indicates G+C content of the phage genome. Scale unit is base pair. 
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3.6. Comparative genomic analysis with SPC35 

The BLASTN analysis results of phage SCB3 genome showed that 

phage SCB3 had high sequence homology with T5 group phages including 

the coliphage SPC35 (Kim and Ryu 2011). For further analysis, the 

phylogenetic tree was generated using major capsid proteins of phage SCB3 

and other Salmonella bacteriophages. Through these results, phage SCB3 

could be classified as a T5-like phage (Fig. 5A).  

Phage SCB3 was compared with SPC35 more deeply because these 

phages used the same receptor (BtuB) of Salmonella and had very similar 

morphology and nucleotide sequences. However, interestingly only phage 

SPC35 could infect wild type bacteria harboring intact LPS. To know the 

reason of this difference, sequences of these phages were compared in both 

levels of nucleotides and amino acids (Fig. 5B). The comparative genomic 

analysis demonstrated that the genes related tail structure were the most 

different between phages SCB3 and SPC35. In phage SCB3, the most 

different region (SCB3_128 and SCB3_130) was supposed to encode tail 

fiber proteins. In phage SPC35, though ORF122 and 123 were annotated as 

encoding hypothetical proteins, they also had the some possibility of 

encoding L-shaped tail fiber proteins according to BLASTP analysis.  
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(C) 
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Figure 5. Comparative analysis of phages SCB3 and SPC35. (A) Phylogenetic analysis of major capsid proteins 

(MCPs) in various Salmonella targeting phages including SCB3 and SPC35. MCPs of Salmonella phages were 

compared by ClustalW alignments and the phylogenetic tree was generated by the neighbor-joining method with P 

distance values using MEGA5. Morphological classification of the phages was indicated as abbreviations: S, 

Siphoviridae; P, Podoviridae; M, Myoviridae. (B) Comparative genomic analysis between phages SCB3 and SPC35 

using BLASTN, and it was drawn using Easyfig. A whole nucleotide sequence was compared between phages SCB3 

and SPC35 at upper part of the figure and percent of homology was expressed by colored boxes with gray scale. The 

most different region (tail part) and the part related with RBP indicated with dashed boxes were expanded at bottom 

part and % identity was estimated in amino acids level. The colored arrows indicated putative ORFs with the 

directions of transcription: white, functional ORFs; gray, hypothetical protein. The number and encoding protein of 

each ORF were shown in center and upper of ORF, respectively. (C) RBPs of phages SCB3 and SPC35 were 

compared in amino acid sequences using ClustalX and GeneDoc program. The degree of conservation is distinguished 

by different gray shade, where 100% is expressed as the darkest.
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3.7. Swapping the tail fiber genes of phage SCB3 with those of phage 

SPC35 

Based on significant difference of tail fiber proteins between phages 

SCB3 and SPC35, it was considered that tail fibers might be related to 

different host specificity in two phages. To figure out the influence of tail 

fibers on phage infection, SCB3 mutant phage was designed and constructed 

successfully by swapping the tail fiber genes of phage SCB3 with those of 

phage SPC35. This mutant harboring not its own tail fibers but those of 

phage SPC35 was named as phage SCB3 TFM (Fig. 6A). Interestingly, 

through spotting assay and bacterial challenge assay results of phage SCB3 

TFM, it was confirmed that this mutant could infect wild type LT2(c) which 

was not infected by original phage SCB3 (Fig. 6B). Also, phage SCB3 TFM 

could propagate itself using LT2(c) (Fig. 7). Although adsorption rate was a 

little bit changed between phages SCB3 and SCB3 TFM, it was not 

significant difference (Fig. 8). 

Therefore it showed that the replacement of tail fibers gave phage 

SCB3 the ability of infecting wild smooth strains and changed host 

specificity. 
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45 
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Figure 6. Comparison of infection characteristics of phages SCB3, SPC35 and SCB3 TFM. (A) Indication of 

ORFs related to tail fiber proteins and spotting assay results of phages SPC35, SCB3, and SCB3 TFM. The ORFs of 

phages SPC35 and SCB3 were shown as black and white arrows respectively and number of each ORF was indicated 

in the center or bottom of the arrows. Spotting assay was done using serial dilutes of each phage lysate: on the left 

hand side, phages were dotted on LT2(c) lawns; the right hand side, phages were dotted on ∆rfbP lawns. Abbreviations: 

(+), inhibition zone; +, single plaque formation. (B) Bacterial challenge assay of phages SCB3 and SCB TFM against 

S. Typhimurium LT2(c) and ∆rfbP. Each phage was added at an MOI of 1 to the bacterial culture after 2 hr incubation. 

For the negative control, SM buffer was added instead. The data are expressed as means and standard deviations of 

individual triplicate assays. 
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Figure 7. Phage propagation analysis with phages SCB3 and SCB3 TFM 

against S. Typhimurium LT2(c). Phages SCB3 and SCB3 TFM were 

infected to S. Typhimurium LT2(c) wild type at an MOI of 1.0. The data are 

expressed as means and standard deviations of individual triplicate assays. 
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Figure 8. Adsorption assay. Adsorption assay was performed using the following five mutant strains. The strains 

used in the assay are represented as: a, LT2(c); b, ∆rfaC; c, ∆rfbP; d, ∆btuB; e, ∆ btuB rfbP. Adsorption kinetics was 

expressed by linear regression and the adsorption constant (k) was calculated and appeared in f. (A) Adsorption of 

phage SCB3. (B) Adsorption of phage SCB3 TFM. The data are expressed as means and standard deviations of 

individual triplicate assays. 
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3.8. Resistant mutants of S. Typhimurium LT2(c) to phage SCB3 TFM 

infection occurred by glucosylating their O-antigen 

Bacterial challenge assay of phage SCB3 TFM showed fast 

resistance occurrence of S. Typhimurium LT2(c) to phage SCB3 TFM unlike 

the case of rfbP deletion strain (Fig. 6B). This resistance is transient  and 

this characteristic was also observed in phage SPC35 infection to S. 

Typhimurium LT2(c). It occurred by phase variable bacterial defense 

mechanism using O-antigen glucosylation (Kim and Ryu 2012). To know if 

the resistant mechanism of S. Typhimurium LT2(c) to phage SCB3 TFM is 

related to O-antigen glucosylation like SPC35, LT2(c) strain whose gtrABC1 

cluster fused with lacZ was infected by phage SCB3 TFM. After 24 hr, the 

lysate was streaked on X-gal plate and using these white or blue colonies, β-

galactosidase assay was conducted (Fig. 9A). For further analysis, 

complementation of gtrABC1 was induced under different IPTG 

concentration and the resistance to phages was checked through spotting 

assay using these complemented strains (Fig. 9B). All these results 

demonstrated that LT2(c) strain also had a transiently resistant mechanism to 

phage SCB3 TFM by O-antigen glucosylation.  
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Figure 9. Resistant mutants of S. Typhimurium LT2(c) to phage SCB3 TFM infection occurred by glucosylating 

their O-antigen. (A) β-galactosidase assay of resistant mutants. S. Typhimurium LT2(c) whose gtrABC1 gene cluster 

was fused with lacZ was used for this assay in order to know the phase-variable expression of gtrABC1. On LB X-gal 

plate, white colony of this strain was indicated as ‘OFF’ and it meant unexpressed state of gtrABC1. Blue colony was 

indicated as ‘ON’ and it meant the opposite state. Phage SCB3 TFM-challenged and phage SPC35-challenged white 

gtrABC1-lacZ strains were named as ‘OFF + SCB3 TFM’ and ‘OFF + SPC35’, respectively. For the control, SM 

buffer was used (OFF+SM). Transcriptional levels of the gtrABC1 cluster from those strains were compared using β-

galactosidase activity. The values are expressed as means and standard deviations of individual triplicate assays, which 

were analyzed using Student’s t-test. **, P<0.01; *, P<0.05; ns, not significant. (B) Spotting assay of phages SCB3 

TFM and SPC35 onto mutated LT2(c) strain whose gtrABC1 gene cluster was differently expressed. Phages SCB3 

TFM and SPC35 were serially diluted and dotted onto lawns of ∆gtrABC1 harboring the empty vector (∆gtrABC1 + 

pUHE) and the complementation vector (∆gtrABC1 + pgtrABC1) under different IPTG concentrations such as 0, 200, 

500 and 1000 μM. 
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Figure 10. Schematic representation of the infection ability of phages 

SCB3, SCB3 TFM and SPC35. The membrane structure of S. Typhimurium 

was simplified with lipopolysaccharides (LPS) and BtuB (host receptor). 

Both phages SCB3 TFM and SPC35 can infect smooth strain having intact 

LPS (indicated as thick solid arrow), but phage SCB3 could only make 

inhibition zone on it (indicated as gray dashed arrow). All three phages can 

infect rough strain lacking O-antigen as a common, but phage SPC35 only 

infect it under static condition (indicated as thinner solid arrow).  
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IV. DISCUSSION 

 

Newly isolated phage SCB3 uses BtuB as a host receptor and could 

infect only S. Typhimurium LT2(c) rough strain mutants whose O-antigen 

repeats of LPS were loss. This feature of phage SCB3 infection appeared not 

only in Salmonella strains but also E. coli strains similarly (Table 3). Phage 

SCB3 also could infect the tested E. coli K-12 strains such as DH5α, 

MG1655 and DH10B whose O-antigen is missing, also using BtuB as 

receptor.  

It shows that BtuB of Salmonella and E. coli have similar structure 

and also these results indicate two hypotheses; O-antigen interrupts 

adsorption of phage SCB3 or core region in LPS plays a role as the other 

receptor. When the infection of phage SCB3 to various LPS rough strains 

was compared, EOPs were very similar in all mutants although the infection 

toward the mutants having at least one outer core residue made more clear 

plaque and continued to be inhibited by phage SCB3 for longer hours in 

broth condition (Fig. 2). It demonstrates O-antigen is a barrier for infection 

of phage SCB3 and exposure of outer core in LPS might have a positive 

effect on this infection. But it could not be obvious evidence that the outer 

core region is the other receptor for phage SCB3. At least outer core region 
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should not be exclusive receptor for phage SCB3, because phage SCB3 

could not infect ∆rfbP/btuB double mutant (Table 4). It demonstrates that 

both BtuB and removal of O-antigen are needed for infection of phage SCB3. 

It is thought that because BtuB is relatively hidden by intact O-antigen in 

smooth strains, phage SCB3 could not approach and infect them. 

 This feature of phage SCB3 is contrary to that of phage SPC35 

which also use BtuB as a receptor on Salmonella. In phage SPC35, it is 

known that O-antigen of LPS helps the infection of the phage (Kim and Ryu 

2012). Because phages SCB3 and SPC35 have very similar whole genome 

sequence and both belong to Siphoviridae and T5-like phages, the cause of 

this difference was tried to be found out (Fig. 5). 

 Adsorption on bacterial surface and recognition is the first step of 

phage infection (Le et al. 2013). In this course, phage uses their receptor 

binding protein (RBP) to adsorb specific host receptor. In T5 phage and T5-

like phage SPC35, it is known that there is two-step of adsorption; first is 

reversible binding, and second is irreversible binding followed by phage 

DNA penetration. (Hancock and Braun 1976; Sciara et al. 2010; Kim and 

Ryu 2012; Le et al. 2013) Tail fibers of these phages including T5 are known 

that they are often related to initial reversible binding. For example, in case 

of phage SPC35, it first adsorbs Salmonella using own L-shaped tail fibers 
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interacting with O-antigen structure of the host reversibly and then it helps 

phage SPC35 bind with primary host receptor, BtuB, irreversibly. The 

interaction of tail fiber and O-antigen assists adsorption and therefore tail 

fiber is related to O-antigen-mediated adsorption assisting (Kim and Ryu 

2012). 

 Interestingly, when comparing the whole genomes of phages SPC35 

and SCB3, the most different region is related to tail fiber proteins (Fig. 5B). 

In amino acid level, while 74% identity existed in RBPs in phages SCB3 and 

SPC35 (Fig. 5B and 5C), two tail fiber protein ORFs between them have 

only 7% and 20% identity respectively. Although the ORFs in this region in 

SPC35 were annotated as encoding hypothetical proteins, they are also 

linked to L-shaped tail fiber protein according to BLASTP analysis results. 

Therefore, it could be guessed that different host specificity and utilization of 

LPS between phages SCB3 and SPC35 was related to their own tail fiber 

proteins.  

Through transmission electron micrograph, distinct difference in tail 

fiber structure was hard to find between phages SCB3 and SPC35, although 

tail fibers of phage SCB3 looked like slightly thinner and shorter than those 

of phage SPC35 (Fig. 1). 

However, swapping of the tail fiber genes of phage SCB3 with those 
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of phage SPC35 based on homologous recombination caused dramatic 

change of host specificity; a mutant phage having swapped tail fiber genes, 

phage SCB3 TFM could infect wild type Salmonella smooth strain and be 

propagated using that strain (Fig. 6 ,7 and 10). It experimentally reveals that 

the tail fiber protein is involved in determination of host specificity. Also, it 

implied that interaction with phage tail fiber and LPS O-antigen was related 

to phage adsorption.  

 Because the whole regions which were thought to be related to tail 

fiber function were swapped between the two phages, there is no exactly 

saying which and how many genes critically act for determining host 

specificity. The role of each gene for tail fiber function is also not known, so 

further study is needed. 

 Phage SCB3 TFM makes Salmonella resist to the phage infection by 

O-antigen glucosylation like phage SPC35 (Fig. 6B and 9). It experimentally 

proves that tail fibers of phage SPC35 interact with O-antigen to improve the 

phage adsorption and the host bacteria use it inversely to resist infection of 

the phage by modifying O-antigen structure. The resistance of bacteria to 

phages SCB3 TFM and SPC35 was temporary. After several subcultures of 

resistant bacteria without phages, phage SCB3 TFM could infect them again 

like phage SPC35. It represents cost-free, on/off switch-type resistance.  
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 Phage SPC35 could not infect ∆rfbP strain in shaking condition 

because in case of rough strain, there is no adsorption assisting of O-antigen 

(Kim and Ryu 2012). Although receptor binding protein of phage SPC35 

could bind exposed BtuB receptor, this binding is too fragile to infect 

bacteria successfully under shaking condition. So phage SPC35 only infects 

∆rfbP strain in static culture. Interestingly, unlike phage SPC35, phage SCB3 

TFM also infected ∆rfbP strain in shaking condition and that infection was 

as stable as that of SCB3 to ∆rfbP strain (Fig. 6B). Phage SCB3 TFM having 

tail fibers of phage SPC35 is thought to interact with O-antigen to improve 

the phage infection to LT2(c) wild type. Therefore, the fact that phage SCB3 

TFM also could infect bacteria which did not have O-antigen may be related 

to another own factor of phage SCB3. Receptor binding protein of phage 

SCB3 seems to be the most possible candidate based on its 74% identity with 

that of phage SPC35 (Fig. 5B and 5C). Different RBPs are able to make the 

distinct host specificity of phages (Le et al. 2013). Also because phage SCB3 

cannot use O-antigen as adsorption-assisting apparatus, its receptor binding 

protein might have stronger binding affinity with host receptor. If so, binding 

of its RBP and BtuB could be strong enough to make phage SCB3 TFM 

infect rough strain without adsorption assisting of O-antigen structure. But it 

is a hypothesis and additional study about RBP is needed to prove this. 
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 The comparison of adsorption constant between phages SCB3 and 

SCB3 TFM was hard to find distinct difference (Fig. 8). Although the 

constant of phage SCB3 TFM toward S. Typhimurium LT2(c) wild type 

increased slightly, significant difference was not found. It is ironic that while 

host specificity was surely changed (Fig. 6AB and 10) and phage 

propagation was increased a hundredfold (Fig. 7), adsorption rate did not 

show distinct difference (Fig. 8). However, it is necessary to consider that 

original phage SCB3 showed relatively weaker adsorption than general 

phages (Fig. 8A). Only about 50% of phage SCB3 was adsorbed on host 

bacteria (∆rfbP) after 20 min of infection. Monitoring for longer time was 

thought to be meaningless, because after 25 min of infection, SCB3 progeny 

could burst out from a bacterial cell (Fig. 3). It is fully possible that the 

optimal condition for phage SCB3 adsorption could be existed. But it could 

not be found in this study, therefore a slightly difference of adsorption 

constants has a possibility of representing changed host specificity. Or, it also 

has a potential that phage SCB3 originally could not adsorb bacteria well, so 

a small difference could decide infection availability. Because tail fibers of 

phage SPC35 were known to be related to initial reversible adsorption of the 

phage, the hypothesis that changed tail fibers affect adsorption step of the 

phage has the most potential.  
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All results in this study experimentally improve that tail fiber 

proteins are related to decide host range of the bacteriophage. Tail fibers 

could affect first reversible adsorption of the phage and also resistant 

methods of the bacteria. Therefore it implicates the possibility of 

manipulating phage in order to have desired host specificity. Engineered 

phage is likely to be used for detecting and controlling various pathogens in 

food industry and it is believed there is great potential in that. 
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국문 초록 

 

특정 세균을 감염할 수 있는 박테리오파지는 다양한 식중독 균을 

제어하기 위한 새로운 수단으로 주목 받고 있다. 본 연구에서는 살모넬라 

티피뮤리움을 감염시키는 새로운 박테리오파지 SCB3을 닭 껍질로부터 

분리하 고, 그에 대한 특성 분석을 수행하 다. 형태학적 분석을 통해 

SCB3은 시포비리대과에 속함을 밝혔고, 전체 염기 서열 분석을 통해 T5 

계열의 박테리오파지로 분류하 다. SCB3은 LPS의 O항원 부분이 결여된 

살모넬라 돌연변이만을 감염할 수 있는 특징을 가지고 있었고, 정상 

살모넬라를 감염할 수 있는 다른 T5 계열 파지인 SPC35와 전체 염기 

서열을 비교 분석한 결과, 두 파지의 tail fiber protein 부위가 큰 차이를 

보임을 알게 되었다. 이에 착안하여, 두 파지의 tail fiber protein 유전자를 

바꿔 치기 하여 재조합 돌연변이 파지를 구축하 으며, SPC35의 tail fiber 

protein 유전자를 갖는 SCB3의 돌연변이 파지는 정상 살모넬라를 감염할 

수 있음을 확인하 다. 그러므로 본 연구는 박테리오파지가 숙주 세균을 

감염할 때에, 파지의 tail fiber protein이 감염 특이성을 결정하는 데에 

보조적인 역할을 할 수 있음을 실험적으로 증명하 으며, 이를 이용하여 

병원성 식중독 균을 제어할 수 있는 박테리오파지의 조작 및 응용이 

가능할 것이라고 생각된다. 
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