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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Staphylococcus aureus 

Staphylococcus aureus (S. aureus) is a Gram-positive coccus, commensal, 

pathogenic bacterium which causes opportunistic infections in humans and animals. It 

has been well known that S. aureus produces virulence factors, such as protein A, 

enterotoxins, toxic shock syndrome toxin, etc. (1). 

Currently, antibiotic resistance in this species has been threatening our public health. 

Methicillin-resistant S. aureus (MRSA), carrying the mecA gene responsible for 

resistance to all beta-lactam antibiotics, is a major cause of hospital-acquired infections 

in hospitals worldwide (2-4). Although the combination of antibiotics (vancomycin, 

linezolid, daptomycin, etc.) is the general treatment for S. aureus infections including 

MRSA, the emergence and spread of the antibiotic-resistant bacteria have been globally 

concerned as well as other microbials (4, 5). In 2014, it was reported that at least 700,000 

lives die each year due to drug resistance in microbial infections, and the number of deaths 

by drug resistance would reach up to ten million in 2050 if resistance was kept to current 

level (6). To combat antimicrobial resistance, WHO endorsed a global action plan in 2015 

with five strategic objectives (7): 

1. Improve awareness and understanding of antimicrobial resistance through effective 

communication, education, and training 

2. Strengthen the knowledge and evidence base through surveillance and research 

3. Reduce the incidence of infection through effective sanitation, hygiene, and infection 

prevention measures 

4. Optimize the use of antimicrobial medicines in human and animal health 

5. Develop the economic case for sustainable investment that takes account of the needs 

of all countries and to increase investment in new medicines, diagnostic tools, 
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vaccines, and other interventions 

The countermeasures for antimicrobial resistance require the global actions in multiple 

layers and fields based on above five concepts. Thus, development of the alternatives to 

antibiotic-based treatment should be considered for S. aureus infections as described in 

the global action plan stated by WHO. 

 

1.2 Therapeutical Application of Bacteriophages 

Bacteriophage (phage) is a virus which infects bacteria. It is well known that the 

host bacteria are lysed by phages during their infectious process. Since Frederik W. Twort 

discovered phages in 1915, its therapeutic potential had been attracted until Alexander 

Fleming discovered the first antibiotic penicillin in 1929 because penicillin is effective to 

most bacteria while the spectrum of phages is limited in species by species. Due to the 

antibiotic-resistance in pathogenic bacteria, the clinical application of phages (phage 

therapy) has been reassessed (8, 9). To date, both the effectiveness and safety of phages 

have been demonstrated in animals including worms, mice, rats, rabbits, and humans (10-

16). Therefore, the use of phages against bacterial infections is considered as one of the 

alternative treatments to antibiotics. 

Currently, phage therapy has not been commercially available except Georgia and 

Russia (17, 18). Several clinical trials have been conducted as shown in Table 1. 

  



3 

 

 

Table 1 The status of major clinical studies related to phage therapy. 

Code Indication (target) Phase Study period Origin (country) 

LBP-EC01 Urinary-tract infection 

(E. coli) 

P2/P3 Jul. 2022 - Dec. 2025 Locus Biosciences (US) 

AP-SA02 Bacteremia 

(S. aureus) 

P1b/P2a Apr. 2022 - Dec. 2023 Armata 

Pharmaceuticals, Inc. 

(US) 

BX005-A Atopic dermatitis 

(S. aureus) 

P1b/P2a May. 2022 - Jun. 2023 BiomX (Israel) 

The information in this table is taken from ClinicalTrials.gv (https://clinicaltrials.gov/) in 2022. 

 

 

The therapeutical applications of phages on humans have been also conducted as 

compassionate uses, where some cases have been resulted in complete cures (19). While 

the achievement of phage therapy is sufficient enough to explain the therapeutical 

capability of phages, the preparation of phages for clinical use should be further improved. 

For instance, a clinical trial in 2015 and 2017 on a burn wound infected with 

Pseudomonas aeruginosa in hospitals in France and Belgium (known as PhagoBurn) was 

failed due to the unexpected decrease of phage titer in 1000-fold to 10,000-fold, which 

was observed after mixing several types of phages as cocktail (20). Although preliminary 

studies of shelf-life stability were conducted by use of two representative single phage 

preparations before the clinical trial, the stability study with final product should have 

been required. In addition, an adverse event (fever, wheezing, and shortness of breath) 

was observed at the therapeutic use of phages for humans in University of California, San 

Diego, possibly due to the unknown pyrogens (impurities) derived from the phage 

solution apart from endotoxin (10). Thus, the preparation of phages for therapeutic use 

has to be considered as one of the current concerns in phage therapy. 

 

1.3 Manufacturing of Phages as Pharmaceuticals 

In the treatment of S. aureus infections, phages have been prepared in bulk and 

administered to multiple patients (13). For this therapeutic use, the quality of phages is 
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required to be controlled under a regulatory framework of good manufacturing practices 

(GMP) by health authorities (e.g., Food and Drug Administration, European Medicines 

Agency, Pharmaceuticals and Medical Devices Agency) as well as other pharmaceuticals 

(21). In addition to the quality control under GMP regulation, the manufacturing process 

is recommended to be developed by quality-by-design (QbD) approach, which is 

described in guidelines by International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use (ICH). The goal of QbD approach is 

to ensure the drug quality by proper control of process parameters in the manufacturing 

from the development stage (22, 23). As shown in Figure 1, the concept of QbD approach 

is composed of below steps. 

1. Identify the critical quality attributes (CQAs) of the drug based on quality target 

product profile (QTPP) which is defines from expectation as the drug quality (i.e., 

mechanism of action, efficacy, and safety as the drug). 

2. Investigate the effects of process parameters on CQAs by using risk assessment and 

experiments at a laboratory. 

3. Define the acceptable ranges of process parameters (called as “design space”) and 

implement in the manufacturing as control strategy for quality assurance. 

As one of the general concepts in QbD approach, the application of statistical tools is 

recommended to investigate the relationship between CQAs and process parameters such 

as multivariate studies. Since proposed in 2010s, QbD approach has been applied into 

process development for the drug manufacturing in a wide variety of modalities (small 

molecules, antibody, cell products, virus vectors for gene therapy, etc.) (23-26). QTPP 

and CQAs for phages have been partially discussed and following factors are suggested 

as CQAs: identity, titer, general purity, endotoxin, contamination by toxic bacterial 

proteins, and nucleic acid contaminants (22). However, the relationships between process 
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parameters and each CQA have not been fully investigated. Therefore, process 

development for the manufacturing of phages should be conducted to understand the 

process parameters impacted on CQAs based on the concept of QbD approach for the 

quality control of the products. 

 

 

 

 

Figure 1 The scheme of QbD approach. 
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1.4 Scope of This Study 

In order to realize the phage therapy against S. aureus infections, a series of studies 

are conducted under the concept of QbD approach to establish the manufacturing of S. 

aureus phages. To understand the nature of S. aureus phages toward quality control in the 

manufacturing, S. aureus phage ΦSA012 was characterized as described in Chapter 2. To 

investigate the optimal condition for the manufacturing, the propagation processes of S. 

aureus phages S13′ and S25-3 were investigated as described in Chapter 3. Finally, the 

conclusions of this study are described in Chapter 4. 
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CHAPTER 2 CHARACTERIZATION OF S. aureus PHAGE 

ΦSA012 

2.1 Introduction 

In order to understand the nature of S. aureus phages for the manufacturing, S. 

aureus phage ΦSA012 was studied as described in this chapter. ΦSA012, which was 

isolated from wastewater, showed wide host range and highly lytic capability against S. 

aureus strains from bovine mastitis (27). Thus, ΦSA012 is considered as one of promising 

candidates for phage therapy against S. aureus, and ΦSA012 was chosen to be 

characterized in this chapter. To understand the genomic character of ΦSA012, whole 

genome analysis of ΦSA012 was conducted. The mechanism of infections against S. 

aureus in ΦSA012 has been also investigated for further characterization of ΦSA012. 

 

2.2 Materials and Methods 

2.2.1 Bacterial strains, phages, plasmids, and culture conditions 

Bacterial strains, phages, and plasmids are listed in Table 2. S. aureus strain 

RN4220 was used for gene manipulations (28). S. aureus phage ΦSA012 was isolated 

from sewage in a previous study (27). S. aureus strain SA003, which was isolated from 

raw milk samples from a mastitic cow, was used for propagation and enumeration of S. 

aureus phages. ΦSA012 and SA003 were deposited in NITE Biological Resource Center 

(Kisarazu, Japan) under accession numbers NBRC110649 and NBRC110650, 

respectively. S. aureus strain RN4220 was kindly supplied by Prof. Motoyuki Sugai 

(Hiroshima University Graduate School of Biomedical & Health Sciences, Hiroshima, 

Japan) with the permission of Prof. Richard P. Novick (Skirball Institute of Biomolecular 

Medicine, New York, NY, USA) and used for gene manipulation  (28). Escherichia coli 

(E. coli) strain JM109 and Rosetta-gami™ 2 (DE), used for plasmid construction and 

expression of proteins, were purchased from Takara Bio (Otsu, Japan) and 

Novagen/Merck Millipore (Darmstadt, Germany), respectively. Shuttle vectors pNL9164 
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and pLI50 were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Addgene 

(Cambridge, MA, USA), respectively. The shuttle vector pKOR1 was kindly supplied by 

Dr. Taeok Bae (Indiana University School of Medicine-Northwest, Indianapolis, IN, 

USA). Expression vector pET29a was purchased from Novagen/Merck Millipore 

(Darmstadt, Germany). All S. aureus and E. coli strains were grown at 37°C in Luria-

Bertani (LB) medium overnight, unless otherwise stated. 
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Table 2 Bacterial strains, phages, and plasmids. 

Bacterial strain, phage or plasmid Relevant features Reference 

S. aureus strains   

SA003 Host strain, isolated from bovine mastitis, lack of tarM (27) 

SA003R11 ΦSA012-resistant derivative (29) 

SA003R20 ΦSA012-resistant derivative (29) 

RN4220 Restriction deficient, transformable strain (28) 

RN4220∆tarM The in-frame deletion mutant of tarM in RN4220 (29) 

RN4220∆tarM::pLIP3_tarM 
Complemented RN4220∆tarM strain of tarM with the 

plasmid pLIP3_tarM 
This study 

   

E. coli strains   

JM109 Used for plasmid constructions Takara Bio 

Rossetta-gamiTM 2 (DE) Used for expression of recombinant proteins Novagen 

   

Phages   

ΦSA012 S. aureus lytic phage (27) 

ΦSA012M1 Spontaneous mutant phage (29) 

ΦSA012M2 Spontaneous mutant phage (29) 

ΦSA012M11 Spontaneous mutant phage (29) 

ΦSA012M20 Spontaneous mutant phage (29) 

ΦSA012M38 Spontaneous mutant phage (29) 

ΦSA012TM103 Harboring three mutations in orf103 This study 

   

Plasmids   

pKOR1 E. coli/S. aureus shuttle vector, temperature-sensitive (30) 

pLI50 E. coli/S. aureus shuttle vector Addgene 

pLIP3_tarM tarM expression plasmid driven by pLI50 This study 

pNL9164 E. coli/S. aureus shuttle vector Sigma 

pET-29a 
Expression vector for production of recombinant 

proteins 
Novagen 
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2.2.2 Phage preparation 

All phages were propagated by the plate-lysate method (31). Briefly, 100 μl of 

phage lysate (> 105 plaque-forming units (PFU)/ml) was mixed with 100 μl of overnight 

bacterial culture in 3 ml of 0.5% top agar, plated on LB-agar, and incubated at 37°C 

overnight. After 5 ml of salt magnesium (SM) buffer (100 mM NaCl, 8 mM MgSO4, 50 

mM Tris-HCl [pH 7.5], 0.01% gelatin) was added to the plate and the over-layer was 

scraped off to extract phages, the supernatant was collected by centrifugation (5,000 ×g, 

15 min, 4°C) and purified by PEG sedimentation (10% PEG-6000, 4% NaCl) and CsCl 

density gradient centrifugation (31). Each phage culture was titered and stored at 4°C 

until use. 

 

2.2.3 Extraction and analysis of phage genomic DNA 

Genomic DNA of ΦSA012 was extracted from purified phages using a phage DNA 

isolation kit (Norgen Biotek Corp, Thorold, ON, Canada). Whole-genome sequencing 

was performed on a Genome Sequencer FLX+System (Roche, Basel, Switzerland). 

Sequencing results were assembled and aligned using GS De Novo Assembler v2.8 

(Roche, Basel, Switzerland) and Tablet (The James Hutton Plant Bioinformatics Group, 

Invergowrie, Scotland), respectively. Open reading frames (ORFs) were predicted with 

myRAST (http://blog.theseed.org/servers/presentations/t1/running-a-job-with-the-

desktop-rast.html). Nucleotide and amino-acid sequences were scanned for homologs 

using BLAST (32). Phage-encoded tRNA genes were identified using Aragorn and the 

tRNA Scan SE software, ver. 1.21 (33, 34). The complete genome of ΦSA012 has been 

deposited in the GenBank database under accession number AB903967. 

 

2.2.4 Molecular cloning in S. aureus 

The primers used in this study are shown in Table 3. Deletion of tarM in S. aureus 

RN4220 was performed using shuttle vector pKOR1 as described before (30). A DNA 

http://blog.theseed.org/servers/presentations/t1/running-a-job-with-the-desktop-rast.html
http://blog.theseed.org/servers/presentations/t1/running-a-job-with-the-desktop-rast.html
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fragment for allelic exchange was prepared by “splicing by overlap extension PCR”, 

digested with EagI and EcoRV, and inserted into pKOR1 (New England Biolabs, Ipswich, 

MA, USA). The resultant plasmid was constructed in E. coli JM109 and electroporated 

into S. aureus RN4220 (35). An S. aureus strain in which the plasmid had integrated into 

the genome was selected at 43°C in the presence of chloramphenicol (10 μg/ml). 

Subsequently, the plasmid was excised and cured by culturing the strain in brain-heart 

infusion (BHI) medium at 30°C or 43°C. To screen for plasmid-free strains, colonies were 

replica-plated onto tryptic soy broth (TSB) agar with or without chloramphenicol (10 

μg/ml). Anhydrotetoracycline (1 μg/ml) was used for counterselection. Gene deletion was 

confirmed by PCR with the appropriate primer set (Table 3). For complementation of 

tarM, the plasmid pLIP3_tarM for ectopic expression of tarM was constructed by 

integrating the P3 promoter, which is constitutive in S. aureus, and the tarM gene in the 

shuttle vector pLI50 (36, 37). DNA fragments corresponding to the P3 promoter and tarM 

were amplified from genomic DNA of RN4220 and inserted into pLI50. The plasmid 

pLIP3_tarM was constructed in E. coli JM109, and then electroporated into S. aureus 

RN4220∆tarM (35). 
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Table 3 The list of primers for molecular cloning in S. aureus. 

Primer Direction Sequence (5’->3’)a Description 

PKOR1 insert_c_F Forward CACAGGAAACAGCTATGACATAG Insert check in 

pKOR1 PKOR1 insert_c_R Reverse CAGGTACATCATTCTGTTTGTG 

tarM_A_Eag1 Forward 
AAACGGCCGTGAAATTGAAGAGAGTAAAGGTA

TTTC 

SOEing PCR 

for deletion of 

tarM 

tarM_B Reverse TTTTGGAAAACTCCCTGGTCC 

tarM_C Forward 
GGACCAGGGAGTTTTCCAAAAGGTCAAGGGTTA

AGTATGATAGAAG 

tarM_D_EcoRV Reverse AAAGATATCAGTAGTTACAGCTGGAAGAAA 

tarM_Fw Forward AATGGATCGAAGAACGAAAATGT Check for 

deletion of 

tarM tarM_Rv Reverse ACGCCTTATGTTAATGTTTTTTATATTTG 

pLI50-insertcheck-fw Forward TAATACCGCGCCACATAGCAGAAC Insert check in 

pLI50 or 

pLIP3 
pLI50-insertcheck-rv Reverse TAGCTCACGCTATGCCGACATTC 

P1075_EcoR1 Forward AAAGAATTCGAGTGGTATAAGTGGTTTTTCG 
For DNA 

fragment of P3 

promoter P697_Kpn1 Reverse AAAGGTACCTTCACCTCTGTTCTTACGACCTC 

TarM_e_p3_Fw Forward 
AAACCCGGGGAGGTAAAGGAATAATTATAATG

AAAAAAA Complementat

ion of tarM 
TarM_e_Rv Reverse 

AAAGTCGACTTAGCTATTGAAAAGATTTAACCA

TTTTTC 

ORF103M-F Forward CCCAAGCTTGGGGGGTTGATTGACCCCTCTTT 
Introduction of 

mutations into 

a recombinant 

phage 
ORF103M-R Reverse CCCAAGCTTGGGCCCTAGCTCCTTGTCATACCC 

ORF103b-F Forward TGAATCCACAACTCAATATGCAAC 
Check of 

mutations in a 

recombinant 

phage 
ORF103c-F Forward TCATCTAGTAAAGGTAATGGTGC 

ORF103r-F Forward GGGAATTCCATATGGCATTTAACTACACGCCTC 
The expression 

of ORF103 
ORF103r-R Reverse 

CCGCTCGAGTCCTCTATTAATTCCCATAATATTG

TATACC 

ORF105r-F Forward GGGAATTCCATATGGCATTTAACTACACGCCTC 
The expression 

of ORF103 
ORF105r-R Reverse 

CCGCTCGAGTCCTCTATTAATTCCCATAATATTG

TATACC 

pET29a_Insert-c_F Forward CATGAGCCCGAAGTGGCGAGCCCGATCTTC 
Insert check in 

pET29a 
pET29a_Insert-c_R Reverse CGCTGCGCGTAACCACCACACCCGCCGCGC 

a Bold and underlined indicate restriction sites. 
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2.2.5 Isolation of mutant phages from co-culture experiments 

In order to isolate ΦSA012-resistant derivatives and mutant phages, SA003 and 

ΦSA012 were co-cultured (29). SA003 was inoculated into 4.5 ml of LB medium and 

cultured until early exponential phase (optical density at 660 nm (OD660) = 0.1) in a 

TVS062CA compact rocking incubator (Advantec, Tokyo, Japan). Approximately 4.5 × 

108 PFU of ΦSA012 was added at MOI = 1 and cultured at 37°C with shaking at 40 rpm. 

After 2-10 days, bacteria/phage mixed cultures were collected. Forty-five microliters of 

bacteria/phage mixed culture was transferred into 4.5 ml of fresh LB medium (1:100 

dilution) and cultured under the same conditions. After 2-10 days, the bacteria/phage 

mixed culture was collected, and a 1:100 dilution was performed again. 

For isolation of ΦSA012-resistant derivatives and mutant phages, 1.5 ml of mixed 

culture collected from co-culture was separated by centrifugation (9,730 ×g, 5 min, 4°C) 

at each passage step. After washing four times with phosphate-buffered saline (PBS) to 

remove free phages, the pellet was resuspended in PBS and spread onto LB plates; one 

colony was picked as a ΦSA012-resistant derivative after overnight incubation. 

Supernatant from the co-culture was used for a plaque assay with SA003. After overnight 

incubation, one plaque was also picked as a mutant phage. 

This procedure was repeated continuously until the 38th passage. ΦSA012-resistant 

derivatives and mutant phages were defined as SA003R1-SA003R38 and ΦSA012M1-

ΦSA012M38, respectively. Each number in the name of ΦSA012-resistant derivatives 

and mutant phages represents the number of passages in co-culture (e.g., SA003R11 

means ‘phage-resistant derivative isolated from the co-culture at the 11th passage’, and 

ΦSA012M20 means ‘mutant phage isolated from the co-culture at the 20th passage’). In 

order to identify the mutation points, genomic analysis of five mutant phages 

(ΦSA012M1, ΦSA012M2, ΦSA012M11, ΦSA012M20, and ΦSA012M38) were 

conducted in aforementioned method. 
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2.2.6 Generation of recombinant phages harboring mutations in orf103 

The scheme for generation and isolation of recombinant phages harboring 

mutations in orf103 is shown in Figure 2. In order to construct the plasmid harboring three 

mutations in ORF103, a DNA fragment was amplified from genomic DNA of 

ΦSA012M20 by PCR using primers ORF103M-F and ORF103M-R. This PCR fragment 

contained the nucleotide sequence between 200 bp upstream and 110 bp downstream of 

orf103. The recombinant fragment was digested with HindIII (Takara Bio) and inserted 

into the shuttle vector pNL9164 (38). The plasmid was constructed and cloned in E. coli 

JM109. The constructed plasmid (named pNL9164::TMorf103) was then electroporated 

into S. aureus strain RN4220 (35). 

A recombinant phage ΦSA012 harboring three mutations in orf103 

(ΦSA012TM103) was generated by the following procedure. Transformed RN4220 

harboring pNL9164::TMorf103 was grown to early exponential phase (OD660 = 0.1, 108 

colony-forming units (CFU)/ml) at 32°C with shaking at 120 rpm in 10 ml of LB medium. 

Then, 106 PFU/ml of ΦSA012 was added at multiplicity of infection (MOI) = 0.01. In 

phage infection, homologous recombination between phage DNA and the plasmid in 

transformed RN4220 harboring ORF103 of ΦSA012M20 might happen with low 

frequency. After overnight incubation at 32°C with shaking, the supernatant was collected 

by centrifugation (6,230 ×g, 10 min, 4°C) and plated by the plaque assay for isolation of 

ΦSA012TM103. Briefly, 500 μl of phage lysate and 250 μl of overnight culture of phage-

resistant derivative SA003R11 (susceptible to ΦSA012M20, but not ΦSA012) were 

added to 6 ml of 0.5% top agar and poured onto LB-agar plates. After incubation 

overnight at 37°C, single plaques were picked and resuspended in 100 μl of SM buffer. 

These suspensions were purified by two rounds of the plaque assay with SA003R11. 

Mutations in orf103 of ΦSA012TM103 were identified by Sanger sequencing using 

primers ORF103b-F and ORF103c-F.  
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Figure 2 Scheme of generation of a recombinant phage ΦSA012TM103. 

Three mutations found in orf103 among mutant phages were introduced into wild type ΦSA012 by 

homologous recombination between phage DNA and plasmid pNL9164::TMorf103 in S. aureus 

RN4220. ΦSA012TM103 was screened from the population of phages composed of a large number 

of wild type and very few of recombinant phages by the plaque assay with a ΦSA012-resistant 

derivative SA003R11 susceptible to mutant phages harboring three mutations in orf103, but not to 

ΦSA012. It was assumed that only a recombinant phage can produce a plaque in SA003R11. 
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2.2.7 Protein expression and purification 

C-terminally His-tagged recombinant ORF103 and ORF105 were expressed in E. 

coli Rosetta-gamiTM 2 (DE) from vector pET-29a and purified by immobilized metal ion 

affinity chromatography (IMAC). To construct plasmids for expression of ORF103 and 

ORF105, DNA fragments were amplified by PCR with the appropriate primer sets (Table 

3). Recombinant fragments for protein expression were digested with NdeI and XhoI 

(New England Biolabs), and then inserted into pET-29a. The plasmids were constructed 

and cloned in E. coli JM109, and then electroporated into E. coli Rossetta-gamiTM 2 (DE). 

To produce ORF103 and ORF105 proteins, expression was induced by addition of 

1 mM (isopropyl β-D-1-thiogalactopyranoside) when the culture reached at optical 

density at 600 nm (OD600) = 0.5. After incubation at 28°C with shaking at 160 rpm 

overnight, the cells were collected by centrifugation (6,230 ×g, 10 min, 4°C), resuspended 

in phosphate buffer (20 mM phosphate [pH 7.4], 0.5 M NaCl), and disrupted by 

sonication for 40 min in a VP60-S (TAITEC, Koshigaya, Japan). Target proteins were 

purified using a HisTrap HP (GE healthcare Life sciences, Buckinghamshire, UK). After 

His-tagged proteins were eluted from the Ni-column with elution buffer (40-500 mM 

imidazole in phosphate buffer), the imidazole was removed by dialysis against phosphate 

buffer. 

 

2.2.8 Preparation of antibodies 

Polyclonal rabbit antibodies against recombinant proteins ORF103 and ORF105 

were generated by Japan Bio Serum (Hiroshima, Japan). Briefly, rabbits were immunized 

with 0.3 mg of the protein once every two weeks for eight weeks; in total, 1.5 mg of 

protein was used. After blood was collected in week 10, anti-ORF103 serum was purified 

on a protein A column and stored at -20°C until use. 

 



17 

 

 

2.2.9 Immunoelectoron microscopy 

Immunoelectron microscopy was conducted as described previously (39). Fresh 

purified phage sample (1010 PFU/ml) was mixed with purified anti-ORF103 antibody 

diluted in SM buffer (1:100) and incubated at room temperature for 30 min. The samples 

were loaded onto ester-carbon-coated copper grids (EMJapan, Tokyo, Japan). The copper 

grids were washed twice with SM buffer and incubated with 12 nm Colloidal Gold-

AffiniPure Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch Laboratories, West 

Grove, PA, USA) in PBS buffer (1:50) at 37°C for 30 min. After washing with SM buffer 

and Milli-Q water twice each, the grids were stained with 2% uranyl acetate and observed 

on a JEM-1400Plus (JEOL, Akishima, Japan). 

 

2.2.10 Spot test and efficiency of plating (EOP) with antibodies 

The infectivity of phages was evaluated as previously described (27). Briefly, 2 μl 

of serial diluted phage lysate (107-1010 PFU/ml) was dropped onto an LB plate overlaid 

with S. aureus strains mixed with 0.5% top agar, and then incubated overnight to assess 

plaque formation (i.e., turbidity of plaque). 

EOP of phages on S. aureus strains with the antibodies was measured by the plaque 

assay with phage lysate adjusted with SA003. For assay with an antibody to evaluate the 

role of ORF103 or ORF105 in infection, 10 μl of anti-ORF103 or anti-ORF105 serum 

was added into 100 μl of phage lysate. After incubation for 1 h at room temperature, the 

number of infectious phages enumerated by the plaque assay with SA003. Serum 

collected from a rabbit before immunization (pre-immunized serum) was used as a control. 

 

2.2.11 Adsorption assay 

Adsorption efficiency of phages in S. aureus strains was measured by titrating free 

phages present in the supernatant after defined periods of cell/phage contact. S. aureus 

cells were prepared by 10% inoculation of overnight culture into 4.5 ml of LB medium; 
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the culture was then incubated at 37°C with shaking at 120 rpm until OD660 = 1.0 (~109 

CFU/ml). Then, phage lysate (107 PFU/ml) was added to the bacterial culture. After 

infection at 37°C with shaking at 120 rpm, free phages were collected by centrifugation 

(9,730 ×g, 1 min) at defined times and titered using SA003. For longer incubation, 50 

μg/ml of chloramphenicol or erythromycin was added, and cells were equilibrated for 10 

min at 37°C before infection to inhibit cell growth and phage development during 

incubation with phages (40). Adsorption efficiency was calculated by dividing the number 

of adsorbed phages by the initial number of phages. 

 

2.2.12 Statistical analysis 

Two-tailed Student’s t test was used to determine statistical significance. 

 

2.3 Results 

2.3.1 Genomic analysis of ΦSA012 

Whole-genome sequencing of ΦSA012 revealed that ΦSA012 belongs to the genus 

Kayvirus (previously named as Twortlikevirus) and its genome is 142,094 bp in length 

and contains 207 ORFs (APPENDIX). Three tRNA genes (Met-tRNA: 8,180-8,109 bp; 

Asp-tRNA: 30,496-30,423 bp; Phe-tRNA: 30,416-30,344 bp) are encoded in the ΦSA012 

genome. It was also revealed that ΦSA012 shares high similarities at the genomic level 

with phage K (97.00% of identity), phage ISP (96.97% of identity) and phage S25-3 

(98.60% of identity). 

 

2.3.2 Characterization of mutant phages derived from ΦSA012 

From the results of spot test with ΦSA012-resistant derivatives and mutant phages, 

it was confirmed that phenotypic changes had been continuously caused by antagonistic 

co-evolution (Figure 3) (29). For instance, ΦSA012M2 formed clear plaques on 

SA003R2, but the subsequently arising bacterial strain SA003R11 developed resistance 
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to ΦSA012M2, as determined by faint plaque formation. By contrast, the later-generation 

phage ΦSA012M11 formed clearer plaques on SA003R11 than ΦSA012M2. Similar 

phenomena were observed in subsequent plaques. In addition, the latest isolates 

SA003R38 and ΦSA012M38 possessed the highest and widest range of resistance and 

infectivity, respectively: no phage formed plaques on SA003R38, whereas ΦSA012M38 

formed the clearest plaques on SA003R11, SA003R17, and SA003R20, although they 

were still turbid. As linked to the changes of phenotypic changes, genetic mutations in 

ΦSA012-resistant derivatives were founded among several genes, which inhibited the 

phage adsorption (41). Therefore, it is likely that these mutant phages possess the 

mutations in the genes related to their infectivity, too. 
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Figure 3 Spot test among isolates from co-culture. 

The vertical dimension depicts phenotypic changes of SA003 as serial transfer proceeded (from top to 

bottom), whereas the horizontal dimension depicts the phenotypic changes of the phage (from left to 

right) (29). 
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In order to find the candidate genes responsible for host recognition, all mutations 

in five mutant phages (ΦSA012M1, ΦSA012M2, ΦSA012M11, ΦSA012M20, and 

ΦSA012M38) isolated from co-cultures were identified by whole-genome sequencing 

(Table 4). Mutations were found in six ORFs (orf33, orf58, orf79, orf99, orf103, and 

orf133) and terminally redundant regions, located in both ends of the genome, which 

contain several thousand base pairs and nonpermuted direct terminal repeats. 

Deletion of 1-1,045 bp (containing orf1-orf3) and 141,673-142,094 bp (containing 

orf207) was detected in five mutant phages (Table 3). In SPO1, these terminally redundant 

regions contain the host-takeover module (42). In phages under the genus Kayvirus, it has 

also been suggested that some or all genes located in these regions play a role in host 

takeover, by analogy to the corresponding regions of SPO1 (43). Insertion of one 

nucleotide in orf58 caused a frame shift and generated a premature stop codon, leading to 

partial deletion of the gene product (aa 85-108). orf58 encodes a protein homologous to 

membrane protein MbpC of phage A5W; it is predicted to play a role in attachment of the 

complex of replicating phage DNA to a cell membrane, analogous to membrane protein 

p16.7 of Bacillus phage φ29 (43, 44). Although substitution of amino acids in orf33 was 

only observed in ΦSA012M2, it did not accumulate among later mutant phages. Other 

ORFs in which mutations were observed (orf79, orf99, orf103, and orf133) encode 

putative tail proteins. orf79 is predicted to encode the tail sheath protein, and has 

homologs in a number of phages. The functions of orf99 and orf103, predicted as tail 

morphogenic proteins, remain unknown. Due to the presence of immunoglobulin (Ig)-

like domain conserved among hundreds of phages, orf133 is predicted to encode a tail 

protein that plays an accessory role by interacting weakly with carbohydrates on the 

bacterial surface (43, 45, 46). 
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Table 4 Distribution of mutation points in mutant and triple-mutated phage. 

a Positions of all mutations are indicated from the genome of ΦSA012. Gray boxes represent mutations in amino acids.  
b Insertion of adenine (A) was discovered between 33020 bp (adenine) and 33021 bp (cytosine), resulting in a premature stop codon and partial deletion of the product 

(aa 85-108). 
c The presence of the region is designated by a ‘+’. 

Position (bp)a 1 - 1045 16908 33020 (A)b 33021 50380 71775 71909 
7860

5 
79071 79167 107746 141673 -142094 

ΦSA012 orf1/2/3 orf33 orf58 orf79 orf99 orf103 orf133 orf207 

Predicted 

function 

Terminally 

redundant 

region 

Un-

known 

Hypothetical 

membrane 

protein 

Tail 

sheath 

protein 

Tail 

morphogenetic 

protein 

Virion component 

(a part of tail fiber?) 

Tail 

morphogenetic 

protein (Ig-like) 

Terminally 

redundant region 

ΦSA012 

(wild type) 
+c 

GAA ACA TCT TAC TTC AAT TCT AAT GGT ACA GTA 
+c 

E T   S   Y F N S N G T V 

ΦSA012M1 +c 
GAA ACA TCT TAC TTC AAT TCT AAT GGT AGA GTA 

+c 
E T   S   Y F N S N G R V 

ΦSA012M2 +c 
AAA ACA TCT TAC TTC AAT TCT GAT GGT AGA GTA 

+c 
K T   S   Y F N S D G R V 

ΦSA012M11 Deleted 
GAA ACA TCT TAC TTA AAT TCT GAT GGT AGA GTA 

Deleted 
E T   S   Y L N S D G R V 

ΦSA012M20 Deleted 
GAA AAC ATC TTA TTA AAG TCT GAT GAT AGA GTA 

Deleted 
E N   I   L L K S D D R V 

ΦSA012M38 Deleted 
GAA AAC ATC TTA TTA AAG TAT GAT GAT AGA TTA 

Deleted 
E N   I   L L K Y D D R L 
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Given that the largest number of mutations accumulated in orf103, it was hypothesized 

that orf103 plays a crucial role in determining infectivity. Due to the selection pressures 

imposed by phage-bacterium co-evolution, phage RBPs are among the most diverse genes 

(47). It is worth mentioning that a carbohydrate-binding domain (1,4-β-glucanase CenC 

from Cellulomonas fimi) was identified in the central position of ORF103 (aa 221-337) 

by InterPro 56.0, and one of the three mutations was located within this domain (48, 49). 

This observation implied that ORF103 encodes a possible RBP that binds to sugar 

components in wall teichoic acid (WTA) on the cell surface. Thus, orf103 was mainly 

focused on as one of the host determinant genes. 

 

2.3.3 Comparisons of structural proteins around orf103 

Comparisons of structural proteins (from capsid to helicase) among phages in the 

genus Kayvirus (ΦSA012, K, and ISP) and related species (SPO1 and ΦEF24C) revealed 

that the region from ORF103 to ORF105 is unique to S. aureus phages (ΦSA012, K, and 

ISP) at the protein level (Figure 4). The basic structural components, such as the capsid 

(ORF72 in ΦSA012), tail sheath (ORF79 in ΦSA012), and tape major protein (ORF89 in 

ΦSA012), as well as a helicase involved in DNA replication (ORF106 in ΦSA012), share 

higher degrees of similarity, probably due to functional similarities between the respective 

proteins. ORF101 in ΦSA012, predicted to be an adsorption-associated tail protein 

facilitating infection of Gram-positive bacteria by digesting sialic acid residues in their 

slime or capsules due to the presence of a putative conserved neuraminidase/sialidase 

domain, was also conserved among related phages (43, 50). 
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Figure 4 Comparisons of main structural proteins among Twortlikevirus and related phages. 

Host bacteria of each phage are as follows: A511, Listeria monocytogenes; ΦSA012, K, and ISP, Staphylococcus aureus; SPO1, Bacillus subtilis; ΦEF24C, 

Enterococcus faecalis. Asterisks (*) represent the locations of mutations. Gp108 in A511 is an RBP (51). This figure was generated using GenomeMatcher 

(52).
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2.3.4 Infectivity of recombinant phage harboring three mutations in orf103 

The results of the spot test revealed that the infectivity of recombinant phage 

ΦSA012TM103 and mutant phage ΦSA012M20 differed from that of the wild-type 

phage ΦSA012 (Figure 5). All phages (ΦSA012, ΦSA012TM103, and ΦSA012M20) 

could produce plaques in S. aureus SA003. In RN4220, however, ΦSA012TM103 

produced very turbid plaques, whereas ΦSA012M20 could not produce plaques, 

indicating that the three mutations in orf103 inhibited infection in RN4220. Because 

ORF103 is likely to bind the WTA polymer due to the existence of a carbohydrate-binding 

domain in ORF103, the genes related to WTA synthesis was compared between SA003 

and RN4220. It was found that SA003 lacked the gene tarM, whose product is responsible 

for glycosylation of α-N-acetylglucosamine (GlcNAc) of WTAs, whereas RN4220 had 

this gene (53). To investigate the importance of α-GlcNAcylation of WTAs, tarM was 

knocked out in RN4220. Deletion of tarM made RN4220 susceptible to ΦSA012TM103 

and ΦSA012M20 harboring mutated ORF103. Thus, α-GlcNAcylation of WTAs 

mediated by TarM inhibited infection of ΦSA012TM103 and ΦSA012M20, but not 

ΦSA012. Complementation of tarM in the deletion mutant restored the infectivity of 

phages, indicating that the role of ORF103 is related to α-GlcNAc on WTAs. 
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Figure 5 Spot test of phages on S. aureus strains. 

Two microliters of concentrated phage lysate (107 - 1010 PFU/ml) was dropped onto an LB plate 

overlaid with S. aureus strains; (A) SA003(∆tarM), (B) RN4220, (C) RN4220∆tarM, and (D) 

RN4220∆tarM::pLIP3_tarM. 
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The behaviors of S. aureus strains in adsorption assays corresponded with the 

results of spot tests (Figure 5 and Figure 6). In SA003, all phages (ΦSA012, 

ΦSA012TM103, and ΦSA012M20) had the ability to adsorb to SA003, although the 

adsorption efficiency of ΦSA012TM103 was lower than those of ΦSA012 and 

ΦSA012M20. In RN4220, on the other hand, ΦSA012TM103 and ΦSA012M20 had 

lower adsorption efficiencies than ΦSA012. Thus, mutations in orf103 changed 

adsorption efficiency, indicating that ORF103 is involved in adsorption. Deletion of tarM 

in RN4220 enhanced adsorption efficiency of ORF103-mutated phages ΦSA012TM103 

and ΦSA012M20, but did not affect adsorption of ΦSA012. Complementation of tarM 

confirmed that α-GlcNAc of WTA inhibited adsorption of ΦSA012TM103 and 

ΦSA012M20, but not ΦSA012. 
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Figure 6 Adsorption efficiencies of recombinant and mutant phages. 

Adsorption efficiency in 108 CFU/ml of S. aureus strains in 60 min. Error bars indicate SD. Three 

biological replicates were conducted. Asterisks (* and **) indicate statistical significance (P<0.05 and 

P<0.01, respectively). ns: not significant. 
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From these results, it was concluded that ORF103 is the RBP that binds to α-

GlcNAc on WTA, and that mutations in ORF103 altered its function, resulting in deficient 

adsorption of ORF103-mutated phages on S. aureus strains whose WTAs contains α-

GlcNAc due to the activity TarM. It is plausible that the absence of α-GlcNAc in WTA 

did not contribute to phage resistance due to the presence of ORF105, previously shown 

to be an RBP. 

 

2.3.5 Effects of anti-ORF103 and anti-ORF105 antibodies on phage infection 

To test the hypothesis, it was evaluated the effect of polyclonal antibodies raised 

against ORF103 and ORF105 on phage infection (Figure 7). Infection of ΦSA012 in 

RN4220 was drastically inhibited by anti-ORF103 serum, but not in SA003. Inhibition of 

anti-ORF103 serum was not observed in infection of ΦSA012 in RN4220ΔtarM, whereas 

anti-ORF103 serum inhibited infection of a tarM-complemented strain. This indicated 

that anti-ORF103 serum inhibited the interaction between ORF103 and α-GlcNAc, 

supporting the idea that ORF103 binds to α-GlcNAc on WTAs and plays an important 

role in infection only in S. aureus strains whose WTAs contain α-GlcNAc. 

By contrast, inhibition of anti-ORF105 serum was observed in all S. aureus strains 

(SA003, RN4220, RN4220ΔtarM, and RN4220ΔtarM::pLIP3_tarM) irrespective of the 

presence of α-GlcNAc, indicating that ORF105 is the primary RBP in infection of 

ΦSA012. 
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Figure 7 EOP of ΦSA012 with anti-ORF103 and anti-ORF105 antibodies. 

Pre-immunized serum (Pre-serum) was used in controls. The number of plaques with pre-immunized 

serum was set as 100%. Plaques were not detected (ND) in the presence of anti-ORF105 serum. Three 

biological replicates were conducted. Error bars indicate SD. Asterisks (* and **) indicate statistical 

significance (P<0.05 and P<0.01, respectively). ns: not significant. 
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2.3.6 Location of ORF103 in ΦSA012 

Immunoelectron microscopy using anti-ORF103 antibody and gold-conjugated 

anti-rabbit antibody revealed that ORF103 in ΦSA012 is localized on the tail fiber at the 

bottom of the baseplate (Figure 8). This observation supported the hypothesis that 

ORF103 interacts with components on the cell surface during infection.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Localization of ORF103 in ΦSA012 stained with gold-conjugated 

secondary antibody. 

Black bars indicate 100 nm (left) and 50 nm (right). The size of the gold particles is 12 nm. Black 

spots in the images represent gold particles conjugated to the secondary antibody. Black arrows 

indicate the location of the tail fibers in ΦSA012. 
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2.3.7 Effect of three mutations in orf103 for infection 

Apart from the function of ORF103, i.e., binding to α-GlcNAc, mutations in 

ORF103 seemed to be important during co-evolution between ΦSA012 and SA003. The 

results of spot test and adsorption assay confirmed that ΦSA012TM103 and ΦSA012M20 

could infect the ΦSA012-resistant derivatives SA003R11 and SA003R20, due to the 

increase in adsorption efficiency caused by the three mutations in orf103 (Figure 9). The 

inconsistency in adsorption efficiency between ΦSA012TM103 and ΦSA012M20 

suggested that mutations in other genes besides orf103 also affected adsorption. 

The inhibitory effect of anti-ORF103 serum on infection by ΦSA012M20 also 

suggested that mutated ORF103 is essential for infection of SA003R11 and SA003R20. 

By contrast, anti-ORF103 serum did not inhibit infection of SA003 (Figure 10). Because 

WTAs in SA003R11 and SA003R20 do not contain α-GlcNAc due to the absence of tarM 

in these strains, this finding implied that mutations in ORF103 changed the original 

function of ORF103 to enhance adsorption on ΦSA012-resistant derivatives. Thus, 

mutations in ORF103 were necessary to adapt to phage resistance arising during co-

evolution. 
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Figure 9 Spot test and adsorption assay with ΦSA012-resistant strains. 

Upper and lower boxes show the result of adsorption assay (109 CFU/ml of the cells in 270 min) and 

spot test, respectively, in (a) SA003R11 and (b) SA003R20. Three or five biological replicates were 

conducted. Error bars indicate SD. Asterisks (*, **, and ***) indicate statistical significance (P<0.05, 

P<0.01, and P<0.001, respectively). 
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Figure 10 EOP of ΦSA012M20 with anti-ORF013 and anti-ORF105. 

Pre-immunized serum was used in controls. The number of plaques formed in the presence of pre-

immunized serum was defined as 100%. ND: not detected. Three biological replicates were conducted. 

Error bars indicate SD. ns: not significant. 

 

 

  



35 

 

 

2.4 Discussion 

Genomic analysis revealed that ΦSA012 belongs to the genus Kayvirus (previously 

named as Twortlikevirus). Until now, more than 80 species of S. aureus phages have been 

reported in the genus Kayvirus (e.g., K, ISP, etc.). Phages classified into the genus 

Kayvirus share the following features; (i) large genomes (127-140 kb); (ii) strictly 

virulent; (iii) a wide host range; and (iv) considerable similarities at the level of protein 

sequence (43). Bacillus phage SPO1, Listeria phage A511, Lactobacillus phage LP65 

(previously named as the genus SPO1likevirus), and Enterococcus phage ΦEF24C have 

been considered as related species to phages under the genus Kayvirus (54). 

Findings in this study showed that at least two adsorption apparatuses (ORF103 

and ORF105) are present in ΦSA012. The 37 N-terminal residues of ORF103 and 

ORF105 are 41% similar. In most cases, the N-termini of RBPs are conserved due to the 

connection to the virus particle, whereas the C-termini responsible for recognition of the 

host receptor are diverse. The conserved N-termini of ORF103 and ORF105 may suggest 

that ORF103 and ORF105 are conjugated with the same virion component. Several 

phages are known to possess multiple adsorption apparatuses (47). E. coli lytic myovirus 

phi92 has at least five different tail spikes and tail fiber proteins identified by cryoelectron 

microscopy, allowing it to infect a wide range of E. coli and Salmonella strains (55). Two 

different RBPs, LtfA and LtfB of the T5-like siphoviruses DT57C and DT571/2, 

recognize different O-antigens, the O22 or O87 type and O81 type, respectively (56). Two 

different carbohydrate-binding modules have been identified in Lactococcus lactis phage 

Tuc2009; the first is in a classical bona fide RBP (BppL), and the other is an accessory 

protein, BppA (57). BppA enhances adsorption to cells, although its true contribution is 

not fully understood (58). Considering the aforementioned examples, the presence of 

multiple RBPs could contributed to the wide host range of S. aureus phages in the genus 

Kayvirus. 

From the results of spot tests, EOP with antibodies, and adsorption assays, it was 
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clear that ORF103 is involved in adsorption and binds to α-GlcNAc in WTAs (Figure 5, 

Figure 6 and Figure 7). SA003 and RN4220∆tarM were still susceptible to ΦSA012 under 

inhibition of ORF103 by anti-ORF103 antibody (Figure 7); thus, in the absence of α-

GlcNAc, the function of ORF103 is not essential for infection of the host cells by ΦSA012. 

From the previous studies, S. aureus myovirus (including phages under the genus 

Kayvirus) is thought to recognize the backbone of WTA because deletion of tarM or tarS, 

which glycosylates α-GlcNAc or β-GlcNAc on WTAs, respectively, did not affect 

infection of S. aureus strains by phage K, whereas the lack of WTAs by deletion of tagO, 

a gene related to the initial step of WTA synthesis, renders S. aureus strains resistant to 

phages (59, 60). In infection by S. aureus podovirus, the presence of α-GlcNAc inhibits 

the adsorption of phages to β-GlcNAc, the podovirus phage receptor, and deletion of 

TarM enhances phage adsorption (59). Likewise, it is possible that α-GlcNAc masks the 

backbone of WTAs, which is the binding site for the primary RBP ORF105, and that 

ORF103 helps the phage bind the WTA backbone by interacting with α-GlcNAc (Figure 

11). Hence, phages that lacked wild-type ORF103 function due to point mutations or 

antibodies were not able to infect S. aureus strains in the presence of α-GlcNAc, whereas 

loss of ORF103 function did not affect phage infection in the absence of α-GlcNAc. The 

reason why ΦSA012 did not adsorb stronger to RN4220 which possesses α-GlcNAc in 

WTA than RN4220∆tarM lacking α-GlcNAc in WTA might be that the presence of α-

GlcNAc inhibits the binding of ORF105 to the backbone of WTA even though the binding 

of ORF103 to α-GlcNAc could contribute to adsorption efficiency of ΦSA012 (Figure 6). 

The influence of β-GlcNAc in adsorption may be minor, as no inhibition of infection by 

the anti-ORF103 antibody was observed in SA003 irrespective of the presence of tarS, 

which is responsible for glycosylation of β-GlcNAc. 
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Figure 11 Scheme of putative adsorption mechanism of ΦSA012. 

In most S. aureus strains, the WTA polymer consists of 11-40 ribitol phosphate (RboP) repeats 

substituted with D-alanine and α- and β-GlcNAc, covalently attached to a peptidoglycan with a WTA 

linkage unit. ΦSA012 recognizes the WTA backbone. α-GlcNAc masks the WTA backbone, which is 

the binding site of the primary RBP ORF105, and ORF103 helps the phage bind the WTA backbone 

by binding α-GlcNAc. Hence, a phage in which ORF103 is disabled by point mutations or antibodies 

cannot infect S. aureus strains in the presence of α-GlcNAc, whereas loss of ORF103 function does 

not affect phage infection in the absence of α-GlcNAc. 
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CHAPTER 3 ANALYSES OF PROPAGATION PROCESSES OF 

S. aureus PHAGES 

3.1 Introduction 

In Chapter 2, S. aureus phage ΦSA012 was characterized to understand general 

features of phages as one of promising candidates for phage therapy. It was revealed that 

the wide host range of S. aureus phages in the genus Kayvirus is attributed to the presence 

of multiple RBPs. In addition to ΦSA012, a wide variety of phages have been reported 

for the potentially therapeutic purpose (61). For example, S. aureus lytic phages S13′ and 

S25-3 can be considered as promising candidates for phage therapy because these two 

phages had a broad host range and strong lytic activity on a broad range of S. aureus 

strains (14). While phage S25-3 is classified into the genus Kayvirus as well as ΦSA012, 

phage S13′ is classified into the genus Rosenblumvirus. In addition to phages S13′ and 

S25-3, S. aureus phages in two genera Rosenblumvirus and Kayvirus are considered to be 

potential therapeutic candidates due to their strong lytic effects and broad host ranges (61). 

Due to their different mechanisms of host recognition in genera Rosenblumvirus and 

Kayvirus, the infectivity against S. aureus is different in these two groups of phages (39, 

62). Since the infectivity of phages is specific compared to the antibiotics, it is important 

to combine various types of S. aureus phages and widen the spectrum against S. aureus 

strains (63). Thus, several types of S. aureus phages need to be manufactured for the 

treatment of S. aureus infections. 

For phage production, the theoretical models have been developed and widely 

discussed under the universal concept of host-virus interactions (64-66). However, 

knowledge of the propagation for S. aureus phages is missing in the three points below. 

First, the difference in propagation by characters of S. aureus phages has not been 

investigated experimentally, while several types of S. aureus phages are needed to be 

manufactured for the reasons mentioned above. Second, key process parameters in the 

manufacturing should be clarified. Although the mathematical models of phage 
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propagation have been constructed based on the kinetic parameters (adsorption constant, 

burst size, latent period, etc.), these kinetic parameters are influenced by culture 

conditions (temperature, bacterial status, substrate concentration, etc.) and difficult to be 

directly manipulated themselves (67-69). It is necessary for control of manufacturing to 

clarify the key process parameters to be regulated (22). Third, adequate methodologies to 

quantify the phage concentration after the propagation process have not been discussed, 

although the plaque assay and quantitative PCR (qPCR) are typically used for virus 

concentration measurements (70). 

This chapter describes the evaluation for the difference of propagation by 

characteristics of S. aureus phages and their key process parameters on propagation with 

two different types of S. aureus phages S13′ and S25-3. In order to measure the effects of 

process parameters, phage culture experiments of phages S13′ and S25-3 were conducted 

in a flask by using, a new class of design of experiment (DoE), definitive screening design 

(DSD), which is a statistical and mathematical tool to clarify the relationship between 

process parameters and responses with a minimized number of experiments (71). The 

phage concentrations were measured by the plaque assay and qPCR, and the results were 

compared. 

 

3.2 Materials and Methods 

3.2.1 Bacteria, phages, culture conditions, and reagents 

S. aureus strain SA27 was used for propagation and enumeration of S. aureus 

phages as a host bacterial strain (12). S. aureus phages S13′ and S25-3 have been reported 

previously (14). E. coli strain DH5 (Takara Bio, Shiga, Japan) was used for cloning. 

LB broth (LB Medium (Miller); Kanto Chemical Co., Inc., Tokyo, Japan) was used 

to culture bacteria and phages. If required, ampicillin at 100 g/ml was added to the 

culture medium. Bacteria and phages were cultured at 37°C unless otherwise stated. All 
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reagents were purchased from Nacalai Tesque (Kyoto, Japan) or Fujifilm Wako Pure 

Chemical Corporation (Osaka, Japan) unless otherwise stated. 

Bacterial density was measured in CFU/ml. Phage concentration was measured 

using the double-layered agar method in PFU/ml unless otherwise stated (72). 

 

3.2.2 The measurement of adsorption efficiencies and burst sizes 

For the measurement of adsorption efficiencies, bacteria at 3.0  108 CFU/ml were 

mixed with phages at 3.0  104 CFU/ml in 20 ml of LB broth, and the mixture was 

cultured with shaking. At 1, 5, 10, and 15 min after mixing phages and bacteria, 500 l 

of bacteria-phage culture was mixed with an equal volume of chloroform. After 

centrifugation (15,000 g, 30 s, room temperature), the supernatant was collected and the 

plaque assay was performed. 

In order to measure burst sizes and latent periods, bacteria at 3.0  107 CFU/ml and 

3.0  106 CFU/ml were mixed with phages S13′ and S25-3 at 3.0  102 PFU/ml, 

respectively, in 20 ml of LB broth. After 5 min incubation at 37°C with shaking, the 

culture suspension was centrifuged (15,000 g, 1 min, room temperature) and the 

supernatant was replaced with 10 ml of prewarmed LB broth at 37°C. The bacteria-phage 

culture was continuously cultured with shaking. The culture was sampled over time, and 

the plaque assay was performed. 

 

3.2.3 Extraction of phage genomic DNA 

The phage suspension supplemented with 10 mM MgCl2 was incubated with 

20 g/ml of DNase I and RNase A at 37°C for 30 min and was then incubated at 75°C for 

5 min. Phage suspension was then incubated in protein-digestive solution (5 g/ml of 

proteinase K (Takara Bio), 0.5% sodium dodecyl sulfate, 100 mM EDTA, 100 mM Tris-

HCl, pH 7.8) at 56°C for 1 h. DNA extraction was done by phenol-chloroform extraction 

and ethanol precipitation, as described elsewhere (73, 74). 
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3.2.4 qPCR 

Primers and probes were designed for each genomic region encoding a capsid 

protein. The genome sequences of phages S13′ and S25-3 were obtained from GenBank 

(accession numbers, AB626963 and AB853330, respectively) (39, 75). All primers and 

probes labeled with FAM and TAMRA are described in Table 5.
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Table 5 The list of primers for qPCR. 

Primers/Probes Direction Sequence (5' → 3')a Description 

pUC_linear 

pUC_linear_F2 Forward primer GATCCTCTAGAGTCGACCTGCAGG 
The primers were used to amplify the pUC19 plasmid 

sequence to obtain a linearized plasmid for cloning. The 

amplified DNAs were used to clone DNA sequences of 

phages S13′ and S25-3. 
pUC_linear_R2 Reverse primer GATCCCCGGGTACCGAGCTC 

S13′_Inf 

S13′_Inf_F Forward primer CGGTACCCGGGGATCCAATTTCCAAACATTAGCAGAC 
The primers were used to amplify the phage S13′ 

sequence for the construction of a plasmid carrying the 

phage S13′ sequence. The plasmid was used as a 

standard to quantify the copy number of phage S13′. 
S13′_Inf_R Reverse primer CGACTCTAGAGGATCGGAAAGTGTTCGCAATCTTTGTATC 

S25-3_Inf 

S25-3_Inf_F Forward primer CGGTACCCGGGGATCTGGTTATGGAATCACTCCTG 
The primers were used to amplify the phage S25-3 

sequence for the construction of a plasmid carrying the 

phage S25-3 sequence. The plasmid was used as a 

standard to quantify the copy number of phage S25-3. 
S25-3_Inf_R Reverse primer CGACTCTAGAGGATCGGAATGAAGCCCACTCAATTG 

qPCR-S13′ 

F_S13′ Forward primer AATGCGTGCGATGTTAGTTG 
The set of primers and probes was used to quantify the 

copy number of phage S13′. 
R_S13′ Reverse primer ATATTGCCCAATTGCACCAC 

S13′_qPCR_P Probe (FAM)-CATCAAAACAAGATTTAGCAAGTAAAG-(TAMRA) 

qPCR-S25-3 

F_S25-3 Forward primer GTATCTGACCCAAATATCCGTC 
The set of primers and probes was used to quantify the 

copy number of phage S25-3. 
R_S25-3 Reverse primer GAATGAAGCCCACTCAATTG 

S25-3_P Probe (FAM)-GACCCATCACAAATCCTTACAG-(TAMRA) 

a Underlines indicate the overlap sequence for the fusion of fragments by In-Fusion cloning technology (Takara Bio). 
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Plasmids containing reference sequences were constructed to calculate the copy 

numbers of DNA. Using appropriate primer sets, the DNA fragments of phages and 

pUC19 plasmid were amplified using PCR with phage genomic DNAs and pUC19 

plasmid (Takara Bio), respectively. These amplified fragments were fused using an In-

Fusion HD cloning kit (Takara Bio). The exact phage sequences were cloned into pUC19 

in E. coli strain DH5. Plasmid extraction was conducted using a plasmid DNA extraction 

kit (Favorgen Biotech Co., Ping-Tung, Taiwan). 

For each qPCR reaction, 20 l of the reaction mixture was prepared with 10 l of 

2  Premix Ex Taq (Takara Bio), 0.4 l of each 10 mM primer, 0.8 l of a TaqMan probe, 

0.2 l of 50  ROX Reference Dye II (Takara Bio), 1 l of DNA template (106-fold 

diluted in water as needed) and 7.6 l of water. Subsequently, PCR was performed using 

a 7500 Real-time PCR System (Applied Biosystems, Foster City, CA, USA), using the 

following program: initial denaturation at 95°C for 30 s, and 35 cycles of two-step 

amplification (95°C for 5 s, 50°C for 30 s). Reactions without template DNA were 

performed as a negative control. The results of qPCR were analyzed with 7500 Software 

version 2.0.6 (Applied Biosystems). 

 

3.2.5 Design of experiments and data analysis 

DoE and all statistical analyses were performed using JMP statistical software 

(version 15.0) (SAS Institute, Cary, NC, USA). 

The experimental conditions of phage culture experiments were designed using 

DSD, and the regression models of the results were generated using the equation, 

 

𝑦 =  𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑘
𝑖 + ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑘
𝑖>𝑗 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑘
𝑖 , 

 

where y is the response, x represents the parameters, k is the number of parameters, β0 is 

the intercept, and βi, βij, and βii are the regression coefficients for the main effects, the 
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two-factor interactions, and the quadratic effects, respectively. The selection of active 

effects was conducted as previously described (76). All effects with a P value of more 

than 0.05 were removed from the models. 

 

3.2.6 Selection of process parameters 

For selection of process parameters to be studied, baculovirus production was 

referred as the model for the propagation process of phage production because host cells 

for both of baculovirus and phages are suspension cells. According to knowledge from 

baculovirus production, key process parameters for propagation include MOI, bacterial 

density at infection (BDI), time of harvest (TOH), and temperature (77, 78). 

 

3.2.7 Phage culture experiments using 200-ml Erlenmeyer flasks 

Following the experimental design process using DSD, the phage culture 

experiments were performed. Three levels at regular intervals (i.e., low, middle, and high) 

were set for each process parameter. To prepare the suspension of host bacterial culture 

for the phage culture experiment, 3 ml of an overnight culture of S. aureus strain SA27 

was inoculated into 300 ml of LB broth in a 1,000-ml Erlenmeyer flask, and was cultured 

with stirring at 37°C for 16 h at 500 rpm by a 3.5-cm stirring bar (AS ONE, Osaka, Japan) 

using an electromagnetic stirrer (AS ONE). Bacterial culture at three levels of defined 

bacterial density (i.e., 106, 107, or 108 CFU/ml) was prepared by diluting the overnight 

culture with culture media by using the equation shown in Figure 12. 
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Figure 12 The correlation of bacterial density with bacterial turbidity in S. 

aureus culture in the midexponential phase. 

The bacterial density was measured in CFU/ml. The bacterial turbidity was measured at OD600. 

Analyzing the dataset by linear regression, the line was fitted, giving y = -0.3591 + 7.62x and the 

coefficient of determination (i.e., R2) was 0.759. 
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After the addition of a phage suspension at the defined concentrations (i.e., MOI: 

10-3, 10-2 or 10-1), 50 ml of bacteria-phage culture was incubated at each defined 

temperature (i.e., 34, 37, or 40°C) in a 200-ml Erlenmeyer flask with a water-bath shaker 

(Taitec Co., Saitama, Japan) at 150 rpm shaking speed. 

After incubating for a defined duration (i.e., 2, 4, or 6 h), the bacteria-phage culture 

was centrifuged (5,000 g, 5 min, 4°C) and then the supernatant was filtered with a 0.45-

m syringe filter (Sartorius, Goettingen, Germany). Finally, the concentration of phage 

suspension was measured using the plaque assay and qPCR, as described above. 

 

3.3 Results 

3.3.1 Adsorption efficiencies, burst sizes, and latent periods 

Before the evaluation of the propagation processes of two phages, adsorption 

efficiency, burst size, and latent period were compared in phages S13′ and S25-3 in order 

to assess the propagation performance of phages (Figure 13). For phage S13′, the phages 

adsorbed within 15 min, the latent period, and the burst size were 99.56% ± 0.08%, 40 

min, and 99 ± 18 (mean ± standard deviation (SD)), respectively. For phage S25-3, the 

phages adsorbed within 15 min, the latent period, and the burst size were 98.60% ± 0.62%, 

40 min, and 43 ± 8.1, respectively. According to these results, phage S13′ exhibited a 

higher adsorption efficiency and a larger burst size in S. aureus strain SA27 than phage 

S25-3, while latent periods were equivalent to both phages. These data suggest that phage 

S13′ possesses higher efficiency of propagation than phage S25-3 in S. aureus strain SA27. 
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Figure 13 Adsorption efficiencies, burst sizes, and latent periods of phages 

S13′ and S25-3 on S. aureus strain SA27. 

(A) Adsorption rate. (B) Burst sizes and latent periods. Closed circle (●) with a straight line and open 

square (□) with a dotted line represent the mean value of phages S13′ and S25-3, respectively. Error 

bars on each dot represent SD. In (B), the vertical gray lines indicate the points for burst sizes. The 

horizontal gray line with arrow heads on both ends indicates the latent period. The experiment was 

performed in triplicate. Asterisks indicate statistical significance (**and *, P < 0.001 and 0.05, 

respectively). 
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3.3.2 Methodologies for the plaque assay and qPCR 

In order to quantify the number of phages, the plaque assay and qPCR are applied 

in this study. While the plaque assay is a popular method in phage research, qPCR is also 

popular method for detection and quantification of viruses due to its technical simplicity 

and shorter processing time (70, 79). The plaque assay measures active phages as titer in 

PFU/ml, while qPCR measures viral genome copy (VGC) in copy/ml, where the copies 

are derived from both active and nonactive phage particles. To observe technical 

differences between the plaque assay and qPCR, the correlation between titers and VGCs 

was examined in phages S13′ and S25-3 (Figure 14). The relationship between titers and 

VGCs was confirmed, and the values of titers and VGCs were very similar for both phages. 
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Figure 14 The correlation of bacterial density with bacterial turbidity in S. 

aureus overnight culture. 

Correlation of phage concentrations in Log10[titer] with that in Log10[VGC]. (A) Phage S13. 

Analyzing the dataset of phage S13 by linear regression, the line was fitted, giving y = 0.8644x + 

1.148 and the coefficient of determination (i.e., R2) was 0.938. (B) Phage S25-3. Analyzing the dataset 

of phage S25-3 by linear regression, the line was fitted, giving y = 0.9919x – 0.2456 and R2 was 0.879.  
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3.3.3 The design of phage culture experiments by using DSD 

From the established models of host-virus interactions, four key process parameters 

for propagation were selected and examined in this study: MOI, BDI, TOH, and 

temperature (80-83). Because the magnitudes of MOI and BDI were shown as a power of 

10, they were transformed by base 10 logarithm (i.e., Log10[MOI] and Log10[BDI]). In 

addition, because the phage generally multiplies exponentially, the phage concentrations 

of titer and VGC were also transformed by base 10 logarithm, i.e., Log10[titer] and 

Log10[VGC], in this study. 

Using DSD, 17 runs with different values of process parameters were designed 

(Table 6). In DSD, when the number of parameters is less than five (k < 5), the minimum 

number of experiments is 13 runs, while 2k + 1 and 2k + 3 runs are the minimum numbers 

of experiments when k is even and odd numbers, respectively. In addition, as 

recommended by Jones and Nachtsheim, four extra runs were randomly added to increase 

the ability to detect second-order effects (84).
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Table 6 Experimental design by DSD and experimental results. 

Experimental design determined by DSD Experimental result 

Run No.a Log10[MOI] 
Log10[BDI] 
(CFU/ml) 

TOH (h) 
Temperature 

(°C) 

Phage S13′ concentration Phage S25-3 concentration 

Log10[titer] 
(PFU/ml) 

Log10[VGC] 
(copy/ml) 

Log10[titer] 
(PFU/ml) 

Log10[VGC] 
(copy/ml) 

1 -3 6 2 40 6.2 6.2 3.8 5.4 
2 -1 7 6 40 10.2 10.3 9.3 10.0 
3 -1 8 6 34 11.3 11.7 9.7 10.0 
4 -2 8 6 40 11.8 12.8 10.6 11.2 
5 -1 8 2 34 10.4 10.9 9.4 10.2 
6 -1 6 6 34 9.3 9.5 8.9 8.9 
7 -2 7 4 37 10.6 9.9 9.4 8.7 
8 -3 6 6 40 10.3 10.2 9.9 10.7 
9 -3 8 4 34 11.2 11.8 10.3 10.6 
10 -1 8 2 40 8.9 10.1 7.7 8.6 
11 -2 6 2 34 6.5 6.4 6.1 5.9 
12 -3 6 6 34 10.3 9.7 9.0 8.6 
13 -3 8 6 37 11.9 12.8 10.6 11.2 
14 -3 8 2 40 7.2 7.4 5.2 6.7 
15 -1 6 4 40 9.4 9.1 8.7 8.4 
16 -3 7 2 34 7.0 6.7 7.1 6.8 

17 -1 6 2 37 8.4 8.6 7.1 6.9 

a Run No. 7 is the center point in this experimental design. 
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As per the experimental design using DSD, phage culture experiments were 

performed and phage concentrations were measured using the two methodologies of the 

plaque assay and qPCR. Analyzing the distribution of obtained data in this study, the 

scatter plot of phage concentration in Log10[titer] or Log10[VGC] over each key process 

parameter (i.e., MOI, BDI, TOH or temperature) showed that no data were present outside 

the 95% confidence area, which suggested that outliers were not present in these datasets 

(Figure 15). Thus, regression models of phage propagation could be generated from the 

datasets. 
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Figure 15 Scatter plot of phage concentration against key process parameters. 

Scatter plots of phage concentrations in phages S13′ and S25-3 against key process parameters are 

shown. (A) Log10[titer] and (B) Log10[VGC] of phage S13′ were indicated, whereas (C) Log10[titer] 

and (D) Log10[VGC] of phage S25-3. The key process parameters are Log10[MOI], Log10[BDI], TOH, 

and temperature. Shaded areas indicate 95% confidence, which was calculated from the bivariate 

normal distribution. Because no data were present outside the 95% confidence area, outliers were not 

considered to be present in these datasets. 
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3.3.4 Regression model for phage S13′ propagation 

In the analysis of the regression model of phage S13′ propagation, the process 

parameters critical for phage propagation were then statistically screened. In the 

regression models of phage concentrations in Log10[titer] and Log10[VGC], the 

Log10[BDI] and TOH were included with statistical significance (Figure 16 and Figure 

17). In these regression models, both phage concentrations in Log10[titer] and 

Log10[VGC] were positively related to Log10[BDI] and TOH. Two-parameter interactions 

and quadratic effects were not observed in the regression models. 

The formulas of the regression model of phage S13′ concentrations in Log10[titer] 

and Log10[VGC] are as follows: 

 

Log10[titer]  =  9.46 + 0.88  (Log10[BDI] −  7) + 0.73  (TOH − 4), and 

Log10[VGC]  =  9.65 +  1.27  (Log10[BDI] −  7) + 0.74  (TOH − 4 ). 
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Figure 16 Interaction profiles of the regression model of phage S13′ 

propagation (Log10[titer]). 

In the top panels, the interaction plots of phage concentration with process parameters detected in the 

regression models are shown. In the interaction plots, the line segments with gray areas are shown as 

possible interactions with 95% confidence. On the bottom, the process parameters that interacted with 

phage concentrations with statistical significance are shown as a table. In the table, the results provided 

by regression analysis, including P values, are shown. 
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Figure 17 Interaction profiles of the regression model of phage S13′ 

propagation (Log10[VGC]). 

In the top panels, the interaction plots of phage concentration with process parameters detected in the 

regression models are shown. In the interaction plots, the line segments with gray areas are shown as 

possible interactions with 95% confidence. On the bottom, the process parameters that interacted with 

phage concentrations with statistical significance are shown as a table. In the table, the results provided 

by regression analysis, including P values, are shown. 
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3.3.5 Regression model for phage S25-3 propagation 

The regression model for phage S25-3 propagation was analyzed in the same 

manner as the analysis of phage S13′ propagation. Unlike the regression models of phage 

S13′ propagation in Log10[titer], finding the regression model of phage S25-3 propagation 

was not simple (Figure 18). The model included main effects by Log10[MOI], Log10[BDI], 

TOH, and temperature, two-factor interactions by Log10[MOI]  TOH and TOH  

temperature, and a quadratic effect by TOH  TOH, with statistical significance. First, 

positive relationships of phage concentrations in Log10[titer] with Log10[MOI] and 

Log10[BDI] were observed. Second, a positive relationship of phage concentration in 

Log10[titer] was observed with TOH from 2 to 4 h but leveled off from 4 to 6 h. Third, a 

negative relationship was observed with temperature. Fourth, two-factor interactions of 

Log10[MOI]  TOH and TOH  temperature were also included. 

In contrast, as seen in the regression model of phage S13′ propagation in 

Log10[VGC], the regression model of phage S25-3 propagation in Log10[VGC] was 

simple (Figure 19), only including Log10[BDI] and TOH with statistical significance. 

Positive relationships of phage concentration in Log10[VGC] with Log10[BDI] and TOH 

were observed. Two-factor interactions and quadratic effects were not observed in the 

analysis. 

The formulas of regression models of phage S25-3 concentrations in Log10[titer] 

and Log10[VGC] in phage propagation were obtained as follows: 

 

Log10[titer]  =  6.62 +  0.35  Log10[MOI]  +  0.71  Log10[BDI]  +

 0.77  TOH +  0.12  Temperature +  (Log10[MOI] +  2)  (TOH −

 4)  (−0.36)  +  (TOH −  4)  (Temperature −  37)  0.09 +  (TOH −

 4)  (TOH −  4)  (−0.32), and 

Log10[VGC]  =  (−0.97) +  0.98  Log10[BDI] +  0.72  TOH.  
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Figure 18 Interaction profiles of the regression model of phage S25-3 

propagation (Log10[titer]). 

In the regression models of phage S25-3 propagation, phage concentrations were analyzed in 

Log10[titer]. In the top panels, the interaction plots of phage concentration with process parameters 

detected in the regression models are shown. In the interaction plots, the line segments with gray areas 

are shown as possible interactions with 95% confidence. On the bottom, the process parameters that 

interacted with phage concentrations with statistical significance are shown as a table. In the table, the 

results provided by regression analysis, including P values, are shown. 
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Figure 19 Interaction profiles of the regression model of phage S25-3 

propagation (Log10[VGC]). 

In the regression models of phage S25-3 propagation, phage concentrations were analyzed in 

Log10[VGC]. In the top panels, the interaction plots of phage concentration with process parameters 

detected in the regression models are shown. In the interaction plots, the line segments with gray areas 

are shown as possible interactions with 95% confidence. On the bottom, the process parameters that 

interacted with phage concentrations with statistical significance are shown as a table. In the table, the 

results provided by regression analysis, including P values, are shown. 
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3.3.6 Comparison of propagation processes of phages S13′ and S25-3 

The phage propagation of phage S13′ was compared with that of phage S25-3 using 

the generated models in Log10[titer] and Log10[VGC]. Because the Log10[BDI] and TOH 

were the common parameters in the regression models of both phages S13′ and S25-3 in 

Log10[titer] and Log10[VGC], the regression models of phages S13′ and S25-3 in 

Log10[titer] and Log10[VGC] were compared using contour plots relative to these 

parameters (Figure 20). 

Observing the contour plots, the propagation of phage S13′ was compared with that 

of phage S25-3, focusing on the effects of Log10[BDI] and TOH. First, in the contour plot 

of phage concentrations in Log10[titer], different patterns of the contour line at 10 of 

Log10[titer] were observed between phages S13′ and S25-3, while similar patterns of 

contour lines were observed at 8 and 9 of Log10[titer] (Figure 20A). Moreover, in the 

contour plot of phage concentrations in Log10[VGC], similar patterns of contour lines 

were observed, while the concentrations of phage S13′ were one order of magnitude 

higher than those of phage S25-3 (Figure 20B). Thus, the propagation of phages S13′ and 

S25-3 had different profiles in the regression models of phage concentrations in 

Log10[titer] and Log10[VGC]. 
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Figure 20 Comparison of regression models of phage S13′ concentration with 

those of phage S25-3 using overlaid contour plots. 

The regression model of phage concentrations in (A) Log10[titer] and (B) Log10[VGC] were described 

on the contour plots relative to TOH and Log10[BDI]. Gray and black lines show phages S13′ and S25-

3, respectively. Each contour line shows the phage concentration in Log10[titer] or Log10[VGC]. 
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3.4 Discussion 

The results of phage culture experiments showed that the characteristics of the 

propagation process were different in phages S13′ and S25-3 (Table 7). Both regression 

models of phage S13′ concentrations in Log10[titer] and Log10[VGC] seemed to be similar, 

and the effects of Log10[BDI] and TOH were critical for phage S13′ propagation (Figure 

16 and Figure 17). The importance of Log10[BDI] was previously introduced by 

González-Menéndez et al. in the propagation of S. aureus phage vB_SauM-phiIPLA-

RODI (81). The criticality of TOH for phage propagation was also demonstrated, as the 

elapsed time was integrated into the kinetic models of phage propagation (64). On the 

other hand, the regression model of phage S25-3 propagation in Log10[titer] was not 

compatible with that in Log10[VGC] (Figure 18 and Figure 19). The effects of 

Log10[MOI] and temperature were only observed in the regression model of phage S25-

3 propagation in Log10[titer], and the variation of TOH affected the value of Log10[titer] 

and Log10[VGC] differently. These incompatibilities of Log10[MOI], temperature, and 

TOH were assumed due to the following reasons. First, because phage S25-3 possesses a 

relatively lower efficiency of infectious process (i.e., adsorption, latent period, and burst 

size) than phage S13′ on S. aureus strain SA27 (Figure 13), the numbers of initial phages 

significantly contributed to the value of Log10[titer] at the harvest, but they were not 

detected in Log10[VGC]. Second, the negative effect of temperature at the range from 

34°C to 40°C was only observed for Log10[titer], which was in agreement with the 

previous study on the propagation of S. aureus phage K, which is closely related to phage 

S25-3 (83). Because the effect of temperature was not detected in Log10[VGC], only the 

number of active phages might be negatively impacted by higher temperature, probably 

due to protein misfolding and inefficient virion protein assembly at a high efficiency of 

host metabolism (85). Third, the positive effect of TOH was saturated at longer time 

periods (> 4 h) in Log10[titer], but not in Log10[VGC]. Because it has been reported that 

the concentration of viral particles influences aggregation formation of viruses, the steady 
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state of phage titer at > 4 h of TOH might be related to aggregation of phage particles 

caused by the increase of phage density (86). Thus, the results of this study revealed that 

the key process parameters for the propagation process differed by phage types and 

methodologies for counts of phage concentration. 

 

 

Table 7 Summary of the effect by process parameters. 

Process 

Parameters 

Phage S13′ Phage S25-3 

Titer 

(PFU/ml) 

VGC 

(copy/ml) 

Titer 

(PFU/ml) 

VGC 

(copy/ml) 

MOI N/A N/A Positive N/A 

BDI (CFU/ml) Positive Positive Positive Positive 

TOH (h) Positive Positive Positive Positive 

Temperature (°C) N/A N/A Negative N/A 
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From the concept of the QbD approach, it is important to evaluate and understand 

the effects of process parameters in the process development with statistical tools such as 

DoE. In this study, DSD, a new class of design of experiment, was applied and the 

application of DSD was considered to be quite useful in the process development of phage 

propagation. In this process development, relatively large numbers of experiments are 

considered to be required. This study suggested that phage propagation should be studied 

individually in each phage having different characteristics. Because the application of 

DSD has enabled the generation of models to understand the characteristics of the 

biological process with a small number of experiments, DSD contributes to a faster 

process development for phage manufacturing (87, 88). 

Following the points mentioned above, phage culture experiments were designed 

and analyzed by DSD for the first time, using two S. aureus phages S13′ and S25-3 with 

different taxonomies in this study. Since the results of this study showed that the effects 

of process parameters differed according to the characteristics of the phages and the 

methodologies for phage concentration measurements (i.e., the plaque assay and qPCR), 

the propagation process was deemed to be studied by phage types. Thus, the choice of 

methodologies for phage concentration measurements needs to be considered carefully. 

In conclusion, the results of this study demonstrated that the optimal propagation 

processes of phages could differ according to phage types and the methodologies chosen 

for phage concentration measurements. The knowledge obtained from this study will lead 

to further studies toward the establishment of manufacturing processes for S. aureus 

phages. 
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CHAPTER 4 GENERAL DISCUSSION 

In order to realize the manufacturing of S. aureus phages, a series of studies were 

conducted under the concept of QbD approach. ΦSA012, one of promising candidates for 

phage therapy, was characterized in Chapter 2. The genomic analysis by whole-genome 

sequencing revealed the fundamental character of ΦSA012. It was also demonstrated that 

ORF103 and OFR105 are RBPs of ΦSA012, which are the critical components for the 

host range of phages. The knowledge obtained from characterization of ΦSA012 

contributes to understand the character of related phages belonging to the genus Kayvirus. 

In Chapter 3, propagation processes of S. aureus phages were studied in a flask with DSD 

using S. aureus phages S13′ and S25-3 in different taxonomies (the genera 

Rosenblumvirus and Kayvirus). As a result, phage propagation measured using the plaque 

assay and qPCR were overall similar to each other in the case of phage S13′, while they 

differed in the case of phage S25-3. These results suggest that the propagation processes 

need to be developed according to phage type, and the choice of methodologies for phage 

concentration measurements should be carefully considered. The findings in this study 

accelerate the establishment of phage manufacturing because the numbers of studies in 

process development could be minimized by focusing on key process parameters 

identified in this study. 

To industrialize the phage therapy, establishment of the manufacturing of phages at 

GMP level is one of the points to be considered. Whole-genome sequencing is a useful 

tool to understand the nature of phages as applied in this study, and could be used as a 

part of the release tests in the manufacturing of phages. To maximize the inputs from 

whole-genome sequences of phages, it is important to accumulate the knowledge for the 

linkage between phenotypes and genotypes such as the identification of RBPs at the 

genomic level revealed in this study. Further characterization of phages is helpful to 

discuss the determination of CQAs and the quality control in the manufacturing. In 

addition, several types of phages are needed to be manufactured for one product because 
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the narrow spectrum of phages against bacteria should be covered by combination of 

different types of phages as cocktail. Since the optimal conditions for propagation process 

differ in types of phages, it is important to characterize phages not only for the quality 

control but also for process development of phage manufacturing. Considering the higher 

titer in the propagation process and similarity of the results measured by the plaque assay 

and qPCR, phage S13′ is more preferable for the manufacturing than phage S25-3. For 

the manufacturing of phage S25-3, the difference in the values measured by the plaque 

assay and qPCR should be carefully considered for the quality control. The different 

characters in phages S13′ and S25-3 on propagation processes could be explained by the 

larger size of virus particles in phages S25-3 than S13′, which could increase the higher 

tendency of aggregation and misfolding. Nevertheless, the key factors to determine the 

phages preferable for the manufacturing should be investigated furthermore. Thus, it is 

important to understand the features of phages to select the phages from the candidates in 

terms of the manufacturability. 

Although the knowledge obtained in this study has contributes to realize phage 

therapy against S. aureus, there are several points to be discussed for the manufacturing 

of phages. First, the titer of phages in the propagation process could be increased by 

further optimization of the propagation process apart from the process parameters. For 

example, host bacteria for phage propagation should be discussed as one of the elements 

for optimization of the propagation process. For S. aureus phages, the choice of host 

bacteria for phage manufacturing has been partially discussed as exemplified that the 

food-grade species Staphylococcus xylosus was used for host bacteria instead of S. aureus 

from the perspective of safety concerns by the toxicity of S. aureus. However, it has not 

been considered yet to optimize host bacteria to increase the phage titer (e.g., genetic 

engineering of host bacteria). Since the phage propagation relies on the protein expression 

system in host bacteria, the capability of the protein expression in host bacteria would be 

one of the factors to increase the titer of phages. The optimization of media for growing 
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host bacteria is also important to increase the phage titer because the density of host 

bacteria is critical to increase the phage titer, which was confirmed in this study. Second, 

the purification process is also needed to be studied as well as the propagation process. 

For the preparation of phages at laboratory-scale, CsCl density gradient centrifugation by 

using the ultracentrifuge is a popular method to purify the phage solutions. However, it is 

difficult to use the ultracentrifuge at manufacturing-scale, and it is necessary to develop 

the chromatographic methods for the phage purification (89, 90). Although few studies 

have been reported in development of the purification process for phage manufacturing, 

it is important to optimize the purification process furthermore, especially focusing on 

removal impurities (e.g., endotoxin) and increase of the yields. The optimal conditions 

for the purification process might be different in types of phages, which should be 

confirmed by further studies. Third, formulation is also required to be considered in order 

to assure the stability of phages for reasonable storage. Since the phage particles are the 

complex of proteins, optimization of formulation is required as well as other 

biopharmaceuticals. In addition to degradation of phage particles, aggregation of phage 

particles in drug product is also one of the concerns for phage therapy. As reported in the 

clinical trial of PhagoBurm for a burn wound infected with Pseudomonas aeruginosa, 

aggregation of phage particles decreased the titer of phages, which determines of efficacy 

of the products (20). Optimization of formulation buffer could improve the stability of 

phages as aggregation of viral particles is caused by multiple factors, such as salt 

concentration, pH, type, concentration of cations, etc. (86). The freeze drying 

(lyophilization) has been also suggested for the drug product of phages, which could 

avoid aggregation and degradation of phage particles (91). However, further studies in 

formulation are required to improve the stability of phages as the drug product. 

In conclusion, the host recognition mechanism of S. aureus phages in the genus 

Kayvirus were revealed in this study, which could contribute to define CQAs of S. aureus 

phages. The key process parameters of S. aureus phages were identified in propagation 
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process. The knowledge obtained in this study contributes to realization of phage therapy.  
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APPENDIX 

General features of all putative ORFs from ΦSA012 

ORF 
bp Length 

predicted function 
start stop (aa) 

1 14 484 156 terminal repeat-encoded protein 

2 543 716 57 terminal repeat-encoded protein 

3 716 982 88 terminal repeat-encoded protein 
4 1067 1246 59 terminal repeat-encoded protein 

5 1817 1581 78 border ORF L protein,unknown function 

6 2251 1817 144 N/A 
7 2445 2254 63 putative membrane protein 

8 2927 2442 161 membrane protein 

9 3351 2920 143 N/A 
10 3907 3365 180 N/A 

11 4407 3919 162 N/A 
12 4875 4468 135 N/A 

13 5588 4878 236 serine/threonine protein phosphatase 

14 7552 5684 622 N/A 
15 9008 8460 182 N/A 

16 9230 9012 72 N/A 

17 9425 9231 64 N/A 
18 10152 9415 245 N/A 

19 10570 10331 79 N/A 

20 10961 10572 129 N/A 
21 11232 11059 57 N/A 

22 11755 11273 160 N/A 

23 12347 11805 180 N/A 
24 12880 12347 177 N/A 

25 13047 12883 54 putative membrane protein 

26 13328 13050 92 putative membrane protein 
27 14173 13328 281 N/A 

28 15303 14185 372 AAA family ATPase 

29 15782 15456 108 N/A 
30 16191 15775 138 N/A 

31 16626 16324 100 DNA binding protein 

32 16814 16626 62 N/A 
33 17019 16858 53 N/A 

34 19067 17019 682 N/A 

35 19408 19145 87 virion component 
36 19598 19425 57 N/A 

37 20183 19605 192 membrane protein 

38 20802 20176 208 N/A 
39 21691 20795 298 putative DNA ligase 

40 21915 21691 74 putative membrane protein 

41 22724 21984 246 PhoH-related protein 
42 23390 22776 204 virion component 

43 23831 23406 141 N/A 

44 24012 23821 63 N/A 
45 24676 24035 213 N/A 

46 24896 24666 76 N/A 

47 25126 24899 75 N/A 
48 25927 25235 230 putative transglycosylase 

49 26918 26124 264 putative membrane protein 

50 27226 26918 102 putative membrane protein 
51 28826 27339 495 N-acetylmuramoyl-L-alanine amidase 

52 29329 28826 167 putative holin 

53 29599 29414 61 N/A 
54 30269 29787 160 HNH endonuclease 

55 31870 31652 72 N/A 

56 32557 32348 69 virion component 
57 32902 32570 110 N/A 

58 33241 32915 108 putative membrane protein 

59 33801 34067 88 putative membrane protein 
60 34045 34323 92 N/A 

61 34320 34730 136 N/A 

62 34745 36562 605 Terminase 
63 36576 37376 266 virion component 
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64 37363 37536 57 N/A 
65 37533 38012 159 N/A 

66 38105 39271 388 putative membrane protein 

67 39509 39697 62 putative membrane protein 
68 39716 40087 123 N/A 

69 40091 41782 563 putative portal protein 

70 41976 42749 257 putative prohead protease 
71 42768 43724 318 N/A 

72 43840 45231 463 putative capsid protein 

73 45323 45553 76 hypothetical protein 
74 45566 46474 302 putative tail fiber protein 

75 46488 47366 292 virion component 

76 47366 47986 206 N/A 
77 48005 48841 278 baseplate hub assembly protein 

78 48843 49058 71 N/A 

79 49085 50848 587 putative major tail sheath protein 
80 50921 51349 142 putative tail tube protein 

81 51459 52430 323  putative intron-encoded nuclease 

82 52496 52654 52 N/A 
83 52644 52781 45 N/A 

84 52824 53276 150 N/A 

85 53289 53483 64 putative membrane protein 
86 53554 53865 103 virion component 

87 53997 54455 152 N/A 

88 54490 55035 181 tail morphogenetic protein 
89 55091 59146 1351 tail morphogenetic protein, tape masure protein 

90 59225 61651 808 tail morphogenetic protein 

91 61665 62552 295 tail morphogenetic protein, putative peptideglycan hydrolase 
92 62638 62898 86 N/A 

93 62888 63997 369 mobile element protein 

94 64193 66739 848 putative glycerophosphoryl diester phosphodiesterase 
95 66845 67636 263 virion component 

96 67636 68160 174 virion component 

97 68160 68864 234 putative baseplate protein 
98 68879 69925 348 putative baseplate protein 

99 69946 73005 1019 tail morphogenetic protein 

100 73116 73637 173 putative baseplate protein 

101 73658 77116 1152 tail morphogenetic protein (siliadase domain), putative adsorption associated tail protein 

102 77165 77323 52 N/A 
103 77324 79246 640 virion component 

104 79268 79639 123 virion component 

105 79646 81022 458 virion component 
106 81112 82860 582 DNA helicase 

107 82872 84485 537 putative Rep protein 

108 84478 85920 480 DNA helicase 
109 85999 87024 341 putative exonuclease 

110 87024 87401 125 N/A 

111 87401 89320 639 putative exonuclease 
112 89320 89916 198 anti- sigma factor 

113 89931 90998 355 DNA primase 

114 91064 91402 112 N/A 
115 91402 91854 150 N/A 

116 91841 92449 202 N/A 

117 92466 92858 130 ribonucleotide reduction protein NrdI 
118 92873 94987 704 ribonucleotide reductase large subunit 

119 95001 96050 349 ribonucleotide reductase minor subunit 

120 96068 96397 109 N/A 

121 96381 96701 106 thioredoxin-like protein  

122 96908 97504 198 N/A 

123 97514 97819 101 transcription factor 
124 97896 101114 1072 DNA polymerase I 

125 101184 101426 80 N/A 

126 101443 101925 160 N/A 
127 102012 103283 423 N/A 

128 103497 104477 326 N/A 

129 104648 105913 421 putative DNA repair protein 
130 105917 106270 117 N/A 

131 106257 106919 220 RNA polymerase sigma factor 

132 107046 107678 210 putative tail morphogenetic protein 
133 107701 108213 170 putative tail morphogenetic protein (Ig-like domain) 

134 108228 108455 75 putative tail morphogenetic protein 
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135 108550 108810 86 N/A 
136 108814 109569 251 N/A 

137 109562 110812 416 putative metallophosphoesterase 

138 110826 111194 122 putative membrane protein 
139 111181 111492 103 N/A 

140 111556 112092 178 N/A 

141 112085 112852 255 N/A 
142 112830 113276 148 N/A 

143 113276 114139 287 N/A 

144 114511 115242 243 N/A 
145 115260 115718 152 virion component 

146 115783 116226 147 N/A 

147 116243 116947 234 N/A 
148 117009 117407 132 putative membrane protein 

149 117555 117797 80 N/A 

150 117802 118359 185 N/A 
151 118395 118571 58 DNA sliding clump inhibitor,arrest of S.aureus DNA synthesis 

152 118564 118812 82 hypothetical protein 

153 118805 119038 77 hypothetical protein 
154 119119 119763 214 putative membrane protein 

155 119778 120026 82 putative membrane protein 

156 120038 120214 58 N/A 
157 120207 120503 98 N/A 

158 120551 120733 60 putative membrane protein 

159 120746 121117 123 N/A 
160 121130 121477 115 N/A 

161 121477 121755 92 putative membrane protein 

162 121825 122130 101 N/A 
163 122145 122495 116 N/A 

164 122495 123097 200 N/A 

165 123111 123290 59 N/A 
166 123517 123918 133 putative membrane protein 

167 123920 124213 97 N/A 

168 124230 124517 95 putative membrane protein 
169 124637 125041 134 N/A 

170 125046 125282 78 N/A 

171 125279 125806 175 phosphoesterase 

172 125787 126107 106 N/A 

173 126107 126337 76 N/A 
174 126850 127167 105 N/A 

175 127168 127848 226 virion component 

176 127926 128084 52 putative membrane protein 
177 128100 128324 74 N/A 

178 128337 128537 66 N/A 

179 128538 128828 96 putative membrane protein 
180 128922 129230 102 N/A 

181 129227 130135 302 putative ribose-phosphate pyrophosphokinase 

182 130153 131622 489 nicotinamide phosphoribosyl transferase 
183 131701 131946 81 N/A 

184 131963 132355 130 N/A 

185 132357 132554 65 N/A 
186 132619 132915 98 terminal repeat-encoded protein 

187 132919 133230 103 N/A 

188 133236 133535 99 N/A 
189 133535 133774 79 N/A 

190 133923 134168 81 N/A 

191 134187 134573 128 N/A 

192 135240 135533 97 terminal repeat-encoded protein 

193 135530 135715 61 terminal repeat-encoded protein 

194 135823 136113 96 terminal repeat-encoded protein 
195 136113 136400 95 terminal repeat-encoded protein 

196 136400 136696 98 terminal repeat-encoded protein 

197 136700 136948 82 terminal repeat-encoded protein 
198 137030 137275 81 terminal repeat-encoded protein 

199 137286 137633 115 terminal repeat-encoded protein 

200 137742 138350 202 terminal repeat-encoded protein 
201 138892 138554 112 terminal repeat-encoded protein 

202 139202 139510 102 terminal repeat-encoded protein 

203 139717 140004 95 terminal repeat-encoded protein 
204 140054 140245 63 terminal repeat-encoded protein 

205 141088 141411 107 terminal repeat-encoded protein 
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206 141486 141623 45 N/A 
207 141694 141858 54 N/A 

 


