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ABSTRACT 

 

CHARACTERIZATION OF BACTERIOPHAGE LT-B ISOLATED 

FROM LUBUK TIMAH HOT SPRING, PERAK 

 

Chang Phooi Li 

 

 

 

Bacteriophages are the obligate intracellular parasite that target specific group 

of bacteria. It can be found mostly in aquatic environment. They contain genetic 

material that facilitates their replication. Various researches have investigated 

on thermophiles isolated from Malaysia’s hot spring. However, very limited 

study was carried out on bacteriophages isolated from Malaysia’s hot spring. 

Therefore, this study was aimed to characterize the isolated LT-B bacteriophage 

from Lubuk Timah hot spring, Perak based on its physiological and partial 

genomic properties. One-step growth curve and adsorption rate of phage LT-B 

were determined using multiplicity of infection (MOI) of 0.00007 and 0.002, 

respectively. Phage infectivity was investigated at different temperatures, pH 

and concentrations of chloroform. Moreover, the stability of the phage at various 

storage temperatures (-80˚C, -20˚C, 4˚C and 25˚C) was evaluated weekly for 28 

days. The phage host range was determined by using ten different types of Gram-

negative bacteria. In addition, DNase, RNase and restriction enzyme digestions 
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analyses were carried out to characterize the phage genome. Based on the results, 

one-step growth curve of this phage was completed within 50 min with a burst 

size of 22 phages per bacterial cell. The phage achieved its adsorption rate of 

91.3% within 2 min post infection. The phage was inactivated at 70˚C after 20 

min post treatment. Furthermore, this phage exhibited an optimal growth at pH 

7 and its infectivity was not affected after chloroform treatment with 

concentrations ranging from 2% to 10% (v/v). The optimum storage temperature 

for phage LT-B was at 4˚C after 28 days in comparison to storage temperatures 

at -80˚C, -20˚C and 25˚C. Moreover, this study also showed that this phage 

contains DNA genome and all the restriction enzymes tested failed to digest the 

phage genome. Therefore, phage LT-B can be a potential antimicrobial agent to 

combat E. coli infections. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 
 

Bacteriophage is a unique group of bacterial viruses that target and infect 

specific group of bacteria. Bacteriophages contain genetic materials (DNA or 

RNA) that are enclosed by protein that forms the nucleocapsid, or a lipoprotein 

coat. All viruses are known as obligate intracellular parasites due to their 

inability to replicate outside the host cells. They only have own genetic 

information to control their replication process in the host cells. However, they 

are lacking of replication machinery and important proteins such as ribosomes 

to synthesize proteins (Guttman et al., 2005).  

 

Bacteriophage can be found abundantly in aquatic environment (sewage, deep 

thermal vents, oceans, etc) of which give rise to the most abundant biological 

entities on Earth, with a total of 1030
 or more. Thus, it is claimed that 

bacteriophages are crucial in maintaining the balance of bacterial species in 

microbial ecology with their existence in the environment (Guttman et al., 2005; 

Mann, 2005). 

 

Antibiotics are commonly being used in treating bacterial infections in human. 

However, antibiotic resistance, especially penicillin, threatened the public health 

due to overconsumption, inappropriate prescription and usage in livestock. Thus, 
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beta-lactam antibiotics were developed to overcome the problem. Shortly after 

this, methicillin-resistant Staphylococcus aureus (MRSA) was emerged to be 

resistant to beta-lactam antibiotics, followed by other antibiotic-resistant strains. 

Now, bacterial infections that were common and easily treatable previously have 

constitute a danger in worldwide at an alarming state due to the emerging of 

antibiotic-resistant strains (Ventola, 2015). 

 

To combat the antibiotic resistance crisis, phage therapy has been proposed as 

the “key” to overcome the problem due to its host specificity, self-replication, 

biofilm control ability and it causes less toxicity to human. Phage therapy can 

be applied to patients with only the whole bacteriophage or phage-derived lytic 

proteins (endolysin). However, phage therapy in human trials are limited and 

therefore more efforts are needed to understand about bacteriophage and phage 

therapy (Lin et al., 2017).  

 

Hot spring, which is also known as thermal spring, is an area with water at higher 

temperature than the surrounding air temperature. Hot springs are divided into 

two types, which are located in volcanic areas and the area that heat up the water 

via convective circulation. Study on the thermophiles from hot spring have been 

the interest of researchers for many years because of their useful thermostable 

enzymes in different fields (Encyclopaedia Britannica, n.d.; Beal, n.d.).  

Examples of thermostable enzymes are the thermostable DNA polymerases 

isolated from Thermus aquaticus, Pyrococcus furiosus, and Thermococcus 

litoralis. It can be named as Taq, Pfu and Vent DNA polymerases, respectively. 
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These polymerases are important in polymerase chain reaction (PCR) as they 

contain proofreading ability and survival ability beyond the DNA denaturation 

temperature (Rigoldi et al., 2018). In Malaysia, various findings have been 

reported on thermophiles diversity in hot spring or the activity of the 

thermostable enzymes, but it is less common for the study on bacteriophage in 

hot spring (Goh et al., 2011; Norashirene et al., 2013). 

 

Therefore, the main objectives of this study were to characterize phage LT-B 

isolated from Lubuk Timah hot spring, Perak based on its physiological and 

partial genomic properties. Physiological properties such as one step growth 

curve, adsorption rate, pH and organic solvent stability test, storage temperature 

assessment, heat inactivation assay and host range were investigated. On the 

other hand, partial genomic characterization which consisted of DNAse and 

RNAse digestion of phage nucleic acid, and restriction enzyme digestion of 

phage nucleic acid were carried out in this study.
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CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

2.1 History of Bacteriophages Discovery 

Bacteriophage was first observed by Frederick W. Twort (1915) when he was 

trying to culture Vaccinia virus without other living cells. Twort initially 

interpreted it as bacterial contamination. However, microscopic examination of 

the “glassy” colonies showed bacterial degeneration in the form of small 

rounded “granules” when stained with Giemsa stain. Thus, he expressed the 

possibility of the existence of ultra-microscopic viruses that are in a lower 

organization than bacteria or amoeba, which infected the micrococci. Later, 

Felix d’Herelle (1917) observed some lyses, which appeared as clear spots on 

the confluent bacterial culture. Furthermore, he found that the invisible agent 

proliferated limitlessly only in the living cells and caused lysis in order to 

proliferate. He was also able to enumerate the number of invisible agents by 

plaque counting and demonstrated that these agents proliferated in a cycle, 

which involves infection, proliferation, release and reinfection stages. The 

invisible agent was then named as bacteriophage (Summers, 2005). 
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2.2 General Characteristics of Bacteriophages 

2.2.1 Morphology of Bacteriophages 

Previous classification has divided bacteriophages based on the type of nucleic 

acid and capsid, presence of lipid envelope and the number of capsomeres, 

which were abbreviated in 1965 as LTH. This classification was accepted by 

Provisional Committee on Nomenclature of Viruses (PCNV). Later, Bradley 

(1967) introduced another classification of bacteriophages as shown in Figure 

2.1 (Novik et al., 2017): 

 

 

Figure 2.1: Bradley's classification of bacteriophage in 1967 (A: phages with 

capsid and contractile tail sheath; B: phages with capsid and rigid tail sheath; C: 

phages with capsid and short tail; D: phages with fibrous or spiky nucleocapsid; 

E: phages including one nucleocapsid; F: filamentous phages) (Adapted from 

Novik et al. 2017).
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Soon after this, Bradley’s scheme was expanded in inclusion of cubic, 

filamentous, and pleomorphic phages from recent discovery. In 1966, PCNV 

was converted into International Committee for Nomenclature of Viruses (ICNV) 

and subsequently, International Committee on Taxonomy of Viruses (ICTV) in 

1973, which it remained most of the taxonomy classification in LTH scheme 

(Ackermann, 2005).  

 

The ICTV is paying effort in classifying viruses into orders, families and genera. 

Current classification of bacteriophages by ICTV consists of 1 order, 13 families 

and 34 genera of bacteriophages based on the types of nucleic acid and 

morphology (Novik et al., 2017). Most of the bacteriophages are in the order of 

Caudovirales, which are also known as tailed phages. They are high in diversity, 

populations and distribution at different locations. They can be further classified 

into three families such as Myoviridae, Siphoviridae and Podoviridae. They 

consist of 2 – 3 nm thick capsid which is in icosahedral (regular or prolate) and 

tails that are helical or stacked disks (six-fold symmetry). Additionally, tailed 

phages also consist of base plates, spikes or fibers. However, there are 

differences between families of Caudovirales. Myoviridae is the only family 

with contractile tail sheath, while Siphoviridae and Podoviridae have long and 

short non-contractile tails, respectively. The tails are crucial in DNA injection 

into bacteria in which the DNA will travel down the tail. Other additional 

features that are present in some bacteriophages are collars, head or collar 

appendages and transverse tail disks (Ackermann, 2005; Lavigne et al., 2012). 
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On the other hand, tailless phage is a minor group of bacteriophage which is 

consisted only 4% or less among the reported bacteriophages, and it can be 

further divided into 10 families. Three types of tailless phages that are well-

known based on their morphology including polyhedral, filamentous and 

pleomorphic phages, with cubic, helical and asymmetry, respectively. 

Interestingly, some tailless phages consist of lipids that lead to low buoyant 

density and low sensitivity towards ether and chloroform (Ackermann, 2005; 

Novik et al., 2017). 

 

Polyhedral phages can be further divided into Microviridae, Corticoviridae, 

Tectiviridae, Leviviridae and Cystoviridae. Microviridae phages are non-

enveloped phages, while phages in Corticoviridae and Tectiviridae contain 

phospholipoprotein vesicle located within the capsid. Tectiviridae phage has a 

unique characteristic whereby its lipoprotein vesicle will transform into a tail-

like tube after adsorption of phage to the host bacteria or after incubation with 

chloroform (Ackermann, 2005). This plays a role in nucleic acid ejection similar 

to the tailed phages. Next, phages in the family Leviviridae are similar to 

polioviruses in terms of their morphology and they are mostly known as 

plasmid-specific coliphages in which they will adsorb to the sex pili of the host 

bacteria. Lastly, Cystoviridae phages are the enveloped phages with lipid-

containing envelopes surrounding icosahedral capsids (Ackermann, 2005). 

 

Filamentous phages are composed of the family Inoviridae, Lipothrixviridae and 

Rudiviridae. Family Inoviridae can be categorized into two genera: Inovirus 
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which have filaments that are long, rigid or high flexibility; Plectrovirus which 

have filaments that are short and straight. Lipothrixviridae phages are in rod 

shape and composed of lipoprotein envelope and nucleosome-like core. 

Rudiviridae phages are non-enveloped phages with straight, rigid rod structure 

and noticeable fixation components at one end of the rod structure similar to 

tobacco mosaic virus (Ackermann, 2005). 

 

Last but not least, pleomorphic phages can be classified into family 

Plasmaviridae, Fuselloviridae and Sulfolobus SNDV-like viruses. 

Plasmaviridae phages are composed of envelopes and a dense nucleoprotein 

granule without capsid, while Fuselloviridae phages are presented in spindle-

shaped structure with attachment of short spikes at one end. Lastly, Sulfolobus 

SNDV-like viruses found in New Zealand are described as droplet-shaped and 

beehive-like structure with attachment of beard-like fibers at its pointed end 

(Ackermann, 2005). According to Stedman (2012), Guttaviridae and Guttavirus 

were assigned as family and genus names, respectively for Sulfolobus SNDV-

like viruses. 

  

2.2.2 Genome 

Bacteriophages have a wide variety of genome size, which varies from 

approximately 3300 nucleotides to approximately 500 kilo base pair (kbp). 

Larger genome size results in larger capsid size in order to be packaged in the 

capsid for successful infectivity. However, too less or too much genomic content 

in the capsid will affect the virion stability. Therefore, the selection for genome 
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size will exert evolutionary pressure to the bacteriophage to either obtain or lose 

nucleic acid to determine virion stability (Hatfull and Hendrix, 2011). 

 

Most of the bacteriophages are double-stranded DNA (dsDNA) phages, but 

some of the phages contain single-stranded DNA (ssDNA), single-stranded 

RNA (ssRNA) or double-stranded RNA (dsRNA). Moreover, there are also a 

wide variety of nucleic acid conformation in each bacteriophage (Ackermann, 

2005). The overview of the types of nucleic acid in bacteriophages is presented 

in Table 2.1. In the case of thermophilic bacteriophage, filamentous phages are 

the most common phages found to be resistant to high temperature. Within this 

group of bacteriophage, Lipothrixviridae and Rudiviridae were reported to be 

found in hot spring. Moreover, Fuselloviridae that is under pleomorphic phages 

were also found in hot spring. These three families of bacteriophages share a 

similarity of having DNA genome (Prangishvili et al., 2001). 

 

Based on a study by Schoenfeld et al. (2008), most of the bacteriophages isolated 

from Yellowstone hot spring contain dsDNA, except inoviruses which are 

Thermus-specific contain ss DNA. Moreover, RNA-digestible substance was 

found in Yellowstone hot spring during preparation of phage nucleic acid, 

suggested that RNA phage may also be found in hot spring.  Another study by 

Tamakoshi et al. (2011) had investigated phage ϕTMA isolated from Atagawa 

hot spring, Japan which is also a double-stranded DNA phage. In addition, phage 

TSP4 isolated from hot spring in Tengchong, China also contains double-

stranded DNA genome (Lin et al., 2010).   
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Table 2.1: Overview of the types of nucleic acid in each family of bacteriophage 

(Ackermann, 2005). 

Shape of 

Bacteriophage 

Family Types of Nucleic Acid 

Tailed Myoviridae Linear dsDNA 

Siphoviridae 

Podoviridae 

Polyhedral Microviridae Circular ssDNA 

Corticoviridae Circular or supercoiled dsDNA 

Tectiviridae Linear dsDNA 

Leviviridae Linear ssRNA 

Cystoviridae Linear or multipartite dsRNA 

Filamentous Inoviridae Circular ssDNA 

Lipothrixviridae Linear dsDNA 

Rudiviridae 

Pleomorphic Plasmaviridae Circular or supercoiled dsDNA 

Fuselloviridae 

Guttaviridae 

  

 

 

 

 

 

 



11 
 

2.2.3 Life Cycle 

Bacteriophages are obligate intracellular parasites that infect only bacteria to 

amplify themselves by injecting their nucleic acid into the host bacteria. 

Interestingly, they are able to maintain their infectivity even in the absence of 

hosts, as long as they are not affected by external agents such as temperature and 

pH. Generally, bacteriophages can be categorized according to their 

amplification method, which are virulent or temperate phages. Virulent and 

temperate phages undergo lytic and lysogenic cycle, respectively as shown in 

Figue 2.2 (Guttman et al., 2005). 

 

  

 

Lytic cycle is the life cycle for virulent phage which it infects the host bacteria 

and causes cell lysis to release the progeny phages. It starts with adsorption 

Figure 2.2: The overview of lytic and lysogenic cycle of bacteriophage 

(Adapted from Orlova, 2012). 
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phase, whereby the phages are adsorbed to the surface molecules or capsules of 

the host bacteria by random collision using the tail fibers or spikes. For example, 

proteins, oligosaccharides or lipopolysaccharides of gram-negative bacteria can 

serve as the binding site for phages’ tail fibers or spikes (Guttman et al., 2005; 

Kokare, 2008). When the attachment becomes irreversible, penetration phase 

occurs in which the tail tip of the phage penetrates through the peptidoglycan 

layer or even cell membrane of the host bacteria for injection of nucleic acid. 

This process may be facilitated by lysozyme found on the phage tail that digests 

a part of the bacterial cell membrane to aid the entry of the phage nucleic acid. 

Several defense mechanisms acquired by the phage are aiming to prevent the 

nucleic acid degradation by the bacterial host exonucleases and restriction 

enzymes. These including circularization of phage nucleic acid through 

protection of the two ends of nucleic acid, inhibition of bacterial host nucleases, 

presence of unique nucleotide and selection towards phage nucleic acid with the 

absence of restriction sites (Guttman et al., 2005; Kokare, 2008). 

 

Subsequently, phage promoters stimulate the binding of host RNA polymerase 

to initiate transcription of the immediate early genes, which is useful in the 

prevention of degradation to phage nucleic acid. This prevention included 

degradation of host DNA, inactivation of host proteases and restriction enzymes. 

Next, middle genes are transcribed and translated into the proteins responsible 

in synthesizing new phage genome. Lastly, late genes undergo transcription and 

translation into phage components for the preparation of virion assembly 

(Guttman et al., 2005; Kokare, 2008). Overall, the transcription of phage genes 
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causes the host cell machinery to be transformed into phage-directed metabolism 

machinery. In the maturation phase, virion assembly occurs when the nucleic 

acid is packaged into procapsids and tail structure are then added to the phage 

“head” containing nucleic acid. Finally, the progeny phages are released from 

the bacterial cells via cell lysis. This process is aided by the lysozyme which is 

synthesized within the bacterial cell. Subsequently, a new lytic cycle starts again 

via the released phages that infect other bacterial cells (Guttman et al., 2005; 

Kokare, 2008). 

 

Lysogenic cycle is used by temperate phage in which the integration of the phage 

genome into host genome is the key difference with the lytic cycle. A prophage 

is formed after the integration. It replicates simultaneously with the host genome 

in the bacterial host, which is now known as lysogenic bacterium. Lysogenic 

bacterium is highly resistant to the reinfection by the same or similar phages. 

However, this life cycle can be transformed into lytic cycle through induction 

by external agents such as ultraviolet light or certain chemicals that excise the 

phage genome and initiate the lytic cycle (Guttman et al., 2005; Kokare, 2008; 

Howard-Varona et al., 2017). During the transition to lytic cycle, the host DNA 

may be excised together with prophage genome and assembled into new virion 

for subsequent infection. This may cause evolutionary changes to the phage 

when the phage genome includes genome from bacterial host cells. The phage 

involved is known as transducing phage, which initiates a specialized 

transduction by mutating other cells with the host DNA. Generalized 

transduction can also occur when the phage is integrated into host genome 
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randomly and excise different parts of host genome in each infection (Guttman 

et al., 2005; Kokare, 2008; Howard-Varona et al., 2017).  

 

Recently, a group of researchers suggested an inter-virus communication system 

named as arbitrium system, which is used by the phages for decision making of 

their fate in life cycle. This communication system was investigated using phage 

phi3T to infect Bacillus subtilis. It allows phages to predict the number most 

recent previous infections and choose whether to enter into lytic or lysogenic 

cycle. With that, phages can preserve their population by choosing lysogenic 

cycle since lytic cycle causes bacterial cell death, which eventually reduces the 

number of hosts for the phages (Erez et al., 2017; Harada et al., 2018). 

 

 

2.3 Physiological Characteristics 

2.3.1 One Step Growth Curve 

Soon after the discovery of bacteriophage, the interactions between 

bacteriophage and its host have been demonstrated using one step growth curve 

as shown in Figure 2.3. This curve allows the understanding of bacteriophage 

life cycle starting from the entry of nucleic acid into the host until the release of 

new virions. The curve is divided into four phases: eclipse, latent, release and 

plateau phase (Guttman et al., 2005; Pelczar et al., 2010). 
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Figure 2.3: One step growth curve of bacteriophage (Adapted from Guttman et 

al., 2005). 

 

 

Generally, phages are added into their growing host at a low multiplicity of 

infection (MOI) in order to make sure that one bacterial cell is infected with only 

one phage particle. After the phages are adsorbed to the host, the samples are 

removed at different time interval to perform plaque assay. This is to identify 

infective centers, whereby the plaques shown on the plate are caused by the burst 

of one infected host. At the end of the process, a graph is plotted to elaborate the 

production of virions against the duration of infection (Guttman et al., 2005; 

Pelczar et al., 2010). 
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For the first few minutes or longer, eclipse phase occurs whereby the number of 

plaques remain constant and the plaques formed at this phase are solely by the 

infected cells (one plaque equals to one infected cell). No phage particles are 

produced at this phase. After that, virions begin to accumulate inside the cell and 

ready to be released by cell lysis. The combination of eclipse phase and the 

moment before cell lysis occur is known as latent phase. When cell lysis occurs, 

the number of phage will increase drastically, thus this phase is known as the 

release phase because mature phages are released from the cell. Lastly, the 

number of phage reaches a constant count after the release phase, which is 

known as the plateau phase. Apart from that, burst size can be determined from 

one step growth curve by determining the ratio between the plaque-forming unit 

before and after cell lysis (Guttman et al., 2005; Pelczar et al., 2010). 

 

Some bacteriophages have shorter latent phase compared to others which give 

more rapid cell lysis and infect other cells faster (Shao and Wang, 2008; Lau et 

al., 2012). A study conducted by Abedon et al. (2001) used mutant phage to 

investigate the relationship between host density and phage latent period. It was 

found that high host density was selective to phage RB69 that possess shorter 

latent period rather than longer latent period.  Despite from this, it may cause 

insufficient burst size which is insufficient to infect other host bacteria (Shao 

and Wang, 2008; Lau et al., 2012). Abedon et al. (2001b) also showed that sta5 

mutant phage which possessed shorter latent period has resulted in smaller burst 

size, quantitatively around 30% of the burst size of wild type phage.  
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In order to increase burst size, bacteriophage is expected to have longer latent 

phase to readily synthesize phage elements and assemble into mature phages 

(Shao and Wang, 2008; Lau et al., 2012). However, another study by  Abedon 

et al. (2001a) showed that the use of different growth media affected the 

doubling time of the hosts, which in turn prolonged the latent phase. Luria-

Bertani broth medium with added glucose (LBG) medium was used as a rich 

medium containing 0.4% glucose, while 0.4% glucose-based medium (GLU), 

0.4% glycerol-based medium (GLY) and 0.4% acetate-based medium (ACET) 

were used as the poorer media to grow the hosts. Optimum latent phase 

associated with LBG medium was the shortest compared to other three media 

that produced longer latent phase. The results drew a conclusion that host quality 

has the direct effect on the optimum latent phase of phages, which affect the 

phage maturation and its productive infection. Thus, optimal latent phase and 

lysis time are ideal for eradication of targeted bacteria with optimal lysis time 

and number of mature phages (Shao and Wang, 2008; Lau et al., 2012). 

 

Apart from that, the type of genome of the phage may give a different burst size. 

DNA phages produce burst size ranges from 10 to 100 while the burst size of 

RNA phages may reach 20,000 pfu (Biotech Khan, 2014). Based on a previous 

study by Sakaki and Oshima (1975), a hot spring DNA phage øYS40 exhibited 

a burst size of 80 phage particles per bacterial cell. Another study conducted by 

Lin et al. (2011) showed that DNA phage MMP17 isolated from hot spring had 

a burst size of 15 phage particles per bacterial cell. 
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2.3.2 Adsorption Rate 

The first step of the infection cycle of a bacteriophage is the adsorption of phage 

onto the bacterial cell surface by phage tail fiber recognizing the receptors on 

bacteria cell surface. Adsorption rate is the characteristic of phage-host 

relationship on binding and it highly depends on the concentration of phage and 

bacterial host (Shao and Wang, 2008). Adsorption is crucial in determining the 

specificity of bacteriophage based on the receptors recognition by the phage tail 

fiber. It consists of two stages, which are reversible (positioning the baseplate) 

and irreversible (attachment to secondary receptor molecule) interactions. 

Irreversible binding is a crucial step for the nucleic acid to penetrate into host 

cells (Kutter et al., 2005; Rakhuba et al., 2010). Previous study by Baptista et al. 

(2008) demonstrated that binding of phage SPP1 to glucosylated techoic acid 

initiates the reversible interaction, which triggers the binding of the phage to 

membrane protein YueB for irreversible interaction. Absence of glucosylated 

techoic acid would not inhibit the irreversible binding, but lower rates of DNA 

injection into the host would occur. This shows the importance of both reversible 

and irreversible interaction between phage and host cell in yielding productive 

infection. 

 

High host density in the environment results in a shorter search time for the 

phage to look for a host and attach to it. Since bacteriophages do not have 

independent motion characteristic, they adsorb to the host via random collision 

between phage and host, which can be explained by active mass law. The 

frequency of random collision increases when the concentration of phage and 
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host bacteria increases, and in turn raising the adsorption rate of bacteriophage. 

High adsorption rate will then cause shorter optimal lysis time needed by the 

phage (Shao and Wang, 2008; Rakhuba et al., 2010) 

 

Gram-negative bacteria has a unique layer, which is lipopolysaccharide (LPS) 

that serves as bacteriophage receptor most of the time. Bacteriophages that 

recognize O-antigen of LPS contain enzyme that is localized at the end of the 

tail, which hydrolyzes a bond in O-antigen polysaccharide chain (Rakhuba et al., 

2010). Phage φ1 is an example of the phage containing endo-1,3-N-

galactoseaminidase that lyses the bond between polysaccharide chain on the cell 

surface of Salmonella johannesbury (Chaby and Girard, 1980). Phage SSU5 

recognized core oligosaccharide (OS) antigen on Salmonella spp. whereby the 

truncation of the antigen caused decrease in phage infectivity (Kim et al., 2014). 

Apart from that, proteins on outer membrane of gram-negative bacteria can also 

serve as the receptor for bacteriophage (Rakhuba et al., 2010). For example, 

OmpC-LPS complex is the receptor for phage T4. It was shown by the absence 

of one or all receptors on Escherichia coli that led to increase resistance towards 

bacteriophage (Skurray et al., 1974; Yu and Mizushima, 1982). 

 

On the other hand, cell wall of gram-positive bacteria is mainly composed of 

peptidoglycan, contributing to 40 to 90% of its dry weight. Apart from this, 

teichoic acids are also the hallmark components of gram-positive bacteria. They 

are hydrophilic polymers located perpendicularly to the plasma membrane and 

passing through the peptidoglycan layer (Rakhuba et al., 2010). For example, 
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phage SPP1 was found to attach to glucosylated poly(glycerolphosphate) cell 

wall techoic acid for reversible interaction. It was shown by the decline in phage 

infection on Bacillus subtilis mutant which has defected glucosylation of techoic 

acid (Baptista et al., 2008). 

 

In some cases, phage receptors can be bacterial pili, flagella and capsular 

polysaccharides (Rakhuba et al., 2010). Flagellum-dependent phage iEPS5 was 

proven to bind to flagellum of Salmonella spp., which the mutated host on the 

gene encoding for flagellum led to unsuccessful adsorption of the phage (Choi 

et al., 2013). Phages that recognize pili as the receptor are the Ff class of 

filamentous bacteriophages including f1, M13, and fd phages that infect E. coli 

(Click and Webster, 1997). Another study conducted by Sørensen et al. (2011) 

showed that carbohydrate moiety of Campylobacter jejuni (O-methyl 

phosphoramidate) is the receptor of phage F336, with the use of resistant 

bacterial strain that is lack of O-methyl phosphoramidate. 

 

2.3.3 Temperature 

Temperature is an important factor for the survivability and growth of 

bacteriophages. Bacteriophage viability is highly dependent to temperature 

which affects adsorption, penetration, replication and perhaps the latent period 

of bacteriophage (Jończyk et al., 2011).  
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Phage capsid plays a vital role in protecting the phage genome from destruction 

in the environment (White et al., 2012). Disulfide bond between protein dimers 

on the capsid was found to be the major factor in maintaining phage stability 

under high temperature. For example, when PP7 virus-like particles (VLP) were 

treated with high temperature, one with reducing reagent dithiothreotol (DTT) 

and another one without reducing reagent. Virus-like particle that was treated 

with DTT showed reduced half-life to approximately 5 min at 67˚C, compared 

to untreated VLP that remained stable for 30 min (Caldeira and Peabody, 2007). 

Phages that were isolated from California hot spring also demonstrated the 

reduction of phage titer at boiling temperature, with approximately 18 to 30% 

of the phage particles remained stable after the treatment. In contrast, California 

hot spring phages were stable at 0˚C, with more than 75% of the phages 

conserved its infectivity (Breitbart et al., 2004). 

 

Temperature that is lower than the optimal temperature will slow down the 

movement of phage, affecting the phage adsorption onto the host cell surface. 

Subsequently, lesser phages will be able to inject their genome successfully into 

the host for replication. Slower movement of phage can also prolong the latent 

phase and therefore lengthen the lysis time (Tey et al., 2009). A previous study 

by Tey et al. (2009) which fusion M13 phage had lower phage titer at 27˚C 

compared to 37˚C. Apart from that, lower temperature can cause phage tail 

contraction which affects the adsorption to the host cell surface. It was proven 

by Thorne and Holt (1974) which showed that phage CP-51 was unstable at 2 to 

4˚C. In addition, rapid inactivation of phage CP-51 was observed at 0˚C. Tail 
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contraction of the phage was observed using electron microscopy after treatment 

with freezing temperature for 25 h and 144 h.  

 

One of the bacteriophage group that could survive under harsh environment is 

Thermus phages. Their higher thermal stability and optimal survival temperature 

are the results of their adaptation to the high temperature environment. Inovirus 

PH75 was investigated by heat treatment at 75˚C for 24 h, which resulted in 

0.0014% of phages remained after the treatment (Yu et al., 2006). Apart from 

that, two tectiviruses P37-14 and P78-76 were highly resistant to heat, whereby 

they survived after heat treatment at 80˚C for 24 h (Yu et al., 2006). Another 

study by Nagayoshi et al. (2016) demonstrated the thermal stability of phage 

φOH3 that infects Thermus thermophiles HB8. It was shown that phage φOH3 

reached its highest survival rate at 70˚C for 1 h, followed by drastic reduction in 

the survival rate with increasing temperature. At the end of the experiment, the 

phage completely lost its viability at 100˚C.  

 

Apart from Thermus phages that infect Themus strains, Meiothermus strains are 

closely related with Thermus genus. For instance, phage MMP17. The phage 

was highly stable at 55 to 60˚C, followed by a drastic reduction in infectivity 

with heat treatment at 70˚C (Lin et al., 2011). On the other hand, some phages 

are said to be intrinsically resistant to high temperature compared to Thermus 

phages, mainly due to their adaptations to heat. Example of intrinsically heat-

resistant phage is filamentous phage PH65 isolated from mesophilic 
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environment. Although it infects mesophiles, it showed stability after heat 

treatment at 80˚C (Yu et al., 2006). 

 

2.3.4 pH 

pH is another environmental factor that affects bacteriophage stability. It is 

believed to disrupt electrostatic interaction that is involved in phage adsorption, 

by changing the charge state of the capsid. It will then resulted in lower 

propagation rate of bacteriophages (Tey et al., 2009; Nap et al., 2014).  

 

The common pH range for most phages to obtain highest stability is between pH 

5 to 9 (Hoa et al., 2014). T7 phage has the highest stability at pH 7, however it 

lost its infectivity at pH 3 after 1 h. In alkaline environment, T7 phage was highly 

unstable with very low infectivity at pH 10 compared to pH 9. For T2 phage, its 

infectivity reached the highest point around pH 5 to 6. Approximately 15% of 

the phages survived at pH 3 for 24 h. It was demonstrated that increase in acidity 

could cause coagulation of phage, whereas the condition was reversed with 

increase in alkalinity. Therefore, it was suggested that the irreversible 

coagulation at lower pH might affect the phage activity (Jończyk et al., 2011).  

 

Several bacteriophages are stable across wide pH range. A study showed that 

P100 phage was stable over a wide pH range. It was only deactivated at pH less 

than 2 and pH higher than 12. Therefore, this phage is very useful in treating 



24 
 

food borne disease caused by Listeria monocytogenes (Fister et al., 2016). On 

the other hand, a T4-like phage which underwent pH treatment has resulted in 

less statistically significant of differences in phage titer. The less differences of 

phage titer across the pH gradient indicated the resistance of the phage against 

wide range of pH.  Overall, the optimum pH for the T4-like phage viability and 

infectivity falls around pH 6 to 8, which is around neutral pH (Silva et al., 2013). 

A previous study by Yu et al. (2006) which investigated on pH sensitivity of 

Thermus phages demonstrated that myovirus P78-77 and inovirus PH75 were 

stable over a wide pH range from pH 2 to pH 13 and pH 3 to pH 13, respectively. 

 

Hot spring phages possess a different pH sensitivity and optimal pH for 

survivability. Phage φOH3 and TSP4 showed that pH 7 was their optimum pH, 

with gradual loss of viable phages with increasing acidity and alkalinity of 

growth medium (Lin et al., 2010; Nagayoshi et al., 2016). On the other hand, 

phage MMP17 was found to survive over the pH range between pH 5 and pH 

11. The optimum pH for the phage was from pH 6 to pH 7 (Lin et al., 2011). In 

summary, most of the hot spring phages were reported the most stable at neutral 

pH. 

  

2.3.5 Effect of Organic Solvents on Phage 

Organic solvent, which is hydrophobic and has hydrogen-bonding capacity, 

could affect phage’s protein structure and stability. Specifically, the lipid 

framework of the phage will be altered and the van der Waals forces between 
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the genome and the coat protein will be weakened. As a result, phages could 

undergo denaturation when they are subjected to pure organic solvents treatment 

(Turkyilmaz et al., 2009; Moghimian et al., 2016). 

 

For example, Pf1 phage, a filamentous phage was inactivated by diethyl ether, 

acetone, methanol and chloroform. On the contrary, fd phage, another type of 

filamentous phage was not affected by any of the solvents above except 

chloroform (Olofsson et al., 2001). M13 phage was also tested on its stability 

under different organic solvents, and it was found that the phage can only be 

denatured by polar organic solvents such as chloroform and tetrahydrofuran 

(Moghimian et al., 2016). KHP30 phage targeting Helicobacter pylori is highly 

sensitive to chloroform and diethyl ether, which the researchers proposed that 

the phage contains lipids (Uchiyama et al., 2013) 

 

Apart from the alteration of lipid framework, chloroform-water interface causes 

contraction of filamentous phage’s filament into a short and compact rod, known 

as I-form which is more sensitive to detergent compared to S-form (Olofsson et 

al., 2001). Phage M13 is a great example for filamentous phage, which I-form 

was observed using electron microscopy after chloroform treatment, indicating 

the contraction of phage particles occurred (Moghimian et al., 2016). 

 

However, some phages may be resistant to organic solvents. Phage øZE1 is 

resistant to chloroform, with the observation of constant phage titer before and 
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after treatment (Askora et al., 2015). In another finding, hot spring phage TSP4 

was found to be resistant to chloroform and sensitive to 0.3% Triton X-100. This 

outcome suggested the absence of lipid component in the phage capsid (Lin et 

al., 2010). 

 

2.3.6 Stability 

Phage activity is highly dependent on the storage temperature in order to achieve 

its maximum level after long term storage for further use in laboratory. Tailed 

phages including T4, T5 and T7 can survive for the longest period among other 

phages under permanent storage, which viability can still be observed after 10 

to 12 years of storage at 4˚C. This statement is in line with a study on T4-like 

Shigella phage C16 which showed the remaining titer up to 103 after 32 years of 

storage at 4˚C (Ackermann et al., 2004). However, lipid-containing phages are 

sensitive to 4˚C storage but not -80˚C storage. For example, tectiviruses Bam35 

and AP50 lost 8 logs of phage titer within one year of storage at 4˚C (Ackermann 

et al., 2004).   

 

Storage at 4˚C and -80˚C has been suggested as the optimum temperatures for 

short term and long term storage (Jończyk et al., 2011). A common phage, λ 

phage, possessed a good stability at 4˚C for 6 months, but not at 42˚C and 37˚C 

(Jończyk et al., 2011). On the other hand, 80% and 43% of MS2 phages 

remained stable after 8 days of storage at 4˚C and -80˚C, respectively. However, 

after 290 days, phages stored at -80˚C experienced lower extent of reduction of 
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phage particles compared to 4˚C storage (Olson et al., 2004). A study by Mendez 

et al. (2002) was investigated on phage MS2, B40-8, 196 and (PHI)X174 in 5% 

to 10% (v/v) glycerol storage. After 30 days of storage at −70˚C and −20˚C, 

there was little or no change in phage infectivity. 

 

2.3.7 Host Range 

The host specificity of a bacteriophage is highly dependable on the binding 

proteins on the host bacterial cell surface, biochemical interactions between 

phage and host bacteria, involvement of prophage or plasmids, phage resistance 

mechanisms mediated by host bacteria and the physiological state of host 

bacteria. Generally, the factors above can determine the host bacteria’s 

susceptibility to certain phage infections and the productivity of the infection 

(Marcó et al., 2015; Ross et al., 2016).  

 

As mentioned earlier, bacteria can develop resistance towards phage. This can 

be divided into adsorption resistance and abortive infections. Adsorption 

resistance uses a mechanism whereby the phage adsorption process is blocked 

by reducing the number of receptors on bacteria. On the other hand, abortive 

infections happen when both phage and bacterial host die after infection. It was 

also shown that resistance mechanisms developed in bacteria could limit the 

phage host range over time (Hyman and Abedon, 2010). 
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Some of the phages have wide host range (polyvalence), which can infect 

various bacterial species or bacterial strains. One of the well-known example of 

phage with wide host range, phage Mu, which infect Escherichia coli, Shigella 

sonnei, Citrobacter freundii, Enterobacter and Erwinia. In this case, phage 

resistance mechanism mediated by the bacteria may cause the phage to undergo 

evolution to overcome the resistance. Thus, each phage may not have a constant 

host range over a long period of time (Ross et al., 2016). As mentioned earlier, 

involvement of plasmids in phage infection also greatly influence the broad host 

range of certain phage. Phage-plasmid interaction may cause horizontal gene 

transfer (HGT) between bacterial species in a population, which resulted in more 

bacteria to become more susceptible to phage infection (Koskella and Meaden, 

2013). 

 

In contrast, phages with a narrow host range could only infect a bacterial species 

with few different strains only. There is an evidence stated that phage’s narrow 

host range is determined by the bacterial population in a certain environment 

that allows “adaptations” made by phages for survival (Koskella and Meaden, 

2013). For example, phage AZ1 is only effective against Pseudomonas 

aeruginosa-2995, Pseudomonas aeruginosa-2949, Pseudomonas aeruginosa-

37, Pseudomonas aeruginosa-2941, Escherichia coli CR-061 and 

Achromobacter xylosoxidans, which generally only infect strains within species. 

Moreover, phage AZ1 is also known as highly specific phage that shows lowest 

affinity to other receptors not found on the strains above (Jamal et al., 2017). 
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2.4 Applications of Bacteriophage 

Phage has been widely studied to explore the possible applications in various 

fields. This included different biotechnological applications such as human anti-

biotherapy and environment disinfection. The unique characteristics of phage 

including high specificity towards specific bacterial species and insertion of 

phage genome into host genome, that allows various applications of the phage 

in different fields (Harada et al., 2018).  

 

In human, phages can be used in phage therapy to replace conventional 

antibiotics, which no longer effective against many bacterial species. Phage 

therapy provides several benefits to human over antibiotic treatment. First and 

foremost, unlike antibiotics, phage is only targeting the bacteria, which are 

within its host range, thus results in fewer side effects to the patient. Next, the 

administration of phage into the body does not require booster dose or 

continuous administration as it will replicate and produce large amount of 

progeny phages, as long as its host bacteria are still present. Phages can be 

administered to human via oral, topical or inhalation, depending on the phage 

dynamic kinetics (similar to pharmacodynamics and pharmacokinetic) (Harada 

et al., 2018). In Georgia, phage therapy is common in healthcare field. One of 

the phage involved in phage therapy is Intestiphage that is specific to 23 enteric 

bacterial species, Staphylococcus aureus and Pseudomonas aeruginosa isolated 

from the gastrointestinal tract. It is widely used to treat traveler’s diarrhea and 

other gastrointestinal complications (Kutter et al., 2010). 
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Bacteriophage display technique has been used to display exogenous peptides 

or proteins. This technique is commonly used in various researches on vaccine 

development, novel therapeutics research on various diseases, bioimaging and 

biosensing, nanotechnology and delivery of target particles (such as antigen) to 

a target site. There are three methods to display the desired protein on the surface 

of phage particle such as molecular manipulation, bioconjugation and 

competitive phage display (Harada et al., 2018). Molecular manipulation 

involves splicing of exogenous gene into phage genome encoding for structural 

protein. Subsequently, the gene fusion will occur and target protein will be 

displayed on the phage particle Phage M13 is an example of phage display which 

targets tumor cells and identify the peptides that are specific to the tumour 

(Henry and Debarbieux, 2012). For bioconjugation, target proteins are displayed 

by attachment onto surface of phage particle without engineering the phage 

genome. Phage MS2 was shown to be an ideal delivery agent for hybrid drug 

attached on the surface (Kovacs et al., 2007). Lastly, competitive phage display 

involves infection of engineered host cells by the phage, which synthesizes both 

wild type and fusion proteins. In the end, both types of proteins are incorporated 

into phage capsid randomly (Harada et al., 2018). 

 

Phage can also acts as a vaccine carrier which can be divided into phage display 

vaccine and bacteriophage DNA vaccine. Phage display vaccine involves 

surface-coated immunogenic phage particles with foreign antigens. Phage T4 

was investigated for the ability to induce antibodies in murine model, with its 

phage particle coated with proteins gp23, gp24, Hoc and Soc. Antibodies was 

successfully induced after around 4 weeks of phage administration (Majewska 
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et al., 2015). On the other hand, phage DNA vaccine involves incorporation of 

foreign DNA into the phage and allows phage to transfer the foreign gene to the 

target cells. Subsequently, the expression of gene encoding immunogenic 

antigen will be carried out and may induce immune responses (Harada et al., 

2018). 

 



32 
 

CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Phage Sample and Bacterial Strains 

Bacteriophage LT-B isolate used throughout this study was isolated from Lubuk 

Timah hot spring, Perak (Coordinates: N04 33.51’ E101 9.89’). The temperature 

of the hot spring is at 50˚C and the pH level is at 7.4. Escherichia coli BL21 was 

used as the bacterial host for phage LT-B throughout this study. The other 

bacterial samples including Enterotoxigenic E. coli (ETEC), Enteropathogenic 

E.coli (EPEC), E. coli TG1, E. coli JM109, E. coli TOP10, Klebsiella 

pneumonia, Salmonella typhi, Shigella sonnei, Shigella flexneri and Shigella 

dysenteriae were obtained from Department of Biomedical Science, Faculty of 

Science, Universiti Tunku Abdul Rahman. 
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3.2 Amplification and Growth of Bacteriophage 

3.2.1 Preparation of Luria Bertani (LB) Agar Plates 

The LB agar plates were prepared by dissolving 7 g of LB agar powder in  

200 mL of distilled water. The mixture was then mixed well and autoclaved.  

Then, the sterile LB agar was poured into sterile petri dishes and allowed to 

solidify at room temperature. The solidified LB agar plates were stored at 4˚C 

until further use. 

 

3.2.2 Preparation of Luria Bertani (LB) Broth 

The LB broth was prepared by dissolving 8 g of LB broth powder in 400 mL of 

distilled water. The mixture was then mixed well and autoclaved. The sterile LB 

broth was stored at room temperature for further use. 

 

3.2.3 Preparation of Top Agar 

The top agar was prepared by dissolving 1.4 g of LB agar powder and 4 g of LB 

broth powder in 200 mL of distilled water. The mixture was then mixed well 

and autoclaved. The sterile top agar was stored at room temperature. Prior to use, 

the top agar was heated using a microwave oven until the solution become 

liquefied. Then, 3 mL of the top agar was aliquoted into each 15 mL centrifuge 

tubes and placed into 60˚C water bath until use. 
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3.2.4 Preparation of 50 mM Tris-HCl, 150 mM NaCl Tris-Buffered Saline 

(TBS) (pH 7.6) 

Tris-buffered saline (TBS) was prepared by dissolving 4.84 g of Tris powder 

and 7.008 g of NaCl in 600 mL distilled water. The pH was adjusted to pH 7.6 

by using 1 M HCl. Next, the solution was topped up to 800 mL with distilled 

water and autoclaved. 

 

3.2.5 Preparation of Log-phase Escherichia coli (E. coli) Culture 

The E. coli glycerol stock was streaked onto a LB agar plate and incubated for 

16-18 h at 37˚C. Next, a single colony was picked and inoculated into 4 mL LB 

broth, followed by incubation at 37˚C for 16-18 h with agitation speed at 200 

rpm. On the next day, 100 µL of overnight E. coli culture was inoculated into  

4 mL LB broth (1:40 ratio) and incubated for 2.5 h at 37˚C with agitation speed 

at 200 rpm until OD600 reached between 0.6 and 0.8. 

 

3.2.6 Plaque Assay 

Plaque assay was carried out by first preparing several 15 mL centrifuge tubes 

with 3 ml top agar in each tube and placed them in a 60˚C water bath. Then, 

phage stock was serially diluted with 10-fold dilution by using TBS buffer. A 

volume of 10 µL diluted phage and 200 µL of log phase E. coli culture were 

added into the melted top agar. The mixture was mixed by a vortex mixer and 

poured onto the bottom of LB agar plate as base. The agar was swirled gently to 

ensure a complete coverage of top agar on the agar plate and then allowed to 
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solidify. Next, the agar plate was sealed with parafilm and incubated with 

inverted position at 37˚C for 16-18 h. On the next day, the number of plaques 

formed on the agar was calculated and the titer was recorded as plaque forming 

unit per mL (pfu/ mL) using the following formula: 

𝑃𝑓𝑢/𝑚𝐿 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑝ℎ𝑎𝑔𝑒 𝑎𝑑𝑑𝑒𝑑 (𝑚𝐿)
 

 

3.2.7 Phage Amplification  

A single plaque was picked from the agar plate of plaque assay using sterile 

micropipette tip and the plaque was resuspended in 1 mL of TBS buffer in sterile 

microcentrifuge tube. The sample was kept at 4˚C for approximately 3 h. Next, 

3 mL of the top agar was aliquoted into sterile 15 mL centrifuge tubes and placed 

in 60˚C water bath. Then, 200 µL of log-phase E. coli culture and  

500 µL of phage-containing TBS were added into each tube containing melted 

top agar. The mixture were mixed with a vortex mixer before pouring the 

mixture onto the LB agar plate. The agar plates were swirled gently and allowed 

to solidify. The agar plates were incubated at 37˚C for 16-18 h. In this step, a 

negative control plate was prepared with 200 µL of log-phase E. coli culture and 

3 mL top agar onto the base agar plate. 

 

On the next day, 5 mL of TBS buffer was added onto the agar plates and stored 

at 4˚C for approximately 3 h to allow diffusion of the phage from the agar 

medium into TBS. In the meantime, 2 mL of overnight E. coli culture was added 

into 40 mL of LB broth (1:20 ratio) and incubated with agitation speed of 200 
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rpm at 37˚C until it reached log phase. After obtaining the log phase culture, the 

TBS buffer containing diffused phages from two agar plates was pipetted into 

1.5 mL microcentrifuge tubes and centrifuged at 17000 x g, 4˚C for 5 min. Then, 

the supernatant was pipetted into the log phase E. coli culture and incubated it 

with agitation speed of 200 rpm at 37˚C until the OD600 value become constant 

or white clumps of dead cell debris is present in the culture.  Next, the culture 

was centrifuged at 8600 x g for 15 min and the supernatant was collected into 

sterile centrifuge tubes and stored at 4˚C. 

 

For large scale amplification, 20 mL of overnight E. coli culture was added into 

500 mL of LB broth and incubated at 37˚C with 200 rpm agitation speed until it 

reached log phase. Next, the log-phase E. coli culture was added with the 

supernatant containing the phage collected and incubated at 37˚C with 200 rpm 

agitation speed. After the OD600 reached its constant value at 0.5, the culture was 

centrifuged at 8600 x g for 15 min. The supernatant was then collected to 

perform phage precipitation with PEG as described in Section 3.3.2. 

 

 

3.3 Phage Precipitation 

3.3.1 Preparation of 20% (w/v) Polyethylene Glycol 8000 (PEG 8000) 

containing 2.5 M NaCl 

The PEG 8000 containing 2.5 M NaCl was prepared by dissolving 80 g of PEG 

8000 and 58.44 g of NaCl in 200 mL of distilled water. The mixture was then 
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stirred and heated gently using a hot plate stirrer to dissolve the PEG powder. 

Next, the solution was topped up to 400 mL before sending it for autoclave. 

 

3.3.2 Phage Precipitation with 20% (w/v) PEG 8000 

The PEG 8000 with 2.5 M NaCl and phage-containing supernatant from Section 

3.2.7 were added into a beaker. The volume of PEG 8000 with 2.5 M NaCl added 

was 20% of total volume of the supernatant. Then, the mixture was stirred at 4˚C 

by using a magnetic stirrer for 16 to 18 h. The next day, the mixture was 

centrifuged at 8600 x g at 4˚C for 30 min to collect the pellet. The pellet was 

washed with 10 mL of TBS and centrifuged with the same setting as before. 

Lastly, the pellet collected was dissolved in 1 mL of TBS and filtered with 0.45 

µm syringe filter into a sterile 1.5 mL centrifuge tube. The sample was stored at 

4˚C until further use. Plaque assay was performed by using serially diluted PEG-

precipitated phage to determine the phage titer. 

 

 

3.4 Physiological Characterization of Bacteriophage 

3.4.1 One Step Growth Curve of Bacteriophage  

The MOI of 0.00007 was used to study the one step growth curve of the phage. 

A volume of 10 µL of PEG-precipitated phage (serially diluted to 10-5 dilution) 

was added to 200 µL of log-phase E. coli culture and incubated at 37˚C with 

agitation speed of 200 rpm. Next, 10 µL of the sample was aliquoted every 5 

min interval and added into 3 mL of top agar and 200 µL of log-phase E. coli 
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culture to perform plaque assay. The burst size of the phage was calculated using 

the following formula: 

𝐵𝑢𝑟𝑠𝑡 𝑠𝑖𝑧𝑒 (𝑝ℎ𝑎𝑔𝑒𝑠 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙) =
𝐹𝑖𝑛𝑎𝑙 𝑝ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑝ℎ𝑎𝑠𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 𝑜𝑓 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑝ℎ𝑎𝑠𝑒
 

 

3.4.2 Adsorption Rate of Bacteriophage 

The MOI of 0.002 was used to study the adsorption rate of the phage. A volume 

of 10 µL of PEG-precipitated phage (serially diluted to 10-3 dilution) was 

inoculated into 1 mL of log-phase E. coli culture and incubated at 37˚C with 

agitation speed of 200 rpm. A volume of 100 µL of the sample was aliquoted 

from the culture into a sterile 1.5 mL microcentrifuge tube at 2nd, 5th, 8th, 12th, 

16th and 20th min. The sample was centrifuged at 13,000 rpm for 2 min to collect 

the supernatant. Lastly, 10 µL of the supernatant was added into 3 mL of top 

agar and 200 µL of log-phase E. coli culture to perform plaque assay. The 

adsorption rate was calculated using the following formula: 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟 − 𝐹𝑖𝑛𝑎𝑙 𝑝ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝ℎ𝑎𝑔𝑒 𝑡𝑖𝑡𝑒𝑟
× 100% 

 

3.4.3 Effect of Temperature on Phage Infectivity 

A volume of 200 µL of log-phase E. coli culture was added into 3 mL top agar, 

and then poured onto the LB agar plates to solidify. Fifty microliters of PEG-

precipitated phage was aliquoted into three microcentrifuge tubes and incubated 

at different temperatures: 60˚C, 65˚C and 70˚C for 1 h. A volume of 2 µL from 
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each tube was aliquoted every 10 min and spotted onto the LB agar plates. The 

spotted agar plates were then incubated at 37˚C for 16 – 18 h. 

 

3.4.4 Effect of pH on Phage Infectivity 

The TBS buffer with pH 3 to 11 were prepared in universal bottles. Next, 10 µL 

of PEG-precipitated phage was added into microcentrifuge tubes containing 90 

µL of TBS at pH 3, 5, 7, 9 and 11 respectively, followed by incubation at room 

temperature for 1 h. Ten microliters of mixture from each tube was inoculated 

into 3 mL top agar containing 200 µL of log-phase E. coli culture to perform 

plague assay. The agar plates were incubated at 37˚C for 16 – 18 h. 

 

3.4.5 Effect of Organic Solvent on Phage Infectivity 

Chloroform with the concentrations of 2% to 10% (v/v) were prepared in five 

microcentrifuge tubes. Two hundred microliters of log-phase E. coli culture was 

added into 3 mL of top agar and poured onto the LB agar plate. Then, 6 µL of 

PEG-precipitated phage was added to each microcentrifuge tubes containing 54 

µL of chloroform with concentrations of 2%, 4%, 6%, 8% and 10%, followed 

by incubation at room temperature for 5 min. Two microliters of mixture from 

each tube was aliquoted and spotted on the solidified agar plate for 16 – 18 h of 

incubation at 37˚C. 
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3.4.6 Stability of Phage 

Fifty microliters of PEG-precipitated phage was transferred into four 1.5 mL 

microcentrifuge tubes and placed at different temperatures: -80˚C, -20˚C, 4˚C 

and 25˚C. Phage titer was accessed via plaque assay, which was carried out 

every week for a duration of 1 month. This was done by adding 10 µL of sample 

at different temperatures and 200 µL of log-phase E. coli culture into 3 mL of 

top agar. The solidified agar plates were incubated at 37˚C for 16 – 18 h. 

 

3.4.7 Host Range 

A single colony from ten different culture plates: Enterotoxigenic E. coli 

(ETEC), Enteropathogenic E.coli (EPEC), E. coli TG1, E. coli JM109, E. coli 

TOP10, Klebsiella pneumonia, Salmonella typhi, Shigella sonnei, Shigella 

flexneri and Shigella dysenteriae were inoculated into 4 mL of LB broth and 

grown for 16 – 18 h. On the next day, 100 µL of overnight cultures of each 

bacterial strain was added into 4 mL of LB broth and incubated at 37˚C with 

agitation speed of 200 rpm until OD600 reached between 0.6 and 0.8. Ten 

microliters of PEG-precipitated phage and 200 µL of log-phase culture of each 

bacterial strain was added into 3 mL top agar. The mixture was mixed well and 

poured onto the LB agar plates and followed by incubation at 37˚C for 16 – 18 

h. 
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3.5 Genomic Characterization of Bacteriophage 

3.5.1 Preparation of 0.5 M Ethylenediaminetetraacetic Acid (EDTA) 

The EDTA solution was prepared by dissolving 3.722 g of EDTA powder in 10 

mL of distilled water. The pH of the solution was adjusted to pH 8 and topped 

up to 20 mL with distilled water. 

 

3.5.2 Preparation of 10% Sodium Dodecyl Sulfate (SDS) 

Ten percent SDS solution was prepared by dissolving 2 g of SDS powder in 10 

mL of distilled water. The solution was heated gently and stirred by using 

magnetic stirrer until it dissolved. Lastly, the solution was topped up to 20 mL 

with distilled water. 

 

3.5.3 Preparation of 3 M Sodium Acetate 

Sodium acetate solution was prepared by dissolving 4.922 g of sodium acetate 

powder in 10 mL of distilled water. The pH of the solution was then adjusted to 

pH 8 using 1 M glacial acetic acid. Lastly, the solution was topped up to 20 mL 

with distilled water prior to autoclave. 

 

3.5.4 Preparation of 1 M Magnesium Chloride (MgCl2) 

The solution was prepared by dissolving 1.9042 g of MgCl2 powder in 10 mL 

of distilled water. Then, the solution was mixed well and topped up to 20 mL 

with distilled water prior to autoclave. 
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3.5.5 Preparation of 10X and 1X Tris-Acetate EDTA (TAE) Buffer 

The 1X TAE buffer was prepared by dissolving 48.4 g of Tris base powder, 11.4 

mL of glacial acetic acid and 20 mL of 0.5 M EDTA in 800 mL of distilled water. 

The solution was mixed well and topped up to 1 L with distilled water. To obtain 

1X TAE buffer, 100 mL of 10X TAE buffer was added into 900 mL of distilled 

water. 

 

3.5.6 Phage Nucleic Acid Extraction Using Phenol-Chloroform-Isoamyl 

Alcohol (PCI) Method 

One milliliter of PEG-precipitated phage was transferred into a sterile 15 mL 

centrifuge tube, followed by addition of 12.5 µL of 1 M of MgCl2. After the 

mixture was mixed well, 0.4 µL of DNAse I and 1 µL of RNAse A were added 

to the mixture. The mixture was mixed briefly using a vortex mixer and 

incubated at room temperature for 30 min. Then, 40 µL of 0.5 M EDTA, 5 µL 

of Proteinase K and 50 µL of 10% SDS were added according to the order, 

followed by mixing it vigorously with a vortex mixer. The mixture was 

incubated in a 55˚C water bath for 1 h and mixed vigorously at every 20 min 

interval. Next, the mixture was transferred into two 1.5 mL microcentrifuge 

tubes with each tube containing 500 µL of the mixture. The tubes were added 

with 500 µL of PCI solution each and mixed well by inverting the tubes. The 

mixtures were centrifuged at 13,000 rpm at room temperature for 5 min to collect 

the top aqueous layer into sterile 1.5 mL microcentrifuge tubes. The aqueous 

layer was added with 1 mL of 95% ethanol and 50 µL of 3 M sodium acetate, 

followed by incubation on ice for 5 min. After the incubation on ice, the mixture 
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was mixed gently before centrifugation at room temperature at 13,000 rpm for 

10 min. The supernatant was discarded and the pellet was washed by 500 µL of 

70% ethanol. The mixture was centrifuged once again at 13,000 rpm at room 

temperature for 10 min. The supernatant was discarded and the pellet was air 

dried. The pellet was then dissolved in 50 µL TE buffer and stored at -20˚C until 

use. 

 

3.5.7 Nucleic Acid Quantification Using Nano Spectrophotometer 

Nano spectrophotometer was used to measure the nucleic acid concentration and 

absorbance at wavelengths of 260 nm and 280 nm. The nano spectrophotometer 

was first calibrated and the cell holder was inserted with submicroliter cell. Next, 

1 µL of TE buffer was used as a blank before wiping the measurement window 

for the loading of 1 µL nucleic acid sample into it. The lid with 1 mm of path 

length was placed on top of the measurement window before the reading was 

recorded. 

 

3.5.8 Preparation of 1% (w/v) Agarose Gel 

The agarose gel was prepared by dissolving 1.5 g of agarose powder in 15 mL 

of 1X TAE buffer and heated it in a microwave oven until the powder dissolved 

completely. The mixture was poured into the casting tray after its temperature 

has slightly reduced. The comb was inserted gently and the gel was allowed to 

solidify. After the gel has solidified, the comb was removed carefully and the 

gel was placed in the gel tank filled with 1X TAE buffer.
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3.5.9 DNAse and RNAse Digestion of Phage Nucleic Acid 

The nucleic acid digestion with DNAse and RNAse was performed to determine 

the genome type of the phage. The reaction mixture for DNAse digestion, 

RNAse digestion and negative control were prepared based on Table 3.1. 

 

Table 3.1: DNAse and RNAse digestion reaction mixtures. 

Components 

DNAse 

Digestion 

RNAse 

Digestion 

Negative 

Control 

Bacteriophage Nucleic Acid (µL) 2.0 2.0 2.0 

10X Buffer Tango with BSA (µL) 0.5 - - 

DNAse (µL) 0.2 - - 

RNAse (µL) - 0.7 - 

Sterile Distilled Water (µL) 2.3 2.3 3.0 

Total (µL) 5.0 5.0 5.0 

 

 

The reaction mixtures were incubated at 37˚C for 1 h. Five microliters of 1 kb 

DNA ladder and each of the reaction mixtures were each mixed with 1 µL of 

novel juice before loading them into their respective wells. The gel was 

subjected to electrophoresis at 80 V for 40 min and it was then visualized using 

UV transilluminator.
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3.5.10 Restriction Enzyme Digestion of Phage Nucleic Acid 

The extracted phage nucleic acid was subjected to enzymatic digestions by five 

different restriction enzymes: BamHI, EcoRI, EcoRV, SacI and XbaI. Plasmid 

pBR322 was used as positive control of BamHI, EcoRI and EcoRV digestion, 

while plasmid pUC19 was used for positive control of SacI and XbaI digestion. 

The reaction mixtures for each restriction enzyme digestion were prepared 

according to Table 3.2. 

 

Table 3.2: Restriction enzyme digestion reaction mixtures. 

Components Volume (µL) 

Bacteriophage Nucleic Acid  2.0 

Restriction Enzyme 0.5 

Restriction Enzyme Buffer 1.0 

Sterile Distilled water 6.5 

Total  10.0 

 

 

The reaction mixtures were incubated at 37˚C for 1 h and gel electrophoresis 

was then carried out. Five microliters of 1 kb DNA ladder and each of the 

reaction mixtures was mixed with 1 µL of novel juice before loading them into 

their respective wells. The voltage used for the gel electrophoresis was 80 V for 

a duration of 40 min. The results of the electrophoresis was viewed using UV 

transilluminator. 
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CHAPTER 4 

 

RESULTS 

 

4.1 Amplification and Precipitation of Bacteriophage 

Phage LT-B was successfully amplified and precipitated from phage stock. The 

resulted phage titer after amplification and precipitation process was 2.57 x1010 

pfu/ mL which was further diluted for subsequent analysis. 

 

4.2 Physiological Characterization of Bacteriophage 

4.2.1 One step Growth Curve of Bacteriophage  

One step growth curve of phage LT-B was obtained and plotted as depicted in 

Figure 4.1. The graph is similar to the classic one step growth curve, which also 

consists of eclipse, release and plateau phases. The MOI used in the assay was 

0.00007. The whole process of one step growth of phage LT-B took 50 min to 

complete. 
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Figure 4.1: One step growth curve of phage LT-B. Error bars represent the 

standard deviation of data. 

 

Based on Figure 4.1, the eclipse phase of the phage took 30 min before 

proceeded to release phase. After 30 min, the phage titer increased drastically, 

which indicated the release of progeny phages from the host cells. The burst size 

for phage LT-B was 22 phages per bacterium during the release phase. 

 

4.2.2 Adsorption Rate of Bacteriophage  

The adsorption rate of phage LT-B at MOI of 0.002 was obtained and a line 

graph was plotted, as shown in Figure 4.2, to summarize the adsorption rate of 

the phage at different time interval. Most of the phages were attached to the 

surface of host cells within the first 2 min of incubation with 91.3% of adsorption 

rate, followed by gradual increase of adsorption rate to 95.76% at the 20th min. 
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Generally, Figure 4.2 shows a rapid adsorption of phages to the surface of host 

cells soon after the phages were added into the host cell culture. 

 

 

Figure 4.2: Adsorption rate of phage LT-B at different time interval. Error bars 

represent the standard deviation of data. 

 

 

4.2.3 Effect of Temperature on Phage Infectivity 

Phage LT-B was incubated separately at 60˚C, 65˚C and 70˚C and their viability 

was tested at 10-min interval. Table 4.1 illustrates the results of this assay, 

whereby the phage could survive up to 10-min of incubation at 70˚C. The 

subsequent spotting of phage on the bacterial lawn did not result in lysis as no 

clear plaque was observed, indicating a complete loss of viability of phage LT-

B after 20 min of heat treatment at 70˚C.  
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Table 4.1: Effect of temperature on phage LT-B infectivity. 

Temperature 

(˚C) 

Time (min) 

10 20 30 40 50 60 

60 √ √ √ √ √ √ 

65 √ √ √ √ √ √ 

70 √ X X X X X 

(√) presence of phage infectivity 

(X) absence of phage infectivity 

 

 

4.2.4 Effect of pH on Phage Infectivity 

Phage LT-B was incubated at room temperature at different pH, ranging from 

pH 3 to 11. Figure 4.3 shows there was no significant difference in phage titer 

obtained from each pH. The highest phage titer was observed at pH 7 (9.55 x109 

pfu/ mL), followed by pH 3, pH 9, pH 5 and pH 11 (6.23 x109 pfu/ mL). This 

results indicated that pH 7 is the optimal pH for phage LT-B, instead of acidic 

or alkaline environment. There was a slight decrease in phage titer when the pH 

became more acidic or alkaline. A drop of 9.97% and 23.5% in phage titer was 

observed at pH 3 and pH 5 in comparison to pH 7. For alkaline pH, a reduction 

of 30.0% and 35.2% in phage titer was observed at pH 9 and pH 11. Overall, 

phage infectivity in alkaline medium was lower compared to their infectivity in 

acidic medium as the lowest phage titer was observed at pH 11, which was 6.23 

x109 pfu/ mL. 
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Figure 4.3: Effect of pH on phage LT-B infectivity. Error bars represent the 

standard deviation of data. 

 

 

4.2.5 Effect of Organic Solvents on Phage Infectivity 

Spot lytic assay was carried out to observe the infectivity of phage LT-B after 

incubation in different concentrations of chloroform. Based on Table 4.2, phage 

LT-B could survive up to 10% (v/v) chloroform as spot lysis could be seen on 

the bacterial lawn. Negative control showed no spot lysis and this has proven 

that the lyses formed by chloroform-treated phage but not due to chloroform. 

The images of plaque assay for this assay are located in Appendix C. 
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Table 4.2: Effect of chloroform on phage LT-B infectivity. 

Concentration of chloroform (v/v) Infectivity  

2% + 

4% + 

6% + 

8% + 

10% + 

(+) presence of phage infectivity 

(-) absence of phage infectivity 

 

 

 

4.2.6 Stability of Phage 

The stability of phage LT-B was evaluated by using different storage 

temperatures, which were at -80˚C, -20˚C, 4˚C and 25˚C for 28 days. The results 

obtained throughout the duration are shown in Figure 4.4. Storage at 4˚C showed 

the highest stability, followed by -80˚C, -20˚C and 25˚C. A significant decline 

in phage titer stored at 25˚C was observed whereby no plaque was observed after 

1 week of storage. The decrease in phage titer was less significant for storage at 

-20˚C compared to storage at 25˚C. After 1 week of storage at  

-20˚C, the phage titer has dropped 9.4 times compared to initial phage titer, 

which was 1.88 x1010 pfu/ mL. At the second week, the phage titer has dropped 

6.7 times compared to previous phage titer. Next, the phages stored at -80˚C 

showed higher phage titer than storage at 4˚C after 1 week. However, the titer 

dropped lower than the one obtained at 4˚C after 2 weeks of storage. The phage 
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titer at -80˚C decreased by 4.3 times compared to initial titer after 2 weeks, while 

phage titer at 4˚C decreased by 3.4 times compared to initial titer after 2 weeks. 

After 28 days of storage, phage LT-B stored at 4˚C showed a remaining phage 

titer of 1 x109 pfu/ mL, which was the highest remaining phage titer among 

phage titers of other storage temperatures. No phage titer was obtained after 

storage at -80˚C, -20˚C and 25˚C for 28 days.  

 

Figure 4.4: Stability of phage LT-B at different storage temperatures. 
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4.2.7 Host Range 

In this study, ten different types of bacterial strains were tested to determine the 

host range of phage LT-B, which included ETEC, EPEC, E. coli TG1, E. coli 

JM109, E. coli TOP10, K. pneumonia, S. typhi, S. sonnei, S. flexneri and S. 

dysenteriae. E. coli BL21 was used as positive. Based on Table 4.3, phage LT-

B showed infectivity on E. coli strains, such as EPEC, ETEC, E. coli TG1, E. 

coli JM109, E. coli TOP10 and E. coli BL21. Thus, phage LT-B has a broad host 

range which infects multiple E. coli strains (EPEC, ETEC, E. coli TG1, E. coli 

JM109, E. coli TOP10 and E. coli BL21). 

 

Table 4.3: Infectivity of phage LT-B against ten types of bacteria. 

Bacterial Hosts Infectivity 

Enteropathogenic E. coli (EPEC) + 

Enterotoxigenic E. coli (ETEC) + 

E. coli JM109 cells + 

E. coli TOP10 cells + 

E. coli TG1 cells + 

Shigella sonnei - 

Shigella flexneri - 

Shigella dysenteriae - 

Salmonella typhi - 

Klebsiella pneumonia - 

E. coli BL21 (Positive control) + 

(+) presence of phage infectivity 

(-) absence of phage infectivity 
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4.3 Partial Genomic Characterization of Bacteriophage 

4.3.1 Extraction of Phage Nucleic Acid 

The readings of extracted nucleic acid at A260/A280 and A260/A230 for purity 

were 1.643 and 2.188, respectively. The A260/A280 value was slightly lower 

than the expected value, which should be around 1.800. This might be due to 

slight contamination by protein, phenol or other contaminants. On the other hand, 

the A260/A230 value was in the range of 1.800-2.200, indicating that the 

isolation technique used was suitable for the sample (Desjardins and Conklin, 

2010). The concentration of the extracted nucleic acid obtained was 262 µg/ mL. 

 

4.3.2 Effect of DNAse and RNAse Digestion on Phage Nucleic Acid 

The extracted nucleic acid was subjected to DNAse and RNAse digestion. Based 

on the agarose gel image in Figure 4.5, DNAse-digested nucleic acid of phage 

LT-B showed no band (Lane 2). On the other hand, RNAse-digested nucleic 

acid of phage LT-B showed a band with high intensity (Lane 3), which indicated 

that the nucleic acid was not digested by RNAse. Thus, phage LT-B is a DNA 

phage. The genome size of phage LT-B was larger than 10 kbp as shown in Lane 

3 and 4 (Figure 4.6). 
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Figure 4.5: Agarose gel electrophoresis image of extracted nucleic acid of phage 

LT-B after DNAse and RNAse digestion. Lane 1: 1 kb DNA ladder; Lane 2: 

DNAse-digested phage nucleic acid; Lane 3: RNAse-digested phage nucleic 

acid; Lane 4: Undigested phage nucleic acid (negative control). 

 

 

4.3.3 Effect of Restriction Enzyme Digestion on Phage Nucleic Acid 

The phage LT-B nucleic acid was subjected to restriction enzyme digestion to 

identify the possible restriction sites on phage LT-B genome. The restriction 

enzymes used were BamHI, EcoRI, EcoRV, SacI and XbaI. Figure 4.6 shows 

the agarose gel image of digested phage LT-B nucleic acid using five different 

restriction enzymes. The digested product showed that phage LT-B genome was 

not digested by any of the restriction enzymes as observed in Lane 2 to Lane 6, 

with only a single band observed with its size larger than 10 kbp. The bands 
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from Lane 2 to Lane 6 were similar to the undigested phage nucleic acid in Lane 

12. Lane 7 to Lane 11 were the positive control with the restriction digestion of 

pBR322 and pUC19 plasmids by the restriction enzymes used in phage nucleic 

acid characterization. Cleavage of the plasmids were observed which the band 

was at the lower position of the gel, indicating smaller DNA strand that migrates 

faster. The results from positive control showed that the five restriction enzymes 

were functional up to the date of the experiment. 

 

 

 
Figure 4.6: Agarose gel electrophoresis image of extracted DNA of phage LT-

B after restriction enzymes digestion by five different enzymes. Lane 1: 1 kb 

DNA ladder; Lane 2: BamHI enzyme with phage DNA; Lane 3: EcoRI enzyme 

with phage DNA; Lane 4: EcoRV enzyme with phage DNA; Lane 5: SacI 

enzyme with phage DNA; Lane 6: XbaI enzyme with phage DNA; Lane 7: 

BamHI enzyme with pBR322 plasmid; Lane 8: EcoRI enzyme with pBR322 

plasmid; Lane 9: EcoRV enzyme with pBR322 plasmid; Lane 10: SacI enzyme 

with pUC19 plasmid; Lane 11: XbaI enzyme with pUC19 plasmid; Lane 12: 

Undigested phage DNA (negative control). 
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CHAPTER 5 

 

DISCUSSION 

 

5.1 Physiological Characteristics of Phage 

Physiological characteristics of bacteriophage LT-B determines the 

pathogenicity towards the host bacteria and its infection process.  

Conformational changes of phage components may be directed under different 

environmental conditions, which can negatively affect the phage activity when 

the growth conditions are undesirable (Sillankorva et al., 2004; Orlova, 2012). 

Therefore, it is important to study about the physiological characteristics of 

phage LT-B as the information obtained may be useful for different applications. 

In this study, phage LT-B was investigated based on one step growth curve, 

adsorption rate, temperature, pH, organic solvent, stability and host range. 

 

5.1.1 One Step Growth Curve 

In this study, a one step growth curve was plotted to investigate the infection 

cycle of phage LT-B with MOI value of 0.00007. Throughout this period, phage 

LT-B started the processes of attachment, entry into host cells, replication, 

transcription, translation and assembly of progeny phages. The curve showed 

the phage titer at different time intervals and the burst size of phage was 

estimated based on the actual number of phage progeny released from an 
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infected host cell (Choi et al., 2010). Based on Figure 4.1, the whole process of 

phage LT-B infection were observed in 50 min. The eclipse phase of phage LT-

B took about 30 min to reach release phase. During this eclipse phase, several 

processes such as phage attachment, uptake of phage nucleic acid, synthesis of 

phage proteins and nucleic acid, and assembly of progeny phages took place 

(Hyman and Abedon, 2009). 

 

After the 30th min of phage infection, a rapid surge of phage titer was observed 

for 20 min, which indicates the release phase of phage LT-B infection. Progeny 

phages must be released from the host cell to infect other bacterial host cells for 

replication process. In order for a cell lysis to be successful, phage LT-B must 

overcome the physical barrier of the bacterial host, including the peptidoglycan 

layer and cell membrane (Young et al., 2000). 

 

Based on previous findings, different phages showed different growth 

characteristics. In this study, phage LT-B took 50 min to complete an infection 

cycle and yielded a burst size of 22 phage particles per bacterial host cell in 20 

min. In another study, the infection cycle for a hot spring phage TSP4 isolated 

from Tengchong hot spring in China was longer compared to phage LT-B, which 

was about 120 min. Its eclipse period lasted 60 min, which was 2 times longer 

than the eclipse period of phage LT-B (30 min). However, the burst size of phage 

TSP4 was 200 phage particles per bacterial host cell in 10 min, which was 

significantly larger than that observed in phage LT-B (Lin et al., 2010). Apart 

from that, phage φOH3, isolated from Obama hot spring, Nagasaki, Japan was 
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reported to have eclipse and release phases of 60 and 40 min, respectively, with 

a burst size of 109 phage particles per bacterial host cell (Nagayoshi et al., 2016).  

 

For phage that infects E. coli, phage øZE1 showed an eclipse phase of 35 min 

and release phase of 75-80 min, yielding a burst size of 75-80 phage particles 

per bacterial host cell (Askora et al., 2015). According to Choi et al. (2010), the 

burst size of phage infecting a single strain of E. coli was shown to range from 

20 to 1000 phage particles per bacterial host cell. Therefore, the burst size of 

phage LT-B in this study was 22 phages per bacterial host cell, which is within 

the estimated range for E. coli-infecting phage. 

 

Burst size of a phage varies based on several factors. The sizes of the bacterial 

host and phage are the two main factors that determine the burst size (Parada et 

al., 2006; Choi et al., 2010). Bacteria that are larger in size possess higher surface 

area and more phage receptors are found on the bacterial cell surface. Thus, more 

phages can be adsorbed onto the cell to infect the host cell. Furthermore, larger 

bacteria are capable to include more protein synthesis machinery with their high 

cell volume. Therefore, this can cause higher number of progeny phages to be 

replicated in a certain duration that leads to a larger burst size. Moreover, the 

size of the phage is also a contributing factor to its burst size. Larger phages 

result in smaller burst size due to limited cell volume of the bacterial host that 

accommodates the progeny phages (Weinbauer and Peduzzi, 1994; Weinbauer 

and Hofle, 1998).  These two factors, the sizes of bacterial host and the phage 

correlates with each other. In this study, E. coli was used as the host for phage 
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LT-B which is about 2 µm in size (Reshes et al., 2008). Based on these findings, 

it is possible that the size of phage LT-B may be larger relative to the bacterial 

cell volume.  

 

Multiplicity of infection (MOI) is also a contributing factor to the burst size of 

a phage. Low MOI enables one bacterial host to be infected by a single phage, 

hence co-infection or superinfection is less likely to occur. Co-infection is the 

infection when the bacterial host cell is infected by a phage, followed by 

subsequent second infection by another phage. This condition can increase the 

number of progeny phages synthesized in the host cell. Therefore, this may 

increase the burst size. For superinfection, re-infection of a host cell with a 

homologous phage may cause longer eclipse phase (lysis inhibition), which 

allows more time for the synthesis of progeny phages and increase in burst size 

(Parada et al., 2006). The MOI used in this study was low to prevent co-infection 

or superinfection. Thus, it might contributed to the low burst size of phage  

LT-B. 

 

5.1.2 Adsorption Rate 

The adsorption rate of phage LT-B was obtained with MOI value of 0.002. 

Within 2 min of incubation, the adsorption rate increased drastically to 91.33%, 

followed by a gradual increase of adsorption rate to 95.76% at the 20th min of 

infection. Based on a study by Nagayoshi et al. (2016), thermophilic phage 

φOH3 showed a high adsorption rate of 90.0%. On the other hand, a study 

conducted by Lau et al. (2012) showed a higher adsorption rate of E. coli-
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infecting phage ØEC1, which was 98.9% within 2 min of incubation. At the 8th 

min, the adsorption rate increased to 99.9% and remained constant throughout 

the experiment. In the current study, adsorption rate of phage LT-B was similar 

to the adsorption rate of phage φOH3 and ØEC1, which was higher than 90.0% 

after 2 min of infection. 

 

In a previous study by Mercanti et al. (2015), the MOI value is strongly 

associated with the adsorption rate of the phage. At a higher MOI value, the 

adsorption rate decreases drastically. This is likely due to reduced available 

attachment sites for the phage on the bacterial surface. Therefore, the adsorption 

rate of phages is usually studied at MOI value lower than 0.1. High MOI value 

might also lead to “lysis from without”, whereby the bacterial host cell undergo 

cell lysis without phage replication in the host cell due to high amount of phage 

adsorption on the cell surface (Sritha et al., 2017). Therefore, lower MOI was 

used for this study to reduce the risk of “lysis from without”. 

 

Other than the MOI value that affects the adsorption rate, the physiological state 

of the bacterial host cells (temperature and pH) also plays an important role in 

determining the adsorption rate of the phage. A study on Lactobacillus 

paracasei phages iLp84 and iLp1308 showed that high temperature could affect 

the adsorption rate by changing the conformation of the heat-sensitive phage 

receptors. With the conformational changes of the receptors, phages could be no 

longer attached to the bacterial surface (Mercanti et al., 2015; Fister et al., 2016). 

Since the incubation of phage LT-B was at 37˚C instead of 50˚C (temperature 



62 
 

of hot spring where phage LT-B was isolated), the alteration of phage LT-B 

adsorption rate by the temperature is less likely to occur. 

 

Apart from that, pH also plays an important role in determining the adsorption 

rate. In a previous study, Lactobacillus paracasei phages iLp84 and iLp1308 

showed a decreased in adsorption rate at pH 4 and pH 9. This might be due to 

the alteration of pH in the environment that causes ionization of the phage 

receptors, which subsequently decrease in the adsorption ability of the phages 

(Lau et al., 2012; Mercanti et al., 2015). In another study, phage ØEC1 that 

infects E. coli failed to attach to the bacterial surface at pH 3 but showed the 

highest adsorption rate at pH 5 to pH 11 (Lau et al., 2012). However, in this 

study, only one pH was used to study the adsorption rate of phage LT-B, which 

was at pH 7. Therefore, comparison of adsorption rate at different pH could not 

be made but the effect of different pH on phage infectivity was discussed in 

Section 5.1.4. 

 

Other than the physiological state of the bacterial host cell, adhesion molecules 

of phage and bacterial host cell are crucial for a successful adsorption. A study 

conducted by Shao and Wang (2008) concluded that the side tail fiber of phage 

λ determined the adsorption rate of the phage. This was done by introducing 

frameshift mutation in the side tail fiber (stf) gene, which resulted in low 

adsorption rate compared with the non-mutated stf gene. In addition, phage 

receptors on bacterial cell surface could be blocked by other substances that 

serve as phage resistance mechanism.  Phage T5, one of the E. coli-infecting 
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phage, uses lipoprotein to reduce the chances of superinfection and inactivation 

of progeny phages by binding to its own receptor. However, E. coli uses this 

lipoprotein to inhibit the phage adsorption onto the phage receptor (Labrie et al., 

2010). Based on these findings, it is possible that phage LT-B may have higher 

amount of adsorption molecules and this may not affect the phage binding 

process during the adsorption process. 

 

5.1.3 Effect of Temperature on Phage Infectivity 

In this study, phage LT-B showed complete absence of infectivity at 70˚C from 

20 min onwards. The current study showed that the thermal inactivation 

temperature of phage LT-B is higher compared to the temperature of its origin 

which was at 50˚C. This is in accordance to the findings of another study, 

whereby phage TSP4 was inactivated at a higher temperature compared to the 

temperature of its origin, which is 65˚C (Lin et al., 2010). Similarly, hot spring 

phage φOH3 showed a complete absence of infectivity at 100˚C, which was also 

higher than its original temperature (70˚C) (Nagayoshi et al., 2016). On the other 

hand, phage øZE1 that infected E. coli was reported as a heat-stable phage with 

the results showed its viability after incubation at 70˚C for 10 min (Askora et al., 

2015). Thus, the inactivation temperature of phage reported so far is usually 

higher than the temperature of its origin, which was also observed in this study. 

 

Variability of the inactivation temperature of each phage is highly dependable 

on the constitution of phage capsid. Phage capsid is mostly made up by major 

capsid proteins with polymerization to combine all the proteins. Capsid is highly 
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important in nucleic acid packaging that is useful in infection and replication of 

the phage. The stability of capsid under different temperatures may represent the 

overall resistance to unfavourable environment conditions. Phages that are heat-

stable may survive longer in the harsh environment while searching for a new 

host, which is a great benefit for the phages (White et al., 2012). Apart from that, 

a previous study showed that the heating of phage led to aggregation of phage 

tails, detachment of phage head from its tail and production of empty capsid. 

This observations further confirmed that high temperature results in changes of 

structural conformation of phage particles, including the disulfide bonds 

between capsid proteins that stabilize the structure (Caldeira and Peabody, 2007; 

Mojica and Brussaard, 2014). 

 

However, the phage capsid may be able to reconstitute after the destruction by 

high temperature. Based on a study conducted by Ahmadi et al. (2017), Listeria 

phages P100 was completely inactivated at 71˚C and able to reconstitute the 

structure of the phage particles at lower temperature. The reconstitution of the 

phage might be due to the retained structure of portal complex even at higher 

temperature. Therefore, each phage comes with structural differences that differ 

them from their sensitivity of capsid proteins towards different temperatures. 
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5.1.4 Effect of pH on Phage Infectivity 

Phage LT-B stability was investigated under different pH values ranging from 

pH 3 to pH 11. Based on Figure 4.3, phage LT-B showed tolerance to all the 

tested pH values, with its optimal pH value at pH 7. This is in line with phage 

T7 and hot spring phage TSP4, which also showed the highest stability at pH 7 

(Lin et al., 2010; Jończyk et al., 2011). A study from Lau et al. (2012) 

demonstrated the optimum pH of phage ØEC1 that infects E. coli also ranged 

from pH 6 to pH 9.  

 

Alteration of pH in external environment provides changes to the phage stability. 

Extreme pH increases the hydrogen ion and hydroxyl ion concentrations in the 

environment which contribute to the phage inactivation. Those ions are highly 

reactive free radicals that present in the environment and tend to oxidize 

substances such as capsid proteins. Subsequently, it would lead to deletion, 

denaturation or conformational changes of the capsid proteins that are 

responsible for attachment to host bacteria (Feng et al., 2003). According to 

another study by Nap et al. (2014), the acidity and alkalinity of the environment 

can also cause changes in the charge state of the capsid, such as from net 

negative to net positive charge. The normal net charges on the phage capsid is 

determined by the distribution of the amino acids in each phage and it is crucial 

in electrostatic interaction between capsid and external environment. On the 

other hand, low pH was proven to increase phage aggregation ability due to high 

hydrogen ion concentration, such as phage MS2. The aggregation process can 
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cause inaccuracy in phage titer and the aggregates can be eliminated easily 

during adsorption (Langlet et al., 2007). 

 

Other than the optimal pH of phage LT-B, it was found that phage LT-B was 

more resistant to acidic pH compared to alkaline pH with lower reduction of 

phage titer at acidic pH. Other discovered phage such as phage MS2 also showed 

higher survival rate at acidic pH compared to alkaline pH, in which the 

inactivation observed at pH 5 was lower compared to pH 9 (Feng et al., 2003). 

Based on a study by Yu et al. (2006), resistance towards acidic pH environment 

was observed in tectivirus P78-76, which survived at pH 2 for 24 h.  

 

Reduction of the phage titer of phage LT-B at alkaline pH was presented, thus it 

was more sensitive to alkaline pH. On the contrary, some phages are more stable 

in alkaline pH environment. Phage Qꞵ was more resistant to alkaline pH than 

acidic pH, as it showed higher inactivation rate at pH 5 compared to pH 9 (Feng 

et al., 2003). A common phage, phage T7, was also more resistant to alkaline 

pH compared to phage T3 (Jończyk et al., 2011). Furthermore, hot spring phage 

TSP4 showed a significant reduction of survival rate at pH 3 to 24% remaining 

phages (Lin et al., 2010). Another hot spring phage φOH3 also showed higher 

stability at pH 9 with 32.7% of remaining phage particles compared to 4% at pH 

3 (Nagayoshi et al., 2016). 
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5.1.5 Effect of Chloroform on Phage Infectivity 

Chloroform is widely use in laboratory for molecular biology work. It is also 

useful in precipitating phage as mentioned in a study by Bourdin et al. (2014). 

Therefore, it is important to study the effect of chloroform on phage infectivity 

to make sure that the precipitation of phage using chloroform does not affect the 

viability of the phage sample.  

 

The stability of phage LT-B was investigated using chloroform in different 

concentrations, ranging from 2% (v/v) to 10% (v/v). In this study, phage LT-B 

was resistant to chloroform treatment up to 10% (v/v) chloroform. This finding 

is in accordance to the findings of phages V3 and V7 that infect E. coli O157:H7, 

which were resistant to 10% (v/v) chloroform after 1 h incubation. On the 

contrary, another phage in the similar study, phage V8 was sensitive to 

chloroform treatment, that resulted in reduction of phage titer (Akindolire and 

Ateba, 2019). Apart from that, brucellaphage BpL1 was reported to be 

completely inactivated in 10% (v/v) chloroform within 15 min of incubation at 

37˚C (Gupta and Saxena, 2017).  On the other hand, E. coli phage øZE1 was not 

affected by chloroform treatment and showed complete resistance towards 

chloroform (Askora et al., 2015). In another study, a thermophilic phage TSP4 

was also reported to be resistant to chloroform concentration up to 25% (v/v) 

after 5 min of incubation (Lin et al., 2010). Similarly, phage KP34 that infects 

Klebsiella pneumonia was also reported to be resistant to chloroform even after 

2 h and 24 h of incubation (Drulis-Kawa et al., 2011). 
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The stability of phage to chloroform is heavily contributed by the lipid 

composition. For phages that are composed of lipid, chloroform is able to loosen 

the lipid membrane structure rich in cholesterol (liquid-ordered phase), instead 

of lipid membrane with low in cholesterol (liquid-disordered phase). It is 

believed that chloroform molecule inserts itself into the lipid bilayer and 

interferes with the chain packing and acyl chains located within the lipids 

(Turkyilmaz et al., 2009; Reigada, 2013). Examples of lipid  

membrane-containing phages are Corticoviridae, Tectiviridae, 

Cystoviridae and Plasmaviridae. Their lipids are mainly derived from their host 

cell cytoplasm, however its composition varies from host cell lipid composition 

(Poranen et al., 2015). As phage LT-B was found resistant to chloroform, it may 

postulate the composition of the phage structure which may not contain any lipid 

membrane to be damaged by chloroform. 

 

5.1.6 Stability of Phage 

Storage of phage samples is essential to maintain the initial characteristics and 

the amount of the phages for future application such as novel drug research, 

genetic engineering and biotechnological processes. Phages are usually stored 

without any host cell in the sample, in which the storage conditions could be 

varied from phages to phages (Fortier and Moineau, 2009; Iqbal et al., 2018). 

Thus, the optimal storage temperature of phage LT-B was evaluated in this study. 
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Phage LT-B was found to be the most stable with minimal drop in titer at 4˚C 

storage for 28 days, followed by -80˚C, -20˚C and 25˚C. The results are in 

agreement with tailed bacteriophages, such as phage JHP, RLP, RSP, SaPL and 

IttPL, which reported to have the lowest reduction rate of titer after one year of 

storage at 4˚C (Iqbal et al., 2018). Phage MS2 was found to be more stable at 

4˚C storage than at -80˚C and -20˚C (Olson et al., 2004). Significant reduction 

of phage titer observed in phage LT-B stored at -20˚C for 14 days might be due 

to the formation of large ice crystal that led to virion damage (Olson et al., 2004). 

Furthermore, phage LT-B was the least stable at 25˚C in which its viability was 

completely lost after 7 days of storage. However, phage CP-51 targeting Bacillus 

cereus showed a higher viability when stored at room temperature than  at low 

temperature (Jończyk et al., 2011). 

 

Based on the study by Ackermann et al. (2004), phages with contractile phages 

or without lipid membrane are more stable compared to other phages across 

variety of storage temperatures. Low temperature storage of phage with fragile 

tails exerts negative impact on them. Low temperature causes contraction and 

loosening of the phage tail sheath that eventually comes off from the phage 

particle. This statement is supported by another study that showed both 

contractile-tailed phages and phages without lipids can be stored for up to 5 to 

10 years at 4˚C (Iqbal et al., 2018). 

 

Some phages are more resistant to different storage temperatures, such as phage 

KP34 for K. pneumoniae is only sensitive to storage temperature at 25˚C with a 
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significant drop in titer (Drulis-Kawa et al., 2011). A study by Emedi (2015) 

showed drastically reduction in phage titer of phage GV1 at 4˚C compared to 

the titer of phage stored at -80˚C in the presence of 20% glucose. In addition, 

phage CP-51, which is a Myoviridae, has an optimum storage temperature at 0˚C 

instead of 4˚C (Jończyk et al., 2011).  

 

5.1.7 Host Range 

Each phage requires host cell to replicate, some may be present with narrow host 

range and some with a broad host range. Adsorption of phage onto the bacteria 

is the key process to kick start the infection process. It heavily relies on the 

interactions between phage binding proteins and bacterial cell surface receptor, 

which eventually results in the specificity of a phage in infecting the host. A 

successful adsorption of phage to a host cell facilitates the DNA ejection into 

the host cell. Subsequently, replication process can be carried out and forming 

progeny phages to infect other host cells (Bertozzi Silva et al., 2016). 

 

Various receptors can be found on the surface of bacteria, ranging from peptide 

to polysaccharide moieties. Gram-positive bacteria have cell surface 

components such as peptidoglycans and teichoic acid that served as the 

important receptors for the phage adsorption. For Gram-negative bacteria, 

lipopolysaccharides is the main role in phage adsorption, which consist of lipid 

A, core polysaccharides and O-polysaccharides. Moreover, flagella, pili and 

capsules or slime layer can also be the target for the phage (Bertozzi Silva et al., 

2016). 
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Despite this, the failure of a phage to infect a host occurs when the receptors are 

inaccessible or not complement to the phage binding proteins. Furthermore, 

mutations on the structure of receptors and absence of the phage receptors on 

the bacterial cell surface can also cause phage resistance. This situation is 

commonly termed as bacteriophage resistance of the host bacteria, which may 

be initiated from the selective pressure exerted by the phage. When the host 

bacteria become resistant towards phage infection, the bacterial lineages can be 

maintained. However, phages can also evolve to counteract the resistance, 

causing the bacteria to become susceptible to phage infection again. There are 

three mechanisms to resist phage adsorption, which are blockage of phage 

receptors, capsule or slime layer synthesis and inhibition of receptors by 

competitive inhibitors (Labrie et al., 2010; Bertozzi Silva et al., 2016). 

 

Based on this study, phage LT-B was found to be infectious only towards E. coli 

strains, which included EPEC, ETEC, E. coli TG1, E. coli JM109, E. coli TOP10 

and E. coli BL21. Since it was not infecting only E. coli BL21, the positive 

control. Phage LT-B is considered a phage with broad host range as defined by 

Ross et al. (2016) as it infects different strains within a bacterial species. The 

finding is in contrast to another study by Nagayoshi et al. (2016) on hot spring 

phage φOH3. It was reported that the phage was highly specific towards 

thermophile Thermus thermophilus HB8 among other Thermus spp., 

Meiothermus ruber strain 21 and Geobacillus kaustophilus NBRC 102445. In 

comparison with thermophilic phage, both phage BVW1 and GVE1 have 

specific host range, which are Bacillus sp. W13 and Geobacillus sp. E26323 

respectively (Liu et al., 2006). In a previous study by Askora et al. (2015) 
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showed that E. coli phage ØZE1 could infect four strains of E. coli among eleven 

tested E. coli strains. In this study, phage LT-B was also shown to infect all six 

tested E. coli strains, which both phage LT-B and ØZE1 can be classified as 

broad host range phage. 

 

Broad host range was also observed in Staphylococcus aureus phages ΦSA012 

and ΦSA039. Both phages were able to infect multiple strains of S. aureus, with 

phage ΦSA012’s ability to infect and lyse all S. aureus strains including MRSA 

(Iwano et al., 2018). In this study, phage LT-B showed similarity with phages 

ΦSA012 and ΦSA039, in which they can infect multiple strains in one bacterial 

species. Apart from that, phage with broad host range may also infect multiple 

bacterial species. In another study by Ghasemian et al. (2017), phage gBSN-

MGB13 showed a wide host range across a multiple bacterial species, which 

included E. coli O157, Bacillus subtilis, Proteus vulgaris and Pseudomonas 

aeruginosa. 

 

5.2 Partial Genomic Characterization of Phage 

5.2.1 Effect of DNAse A and RNAse Digestion on Phage Nucleic Acid 

In order to have an effective infection, the amount of genome packaged within 

the phage capsid have to be optimized via evolutionary pressure whether to lose 

or gain nucleic acid. Genome size of phage ranges from 3405 bp to 500 kbp. 

Study on phage genome is relatively important to understand the diversity of the 

phage population, origin, and the involvement of evolution that creates the 

population pattern (Hatfull and Hendrix, 2011).  
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One of the concern in phage genome study is the genome diversity of the phage. 

The genome architectures are said to be in mosaic form, which is formed by 

horizontal gene transfer (HGT) between different phages or phage and host. 

Thus, two phages that are closely related in terms of genome similarity can be 

used in phylogenetic study on their relationship and their evolutionary histories 

(Mavrich and Hatfull, 2018). Genome similarities can be compared using 

metagenomic libraries to further confirm the occurrence of evolution. Numerous 

genes in the phage that expressed restriction transcriptase, recombinase, 

integrase, and transposase propose that horizontal gene transfer do exists in hot 

spring phage genomes (Schoenfeld et al., 2008). Furthermore, similarity of 

genome sizes between multiple phages can occur and may lead to similar phage 

proteins produced. A study by Scholl et al. (2002) investigated on the closeness 

between phage SP6 and phages K1-5, K5 and K1E. All the four phages consist 

of genome size of approximately 40 kb, which are similar in terms of phage 

morphologies and specific RNA polymerases. All the above characteristics 

suggested that these phages may have a common ancestor from where they 

derived from via horizontal gene transfer. 

 

In this study, it was clearly shown that phage LT-B is a DNA phage. There are 

few other thermophilic hot spring phages, which contain DNA genome, such as 

Myoviridae phages ϕTMA, ϕYS40 and D6E, Thermus phages φIN93 and TSP4, 

and Filamentous hot spring phage φOH3 (Matsushita and Yanase, 2009; Lin et 

al., 2010; Wang and Zhang, 2010; Tamakoshi et al., 2011; Nagayoshi et al., 

2016). In contrast, highly thermostable phage PP7 from hot spring that infects 

Pseudomonas spp. consists of RNA genome (Caldeira and Peabody, 2007). 
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Therefore, hot spring phages could either have DNA or RNA genome packaged 

in their capsids. 

 

The estimated genome size of LT-B phage is larger than 10 kbp. This result is 

in line with thermophilic phage D6E, whereby its genome size is 49 kbp (Wang 

and Zhang, 2010). Similar findings were also reported for other hot spring 

phages, ϕTMA and ϕYS40, which consist of DNA genome with sizes of 151 

kbp and 152 kbp, respectively (Tamakoshi et al., 2011). In another study, hot 

spring Thermus phages φIN93 has a DNA genome size of 20 kbp (Matsushita 

and Yanase, 2009). On the contrary, there are hot spring phages that have smaller 

genome size compared to the genome size of phage LT-B. For example, phage 

TSP4 and φOH3 consist of DNA genome with the sizes of 80 kb and 5688 kb, 

respectively (Lin et al., 2010; Nagayoshi et al., 2016). 

 

5.2.2 Effect of Restriction Enzyme Digestion on Phage Nucleic Acid 

Restriction enzyme digestion on DNA is widely used in DNA manipulation such 

as in molecular cloning. The mechanism includes the “cutting” process of the 

enzyme on double-stranded DNA at a specific DNA sequence (restriction site). 

Then, these digested DNA fragments can be constructed into restriction map that 

demonstrates the position of each restriction enzyme cleavage site in a DNA 

molecule (Hepfer and Turchi, 1989). 
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In this study, the genome of phage LT-B was found to be resistant to digestions 

by all of the treated restriction enzymes, which included BamHI, EcoRI, EcoRV, 

SacI and XbaI. On the contrary, various studies have shown that the genome 

obtained from hot spring phage and thermophilic phage contain restriction sites 

for common used restriction enzymes such as BamHI, EcoRI, EcoRV and 

HindIII (Liu et al., 2006; Lin et al., 2010; Wang and Zhang, 2010). Apart from 

that, phage genome may contain other unique restriction sites that are rarely used 

in cloning. In a previous study, Stenotrophomonas maltophilia phage ΦSMA5’s 

DNA genome was subjected to 50 types of restriction enzymes. The genome 

only contains restriction sites for AvaI, HaeII, HaeIII, and HhaI, which are 

seldom used in cloning (Chang et al., 2005). 

 

One of the reasons that phage LT-B DNA resistance to restriction enzyme 

digestion is the action of the phage to overcome the restriction-modification 

system from bacterial host. Bacterial restriction enzymes are released by the host 

to cleave the phage genome upon DNA injection by the phage. An enzyme called 

DNA methyltransferase (MTase) is important in protecting host genome from 

cleavage by restriction enzymes since methylated DNA will not be cleaved by 

the restriction enzymes. Some of the phages carry out passive mechanisms to 

evade the restriction-modification system by allowing the methylation of the 

phage genome by MTase before the action of restriction enzymes. The 

methylated state of the phage genome then remains stable in the genome for 

every replication process. Another passive mechanism is to introduce point 

mutation to the phage genome, causing absence of the restriction recognition 

sites. In contrast, active mechanism to combat the restriction-modification 
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system involves the activation of host cell modification enzymes. One of the 

good example is phage λ which synthesizes antirestriction protein Ral to 

increase the MTase activity of EcoKI (Enikeeva et al., 2010; Samson et al., 2013; 

Shabbir et al., 2016). 

It is proven that phage with broad host range facilitates phage genome evolution. 

Phages that infect multiple bacterial species receive more pressures from the 

host’s restriction-modification system in every host. This condition exerts a 

selective pressure to the phage and promotes evolution of the genome. Therefore, 

the restriction sites on the phage genome may be altered and inhibited restriction 

enzymes from binding to the genome. For example, phage PP722 genome was 

not susceptible to the cleavage by BamHI, BglII, EcoRI, HindIII and Sau3AI 

similar to that observed in the current study. It is believed that its broad host 

range is advantageous for successful phage infection by avoiding digestion by 

restriction enzymes (Lute et al., 2004; Hamdi et al., 2017).  

 

Apart from that, phage LT-B may contain single-stranded DNA which may lead 

to this outcome. As the restriction enzymes used in this study are Type II 

restriction endonucleases, hence they are only able to cleave double-stranded 

DNA at specific cleavage sites (Pingoud and Jeltsch, 2001). Further 

investigations on the restriction enzyme digestion using restriction enzymes that 

cleave single-stranded DNA should be carried out to characterize the phage 

genome. Examples of the restriction enzymes that cleave single-stranded DNA 

are AvaII, HaeII, DdeI, AluI, Sau3AI, AccII, TthHB8I and HapII, which could 
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be used in further characterization of phage LT-B genome (Nishigaki et al., 

1985). 

 

5.3 Limitations of Study 

The plateau phase of phage LT-B in the one step growth curve could not be 

determined. Besides that, the exact genome size of the phage LT-B could not be 

confirmed. 

 

5.4 Future Studies 

Cesium chloride ultracentrifugation may be used to further purify the phage LT-

B in order to visualize the morphology under TEM. Apart from that, the 

extracted phage LT-B DNA can be sequenced to obtain a complete set of DNA 

sequences. This information obtained based on its morphology and genome 

sequence could be useful in the classification of phage LT-B. Besides that, type 

III restriction enzymes can be used to determine whether the phage DNA is in 

single-stranded form. 
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CHAPTER 6 

 

CONCLUSION 

 

In the present study, bacteriophage LT-B that was isolated from Lubuk Timah 

hot spring was characterized based on its physiological and partial genomic 

characteristics. One step growth curve was carried out using MOI of 0.00007, 

while the adsorption rate was determined using MOI of 0.002. One step growth 

curve of phage LT-B was obtained within 50 min post infection with a burst size 

of approximately 22 phages per bacterial host cell. This study also demonstrated 

that phage LT-B reached an adsorption rate of 91.33% within 2 min of post 

incubation. Furthermore, the phage infectivity was maintained even after heat 

treatment at 60˚C and 65˚C for 1 h. When the phage was heat-treated at 70˚C, 

the viability of the phage was still maintained for the first 10 min. However, 

when the heat treatment was prolonged to 20 min, the viability of the phage was 

completely lost. In terms of pH, phage LT-B produced the highest phage titer at 

pH 7 in comparison to the titer obtained at acidic and alkaline pH. Furthermore, 

it was also stable under chloroform treatment with concentration ranging from 

2% to 10% (v/v). Apart from that, the most suitable storage temperature for 

phage LT-B was at 4˚C with highest phage titer remained after 28 days of storage, 

compared to -80˚C, -20˚C and 25˚C. In addition, this study showed that the host 

range of phage LT-B included EPEC, ETEC, E. coli TG1, E. coli JM109, E. coli 

TOP10 and E. coli BL21 among all the bacteria tested in this study. Phage LT-
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B was infectious to multiple strains of E. coli species, which is considered as 

broad host range. 

 

Genomic characterization of phage LT-B revealed that the phage is a DNA 

phage with a genome size larger than 10 kbp. Apart from that, none of the tested 

restriction enzymes such as BamHI, EcoRI, EcoRV, SacI and XbaI, were able to 

cleave the phage genome. Thus, it showed that phage LT-B genome does not 

contain the restriction sites for any of the above restriction enzymes.  
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APPENDIX A 

 

Reagents, Chemicals and Equipment 

Table A: The list of reagents and chemicals used throughout this study. 

Reagents/ Chemicals Manufacturers, Country 

1 Kb DNA ladder Vivantis Technologies Sdn. Bhd., 

Malaysia 

10X Buffer Tango (with BSA) Thermo Scientific, USA 

Acetic acid glacial QRec, Malaysia 

Agarose powder Fisher Scientific, USA 

Chloroform GENE Chemical 

DNAse A Vivantis Technologies Sdm. Bhd., 

Malaysia 

Ethyl alcohol absolute (99.8%) ChemSoln, Malaysia 

Ethylenediaminetetraacetic acid 

(EDTA) 

QReC, Malaysia 

Glycerol Systerm, Malaysia 

Hydrochloric acid VWR Prolabo, Singapore 

Luria Bertani agar Laboratories Conda, Spain 

Luria Bertani broth Laboratories Conda, Spain 

Magnesium chloride Sigma Aldrich, USA 

Novel juice Gene DireX Inc., USA 

Phenol/chloroform/isoamyl alcohol 

(1 phase) 

Amresco, USA 
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Table A: Continued 

Reagents/ Chemicals Manufacturers, Company 

Polyethylene glycol 8000 (PEG 

8000) 

Bio Basic Canada Inc., Canada 

Proteinase K Fermentas 

Restriction enzymes (BamHI, EcoRI, 

EcoRV, XbaI) 

BIORON, Germany 

Restriction enzyme (SacI) Thermo Scientific, USA 

RNAse A Bio Basic Inc., Malaysia 

Sodium dodecyl sulphate (SDS) Bio Basic Canada Inc., Canada 

Sodium acetate R&M Chemicals, Malaysia 

Sodium chloride Merck, USA 

Tris Bio Basic Inc., Malaysia 
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APPENDIX B 

 

Table B: The list of instruments, apparatus and laboratory wares used 

throughout this study. 

Instruments/ Apparatus/ 

Laboratory wares 

Manufacturers, Company 

Autoclave machine HIRAYAMA, Japan 

Acrodisc 0.45 µm syringe filter Pall Corporation, USA 

Centrifuge tubes (15 mL and 50 mL) Nest Biotechnology Co., Ltd., China 

Gel electrophoresis set Major Science, Taiwan 

High speed centrifuge Sigma 2-16PK Sartorius, Germany 

Hot plate stirrer Laboratory and Medical Supplies, 

Japan 

Incubator Memmert, Germany 

Laminar flow cabinet Esco Micro Pte. Ltd., Singapore 

MP-300 V power supply Medigene Sdn. Bhd., Malaysia 

Media bottles KIMAX, Germany 

Microcentrifuge tubes (200 µL and 

1.5 mL) 

Nest Biotechnology Co., Ltd., China 

Microwave oven Sharp, Japan 

Nano-spectrophotometer Implen, USA 

Petri dishes Nest Biotechnology Co., Ltd., China 

pH meter Eutech Instruments, Singapore 

Shaking incubator Yihder Co., Ltd., Taiwan 

Spectrophotometer and cuvettes Biochrom, USA 
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Table B: Continued: 

Instruments/ Apparatus/ 

Laboratory wares 

Manufacturers, Company 

Syringe (1 mL/ cc and 5 mL/ cc) Terumo, Belgium 

Table-top microcentrifuge machine Thermo Scientific, USA 

UV transilluminator Bio-Rad, USA 

Vortex mixer Stuart, UK 

Water bath Memmert, Germany 

Weighing balance KERN & Sohn GmbH, Germany 
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APPENDIX C 

 

 

Figure A: Effect of chloroform on phage LT-B infectivity at 2% to 10% (v/v) 

concentrations. 

 

 

Figure B: Effect of chloroform on E. coli BL21 lawn at 2% to 10% (v/v) 

concentrations (negative control). 

 


