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PREFACE 

Shigellosis is a significant public health issue in low- and middle-income countries and a 

significant source of morbidity in developed nations. Though severe cramps and mucosal 

bleeding are not unusual, the diarrheal disease often has a self-limiting duration of up to 10 

days. Sepsis, encephalopathy, hemolytic uremic syndrome, and, in rare cases, intestinal 

perforation also occur during shigellosis (Khan, Griffiths, and Bennish 2013). Shigella is 

extremely contagious, has an extremely low infectious dose, and is effectively transmitted by 

contaminated food, drink, and fomites as well as through the fecal-oral route. salads, chicken, 

milk and dairy products, fish, veggies, and other common foods are examples of sources. 

Additionally implicated as a mechanical vector is Musca domestica, a common housefly with 

a preference for human feces. 

Maternal immunity may prevent Shigella infections in humans during the first six months of 

life before immunity develops and becomes protective (Mani, Wierzba, and Walker 2016). 

However, repeated infections are not rare because immunity is quite specific and infection can 

be caused by numerous serotypes. This is especially problematic in impoverished nations 

during the summer and the rainy season, where overcrowding and poor hygiene are frequent 

(Puzari, Sharma, and Chetia 2017). To date, the most popular therapeutic agent against 

dysentery has been antibiotics. However, as drug-resistant Shigella has slowly emerged, 

concerns about the long-term effectiveness of treatments have grown. Since the 1940s, 

Shigella's drug-resistance traits have been known and during the past few decades, more and 

more multidrug-resistant strains have emerged. It takes time, effort, and money to develop new 

antibiotics to tackle these novel strains. Additionally, there is currently no vaccine available to 

effectively prevent shigellosis, making it a significant medical and societal issue on a global 

scale. Therefore, alternative approaches for reducing the incidence and severity of shigellosis 

are urgently needed. One possible approach is to use bacteriophages for the treatment in place 

of conventional antibiotics. 

Bacteriophages are bacterial viruses that are arguably the oldest and most ubiquitous organisms 

on Earth. Phages contain a genome (DNA or RNA) surrounded by a protein coating(capsid) 

and can infect bacteria (Clark and March 2006). These bacterial viruses are found remarkably 

in a variety of environments. Lytic phages, in contrast to antibiotics, are quite selective, 

typically only attacking a subset of strains within a single bacterial species or among closely 
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related species. The use of "phage therapy" to treat numerous bacterial human diseases was 

made possible by their outstanding antibacterial activity. Phage therapy was first developed a 

century ago, nearly ten years before antibiotic therapy. It has however never outperformed the 

latter due to the development of antibiotics. However, due to the rate at which bacteria evolve 

resistance to antibiotics nowadays, phage therapy gained attention. Therefore, the interest is 

continuously growing to isolate and characterize novel bacteriophages. Effective phages are 

relatively easily isolated, including from environmental water sources during dysentery 

outbreaks and there is a rich history of phage therapy for shigellosis, with large and successful 

interventions reported since the 1930s. 

The thesis contains 10 Chapters. Chapter 1 presents a brief background of the present study. 

Chapter 2 reviews the available literature on the effect of Shigella infection on human health, 

the regular treatment of shigellosis, the multidrug-resistant Shigella strains, the importance of 

alternative treatment, Phage therapy as well as phage biology. Chapter 3 describes the 

objectives of the present work. Chapter 4 describes the material methods used to carry out the 

present work. Chapter 5 describes the morphological and biological characterization of the lytic 

Shigella bacteriophage used in this study. Chapter 6 reported the genomic and proteomic 

characterization of the lytic bacteriophage. Chapter 7 showed the structural characterization of 

bacteriophage using single-particle cryo-electron microscopy and image processing. Chapter 8 

deals with the characterization of the phage structural proteins using deep learning and 

homology-based approaches. Chapter 9 depicts the in vitro study of phage-host interaction. 

Chapter 10 describes the antibiofilm activity of the novel bacteriophage. Chapter 11 deals with 

a general discussion.  Chapter 12 deals with the conclusion, significance, and future prospects 

of the present work. Chapter 13 deals with the bibliography of the current study. Finally, 

Chapter 14 provides a list of publications and conferences. 
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1.1. INTRODUCTION 

Shigellosis is one of the major public health problems in developing and underdeveloped 

countries caused by the invasion of rectal, colonic, and distal ileal epithelium by rod-shaped 

Shigella spp. It mainly affects children below five years old and also the civilian and military 

travelers who visit many endemic areas (Olson et al. 2019; Steffen, Hill, and DuPont 2015). 

Annually 188 million cases of Shigellosis and 164000 deaths occur worldwide due to 

shigellosis (Kotloff et al., 2018). The symptoms of shigellosis include bloody watery diarrhea, 

fever, nausea, tenesmus, etc. A very low infectious dose (10-100 no. of cells) is sufficient for 

the infection to occur (HL 2010). Various contaminated food products such as salads, milk, soft 

cheese, deli meats, fresh fruits, and vegetables (Morgan et al. 2006; Okame et al. 2012)   are 

usually responsible for Shigellosis outbreaks. There are also some indirect routes of 

transmission including ingestion of contaminated foods and drinks, via some regularly used 

contaminated objects, and also by various house-fly vectors which can physically carry the 

infected feces.  

Antibiotics are considered common therapeutic agents for the treatment of dysentery to date. 

The drug-resistance features of Shigella have been reported since the 1940s and thereafter the 

multi-drug resistant species has steadily increased in the last few decades. The development of 

new antibiotics is time-consuming as well as expensive and laborious. Moreover, no effective 

vaccine is available yet to combat this disease (Magiorakos et al. 2012). Increasing multi-drug 

resistance to Shigella spp. and the lack of the development of new antibiotics cause significant 

challenges in the treatment of shigellosis. Therefore, some novel solutions are needed urgently 

to multidrug-resistant Shigella spp. Nowadays phage therapy is getting attention as an 

alternative mode of treatment.  

Bacteriophages are viruses and the most abundant biological entity within the ecosystem 

(Clokie et al. 2011a). These viruses are very much host specific and able to inhibit various 

foodborne pathogens including Shigella without disturbing beneficial microflora. 

Bacteriophages, use the host replication machinery to replicate inside the bacterial cell by 

hijacking its cellular components and releasing mature phage particles by lysing the host cell 

(Ofir and Sorek 2018). The virulence effect of the phages is higher within the human body than 

when applied to bacteria grown in a laboratory environment (Shan et al. 2018). Lytic phages 

can effectively destroy their host within a very short period of time. Therefore, lytic phages are 
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used as potential biocontrol agents and for treatment purposes where conventional antibiotics 

failed. (Nagel, Chan, De Vos, El-Shibiny, Kang’ethe, Makumi, and J.-P. Pirnay 2016). 

Twort (Twort 1915) and Felix d'Herelle (D’Herelle 1961) independently and around the same 

time discovered the existence of bacteriophages. Immediately after the discovery, d'Herelle 

used a phage for the treatment of Shigella dysenteriae infection in children(. d’Herelle F 1931). 

The research of bacteriophage was started almost ten years earlier than the discovery of 

antibiotics. Antibiotics discovery has garnered much attention from scientists in the past few 

decades. As a result, phage-based research was greatly overshadowed. Thankfully, some 

experts from Eastern Europe explored phage therapy and carried out a sizable number of phage 

therapy studies and treatments. (Williams Smith and Huggins 1983). A new hope has emerged 

as a result of the advancements made in phage-based research in Eastern Europe over the years 

for investigating the use of phage therapy against multidrug-resistant bacteria. In addition to 

long-standing programs in the Republic of Georgia and in Poland, established phage therapy 

programs are now available in the United States, Belgium, France, and Sweden. Collaboration 

efforts in Europe and Australia were effective in creating standardized phage therapy regimens 

to enable therapeutic uses (Khatami et al. 2022; Onsea et al. 2021). Some well-known medical 

institutes involved in phage-based research are the Eliava Institute in Tbilisi, Georgia, and the 

Hirszfeld Institute in Wroclaw, Poland. Nowadays lytic bacteriophages have not only been used 

for therapeutic purposes but also used as effective biocontrol agents in various fields and 

created new hope for scientists.  
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2.1 Shigellosis: 

Shigellosis is commonly known as acute bacillary dysentery caused by the ingestion of Shigella 

spp. present in contaminated food and drinks, primarily linked to difficulty in accessing safe 

water and proper sanitation. The low infectious dose of bacteria is sufficient to provide a high 

rate of infection. However, the pathogen can survive poorly in the environment. Sometimes the 

common house fly Musca domestica may serve as a vector for Shigella transmission (Reviews 

et al. 2016).  The most common symptoms of shigellosis are the passing of loose stools mixed 

with blood and mucous accompanied by abdominal cramps, tenesmus, and fever. Sometimes 

it may be asymptomatic but, in some cases, it may produce mild to moderate dysentery with 

fever, severe abdominal cramps, and rectal pain. Shigella mainly affects children below five 

years old so high fever and rectal prolapse are common symptoms for children and later 

malnutrition can also be developed. Sometimes mild to severe life-threatening conditions can 

occur due to shigellosis. Some patients also complained about arthritis and arthralgia. 

Leukemoid reactions and hemolytic uraemic syndrome are seen in Shigella dysenteriae 1 

infection and may be fatal. 

 

2.2 Shigella- the pathogen: 

Shigella spp. are Gram-negative, non-motile, rod-shaped, non-spore-forming, and facultative 

anaerobic bacteria (Figure 2.1). Their cells are 0.4-0.6 µm across by 1-3µm long. It was first 

discovered by a Japanese scientist, Kiyoshi Shiga in 1897 (Trofa et al. 1999). The first 

discovered Shigella species was Shigella dysenteriae. Soon in 1899 Shigella flexneri (The, 

Medical, and Sep 2017), Shigella sonnei in 1906, and in 1921 Shigella boydii were discovered 

((SHIGA 1936). Based on the type-specific antigens of the four Shigella species, various 

serotypes have been identified. Shigella flexneri is the main cause of endemic shigellosis in 

low- and middle-income countries particularly sub-Saharan Africa and Asia. On the other hand, 

Shigella sonnei is the most common pathogen for shigellosis to occur in high-income countries. 
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Figure 2.1: Schematic diagram of the gram-negative Shigella bacteria 

 

2.3 Pathogenesis of Shigella: 

Shigella bacteria entered the body by ingestion of contaminated foods and drink. A low 

infectious (10- 100 cells) dose is required for the infection to occur (HL et al. 1989). After 

entering into the body this small group of bacteria passes through the stomach surviving in the 

acidic environment of the stomach.  It was reported that some antibacterial effectors are 

continuously released from intestinal mucosa when the bacteria entered the intestinal tract and 

Shigella spp. successfully downregulate the expressions of those antibacterial peptides (Islam 

et al. 2001) in the stomach. After passing through the stomach and small intestine, bacteria 

entered the large intestine and establish the infection. Shigella infection mainly occurs in the 

intestinal mucosa.   

The knowledge of the Shigella pathogenesis mechanism is obtained from the study of Shigella 

flexneri. The infection mechanism is a complex and multistep process involving a cytotoxic 

diarrhoeal prodrome, cytokine-mediated inflammation of the colon, and necrosis of the colonic 

epithelium (Figure 2.2). The process is divided into four major steps i) invasion of the bacterial 

cell ii) intracellular multiplication iii) intracellular and intercellular spread of Shigella iv) host 

cell killing. 
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To reach the intestinal mucosa cells bacterial cells first crosses the intestinal epithelium which 

protects the human body against pathogenic bacteria (Sansonetti 2004) Initially, Shigella 

flexneri cannot penetrate into the epithelial cells from the apical sides but it enters into the 

microfold cells (M cells) and reaches into the epithelial cell via transcytosis (Sansonetti et al. 

1996; Wassef, Keren, and Mailloux 1989). M cells are special types of epithelial cells that 

continuously collect various particles from the gut lumen and deliver them to intestinal mucosal 

tissue where the immune response can be started. 

Shigella flexneri is released into the intraepithelial pocket after the transcytosis and the bacteria 

come across the macrophages in the intraepithelial pocket that engulf and destroy the incoming 

pathogen. Shigella flexneri can survive within the macrophage and induce the apoptosis of 

macrophages (Islam et al. 1997; Zychlinsky et al. 1996; Zychlinsky, Prevost, and Sansonetti 

1992). After the death of the macrophages two proinflammatory cytokines IL-1β and IL-18 are 

released (Sansonetti et al. 2000; Zychlinsky et al. 1994). Both cytokines are involved to 

produce an acute and massive inflammatory response. IL-1β is responsible for the strong 

inflammation of the intestine which is one of the major symptoms of shigellosis whereas 

natural killer cells (NK cells) are produced by IL-18. This IL-18 help in the production of 

gamma interferon (IFN-γ) thus increasing the innate immune response (Sansonetti et al. 1995, 

2000; Way et al. 1998).  

After the release from the dead macrophage cells Shigella flexneri enters into the epithelial 

cells from the basolateral side to hide themselves from the phagosome and start replicating 

inside the cytoplasm (Sansonetti et al. 1986). The cytoplasmic bacterial cells then move and 

spread into adjacent epithelial cells by actin polymerization and also avoid the host immune 

defense components (Bernardini et al. 1989; Monack and Theriot 2001; Stevens, Galyov, and 

Stevens 2006). A strong inflammatory response is created when the Shigella flexneri invade 

the epithelial cells. Next, an intracellular surveillance system that is mediated by Nod-1 can 

recognize the release of bacterial peptidoglycan fragments and activate nuclear factor κB or 

NF-κB.  Nuclear factor (NF-κB) is responsible for the upregulation and secretion of IL-8 

(Girardin et al. 2003; Pédron, Thibault, and Sansonetti 2003; Philpott et al. 2000; Sansonetti et 

al. 1999) and IL-8 helps to enter the polymorphonuclear neutrophil leukocyte (PMN) in the 

site of infection (Sansonetti et al. 1999; Singer and Sansonetti 2004). In some recent studies, it 

was shown that some effector proteins are secreted by Shigella flexneri which promote the 

migration of polymorphonuclear neutrophil leukocytes by affecting the transcriptional 
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response of infected epithelial cells(McCormick, Siber, and Maurelli 1998; Zurawski et al. 

2006).  

The integrity of the epithelial cell lining is disrupted by the PMN cells thus more bacteria are 

able to cross the submucosa cells without the need of M cells (O. J. J. Perdomo et al. 1994; J. 

J. Perdomo, Gounon, and Sansonetti 1994). Shigella flexneri bacteria also weaken the tight 

junction of the EC layer by changing the composition of the proteins(Sakaguchi et al. 2002). 

Therefore, the destruction of the macrophages, the influx of the PMN cells, and the rapid 

disruption of the epithelial cells increase the load of bacteria in the tissue. Therefore, all these 

processes are involved in the development of diarrhoea (Laohachai et al. 2003) which is the 

primary symptom of shigellosis. Severe tissue destruction occurs in shigellosis which results 

in impaired adsorption of the water, solutes, nutrients, and blood in the stool. As the membrane 

transport process is damaged severely, the electrolyte imbalance occurs in the shigellosis.  

Shigella enterotoxin 1 (ShET1) and Shigella enterotoxin 2 (ShET2) are produced by the 

Shigella strains which induce fluid secretion from the intestinal cells that produce the watery 

part of the diarrhoea (Fasano et al. 1997; Nataro et al. 1995). 

Recent reports suggest that Shigella flexneri bacteria secrete some effector proteins and these 

effector proteins are responsible for the downregulation of the proinflammatory signals, maybe 

to balance the extremity of the inflammation to an extent that is beneficial for the bacteria. Now 

it is very much clear that Shigella flexneri skilfully avoids and utilizes the harmful responses 

of the human immune system. 
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Figure 2.2: Mechanism of cellular pathogenesis of Shigella spp. This figure is adapted from 

Schroeder and Hilbi 2008. 

 

2.4 Shigellosis and epidemiology: 

Shigellosis is a major source of morbidity and mortality in all age groups throughout 

developing and developed countries, and it is a global public health issue. The human body is 

the only natural host for Shigella spp. Children aged below five years have the highest 

incidence of shigellosis which is most frequently contracted in childcare facilities in the United 

States and Europe.   During the epidemics caused by Shigella dysenteriae 1, more or less all 

age groups suffered. Currently, Shigella flexneri is the major responsible strain for bacillary 

dysentery in many low-income and middle-income countries (Figure 2.3). On the other hand, 

Shigella sonnei is the second most common Shigella species for shigellosis to occur in high-

income countries, especially in North America and Europe and 80% of all Shigella infections 

occur in this zone (Gu et al. 2012). Various surveys were executed in different treatment 

centres. The research revealed that between 30- 50% of instances of dysentery and between 5- 

15% of cases of diarrhoea were linked to Shigella. The major cases of Shigella infections are 

found in endemic shigellosis. Endemic Shigella is responsible for 10% of diarrhoeal diseases 

cases in developing countries among children younger than five years old (Ferreccio et al. 
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1991) and 70% of diarrhoeal deaths (Bennish et al., 1990; Kotloff et al., 1999). Shigella flexneri 

is one of the hyperendemic species in developing countries and is responsible for 

approximately 10% of all diarrhoeal cases among children below five years. A multi-centre 

study on shigellosis was conducted in six Asian countries (Pakistan, China, Bangladesh, 

Vietnam, Thailand, and Indonesia) which reported that Shigella flexneri is the most reported 

Shigella spp. (68%) except in Thailand (Von Seidlein et al. 2006). In developed countries, 

Shigella sonnei is involved in common outbreaks and transmission occurs through uncooked 

food or contaminated water. In general, the disease caused by Shigella sonnei is less severe.  In 

recent years globally 5% of cases of shigellosis caused by Shigella boydii and Shigella 

dysenteriae have been reported. Shigella dysenteriae was the main reason of diarrhoeal disease 

more than 100 years ago but the epidemic and endemic due to this pathogen is now quite rare 

(Bardhan et al. 2010; Gu et al. 2012). There were many epidemics of Shigella dysenteriae in 

the late 19th and early 20th centuries. Then this pathogen disappeared and it reappeared as an 

epidemic in 1968 in Central America, Asia, and Africa (Weill et al. 2016). Later the frequency 

of Shigella dysenteriae was replaced by Shigella flexneri and it is also gradually replaced by 

Shigella sonnei (Blaser, Pollard, and Feldman 1983; Kostrzewski and Stypulkowska-

Misiurewicz 1968). The fourth species, Shigella boydii was first found in the Indian 

subcontinent and Latin America and uncommonly encountered all over the world (Fernandez-

Prada et al. 2004; Rolfo et al. 2012). Shigella outbreaks are very common and have been 

reported widely. In California a serious outbreak of shigellosis occurred between 2014 and 

2015 and Shigella sonnei was the responsible strain for this outbreak (Kozyreva et al. 2016). 

There were approximately 1,200 cases of shigellosis caused by Shigella flexneri 2a in Morobe 

Province on the northern coast of Papua New Guinea, and five people died as a result (Benny 

et al. 2014). Meanwhile, in Taiwan, there were fifty-five cases of shigellosis caused by Shigella 

flexneri 2a, Shigella sonnei, and Shigella flexneri 3b (Ko et al. 2013). A total of 10,827 Shigella 

isolates were identified between 2001 - 2011 in Bangladesh with the predominant species 

detected being Shigella flexneri, followed by Shigella sonnei, Shigella boydii, and Shigella 

dysenteriae, respectively (Ud-Din et al. 2013).In a previous study, it was reported that 96 

students in a rural elementary school in Sichuan province (China) suffered from shigellosis 

after drinking untreated well water and the causative agent was Shigella flexneri 2b (He et al., 

2012) Two outbreaks occurred in 2009 in Sweden and the causative agent was Shigella 

dysenteriae (Löfdahl et al. 2009) and Shigella sonnei that affected air travelers departing from 

Hawaii (Gaynor et al. 2009). In Parison City (Iran) severe diarrhoea was experienced by 701 

inmates and Shigella flexneri 3a was the causative agent (Ranjbar et al. 2010). In Austria, a 
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foodborne outbreak of shigellosis occurred and it was caused by Shigella sonnei (Kuo et al. 

2009) and other Shigella spp. (Muller et al. 2009). The growth of shigellosis and the HIV 

epidemic coexist in many developing nations. Shigella infection worsens in patients with HIV-

associated immunodeficiency, which can result in bacteremia and chronic or recurring 

intestinal illness(Batchelor, Kimari, and Brindle 1996).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Worldwide distribution of Shigellosis. This figure is extracted from  Bennish and 

Ahmed 2020. 

 

2.5 Immunity development of Shigella infection: 

In several studies, it was shown that Shigella infection provides protective immunity. In 

endemic areas, the effect of shigellosis reached its peak within the first five years of life and 

the immunity develops after several exposures during childhood (Taylor et al. 1986). The 

incidence of shigellosis declines with time. During the development of vaccines, it is found 

that the immunity was serotype-specific (e.g., directed to the LPS O antigen of the organism). 

In the early phase of Shigella infection, the antibody response to somatic antigens is seen and 

anti-LPS antibodies are produced. Mainly the IgM response is seen and it reaches the peak 

within a few weeks and it disappears after 1-2 years. 

It was reported in one study that primary Shigella infection provides 76% protectivity against 

reinfection by the same serotype in children (Ferreccio et al. 1991). Moreover, it was also seen 

that significant protectivity against the homologous strain is increased also for the adult 

volunteers (64-74% protective efficacy) (Kotloff et al. 1995). Therefore, it may be claimed that 
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a person who recovers from a Shigella flexneri 2a infection is only protected against reinfection 

with homologous serotypes. 

 

2.6 Treatments for shigellosis: 

2.6.1 Regular treatment of shigellosis: 

A commonly used treatment for shigellosis is the maintenance of the balance of electrolytes in 

the body. According to the World Health Organization (WHO), the use of oral rehydration 

therapy (ORS) together with zinc supplements is one of the most effective therapies for 

bacillary dysentery. Zinc mainly helps to reduce the duration and the frequency of expelling 

loose stools (Nichter, Acuin, and Vargas 2008). In case of severe dehydration intravenous fluids 

are also given. Long-term breastfeeding has been demonstrated to be an effective method of 

lowering the incidence of shigellosis in early children (CLEMENS et al. 1986). Specific 

antibodies are present in the milk of the woman those who live in the endemic areas and it 

helps to reduce the severity of the disease in infants (Hayani et al. 1991).  Therefore, the WHO 

advises a few clinically proven antibiotics to treat shigellosis (Christopher et al., 2010).  

Antibiotics mainly reduce the duration of the fever and severe diarrhoea and also reduce the 

risk of transmission of the disease from person to person. In practice, quinolones (nalidixic 

acid, ofloxacin, norfloxacin, and ciprofloxacin) beta-lactams (ampicillin, ceftriaxone, 

pivmecillinam, cefixime, and amoxicillin), macrolides (azithromycin and erythromycin) and 

other antibiotics (tetracycline, furazolidone, sulfonamides, and cotrimoxazole) are commonly 

used for the treatment of bacillary dysentery caused by Shigella. Ciprofloxacin and 

azithromycin are given orally to children and adults and it is considered as first-line of 

treatment for shigellosis. In 2017, according to the suggestion of WHO, ciprofloxacin was 

considered the first choice for shigellosis treatment of children and adults whereas 

azithromycin, ceftriaxone, and cefixime were considered as second choice (WHO Technical 

Report Series 2011). According to WHO, trimethoprim-sulfamethoxazole is also the popular 

choice for the treatment of shigellosis and nowadays antibiotics are mostly used to treat 

bacillary dysentery in children. Antibiotics should follow some of the basic principles during 

treatment: first, the drug that is used for the treatment should be present in serum with 

therapeutic concentration but the drug should not be present in a considerable concentration in 

the stool  (Haltalin et al. 1968; Nelson, Kusmlesz, and Shelton 1982).  Second, some antibiotics 

are able to exceed serum minimal inhibitory concentration but these are not always effective 

for the treatment of shigellosis. For example, amoxicillin is absorbed better than ampicillin but 
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least effective (Nelson and Haltalin 1974). The severity of the disease and the threat of 

increasing multidrug-resistant strains provide strong support for vaccine development. 

Shigellosis can be prevented with active vaccines, as has been demonstrated for other infectious 

diseases, and it is a crucial step in reducing mortality and morbidity rates from the disease 

globally. Since Shigella spp. naturally infect mainly humans, an effective vaccine can 

significantly reduce the disease globally. To develop a safe and effective Shigella vaccine 

different vaccine strategies have been used over several decades. Although a licensed vaccine 

is not available yet. 

. 

2.6.2 Current scenario of antimicrobial resistance among Shigella spp.: 

Shigella spp. can develop resistance activity against different antibiotics available on the 

market. Over the last few decades, the Shigella species have progressively become antibiotic 

resistant and it is a critical challenge in pharmaceutical and clinical research due to their serious 

impact on health. The IDSA (Infectious Disease Society of America) is worried about the 

growing antibiotic-resistant species in the USA and also other places in the world (Spellberg et 

al. 2008). Different bacterial factors, as well as various social factors such as high mutation 

rate, misuse of antibiotics by humans, increasing population rate, and the migration of people, 

are mostly involved in the increase of multi-drug resistant species (Liu et al., 2016). The 

exchange of segments of genetic material between bacterial cells is also a major reason for the 

development of antimicrobial resistance activity.  There are three processes in prokaryotes for 

the intracellular movement of DNA: transformation, conjugation, and transduction. 

Transformation involves the transfer of small segments of genetic material between closely 

related bacterial cells by contrast in transduction the transfer of genetic material occurs through 

bacteriophages while in conjugation genetic elements pass through the sexual pilus, The newly 

acquired susceptible bacteria show resistance activity (Frost et al. 2005).   

Previously different first-line antibiotics such as nalidixic acid, ampicillin, chloramphenicol, 

tetracycline, and trimethoprim-sulfamethoxazole were used for the treatment of shigellosis. As 

the resistance activity of the Shigella is increased day by day newer drugs such as ceftriaxone, 

azithromycin, and ciprofloxacin are the choice for the treatment of shigellosis (WHO Technical 

Report Series 2011). But the resistance activity of the Shigella spp. against these antibiotics 

has also increased. Shigella spp. has been linked to several reports of drug resistance, cross-

resistance, and multidrug resistance, and this resistance activity is continuously increasing 
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(Klontz and Singh 2015). In 2000-2010, a total of 1376 Shigella isolates were gathered from 

Foodborne Diseases Active Surveillance Network sites (FoodNet sites) and evaluated in the 

US National Antimicrobial Resistance Monitoring System (NARMS) (Shiferaw et al. 2012). 

In the result, it was observed that among them 826 isolates (74%) were resistant to ampicillin, 

649 (58%) to streptomycin, 402 isolates (36%) to trimethoprim-sulfamethoxazole (TMP-

SMX), 355 isolates (32%) to sulfamethoxazole-sulfisoxazole, 312 isolates (28%) to 

tetracycline, 19 (2%) to nalidixic acid, and 6 (0.5%) to ciprofloxacin (Shiferaw et al. 2012). It 

was also seen that Shigella isolates resistant to trimethoprim-sulfamethoxazole (TMP-SMX) 

was 75% among the person with a history of international travel, 58% Hispanic persons, 40% 

among the white person whereas 25% of isolates were resistant to trimethoprim-

sulfamethoxazole (TMP-SMX) and ampicillin, 5% isolates were resistant to ampicillin, TMP-

SMX, and chloramphenicol. Moreover, 5% of isolates (49 Shigella flexneri isolates, 33%, and 

3 Shigella sonnei, 0.3%) were resistant to chloramphenicol, sulfamethoxazole-sulfisoxazole, 

streptomycin, tetracycline, and chloramphenicol. Male individuals were infected more likely 

(7% versus 3%) than female individuals (Klontz and Singh 2015).  

In the 1940 s the sulfonamide drugs were found highly effective against Shigella dysenteriae 

1. Later in the 1960s ampicillin, tetracycline, and co-trimoxazole were found to be highly 

beneficial but from the 1960s to 1980s the resistance activity to these drugs increased (Nelson, 

Kusmiesz, and Jackson 1976). In the early 1980s, it was seen that nalidixic acid is more 

beneficial for the treatment of shigellosis in Children and adults (Bhattacharya et al. 1987) but 

within a short period of time, nalidixic acid-resistant Shigella dysenteriae type 1 was found at 

several parts of the world (Munshi et al. 1987; Sen et al. 1988). Later, it was reported that 

different fluoroquinolones such as ciprofloxacin and norfloxacin are more effective than 

nalidixic acid in the treatment of shigellosis (Bennish et al. 1990; Bhattacharya et al. 1991). In 

2002 in eastern India norfloxacin and ciprofloxacin-resistant Shigella dysenteriae type 1 strain 

were found but these strains were ofloxacin sensitive (Sur et al. 2003). In 2003, similar isolates 

were found in Bangladesh that are resistant to all common antibiotics including ofloxacin 

(Naheed et al. 2004). In addition, 200 Shigella sonnei strains were isolated from Bangladesh 

and it was found that all these strains were resistant to some common frequently used 

antibiotics such as trimethoprim-sulfamethoxazole, nalidixic acid, ciprofloxacin, mecillinam 

and ampicillin at a ratio of 89.5, 86.5, 17, 10.5, 9.5% respectively (Ud-Din et al. 2013). Some 

ciprofloxacin-resistant Shigella sonnei strains were found in South Asia and these strains 

established transmission in the low endemicity locations such as Australia, USA, and Europe 
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(Bowen et al. 2015). The annual report of the National Salmonella, Shigella & Listeria 

Reference Laboratory (NSSLRL) showed that among the 45 Shigella isolates, 93% are 

multidrug resistant. Different azithromycin-resistant Shigella strains were also identified a 

decade ago within the HIV-positive populations.  It was mentioned in a study that high levels 

of nalidixic acid and ciprofloxacin-resistant Shigella strains were found in Asia and Africa than 

in Europe and America. Increasing the resistant activity of various Shigella strains to third-

generation cephalosporin leaves a small option for treatment. 

 

2.6.3 Development of vaccines: 

The Global Enteric Multi-centre Study (GEMS) recognized the Shigella bacteria as one of the 

top two agents responsible for diarrhoeal disease in seven developing countries in sub-Saharan 

Africa and South Asia (Kotloff et al., 2013). Similarly, another multisite birth cohort study 

(MAL-ED) was organized by eight different countries in Africa, Asia, and South America, and 

the Shigella spp. was identified as the major cause of diarrhoeal disease in the community 

during the second year of life. When military personnel and travelers travel from different parts 

of the world to diarrhoeal-prone areas, the risk of infection due to Shigella spp. is increased. 

As the number of multi-drug-resistant bacteria is increasing day by day, the treatment of the 

disease with antibiotics is not so effective at present. Therefore, the development of a vaccine 

is considered one of the top priorities for public health. 

In his autobiography, Kiyoshi Shiga mentioned that initially, he focused on the development of 

the Shigella vaccine.  At first, he developed a heat-killed whole-cell vaccine and injected it into 

himself being the primary subject and the response was harsh. Later he developed an oral and 

a serum-based passive immunization vaccine. Thousands of Japanese citizens received this oral 

vaccine, and his work was published. 

The protective performance of the anti-Shigella vaccine is dependent on the serotype present 

because the immunity in Shigella is species-specific. Thus, knowing the serotype distribution 

among clinical isolates is one of the crucial steps for vaccine development.  Initially, heat or 

acetone-killed whole-cell vaccine was developed but it was not very effective.  Therefore, live 

attenuated vaccines were developed. Different Shigella vaccine candidates such as attenuated 

Shigella flexneri and Shigella sonnei strains, killed Shigella flexneri strains, or specific 

polysaccharides have been tested in animal models. A vaccine made up of polysaccharide 

conjugate of Shigella sonnei and Shigella flexneri has indicated safety and immunogenicity in 
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children. Nowadays various types of vaccines such as live oral Shigella vaccines, killed whole-

cell oral Shigella vaccines, candidate vaccines, several glycoconjugates, and subunit vaccines 

have been developed by researchers but all these are under phase trials. At present no licensed 

vaccine is commercially available. Thus, priority is given to alternative development of 

treatment against Shigella spp. specifically Shigella flexneri 2a and Shigella dysenteriae 1. 

 

2.6.4 Importance of searching for an alternative treatment: 

Infectious disease mostly affects developing countries and malnutrition, poor hygiene, 

unhealthy lifestyle, and unsafe drinking water causes a higher rate of morbidity and mortality 

and socio-economic injury. The limited healthcare system is one of the major drawbacks of 

developing countries. Nowadays the global expansion of antimicrobial resistance causes an 

increased rate of morbidity and mortality in developing countries due to endemic infections. A 

recent study suggested that if effective measures have not been taken today, 10 million death 

cases and a GDP loss of $100 trillion will occur by 2050 (O’Neill 2016). The global 

surveillance report of the World Health Organization in 2014 showed that >50% of clinically 

important bacteria in five to six WHO-marked regions develop resistance activity against third-

generation antibiotics and 45% of deaths in South East Asia and Africa occur due to the 

infection by multi-drug resistant bacteria (WHO 2014). Therefore, there is an urgent need to 

develop some novel and alternative therapeutic strategies for treatment. 

Therefore, for the treatment of shigellosis phage therapy could be the most promising option. 

Before the discovery and widespread use of antibiotics, bacteriophages are used for treatment 

purposes. After the discovery of antibiotics, phage therapy was completely neglected 

(Summers 2001). The host specificity feature of bacteriophages makes them a potential 

therapeutic agent and can be applied to human tissue without causing any harm (Weber-

Dąbrowska, Dabrowski, and Šlopek 1987) is they are easily available and their processing cost 

is also lower (Nagel et al., 2016). Furthermore, for many years, Eastern Europe has successfully 

carried out experimental anti-dysentery experiments employing phages (Hoyle and Kutter 

2021). 
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2.7 General introduction of bacteriophages: 

2.7.1 Biology of bacteriophages:  

Bacteriophages are viruses that infect and replicate only within the host bacterial cells. They 

are innumerable in nature and considered as the most common biological entities on the earth. 

There are at least 1030- 1031 phage particles within the biosphere. Extreme habitats, oceanic and 

terrestrial surfaces, dirt, and seas are all places where they can be found. In addition, phages 

are also found in hospitals, waste-water and where host bacteria can live, and also in animal 

and human tissue samples. Every day 4-50% of bacteria are killed by phages and phages are 

the driver of global geochemical cycles and a pool of the greatest genetic diversity on Earth 

(Suttle 2005). The number of phages needed to infect a host cannot be determined by a single 

method, but molecular and conventional methodologies can be combined to create a more 

complete picture of the viral population (Clokie et al., 2011). All the bacteriophages consist of 

a nucleic acid encapsidated inside the protein-encoded capsid. The capsid specifically protects 

the genetic material and mediates the delivery of the genome into the host cell (Figure 2.4). 

Detail structure of the bacteriophages can be visualized by electron microscopy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Structure of a T4-like bacteriophage. 
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2.7.2 History of bacteriophage: 

Bacteriophages (BPs) are viruses and they can infect and kill their host bacteria without 

affecting human or animal cells or other beneficial microflora. Bacteriophages were first 

discovered in 1915 by William Twort, and in 1917 by Felix d’Herelle. The word 

"bacteriophages," which is derived from the Greek word "phagein," which means "to eat," was 

proposed by d'Herelle. He also introduced the term plaque, ‘the circular clear zone of lysis’ 

where a single phage infects and kills its host bacteria. Following their discovery, d'Herelle 

noticed that the phage titers in the stool samples of dysentery patients steadily increased. This 

observation sparked scientists' curiosity about the possibility that these bacteriophages might 

have therapeutic value. When Staphylococcal phage was injected locally into the area of 

cutaneous boils, Bruynoghe and Maisin (1921) from Louvain saw a decrease in swelling and 

pain. This was the first report of phage therapy (Düzgüneş, Sessevmez, and Yildirim 2021). 

Phage therapy was widely applied to patients of any age suffering from a wide range of ailments 

in the Soviet Union as a result of Felix d'Herelle's work with his Georgian colleagues. The 

results of the phage therapy were considered very satisfactory and several reports were 

published (d’Herelle 1931; Summers 2001).  Since the majority of these publications were 

written in Russian, they did not make it to the West. As a result of this fact, the majority of 

clinical trials did not adhere to international standards. Some results were interpreted and 

disseminated among English-speaking scientists, but they were met with skepticism 

(Chanishvili 2012). Many successful early phage therapy trial report was there but several 

reasons were also there for the failure of the phage therapy. The failure of early phage therapy 

in the West is due to a number of factors, including a lack of understanding of phage biology, 

the availability of safe and effective antimicrobial drugs following World War II, and flaws in 

the diagnostic bacteriology techniques available at that time. However, the use of 

bacteriophages continued in Russia and in Eastern Europe as most of the antibiotics were not 

available in these countries (Abedon et al. 2011). The situation has completely changed in the 

last 30 years. In the last few decades, the multi-drug resistant species are increased but the 

discovery and development of new antibiotics are minimal therefore phage therapy regain its 

importance (Perros 2015). The study of bacteriophages contributes to numerous important 

biological science discoveries, including the recognition of DNA as the genetic material, the 

deciphering of the genetic code, the phenomenon of restriction and modification, and the 

creation of molecular recombinant technology. Different phage-derived proteins are currently 
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being used as diagnostic agents (Smith et al., 2001), therapeutic agents (Loeffler et al., 2001), 

and for drug discovery (Liu et al., 2004). 

 

2.7.3 Origin of bacteriophage: 

It is an important subject of discussion among evolutionary biologists whether bacteriophages 

are living entities. The discovery of the Mimivirus, a double-stranded DNA virus particle 

growing in amoebae that contains a 1,181,404–base pair genome fueled the debate (Raoult et 

al. 2004; la Scola et al. 2003). Influenced by the genome size of the viruses, overlapping 

particles, cellular organisms (Koonin 2005), and the observation that the capsid protein of the 

viruses is the only major component that is unique to the viral world(Krupovič and Bamford 

2008), All the organisms are divided into capsid encoding organism and ribosome encoding 

organism by Raoult and Forterre (2008). According to these authors, the last universal common 

ancestor and the viral particles it contained were contemporaneous with a previous form of 

capsid from which all viruses today descended. The similarities drawn between the architecture 

of the capsid proteins of the human adenovirus, algal phycodnavirus PBCV-1, and tectivirus 

PRD1 corroborate this viewpoint. If we examine the other instances, similar connections 

between the herpesvirus and tailed dsRNA bacteriophages were discovered (Baker et al., 2005). 

All these observations suggested that all the viruses have a common origin that shares the same 

capsid architecture but infects different hosts (Krupovič and Bamford 2008). Recent research has 

cast doubt on the notion that viruses are living things that symbolize the long history of the 

Tree of Life.  Because they cannot evolve from themselves and lack a self-maintenance system, 

viruses were eliminated by Moreira and Lopez-Garcia (2009) from the Tree of Life. Based on 

the observation that viruses do not share any genetic material with each other, they oppose the 

single common origin of cellular life (Ranea et al. 2006)  to a polyphyletic origin of viruses. 

Moreira and Lopez-Garcia compared the viral capsid to the icosahedral shell of a bacterial 

protein-based organelle and concluded that this form of molecular design would potentially be 

susceptible to convergence. The evolutionary biologists, who emphasize the significance of 

viruses in the precellular period of evolution (Koonin, Senkevich, and Dolja 2009) and restrict 

horizontal gene transfer (Ludmir and Enquist 2009),rejected this viewpoint once more. 
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2.7.4 Life cycle of bacteriophages: 

The first stage of the infection starts with the attachment of the phage to the bacterial cell 

surface receptor such as lipopolysaccharide, outer membrane protein (OMP), flagella, and 

fimbriae. This process was facilitated by tail fibers or the tail spikes of phages. Some of the tail 

fibers of bacteriophages have a depolymerase enzyme that helps to depolymerize the bacterial 

cell wall (Prokhorov et al. 2017). The binding of the tail part to the receptor is followed by a 

structural rearrangement of the baseplate that triggers the contraction of the tail fiber. When the 

phage tail fiber contracts, the phage injects its genetic material inside the bacterial cytoplasm. 

During the ejection of the phage genome, the phage tail tube penetrates into the host cell 

periplasm, and during this penetration, the virus uses a variety of depolymerase and lysins 

(Figure 2.5). When the tail tube fiber attaches to the cell wall, a transmembrane phage DNA 

delivery channel is formed and the ejection of the DNA occurs through this channel. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Schematic diagram of the DNA injection mechanism of T4 bacteriophage. This 

figure is extracted from Maghsoodi et al. 2019. 

 

Like all other viruses, phages are very much species-specific (Young 2013). A single 

bacteriophage infects a limited number of bacterial strains or even a specific strain within a 

species. When a bacteriophage infects its host, it follows one of two types of replication 

strategies- lytic cycle and lysogenic cycle. Bacteriophages adhere to bacteria and introduce 

their genomes to their cytoplasm during the lytic replication cycle. It utilizes host cell 

machinery for the production of the viral genome and capsid proteins which assemble and 
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produce multiple copies of original phages. Bacterial cells are then lysed and new virions are 

released into the environment to infect other bacterial cells (Young 2013). Additionally, during 

the lysogenic replication cycle, the phage attaches to the susceptible host cell and injects its 

genetic material into the cytoplasm of the host cell. In this case, the phage genome is integrated 

into the host cell genome and maintained as an episomal element. Then it is replicated and 

passes through the daughter cell killing the previous host cell. Integrated phage genomes are 

termed prophages and the infected bacteria is known as lysogen (Figure 2.6). In some cases, 

due to some environmental conditions phage genome detaches from the bacterial DNA and 

enters the lytic stage (Salmond and Fineran 2015). 

 

 

 

 

 

 

Figure 2.6: Lytic and lysogenic life cycle of bacteriophage. The figure is adapted from Stone 

et al. 2019. 
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2.8 The classification of bacteriophages: 

2.8.1 Morphological and structural diversity: 

Bacteriophages are bacterial viruses that infect and replicate within their host bacteria and they 

constitute one of the major groups of viruses (Ackermann, 2011). They are present everywhere 

in the biosphere where their host bacteria are present. The classification of bacteriophages 

nowadays remains challenging because the number of bacteriophages reached millions. 

Whereas molecular biology has allowed living organisms a progressive shift from character-

based classifications to genetic markers-based classification (Sunagawa et al. 2013)  but till 

date, no satisfying methods for phage classification exists. Bacteriophages were initially 

classified based on the nature of their nucleic acid and phage virion morphology. A 

bacteriophage virion is made up of single- or double-stranded DNA or RNA that is enclosed in 

a protein-based capsid. This genetic material can be polyhedral (Corticoviridae, Leviviridae, 

Tectiviridae, Microviridae, and Cystoviridae), pleomorphic (Plasmaviridae), filamentous 

(Inoviridae) or connected to the tail (Caudovirales).  International Committee on the Taxonomy 

of Viruses (ICTV) used virion morphology, nucleic acid composition (ssDNA, ssRNA, 

dsDNA, or dsRNA) and host range to classify bacteriophages. For example, in 1999 ICTV 

reported that the tailed bacteriophages were classified into 3 families, 16 genera, and 30 species 

whereas in 2018 ICTV reported that the phage was grouped into five families, 26 subfamilies, 

363 genera, and 1,320 species (https://talk.ictvonline.org/taxonomy/p/taxonomy_releases). 

 

2.8.2 Tailed phages: 

In the literature study, it was described that 95% of bacteriophages belong to the order of 

Caudovirales or tailed double-stranded phages and Caudovirales are divided into three major 

families based on their different tail morphology: Siphoviridae, Myoviridae and Podoviridae, 

Herelleviridae and Ackermannviridae .60% of phages belong to Siphoviridae family with long, 

double-layered non-contractile tails; 25% phages are from Myoviridae family with long, 

double-layered contractile tails; and 15%  of phages belong to the family of Podoviridae with 

short, stubby tails. Lastly, Herelleviridae and Ackermannviridae were created recently because 

the meta-analysis and network-based approach revealed that these two classifications represent 

a distinct group within the Myoviridae phage (Adriaenssens et al. 2012; Barylski et al. 2020). 

Tailed phages are composed of protein and DNA in a 1:1 ratio. In double-stranded DNA phages, 

the DNA wounds tightly into the viral capsid in such a way that it tends to form a condensed 
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layer with a rigid protein shell and it constitutes 20-50% of its mass (Earnshaw and Harrison, 

1977). All Caudovirales bacteriophages have icosahedral symmetry (20 sides/12 vertices) or 

elongated derivatives (with known triangulation numbers of T=4, 7, 13, 16, and 52). The size 

of the phage head depends on the genome size packaged inside the capsid. The diameter of the 

phage heads varies between 45-185 nm.  

All the members of Caudovirales shared the same major capsid protein fold (MCP fold) or 

HK97 fold. This fold was identified by X-ray crystallographic study of the capsid structure of 

phage HK97 (Duda and Teschke 2019). 

In tailed bacteriophages, there is a knob-like structure in the capsid portal vertex that connects 

the head and tail structure known as portal protein or connector (Orlova et al. 2003). This portal 

complex also plays a vital role in the phage infection cycle. This connector part controls the 

entry of the genetic material and assembly of the tail part of the phage to the immature head 

during morphogenesis. In tailed bacteriophages, DNA transport can be achieved by the 

conformational change in the portal protein structure (Donate et al., 1988; Valpuesta et al., 

1992) or by binding of head completion proteins that close the portal channel forming the 

connector (Jiang et al. 2006). 

The major reason for the high infection efficiency of the tailed bacteriophage is a specially 

designed part known as the tail. The tail is present in 96% of all bacteriophages and it mainly 

attaches to the bacterial cell wall and injects its genetic material. Tail shafts have six-folded or 

three-fold symmetry and it is composed of helical subunits varying from 3 to 825 nm in length. 

Based on the tail morphology there are three groups of phages: Myoviridae (long, contractile 

tail), Siphoviridae (long, non-contractile tail), and Podoviridae (short, non-contractile tails) 

(Figure 2.7). All the long-tailed phages contain a large gene (usually > 2 kbp) encoding a tape 

measure protein and this protein is responsible for determining the phage tail length. 

Myoviridae bacteriophages have a very complex tail structure and it consists of a baseplate 

with tail fibers and a long, non-contractible tube surrounded by a contractile sheath. For 

instance, bacteriophage T4 has a tail sheath consisting of 22 different proteins (Leiman et al., 

2004; Mesyanzhinov, 2004). The non-contractile tail is composed of multiple copies of one 

protein, known as the major tail protein. The capsid and tail joining protein gpFII of the 

Siphooviridae phage lambda have a similarity in their tertiary fold with its tail tube protein gpV 

and it takes the same quaternary structure when assembled in the phage (Cardarelli et al. 2010). 

This gpV protein has a structural similarity with the tail tube protein of Myoviridae phage as 
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well as some of the components of the type VI secretion system such as the Hcp1 protein (Pell 

et al. 2009). When the signal is initiated for the genome ejection, the DNA is passed through 

the tail and the conformational changes occur. In the case of Myoviridae phages signal is 

transmitted through the tail sheath whereas in case of Siphoviridae changes occur in the tail 

tube (Plisson et al. 2007). Lastly in the case of Podoviridae phages the inner protein might be 

ejected from the head to generate a delivery channel (Kemp, Garcia, and Molineux 2005). The 

family of Podoviridae bacteriophages has a very short and non-contractile tail. A tube-like 

extension of the tail part of the Podoviridae phage penetrates into the cell membrane and 

transfers the genetic material (Pell et al. 2009). 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: The basic morphology of tailed bacteriophages belongs to the Caudovirale family. 

From left to right Myoviridae bacteriophage (long contractile tail), Podoviridae bacteriophage 

(short stubby tail), Siphoviridae bacteriophage (long non-contractile tail). This figure is 

extracted from Ongenae, Briegel, and Claessen 2021. 
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2.8.3 Membrane containing phages: 

 Bacteriophages belong to the family of Tectiviridae and Corticoviridae composed of non-

tailed icosahedral virions that contain an internal lipid membrane and linear or circular double-

stranded genome. The specialty of these two families of phages is the presence of the trimeric 

major capsid proteins composed of a double β- barrel structure (Benson et al. 1999). The 

structural analysis study of the major capsid protein structure revealed that it contains an N-

terminal α-helix which interacts with the lipid of the membrane and it shares structural 

homology with the major capsid protein of adenovirus. The phages belonging to these two 

families don’t have any tail to deliver their genome to Gram-negative host bacteria. The 

membrane of this phage transforms into a proteolipid tube and pierces the host cell membrane 

to insert its genome (Peralta et al. 2013). Phages belonging to the member of Cystoviridae 

contain a lipid membrane that surrounds the icosahedral capsid of the phage (Vidaver, Koski, 

and Van Etten 1973). Plasmaviridae is another category of membrane-containing viruses. The 

phages that belong to this category do not have any capsid structure. The genome of these 

phages is enclosed in a proteinaceous lipid-containing vesicle (Greenberg and Rottem 1979). 

For example, the Archoleplasma virus belongs to this Plasmaviridae category that infects the 

wallless Archoleplasma bacteria genus and after the infection, new virions are released by 

membrane budding without cell lysis (Krupovic 2018). 

2.8.4 Bacteriophages with small icosahedral capsids:  

Microviridae bacteriophages contain a ssDNA genome surrounded by a small icosahedral 

capsid structure. The capsid structure is built on a protein fold (containing a β-barrel structure) 

and has a similarity with the eukaryotic ssDNA virus. The proteins are involved in the genome 

delivery of phage to the host cell. Microviridae phage is further divided into two subfamilies 

Bullavirinae and Gokushovirinae. Bullavirinae has pentameric major spike protein at the end 

of the capsid vertex whereas Gokushovirinae contains a ‘mushroom-like’ protrusion that 

extends along the three-fold icosahedral axes of phage capsid (Chipman et al. 1998).  

The family of Leviviridae phages has an icosahedral head and ssRNA genome. This kind of 

phage consists of two kinds of proteins: Major capsid proteins and a single copy of maturation 

protein. This maturation protein interacts with the host receptor during phage adsorption and 

also interacts with genomic RNA during genome packaging (Valegård et al. 1990). The MCP 

protein interacts with the initiation codon of the replicase encoding gene and controls the 



CHAPTER 2 

26 | P a g e  
 

replication cycle(Peabody 1993). Recently the cryo-electron microscopic study of viral capsid 

was performed and this study revealed that the ssRNA genome of the phage is involved in the 

assembly of virion by forming a secondary scaffold structure (Koning et al. 2016). The genome 

packaging mechanism of the family of Leviviridae phages is completely different from the 

Caudovirales. In the case of the Caudovirale family, the phage capsids are first assembled and 

then filled with the genome (Casjens 2011). 

2.8.5 Phages with filamentous morphology: 

Inoviridae phages belong to this group. The morphology of Inovridae family phages is quite 

different. Phage particles of this group contain an ssDNA genome surrounded by thousands of 

copies of major capsid proteins that assembled and extrude from the host bacterial cell in a 

continuous manner (Rakonjac et al. 2017). The major capsid protein (MCP) of this family of 

phages is composed of a long α-helix with an N-terminal signal peptide (Xu et al. 2019). The 

signal peptide is cleaved before the proteins of the phages are assembled into a long cylindrical 

spiral shell with a C-terminus attached directly to the ssDNA genome (Russel and Model 1981). 

 

2.9 Basic characterization of bacteriophages:  

2.9.1 Host specificity: 

Host specificity is one of the major advantages of bacteriophage. This trait has the effect of 

making them harmless to all prokaryotic cells outside of their host range in addition to 

eukaryotic cells. In fact, there is mounting evidence that the microorganisms that live inside 

our bodies have a significant impact on our general health. By contrast, antibiotic therapy can 

have a significant adverse effect on our normal microbiota due to its more widespread, broad-

range impact leading to major side effects. The ability of the bacteriophage to infect a variety 

of hosts would seem to be a sign of the success of phage therapy as it would enhance the 

possibility of phages to come into contact with a susceptible bacterial cell. It is essential for the 

survival of the phage population (Koskella and Meaden 2013). Bacteriophages used for 

therapeutic purposes are not always able to infect a variety of bacterial strains therefore use of 

a phage cocktail is another better option for the treatment. 
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2.9.2 Determination of lytic and virulent nature: 

Phages that can only undergo the lytic cycle or virulent phages are ideal for therapeutic 

purposes as their multiplication is almost always followed by lysis of the infected cell. These 

phages are also sometimes called “professionally lytic” (Hobbs and Abedon 2016). During the 

phage selection process, virulent and temperate phages can tentatively be differentiated as they 

respectively produce clear and turbid plaques on a bacterial lawn. The next step is to establish 

whether a potential phage can propagate effectively both in vitro and in vivo after it has been 

established that it is strictly virulent and not a superspreader. For the in vitro study a one-step 

growth curve is usually performed to find out if the phage qualifies with a large burst size and 

short latent phase. Once the ability of bacteriophage to proliferate in vitro has been confirmed, 

in vivo, tests should be carried out to demonstrate that the virus can also replicate effectively 

at the infection site if the target host is present. 

2.9.3 Safety and toxicity: 

After the isolation, it is necessary to perform genome sequencing and analysis of a 

bacteriophage. The absence of lysogeny-related genes such as the lytic cycle repressor, 

integrases, or site-specific recombinases can be determined by analysis of the phage genome 

sequences. Additionally, genome analysis is the most reliable technique to confirm if the phage 

genome encodes any toxin or antimicrobial resistance determinants. In fact, the phage should 

never be considered for therapeutic uses if there are any such genes. Additionally, it is 

preferable to pick a propagation host that does not have prophages or virulence/antibiotic 

resistance markers (Gill and Hyman 2010). Besides not being carriers of “bad genes”, 

bacteriophages must be harmless when administered to patients. As mentioned in the previous 

point it should not infect non-target bacteria and leave the normal microbiota undisturbed. 

However, it is important to remember that before treatment, phages need to be well purified to 

remove any harmful stuff. 

 

2.9.4 Antibiofilm activity: 

Biofilm formation is one of the common defense mechanisms of bacteria in both natural and 

artificial environments, including inside the human body. Thus, biofilms support bacterial 

pathogenicity particularly in the event of persistent infections (Costerton, Stewart, and 

Greenberg 1999). The ability of these multicellular structures to withstand attacks from the 
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immune system or antimicrobial substances enables the bacterial cells to survive in situations 

that would ordinarily be adverse (De la Fuente-Núñez et al. 2013). Due to their difficult-to-

remove nature, biofilms are a significant issue that must be resolved in order to effectively 

battle diseases. In this regard, bacteriophages may be a fascinating alternative to traditional 

antibiotics or disinfectants due to their unique properties (Geredew Kifelew, Mitchell, and 

Speck 2019). However, it is necessary to demonstrate that a given phage is a useful antibiofilm 

agent. One intriguing characteristic of some phages is the presence of genes encoding for 

exopolysaccharide depolymerases, which can destroy the polysaccharide component of the 

extracellular matrix of biofilms and enable the phage to enter the deeper levels of this complex 

structure and disperse the biofilm (Latka et al., 2017; Pires et al., 2016). The domain of a 

depolymerase is often displayed at the tip of the phage as tail fibers. On the other hand, lysin 

is another enzyme encoded by lytic bacteriophages that is capable to cleave the bacterial 

peptidoglycan cell wall from the inside and outside respectively (Schmelcher et al., 2012; Yan 

et al., 2014). 

 

 2.9.5 External factors affecting bacteriophages: 

2.9.5.1 Temperature: 

Temperature is a crucial factor for bacteriophage survivability (Olson et al., 2004). It is 

important to the processes of attachment, penetration, multiplication, and duration of the latent 

phase. Fewer phage genetic components enter bacterial host cells at temperatures below 

optimum levels, which limits the number of them that can participate in the multiplication 

phase. The latent stage may last longer at higher temperatures (Tey et al. 2009). Furthermore, 

the prevalence, viability, and storage of bacteriophages are all influenced by temperature. Good 

phage stability was observed for over 6 months when stored at 4°C. It was previously reported 

that tailed phages were the most resistant to storage and showed the longest survivability; some 

of them retained viability even after 10–12 years at 4°C (Łobocka, Głowacka, and Golec 2018). 

 

2.9.5.2 pH factor: 

Another important factor influencing phage stability is the acidity of the environment. Some 

phages can be kept in solution or dry form for a long time at neutral pH (6 to 8) (Jończyk et al. 

2011). Phage titers generally decrease slowly with pH. In addition to limiting the growth of 
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some phages below pH 4.5, pathogenic bacterial food contamination risk is typically decreased 

as well (Watanabe et al. 2007). For example, the phage T4 (Myoviridae family) is unstable at 

pH < 5. Moreover, stomach acid can negatively affect the survival of phage in the event of 

phage oral injection, which could result in therapy failure. Therefore, additional protection is 

desirable to enhance phage survival in the gastrointestinal tract. Phage encapsulation in natural 

biopolymer-derived matrices has been used as a strategy to improve phage stability (Dini et al. 

2012; Metters and Hubbell 2005). However, for this type of method, the choice of biopolymer 

is crucial, and various requirements must be met, including the capacity to be modified quickly, 

to not be harmful, and to be environmentally benign. Therefore, new strategies are constantly 

developing. Lytic phage genetic engineering has historically been challenging, but with the 

development of new techniques like Bacteriophage Recombineering of Electroporated DNA 

(BRED), it is now turning into a straightforward procedure that is less expensive than 

encapsulation and doesn't need specialized tools or reagents (Marinelli et al., 2012). 

 

2.9.5.3 Salinity: 

Bacteriophages need salts at low concentrations for a successful infection process and their 

growth. At low concentrations, the salt ions at low concentrations start interacting with proteins 

and then stabilize the protein structure by neutralizing protein charges. But, at high 

concentrations, the salt increases the thermal denaturation process of the proteins and can also 

unfavorably affect the stability of the phage nucleic acid structure (Fennema 1996; Silva et al. 

2014). 

 

2.10 Bacteriophage genomics: 

2.10.1 Background study: 

The genome of the bacteriophages is short in length and easy to isolate so phages were the first 

whose full-length genome were sequenced. Phage φX174 genome was sequenced at the 

beginning.  The length of the genome was 5386bp and it was a single-stranded DNA (Sanger 

et al. 1977).  The first complete sequence of double-stranded DNA was determined for lambda 

phage and the genome length was 48,502bp (Sanger et al. 1977). After a short period, a T7 

phage genome with 39,936bp length was reported (Dunn, Studier, and Gottesman 1983). Ten 



CHAPTER 2 

30 | P a g e  
 

years later the first double-stranded genome of the tailed phage mycobacteriophage L5 was 

sequenced (Hatfult and Sarkis 1993). 

It was reported in previous studies that the diversity of the bacteriophage is quite high. The 

total population of bacteriophage in the biosphere is about 1031 particles and viral ecologists 

also calculated that there are 1023 phage infections per second occur (Hatfull and Hendrix 

2011). Little to no nucleotide sequence similarity exists across bacteriophages recovered from 

various bacterial sources. This further indicates that the phage population is not only large but 

also very diverse (Kwan et al. 2006). 

There are two primary goals of the advancement of phage genomics. First, a question is arisen 

after seeing the phage population is how phage genomics related to hosts and each other. 

Second is phage genomics largely used for the development of biotechnological, genetic, and 

clinical tools. 

 

2.10.2 Genomic diversity of bacteriophages: 

According to the NCBI report (National Institute of Biotechnology Information) till 2019, a 

total of 8437 complete phage genomes were divided into 12 families (based on ICTV 

classification) with one unclassified group. Among them, more than half of the genome is from 

the member of the Siphoviridae family with a long flexible non-contractile tail. In a SEA-

PHAGES (Science Education Alliance–Phage Hunters Advancing Genomics and Evolutionary 

Science) program 1,537 Siphoviridae bacteriophages infecting Mycobacterium smegmatis was 

isolated and their genome sequencing was performed (Jordan et al. 2014). SEA-PHAGES 

program is jointly administered by Graham Hatfull's group at the University of Pittsburgh and 

the Howard Hughes Medical Institute's Science Education division. Among the remaining 17%   

phages belong to the Myoviridae family with long contractile tails and 12% belong to the 

Podoviridae family with short stubby tails. According to this study, double-stranded tailed 

phages (family of Caudovirales) are the most abundant group (>85%) in the public genomic 

database. In the near future, the proportion of the tailed bacteriophages will be reduced as new 

phages are continuously discovered. For example, 258 new single-stranded DNA phages were 

identified in the gut of the marine invertebrate Ciona robusta (Creasy et al. 2018). Before this 

identification, the diversity in the family of Microviridae phages was underestimated. In 

addition, unclassified bacteriophages have been identified within the NCBI databases 

discovered through metagenomic studies that are yet to be isolated. For example, 283 non-
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tailed dsDNA phages infecting Vibrionaceae bacterial family have been identified(Kauffman 

et al. 2018). Recently 10,295 Inovirus-like sequences are found and among them, 5,964 distinct 

species have been identified (Roux et al. 2019). This study further increases the 100-fold 

genomic diversity within the Inoviridae family. The number of complete phage genome 

sequences is continuously increasing today but this still represents a small fraction of the actual 

phage genomic diversity (Figure 2.8). 

The range of the genome is also very diverse. The smallest dsDNA phage genome to date is 

reported that of Leuconostoc phage L5 and the genome size is 2,435 bp. The smallest double-

stranded DNA phage genomes for Podoviridae, Siphoviridae, and Myoviridae are 11.5 kb (eg. 

Mycoplasma phage P1) (Tu et al. 2001), 21 kb (eg. Lactococcus phage c2) (Lubbers et al. 

1995), 30 kb (Pasteurella phage F108) (Campoy et al. 2006)  in sizes. These genomes are 

packaged inside the capsid of the bacteriophages and the size of the capsids varies according 

to the function of the genome size. Nowadays some of the jumbo phages whose genome size 

is >200 kb have been isolated and characterized and these phages show a unique genomic 

feature (Yuan and Gao 2017). The genome of these jumbo-size phages carries the replication 

and DNA metabolism genes. A new type of phage, known as mega phage with a genome size 

larger than 540 kb has recently been found from the human and animal gut metagenomes 

analysis and this phage is predicted to infect Prevotella species (Devoto et al. 2019). These 

phages are seen widely in the human, baboon, and pig gut microbiomes. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: Number of complete genomes and genome size distribution in phage families. This 

figure is adapted from  Dion, Oechslin, and Moineau 2020. 
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2.10.3 Metagenomics of bacteriophage: 

There are a large number of phages in the biosphere but the genome diversity of phages is 

difficult to comprehend (Bergh et al., 1989). Bacteriophages can infect different host bacteria 

that may have little or no sequence similarity. Phages can also infect a single host and may also 

display sequence differences (Grose and Casjens 2014). When the nucleotide distance and gene 

content was measured by pair-wise comparison of 2,333 phages, the data showed that there is 

no detectable homology in 97% of cases (Mavrich and Hatfull 2017). New techniques such as 

viral metagenomics help to understand the size of phage global diversity.  

Metagenomics of the bacteriophage provides an alternative structure of the phage genome that 

is complementary to whole genome sequencing. The presence of a large percentage of 

unknown sequences and their substantial genetic diversity are two of the most prominent 

characteristics of phage metagenomics.  The first metagenomic study was published in 2002 

from seawater samples (Breitbart et al. 2002). To construct the virome (the viral sequence 

acquired from viral metagenomics) a good quality nucleic acid (Brum and Sullivan 2015), 

reduced cost of sequencing, and, a set of analytical tools (Breitbart et al. 2018) are required. In 

recent years there are at least 90 studies of virome from aquatic environments (Williamson et 

al. 2017), 38 studies of virome from the human gut, and 8 studies from the soil (Williamson et 

al. 2017). Viral metagenomic studies of marine samples have been performed in three research 

consortia: the Pacific Ocean virome (Brum et al. 2015), the Tara Ocean (Hurwitz and Sullivan 

2013), and the Malaspina Oceanic research expeditions (Duarte 2015). These studies help to 

characterize the ocean double-stranded DNA viruses in detail (Coutinho et al. 2017; Roux et 

al. 2016). Additionally, in 2003 the first human gut virome was published (Breitbart et al. 

2003). In 2014, a phage abundantly present in the gut of humans called crAssphage was 

discovered by a metagenomic study (Dutilh et al. 2014). All these studies suggested that the 

phage genetic diversity still remain uncharacterized but in the case of marine and human 

sample, the result is different. 

 

2.10.4 Evolution of bacteriophage: 

It was reported that the bacteriophage genome showed greater novelty in the biological world. 

The proteins encoded by the genome of the bacteriophage are unrelated to most of the known 

proteins. The question is what is the function of these phage proteins? The microbial ecology 

suggested that when bacteriophages infect the host bacteria, the host restriction system against 
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bacteriophage may be activated. There are several host-mediated protection systems such as 

CRISPER’s (Deveau, Garneau, and Moineau 2010), restriction-modification (King and Murray 

1994), Toxin-antitoxin system (Fineran et al. 2009), and tRNA cleavage (Amitsur, Levitz, and 

Kaufmann 1987) as well as some phage-encoded mechanism to generate genome diversity in 

high frequency (Medhekar and Miller 2007). Phages also carry some genes that counteract host 

protection systems such as RNA repairing (Zhu, Yin, and Shuman 2004), and anti-restriction 

systems (McMahon et al. 2009) and also provide some genes that protect the phages from other 

viruses. Therefore, it can be said that phages are able to encode their own restriction enzyme, 

immunity system, and toxin-antitoxin systems. 

 

2.11 Contribution of electron microscopy in the study of bacteriophages: 

2.11.1 Importance of electron microscopy: 

For a long time, light microscopy was used to visualize various biological objects that are not 

visible to the naked eye (Ram, Ward, and Ober 2006)  Ernst Ruska and Max Knoll built the 

first transmission electron microscope in the early 1930s (Knoll and Ruska 1932). The 

development of the transmission electron microscope has widened the structural biology field. 

Keith Porter took the first electron micrograph of eukaryotic cells ten years after the 

development of the transmission electron microscope (Porter, Claude, and Fullam 1945). The 

electron microscope uses a beam of electrons to create an image of a sample at a higher 

magnification and greater resolution than the image created by light microscopy. The 

wavelength of electrons (less than 0.1 nm) is shorter than the wavelength of visible light 

(wavelength 400-700 nm). The charge of the electron beam creates an electromagnetic field to 

focus the electrons (Orlova and Saibil 2011) and the shorter wavelength of the electron beam 

allows one to visualize the detail of small objects. However, biological samples are sensitive 

to electron irradiation and they are also not stable under a vacuum which is necessary for the 

electron to produce an image. These factors contribute to reducing the image resolution. 

At the very beginning, shadow casting on the samples with heavy metal vapor was used to 

increase the contrast before examining them under the transmission electron microscope 

(HALL 1966). This process gave information regarding the size and shape of the sample but 

could not produce any internal structural detail. Metal shadowing also increased the roughness 

of the sample film which made detailed observation of the samples difficult 
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2.11.2 Use of negative staining to study bacteriophages:  

In 1959 Brenner and Horn introduced a method called negative staining of the sample (Brenner 

and Horne 1959). Negative staining is a simple and rapid method to visualize and examine the 

morphology of various organelles, macromolecules, and viruses (e.g. bacteriophages). 

Negative staining is used to visualize different biological samples under a transmission electron 

microscope. In this method, a drop of the biological sample is placed on a support matrix and 

stained with heavy metal salt e.g., uranyl acetate (Harris and De Carlo 2014), uranyl formate, 

phosphotungstic acid, or ammonium molybdate. Thereafter the sample is air-dried and later 

checked under the transmission electron microscope (Figure 2.9). In negative staining, 

however, the samples are unstained but are made visible against a dark background. This 

method generally involves staining a liquid sample in order to study the morphological shape 

and size. But at times arrangement of cells may be difficult or too delicate to stain. But this 

technique does not produce any fine details of the sample and the actual shape or structure 

sometimes gets distorted due to the stain deposition. The technique was applied at first to 

visualize tobacco mosaic virus and turnip yellow mosaic virus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Schematic diagram of the negative staining and visualization using transmission 

electron microscopy. This figure is extracted from Hacking and Bijol 2021. 
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2.11.3 Use of cryo-electron microscopy to study the structure of bacteriophages: 

Before the development of electron microscopy, X-ray crystallography was the only choice to 

determine the structure of the virus (eg. bacteriophages) and other biological molecules 

(Harrison et al. 1978) Cryo-electron microscopy is a technique that has the ability to provide 

three-dimensional structural information of different biological molecules and bacteriophages 

without crystallizing them. Modern cryo-electron microscopy began with the establishment of 

the unique specimen preparation technique by Dubochet and coworkers (Adrian et al. 1984) 

technique, the specimen is prepared to keep the biological sample in its native condition 

(Adrian et al. 1984). The main advantage of cryo-electron microscopy over negative staining 

is getting a high-resolution near-native structure. In the cryo-EM technique, the direct 

observation of the biological specimen is possible without any chemical fixation. By using 

cryo-EM, a high-resolution structure can be obtained, but it also depends on how the specimen 

is prepared and the technical specification of the cryo-electron microscope.  

The method of sample preparation is based on the fast freezing (at a speed of 104 ºC/second) of 

the different biological samples using a cryogenic agent such as liquid ethane. High-speed 

freezing helps the sample to be fixed in a vitreous state. A vitrified form of ice helps to preserve 

the specimen in a hydrated near-native state. If the freezing process occurs too slowly, 

crystalline ice is produced that further disturbs the structural integrity of the specimen. 

Crystaline ice formation also degrades the quality of the image as the electrons are diffracted. 

The sample is kept in liquid nitrogen after freezing to maintain the temperature until the sample 

is introduced into a sample holder. The low temperature of the sample is also maintained inside 

the sample holder when images are captured. No contrasting agents are used during the imaging 

and images are taken at a very low electron dose to prevent radiation damage of the sample 

(Figure 2.10). The signal-to-noise ratio of the cryo-EM sample is usually very low. Another 

inherent problem is the occurrence of beam-induced sample motion when the specimen is 

exposed to an electron beam that blurs the captured images. 

With the technical advancement in various fields of electron microscopy, high-quality images 

are now easily produced. Previously tungsten filament or LaB6 filament was used as an 

electron source. Nowadays field emission guns (FEG) (Williams and Carter 2009), improved 

optics, better microscope design, and automated data collection software have revolutionized 

the imaging and reconstruction process.  
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 Previously photographic film was used as a recording device in cryo-EM imaging. The images 

of the cryo-EM are intrinsically noisy due to the use of a low electron dose. The perfect image 

detector will add no noise. The use of photographic film was very inconvenient and time-

consuming. Moreover, a limited number of images were possible to collect each day and the 

films were further needed to develop. Thus, an expensive densitometer was needed to digitize 

the images. Therefore, CCD cameras were developed to reduce this inconvenience. Automated 

microscope alignment and image acquisition were possible with this CCD camera (Cheng et 

al. 2010). The scintillator layer inside the CCD camera results in the conversion of incidence 

electrons into visible light photons and this conversion causes the loss of resolution and 

sensitivity. In the last few years the commercial availability of direct electron detector (DED) 

after its development initiated the revolution in biological transmission electron microscopy 

(Brilot et al. 2012). The signal-to-noise ratio of the DED is much higher than the photographic 

film or scintillator-based CCD cameras. The fast readout of the direct electron detector camera 

split the dose into short frames followed by the alignment of frames which is carried out 

computationally after data collection. As a result, beam-induced motion has also been 

minimized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: A step-by-step workflow of single particle cryo-electron microscopy imaging and 

data processing. The figure is extracted from Chung and Kim 2017. 
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2.11.4 Use of scanning electron microscopy to study bacteriophages 

Scanning electron microscope (SEM) is also a useful tool for the visualization of the 

morphology of various biological samples. The images are obtained with an SEM by scanning 

the sample surface with a high-energy electron beam. When the electrons interact with samples, 

secondary electrons, and backscattered electrons are produced that provide information on the 

cells or tissue surfaces.  

For SEM imaging the electrically conductive sample surface is needed. To create a conductive 

sample surface, the SEM samples are often sputter-coated with electrically-conducting metal 

commonly gold or gold-palladium alloy. The initial dehydration of samples is required for the 

sputter coating. To visualize the wet sample another approach of imaging can be used using an 

environmental SEM(ESEM). In ESEM the differential pumping technique allows increasing 

the pressure to about 10-20 torr around the sample. Bacteria can be visualized by this ESEM 

but the flagella and fine details can’t be visualized clearly. Sample drying is also needed for 

this technique. ESEM is useful for larger specimens that can be visualized below 1000X 

magnification (Bergmans et al. 2005). 

 

2.12 Structural studies of bacteriophages: 

2.12.1 Overview of bacteriophage structure: 

Bacteriophages are obligatory parasites, requiring the host cell machinery to reproduce. These 

parasites consist of a genome packed inside a proteinaceous structure and sometimes lipids are 

also present there. To start the infection process phage particles are attached to the host cell 

surface by recognizing the receptor on the host cell surface. After the attachment, the phage 

particles inject their genome inside the host cell.  Once entered into the host cell cytoplasm, 

phages hijack the cellular components of bacteria and shut down the defense mechanism. The 

protein biosynthesis machinery of bacteria gets stopped and phage genes are expressed. Phages 

use the host replication machinery to replicate their genome, which is then packed into self-

assembling bacteriophage particles.  At the end of the lytic cycle of phages, newly formed 

progeny phage particles are released and eventually, the host cell lysis takes place (Abedon 

2006).  

Bacteriophages are non-enveloped viruses composed of a stable outer capsid structure. The 

packed genome remains inside the capsid. To date, most of the isolated bacteriophages 
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discovered have linear, double-stranded DNA genomes. The head part of the bacteriophage is 

connected to the tail through the connector protein complex. At the end of the tail, an adsorption 

device remains present, known as a baseplate. There are different types of capsids reported for 

bacteriophages. Most of them have an icosahedral capsid whereas some of the bacteriophages 

have helical capsids. The majority of icosahedral capsids feature 532-point group symmetry 

and contain 60 identical and non-identical protein subunits. The tail structure of the phages is 

very fascinating as tails evolved with receptor binding, penetration, and delivery of the genome. 

The tailed phages belong to the caudovirale order. According to the metagenomic study, 96% 

of phages belong to this category. This order is further divided into three families according to 

their tail morphology- Myoviridae phages have a long contractile tail with a sheath around the 

central tube, Siphoviridae phages have a long non-contractile tail, and Podoviridae phages have 

a short non-contractile tail (Ackermann, 2007). Bacteriophages have tail fibers attached to the 

bottom of the tail. Other tailless phages include polyhedral, filamentous, and pleomorphic 

phages that have ssDNA or RNA genomes. 

 

2.12.2 Importance of bacteriophage structure determination: 

Nowadays a problem has arisen that many disease-causing bacterial strains continuously 

modify themselves and become resistant to the potent drugs used for treatments. This 

sometimes results in ineffective treatment and makes the condition worse. The use of 

bacteriophages in the management of bacterial infections is an alternative strategy to prevent 

this resistance. Phage therapy initially focuses on the treatment of various bacterial infections 

in animals (Malik et al., 2017). Understanding the mechanism of phage infection requires 

knowledge of their structures, host range, and stability of the phages in response to external 

stimuli (pH, temperature, salt, etc). Moreover, how a phage interacts with its host and how the 

cell replication machinery aids in bacteriophage reproduction inside the cell are also important 

to understand. For example, Myoviridae, Siphoviridae, and Podoviridae phages change their 

tail morphology differently during infection. The structural studies of bacteriophages help us 

to understand the mechanistic detail to further expand our knowledge of phage biology. 

 

2.12.3 Three-dimensional structure determination by Single particle analysis:  

The principle of single particle analysis is described as the averaging of many copies of the 

multiple views of two-dimensional images of a three-dimensional object. After the averaging 

of those images, a three-dimensional reconstruction of that object is calculated. For this reason, 
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single-particle analysis (SPA) is sometimes known as single-particle averaging.  In SPA 

multiple views of the same objects in various orientations are needed to sort out identical views 

of the particle in different groups to increase the signal-to-noise ratio (SNR). To date, various 

three-dimensional structures of different biological molecules such as viruses, bacteriophages, 

and different protein and protein complexes were determined. De Rosier and Klug used the 

Fourier transformation approach to determine the symmetry and construct the object's three-

dimensional structure in 1968 (De Rosier & Klug, 1968). Later in 1971, the detailed process 

of three-dimensional structure reconstruction from negatively stained images of a virus particle 

was described by Crowther (Crowther 1971).  

The two basic steps of the image reconstruction workflow are the search for the orientation of 

all projections of an object and 3D reconstruction. There are multiple steps between these two 

steps. The cryo-EM images are collected in defocused and low-dose conditions to get a high-

resolution structure. Nowadays automated data collection software facilitates the collection of 

a large set of data in a comparatively short period for reconstruction. There are some data 

acquisition software: UCSFImage4  (Li et al. 2015), Leginon (Suloway et al. 2009), serialEM 

(Mastronarde 2005), etc and these systems are freely available. E pluribis unum or EPU (FEI, 

Eindhoven) is an example of a commercial system that is also used mainly for automated data 

collection. The estimation of accurate CTF is important for both the initial evaluations of the 

micrograph and structure determination. Thus, CTF estimation is an important step in image 

processing. To estimate the CTF various parameters like spherical aberration, acceleration 

voltage, defocus, amplitude contrast and astigmatism must be known. Among them, voltage 

and spherical aberration are instrumental parameters. During the image collection defocus 

needs to be set. Nowadays different software such as ctffind (Rohou and Grigorieff 2015), 

e2ctf.py (Bell et al. 2016), and gctf (Zhang 2016) are available for the estimation of the CTF. 

After the CTF estimation, the particles are picked from the CTF-corrected images. Particles 

can be picked in a manual or semi-automated or fully automated manner. Several software for 

the particle picking programs such as Relion-auto pick (Scheres 2012c), e2boxer.py  (Tang et 

al. 2007), scipion (de la Rosa-Trevín et al. 2016), Signature (Chen & Grigorieff, 2007) and 

FindEM (Roseman 2004)  are also nowadays available. After picking the particles the first step 

of the single particle structure determination is the grouping of the data into homogeneous 

subsets which is also known as 2D class averaging. There are several reasons to start the 

reconstruction process with 2D class averaging: 1) There are many bad particles present in the 

2D dataset which can be removed by simply deleting those class averages. 2) The success rate 
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of 3D analysis is low if only a few restricted views are available since the angular distribution 

of the particle views is incomplete. 3) high-quality class averages contain high SNR input data 

which is important for computational ab initio 3D structure determination. The central section 

theorem serves as the foundation for the computational ab initio 3D structure determination 

(CROWTHER RA, DEROSIER DJ, and KLUG A 1970; Ter-Pogossian 1984) which states that 

Fourier transforms of the 2D projections of the same 3D structure lies on planes centered at the 

origin of 3D Fourier transform of the object. The Fourier transform of a pair of 2D projections 

of the same 3D structure intersects along a line, known as a common line. The common line 

approach was first implemented on icosahedral viruses (Crowther et al. 1970;). The common 

line approach of orientations is implemented in various software packages. This approach can 

be done in Real space (IMAGIC) and Fourier space (EMAN, SIMPLE), and class averages are 

used for this approach rather than the single image (Elmlund and Elmlund 2012; Van Heel et 

al. 2000; Tang et al. 2007). The stochastic hill climbing (SHC) algorithm is a recently used 

approach to determine the 3D structure and it also shows great promise in producing 3D initial 

model. This SHC approach was first implemented in the SIMPLE software package (Elmlund 

and Elmlund 2012). Once a 3D initial map is reconstructed, it undergoes several cycles of 

refinement to get the final map. Recently the refinement is based on maximum likelihood 

algorithms (Scheres, Valle, Nuñez, et al. 2005; Scheres, Valle, and Carazo 2005; Sigworth 

1998) and Bayesian analysis (Scheres 2012c, 2012a). The maximum likelihood algorithm in 

Relion contains a model for the noise and automates judgments about filtering and weighting 

that were previously done by expert users (Scheres 2012b). The Bayesian analysis approach, 

combined with the use of a direct electron detector has been extremely successful to produce a 

high-resolution structure. Sometimes a starting model is required for a highly challenging 

structure. 

2.13 Application of bacteriophages for therapeutic purpose 

2.13.1 Early history of phage therapy: 

The discovery of the bacteriophage has many controversies. In 1896 a British bacteriologist 

Ernest Hankin reported the presence of an antibacterial agent (against Vibrio cholerae) in the 

water of the Ganges and Jamuna rivers in India and he also suggested that this unidentified 

antibacterial agent is responsible for limiting cholera epidemics. After two years the Russian 

bacteriologist Gamaleya discovered the same type of antibacterial agent against Bacillus 

subtilis (Samsygina and Boni 1984). However, none of their findings were further discussed 
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before 1915. A medically trained bacteriologist Frederick Twort from England reported about 

the existence of phage in 1915. But his finding was not pursued due to some financial 

difficulties (Summers 1999; Twort 1915). After two years in 1917, a French-Canadian 

microbiologist Felix d’Herelle officially discovered the bacteriophage at the Institute of Pasteur 

in Paris. Besides this d’Herelle and his coworkers isolated the lytic bacteriophages against 

pathogenic bacteria and also introduced the term “phage therapy” (Fruciano and Bourne 2007). 

From 1919 onwards phages were started to use for therapeutic purposes before the discovery 

of the first antibiotic penicillin. 

After the major success of Shigella phages to treat bacillary dysentery, the expectations of the 

researcher increased to use phages as therapeutic agents (Krueger and Scribner 1941). 

However, at that time researchers exactly did not know about the mechanism of phages to infect 

bacteria and particularly how phages kill the bacteria. Moreover, the discovery of antibiotics 

in the 1940s declined the interest in phage research (Matsuzaki et al. 2005).  Then phage 

therapy research became limited in Eastern European countries only. In Western Europe, phage 

therapy research was neglected due to a lack of regulatory framework, inconsistent results, and 

complications in the patenting procedure (Figure 2.11). 

. 

 

 

 

 

 

 

 

  

Figure 2.11: Milestones of bacteriophage research. This figure is adapted from Elbreki et al. 

2014; Salmond and Fineran 2015. 
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2.13.2 Current status of phage treatment: 

Nowadays the interest is continuously growing to use bacteriophage for the treatment of 

infectious bacterial disease and phage therapy regain its popularity (Fischetti 2001). Before the 

discovery of antibiotics, researchers were trying to use bacteriophages for the treatment of 

bacterial diseases. In recent times due to the availability of various molecular tools, the 

understanding of phage control techniques, and evaluation helped phage biologists to increase 

the application of phages for various purposes. In Eastern Europe, phage has been administered 

orally in the form of a tablet or liquid, intravenously, topically, and rectally for almost 90 years, 

and to date, there is no side effect (Sulakvelidze, Alavidze, and Morris 2001). These studies 

further increase the interest to use phage as a potential therapeutic and biocontrol agent (Table 

2.1). 

There are currently several academic researchers working in the subject of bacteriophage 

technology and products, along with 11 US and international biotechnology companies. The 

main aim of these companies and researchers is to use bacteriophages mainly in the food 

industry and for treatment purposes (Figure 2.12). Two US-based phage companies, 

Novolytics and Intralytics, are using bacteriophage as biotechnology tools. Three phage-based 

cocktail products have been approved by the FDA and the United States Department of 

Agriculture (USDA) which is marked as a milestone in the phage therapy research field. The 

first approved phage product was ListShieldTM which can be used against Listeria 

monocytogenes in ready-to-eat meat and poultry products (Mead et al. 2006). The second 

product was EcoShieldTM which can be sprayed on red meat to reduce the growth of 

Escherichia coli. The SalmoFreshTM is the third FDA-approved product and it is used against 

Salmonella enterica spp to treat fresh and processed vegetables, fruits, and different seafoods 

(Scallan et al. 2011). Nowadays another phage cocktail product ShigaShieldTM is currently 

undergoing FDA and USDA review to know whether it is a safe product (Soffer et al. 2017). 

According to the report, this product is able to reduce the load of Shigella bacteria in various 

food products infected with Shigella sonnei. Currently, a phage cocktail product NOVO12 is 

released by Novolytix Company, and this product is administered in gel form against 

Methicillin-resistant Staphylococcus aureus bacterial infections. The European Union also 

supports phage therapy research. In 2013 a project Phagoburn was funded by the European 

Commission and the aim of this project is to use the phage to protect the burn wound patient 

from bacterial infections. In April 2014 European parliament passed a report in which phage 
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therapy was prioritized to combat antibiotic resistance. All these studies actually help to 

increase interest in phage therapy research and hopefully, in the near future, the scope of phage-

based product development will increase.  

 

 

 

 

 

 

 

 

 

 Figure 2.12: List of some FDA-approved phage-based products. 

Table 2.1: Activity and the center of phage therapy, adapted from  S. S. Tang et al., 2019. 

Name of the Phage 

therapy center 

Country Activities 

Center for phage 

therapy 

Poland Bacteriophages have been used to treat the bacterial 

infection since 1980s (http://www.iitd.pan.wroc.pl). 

Eliava Phage Therapy 

Center 

Georgia 

 

A network of eight laboratories where phage research 

and application occurred since 1923s 

(http://www.mrsaphages.com). 

Novomed 

 

Georgia 

 

Deliver effective treatment through phage therapy in 

many areas of medicine. Treatments are available for 

local Georgians and foreign patients, especially those 

with chronic wounds, osteomyelitis, or other types of 

acute and chronic infections 

(http://www.phagetherapy.com). 

Phage Therapy Center Georgia Established in 2004 and provides excellent treatment 

for patients who have bacterial infections that are 

difficult/non-healing, chronic, drug-resistant or have 

not responded to conventional antibiotic therapies 

(http://www.phagetherapycenter.com).  

Phage International 

Inc. 

The United States Treats patients with chronic, drug-resistant or 

difficult-to-treat infections 

(http://www.phageinternational.com). 
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2.13.3 Advantages and limitations of phage therapy: 

Theoretically, there are no bacteria that cannot be lysed by a single bacteriophage. Therefore, 

phage therapy has several advantages compared to antibiotic treatment. Bacteriophages are 

highly specific to the host bacterial strain. Therefore, during infection, it would not disturb the 

beneficial microflora (Loc-Carrillo and Abedon 2011). In contrast, antimicrobial drugs have a 

broad-spectrum activity which leads to the non-specific killing of both pathogens and members 

of the normal flora.  

Since there have been no major negative effects associated with phage therapy in humans 

during or after treatments, it is thought to be safer than using antibiotics (Sulakvelidze et al. 

2001). However, some mild side effects (e.g., fever) have occasionally been reported due to the 

release of endotoxins from bacteria when they are lysed by phages inside the human body. 

Therefore, bacteriophages are significantly safer and better tolerated. But in the case of 

antibiotics treatment, several side effects including allergies, intestinal disorders, and 

secondary infections are reported (Sulakvelidze et al. 2001).  

Bacteriophages are self-replicating and self-limiting. They multiply exponentially as the 

number of host bacteria rises, may reduce as the number of host bacteria falls, and lastly may 

remain present in undetectable low concentrations after the host bacteria are eliminated 

(Almeida et al. 2009). Therefore, very few doses of bacteriophage can effectively kill the 

bacteria in the infection site and will not continue to persist after treatment. In contrast, 

antibiotics can be metabolized and removed but there is still a chance that the leftover substance 

could accumulate in tissues. Additionally, antibiotics spread throughout the body and are 

unable to concentrate at the site of the infection. Antibiotics must be administered in large 

quantities and often to compensate for the loss in other body parts  (Sulakvelidze et al. 2001). 

During the course of phage therapy, bacteria can evolve resistance to phages, but it is typically 

easy to choose and purify a new phage with lytic activity against the phage-resistant bacterial 

mutants in a matter of days or weeks. In this scenario, phage cocktail in place of a single 

bacteriophage is also another way to overcome the problem of phage-resistant mutants. In 

contrast, the development of a new antibiotic is usually very time-consuming and expensive. 

Bacteriophages can be engineered to be able to overcome the limits of antibiotic treatment 

using the current large-scale, inexpensive, DNA sequencing and DNA synthesis technology 

(Viertel, Ritter, and Horz 2014).  
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Apart from the advantages, there are also some limitations of phage therapy that should be 

considered before using phages as a therapeutic candidate. 

It is challenging to use phages against the wide variety of bacterial variations due to the 

specificity and narrow host ranges of phages. In this situation, before carrying out phage 

therapy, the nature of the pathogen and confirmation of phage susceptibility are required. The 

use of a phage cocktail can overcome this situation (Sulakvelidze et al. 2001). 

Phage particles may be quickly eliminated from the body by the defense mechanisms of the 

host, such as antibody neutralization, which reduces the number of phages present at the 

infection sites (Almeida et al. 2009). These issues may be handled by choosing phage mutants 

that can persist in the circulatory system or by administering the same phage to the organism 

repeatedly (Barrow and Soothill 1997). 

Some lytic and temperate phages have the potential to transmit genes to bacteria that can confer 

antibiotic resistance and encode pathogenicity (Almeida et al. 2009). This could increase 

virulence and cause non-pathogenic strains to become pathogenic. This problem could be 

solved by carefully selecting appropriate phages, sequencing phage genomes to prevent the 

transfer of virulence genes, and creating genetically altered mutant phages. 

 

2.14 Bacteriophages against Shigella bacteria: 

2.14.1 Shigella bacteriophages: 

In 1917 Felix d’Herelle isolated a bacteriophage for therapy and it was a Shigella bacteriophage 

(D’herelle and Roux n.d.). Before the year 2000, most of the research work on Shigella phages 

was used to identify the Shigella strains or to know the capability of lysogenic phages to alter 

the serotype of the host (Financsek et al. 1976) from the host range, and there was very little 

information about the phage. Earlier the Shigella phages were collected from the clinical 

samples of shigellosis patients and their maintenance was not so easy. The first modern Shigella 

bacteriophages (for example, SfI, SfII, SfIV, SfV, Sf6, SfX, Sf101, and SfMu) were isolated 

from the lysogenic clinical strain of virulent Shigella flexneri and all these phages were capable 

to alter the surface properties of the bacterial strain by integrating its genome inside the host 

genome. Nowadays modern techniques are used to determine the serotype of the strain. The 
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surface antigen of the bacteria is known as the serotype and this surface antigen is responsible 

for the classification of the bacterial strains within the species. 

 Gram-negative bacteria contain lipopolysaccharide on their surface and it acts as a surface 

antigen. The study of the above-mentioned phages revealed that the phage encodes O-antigen 

modifying enzymes that are responsible for the modification of the LPS structure of the host 

cells. When multiple phages coinfect the same host cell there is a possibility of the production 

of a new serotype. 

Previously the Shigella phages were isolated from the clinical strains and most of them were 

lysogenic. In recent years the lytic Shigella phages are now been isolated from environmental 

samples such as wastewater, river, or streams. Most of these isolates are used for the clinical 

control of shigellosis but these strains also described the prevalence and the diversity of 

Shigella phages. To date, many lytic Shigella phages were isolated from different areas and 

they are divided into a few main groups. The largest family belongs to the T4-like Myovirus 

subfamily (Tevenvirinae) with a genome size of 164.0-176.0 Kbp. Next, a large group of phage 

belongs to the T-1-like Siphoviridae sub-family (Tunavirinae) with a genome size of 47.7-51.9 

Kbp and FelixO1- like Myoviridae subfamily (Ounavirinae) with a genome size 85.9-90.4 Kbp. 

Some of the Shigella phages also belong to the Podoviridae subfamily (Subramanian, Parent, 

and Doore 2020). 

In our study, a Myoviridae Shigella bacteriophage was isolated from the environmental sample 

and characterized. 

2.14.2 Phage-based control of Shigella infection: 

The birth of phage therapy is historically related to the Shigella spp. In 1915 an outbreak of 

severe hemorrhagic dysentery occurs among the French troops stationed at Maisons-Laffitte. 

Felix d’Herelle is the person who is responsible for the determination of the cause of this 

disease. d’Herelle prepared bacteria-free filtrate from the stool sample of the hospitalized 

soldiers and mixed it with the Shigella strains culture collected from the patients. The mixed 

sample was then plated on the agar and the bacterial growth was observed. During this 

experiment, d’Herelle first observed the small size clear zone of lysis in the plate, later known 

as “plaque” (Summers 1999). In 1919 Felix d’Herelle first applied phage to treat the symptoms 

of dysentery. Interestingly the phage was an anti-dysentery Shigella phage and it was injected 

into a patient with severe dysentery. After receiving the phage, the patient recovered very 
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quickly and the symptoms of dysentery also disappeared after receiving the phage therapy 

(Summers 1999). After the success of this therapy, the phage was applied successfully in 

various dysentery cases and all these studies were reported in various scientific articles over 20 

years. In another report, Shigella flexneri was identified in Shigella-affected children in the US 

state of Maryland and 5 to 1300 ml of phage was given orally and rectally to the children 

(DAVISON 1922). In another study, it was reported that shigellosis was treated with the use of 

10 ml of phage which was administered orally. The interesting part of this study was that the 

mortality rate and the longevity stay in the hospital were reduced compared to the control study. 

In another report of bacillary dysentery patients in France in 1933 were treated with oral 

administration of 5-10 ml of polyvalent Shiga-Flexner phage with alkaline water during an 

outbreak that occurred in the ships at the port of Brest. The blood and the mucous were stopped 

and within 4 days the stool of the patient reverted to normal. The same physician also applied 

phage to the newborn in a camp to stop an outbreak (Goodridge 2013). 

On the other hand, there were some cases of failure of phage therapy. In one study it was 

reported that 70 infants (aged below 2 years old) were treated with one ounce of bacteriophage 

per hour and among them, there were 22 successful cases. The reason behind the lower success 

rate may be due to the phage used in this study being strain-specific and the phage effective 

against 17 bacterial strains out of 94 bacterial strains. In another phage therapy research was 

conducted by the British army and in this study, the work was divided into four scales. Among 

them, two scales gave an unsatisfactory result whereas the result of the third case was also 

unimpressive and the third one was published in British Medical Journal. In the last experiment 

there were 32 enrolled cases among them 18 were control cases and the remaining 14 were 

phage-treated cases (Boyd and Portnoy 1944; Goodridge 2013). 

Though there were some unsuccessful cases of phage therapy still it got success in many of the 

cases. For example, daily three times phage was given to patients with dysentery outbreaks 

(caused by Shigella sonnei). Interestingly after two days, the epidemic had been stopped and 

no further case was found for the next one year (Haler 1938). In another study in Poland (1941) 

it was found that 10 ml of phage mixture containing sodium bicarbonate was given with tea or 

coffee to infected patients and it was effective against Shigella infection. The Hirszfeld Institute 

of Immunology and Experimental Therapy (HIIET) in Poland (in 1957) used bacteriophage to 

treat shigellosis and other infectious diseases caused by antibiotic-resistant bacterial strains 

(Sulakvelidze, Alavidze, and Morris 2001). A clinical trial to evaluate the efficacy of the phage 
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against shigellosis was conducted in 1960 in Tbilisi, Georgia. In this study, 6-7 years old 30,769 

children were involved. These kids were split into two groups, one group received dried 

Shigella phage tablets, while the other received an oral placebo once a week for each kid. The 

children were monitored on a regular basis for 109 days. The dysentery infection was four-fold 

higher for the placebo-treated children than those treated with bacteriophage (Babalova et al. 

1968). Research published in 1984 indicated that patients treated for shigellosis using phage-

mediated therapy experienced a ten-fold decrease in diarrhoea. (Anpilov and Prokudin 1984) . 

An experiment was conducted in 1993, in which the phage was used to treat shigellosis and 

salmonellosis with a combination of antibiotics (Milyutina and Vorotyntseva 1993). The result 

showed that the combination therapy was more effective than the antibiotic alone. During the 

21st century, many articles reported the success rate of phage therapy. The phage efficiency was 

checked against some antibiotic-resistant Pseudomonas and Streptococci as well as some 

multidrug-resistant Enterobacteriaceae family members such as Shigella, Escherichia, 

Salmonella, Klebsiella, Serratia, and Proteus (Kumari, Harjai, and Chhibber 2011). This study 

further confirmed that the efficacy rate of phage to treat shigellosis was higher. Another study 

was performed to check the efficacy of Shigella-specific phages and phage cocktails to inhibit 

the Shigella bacteria in chicken products. The result of this study showed that the high 

concentration of Shigella phage (3X 108 PFU/g) can reduce the load of bacteria more 

effectively than the low concentration of bacteriophage (1 X 108 PFU/g) (Zhang, Wang, and 

Bao 2013). All the above-mentioned studies suggested that the phages were able to reduce the 

load of Shigella bacteria effectively. In the near future phage therapy can be used as an effective 

alternative against multi-drug resistant Shigella spp. and hence the pressure to produce new 

antibiotics is reduced. 
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3.1 OBJECTIVES 

Bacteriophages (phages), are among the most prevalent and diverse organisms found in any 

environment and also in the mammalian GI tract. They have been increasingly recognized as 

potential tools to control pathogens. Phages are capable to inhibit the growth of specific food-

borne and water-borne pathogens without disturbing the beneficial microflora. Moreover, 

phages have demonstrated enough promise in treating bacterial infections. starting from the 

initial therapeutic usage to the recent treatment of Shigella infections with the resurgence of 

phage therapy due to the increase in antibiotic resistance. Aiming to explore an alternative 

treatment strategy for shigellosis caused by Shigella spp. there is a continuously growing 

interest recently observed within the phage research community to isolate and characterize 

novel Shigella phages from the environment or patients. Here, we aim to study the 

morphological, biological, genomic, and proteomic characterization of a newly isolated lytic 

Shigella bacteriophage. The structural characterization as well as the phage host infection study 

is also an important part of this work. The efficacy of bacteriophages both alone and in 

combination with antibiotics or other phages has also been studied to remove or control 

bacterial biofilm formation. The overall aim of this thesis work is to understand the ability of 

this phage as a potential biocontrol and therapeutic candidate in the future. 

The specific objective of my work is as follows: 

Objective 1   Isolation and characterization of a lytic bacteriophage. 

Objective 2    Structural characterization of bacteriophage Sfk20 by single particle cryo-

electron microscopy and image processing and prediction of phage structural proteins by deep 

learning and homology modeling. 

Objective 3   To study the in vitro phage-host interaction by electron microscopy. 

Objective 4   Antibiofilm activity of the isolated bacteriophage against host bacteria. 



CHAPTER 4 

51 | P a g e  
 

 

 

 

 

 

chaPTeR 4 

 

 

 
 

 

 

 

 

Materials & Methods 

 

 



CHAPTER 4 

52 | P a g e  
 

4.1 List of chemicals: 

 

Serial No. Reagents Company Country 

1. Acrylamide HiMedia India 

2. Acetone Merck India 

3. Agar 100 resin kit Agar Scientific UK 

4. Agarose HiMedia India 

5. Ammonium acetate HiMedia India 

6. Ammonium sulfite Qualigens India 

7. Amyl acetate Qualigens India 

8. Ammonium 

persulfate 

HiMedia India 

9. Ampicillin sodium 

salt 

HiMedia India 

10. BamHI HiMedia India 

11. Beta mercaptoethanol Sigma-Aldrich USA 

12. BglII HiMedia India 

13. Bromophenol blue HiMedia India 

14. Cacodylic acid, 

Sodium salt 

Ted Pella USA 

15. Coomassie brilliant 

blue 

Sigma-Aldrich USA 

16 Chloroform Qualigens India 

17. Dimethyl sulfoxide 

(DMSO) 

Merck India 

18. Dithiothreitol (DTT) SRL India 

19. DNase I HiMedia India 

20. EcoRI Sigma-Aldrich USA 

21. EcoRV HiMedia India 

22. EDTA Qualigens India 

23. Ethanol HiMedia India 

24. Glacial acetic acid Qualigens India 

25. Glutaraldehyde Sigma-Aldrich USA 

26. Glycerol Merck India 

27. Glycine Merck India 

28. Gram crystal violet HiMedia India 

29. Hexamethyldisilazane Sigma-Aldrich USA 

30. HindIII Sigma-Aldrich USA 

31. Hydrochloric acid Merck India 

32. Lauryl sulfate sodium 

salt (SDS) 

HiMedia India 
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33. Lead citrate Polaron India 

34. Magnesium chloride 

hexahydrate 

HiMedia India 

35. Methanol Merck India 

36. MluI HiMedia India 

37. N, N’ bisacrylamide HiMedia India 

38. Osmium tetraoxide Agar Scientific UK 

39. Phosphate buffered 

saline 

HiMedia India 

40. Proteinase K HiMedia India 

41. PstI Sigma-Aldrich USA 

42. RNase I HiMedia India 

43. Sodium acetate HiMedia India 

44. Sodium carbonate Merck India 

45. Sodium chloride HiMedia India 

46. Sodium hydroxide HiMedia India 

47. Sodium periodate HiMedia India 

48. Sucrose HiMedia India 

49. Tris-Base HiMedia India 

50. Tris HCl HiMedia India 

51. TEMED HiMedia India 

52. Uranyl acetate BDH Chemicals England 

 

4.2 List of equipment: 

 

Serial No. Equipment Model Manufacturer Country 

1. Agarose gel 

electrophoresis 

apparatus 

AE-6111 ATTO Japan 

2. Agarose gel 

electrophoresis 

powerpack 

minipack-250 GENEI India 

3. Autoclave LabTech DAIHAN LABTECH 

CO., LTD. 

Korea 

4. Biological Safety 

cabinet 

NK system NIPPON MEDICAL 

& CHEMICAL 

INSTRUMENTS CO., 

LTD 

Japan 

5. Centrifuge SORVALL 

LEGEND X1R 

Thermo SCIENTIFIC USA 

6. Drying oven MOV-112 SANYO Electric Co., 

LTD., 

Japan 

7. Embedding oven MK111 Agar SCIENTIFIC UK 
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8. EM TRIM LEICA EM 

TRIM 

LEICA Germany 

9. Gel doc GelDoc Go 

Imaging System 

BIORAD USA 

10. GPU enabled 

workstation for 

image processing 

Vantageo-2000 

Series 

Teqsys Global 

Solutions Pvt. Ltd 

India 

11. Hydrophilic 

Treatment device 

HDT-400 JEOL DATUM Japan 

12. Knife maker LEICA EM 

KMR 2 

LEICA Germany 

13. Light microscope Primo Star ZEISS Germany 

14. Microcentrifuge MC-01 TARSONS India 

15. Micropipette  TARSONS India 

16. Nanodrop µCuvette G1.0 Eppendorf Germany 

17. pH meter  EUTECH 

INSTRUMENT 

(Thermo Fisher 

Scientific) 

USA 

18. Refrigerator SANYO 

LABCOOL 

Sanyo Trading Co., 

Ltd. 

Japan 

19. Scanning electron 

microscope 

FEI Quanta 200 FEI Netherlands 

20. SDS- PAGE gel 

electrophoresis gel 

apparatus 

Mini-

PROTEAN® 3 

BIORAD USA 

21. SDS-PAGE gel 

electrophoresis 

powerpack 

POWER PAC 

Basic 

BIORAD USA 

22. Shaking water 

bath 

BS-11 JEIO TECH Korea 

23. Sputter coater SC7640 Polaron UK 

24. Transmission 

Electron 

microscope 

FEI Tecnai 12 

BioTwin 

FEI Netherlands 

25. Vacuum 

evaporator 

JEE-400 JEOL Japan 

26. Vortex G-560E SCIENTIFIC 

INDUSTRIES INC. 

Japan 

27. Weighing machine ZSP250 SCIENTECH USA 

28. Ultracentrifuge Sorvall WX100 Thermo Fisher 

Scientific 

Japan 

29. Ultramicrotome LEICA ULTRA 

CUT 

LEICA Germany 

30. UV/VIS 

Spectrophotometer 

Optizen 

2120UV PLUS 

Mecasys Co., Ltd Korea 
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4.3 Preparation of the media: 

4.3.1 Preparation of LB broth: 

Luria Bertani broth  25 gms 

                    Double distilled water 1000 ml 

 

25 gms Luria broth was added to 1L of double distilled water and mixed thoroughly. It was 

then autoclaved (15 lbs/atm pressure) and stored at 4ºC. 

4.3.2 Preparation of Nutrient broth: 

Luria Bertani broth  13.5 gms 

                    Double distilled water 1000 ml 

 

13.5 gms Luria broth was added to 1 L of double distilled water and mixed thoroughly. It was 

then autoclaved (15 lbs/atm pressure) and stored at 4ºC. 

4.3.3 Preparation of Tryptone Soya broth: 

Tryptone Soya broth            30 gms 

                    Double distilled water 1000 ml 

 

30 gms of Tryptone Soya broth was suspended in 1000 ml of double distilled water.  It was 

then autoclaved (15 lbs/atm pressure) and stored at 4ºC. 

4.3.4 Preparation of Luria Bertani agar: 

Luria Bertani Agar 40 gms 

Water 1000 ml 

 

In a conical flask, 40 gms of nutrient agar was added to 1 L of double distilled water. The 

conical flask was then plugged with non-absorbent cotton and put into an autoclave for 

sterilization at 15 lbs/atm pressure. After sterilization, the conical flask containing molten agar 

was equally divided into several Petri plates. After solidification, the plates were stored in a 

4ºC refrigerator in an inverted condition. 
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4.3.5 Preparation of Nutrient agar: 

                        Nutrient Agar 28 gms 

Water 1000 ml 

 

In a conical flask, 28 gms of nutrient agar was added to 1 L of double distilled water. The 

conical flask was then plugged with non-absorbent cotton and put into the autoclave for 

sterilization at 15 lbs/atm pressure. After sterilization, the conical flask containing molten agar 

was equally divided into several Petri plates. After solidification, the plates were stored in a 

4ºC refrigerator in an inverted condition. 

4.3.6 Preparation of Soft agar: 

Luria Bertani broth 25 gms 

Agar (bacteriological grade)                            1 % 

Double distilled water   1 L 

 

25 gms Luria Bertani Broth and 1% agar (bacteriological grade) were mixed in 1 L double 

distilled water. The mixture was heated until the agar melted. 3 ml of the molten soft agar 

was poured into small test tubes in each. Then each tube was plugged with non-absorbent 

cotton and put into an autoclave for sterilization at 15 lbs/atm pressure. After sterilization, it 

was stored at 4ºC. 

4.4 Preparation of buffers: 

4.4.1 Preparation of Tris-MgCl2 buffer (0.1-0.01M, pH- 7.4): 

 

Tris HCl 13.22 gms 

Tris base 1.94 gms 

MgCl2, 7H2O 2.033 gms 

Double distilled water 1 L 

 

In a 1 L lab bottle, 13.22 gms of Tris-HCl, 1.94 gms of Tris base, and 2.033 gms of MgCl2 

were added. The volume was made up to 1 L with water; the pH of the solution was 7.4 at 

room temperature. 
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4.4.2 Preparation of SM buffer: 

Sodium chloride (NaCl) 5.8 gms 

MgSO4, 7H2O 2 gms 

      Tris-Cl (1M, pH-7.5) 50 ml 

Double distilled water 1 L 

 

To prepare 1 L of SM buffer, 5.8 gms NaCl, and 2 gms MgSO4, 7H2O was dissolved in 800 

ml of double distilled water. Thereafter Tris-Cl was added and the volume was adjusted up to 

1 L. It was sterilized by autoclaving at 15 lbs/atm pressure. It was stored at room temperature.  

 

4.4.3 Preparation of 0.4 M Sodium Cacodylate: 

Sodium Cacodylate 42.8 gms 

Double distilled water 500 ml 

 

In a 1 L of lab bottle, 42.8 gms of sodium cacodylate was added to 200 ml of distilled water 

and mixed thoroughly. Then the volume was adjusted up to 500 ml and it was then stored at 

4ºC. 

 

4.4.4 Preparation of 3% buffered glutaraldehyde: 

0.4 M Sodium Cacodylate 25 ml 

25% Glutaraldehyde 12 ml 

Double distilled water 63 ml 

 

In a 100 ml lab bottle, 25 ml of 0.4M sodium cacodylate and 12 ml of 25% glutaraldehyde 

were added. The volume was adjusted up to 100 ml. 
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4.4.5 Preparation of 0.2 M Sodium Cacodylate: 

Sodium Cacodylate 21.4 gms 

Double distilled water 500 ml 

 

In 1 L of the bottle, 42.8 gms of sodium cacodylate was added to 200 ml of distilled water 

and mixed thoroughly. Then the volume was adjusted up to 500 ml. It was then stored at 4ºC. 

4.4.6 Preparation of 0.1 M Sodium Cacodylate: 

0.4 M Sodium Cacodylate 312.5 ml 

0.2 M HCl                              50 ml 

Double distilled water   887.5 ml 

 

In a 1 L lab bottle, 887.5 ml double distilled water and 312.5 ml sodium cacodylate was 

added and the pH was adjusted using 0.2 M HCl. 

 

4.4.7 Preparation of Electrophoresis buffer for SDS-PAGE gel: 

Glycine 14.3 gms 

Tris 3.0 gms 

SDS 1.0 gms 

 

In a 1000 ml bottle, 500 ml of double distilled water was taken. 14.3 gm of glycine, 3.0 gms 

tris, and 1 gm of SDS were added. Finally, the water was added up to 1000 ml. 

4.4.8 Preparation of Sample loading buffer: 

Solution C 0.5 ml 

25 mM DTT 48 mg 

50% glycerol 1.25 ml 

10% SDS 240 mg 

Double Distilled water 0.75 ml 

Bromophenol blue 0.025% 

β- mercaptoethanol 0.75 ml 
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In a 15 ml centrifuge tube 0.5 ml solution C, 48 mg of 25 mM DTT, 1.25 ml of 50% glycerol, 

240 mg 10% SDS, and 0.75 ml double distilled water were added and mixed properly. 

Thereafter 0.025% bromophenol blue and 0.75 ml of β- mercaptoethanol was added.  

 

4.4.9 Preparation of 10 X TAE (Tris-acetate EDTA) buffer: 

Tris 48.5 gms 

Glacial acetic acid 11.4 ml 

0.5 M EDTA 20 ml 

Double distilled water 1 L 

 

In 500 ml double distilled water 48.5 gms of Tris was added. Next 11.4 ml glacial acetic and 

20 ml of 0.5 M EDTA mixed with the solution. The volume was made up to 1 L. The buffer 

solution was stored at room temperature. 

 

4.4.10 Preparation of 1X TAE buffer: 

10 X TAE 100 ml 

Double distilled water 900 ml 

 

In a 1000 ml Lab bottle, 100 ml of 10X TAE buffer was taken. Next 900 ml of double distilled 

water was added. The buffer solution was stored at room temperature. 

 

4.4.11 Preparation of 50 mM Sodium acetate buffer: 

Sodium acetate 0.82 gms 

Double distilled water 200 ml 

 

In a 500 ml beaker, 150 ml of double distilled water was added and 0.82 gms of sodium 

acetate was added to it. The pH was adjusted up to 5.2. the water was adjusted up to 200 ml. 

It was then stored at room temperature. 
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4.5 Preparation of various reagents: 

4.5.1 Preparation of 2% Uranyl acetate: 

Uranyl acetate 2 gms  

Double distilled water                           100 ml 

 

2 gms of uranyl acetate was added to 100 ml of double distilled water and mixed properly. 

The solution was stored at room temperature. 

 

4.5.2 Preparation of Lead citrate: 

Lead citrate 0.2 gms 

Double distilled water 100 ml 

 

To 100 ml of double distilled water, 0.2 gms of lead citrate was added. It was mixed properly.     

Then 1N NaOH solution was added dropwise until the pH rises to 12. 

 

4.5.3 Preparation of 2% Osmium Tetraoxide: 

Osmium Tetraoxide 250 mg 

Double distilled water 12.5 ml 

 

250 mg of osmium tetraoxide was dissolved into 12.5 ml double distilled water and stored in 

a black bottle (to avoid light) at room temperature. 

4.5.4 Preparation of 1% working osmium tetraoxide [1% OsO4]: 

2% osmium tetraoxide                            2 ml 

0.2M Sodium Cacodylate 2 ml 

 

2% osmium tetraoxide was dissolved into 2 ml of sodium cacodylate and mixed properly. 
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4.5.5 Preparation of hardening reagent: 

Agar 100 Resin 6 gms 

Dodecenyl Succinic Anhydride (DDSA) 2.25 gms 

 Methyl Nadic Anhydride (NMA) 3.75 gms 

N-Benzyldimethylamine (BDMA) 0.35 gms 

 

6 gms of Agar 100 Resin was mixed with 2.25 gms dodecenyl succinic anhydride and methyl 

nadic anhydride. Next benzyl di-methyl amine (BDMA) was added. All the above-mentioned 

components were mixed well in a magnetic stirrer and kept overnight at 60ºC. 

 

4.5.6 Preparation of Solution A for SDS-PAGE: 

Acrylamide 29.2 gms 

N, N´ bisacrylamide 0.8 gms 

 

0.8 gms of N, N´ bisacrylamide was dissolved in 30 ml water. Acrylamide was added in N, N´ 

bisacrylamide solution gradually and stirred. When acrylamide was dissolved completely in N, 

N´ bisacrylamide solution. Double distilled water was added to this solution up to 100 ml. 

 

4.5.7 Preparation of Solution B for SDS-PAGE: 

Tris HCl 18.13 gms 

Sodium do-decyl sulfate 400 mg 

 

18.13 gms Tris-base was dissolved in 90 ml distilled water. 400 mg SDS was added to the Tris-

base solution. pH of the solution was adjusted using 3M HCl to pH 8.8. Finally, water was 

added up to 100 ml. 

4.5.8 Preparation of Solution C for SDS-PAGE: 

Tris-HCl 6 gms 

Sodium do-decyl sulfate 400 mg 

 

Tris base was dissolved in 80 ml distilled water and 400 mg SDS was added to the solution. 

pH of the solution was adjusted to 6.8 using the 3M HCl solution. 
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4.5.9 Staining solution for SDS-PAGE: 

Ethanol 50 ml 

Double distilled water 40 ml 

Acetic acid 10 ml 

Coomassie brilliant Blue 5 gms 

 

In a 100 ml lab bottle 50 ml of ethanol, 40 ml of double distilled water, and 10 ml of acetic 

acid were added. 5 gms of Coomassie brilliant blue was dissolved in the solution. The 

solution was stored at room temperature. 

 

4.5.10 Preparation of destaining solution: 

Ethanol 50 ml 

Double distilled water 40 ml 

Acetic acid 10 ml 

 

In a 100 ml lab bottle 50 ml of ethanol, 40 ml of double distilled water, and 10 ml of acetic 

acid were added. The solution was stored at room temperature. 

 

4.5.11 Preparation of fixing solution: 

Methanol 100 ml 

Acetic acid 10 ml 

Double distilled water 90 ml 

 

In a 250 ml lab bottle, 100 ml of methanol was taken and 10 ml of acetic acid and 90 ml of 

double distilled water were added. The solution was stored at room temperature. 

 

4.5.12 Preparation of 10% APS solution: 

APS (Ammonium per sulfate) 20 mg 

Double distilled water 200 µl 

 



CHAPTER 4 

63 | P a g e  
 

20 mg Ammonium persulfate was added to the 200 µl double distilled water and mixed 

properly and stored at room temperature. 

 

4.5.13 Preparation of 10mM periodate solution: 

50 mM sodium acetate solution 100 ml 

Sodium periodate 0.21 gms 

 

To 100 ml 50mM acetate solution(pH-5.2) 0.21 gms of sodium periodate was added. The 

solution was mixed properly and stored at room temperature. 

 

4.5.14 Preparation of 1 % agarose gel: 

1 X TAE buffer 30 ml 

Agarose (medium EEO) 0.3 gms 

 

In a conical flask 0.3 gms of agarose then the powder was mixed with 30 ml of 1X TAE buffer 

and it was then boiled until the agarose is completely dissolved. Then the solution was cool 

down in running tap water to about 50ºC. The agarose solution was then poured into the gel 

tray. The gel tray was kept at 4ºC to solidify properly. 

4.5.15 Preparation of 12.5 % resolving gel: 

Solutions Amount 

Solution A  4.2 ml 

Solution B  2.5 ml 

Double distilled water 3.3 ml 

APS 23 µl 

TEMED 5.5 µl 

 

In a 15 ml centrifuge tube 1.5 ml of Solution A, 1.125 ml of Solution B, 0.62 ml of double 

distilled water were taken. 5 µl of TEMED was added to the solution. Finally, the APS was 

added and mixed gently and poured immediately into the glass sandwich plates. 
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4.5.16 Preparation of stacking gel:  

Solutions Amount 

Solution A  1.5 ml 

Solution C  0.75 ml 

Double distilled water 1.8 ml 

APS 10 ml 

TEMED 7 ml 

 

After the solidification of the resolving gel, the stacking gel was prepared. In a 15ml centrifuge 

tube 1.5 ml of Solution A, 1.125 ml of Solution B, and 0.62 ml of double distilled water were 

taken. 5 µl of TEMED was added to the solution. Finally, the APS was added and mixed gently 

and the mixture was poured immediately on top of the resolving gel. 

 

4.5.17 Preparation of 40% Sucrose solutions: 

 

Sucrose 8 gms 

Double distilled water 20 ml 

 

In a 50 ml lab bottle, 10 ml water was taken. 8 gms of sucrose was added and mixed properly. 

Gently the water was added up to 20 ml. Thereafter the solution was autoclaved (15lbs/atm 

pressure) and stored at 4ºC. 

 

4.5.18 Preparation of 30% Sucrose solutions: 

 

Sucrose 6 gms 

Double distilled water 20 ml 

 

In a 50 ml lab bottle, 10 ml water was taken. 6 gms of sucrose was added and mixed properly. 

Gently the water was added up to 20 ml. Thereafter the solution was autoclaved (15 lbs/atm 

pressure) and stored at 4ºC. 

 

4.5.19 Preparation of 20% Sucrose solutions: 

 

Sucrose 4 gms 

Double distilled water 20 ml 
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In a 50 ml lab bottle, 10 ml water was taken. 4 gms of sucrose was added and mixed properly. 

Gently the water was added up to 20 ml. Thereafter the solution was autoclaved (15 lbs/atm 

pressure) and stored at 4ºC. 

 

4.5.20 Preparation of 10% Sucrose solutions: 

 

Sucrose 4 gms 

Double distilled water 20 ml 

 

In a 50 ml lab bottle, 10 ml water was taken. 4 gms of sucrose was added and mixed properly. 

Gently the water was added up to 20 ml. Thereafter the solution was autoclaved (15 lbs/atm 

pressure) and stored at 4ºC. 

 

4.5.21 Preparation of 20% Sodium chloride solutions: 

 

Sodium chloride 20 gms 

Double distilled water 100 ml 

 

In a 100 ml lab bottle, 50 ml water was taken. 20 gms of sodium chloride was added and mixed 

properly. Gently the water was added up to 100 ml. Thereafter the solution was autoclaved (15 

lbs/atm pressure) and stored at 4ºC. 

 

4.5.22 Preparation of 15% Sodium chloride solutions: 

 

Sodium chloride 15 gms 

Double distilled water 100 ml 

 

In a 100 ml lab bottle, 50 ml water was taken. 15 gms of sodium chloride was added and mixed 

properly. Gently the water was added up to 100 ml. Thereafter the solution was autoclaved (15 

lbs/atm pressure) and stored at 4ºC. 

 

4.5.23 Preparation of 10% Sodium chloride solutions: 

 

Sodium chloride 10 gms 

Double distilled water 100 ml 
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In a 100 ml lab bottle, 50 ml water was taken. 10 gms of sodium chloride was added and mixed 

properly. Gently the water was added up to 100 ml. Thereafter the solution was autoclaved (15 

lbs/atm pressure) and stored at 4ºC. 

 

4.5.24 Preparation of 5% Sodium chloride solutions: 

 

Sodium chloride 5 gms 

Double distilled water 100 ml 

 

In a 100 ml lab bottle, 50 ml water was taken. 5 gms of sodium chloride was added and mixed 

properly. Gently the water was added up to 100 ml. Thereafter the solution was autoclaved 

(15lbs/atm pressure) and stored at 4ºC. 

 

4.6 Bacterial strains: 

Shigella flexneri 2a was used in this study as host bacteria. Other bacterial strains such as 

Shigella flexneri 3a, Shigella flexneri 6, Shigella flexneri 4, Shigella flexneri 1b, Shigella 

sonnei, Shigella dysenteriae 1, Shigella boydii, Salmonella typhi, Salmonella typhimurium, 

Salmonella enteritidis, ETEC, Vlbrio cholerae O1 was also used in this study. All these strains 

were collected from the Division of Bacteriology of ICMR- National Institute of Cholera and 

Enteric Diseases. 

 

4.7 Colony forming unit (CFU) calculation: 

A colony-forming unit calculation was performed to know the concentration of the bacteria in 

the culture condition. and it was determined by serial dilution. Briefly, the bacterial culture was 

serially diluted into the broth. The 100 µl of serially diluted bacterial culture was added to the 

agar plates and spread properly with an L-shaped spreader. The plates were incubated at 37 ºC 

incubator overnight. The next day the number of colonies was counted and CFU was calculated 

according to the formula given below: 

 

CFU/ml = Number of colonies * dilution factor 

                          Volume of the culture plate 
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4.8 Growth curve of bacteria: 

One single colony of Shigella flexneri 2a bacteria was added to the 5 ml of LB broth and kept 

in a 37ºC shaker incubator overnight, the next day the OD of the culture was measured. 

According to the calculation the overnight culture was added to the 40 ml of the LB broth and 

kept under shaking conditions. The OD was taken in a UV/VIS spectrophotometer (Optizen 

2120UV PLUS) 30 minutes time intervals up to 9 hours. 

 

4.9 Isolation, propagation enrichment, and purification of phage sample: 

The Shigella flexneri 2a strain was used as a host bacterium for isolation and the propagation 

of the bacteriophage in this study. For this purpose, lake water sample was collected from the 

diarrheal outbreak area of Kolkata. 25 ml of water sample was taken in a conical flask. 25 ml 

of 10X phage broth media and 5 ml of early log phase culture of Shigella flexneri 2a were 

mixed with the 25 ml water sample. This suspension was then incubated for 24 hours at 37ºC 

with constant shaking at 101 rpm. The next day the culture was centrifuged at 10000 rpm for 

10 minutes at 4ºC to remove the bacterial cells. The supernatant was collected and filtered 

through the 0.22 µm syringe-driven membrane filter (HiMedia, India). Thereafter the 10µl of 

the filtered sample was spotted on the surface of the Shigella flexneri 2a 2457T bacterial lawn 

that was prepared in a Petri plate. After getting the clear zone of lysis appeared in the plate the 

filtered supernatant was diluted serially (10-1 to 10-8) in sterilized Tris-MgCl2 buffer (0.1-

0.01M, pH- 7.4), 100µl of each serial dilution mixed with 250 µl of early log phase culture of 

Shigella flexneri 2a and this suspension was added to 3 ml of molten soft agar at 50ºC. 

Thereafter it was decanted onto the solid agar plate to make a double agar layer plate. The 

plates were then incubated at 37 ºC overnight. Next day a single plaque was scrapped from the 

plate and mixed with Tris-MgCl2 buffer (0.1-0.01M, pH- 7.4) properly. This mixture was then 

centrifuged at 10000 rpm for 10 minutes at 4ºC and plaque assay of the collected supernatant 

was performed. The single plaque collection procedure was performed three times to ensure 

the phage suspension contain a single phage. The isolated bacteriophage was then propagated 

in the Shigella flexneri 2a (2457T) strain following the soft agar overlay method (Yuan et al. 

2015). For this purpose, an early log phase culture of Shigella flexneri 2a (2457T) was infected 

with the bacteriophage. The infected bacterial cell suspension was added to 3 ml molten soft 

agar and thereafter it was poured into the plate and the plate was incubated at 37ºC till confluent 

lysis occur. The Tris-MgCl2 buffer (0.1-0.01M, pH- 7.4) was added to the plate. The top agar 
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layer was then scrapped from the plate and collected in then centrifuged tube. It was then 

centrifuged at 10000 rpm for 10 minutes at 4ºC in a 2-16 K Sigma tabletop centrifuge and the 

supernatant was collected and chloroform was added to it. The supernatant was then stored at 

4ºC. 

To concentrate the phage samples, the next day the supernatant was centrifuged in a Sorvall 

RC100 ultracentrifuge using fixed-angle rotor T-865 at 25000 rpm for 1:30 hours at 4ºC. The 

supernatant was discarded and the pellet was resuspended in Tris-MgCl2 buffer (0.1-0.01M, 

pH- 7.4). The sample was then centrifuged at 10000 rpm for 10 minutes at 4ºC to remove the 

agar and bacterial debris. The supernatant containing phage was then purified by the sucrose 

step gradient method. For the purification of the bacteriophage by the sucrose step gradient 

method, the phage sample was added to the top layer of preformed sucrose gradient 10%, 20%, 

30%, and 40%. It was then centrifuged using TH-660 swing-out rotor at 30000 rpm for 2 hours 

at 4ºC at sorvall RC100 ultracentrifuge (Dutta and Ghosh 2007). During centrifugation, the 

phage sample was passed through the gradient. After centrifugation, the pellet was resuspended 

in Tris-MgCl2 buffer (0.1-0.01M, pH- 7,4) and purified by dialysis against Tris-MgCl2 buffer 

(0.1-0.01M, pH- 7.4) for overnight with three successive changes of the buffer at 4ºC. The 

phage stock was then stored at 4ºC. 

 

4.10 Plaque assay: 

A plaque assay was performed to know the concentration of the purified phage sample and it 

was determined by serial dilution. Briefly, the purified phage sample was diluted serially and 

it was mixed with the log phase culture of bacterial cells. The phage-infected bacteria were 

then mixed with the molten soft agar and decanted in the agar plate. Plates were dried at room 

temperature and incubated at 37ºC overnight. The next day plaques were counted and the 

concentration of the phage was determined by PFU counts. 

 

4.11 Methods involved to determine morphology using transmission electron 

microscopy: 

4.11.1 Carbon coating of the grid: 

A mica sheet was cut freshly and the surface of the mica sheet was attached with the tape to 

the filter paper in a Petri dish. It was placed within the vacuum evacuator chamber JEOL 400 
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where two small graphite rods were connected to a high-voltage circuit. The Chamber of 

vacuum evacuator of JEOL 400 with mica sheet was evacuated to a sufficiently high vacuum; 

the current was applied across the graphite rod in 5-10 seconds until the required amount of 

carbon was deposited on the mica sheet and the light brown color of the filter paper in the Petri 

dish indicated it. 

10 X 1 cm of adhesive tape was dissolved in 50 ml amyl acetate reagent and the solution was 

stored in a bottle. Then the grids were kept on filter paper in a glass Petri dish. The mat surface 

was kept upward. The glue was added in a drop-by-drop manner onto the grids with a Pasteur 

pipette in such a way that the grids were wet uniformly. The sticky grids were kept under 

infrared light to become dry and stored in a clean Petri dish. 

The carbon-coated mica sheet was kept in the moist chamber (at 4ºC) for a few hours in such 

a way that the carbon coating position does not touch any substance and it helps the detachment 

of carbon film from the mica. The sticky grids were placed on a wire mesh under the surface 

of distilled water in a petri dish. The coated mica piece was taken out from the moist chamber 

and it was then slowly and carefully dipped into the water at an angle of 40º- 45º, in such a 

manner that the carbon film glided off and floated in the water. The wire mesh carrying the 

grids was raised upwards and grids became covered by a coat of carbon producing a solid 

transparent support film. The carbon-coated grids were dried under infrared light, taken away 

from wire mesh, and stored in a Petri dish for further use. 

 

4.11.2 Glow-discharge of the carbon-coated grids: 

Carbon grids were glow discharged immediately before use. Carbon-coated grids are 

hydrophobic in nature. They can be made hydrophilic by subjecting them to glow discharge. 

Glow discharge is an important method that is utilized for cleaning and modifying surfaces. 

Carbo-coated grids were placed on a glass slide and were kept in a JEOL HDT 400 hydrophilic 

treatment device. The chamber was evacuated and glow discharge was carried out for a minute. 

The grids were ready and used within 30 minutes. 

 

4.11.3 Negative staining of the samples:  

Negative staining relies on the principle of staining the background rather than the sample 

which gives better visual information about the sample. 5 µl sample was put on hydrophilic 
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300 mesh carbon-coated copper grids (Ted Pella, USA) and allowed to adsorb for 1 minute. 

Then the excess fluid was blotted off with a piece of filter paper and the sample was stained 

with 2% uranyl acetate solution by applying drop by drop. The excess liquid was blotted with 

filter paper. The grids were air-dried and observed under a transmission electron microscope 

(FEI Tecnai 12 BioTwin TEM). 

 

4.11.4 Transmission electron microscopy of the samples: 

The negatively stained grids were examined in an FEI Tecnai 12 BioTwin transmission electron 

microscope (FEI, Netherlands) operating at 100 kV using 100 µm C2 aperture and 50 µm 

objective aperture. Images were taken on an SIS MegaViewIII CCD camera (SIS, 

Herzogenrath, Germany). Magnification of the microscope was calibrated with negatively 

stained beef catalase crystal (Ted Pella, USA). 

 

4.12 Host range analysis and efficiency of plating calculation of phage Sfk20: 

A host range assay was performed to know the infectivity of the bacteriophage Sfk20 against 

many other enteric bacterial strains present in the laboratory (Table 4.1). It was determined by 

the spot assay method (Kutter 2009) on the basis of the phage’s ability to form clear plaque in 

the bacterial lawn culture in an agar plate. Briefly, 10 µl of purified phage sample was spotted 

in the middle of the lawn culture of different enteric bacteria in agar plates. Plates were 

incubated overnight at 37ºC; the visible clear zone of lysis was checked the next day. 

The purified phage sample was serially diluted and the plaque assay was performed with all 

bacterial strains (giving a visible clear spot) including the host strain. The EOP of the primary 

host strain was considered as 1. The EOP values were calculated as the ratio of the PFU value 

of phage with a susceptible bacterial strain and the phage with an indicator (Shigella flexneri 

2a, 2457 T) bacterial strain. 
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Table 4.1: Bacterial strains used for the host range analysis  

 

4.13 One-step growth curve and adsorption kinetics: 

The one-step growth curve of bacteriophage was carried out by a method described elsewhere 

with some modifications (Ahamed et al. 2019). Briefly, the Shigella flexneri 2a (2457T) strain 

was grown in LB medium at 37 ºC. then 20 ml of early log phase culture (OD600 = 0.5) of the 

bacteria was harvested by centrifugation at 5000 X g at 4ºC for 10 minutes. The supernatant 

was discarded and the pellet was resuspended in 1ml of LB medium. Thereafter the 

bacteriophage was added at an MOI of 0.1. The mixture was incubated for adsorption at 37°C 

for 5 minutes and diluted in Luria broth with a maximum volume of 10 ml and reintubated at 

37°C. During incubation at 37°C aliquots were taken out at different time intervals up to 80 

minutes and phage titer was calculated by soft agar overlay method. Burst size was calculated 

as a ratio of the average phage particles produced after the burst and the average number of 

phage particles adsorbed.  

The adsorption assay was performed by a method described elsewhere with some modifications 

(Adams 1959). Briefly, 1 ml of early log phase culture (OD600 = 0.5) of Shigella flexneri 2a 

was mixed with phage at an MOI of 0.1 and incubated aerobically at 37°C. Samples were taken 

at 4 minutes intervals (up to 20 minutes) and immediately diluted into Tris-MgCl2 buffer (0.1-

Bacterial species Strain no. 

Shigella flexneri 2a 2457T 

Shigella flexneri 3a UB811 

Shigella flexneri 1b 03075/19 

Shigella flexneri 4 C2529 

Shigella flexneri 6 UB812 

Shigella sonnei IDH00968 

Shigella boydii 1 NK02379 

Salmonella enteritidis 520833 

Salmonella typhimurium PH-94 

Salmonella typhi KOL 551 

ETEC IDH07942 

Vlbsrio cholerae O1 MAK757 
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0.01M, pH- 7.4). The diluted sample was centrifuged at 8000 rpm for 5 minutes. The titer of 

the unadsorbed phage was assessed using the soft agar overlay method. 

 

4.14 Phage stability assay under various physiological conditions: 

4.14.1 Stability of phage Sfk20 under various temperatures: 

To evaluate the heat-resistant capacity of bacteriophage thermal stability experiment was 

performed as mentioned earlier with some modifications (Shahin, Bouzari, and Wang 2018). 

Phage suspension was taken in various microcentrifuge tubes and incubated at different 

temperatures (4ºC, 25ºC, 37ºC, 50ºC, 60ºC, and 70ºC) for one hour. After one hour of 

incubation, the phage suspensions were serially diluted and the number of active phages was 

determined by the soft agar overlayer method. 

 

4.14.2 Phage sensitivity at various pH: 

To evaluate the phage stability at various pH conditions (Jamal et al. 2015), the aliquots of the 

LB broth were taken into various tubes. The pH of the medium was adjusted to a range of 3-

13. Phage suspension was added to the LB broths and incubated at 37ºC for 1 hour. Thereafter 

the phage viability was examined by the soft agar overlay method. 

 

4.14.3 Phage stability under ultraviolet irradiation: 

Phage stability under UV light irradiation was evaluated. For this purpose, purified and phage 

suspensions were kept under UV light at different time intervals of 5, 10, 15, and 20 seconds 

(Dutta and Ghosh 2007). After that phage viability was tested by the soft agar overlay method. 

 

4.14.4 Stability of phage virion at different saline conditions: 

To test the phage viability at the hypersaline condition an experiment was conducted. Briefly, 

10µl of purified phage Sfk20 sample was added to 15 ml of sterile double distilled water 

containing 0%, 5%, 10%, 15% 20% NaCl and stored at 4ºC for 28 days. Periodically the phage 

titer was assessed by plaque assay (Seaman and Day 2007).  
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4.15 Phage Sfk20 receptor identification: 

4.15.1 Proteinase K treatment: 

This assay was performed as described earlier with some modifications (Hao et al. 2021; 

Kiljunen et al. 2011). Briefly, to examine the effect of proteinase K on phage adsorption, the 

log phase culture of Shigella flexneri 2a was treated with Proteinase K (0.8mg/ml) at 55ºC for 

2 hours, washed with Luria broth (LB), and phage adsorption assay was performed at an MOI 

of 0.1 as described above (Kiljunen et al. 2011). A control experiment without proteinase K 

was also conducted to confirm the possible effect was not due to the incubation of host bacteria 

at 55ºC. 

 

 4.15.2 Periodate treatment: 

Another experiment was performed to study whether the periodate is responsible for destroying 

phage-host interaction (Hao et al. 2021; Kiljunen et al. 2011). Log phase culture of Shigella 

flexneri 2a was centrifuged at 5000 rpm for 5 minutes and the bacterial pellet was suspended 

in sodium acetate (50mM, pH 5.2) and Sodium acetate containing 10mM periodate. The cells 

were allowed to incubate at room temperature (protected from light) for 2 hours. After 

incubation cells were washed and treated with phage and an adsorption assay was done. 

 

4.16 The bacteriolytic activity of phage Sfk20: 

The overnight culture of Shigella flexneri 2a culture was diluted up to a 1:100 ratio and 

incubated at 37ºC under shaking conditions until the early exponential phase was reached.  

Next, the phage Sfk20 was added at a MOI of 0.1, 1, and 100 and a control culture without 

adding phage was used. The samples were then incubated at 37ºC temperature under shaking 

conditions. The CFU of the samples was calculated every 2 hours intervals up to 12 hours. 

 

4.17 Genomic characterization of the phage Sfk20: 

4.17.1 Isolation of the genomic DNA of phage Sfk20:  

Phage DNA was isolated from the purified phage sample using the DNA isolation kit (Norgen, 

Canada) using according to the protocol provided by the manufacturer. Briefly, 1 ml of purified 

phage sample (1 X 1011 PFU/ml) was taken in a 15 ml tube and 500 µl of lysis buffer (provided 

by the manufacturer) was added to the phage lysate. The tube was then vortexed for 10 seconds. 
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In the next step, 650 µl of phage lysate was added to each of the spin columns containing the 

collection tube. Then the spin columns were centrifuged at 8000 rpm for 1 minute. The 

flowthrough was discarded. This previous step was repeated twice until the entire lysate pass 

through the spin column. Next 400 µl of Wash solution A (provided by the manufacturer) was 

added to the spin column and it was centrifuged at 8,000 rpm for 1 minute. The flowthrough in 

the collection tube was discarded. The column was washed for a second time with wash 

solution A and centrifuged at 8,000 rpm for 1 minute. The flowthrough was discarded. This 

step was further repeated. Next, the column was centrifuged at 14000 rpm for 2 minutes in 

order to thoroughly dry the resin of the column. Next, the spin column was transferred to the 

1.7 ml elution tube provided with the kit. 75 µl of Elution Buffer B (provided by the 

manufacturer) was added to the column and centrifuged for 1 minute at 8000 rpm. The 

flowthrough from the elution tube was collected and stored at –20°C. Next, the concentration 

of the DNA was measured in a nanodrop (Eppendorf, Germany). 

 

4.17.2 Restriction digestion of the DNA and separation using DNA gel electrophoresis:  

The isolated DNA sample was digested with seven different restriction enzymes: EcoRI, 

BamHI, HindIII, PstI, EcoRV, BglII, and MluI (Shahin et al. 2021). Briefly, in a 500 µl 

centrifuged tube double distilled water and buffer (provided with the restriction enzyme) were 

added. Next, the DNA sample was added and at last, the restriction enzyme was added to it. 

All the materials were added according to the manufacturer’s protocol. The solutions were kept 

in an incubator at 37ºC for 2 hours (Figure 4.1). After 2 hours of loading dye was mixed with 

the solution and a short spin was given. Next, the agarose gel was prepared to run the digested 

DNA. To prepare 1% agarose gel, in a conical flask 30 ml of 1X TAE buffer was added and 0.3 

gm of agarose powder was added to it. The solution was then heated for 1-3 minutes until the 

agarose was dissolved completely. The agarose solution was cool down in a 65ºC water bath. 

The solution was then poured into a previously prepared gel tray with the well comb. The gel 

was left for a few minutes until it became solidified. After the solidification, the comb was 

removed. The gel tray was then placed into a gel box filled with 1X TAE buffer. The digested 

DNA solutions were then loaded in 1% agarose gel and 250 bp to 25 kbp DNA molecular 

marker (high range DNA ladder, HiMedia) was also loaded. DNA fragments were separated by 

agarose gel electrophoresis at 100 V for 1 hour and the gel was placed in a container containing 

the ethidium bromide (EtBr) solution for staining.  It was incubated into the staining solution 

for 10-15 minutes and then it was destained for 5 minutes. After the staining, the DNA gel was 
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checked under Gel doc (BIO-RAD, USA) The fragments of DNA were separated in the gel 

depending on their length. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Restriction digestion of genomic DNA. 

 

4.17.3 Genome sequencing and analysis: 

Phage Sfk20 whole genome sequencing was performed by Xcelris (Ahmedabad, India) using 

Next Generation Sequencing on an Illumina Platform and the sequencing end data was 

assembled with CLC Genomics Workbench v.6.0.5 with reads map back option. The obtained 

sequence was analyzed for similarity search against nucleotide by BLASTN, NCBI program. 

Potential open reading frames were predicted and annotated using Genemark and Prokaryotic 

GeneMark.hmm version 3.25 respectively. The putative functions of those ORFs were analyzed 

by BLASTP, NCBI program. Using the BLASTP and PSI-BLAST programs against the non-

redundant databases; the predicted ORFs were queried from translated sequences. The genome 

map of phage Sfk20 was drawn using the CG viewer server (http://view. ca/) (Stothard and 

Wishart 2005). The genomic comparison of phage Sfk20 with closely related Myoviridae 

Shigella phages was illustrated in the form of a linear figure using the Easyfig application 

(http:// mjsull. github. io/ Easyfig/ files. html) (Sullivan, Petty, and Beatson 2011). In addition, 

tRNAs were predicted using ARAGORN (http:// 130. 235. 244. 92/ ARAGORN/) and 

tRNAscan-SE (http:// lowelab. ucsc. edu/ tRNAscan- SE/)  (Laslett and Canback 2004; 
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Schattner, Brooks, and Lowe 2005). The nucleotide sequence of the genome of Sfk20 was 

submitted at GenBank under accession number MW341595. 

 

4.17.4. Phylogenetic analysis: 

For phylogenetic analysis two predicted ORFs were selected based on their amino acid 

sequences. The amino acid sequence of baseplate wedge protein (ORF189, protein_id: 

QPP47184) and terminate large subunits (ORF163, protein_id: QPP47158) was chosen. The 

amino acid sequences of Sfk20 were aligned with those of other reference Myoviridae 

bacteriophages using MUSCLE and then the phylogenetic tree was constructed using “ONE 

CLICK” at Phylogeny.fr. 

 

4.18 Proteomic characterization of phage Sfk20: 

4.18.1 Isolation of phage Sfk20 proteins: 

1 ml of highly concentrated and purified bacteriophage was taken in a microcentrifuge tube. It 

was then kept in a boiling water bath for 5-10 minutes. Thereafter the boiled sample was cooled 

down. 

 

4.18.2 Protein profile analysis by running SDS-PAGE: 

To check the protein profile of bacteriophage denaturing SDS-PAGE was performed as 

described by Laemmli (Laemmli 1970). At first, the gel plates were cleaned properly. Next, the 

gel plates were joined to form a cassette and it was clamped in a vertical position. Thereafter 

the 12.5% resolving gel was prepared as mentioned in the reagent preparation section and using 

a Pasteur pipette the gel solution was added to the gel cassette gently until it reached 1cm away 

from the bottom of the comb. To create a smooth surface upper edge of the resolving gel, double 

distilled water was added. The stacking gel was then prepared in a 50 ml centrifuge tube as 

mentioned in the chemical reagent preparation section. When the resolving gel was set properly 

inside the gel cassette the excess water was discarded and stacking gel was added onto the 

surface of the polymerized resolving gel. Immediately after the pouring the Teflon comb was 

inserted into the stacking gel solution. In this condition, the gel was kept at room temperature 

for 20 minutes to set properly. Next, the sample was prepared. For this purpose, 20 µl of phage 

protein sample was mixed with the loading dye and boiled under the boiling water bath for five 

minutes. After the rapid boiling, the sample was cooled down. 10 µl of the sample was then 
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loaded in the pre-determined lane of the stacking gel. The 5 µl of pertained protein ladder was 

loaded in the lane. Next, the electrophoresis apparatus was connected to the power pack and 

the Sodium do decyl sulfate-poly acryl amide gel electrophoresis was performed at room 

temperature in 80KV in 1X SDS gel running buffer until the sample was entered from stacking 

gel to resolving gel After entering into the resolving gel the electrophoresis was performed at 

120KV for 1 hour. After the run the chamber of the gel apparatus was dismantled and gel plate 

was opened to remove the gel. The stacking gel was discarded and kept it in the fixative solution 

for 15 minutes in the rocking platform. After the fixation of the protein the gel was stained with 

a previously prepared staining solution for 15-20 minutes and during the staining the gel was 

kept under the rocking platform. Lastly, the destaining solution was added to the gel after 

discarding the staining solution and kept under rocking conditions overnight. In the very next 

day, the destaining solution was changed twice and the visible bands had appeared after the 

removal of the excess stain.  

 

4.18.3 Phage proteomic analysis using LC-MS/MS: 

4.18.3.1 In-solution tryptic digestion: 

Purified phage Sfk20 was extracted as mentioned earlier. The extracted protein was dried under 

a vacuum in a speed vac and resuspended for denaturation in 6M urea in ammonium 

bicarbonate. Next to reduce the di sulfide bond 100 mM of DTT was added to make the final 

concentration 10 mM in the protein solution and it was then incubated at 56ºC for 1 hour in the 

dark. In the solution free thiol (-SH) was present and it was then alkylated with iodoacetamide 

to make the final concentration 55mM.  The solution was then incubated at room temperature 

for 30 minutes. The reduced and alkylated protein solution was mixed with ammonium 

bicarbonate to reduce the urea and finally digested with trypsin.  

 

4.18.3.2 LC-MS/MS analysis: 

The digested peptide sample was then mixed with formic acid and analyzed by LC-MS/MS on 

1200, 1D nano-LC (Agilent Technologies, San Diego) that was coupled to Nanomate Triversa 

(Advion) and LTQ – Orbitrap Discovery (Thermo Fisher Scientific, USA). LC-MS/MS spectra 

were searched using a PEAKS engine against the phage genome. For protein identification the 

following options were used peptide mass error tolerance: 10.0 ppm, Fragment mass error 
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tolerance: 0.6 Da, enzyme: trypsin, Max Missed Cleavages: 2, fixed modification: 

carbamidomethyl (C), variable modifications: oxidation (M), deamidation (NQ). 

The in-solution tryptic digestion and LC-MS/MS analysis process were at C-CAMP (NCBS, 

India) according to the previously mentioned protocol (Abril et al. 2020; Junqueira et al. 2008; 

Olsen et al. 2005; Wiese et al. 2007). 

 

4.19 Structural characterization of phage Sfk20: 

4.19.1 Sample preparation of cryo-electron microscopy: 

For cryo-electron microscopy sample preparation, holey carbon grids, as well as R1.2/1.3 300 

mesh gold grids (Quantifoil), were used for the study. The grids were glow discharged for 130 

seconds at 20 mA to make the grid surface hydrophilic just before the sample preparation. In a 

FEI Vitrobot IV automated plunger around 3 µl of freshly prepared highly concentrated and 

purified phage Sfk20 sample was applied to the glow discharged grid and waited for 10 

seconds. After the adsorption, the excess sample was blotted for 5 seconds from both sides. 

The condition of the plunger was kept at 4ºC and 100% humidity. Then the grid containing the 

sample was quickly plunged into liquid ethane to form glasslike ice with the same near-native 

intact state inside. The cryo-fixed grids were transferred into cryo-grid boxes and preserved 

under liquid nitrogen until further use. 

  

4.19.2 Cryo-EM data collection: 

Cryo-EM data was acquired using Thermo Scientific™ Talos Arctica transmission electron 

microscope at 200 kV equipped with K2 Summit Direct Electron Detector. Images were 

collected automatically using Latitude S automatic data collection software (Gatan Inc) at 

nominal magnification 33,500x at the pixel size 1.49Å at specimen level. The images were 

collected at low dose conditions of about 80 e-/Å2 with a defocus range of −0.75 μm and −2.25 

μm and the calibrated dose was 4 e-/Å2 per frame was subjected to the sample. Data were 

recorded for 8 sec for a total of 20 frames. Around 829 movies were collected for phage Sfk20 

for further processing. 

 

 

 



CHAPTER 4 

79 | P a g e  
 

4.19.3 Cryo-EM data processing: 

4.19.3.1 Computational processing of Sfk20 capsid structure: 

For the analysis of the capsid part, EMAN 2.9 software was used in a Linux platform Ubuntu 

18.04 LTS version. Initially, the micrographs were imported and motion correction was 

performed (Figure 4.2). After that .hdf files were generated and the particles were picked from 

those files. Next, the capsid part of the Sfk20 phage particles was picked using the graphical 

interface “e2boxer.py” in EMAN 2.9 (Ludtke, Baldwin, and Chiu 1999) with 1296 box size 

and 1.49A/pixel (Figure 4.4). A total of 425 particles were selected from 759 micrographs. 

After picking the particles the CTF correction was performed. For the CTF correction in 

EMAN 2.9 software the graphical interface “e2ctf_auto.py” program was used with 200V, 

1.49A/pix, Cs 2.7 parameters and the hires option was also checked. The hires option of the 

automated CTF processing gave a hint that data may extend to near-atomic resolution. After 

the CTF correction, the boxed-out raw particles were taken and class averaged using the 

program e2refine2d.py. This step had two purposes: First some of the good class averages were 

prepared which were required to make an initial 3-D map for refinement. Second, it was 

possible to identify some fractions of bad particles and those were removed from the dataset. 

After several rounds of 2D classifications, some of the good class averages (which look similar) 

were selected for further processing. From the class averages the initial model was prepared 

and the refinement cycles were performed with imposing C5 symmetry. The refinement 

cycle(e2refine_easy) was repeated until the model converged. In every case, 2D projection 

images of just the previous 3D models (for eg. threed.1.mrc) and CTF-corrected raw particles 

(excluding bad particles) were classified into different class averages with respect to the 2D 

projection images. The previous 3D model was further refined using the newly formed 2D class 

averages and previously formed refined 3D model. This process was repeated several times 

until a converged 3D model was generated. The final 3D structure was generated after a few 

refinements and considered as a final 3D structure. Visualization of all the models was done by 

UCSF Chimera software. 
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Figure 4.2: Processing of the DDD movie files into micrograph using EMAN 2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Particle picking of the bacteriophage capsid. 
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4.19.3.2 Processing of phage Sfk20 head-to-tail connector structure: 

The head-to-tail connector part of the phage Sfk20 act as a portal gatekeeper. The phage 

genome has passed from this portal gatekeeper. For the analysis of the capsid part of the phage 

Sfk20, the neck part of the Sfk20 phage was picked from intact phage particles using the 

graphical interface program “e2boxer.py” in EMAN 2.9 (Ludtke et al. 1999) with box size 512, 

ptcl size 480 and 1.49A/pixel.  A total of 375 particles were selected from 759 micrographs. 

The boxed-out particles were then undergone CTF correction.  For the CTF correction in 

EMAN 2.9 software, the graphical interface “e2ctf_auto.py” program was used using 200V, 

1.49A/pix, Cs 2.7 parameters, and the hires box was also checked. The class averaging of the 

CTF-corrected particles was performed using the program e2refine2d.py. Some of the good 

class averages were further chosen from the class averages. The good class averages were 

further generated by applying C12 symmetry. The reconstructed model was further refined 

using e2refine_easy. A few cycles of refinement were performed to get a final reconstructed 

structure.  Visualization of all the models done by UCSF Chimera software. 

 

4.19.3.3 Processing of the tail part of phage Sfk20: 

The long contractile tail of the Sfk20 phage has a helical symmetry. For the analysis of the tail 

part, Relion 3.1 software was used. At first, the movie files were imported using the parameters 

1.49A/pixel, voltage 200, and spherical aberration 2.7 mm (Figure 4.4). The beam-induced 

motion correction was performed using “MotionCor2”. The CTF correction was performed 

using the graphical interface “CTF estimation”. Next, the particles were picked manually using 

the “Manual picking” program, and for picking the helical tail part “pick star-end coordinate 

helices (He and Scheres 2017)” option was selected. A total of 1000 particles were picked and 

extracted for further processing of the tail. The extracted particles were sorted using “Subset 

selection” where the bad particles were rejected from the dataset. The good particles were used 

to prepare a new set for the 2D class averaging. After several rounds of class averaging the 

good class averages were selected for 3D classifications and further processing was done. 
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Figure 4.4: Helical reconstruction of the phage Sfk20 tail part. 

 

4.19.3.4 Processing of the baseplate part of phage Sfk20: 

At the periphery of the Sfk20 phage particles, the baseplate part was present. This is the 

multiprotein complex of phage Sfk20 that controls the recognition of the host cell, attachment 

to the host cell, contraction of the viral tail sheath, and genome ejection. The baseplate part of 

the phage Sfk20 was also reconstructed using EMAN 2.9 (Ludtke et al. 1999) software. For 

this purpose, the baseplate part of the intact phage particle was boxed out using the graphical 

interface “e2boxer.py” in EMAN 2.9 using box size 360, ptcl size 352, and 1.49A/pixel size. 

A total of 271 baseplate particles were selected from 759 micrographs The CTF correction of 

the boxed-out particles was performed using the program “e2ctf_auto.py” in EMAN 2.9. The 

parameters used for the CTF corrections were voltage 200, 1.49A/pix, and Cs 2.7 respectively 

and the hires option was also included. The class averaging of the CTF-corrected particles was 

performed using the program e2refine2d.py. Some of the good class averages were chosen from 

all class averages. The good class averages were further reconstructed by applying C6 

symmetry. The reconstructed model was further refined using e2refine_easy. A few cycles of 
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refinements were performed to get a final reconstructed structure.  Visualization of all the 

models done by UCSF Chimera software. 

 

4.19.4. UCSF- Chimera: 

The UCSF chimera software packages were used for the visualization of the 3D models of the 

different parts of the phage particle (Pettersen et al. 2004). Chimera is developed by the 

Resource for Biocomputing, Visualization, and Informatics. It is one of the most well-known 

and user-friendly software packages for visualization and model building. UCSF Chimera 

expandable program for the interactive visualization and studies of molecular structure and 

associated data including macromolecular assemblies, density maps, etc. The sequence 

alignment, docking, and conformational changes of X-ray crystallographic structure can be 

studied by Chimera software. High-quality image animation can be created. Chimera is freely 

downloadable for academic, government, non-profit and personal use. 

 

4.20 Structure prediction of phage Sfk20 proteins using neural network-

based and homology modeling-based methods: 

A user-friendly interface for accessing AlphaFold2 and ESMFold has recently been made 

available through Jupyter Notebooks in Google Colaboratory.  The ColabFold-AlphaFold2 and 

ColabFold-ESMFold notebooks were used to predict the structure of a few important phage 

structural proteins detected using LC-MS/MS. Also, the Phyre2 server was used for the 

prediction of the selected structural proteins. The result obtained from the three approaches 

were compared.  

From the list of the proteins identified by LC-MS/MS six important structural proteins were 

selected for this study. The amino acid sequences of those selected proteins were collected from 

the NCBI database (MW341595). Their structures using ColabFold-AlphaFold2 (Figure 4.5) 

(Mirdita et al., 2022), ColabFold-ESMFold (Figure 4.6) (Mirdita et al. 2022), and Phyre2 

(Figure 4.7) (Kelley et al. 2015). The predicted final structure was submitted to the DALI 

server to identify the structural homolog (Figure 4.8) (Holm 2022). The structural homolog or 

the experimental structures were collected from the PDB and the predicted structures were 

aligned with the PDB homologs using the UCSF Chimera matchmaker tool (Pettersen et al. 

2004). Their template modeling scores or TM scores were determined using the TM-align 

program (Zhang and Skolnick 2004). The protein structures predicted using AlphaFold2 and 
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ESMFold were color-coded using UCSF ChimeraX based on per residue estimate of 

confidence (pLDDT) of both the neural-network-based models (Pettersen et al. 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 User-friendly interface for AlphaFold2 available through Jupyter Notebooks in 

Google Colaboratory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: User-friendly interface for ESMFold available through Jupyter Notebooks in 

Google Colaboratory. 
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Figure 4.7:  Homology modeling software Phyre 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Structural homolog was identified using DALI server. 
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4.21 Study of bacteriophage Sfk20 life cycle by electron microscopy 

4.21.1 Phage-host interaction study by TEM: 

To study the life cycle of bacteriophage Sfk20 the log phase culture of Shigella flexneri 2a was 

infected with phage Sfk20 and incubated at 37ºC. Samples were taken out at around 15, 30, 

and 60 minutes respectively, and immediately centrifuged at 7,000 rpm for 5 minutes. The 

supernatant was discarded. In the next step, the cell pellet was resuspended in 3% 

glutaraldehyde in 0.1 ml cacodylate buffer and stored at 4ºC overnight (Majumdar et al. 1988). 

In this experiment, glutaraldehyde was used as the primary fixative. The next day the fixed 

cells were centrifuged at 3000 rpm for 5 minutes. The supernatant was discarded and the pellet 

was washed with phosphate buffer by centrifugation. The secondary fixation was done in 1% 

Osmium tetraoxide (OsO4) in 0.2 M cacodylate followed by incubation for 1 h at room 

temperature. After pelleting down, the sample was dehydrated with a series of ascending 

concentrations of ethanol (30%, 50%, 70%, 90%, and 100%). The samples were then embedded 

in resin Agar 100 and polymerization was done at 60ºC overnight. The ultrathin sections (40–

50 nm) of the control and infected cells are cut with a Leica Ultracut UCT ultramicrotome 

(Leica Microsystems, Germany). The sections were picked up in 300 mesh thin bar nickel or 

copper grids (Agar Scientific, United Kingdom), and dual-stained with 2% aqueous uranyl 

acetate and 0.2% lead citrate. The grids were airdried and immediately checked and examined 

under an FEI Tecnai 12 BioTwin Transmission Electron Microscope (FEI, Netherlands) at an 

accelerating voltage of 100 kV. 

 

4.21.2 Phage-host interaction study by SEM: 

To visualize the phage Sfk20 lytic cycle by scanning electron microscopy samples were taken 

out in microcentrifuge tubes from the mixture of the bacteria-bacteriophage at early, mid, and 

late phase. The mixture was then immediately centrifuged at 7,000 rpm for 5 minutes. The 

supernatant was discarded and the sample was fixed with 3% glutaraldehyde in 0.1 ml 

cacodylate buffer and stored at 4ºC overnight.  Next day the fixed sample was centrifuged at 

7,000 rpm for 5 minutes and the pellet was dehydrated in 30% ethanol for 10 minutes, 50% 

ethanol for 10 minutes, 70 % ethanol for 10 minutes, 90% ethanol for 10 minutes, and finally 

with 100% absolute ethanol for 15 minutes. All dehydrated sample was treated with a 1:1 ratio 

of absolute ethanol and hexamethyldisilazane (HMDS) for 10 minutes and 100% HMDS for 1 

hour. The tubes were left in the fume hood to evaporate the HMDS completely. The next day 
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the samples were mounted on specimen stubs and sputter coated with gold (sputter coater gold, 

Polaron, 240V) and immediately examined under FEI Quanta 200 scanning electron 

microscope (FEI, Netherlands). 

 

4.22 Shigella biofilm formation and degradation study by phage Sfk20: 

4.22.1 Biofilm degradation assay using phage Sfk20 and ampicillin: 

4.22.1.1 Biofilm degradation assay study by scanning electron microscopy: 

A qualitative biofilm degradation assay of phage Sfk20 on Shigella flexneri 2a was performed 

following a previous method with some modifications (Nickerson et al., 2017). Glass 

coverslips were used for this assay. 10 µl of an overnight culture of Shigella flexneri 2a was 

added on coverslips submerged in LB media in 6-well plates and incubated at 37°C for 24 

hours and 48 hours respectively. After 24 hours and 48 hours, the biofilm was treated with 

phage Sfk20 (1010PFU/ml), ampicillin (256 µg/ml) alone, and a combination of both of them. 

The treated samples were incubated overnight at 37ºC. The next day the planktonic cells were 

removed and the coverslips were fixed with 3% glutaraldehyde in 0.1 ml cacodylate buffer and 

stored at 4ºC overnight. Next day the fixative was removed and the samples were dehydrated 

in 30% ethanol for 10 minutes, 50% ethanol for 10 minutes, 70 % ethanol for 10 minutes, 90% 

ethanol for 10 minutes, and finally 100% absolute ethanol. All dehydrated sample was treated 

with 1: 1 ratio of absolute ethanol and hexamethyldisilazane (HMDS) for 10 minutes and 100% 

HMDS for 1 hour. These well plates were left in the fume hood to evaporate the HMDS 

completely. The next day the coverslips were mounted on specimen stubs and sputter coated 

(sputter coater gold, Polaron, 240V) with gold and immediately examined under FEI Quanta 

200 scanning electron microscope (FEI, Netherlands). 

 

4.22.1.2. Quantitative assay of biofilm degradation: 

The quantitative experiment on the ability of Sfk20 to degrade the biofilm alone or in 

combination with an antibiotic was also performed. Briefly, 10 µl of an overnight culture of 

Shigella flexneri 2a was added to the wells of a 96-well flat-bottom polystyrene microtiter plate 

(Nickerson et al., 2017) containing 200 µl fresh broth. Then the bacterial cells were grown at 

37ºC for 48 hours under a static condition (Yazdi, Bouzari, and Ghaemi 2018). On the following 

day, the planktonic cells were removed and the biofilm was treated with Sfk20 (1010PFU/ml), 
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ampicillin (256 µg/ml), and their combination. The plates were then incubated overnight at 

37ºC. The next day the phage and antibiotics were removed and the wells were gently washed 

twice with 1X phosphate-buffered saline (PBS). Then the wells were stained with 1 % crystal 

violet. Afterward, the wells were washed with distilled water and set to air dry. The crystal 

violet stain was then dissolved in Dimethylsulfoxide (DMSO). The total biomass of the biofilm 

was measured by a plate reader at the absorbance of 595 nm (iMark Microplate Reader S/N 

21673) followed by a statistical analysis of the data. 

 

4.22.2. Biofilm degradation assay using phage cocktail 

4.22.2.1. Preliminary characterization of the other cocktail member phage Sfk23: 

For the preparation of the phage cocktail, another phage was selected from the laboratory and 

its morphology was examined under a transmission electron microscope as mentioned 

previously in this chapter. 

A host range and efficiency of plating assay were performed to know the infectivity of the 

bacteriophage Sfk23 against many other enteric bacterial strains present in the laboratory as 

mentioned previously. 

 

4.22.2.2. Preparation of phage cocktail of phage Sfk20 and Sfk23: 

For the preparation of the phage cocktail, both purified Sfk20 and Sfk23 phages were used. 

Phage cocktail was prepared based on the criteria that the phages were isolated from the 

samples with different locations, and to the most degree, this warrants that the isolated phages 

are different without the knowledge of the genome sequences. The phage cocktail was prepared 

using the protocol mentioned earlier (Chen et al. 2019) with some modifications. A 1011 

PFU/ml concentration of each purified phage solution was combined in an equal proportion to 

create the phage cocktail. The concentration of the phage cocktail was measured using plaque 

assay as mentioned earlier in this chapter. 

 

4.22.2.3 Biofilm formation and degradation in microtiter plate: 

Mature biofilm was formed according to the standardized protocol (Mallick, Mondal, and Dutta 

2021). Briefly, 48 hours of matured biofilm was grown on the 96-well flat-bottom polystyrene 

microtiter plate. On the following day, the planktonic cells were removed and the biofilm was 

treated with Sfk20 (1011PFU/ml), Sfk23 (1011PFU/ml), and their combination (2.2 × 1011). The 
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plates were then incubated overnight at 37ºC. The next day the phages and the cocktail were 

removed and the wells were gently washed twice with 1X phosphate-buffered saline (PBS). 

Then the wells were stained with 1 % crystal violet. Afterward, the wells were washed with 

distilled water and set to air dry. The crystal violet stain was then dissolved in 

Dimethylsulfoxide (DMSO). The total biomass of the biofilm was measured by a plate reader 

at the absorbance of 595 nm (iMark Microplate Reader S/N 21673) followed by a statistical 

analysis of the data. 

 

4.22.3. Statistical analysis:  

Statistical analysis of the data was performed by two-way ANOVA with Graph-Pad Prism 

5.00 
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5.1 INTRODUCTION 

Diarrhoea is one of the major causes of morbidity and mortality in the world particularly in 

developing and under-developed countries. It contributes to about 4% of all deaths and 5% of 

the loss of health to disability worldwide (Caramia et al. 2015). Diarrhoea is the fifth major 

cause of death among all populations and also the reason for the death of one in nine children 

below five years old (Anteneh, Andargie, and Tarekegn 2017). The rate of diarrheal disease is 

different on various continents of the world. The incidence of diarrheal disease is quite high in 

South Asia and sub-Saharan Africa. 

Gram-negative bacterial pathogens are the major cause of diarrheal diseases. Various genera 

such as Shigella, Salmonella, Escherichia, Campylobacter, Enterobacter, Klebsiella, Proteus, 

Yersinia, and Serratia are included in this group. Among these genera, Shigella spp. is one of 

the most common significant pathogens for diarrheal disease. Shigella-infected bacillary 

dysentery is commonly known as Shigellosis. There are four different types of Shigella spp.: 

subgroup A (Shigella dysenteriae); subgroup B (Shigella flexneri); subgroup C (Shigella 

boydii) and subgroup D (Shigella sonnei). Each subgroup is divided into different serogroups. 

Shigella flexneri is the leading cause of shigellosis in low-income and middle-income 

countries.   

Different antimicrobial agents such as ampicillin, azithromycin, erythromycin amoxicillin, 

norfloxacin, ofloxacin, nalidixic acid, ciprofloxacin, etc are commonly used for the treatment 

of shigellosis (Christopher et al., 2010). Due to the rapid and indiscriminate use of antibiotics, 

several resistant strains are increasing and spreading globally. Shigella spp. became resistant 

to various antibiotics and the treatment of shigellosis with antibiotics is expensive and time-

consuming (Taneja and Mewara 2016).  Half of the Shigella strains in different parts of the 

world are resistant to multiple antibiotics (Qiu et al. 2013). Moreover, no effective 

commercially available vaccines are there. Hence, finding an alternative way of treatment is 

necessary. Lytic bacteriophages have the potential to be used as an alternative to antibiotics 

because phages are host specific and they do not disturb other bacteria present in the same 

environment. 

The majority of the bacteriophages belong to the order Caudovirale and they are also known 

as tailed bacteriophages. The order Caudovirales are further subdivided into three families: 

Myoviridae (long contractile tail), Siphoviridae (long non-contractile tail) Podoviridae (Short, 

contractile tail). Different phage characteristics such as morphology, nucleic acid content, 
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physicochemical properties of the phage virion, and genomic data are used for the classification 

of the phage by the International Committee of the Taxonomy of Viruses (ICTV) (Ackermann, 

2007a). Among all the characteristics, the morphology and the nucleic acid contents are the 

major determinants for the classification.  

In this section of the work, we have discussed the morphology of the newly isolated 

bacteriophage Sfk20 and its host Shigella flexneri 2a bacteria. The biological characterization 

has also been discussed in this section. 
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5.2 RESULTS  

5.2.1 Morphology and growth curve of the Shigella flexneri 2a bacteria: 

5.2.1.1 Morphology determination of Shigella flexneri 2a bacteria using scanning electron 

microscopy and transmission electron microscopy: 

Shigella flexneri 2a is a gram-negative, rod-shaped, facultative anaerobic bacteria. In this study 

exponentially grown Shigella flexneri 2a strain (2457T) was examined under a scanning 

electron microscope (FEI Quanta 200). The scanning electron micrograph of Shigella flexneri 

2a in Figure 5.1 (A) showed the rod-shaped, non-flagellated morphology of the bacteria. 

Exponential culture of the glutaraldehyde fixed Shigella flexneri 2a bacterial cells were 

sectioned, stained, and checked under a transmission electron microscope (FEI Tecnai 12 

BioTwin). The transmission electron micrograph of the ultrathin section of the host bacteria 

was shown in Figure 5.1 (B) The intact double-layer membrane around the periphery of the 

bacterial cell and the internal cellular materials were visible in the micrograph. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Electron micrograph of Shigella flexneri 2a bacteria: (A) scanning electron 

micrograph and (B) ultrathin section of Shigella flexneri 2a bacteria. 
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5.2.1.2 Shigella flexneri 2a growth curve: 

The growth curve of the Shigella flexneri 2a 2457T strain was constructed using the values of 

optical density (OD) at 600 nm as shown in Figure 5.2. The bacterial sample was collected 

every 30 minutes up to 10 hours. The OD600nm values at each time point were measured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      

 

 

Figure 5.2: The growth curve of Shigella flexneri 2a, 2457T bacteria. 

 

5.2.2 Isolation and purification of bacteriophage: 

5.2.2.1 Spot assay: 

Bacteriophage was isolated from the environmental water sample of a diarrhoeal outbreak area, 

Kolkata. The newly isolated bacteriophage was named Sfk20 following the rules of the new 

phage nomenclature (Adriaenssens and Rodney Brister 2017). After isolation, the phage 

sample was concentrated and purified using ultracentrifugation and sucrose step gradient 

centrifugation. After purification, the phage sample was spotted on the lawn culture of Shigella 

flexneri 2a in an agar plate. The clear zone of lysis was visible after overnight incubation as 

shown in Figure 5.3. It further confirmed that the isolated bacteriophage is capable of infecting 

and lyse the Shigella flexneri 2a strain.  
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               Figure 5.3: A visible clear zone of lysis in the middle of the plate. 

 

5.2.2.2 Morphology of the bacteriophage plaque: 

The concentration of the purified bacteriophage was estimated by the plaque assay method. 

Phage Sfk20 infected and lysed the bacterial cell within a very short period and produced a 

small visible zone of lysis or plaque as shown in Figure 5.4. The diameter of the plaque was 

0.1 mm approximately. The plaque morphology indicated that Sfk20 was a lytic bacteriophage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Phage Sfk20 plaques are formed in the double-layered agar plate. 
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5.2.3 Morphology of the bacteriophage Sfk20: 

5.2.3.1 Transmission electron micrograph of Phage Sfk20: 

The purified bacteriophage sample was negatively stained and checked under a transmission 

electron microscope. Transmission electron micrograph revealed that the phage Sfk20 has a 

prolate head of 91.08±4.92 nm length and 62.34 ±4.82 nm width (n=20), and a long contractile 

tail with 99.59±4.92 nm length and 18.66±2.52 nm width (n=20). Based on the morphology, 

bacteriophage Sfk20 was classified as a member of the Myoviridae family, Caudovirale order 

(Ackermann 2007). The transmission electron micrograph of the intact phage Sfk20 was shown 

in Figure 5.5 (A). Gram-negative bacteria constitutively release spherical, membrane-enclosed 

outer membrane vesicles (OMVs) filled with periplasmic contents that are thought to have 

originated from endocytic cells. The release of OMVs allows bacteria to interact with the 

surroundings, especially in hostile environments to act as a defense mechanism of bacterial 

cells. During the phage infection, outer membrane vesicles also engage themselves to block 

the bacteriophages as a first line of defense as shown in Figure 5.5 (B). Here, the contracted 

tail of the Myoviridae phage Sfk20 particles around the OMV confirms the interaction between 

them.  

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Transmission electron micrograph of phage Sfk20: (A) negatively stained image 

of phage Sfk20 has a prolate-shaped head and a long contractile tail and (B) phage Sfk20 

interacting with an OMV particle. The contractile tails are visible.  
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5.2.3.2 Scanning electron micrograph of Phage Sfk20:  

One drop of glutaraldehyde fixed phage sample was taken on a specimen stub holder of SEM, 

dried and later the sample was checked under a scanning electron microscope. The scanning 

electron micrograph (Figure 5.6) of phage particles was taken at a low magnification which 

revealed the prolate-shaped phage head with the tail attached. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Scanning electron micrograph of phage Sfk20. The prolate-shaped head with an 

attached tail is visible in the image. 
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5.2.4 Host range analysis of bacteriophage and Efficiency of plate 

calculation: 

5.2.4.1 Host range analysis: 

A collection of eight strains: Shigella flexneri 2a, Shigella flexneri 3a, Shigella flexneri 1b, 

Shigella flexneri 4, Shigella flexneri 6, Shigella sonnei, Shigella dysenteriae 1, Shigella boydii, 

two typhoidal Salmonella strains: Salmonella typhi, two non-typhoidal Salmonella strains: 

Salmonella typhimurium, Salmonella enteritidis, and one Vibrio cholerae O1, one E. coli strain 

ETEC were used to study the host range. This study revealed that Sfk20 can infect and lyse 

different Shigella flexneri serotypes: 1b, 2a, 3a, Shigella dysenteriae 1, and Shigella sonnei but 

could not infect Shigella flexneri serotype: 4, 6 and Shigella boydii, Phage Sfk20 could also 

infect and lyse Salmonella typhimurium, Salmonella enteritidis but could not infect Salmonella 

typhi, ETEC, and Vibrio cholerae O1(Table 5.1). 

Table 5.1: Host range analysis of phage Sfk20 

 

Bacterial species Strain no. Infectivity 

Shigella flexneri 2a 2457T + 

Shigella flexneri 3a UB811 + 

Shigella flexneri 1b 03075/19 + 

Shigella flexneri 4 C2529 - 

Shigella flexneri 6 UB812 - 

Shigella sonnei IDH00968 + 

Shigella dysenteriae 1 NT4907 + 

Shigella boydii 1 NK02379 - 

Salmonella enteritidis 520833 + 

Salmonella typhimurium PH-94 + 

Salmonella typhi KOL 551 - 

ETEC IDH07942 - 

Vibrio cholerae O1 MAK757 - 
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5.2.4.2 Efficiency of plating: 

The efficiency of the plating (EOP) assay was performed to know the efficiency of phage to 

infect various bacterial cells (Table 5.2). The study revealed that the Shigella flexneri 2a 

produced the highest EOP value.  The value of EOP was also on the higher side for other 

Shigella strains such as Shigella flexneri 1b, Shigella flexneri 3a, Shigella sonnei, and Shigella 

dysenteriae 1 compared to the Salmonella typhimurium and Salmonella enteritidis strains. This 

study further indicated that Shigella flexneri 2a was the most suitable host strain of phage Sfk20 

and it is a Shigella phage. 

 

Table 5.2: Efficiency of plating of phage Sfk20 

 

Bacterial species Strain no. EOP value 

Shigella flexneri 2a 2457T 1 

Shigella flexneri 3a UB811 0.80 

Shigella flexneri 1b 03075/19 0.79 

Shigella sonnei IDH00968 0.62 

Shigella dysenteriae 1 NT4907 0.61 

Salmonella enteritidis 520833 0.000192 

Salmonella typhimurium PH-94 0.000296 
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5.2.5 Biological characterization of the bacteriophage Sfk20: 

5.2.5.1 One-step growth curve of Sfk20: 

The one-step growth curve of phage Sfk20 was performed at an MOI of 0.1. From this study, 

the latent phase and the burst size were calculated. In the result, a tri-phasic curve was obtained 

with a typical lag phase, burst phase, and stationary phase. A latent period of 20 minutes and 

an average burst size were calculated as 123 PFU per infected cell (Figure 5.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7:  Growth characteristics of Shigella phage Sfk20. The values are shown as the mean 

of three determinations. 
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5.2.5.2 Phage Adsorption Kinetics: 

A phage adsorption assay was performed to assess how rapidly the phage particle was adsorbed. 

Around 94% of bacteriophage was adsorbed within the first 8 minutes as shown in Figure 5.8 

After that, the phage adsorption rate slowed down. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8:  Adsorption kinetics of Shigella phage Sfk20. The values are shown as the mean 

of three determinations. 
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5.2.6 Physicochemical characterization of the bacteriophage Sfk20: 

5.2.6.1 Stability of phage Sfk20 at various temperatures: 

The ability of the phages to tolerate various temperatures is one of the key features that make 

them effective biocontrol agents. Therefore, the stability of phage Sfk20 was assessed at 

various temperature conditions. Phage Sfk20 was highly stable at 4ºC to 37ºC temperature as 

shown in Figure 5.9.  The phage activity was reduced above 37ºC temperature and significantly 

reduced at 50ºC. At 50ºC approximately only about 25% of phages remained active. But they 

were completely inactivated at 70ºC or above. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Stability of phage Sfk20 was tested at various temperature conditions (4ºC to 

70ºC). The values are shown as the mean of three determinations. 

 

 

 

 

 



CHAPTER 5 

103 | P a g e  
 

5.2.6.2 Stability of phage Sfk20 at various pH: 

Stability of phage Sfk20 was tested at various pH ranging from 3 to 13. Phage Sfk20 remained 

highly stable at pH 7- 9 range as shown in Figure 5.10. The phage viability started decreasing 

below pH 7 and above pH 9. Phage Sfk20 was completely inactivated below pH 5 and above 

pH 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Sfk20 stability at pH ranging from 3-13. The values are shown as the mean of 

three determinations. 
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5.2.6.3 Stability under ultra-violate radiation: 

Ultra-violet radiation is a mutagenic substance. In the presence of ultraviolet rays, phages can 

be damaged as the lytic activity of phage is destroyed. Phage Sfk20 was tested under ultra-

violet light at various time points. It was shown in Figure 5.11 that phage Sfk20 is highly 

sensitive to ultraviolet radiation and remains moderately stable only up to 5 seconds but 

completely inactivated after 15 seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11:  Sfk20 stability under ultra-violet light for 20 seconds. The values are shown as 

the mean of three determinations. 
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5.2.6.4 Stability of phage Sfk20 at various saline conditions:  

Phage Sfk20 was isolated from the lake water with low salt concentrations. Therefore, the 

stability of the phage Sfk20 was tested at various saline conditions for up to 28 days to 

understand if the phage was able to survive in high salt concentrations. Phage Sfk20 was found 

to be quite stable at 0-5% salt concentration. The number of active phages was significantly 

decreased at 10% and further destroyed at 20% salt concentration as shown in Figure 5.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12:  Survival of the phage Sfk20 virions suspended in the double distilled water 

adjusted with 0-20% NaCl concentration. The reduction in phage number up to 28 days is 

shown. The values are shown as the mean of three determinations.  
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5.2.7 Receptor identification of Phage Sfk20: 

Phage adsorption to the surface of the host bacteria through a receptor is a crucial step for phage 

infection. Phages can utilize both LPS and OMPs as their receptors(Koebnik, Locher, and Van 

Gelder 2000; Wright, McConnell, and Kanegasaki 1980). Therefore, it is necessary to know if 

membrane LPS or protein acts as a receptor for the bacteriophage Sfk20 during infection. To 

determine the nature of the receptor, Shigella flexneri 2a was treated with proteinase K and 

periodate separately before infecting with phage in both cases. No change was observed in 

attachment efficiency on the bacterial surface after treatment with proteinase K. But in case of 

the periodate-treated sample, a significant number of phages were found in the supernatant that 

indicates the receptor of the periodate-treated bacteria was unable to bind to phage Sfk20 as 

shown in Figure 5.13. Therefore, we conclude that periodate is responsible to destroy the 

cognate receptor of Sfk20 on Shigella flexneri 2a, not proteinase K. This experiment showed 

the carbohydrate nature of the receptor most likely a lipopolysaccharide (LPS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13:  Effects of Proteinase K and periodate treatment in adsorption of Sfk20 

bacteriophage to Shigella flexneri 2a strain. The values are shown as the mean of three 

determinations.  
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5.2.8 In-vitro bacteriolytic activity: 

Bacteriolytic effect of phage Sfk20 was examined by adding them to the early exponential 

phase culture of Shigella flexneri 2a at an MOI of 0.1, 1, and 100 respectively. The result 

showed that at low phage concentration (0.1 MOI) bacterial growth remains undisturbed 

possibly due to less numbers of infected bacterial cells. But the reduction of bacterial cells is 

quite prominent when phage Sfk20 is added at MOI 1 and 100 as shown in Figure 5.14. 

Therefore, in vitro, bacterial reduction assay confirmed that phage Sfk20 can destroy the 

pathogenic Shigella strain to act as a potential biocontrol agent.  

 

 

 

 

 

 

 

 

Figure 5.14: The bacteriolytic activity of phage Sfk20 against Shigella flexneri 2a. Early 

exponential cultures of Shigella flexneri 2a co-cultured with Sfk20 phage at MOIs 0.1,1 and 

100, respectively. The growth curve of Shigella flexneri 2a was used as a control. The values 

are shown as the mean of three determinations. 
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5.3 DISCUSSION 

Shigella is one of the major responsible strains for diarrheal outbreak to occur in various 

developing and underdeveloped countries. A repeated episode of diarrheal disease causes 

severe damage to the gastrointestinal tract. As a result, an inadequate number of healthy 

microbiomes are established and their growth and development were also delayed  (Lee et al. 

2014). Unfortunately, the development of the vaccine against this pathogen has not been highly 

effective. The rapid increase of multidrug-resistant Shigella causes serious treatment 

challenges (Bhattacharya et al. 2015; Puzari, Sharma, and Chetia 2018). Therefore, some novel 

solutions are urgently needed to treat antibiotic-resistant bacterial infections. Virulent lytic 

phages can selectively infect and destroy the bacterial population including drug-resistant 

strains, using a mechanism distinct from antibiotics. Therefore, interest to control the MDR 

Shigella strains using phages as an alternative to antibiotic treatment is continuously growing. 

The Myoviridae bacteriophage Sfk20 used in this study appeared as a promising biocontrol 

agent against shigellosis. 

 To date, several studies have been reported to show the in vitro antimicrobial activity of many 

isolated phages and their successful application in phage therapy since the early nineteenth 

century in a regular manner. Many promising studies have failed to show positive outcomes in 

recent controlled human trials (Wittebole and Opal 2020). Early phage therapy mostly failed 

due to inadequate knowledge of the fundamental phage biology, lack of a specific regulatory 

framework, complicated procedures for phage patenting, and unsophisticated purification and 

storage procedure. Phages have beneficial characteristics but with some restrictions. Unknown 

gene function of phages, host immune responses, phage stability, CRISPR-Cas, and scarcity of 

pharmacokinetic and pharmacodynamics models for dose optimization are some genuine 

concerns to implementing phage therapy as an approved alternative. Also, low pH sensitivity, 

phage-neutralizing antibodies, phage loss, and enzymatic degradation are some of the big 

concerns in human phage therapy. Meanwhile, compassionate phage therapy is in limited use 

in cases when all available therapeutic options are exhausted. 

In this study, a lytic virulent phage Sfk20 was isolated from the water sample from a diarrheal 

outbreak area of Kolkata, India, and Shigella flexneri 2a was used as a host bacterium for phage 

propagation. Host range analysis and high EOP value showed sensitivity of Sfk20 towards 

Shigella flexneri serotypes 1b, 2a, and 3a whereas Sfk20 could not infect Shigella flexneri 

serotypes 4 and 6. In developing countries, the predominant serotypes of Shigella flexneri are 
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1b, 2a, 3a, 4a, and 6 though serotype 2a is predominant in industrialized countries including 

India ( Kotloff et al., 1999). In this work, we have chosen Shigella flexneri as the host strain as 

nowadays it has been reported to progressively develop antibiotic resistance (Ashkenazi et al. 

2003). Compared to other Shigella spp.: Shigella flexneri, Shigella sonnei, and Shigella 

dysenteriae, the frequency of infection through Shigella boydii has been rarely reported 

(Bratoeva, John, and Barg 1992; Ranjbar et al. 2008) and there are limited studies published 

on Shigella boydii (Kania et al. 2016). It was also reported that Shigella boydii outbreaks are 

rare in developed countries. Another study from India reported Shigella flexneri (60%) as the 

prevalent serogroup followed by Shigella sonnei (23.8%), Shigella dysenteriae (9.8%), and 

Shigella boydii (5.7%) (Pazhani et al. 2005). The Global Enteric Multicenter Study (GEMS) 

reported that only 5.4% of 1130 Shigella isolates were identified as Shigella boydii (Livio et 

al. 2014). It has been reported as one of the most prevalent serotypes only in Bangladesh (Akter 

et al. 2019). Other than Shigella strains, two non-typhoidal Salmonella strains: Salmonella 

enteritidis and Salmonella typhimurium are found to be sensitive to phage Sfk20. 

The stability of phages at various temperatures and pH ranges makes them highly suitable 

agents for phage therapy. In this work, phage Sfk20 was found quite stable in the range of 4–

37°C and remained stable for at least up to six months without losing viability in the usual 

storage temperature of 4°C. It also showed high stability in the range of pH 7–9 which is neutral 

to slightly alkaline. The phage stability in various pH provides valuable information to consider 

the oral administration of this phage during therapy. The acidic environment of the 

gastrointestinal tract is one of the major challenges for phage therapy during phage 

administration (Ly-Chatain 2014). Most of the bacteriophages are found sensitive toward low 

pH. Phage Sfk20 also showed complete inactivity at pH < 5. Therefore, nowadays new methods 

and technologies have been developed to protect the phage during therapy. Oral applications 

of phages predated by gastric neutralization are a practice in a few European countries where 

phage therapy has always received substantial consideration (Slopek et al. 1983). Also, 

encapsulation of phages in liposomes or biopolymeric microparticles is another highly accepted 

technology to enhance phage survival while passing through the gut. The release of phages in 

a slow and controlled manner from their encapsulated form help in ensuring that the phage 

concentration remains at a therapeutically effective level and this strategy also allows phage to 

amplify when the concentration of the bacteria (Malik et al. 2017). However, the selection of a 

biopolymer is not so easy and the synthesis process has to satisfy certain features. Therefore, 

to overcome this limitation an alternative approach to encapsulation such as “natural coating” 
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have been developed based on genetic engineering by displaying phospholipids on the surface 

of the phages. This natural coating process not only protects from the acidic pH of the GI tract 

but also maintains the infection ability of phages (Nobrega et al. 2016). Previously the genetic 

engineering of the lytic phages was quite difficult but with the development of the new 

technique of Bacteriophage Recombineering of Electroporated DNA (BRED) the natural 

coating become easy and cheaper(Marinelli et al. 2008, 2012). Therefore, the sensitivity of 

Sfk20 at low pH could be controlled during its trial in future phage therapy. 

The phage sensitivity in various saline conditions was also tested. Salinity is the measure of 

the number of dissolved salts in water. It is expressed in percentage (%) or parts per thousand 

(ppt). Freshwater from rivers generally has a salinity value of 0.5ppt (0.05%) or less. Our study 

showed that the phage Sfk20 remains highly stable at 0%-5% salt concentration and remains 

moderately stable up to 10% salt concentration. It was found that in high salt concentrations, 

phage Sfk20 viability is reduced. In contrast, a temperate phage φgspC isolated in 2007 from 

Great Salt Plains National Wildlife Refuge was reported to remain stable at high saline 

conditions (Seaman and Day 2007). 

The one-step growth curve of phage Sfk20 suggests a latent period (20 min) and a large burst 

size of 123 pfu per cell. A large burst size favours its application in phage therapy. Earlier 

reports on T4 revealed that if tRNA genes were deleted the burst size and protein synthesis rate 

eventually lowered down (Wilson 1973). But some reports revealed that bacterial physiological 

states could affect the burst size of phages (Bolger-Munro et al. 2013). 

Bacteriophages can bind to specific host receptors on bacterial cells, allowing them to identify 

their host from a diverse bacterial community during infection (Holst Sørensen et al., 2012). 

The cell envelope of gram-positive and gram-negative bacteria has been studied intensively 

during the last decade and reported that lipopolysaccharide (LPS) serves as a significant outer 

membrane element of Gram-negative bacteria. Different parts of LPS are known to serve as a 

receptor for many phages of various genera. For example, lipopolysaccharide (LPS) serves as 

a receptor for phage Sf6 in Shigella flexneri, and for T2-like and T4-like phage in Shigella 

dysenteriae, for T3, T4, and T7 phages in E. coli, for P22 phage in S. enterica Typhimurium 

serovar, for K139 phage in V. cholerae, and for phage φYeO3-12 and φR1-37 in Y. 

enterocolitica (Al-Hendy, Toivanen, and Skurnik 1991; Baxa et al. 1996; Chua, Manning, and 

Morona 1999; Kiljunen et al. 2005; Krüger and Schroeder 1981; Lindberg 2003; Nesper et al. 

2000; Pajunen, Kiljunen, and Skurnik 2000; Phalipon and Sansonetti 2007; Pinta et al. 2010; 
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Prehm et al. 1976; PRICE 2003; Skurnik et al. 1995). In this study, the receptor of phage Sfk20 

was examined and the experiment suggests that the functional receptor of phage Sfk20 on the 

host Shigella bacteria contains a carbohydrate moiety.  

In vitro bacteriolytic activity of phage Sfk20 was tested at different MOI. At lower MOI the 

concentration of viable bacteria remained normal but when the phage was added at higher MOI, 

the viable bacterial count started decreasing. This assay is an essential step for phage titer 

optimization, which is one of the crucial stages of phage therapy. It might be possible that high 

MOI may weaken phage proliferation in the natural environment because a large number of 

phage adsorption events leads to outer membrane destabilization and subsequent lysis of the 

bacteria which prevents phage replication and release (lysis from without) (Brown and Bidle 

2014). Another possibility is that high phage titer may induce the host immune system, thus 

limiting phage therapy (Kocharunchitt, Ross, and McNeil 2009). Therefore the in vitro bacterial 

reduction assay showed that phage Sfk20 can destroy the pathogenic Shigella strain and act as 

a potential biocontrol agent. 
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6.1 INTRODUCTION 

During the development of modern molecular biology and genetics, three T- even phages (T2, 

T4, and T6) were the major model system and also had a profound effect on biological research. 

Indeed, research on these bacterial viruses between 1920 and 1960 laid the groundwork for the 

emergence of molecular biology as a subject of study that was freely incorporated into every 

branch of the life sciences. The first isolated T-even phage was T2 and thereafter closely related 

T4 and T6 phages were isolated and all three phages were treated as the same biological entity. 

Bacteriophages T2 and T4 were used as a model of many fundamental biological concepts such 

as the recognition of different genetic material as nucleic acid, the confirmation that the genetic 

code is triplet, mRNA discovery, the significance of recombination in DNA replication, DNA 

repair mechanism, DNA restriction and modification, the gene definition study by 

recombinational, functional and mutational analysis; translational bypassing and others. Soon 

the attention was switched from T2 to T4 and it was chosen as the experimental model. A 

benefit of using T4 as a model system is that the virus completely inhibits host gene expression, 

allowing researchers to distinguish between macromolecular synthesis in the host and phage. 

Important insights into macromolecular interactions, substrate channeling, and cooperation 

between phage and host proteins within such complexes have been gained through examination 

of the complex T4 capsid's assembly as well as the operation of its nucleotide-synthesizing 

complex, replisome, and recombination complexes (Miller et al. 2003). 

The T-even phages and their relatives were assigned as the T4-like virus genus by the 

International Committee for the Taxonomy of Viruses (ICTV) and the T4-like virus genus 

belongs to one of the six genera of the Myoviridae family. Myoviridae phages are tailed phages 

that contain an icosahedral head, and long contractile tails and belong to the Caudovirales order. 

The phages belonging to the T4 virus genus show similarity in morphological features with 

well-characterized T4 bacteriophages when visualized under the transmission electron 

microscope (Karam and Miller 2010).  

Bacteriophages that share an evolutionary relationship with the T4 phages are very common in 

nature and they have been detected by simple plating techniques using various genera or 

species as their host. In the last few years, several hundreds of T4-related phages have been 

isolated from nature. They have been isolated from various environmental locations and for a 

different number of bacterial species. All of these phage samples were isolated from raw 

sewage and mammalian stool samples using the same E. coli sample that is commonly used  
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in the laboratory to enumerate the T4 phages (Ackermann 2007; Ackermann and Krisch 1997). 

Among them, some of the T-even related phages use other bacterial genera such as Shigella, 

Salmonella, Vibrio, Pseudomonas, Klebsiella, Aeromonas, marine cyanobacteria as their host 

instead of E. coli (Ackermann 2007; Ackermann and Krisch 1997). The advanced genome 

sequencing technology developed over the last few years has made it possible to sequence and 

analyze these phage genomes including both close and distant phylogenetic relatives of T4 

bacteriophage. Genome sequencing has shown that there is a high degree of diversity among 

T4 relatives. 

Bacterial and phage peptides detection is valuable in the case of pathogen identification. Mass 

spectrometry has been used in several studies to characterize the proteome of a variety of phage 

species. In this chapter, the genomic and proteomic characterization of phage Sfk20 was 

described. Nanoscale liquid chromatography integrated into tandem mass spectrometry (LC-

MS/MS) had been used in this study for the analysis and detection of the phage proteins based 

on specific diagnostic peptides. 
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6.2 RESULT 

6.2.1 Genomic characterization of phage Sfk20: 

6.2.1.1 Restriction digestion of phage genomic DNA:  

Phage genomic DNA was isolated using a phage DNA isolation kit. Then the concentration of 

the isolated DNA was measured and the concentration was noted as 86.2 ng/µl. Seven 

restriction endonucleases: EcoRI, BamHI, HindIII, PstI, EcoRV, BglII, and MluI were used to 

digest the isolated phage DNA. However, the phage genome appeared to be resistant to 

digestion by all six restriction enzymes except EcoRV. The digestion pattern of the phage 

genomic DNA has been shown in Figure 6.1.  Based on this result it was suggested that the 

genome of the phage Sfk20 is a double-stranded genome. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Phage genomic DNA was digested with different restriction enzymes. After 

overnight digestion, the restriction fragments were separated by electrophoresis on 1% agarose 

gel stained with ethidium bromide. High-range ladder ranging from 250bp-25kb (Lane 1). 

uncut DNA (Lane 2), EcoRI (Lane 3), BamHI (Lane 4), HindIII (Lane 5), PstI (Lane 6), EcoRV 

(Lane 7), BglII (Lane 8), and MluI (Lane 9). 
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6.2.1.2 Whole genome sequencing of phage Sfk20 using Next generation genome 

sequencing (NGS): 

After isolation of the phage Sfk20 genome, it has been sequenced and deposited in GenBank 

as shown in Figure 6.2 The NCBI accession number of the genome is MW341595. The genome 

analysis study showed that the complete genome length of phage Sfk20 was 164878 bp and 

G+C content was 35.62%. The genome length and the G+C content of phage Sfk20 placed it 

close to the T4 bacteriophage family. The detailed genome analysis study suggested that there 

were 241(among them 205 complement strands and 36 direct strands) open reading frames 

(ORF) and ATG was the predominant start codon (97%). GTG was the uncommon codon for 

the six ORFs: ORF19, ORF68, ORF76, ORF89, ORF104, and ORF118. There was also some 

variability in stop codons: Ochre (TAA), Amber (TAG), and Opal (TGA). The predominant 

stop codon was TAA (63.90%). Some TGA stop codons were also there and the least frequent 

stop codon was TAG. The longest ORF of phage Sfk20 was ORF36 (protein-id: QPP47031) 

which was placed in the morphogenesis cluster. ORF36 encoded a gene that was very similar 

to the large distal long-tail fiber subunit of Myoviridae Shigella phage SH7. After genome 

analysis, a total of 10 tRNA was identified in the Sfk20 phage genome. The functions of tRNA 

in the phage genome are still not clear though a widely accepted fact is phage tRNA gives 

considerable independence from host translational machinery (Albers and Czech 2016).  
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Figure 6.2 The genome sequence data was deposited in GenBank and the NCBI accession 

number is MW341595. 

 

6.2.1.3 Comparative genomic analysis of phage Sfk20: 

The whole genome sequence of phage Sfk20 was compared to the nucleotide sequence 

database using BLASTn. All of the ORF of phage Sfk20 showed close homology with the other 

T4-like phages such as pSs-1, SH7, Sfphi01, Sf21, and Sf23 as reported in the GenBank 

database. T4-like phages are one of the best-characterized groups and all the T4-like phages 

have some common characteristics: i) large genome size which is ranged from 164.0–176.0 kb 

(Subramanian, Parent, and Doore 2020) ii) the G+C content ranging from 35% to 43%, iii) 

phage morphology similar to the myoviridae family, iv) similarity in the host range.  The phage 

Sfk20 showed 95-97% sequence similarity with other five T4-like Shigella bacteriophages: 

pSs-1 (NC_025829), SH7 (KX828711), SfPhi01 (LC465543), Sf21 (NC_042077) and Sf23 

(MF158046). Phage Sfk20 showed the highest similarity with the phage pSs-1. A detailed study 

of all the above-mentioned phages were given in Table 6.1. According to the mega blast search 

result, it was suggested that the phage Sfk20 belongs to the member of the T4-like virus genus 
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and Myoviridae family. Based on the biological and genomic properties some of the recently 

identified Shigella species were discussed in Table 6.2. 

Easyfig genome comparison tool was used in this study to compare the sequence homology of 

phage Sfk20 with the other related T4 like Myoviridae Shigella phages: pSs-1, SH7, SfPhi01, 

Sf21, Sf23. The alignment of phage Sfk20 with the other five T4-like Shigella phages showed 

that the degree of homology was quite higher and the genes of all the six phage genomes are 

quite similar. The phage genome contains a block of a clustered gene that encodes the predicted 

structural and functional genes. Here in this Figure 6.3 the green arrows indicated the coding 

sequence locations and blue-shaded regions exhibited the degree of homology between Sfk20 

and other phages. In some cases, the genes were arranged in opposite directions. 

 

Table 6.1: Comparison of genomic properties of phage Sfk20 with closely related Myoviridae 

phages 

 

 

 

 

Phage name Genome 

length (bp) 

GC 

content 

(%) 

Host species Identity 

(%) 

Accession 

Number 

Sfk20 

(Present study) 

164878 35.6 S. flexneri 

2a 

- MW341595 

pSs-1 164999 35.5 S. sonnei 97.91 NC_025829 

SH7 164870 35.4 S. flexneri 96.03 KX828711 

SfPhi01 168000 35.4 S. flexneri 95.34 LC465543 

Sf21 166002 35.5 S. flexneri 95.40 NC_042077 

Sf23 167678 35.4 S. flexneri 95.46 MF158046 
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Table 6.2: Comparison of some recently published Shigella phages based on biological 

properties 

 

Phage 

name  

Genome 

length 

(bp)  

GC 

content 

(%)  

Total/ide

ntified 

ORF  

t-RNA  Latent 

period 

(min)  

Burst 

size 

(PFU/ce

ll)  

Host 

sensitivity 

toward 

Shigella 

strains  

Sfk20  

(Present 

study)  

164878  35.6  241/92  10  20  123  S. flexneri, 

S. sonnei, S. 

dysenteriae  

pSs-1  164999  35.5  266/121  10  25  97  S. flexneri, 

S. sonnei  

pSf-1  51,821  44.0  94/26  -  10  86.86  S. flexneri, 

S. sonnei, S. 

boydii  

pSf-2  50,109  45.4  83/22  -  30  16  S. flexneri  

Sfin-1  50,403  45.2  82/23  -  5  27-28  S. flexneri, 

S. sonnei, S. 

dysenteriae  

vB_SflM

_004  

85,887  38.6  135/48  -  30  139  S. flexneri, 

S. sonnei  

 

 

 

 

 

 

 

 

 



CHAPTER 6 

120 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Easyfig schematic alignment of phage Sfk20 genome with five closely related 

phages using BLASTn program. Green arrows indicate the coding sequence location shaded 

blue lines indicate the degree of homology between pairs. 
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6.2.1.4 Functional group division of phage Sfk20 proteins: 

The phage ORFs were divided into four different functional groups based on their functions:  

i) DNA replication/modification/transcriptional regulation/signal transduction proteins ii) 

phage morphogenesis proteins iii) phage genome packaging proteins iv) host lysis proteins. 

Using the CG view server, a schematic diagram of phage Sfk20 was drawn. The inner ring 

represents coding sequence locations (CDS) colored in blue; tRNA in this ring is marked in 

pink color as shown in Figure 6.4. The ORFs were mainly annotated as phage DNA replication 

and modification proteins, phage morphogenesis proteins, phage genome packaging proteins, 

and host lysis proteins (Topka-Bielecka et al. 2020). Factual gene information such as the 

positions, directions, amino acid range, putative function of each ORFs, and their function in 

the phage life cycle was mentioned in Table 6.3. 

6.2.1.4.1 Phage DNA metabolism/replication/modification/transcription and signal 

transduction and regulation protein:  

There were several genes in the genomic cluster that codes for 

metabolism/replication/modification/transcription proteins such as thymidine kinase 

(ORF150), single-stranded DNA-binding protein (ORF29), gyrase (ORF46), DNA 

topoisomerase II (ORF59), 3'-5' exoribonuclease (ORF66), DNA primase (ORF84), DNA 

helicase (ORF89), dCMP hydroxy methylase (ORF93), DNA polymerase (ORF96), clamp 

loader small subunit (ORF98), sliding clamp DNA polymerase accessory protein (ORF100), 

replication factor C small subunit (ORF99), sliding clamp DNA polymerase accessory protein 

(ORF100), GIY-YIG nuclease family (ORF16), endonuclease (ORF122), ribonucleotide 

reductase of class III large subunit (ORF121), RNA polymerase binding protein (ORF101), 

site-specific RNase (ORF157), MotB (ORF64), sigma factor (ORF110), transcription 

modulator (ORF77), anti-sigma factor (ORF39) and several other genes responsible for the 

DNA replication, modification, transcriptional regulation, and signal transduction. The 

presence of a large number of DNA metabolism-related genomes reduces the dependence of 

phage to host bacteria. 

6.2.1.4.2 Phage morphogenesis proteins: 

Phage morphogenesis proteins were present all over the genomic cluster but most 

predominantly present between ORF168 to ORF222.  Different phage morphogenesis proteins: 

head completion protein (ORF186), baseplate wedge proteins (ORF187, ORF188, and ORF 
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189), baseplate wedge and completion tail fiber socket (ORF191), neck protein (ORF195), Tail 

sheath stabilizer and completion proteins (ORF197), tail sheath protein (ORF200), Tail tube 

protein (ORF201), prohead core protein (ORF203), capsid and scaffold protein (ORF204), 

prohead assembly protein and protease (ORF205), major capsid protein (ORF207), PKD 

domain protein (ORF212 ) baseplate hub protein (ORF 219), baseplate protein ( ORF220) and 

baseplate distal hub subunit(ORF222) protein were identified in this region. There were also 

some phage morphogenesis proteins such as head vertex assembly chaperone (ORF90), 

different tail fiber proteins (ORF34, ORF35, ORF36), head decoration proteins (ORF81) and 

baseplate wedge protein (ORF41) were also identified outside this cluster. 

 

6.2.1.4.3 Phage genome packaging proteins:  

The genome packaging is initiated from the double-strand ends. The terminase genes are 

responsible for the initiation of the genome packaging. This complex contains a large terminase 

subunit (ORF163), a small terminase subunit (ORF198), and a putative terminase subunit 

(ORF199) present in the phage Sfk20 genome. The complex of DNA and terminase subunit 

proteins translocated during the packaging from the cytosol to portal protein which is present 

in the capsid vertex to form a “packasome” which utilizes the energy of the ATP hydrolysis to 

translocate DNA into the phage head (Rao, Thaker, and Black 1992). 

 

6.2.1.4.4 Host lysis proteins: 

In the genome cluster, there were two main lysis genes: ORF38 codes the protein holin and 

ORF166 codes the protein endolysin. Both of these proteins were lysis proteins and helped to 

release the progeny bacteriophage by lysing the host cell membrane. Holin mainly made the 

pores in the host cell membrane and made the path for the endolysin which degrade the 

peptidoglycan layer of the bacterial cell and newly formed phage was released in the 

environment.  In the genomic cluster, some of the other lysis genes that code some of the lysis 

proteins such as spackle periplasmic protein (ORF86), rI lysis inhibition (ORF148), 

transglycosylase SLT domain-containing protein (ORF156) and all these genes played 

regulatory roles during the lysis pathway. The lysis of the host cell is extensively delayed when 

more phage attacks the infected cells at any time after the 5 minutes of infection. This signal 

was mediated by the rI protein, which regulates the assembly of the holin. 
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Figure 6.4: Schematic map of phage Sfk20 genome prepared using CGView. The outer ring 

represents coding sequence locations (CDS) in blue color; tRNA was marked in pink color. 

Hypothetical proteins were denoted as hp. The different functional ORFs were indicated in 

different colors. Red ORFs represent the structural proteins, yellow ORFs represent the genome 

packaging proteins and the cyan ORFs represent lysis proteins. 
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6.2.1.5. Phylogenetic analysis: 

Structural proteins of phages are commonly used for phage taxonomy therefore baseplate 

wedge protein is one of the important structural proteins. The packaging reaction of phages can 

be selectively catalyzed by the terminase enzyme, and the bigger subunit of the terminase 

holoenzyme is responsible for translocating the cleaved DNA into the empty prohead (Ding et 

al. 2020). Therefore, in order to decipher the evolutionary relationships of Sfk20 with the other 

closely related homologous phages, sequences of the baseplate wedge protein (ORF189) and 

the terminase large subunit (ORF163) of Sfk20 were aligned with that of the other closely 

related phages. The reference sequences were collected from the NCBI database. As shown in 

Figure 6.5 (A) & (B) the phage Sfk20 showed the highest relationship with all the T4-like 

Myoviridae bacteriophages. The phylogenetic analysis allowed the revision of classification 

based on the morphology of investigated phages. Therefore, this study suggested that the phage 

Sfk20 belongs to the T4-like virus genus, Myoviridae family, and Caudovirales order. 
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Figure 6.5: Phylogenetic trees of Sfk20 were constructed based on: (A) the baseplate wedge 

subunit and (B) the terminase large subunit (TerL) using “ONE CLICK” at Phylogeny.fr 

(https://www.phylogeny.fr) 
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Table 6.3: All predicted ORFs, Their positions in the Sfk20 phage genome, strand, their 

function and their role in the phage life cycle. 

 

ORFs Start Stop Strand Protein name Function in phage 

life cycle 

ORF1 106 342 - Hypothetical protein  

ORF2 342 923 - dCMP deaminase Nucleotide 

metabolism 

ORF3 920 1255 - Hypothetical protein  

ORF4 1255 1491 - Hypothetical protein  

ORF5 1485 2012 - Hypothetical protein  

ORF6 2075 2350 - Hypothetical protein  

ORF7 2353 2553 - Hypothetical protein  

ORF8 2546 2743 - Hypothetical protein  

ORF9 2743 3648 - 3'-5' polynucleotide kinase DNA damage repair 

ORF10 3648 3968 - Hypothetical protein  

ORF11 3972 4196 - Hypothetical protein  

ORF12 4193 4492 - Hypothetical protein  

ORF13 4489 4842 - Hypothetical protein  

ORF14 4833 5336 - Hypothetical protein  

ORF15 5401 6309 - RNA ligase RNA repair 

ORF16 6578 6988 - GIY-YIG nuclease family Genome repair and 

recombination 

ORF17 7016 8194 - Aerobic NDP reductase 

small subunit 

Genome replication 

and repair 

ORF18 8246 10510 - Ribonucleoside-diphosphate 

reductase subunit alpha 

Genome replication 

ORF19 10501 10788 - Hypothetical protein  

ORF20 10781 11044 - Hypothetical protein  

ORF21 11068 11928 - Hypothetical protein  

ORF22 11928 12134 - Hypothetical protein  

ORF23 12131 12712 - Dihydrofolate reductase Genome synthesis 

ORF24 12712 12957 - Hypothetical protein  
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ORF25 12966 13301 - Hypothetical protein  

ORF26 13312 13554 - Hypothetical protein  

ORF27 13609 13974 - Hypothetical protein  

ORF28 14018 14269 - Hypothetical protein  

ORF29 14262 15197 - Single stranded DNA-

binding protein 

Genome replication 

and recombination 

ORF30 15297 15950 - Hypothetical protein  

ORF31 15947 16285 - Late promoter transcription 

accessory protein 

Signal transduction 

and regulation 

ORF32 16263 16532 - Double-stranded DNA 

binding protein 

Genome replication 

and recombination 

ORF33 16541 17446 - Hypothetical protein  

ORF34 22041 22559 + Putative hinge connector of 

long tail fiber 

Phage morphogenesis 

ORF35 22622 23278 + Hinge connector of long tail 

fiber distal connector 

Phage morphogenesis 

ORF36 23287 26598 + Large distal long-tail fiber 

subunit 

Host infection 

ORF37 26630 27409 + Receptor recognition Phage morphogenesis 

ORF38 27440 28096 + Holin Host lysis 

ORF39 28097 28369 - Anti-sigma factor Host transcription 

inhibition 

ORF40 28382 28534 - Hypothetical protein  

ORF41 28531 28809 - Baseplate wedge tail fiber 

connector 

Phage morphogenesis 

ORF42 28799 28918 - Hypothetical protein  

ORF43 29095 29391 - Hypothetical protein  

ORF44 30189 30824 - Hypothetical protein  

ORF45 30910 31059 - Hypothetical protein  

ORF46 31056 32384 - DNA gyrase subunit Genome replication 

ORF47 32854 32934 - Activator of host PrrClysyl-

tRNA endonuclease 

RNA repair 
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ORF48 32934 33389 - Nucleoid disruption protein Host nucleoid 

destruction 

ORF49 33449 33664 - Hypothetical protein  

ORF50 33780 33977 - Hypothetical protein  

ORF51 33985 34098 - Hypothetical protein  

ORF52 34374 34580 - Hypothetical protein  

ORF53 34663 35139 - DNA endonuclease IV Genome replication 

ORF54 35153 35482 - Hypothetical protein  

ORF55 35521 35715 - Hypothetical protein  

ORF56 35744 36682 - rIIB protector from 

prophage-induced early 

lysis 

Genome replication 

ORF57 36694 38871 - hypothetical protein  

ORF58 38882 39085 - Hypothetical protein  

ORF59 39140 40957 - DNA topoisomerase II DNA replication 

ORF60 41027 41287 - Hypothetical protein  

ORF61 41292 41663 - Hypothetical protein  

ORF62 42264 42479 - Hypothetical protein  

ORF63 42652 43140 - Hypothetical protein  

ORF64 43217 43756 - MotB Transcription 

regulation 

ORF65 43759 44259 - Hypothetical protein  

ORF66 44323 45006 - 3'-5' exoribonuclease Genome replication 

ORF67 45006 45248 - Hypothetical protein  

ORF68 45241 45486 - Dextranase  Degradation of 

polysaccharide 

compounds 

ORF69 45473 45733 - Hypothetical protein  

ORF70 47056 47367 - Hypothetical protein  

ORF71 47369 48115 - Hypothetical protein  

ORF72 48233 48835 - Putative adenyl ribosylating 

enzyme 

Signal transduction 

and regulation 
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ORF73 48832 49455 - ADP-ribosylase Inhibit host 

transcription 

mechanism 

ORF74 49523 49705 - Hypothetical protein  

ORF75 49714 50184 - molybdenum ABC 

transporter 

Genome injection 

ORF76 50177 50341 - Hypothetical protein  

ORF77 50338 50493 

 

- Transcription modulator Signal transduction 

and regulation 

ORF78 50516 51001 - Transcription modulator 

under heat shock 

Signal transduction 

and regulation 

ORF79 50982 51191 - Hypothetical protein  

ORF80 51348 51560 - Hypothetical protein  

ORF81 51659 51904 - Head decoration Phage morphogenesis 

ORF82 51977 52495 - Hypothetical protein  

ORF83 52567 52767 + Hypothetical protein  

ORF84 52764 53792 - DNA primase Genome replication 

ORF85 53795 53959 - Hypothetical protein  

ORF86 53972 54265 - Spackle periplasmic protein Host lysis 

ORF87 54324 54581 - Hypothetical protein  

ORF88 54583 54765 - hypothetical protein  

ORF89 54824 56251 - DNA primase/helicase Genome replication 

ORF90 56261 56605 - Head vertex assembly 

chaperone 

Phage morphogenesis 

ORF91 56598 57779 - Putative RecA-like 

recombination protein 

Genome repair 

ORF92 57857 58699 - Beta -glucosyl-HMC-alpha-

glucosyl-transferase 

Genome modification 

ORF93 58696 59436 - dCMP hydroxymethylase Genome replication 

ORF94 59590 59841 - superinfection immunity 

protein 

Superinfection 

exclusion 

ORF95 59849 60229 - hypothetical protein  

ORF96 60412 63108 - DNA polymerase Genome replication 
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ORF97 63187 63555 - Translational repressor Genome replication 

ORF98 63557 

 

64120 - Clamp loader small subunit Genome replication 

ORF99 64122 65081 - Replication factor C small 

subunit 

Genome replication 

ORF100 65131 65817 - Sliding clamp DNA 

polymerase accessory 

protein 

Genome replication 

ORF101 65873 66262 - RNA polymerase binding 

protein 

Genome replication 

ORF102 66272 66460 - Hypothetical protein  

ORF103 66516 68066 - Hypothetical protein  

ORF104 68195 68401 - Hypothetical protein  

ORF105 68382 68645 - Hypothetical protein  

ORF106 68642 69661 - Hypothetical protein  

ORF107 69838 71040 - alpha glucosyl transferase Genome modification 

ORF108 71456 71773 - Hypothetical protein  

ORF109 71775 71993 - Hypothetical protein  

ORF110 71977 72534 - Sigma factor Signal transduction 

and regulation 

ORF111 72613 72882 - Hypothetical protein  

ORF112 72879 73094 - Hypothetical protein  

ORF113 73097 

 

73423 - Hypothetical protein  

ORF114 73476 73676 - Hypothetical protein  

ORF115 73677 73808 - Hypothetical protein  

ORF116 73816 74109 - Hypothetical protein  

ORF117 74102 74278 - Hypothetical protein  

ORF118 74436 74744 - Glutaredoxin  Reducing agent for 

phage-induced 

ribonucleotide 

reductase 

ORF119 74747 74959 - Hypothetical protein  
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ORF120 75075 

 

75545 - Anaerobic nucleotide 

reductase subunit 

Genome replication 

ORF121 75542 77359 - Ribonucleotide reductase of 

class III large subunit 

Genome replication 

ORF122 77356 77829 - Endonuclease  Genome replication 

ORF123 77872 78048 - Hypothetical protein  

ORF124 78048 78494 - Protease inhibitor Inhibit host protease 

ORF125 78618 78938 - Hypothetical protein  

ORF126 78949 79119 - Hypothetical protein  

ORF127 79122 79337 - Hypothetical protein  

ORF128 79334 79597 - Thioredoxin  Signal transduction 

and modification 

ORF129 79599 79841 - Hypothetical protein  

ORF130 79828 80145 - Hypothetical protein  

ORF131 80142 81071 - Hypothetical protein  

ORF132 81124 82125 - Hypothetical protein  

ORF133 83214 84104 - Hypothetical l protein  

ORF134 84112 84513 - Thioredoxin  Signal transduction 

and modification 

ORF135 84569 85096 - Hypothetical protein  

ORF136 85157 85459 - Hypothetical protein  

ORF137 85561 86529 - Hypothetical protein  

ORF138 86595 87605 - Hypothetical protein  

ORF139 87605 88066 - Hypothetical protein  

ORF140 88069 88590 - Hypothetical protein  

ORF141 88597 89130 - Hypothetical protein  

ORF142 89157 89261 - Molybdopterin -guanine 

dinucleotide biosynthesis 

Nucleotide 

metabolism 

ORF143 89322 89495 - Hypothetical protein   

ORF144 89485 89679 - Hypothetical protein  

ORF145 89682 89885 - Hypothetical protein  

ORF146 89885 90073 - Hypothetical protein  

ORF147 90169 90555 - Hypothetical protein  
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ORF148 90552 90845 - rI lysis inhibition Host lysis 

ORF149 90858 91070 - Hypothetical protein  

ORF150 91113 91694 - Thymidine kinase Genome replication 

ORF151 91696 91884 - Hypothetical protein  

ORF152 91881 92066 - Hypothetical protein  

ORF153 92063 92236 - Hypothetical protein  

ORF154 92436 92648 - Hypothetical protein  

ORF155 92620 93099 - Hypothetical l protein  

ORF156 93436 93981 - transglycosylase SLT 

domain-containing protein 

Host cell lysis 

ORF157 93989 94450 - Site-specific Rnase Host mRNA 

degradation 

ORF158 94510 94788 - Hypothetical protein  

ORF159 94788 95054 - Hypothetical protein  

ORF160 95047 95268 - Hypothetical protein  

ORF161 95268 95630 - Hypothetical protein  

ORF162 95637 95966 - Hypothetical protein  

ORF163 95963 96532 - large terminase subunit Genome packaging 

ORF164 96656 97129 - Hypothetical protein  

ORF165 97139 97555 - Pyrimidine dimer DNA 

glycosylase endonuclease V 

Nucleotide 

metabolism 

ORF166 97615 98109 - Endolysin/lysozyme  Host lysis 

ORF167 98146 98586 - nudix hydrolase Hydrolase activity 

ORF168 98583 99071 - Putative transmembrane 

region domain containing 

protein 

Phage morphogenesis 

ORF169 99068 99430 - Hypothetical protein  

ORF170 99412 99804 - Hypothetical protein  

ORF171 99773 100393 - Hypothetical protein  

ORF172 100435 101028 - Hypothetical protein  

ORF173 101086 101421 - Hypothetical protein  

ORF174 101477 101740 - Hypothetical protein  

ORF175 101981 102544 - Hypothetical protein  
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ORF176 102671 103144 - Hypothetical protein  

ORF177 103529 103879 - Hypothetical protein  

ORF178 104810 105325 - Hypothetical protein  

ORF179 105328 105618 - Hypothetical protein  

ORF180 105621 106001 - Hypothetical protein  

ORF181 106003 106188 - Hypothetical protein  

ORF182 106259 106516 - Hypothetical protein  

ORF183 107044 107286 - Hypothetical protein  

ORF184 107286 108011 - Deoxynucleoside 

monophosphate kinase 

Genome replication 

ORF185 108698 109522 - DNA end protector Genome replication 

and modification 

ORF186 109522 109974 - Head completion Phage morphogenesis 

ORF187 110022 110612 + Baseplate wedge subunit Phage morphogenesis 

ORF188 113794 115137 + Baseplate wedge  Phage morphogenesis 

ORF189 115134 118232 + Baseplate wedge subunit Phage morphogenesis 

ORF190 118723 119229 + Hypothetical protein  

ORF191 119293 120159 + Baseplate wedge completion 

tail fiber socket 

Phage morphogenesis 

ORF192 120159 121964 + Hypothetical protein  

ORF193 122620 124170 + Hypothetical protein  

ORF194 124180 125637 + Hypothetical protein  

ORF195 125670 126599 + Neck protein Phage morphogenesis 

ORF196 126601 127371 + Hypothetical protein  

ORF197 127413 128231 + Tail sheath stabilizer and 

completion protein 

Phage morphogenesis 

ORF198 128240 128734 + Small terminase protein Genome packaging 

ORF199 128718 130550 + Putative terminase subunit Genome packaging 

ORF200 130582 132561 + Tail sheath Phage morphogenesis 

ORF201 132678 133169 + Putative tail tube monomer Phage morphogenesis 

ORF202 133253 134827 + Hypothetical protein  

ORF203 134827 135084 + Prohead core Phage morphogenesis 
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ORF204 135084 135509 + Capsid and scaffold protein Virion assembly 

ORF205 135509 136147 + Prohead core scaffolding 

protein and protease 

Phage morphogenesis 

ORF206 136178 136987 + Prohead assembly Phage morphogenesis 

ORF207 137006 138571 + Major capsid protein Phage morphogenesis 

ORF208 138655 139938 + Hypothetical protein  

ORF209 139968 140972 - RNA ligase 2 Genome replication 

ORF210 140982 141260 - Hypothetical protein  

ORF211 141247 141462 - Hypothetical protein  

ORF212 141552 143546 - PKD domain protein Phage morphogenesis 

ORF213 143556 144236 - Hypothetical l protein  

ORF214 144287 145798 + Hypothetical protein  

ORF215 145824 146054 + ATP-dependent DNA 

helicase 

Genome replication 

ORF216 146306 146530 - Hypothetical protein  

ORF217 146530 146943 - Recombination mediator 

protein 

Genome modification 

ORF218 147010 147408 - Hypothetical protein  

ORF219 147408 148034 - Baseplate hub subunit Phage morphogenesis 

ORF220 148085 148834 + Baseplate protein Phage morphogenesis 

ORF221 148834 150009 + Hypothetical protein  

ORF222 150029 150487 + Baseplate distal hub subunit Phage morphogenesis 

ORF223 150484 152256 + Hypothetical protein  

ORF224 152757 153359 + Hypothetical protein  

ORF225 153359 154324 + Hypothetical protein  

ORF226 154353 154643 - Hypothetical protein  

ORF227 154704 156761 - Hypothetical protein  

ORF228 156765 158858 - ADP-ribosyltransferase 

exoenzyme 

Genome replication 

ORF229 158911 159099 - Hypothetical protein  

ORF230 159096 160556 - DNA ligase Genome replication 

ORF231 160553 160822 - Hypothetical protein  
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ORF232 160822 161661 - Hypothetical protein  

ORF233 161658 162116 - Hypothetical protein  

ORF234 162109 162324 - Hypothetical protein  

ORF235 162329 162616 - Hypothetical protein  

ORF236 162658 163023 - Hypothetical protein  

ORF237 163091 163423 - Hypothetical protein  

ORF238 163534 163710 - Hypothetical protein  

ORF239 163905 164153 - Hypothetical protein  

ORF240 164301 164636 - Co-chaperone GroES Signal transduction 

and regulation 

ORF241 164693 164863 - Hypothetical   protein  
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6.2.2. Proteomic analysis of bacteriophage Sfk20: 

6.2.2.1 Study of protein profile of the phage Sfk20: 

Protein profile of bacteriophage Sfk20 was tested by running 12.5% SDS-PAGE gel. Two 

major bands with molecular weights at 53 kDa and 70 kDa and a few minor bands with 

molecular weights 13, 76, 100, and 155 kDa appeared as shown in Figure 6.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Protein profile of bacteriophage Sfk20. Lane M, prestained protein ladder (abcam 

Prism Ultra Protein Ladder, ab116028), Lane S bacteriophage proteins. 
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6.2.2.2 Proteomic analysis of bacteriophage Sfk20: 

LC-MS/MS-based techniques are more reliable compared to other techniques because the 

phage peptides can easily be identified without the need for other approaches. In order to 

identify the total proteome detailed proteomic characterization using trypsin proteolysis 

followed by liquid chromatography-tandem mass spectrometry was performed. In this detailed 

proteomic characterization, a total of 40 virion proteins with sequence coverage of 12% to 86% 

were identified. In this proteomic analysis, the phage proteins with at least two unique peptides 

were considered. Although the major capsid protein (ORF207) was the most abundant protein 

with the highest numbers of identified peptides. A total of 107 peptides were identified for 

major capsid proteins and the molecular weight was identified as 56 kDa. Among the 40 

identified proteins, there were 20 hypothetical proteins. From the remaining 20 proteins the 17  

identified proteins belong to the phage morphogenesis modules which included one major 

capsid protein (ORF207), four baseplate wedge proteins (ORF187, ORF189, ORF190, 

ORF191), a PKD domain protein (ORF212), a putative tail tube monomer protein (ORF201), 

tail sheath stabilizer, and completion protein (ORF197), two putative hinge connector of long 

tail fiber protein (ORF34, ORF35), tail fiber protein (ORF36), one pro head core scaffolding 

protein and protease (ORF205), neck protein (ORF195), DNA end protector protein (ORF185), 

head decoration protein (ORF81), receptor recognition protein (ORF37), and tail sheath protein 

(ORF200). Among the remaining three functional proteins two proteins: helicase (ORF215), 

and ADP ribosyl transferase (ORF228) belongs to the phage DNA replication module, and 

phage endolysin (ORF166) belongs to the lysis module (Table 6.4). 
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Table 6.4 Detection and identification of phage Sfk20 proteins by LC-MS/MS 

 

ORF No. Protein name Molecular 

weight (Da) 

No. of 

peptides 

Coverage 

(%) 

207 Major capsid protein 56099 107 68 

200 Tail sheath protein 71352 47 68 

212 PKD domain protein 70736 109 86 

36 Long tail fiber protein 118710 31 47 

228 ADP-ribosyl transferase 

exoenzyme 

78016 40 64 

194 hypothetical protein 52430 43 75 

193 hypothetical protein 55420 26 72 

227 hypothetical protein 75954 23 38 

208 hypothetical protein 47019 24 62 

189 baseplate wedge subunit 119054 24 29 

202 hypothetical protein 61062 20 42 

188 baseplate wedge 49921 16 49 

192 hypothetical protein 66384 16 37 

191 baseplate wedge 

completion tail fiber socket 

31009 11 54 

197 tail sheath stabilizer and 

completion protein 

31556 10 54 

164 hypothetical protein 17768 11 47 

195 neck protein 34690 9 37 

223 hypothetical protein 64400 10 30 

196 hypothetical protein 29569 8 48 

201 putative tail tube monomer 18434 8 50 

221 hypothetical protein 44407 7 25 

175 hypothetical protein 20868 6 36 

35 hinge connector of long 

tail fiber distal connector 

23296 5 48 

182 hypothetical protein 9278 6 55 
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215 ATP-dependent DNA 

helicase 

8804 7 72 

176 hypothetical protein 17258 5 30 

34 putative hinge connector of 

long tail fiber 

18530 4 35 

225 hypothetical protein 34877 3 15 

187 baseplate wedge subunit 22952 7 34 

190 hypothetical protein 19513 4 25 

81 head decoration 9174 5 70 

37 receptor recognition 26135 4 31 

218 hypothetical protein 15096 3 26 

185 DNA end protector 31654 4 18 

205 Prohead core scaffolding 

protein and protease 

23250 4 20 

166 Endolysin 18606 5 35 

147 hypothetical protein 14648 2 16 

85 hypothetical protein 5885 2 61 

224 hypothetical protein 22475 2 12 

161 hypothetical protein 13863 2 20 
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6.3 DISCUSSION 

Phages or bacteriophages, discovered in the early 20th century by Frederick Twort and Felix 

d’Herelle independently, are the most abundant and diverse biological organisms on the planet 

(Bergh et al., 1989). Phages are found in every ecosystem with different genome diversity from 

the gastrointestinal tract of humans to the global ocean (Nigro et al. 2017). In the aquatic 

environment, phages play a major role in the biogeochemical cycle, and in the human gut 

phages predominantly exist as lysogens which can influence their host (Kim & Bae, 2018). 

According to the public database as of 2019 most of the recognized bacteriophages are tailed 

phages with double-stranded genomes (dsDNA). Some less common phages can package their 

single-stranded DNA (ssDNA), single-stranded RNA (ssRNA), and double-stranded RNA 

(dsRNA) inside the capsid. 

In this work, the phage Sfk20 genome was isolated and the digestion of the genome by 

restriction enzymes was performed. The digestion of the genome by restriction enzyme EcoRV 

suggested that the genome of Sfk20 is a double-stranded genome.  

The Roche/454 sequencer launched the current wave of high throughput sequencing efforts in 

2005. Other platforms, including SOLiD, Solexa (Illumina), Helicos, Ion Torrent, and PacBio, 

were then introduced (Eisenstein 2012). However, all these platforms produce very high 

sequence outputs compared with the throughput of conventional Sanger sequencing platforms. 

The genome sequencing of the phage Sfk20 genome was performed using next-generation 

sequencing on an Illumina-based platform. Comparative genome analysis of phage Sfk20 has 

helped to understand the genomic characteristics as well as the evolutionary relationship with 

the related phages. Sfk20 phage showed high nucleotide sequence similarity with T4-like 

phages: 97.91% with pSs-1, 96.03% with SH7, 95.34% with SfPhi01, 95.40% with Sf21 and 

95.46% with Sf23. 

Genome sequencing, analysis, and complete annotation provided sufficient information on the 

phage Sfk20 genome. The genes were distributed into the genome in various modules. The 

major modules contain various important genes that encode various proteins responsible for 

phage DNA replication and modification proteins, phage morphogenesis proteins, phage 

genome packaging proteins, and host lysis proteins (Topka-Bielecka et al. 2020). After the 

injection of the phage genetic material during infection, it started replicating inside the host 

cell. The genes of phage DNA replication modules encode various replication-related proteins 

such as DNA polymerase (ORF96), helicase (ORF215), primase (ORF84, ORF89), 
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endonuclease (ORF53, ORF122), DNA gyrase (ORF46), and DNA topoisomerase II(ORF59) 

helped to replicate the phage DNA. The phage tail is a crucial part, and the tail adsorption 

devices are experts in locating and interacting with receptors on the surface of bacteria (Ding 

et al. 2020). In the genome of phage Sfk20, the tail-associated ORF s that were assigned to tail 

structure protein were identified and categorized including tail fiber proteins (ORF34, ORF35, 

ORF36, ORF41), Tail sheath stabilizer and completion protein (ORF197), tail sheath protein 

(ORF200), tail tube protein (ORF201) and baseplate structural proteins (ORF187, ORF188, 

ORF189, ORF191) which were involved in tail assembly or in facilitating the penetration of 

the outer membrane of the host cell upon infection (Huang and Xiang 2020). Except for these 

tail structure proteins, the annotation results also identified other phage structure proteins, 

including the major capsid protein (ORF207), prohead core protein (ORF203), capsid and 

scaffold protein (ORF204), prohead assembly protein and protease (ORF205), PKD domain 

protein (ORF212) baseplate hub protein (ORF219), baseplate protein (ORF220) and baseplate 

distal hub subunit (ORF222). DNA packaging is often a crucial mechanism for the phage life 

cycle that involves several proteins interacting with the phage genome. Terminase enzymes 

that can specifically catalyze the packaging reaction of phages are composed of large and small 

subunits (Wang et al. 2019). The small subunit selectively blinds to the genome and controls 

the packing process, whereas the large subunit is a multifunctional enzyme that plays a 

significant part in packaging. In gene annotating of phage Sfk20, the large terminase subunit 

and the small terminase subunit were found encoded by ORF163 and ORF198, respectively. 

The annotation results also identified another packaging protein: putative terminase subunit 

encoded by ORF199. Finally, after the formation of the new progeny phages, they must lyse 

the host cell in order to release into the surrounding environment. The genes of the lysis module 

encode lytic enzyme holin and endolysin that are responsible for the lysis of the bacterial cell 

and the release of the progeny. Phage-encoded muralytic enzyme endolysin hydrolyses the 

peptidoglycan layer present in the bacterial cell wall during the final stage of the phage 

reproduction event (O’Flaherty, Ross, and Coffey 2009). The presence of both holin and 

endolysin genes in the sequence of phage Sfk20 genome confirmed the lytic nature of this 

phage. Analysis of the phage Sfk20 genome confirmed the presence of lytic proteins and the 

absence of any lysogenic, toxin, or antibiotic resistance genes suggesting that the phage could 

be used as a safe biocontrol agent for host bacteria. 
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In the genome of phage Sfk20, around 10 tRNA including Arg, Asn, Tyr, Met, Thr, Ser, Pro, 

Gly, Leu, and Gln were identified. It was reported elsewhere that the phage tRNA is required 

in certain hosts that help to increase fitness in some environments. 

Phylogenetic tree analysis of Sfk20 based on base plate wedge subunit and terminate large 

subunit with other related phages suggested that Sfk20 was closely related to other Shigella 

and E. coli phages and they probably evolved from a common ancestor. 

According to the mega blast search result, Sfk20 belongs to the genus T4-like viruses; order 

Caudovirales; family Myoviridae; subfamily Tevenvirinae. Recently a total of 78 isolated 

Shigella phages were grouped according to family and genome size and phage Sfk20 falls in 

the largest T4-like Myoviridae family with a genome size of 164.0–176.0 kb (Subramanian et 

al. 2020). Comparative genome analysis and biological properties suggested that phage Sfk20 

has the highest similarity with pSs-1 as shown in Table 6.1. 

The proteomic analysis of phage Sfk20 was performed to identify the total proteome. In this 

study to identify the total proteins in-solution tryptic digestion of the isolated protein was 

performed and the digested proteins were analyzed by LC-MS/MS. The in-solution tryptic 

digestion takes less time and it is significantly the least labor intensive. Hence, in-solution 

tryptic digestion was chosen over in-gel tryptic digestion. When compared to other methods, 

LC-MS/MS-based techniques have significant advantages since they allow for the direct 

identification of phage peptides without the need for inference conclusions produced using 

different methodologies, such as genomic tools. LC-MS/MS analysis is a reliable method to 

rapidly identify and characterize phage proteins (Abril et al. 2020). In this study, 40 different 

proteins were identified by LC-MS/MS. Among them, 20 proteins were hypothetical. There 

were three functional proteins: (i) DNA helicase enzymes help in the unwinding of the DNA 

helix. Helicase mainly promotes the DNA replication cycle within the replisome (Lionnet et al. 

2007). (ii) ADP ribosyl transferase mainly participates in the replication cycle by adding the 

ADP ribose moieties to a designated number of host proteins (Tiemann et al. 2004). (iii) 

Endolysins are phage-encoded peptidoglycan hydrolases that enzymatically degrade the host 

bacterium's peptidoglycan layer, leading to the programmed host cell lysis and the release of 

mature viral particles (Schmelcher et al. 2012). Seventeen phage structural proteins were also 

identified. 
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7.1 INTRODUCTION 

Visualization of the virus morphology and structure is closely related to the development of 

electron microscopy. Tobacco mosaic virus was one of the first samples to be seen soon after 

the development and use of the first electron microscope (Kausche, Pfankuch, and Ruska 

1939). Thereafter, electron microscopy became the main technique to detect, visualize, classify, 

and characterize different viruses as per their morphology (Goldsmith and Miller 2009). The 

structure determination of phages using transmission electron microscopy started in the ’60s 

after the pioneer structure prediction work of Klug and Finch using negatively stained virus 

images (Klug and Finch 1965). Thereafter, the structure determination of other viruses using 

electron microscopy were started (De Rosier and Klug 1968) . Cryoprotection was an essential 

part of sample preparation for TEM, enabling data acquisition at an appropriate resolution to 

create the first near-atomic model of a rotavirus-related particle. This study expanded the use 

of TEM towards high-resolution structure determination of viruses. 

Bacteriophages after their discovery were studied extensively for their use in therapeutic 

purposes. The phage structural study is important to reveal their detailed organization that 

improves our understanding of the functions of every component which in turn proposes the 

usage of phages in medical treatments. The tailed bacteriophages are the most common among 

all phages which are divided into three groups: Myoviridae (long, contractile tail), Siphoviridae 

(long, non-contractile tail), and Podoviridae (short non-contractile tail). To date, the three-

dimensional structure of a large number of Siphoviridae and Podoviridae bacteriophages have 

been reported compared to only a handful of Myovirdae bacteriophage studies. Complete three-

dimensional structure determination of T4 bacteriophage was performed earlier and so far, it is 

perhaps the most extensively studied Myoviridae phage. T4 bacteriophage has a prolate-shaped 

head and long contractile tail. 

To study the bacteriophage structures two very popular methods of choice are negative staining 

and cryo-electron microscopy. The phage samples are stained with heavy metal salts (uranyl 

acetate, uranyl formate, phosphotungstic acid, etc) in a negative staining technique. After air-

drying, the stained samples are introduced into the vacuum chamber of the electron microscope 

to visualize. The metal salt reduces the chance of radiation damage thus the morphology and 

structure of the sample up to several nanometres resolution can be produced. This is a simple 

and rapid method to visualize the overall sample and to check the concentration, and 

homogeneity. 
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But a negatively stained sample can produce a three-dimensional structure only upto a limited 

low resolution. Cryo-electron microscopy makes it possible to visualize the virus in native 

conditions without using any chemical fixation and contrasting agents. In this method, the virus 

sample is frozen in liquid ethane. The rapid freezing help to produce vitreous ice that preserves 

the samples in near-native condition. After that, the samples were stored in liquid nitrogen to 

maintain the sample in a frozen state. While imaging, the samples were introduced into the 

microscope under a vacuum chamber using a specialized sample loading holder maintaining 

the temperature at -180ºC, and images are obtained at low dose conditions to minimize sample 

damage. 

In our present study, the three-dimensional structure of T4 like Myoviridae Shigella phage 

Sfk20 was determined using single-particle cryo-electron microscopy and image processing. It 

is clear from the morphological study that it has a prolate-shaped head, a head-tail connector, 

and a long contractile tail with tail spikes. 
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7.2 RESULT 

7.2.1 Three-dimensional reconstruction of the various parts of bacteriophage 

Sfk20: 

7.2.1.1 Cryo-electron micrograph of phage Sfk20: 

Bacteriophages in particular have varied symmetries in different components of their complete 

intact structure. Three-dimensional reconstructed image of bacteriophages is useful for 

understanding the organization of various components forming their full structure. These 

intricate biological systems were frequently researched using a "divide and conquer" (Baker and 

Johnson 1996) strategy. Following the approach, different components of phage Sfk20 were 

reconstructed separately and combined to form the whole intact structure of the phage. 

Phage Sfk20 bacteriophage contains a prolate-shaped head, a long contractile tail and belongs 

to the family of Myoviridae, Caudovirale order. The long contractile tail of the phage Sfk20 

was shown in Figure 7.1(A) and a representative image of the phage particle with the 

contracted tail was shown in Figure 7.1(B). 

 

 

 Figure 7.1: Cryo-electron micrograph of full Sfk20 bacteriophage particles: (A) native non-

contracted tail conformation and (B) in the contracted tail state (magnification 45000X) 
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7.2.1.2 Three-dimensional reconstruction of the bacteriophage capsid head: 

Phages have capsids that are highly organized proteinaceous structures to shield their genomes. 

An ATP-dependent packaging machine first assembles the head as an empty capsid, which is 

then filled with DNA. Tailed phages have either prolate or icosahedral capsids but all phage 

capsids possess a 5-fold rotational symmetry. Other elements, such as the packaged genome or 

the tail, are averaged out during the reconstruction of the capsid because they lack the required 

symmetry. Phage Sfk20 belongs to the family of Myoviridae and showed similarity with T4-

like bacteriophages. Phage Sfk20 is composed of a large elongated (prolate) icosahedral capsid 

with a contractile tail. First, the Sfk20 capsid three-dimensional (3D) structure was 

reconstructed using EMAN 2.9 software. In the reconstruction process, initially, the capsid 

particles were picked from best-sorted 2D cryo images using a box size of 1296. Next, the 

reference free class averaging was run without imposing any symmetry using “e2refine2d.py” 

to generate class averages. After that, the good class averages were sorted from all the class 

averages that matched with 2D cryo-EM images of phage Sfk20 and revealed the presence of 

5-fold symmetric capsid vertex.  The images of some good class averages were shown in 

Figure 7.2. Finally, during the preparation of the 3D initial model of the phage capsid, the C5 

symmetry was applied. The projection images of the initial model of phage Sfk20 capsid were 

shown in Figure 7.3. The reconstruction result after the final refinement was shown in Figure 

7.4. The reconstructed 3D density map of the Sfk20 phage capsid showed a large, elongated 

icosahedral-shaped structure with an elevated, star knob-like 5-fold symmetry, a slightly 

elevated 3-fold, and a depressed 2-fold symmetry as appeared in Figure 7.4 (A). The top view 

and bottom view showed the 5-fold symmetry as shown in Figure 7.4 (B) and (C). One of the 

5-fold vertex is replaced with the unique portal vertex through which the phage tail is attached 

to the capsid part. 

 

 

 

 

 

 

Figure 7.2: Set of good 2D class averages of the phage Sfk20 capsid. 
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Figure 7.4: The density map of Sfk20 capsid: (A) the side view showed elevated 5-fold 

symmetry and a depressed 3-fold symmetry, (B) the top view of the capsid and (C) the bottom 

view of the capsid. 
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7.2.1.3 Three-dimensional reconstruction of the bacteriophage connector: 

The capsid of the phage is connected with its unique tail through a multimeric protein complex 

which is known as a head-to-tail connector.  

In this work, the 3D reconstruction of the phage head and tail connector part of the phage Sfk20 

was performed using EMAN 2.9 software. At first, the connector parts of the phage Sfk20 were 

picked using “e2boxer.py”. Around 375 connector parts were picked. Next the reference free 

class averaging was performed without imposing any symmetry using “e2refine2d.py” to 

generate class averages. After that, from the class averages a subset of good class averages was 

prepared by visual checking. The images of the good class averages were shown in Figure 7.5. 

The class averages indicated a 12-fold symmetry. Therefore, the program “e2initialmodel.py” 

was run by applying 12-fold symmetry along the head-to-tail connector axis to build a set of 

3-D models suitable for use as initial models. The best-looking initial model was chosen as the 

final model and the sections of projection images of the initial model of the phage head-tail 

connector were shown in Figure 7.6. The reconstructed 3D density map of the connector 

revealed that it is a funnel-shaped structure having two prominent rings. The bottom view of 

the connector revealed that it is a ring-shaped dodecameric structure. This connector acts as a 

channel to translocate the DNA from the capsid to the tail. A capsid vertex-to-connector 

junction was also shown in Figure 7.7 (A). There is an opening on the top of the connector 

which is continuous till it reaches the tail as shown in Figure 7.7 (B). The bottom view of the 

connector part also showed in Figure 7.7 (C). A central section view of the connector part was 

shown in Figure 7.7 (D) 

 

 

 

 

 

 

 

Figure 7.5: Good 2D class averages of the phage Sfk20 connector, used for further 

reconstruction purposes 



CHAPTER 7 

151 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re

 7
.6

: 
P

ro
je

ct
io

n
 i

m
ag

es
 o

f 
th

e 
3
D

 i
n
it

ia
l 

m
o
d
el

 o
f 

th
e 

p
h
ag

e 
S

fk
2
0
 c

o
n
n
ec

to
r.

 

 



CHAPTER 7 

152 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7: The density map of the phage Sfk20 head-to-tail connector: (A) capsid to connector 

junction, (B) top view of the connector, (C) bottom view of the connector and (D) The central 

section view of the connector part. 
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7.2.1.4 Three-dimensional structure of the bacteriophage tail: 

For tailed bacteriophages, one particle is sufficient for infecting a single bacterial cell (E. 

1994a). A specialized component of bacterial viruses known as a tail is a key factor in high 

infection efficiency. About 96% of all bacteriophages have a tail part, and it is made to adhere 

to bacteria, break through their cell membranes, and transfer the viral genome to the host. As 

discussed in the earlier chapters, bacteriophage Sfk20 belongs to the T4-like Myoviridae group. 

These phages have the most complex tail structures generally consisting of a long, non-

contractile tube surrounded by a contractile sheath. Since the tail sheath of phage Sfk20 has a 

prominent helical structure, the 3D reconstruction of the tail part was done using Relion 3.1 

helical reconstruction imposing helical symmetry as described in the materials and method 

section. The tail parts of the phage Sfk20 were picked manually using the “Manual picking” 

program from the micrograph. The images of the picked tail particles were shown in Figure 

7.8. Next 2D class averaging was performed and some of the good class averages were selected 

for generating an initial model as shown in Figure 7.9. The reconstruction result of the final 

refinement was shown in Figure 7.10. The tail sheath proteins are organized as a helix around 

the central tube, as found in the 3D density map of the phage Sfk20 tail.  
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 Figure 7.8: The tail particles of phage Sfk20. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9: Few 2D class averages of the phage 

Sfk20 tail part, used for further reconstruction. 

purposes. 

 

Figure 7.10: The density map of the phage Sfk20 

tail. The helical tail sheath is quite prominent. 
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7.2.1.5 Three-dimensional reconstruction of the baseplate structure: 

The Myoviridae-tailed bacteriophage Sfk20 belongs to the structurally complex virus groups. 

The baseplate, which is located at the end of the bacteriophage tail, is the component in charge 

of controlling the infectivity. Six similar wedges that encircle a central hub make up the 

baseplate.  This small device of the phage is responsible for the recognition, adsorption, and 

infection in the host cell. The baseplate part of the phage Sfk20 was reconstructed using EMAN 

2.9 software. The baseplate particles were picked from the micrograph containing intact phage 

particles. Next, the reference free class averaging was run without imposing any symmetry 

using “e2refine2d.py” to generate a set of class averages and the good class averages were 

sorted to make a subset with only good class averages. This particular process also helped to 

remove the bad particles from the data set. The images of the good class averages were shown 

in Figure 7.11.  During the initial model reconstruction using “e2initialmodel.py” a 6-fold 

symmetry was applied. The projection images of the 3D initial model of the phage Sfk20 

baseplate were shown in Figure 7.12. The final density map of the Sfk20 baseplate was shown 

in Figure 7.13 (A). A needle-like structure was also found. It is mainly used by phage to 

puncture the host cell membrane during infection. The top view and the bottom views were 

shown in Figure 7.13 (B) and (C). The largest part of this device was attached just behind the 

tail and became narrow at the end. The figure showed the attachment of the tail to the baseplate 

where the tail was marked in green colour and the baseplate was marked in blue colour as 

shown in Figure 7.13 (D). Typically, the baseplate was depicted as a plate-like structure that 

organizes six protein subunits.    

 

 

 

Figure 7.11: Good 2D class averages of the phage Sfk20 baseplate, used for further 

reconstruction purposes. 
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Figure 7.13: The density map of the baseplate of the Sfk20 bacteriophage: (A) the side view 

of the baseplate structure. The long piercing device was also visible, (B) the top view of the 

baseplate showed 6-fold symmetry, (C) The bottom view of the phage baseplate and (D) The 

baseplate (marked in blue) is attached to the tail part (in green).  
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7.2.2 Reconstruction of the intact phage Sfk20: 

The different parts of the phage Sfk20 were reconstructed separately and later all four different 

parts were combined using UCSF Chimera. Figure 7.14 showed an intact structure of 

Myoviridae phage Sfk20. The prolate-shaped head, a head-to-tail connector region, a long 

contractile tail, and a baseplate were quite clear from the 3D structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.14: The three-dimensional reconstruction of intact phage Sfk20 structure with capsid, 

the portal vertex connector, tail, and baseplate complex. 
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7.3 DISCUSSION 

The bacteriophages may have different shapes and sizes. But among all the phages, the tailed 

phages with double-stranded genomes are the most studied group of phages. The tailed phages 

have four major components: a capsid structure where the genome is densely packed, a head-

to-tail connector or portal gatekeeper that helps to enter and exit of phage genome from the 

capsid, a tail part that acts as a channel during infection to eject the genome into the host cell 

and an adsorption apparatus at the periphery of the tail that helps to recognize the host cell and 

puncture it during the infection process. 

The capsid of the tailed double-stranded DNA phages has a mismatch at one of its 5-fold vertex 

where the head-to-tail interface (HTI) is connected. One of the important components of the 

head-to-tail interface is the dodecameric portal protein. The portal protein represents the DNA 

packaging motor and acts as a nanomachine. The oligomeric head completion protein is also 

present in the HTI and also plays a dual role i) it makes an additional interface for ATP that 

produces energy during the packaging of the genome and ii) it also connects the portal proteins 

to the tail. Some HTIs also act as valves, closing the exit channel to stop the release of the DNA 

from the phage capsid and opening as soon as the phage attaches to the host cell. However, if 

the portal proteins are produced under naive conditions, without any other phage protein 

components, alternative symmetries other than dodecameric have been found for nearly all 

portal proteins in vitro (Cerritelli et al. 2003; Orlova et al. 1999). 

The tail of the bacteriophage is one of the important parts of the infection. The tail of the 

Myoviridae and Siphoviridae phages is composed of a series of stacked rings. The adsorption 

apparatus is located on the distal end of the tail. It helps to recognize the receptor or the 

envelope chemistry of the host cell.  Many tail fibers remain attached to the adhesion device or 

the baseplate helps to make a tight connection to the host cell. In Podoviridae phages, the 

baseplate part remains attached immediately to the HTI. 

T4-like bacteriophage Sfk20 belongs to the family of Myoviridae as discussed in earlier 

chapters. The phages belonging to this group, inject their genome into the host cell using a 

highly efficient contractile injection machinery. The mechanism of DNA injection begins with 

the interaction of the host cell surface with the receptor-binding protein present at the tip of the 

long tail fiber (Prehm et al. 1976). The baseplate then goes through a significant conformational 

change, going from a high-energy dome structure to a low-energy star structure (Yap et al. 

2016). The short tail fibers then rotate downward and irreversibly adhere to the cell surface. 
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The conformational change of the baseplate initiates the contraction of the tail sheath by 

releasing the tip of the tail tube. The sheath experiences a significant structural shift during 

contraction, going from a high-energy extended state to a low-energy contracted one 

(Kostyuchenko et al. 2005). During this time some changes occur in the tail sheaths. As a result, 

the tail tube and capsid both translate downward along the tail tube axis while concurrently 

rotating anticlockwise. When the sheath contracts, the tail assembly rotates and moves quickly, 

creating the motion necessary for the needle-like tip of the tail tube to enter the cell membrane.  

In this work, the four major parts of phage Sfk20 such as head, portal protein, tail, and baseplate 

were reconstructed using single particle cryo-electron microscopy and image processing. The 

particles were picked from the intact images and processed using EMAN 2.9 and Relion 3.1 

software. Phage Sfk20 is a T4-like Myoviridae phage that consists of a prolate-shaped head 

packaged with DNA by an ATP-dependent packaging machine. The head is prolate, meaning 

that it has two icosahedral ends and a cylindrical mid-section. Therefore, during reconstruction, 

C5 symmetry was applied. The phage neck is a knob-like structure that connects the head and 

tail.  This protein is made up of various subunits. and controls the entry of genetic material by 

conformational changes which in turn contribute to phage tail assembly. During the 

reconstruction of the Sfk20 head-to-tail interface or the portal protein, the C12 symmetry was 

applied. From the reconstructed structure it was found that it is a ring-shaped dodecameric 

structure. The long contractile tail of the Myoviridae bacteriophage Sfk20 is responsible for the 

delivery of the genome to the host cell cytoplasm. The tail consists of the tail sheath that 

surrounds an inner tail tube. The tail sheath part is a helical object. Therefore, during the 

reconstruction of the tail part in Relion 3.1, helical symmetry was applied. The fact that a single 

projection image of a helical specimen will often contain all the data required to do a 3D 

reconstruction represents a significant advantage for helical objects versus asymmetrical 

particles in terms of structure determination. Additionally, helical reconstructions require 

significantly fewer parameters to be calculated than single-particle analyses, in theory. This is 

so that, unlike helical structures, where numerous copies of the repeating, asymmetrical unit 

have set relative orientations, single-particle analysis requires one to calculate the relative 

orientations for each individual particle projection image. Therefore, by averaging over a large 

number of asymmetrical units, one can effectively reduce the experimental noise once the 

parameters specifying helical symmetry and the orientation of the image of a helical object 

with respect to that symmetry have been established (He and Scheres 2017). The tail part 

remains attached to the baseplate. It is a dome-like structure assembled around a central hub. 
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The baseplate of the Sfk20 phage is a multi-protein molecular machine that controls host cell 

recognition, attachment, tail sheath contraction, and viral DNA injection. The Sfk20 baseplate 

was reconstructed using EMAN 2.9 software where C6 symmetry was applied. To our 

knowledge this is the first cryo-EM study of long tailed Shigella phage in India Because of the 

frequently highly preserved structural and functional themes over extensive evolutionary time 

periods, the study of Sfk20 bacteriophage in general has provided essential biological and 

mechanistic in sights. 
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8.1 INTRODUCTION 

Prediction of the structure of the protein or protein modeling is one of the most challenging 

topics of structural biology. To determine the structure of a protein, several laboratory-based 

methods such as X-ray crystallography, cryo-EM, spectroscopy, and NMR spectroscopy are 

available. The quality of the above-mentioned methods was continuously improved over the 

course of time. For example, the cryo-electron microscopy method is currently able to provide 

protein structure at atomic resolution (Callaway 2015). Although, a massive amount of 

experimental efforts has been given to solve structures of proteins still out of the billions of 

protein sequences only a limited number of protein structures have been solved to date. Hence, 

quick approaches and accurate computational machine learning-based methods of modeling 

are highly required to solve the structures of many unreported proteins. To establish such 

computational modeling methods, a set of sequences of unreported structures is released every 

two years interval in Critical Assessment of Structure Prediction or CASP competition and it 

allows the application of state-of-the-art algorithms to predict structures. This also helps to 

assess the advancement in modeling methods by comparing the predicted and reported 

structures.  

At present there are two main approaches for the modeling of proteins: i) Homology modeling 

and ii) Neural network-based modeling (NNM) are prevailing. Homology modeling-based 

approaches use the homology detection algorithm to determine the three-dimensional structure 

of a protein. To generate a protein structure model, a homology modeling-based approach uses 

a known structure as a template. Different homology modeling software packages such as 

Modeller (Webb and Sali 2016), and Phyre2 (Kelley et al. 2015) are available to predict the 

structure of the protein when good templates are available. One of the major drawbacks of 

homology modeling is that the stability of the predicted models depends on the selected models. 

It fails to generate an accurate protein model when no known structure resembles a template. 

Web-based servers or homology modeling-based approaches were used routinely by 

computational biologists before the development of neural network-based approaches.  

In 2021 DeepMind’s machine learning-based structural algorithm was released and became a 

game changer in the field of structural biology. DeepMind-based machine learning was already 

used to generate protein models in the 13 CASP (CASP13 in 2018) (Jumper et al. 2021). But 

In CASP14 contest DeepMind structure prediction with AlphaFold2 produced a stunning result 

with astonishingly high prediction accuracy to evaluate the dataset and predict the protein 
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structure. It also indicates that the Deep learning-based techniques are now able to predict the 

structure accurately when compared to the experimental structure. This is one of the major 

achievements that opens a new path for structural biologists and non-structural biologists. In 

particular, AlphaFold2 uses Deep neural network modules designed for folding constraints, and 

the Neural network was instructed with self-supervised data from PDB. AlphaFold2 is able to 

predict three-dimensional structure from any of the given sequences of length not more than 

1,400 amino acids. While neural network-based models are highly accurate to predict protein 

structure (Jumper et al. 2021), scientists are also trying to use large-scale language models for 

solving complex biological problems. Recently, Meta AI’s researchers launched a line-up of 

advanced language models called Evolutionary Scale Modelling (ESM) for protein structure 

prediction. ESMFold is a protein structure prediction model which relies on these transformer 

models to understand and encode protein sequences (Lin et al. 2022). 

We have discussed here the progress of different Deep learning-based algorithms and whether 

these algorithms are capable enough to predict the protein structure accurately. So here in our 

study, we tested the power of NN-based and homology modeling-based methods in predicting 

the high-confidence structure of phage structural proteins. As I have discussed earlier in 

CHAPTER 5 phage Sfk20 is a T4-like Myoviridae phage and its genome encoded various 

phage structural proteins. These structural proteins are important when phage morphogenesis 

takes place. There are several phage morphogenesis proteins involved in the formation of 

different parts of a bacteriophage when the progeny phage production takes place inside the 

host cell.  

In this study, we tested the novel NN-based AlphaFold2 and ESMFold modeling methods to 

predict the phage structural proteins and thereafter the predicted structures were compared with 

the experimental structures collected from the PDB. We also used the TM-score and Root mean 

square deviation (RMSD) metric to estimate the accuracy of the prediction. We further 

compared the modeling with NN-based methods to the commonly used homology modeling-

based method: Phyre2. We also examined this study on several structural proteins to determine 

which modeling method is capable of producing superior results. 
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8.2 RESULTS 

8.2.1 Comparison of the performance of the AlphaFold2, ESMFold, and Phyre2 for 

prediction of the phage protein structure: 

In this work, the result of two NN-based methods: AlphaFold2 and ESMFold, and one widely 

used homology modeling-based method: phyre2 were used to predict the structure of different 

structural proteins of phage Sfk20 that were selected from the LC-MS/MS data. At first, the 

structures of proteins were predicted using AlphaFold2, ESMFold, and Phyre2. After the 

prediction of the structure top-scored RMSD (Root mean square deviation) value models were 

collected from PDB followed by the alignment of those experimental models with the predicted 

model using the UCSF Chimera Matchmaker tool (Pettersen et al. 2004).  The TM-score of 

each of the predicted models was also calculated and plotted in the TM-score comparison graph 

for each of the predicted models. An average TM-score model was also plotted to determine 

the best method to predict Sfk20 phage proteins. Six structurally relevant proteins used in this 

study are described below. 

8.2.1.1 Major capsid protein (ORF-207): 

The capsid of the phage is a highly organized proteinaceous structure in which the genome 

remains packed (Carmody, Goddard, and Nugen 2021). The protein shell of the viral capsid is 

a stable and dynamic structure. The capsid structure withstands the high pressure of genomic 

material, protects the genomic material inside it during the transfer to the host and it also 

releases the genome once a susceptible host has been obtained (Conway et al. 2001). The phage 

Sfk20 is a T4-like Myoviridae Shigella bacteriophage composed of a large elongated (prolate) 

icosahedral head and a long contractile tail. The elongated icosahedron capsid is made up of 

three essential proteins: gp23 (it forms a hexagonal capsid lattice), minor capsid protein gp24 

(forms 11 pentameric vertices), and gp20 (dodecameric portal vertex). The major capsid 

proteins played a vital role in genome packaging (Xue and Black 1990). In this study, a major 

capsid protein (ORF-207) was identified and its structure was predicted using AlphaFold2, 

ESMFold, and Phyre2. Top scored RMSD value experimental model 5VF3 was collected from 

the PDB. All predicted models were aligned with the experimental model: F-chain of 5VF3 

(Chen et al., 2017). It was also observed that the AlphaFold2 model is nearly identical to the 

experimental model (Figure 8.1). The TM-score value of all the predicted models was also 

calculated and plotted. The TM-score plotted graph suggested that the AlphaFold2 predicted 

better than the ESMFold and Phyre2. 
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8.2.1.2. Neck protein (ORF-195): 

In tailed bacteriophage near the head-to-tail interface, there is a knob-like structure assembled 

at the capsid portal vertex prior to attachment of the tail known as the neck or connector (Orlova 

et al. 2003). This protein is made up of different subunits and it controls the entry of genetic 

material by conformational changes which in turn contributes to phage tail assembly during 

morphogenesis. Double-stranded DNA is translocated through this portal protein channel 

(Newcomb et al. 2001; Valpuesta and Carrascosa 1994). After the translocation, DNA 

packaging is terminated. Upon termination, one end of the genome remains bound to the portal 

vertex (Tavares et al. 1996). DNA is packed inside the capsid in a dense arrangement that could 

exert pressure within the capsid shell (Earnshaw and Casjens 1980). This high internal pressure 

may cause the ejection of the DNA outside (Earnshaw and Casjens 1980; Tavares et al. 1996). 

After the encapsidation, the portal channel has to be closed to avoid the leakage of the genome. 

This thing can be achieved either by the conformational change of the portal protein  (Hagen 

et al. 1976)  or the binding of the head completion protein that plugs the portal pore to form a 

connector structure (Coombs and Eiserling 1977). In this study, a neck protein was identified 

in the proteomic analysis, and its structure was predicted using the above-mentioned programs 

Thereafter the predicted models were aligned with the experimental model: A-chain of 5VGT 

(Liang et al. 2017) and the alignment result showed a structural similarity of 5VGT (tail adaptor 

protein, gp7 of a Podoviridae phage Sf6) and the predicted models (Figure 8.2). It was also 

observed that the calculated TM- score was lower for Phyre2 than the other two methods. This 

further concluded that AlphaFold2 and ESMFold have predicted better than Phyre2. 
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Figure 8.1: The structure of major capsid protein (ORF-207) was predicted using AlphaFold2, 

ESMFold, and Phyre2 and aligned with the experimental structure. Alignment result of 

AlphaFold2, ESMFold, Phyre2, and the experimental structure: 5VF3 was shown (Chen et al., 

2017). A TM-score comparison graph of major capsid protein was shown. The experimentally 

solved models are shown in green; the modeling result of AlphaFold2, ESMFold, and Phyre2 

are shown in blue pink, and purple respectively. 
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Figure 8.2: The structure of putative neck protein (ORF-195) was predicted using AlphaFold2, 

ESMFold, and Phyre2 and aligned with the experimental structure. Alignment result of 

AlphaFold2, ESMFold, Phyre2, and the experimental structure: 5VGT (Liang et al. 2017)  was 

shown A TM-score comparison graph of neck protein was shown. The experimentally solved 

models are shown in green; the modeling result of AlphaFold2, ESMFold, and Phyre2 are 

shown in blue pink, and purple respectively. 
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8.2.1.3 Tail proteins (ORF-200 and ORF-201): 

For T4-like bacteriophages and others, one phage particle is enough to infect a single host 

bacterium (E. 1994b). The infection occurs through a specialized component known as the tail. 

The tail is present in 96% of bacteriophages. It is designed to attach to host bacteria, penetrate 

the cell wall of the bacteria, and transfer the phage genome inside the cell. There are three 

different groups of tailed bacteriophages- Myoviridae (long, contractile tail), Siphoviridae 

(long, noncontractile tail), and Podoviridae (short, non-contractile tail). Bacteriophage Sfk20 

is a T4-like phage that belongs to the family of Myoviridae. The contractile tail of the T4 like 

Myoviridae bacteriophage acts as a sophisticated nanomachine that mediates a very high viral 

infection efficiency.  Myoviridae phages have the most complex tail structure. The contractile 

tail of the Myoviridae phage consists of the contractile sheath (contracts during the infection) 

and non-contractile tube. The tail sheath consists of 138 copies of the tail sheath protein 

subunit(gp18) Leiman et al. 2004)surrounding the central tail tube which consists of the gp19 

subunit (Moody and Makowski 1981). In our work, a tail sheath protein and a tail tube protein 

were selected and their structure was predicted using the three above-mentioned approaches.  

The predicted structure of tail sheath protein was aligned with the experimental structure: C-

chain of 3FOA (Aksyuk, Leiman, Kurochkina, et al. 2009). A large structural similarity was 

found between the predicted structure and 3FOA-C as shown in Figure 8.3. The calculated 

TM-score also revealed that AlphaFold2 and Phyre2 predict more accurately than the 

ESMFold. 

The predicted tail tube model was aligned with the experimental model: A chain of 5W5F 

(Zheng et al. 2017) (gp19 protein of phage T4) and a huge similarity between the predicted 

models and the experimental model was found in all three cases as shown in Figure 8.4. The 

calculated TM-scores also revealed that all three protein modeling approaches performed 

equally well to predict tail tube protein structure. 
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Figure 8.3: The structure of tail sheath protein (ORF-200) was predicted using AlphaFold2, 

ESMFold, and Phyre2 and aligned with the experimental structure. Alignment result of 

AlphaFold2, ESMFold, Phyre2, and the experimental structure: 3FOA (Aksyuk, Leiman, 

Kurochkina, et al. 2009) was shown. A TM-score comparison graph of tail sheath protein was 

shown. The experimentally solved models are shown in green; the modeling result of 

AlphaFold2, ESMFold, and Phyre2 are shown in blue pink, and purple respectively. 
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Figure 8.4: The structure of tail tube protein (ORF-201) was predicted using AlphaFold2, 

ESMFold, and Phyre2 and aligned with the experimental structure. Alignment result of 

AlphaFold2, ESMFold, Phyre2, and the experimental structure: 5W5F (Zheng et al. 2017) was 

shown. A TM-score comparison graph of tail tube protein was shown. The experimentally 

solved models are shown in green; the modeling result of AlphaFold2, ESMFold, and Phyre2 

are shown in blue pink, and purple respectively. 
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8.2.1.4 Baseplate wedge proteins (ORF-188 and ORF-191): 

The baseplate of a T4-like bacteriophage is a multiprotein molecular complex that controls the 

attachment of phage to the host. It is the assembly of six wedges and a central hub. During 

infection, the long tail fiber attached to the cell surface and the baseplate change its 

conformation from a dome-shaped structure to a star-shaped structure leading to the contraction 

of the tail sheath which pushes the tail tube to create a passage for genome entry through the 

cell membrane (Aksyuk, Leiman, Shneider, et al. 2009). In this work, two baseplate protein: 

baseplate wedge protein and baseplate wedge completion tail fiber socket were identified and 

selected. Their structure was predicted using two neural network base software: AlphaFold2 

and ESMFold and one homology modeling software: Phyre2.  

The predicted model of baseplate wedge protein compared with the H chain of experimental 

model 3H3Y (Aksyuk, Leiman, Shneider, et al. 2009) (gp6 of phage T4) and TM-scores were 

calculated.  The TM-score was very high for the model created by AlphaFold2 and Phyre2. The 

AlphaFold2 and Phyre2 predicted models were near to the experimental models whereas the 

ESMFold predicted model was slightly deviated as shown in Figure 8.5. Here, in this case, the 

AlphaFold2 and Phyre2 predicted better than ESMFold. 

Next, the predicted structures of the baseplate wedge completion tail fiber socket were aligned 

with the R chain of experimental model 1ZKU (Kostyuchenko et al. 2005) (gp9 of phage T4), 

and the TM-score was calculated. It was found that the TM-scores of Phyre2 and AlphaFold2 

predicted model was quite higher than the ESMFold as shown in Figure 8.6. The alignment 

results suggested that the AlphaFold2 and Phyre2 predicted better than ESMFold. 
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Figure 8.5: The structure of baseplate wedge protein (ORF-188) was predicted using 

AlphaFold2, ESMFold, and Phyre2 and aligned with the experimental structure. Alignment 

result of AlphaFold2, ESMFold, Phyre2, and the experimental structure: 3H3Y (Aksyuk, 

Leiman, Shneider, et al. 2009) was shown. A TM-score comparison graph of baseplate wedge 

protein was shown. The experimentally solved models are shown in green; the modeling result 

of AlphaFold2, ESMFold, and Phyre2 are shown in blue pink, and purple respectively. 
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Figure 8.6: The structure of the baseplate wedge completion tail fiber socket (ORF-191) was 

predicted using AlphaFold2, ESMFold, and Phyre2 and aligned with the experimental 

structure. Alignment result of AlphaFold2, ESMFold, Phyre2, and the experimental structure: 

1ZKU (Kostyuchenko et al. 2005) was shown. A TM-score comparison graph of baseplate 

wedge completion tail fiber socket was shown. The experimentally solved models are shown 

in green; the modeling result of AlphaFold2, ESMFold, and Phyre2 are shown in blue pink, 

and purple respectively. 
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Table 8.1: TM-score of all the predicted models 

ORF 

No. 

Protein name Experimental model 

(PDB-ID) 

AlphaFold2 

TM-score 

ESMFold 

TM-score 

Phyre2 

TM-score 

207 Major capsid protein 5VF3-F 0.87267 0.60516 0.65942 

195 Putative neck protein 5VGT-A 0.51911 0.50524 0.39263 

200 Tail sheath protein 3FOA-C 0.97646 0.76148 0.99039 

201 Tail tube protein 5W5F-A 0.9473 0.84965 0.95181 

188 
Baseplate wedge 

protein 
3H3Y-H 0.94086 0.7582 0.93814 

191 

Baseplate wedge 

completion tail fiber 

socket 

1ZKU-R 0.81515 0.46449 0.86361 

 

8.2.2. TM-score and RMSD values: 

The TM-score of each predicted model was calculated and plotted as mentioned earlier. An 

average TM-score graph was also plotted as shown in Figure 8.7. The TM-score of each 

predicted model is listed in Table 8.1. The root mean square deviation (RMSD) value of all the 

predicted models using AlphaFold2, Phyre2, and ESMFold was calculated. It was observed 

that the median RMSD values of AlphaFold2 and Phyre2 predicted models were lower than 

that of ESMFold models. The highest RMSD value (4.68 Å) observed in the case of ESMFold 

predicted major capsid protein (ORF-207) and the lowest (0.89 Å) in the case of Phyre2 

predicted tail sheath protein (ORF-200). The distribution pattern of RMSD values showed that 

AlphaFold2 and Phyre2 predicted models have lower RMSD values than those of ESMFold 

models as shown in Figure 8.8. This suggested that AlphaFold2 and Phyre2 performed better 

than ESMFold for the structure prediction of phage Sfk20 proteins. This graph also suggested 

that AlphaFold2 and Phyre2 predicted structure showed greater similarity with experimental 

structure than ESMFold. The RMSD values of each predicted model were listed in Table 8.2.  

The confidence with which AlphaFold2 and ESMFold predicted the individual amino acid 

residues (pLDDT-score) of the phage proteins were shown in Table 8.3. 
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Figure 8.7: An average TM-score graph for all models predicted using AlphaFold2, ESMFold, 

and Phyre2. 

 

 

 

 

 

 

 

 

 

Figure 8.8: Box plots of RMSD values of AlphaFold2, ESMFold, and Phyre2 are shown from 

left to right, respectively. 
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Table 8.2: RMSD values of all the predicted models. 

ORF 

No. 
Protein name 

AlphaFold2 

(RMSD value) 

ESMFold 

(RMSD value) 

Phyre2 

(RMSD value) 

207 Major capsid protein 2.13 4.68 4.6 

195 Putative neck protein 4.13 4.59 2.79 

200 Tail sheath protein 1.27 4.13 0.89 

201 Tail tube protein 1.19 2.32 1.29 

188 Baseplate wedge protein 1.62 3.66 1.58 

191 
Baseplate wedge completion tail 

fiber socket 
2.64 3.67 2.06 

 

Table 8.3:  pLDDT score-based coloring of AlphaFold2 and ESMFold predicted models. 

Protein  

Name 

 

AlphaFold2 

 
ESMFold 

 

Major capsid 

protein 

(ORF-207) 

  

Putative neck 

protein 

(ORF-195) 
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Tail sheath 

protein 

(ORF-200) 

  

Tail tube 

protein 

(ORF-201) 

 

 

 
Baseplate 

wedge protein 

(ORF-188) 

 

 

 
Baseplate 

wedge 

completion 

tail fiber 

socket 

(ORF191) 

 

  

 

 

                                AlphaFold pLDDT confidence measure              

 

 

 

 

ESMFold pLDDT confidence measure 
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8.3 DISCUSSION 

Over the past few decades, various techniques in the structural biology field (X-ray 

crystallography, nuclear magnetic resonance, and cryo-electron microscopy) were developed. 

Almost a decade ago the “resolution revolution” in cryo-EM has been started with the help of 

major technological advances that dramatically advanced the field of structural biology 

(Kühlbrandt 2014). Over time the improvement of these techniques helped us to understand 

the important biological processes in molecular level detail. The success rate of all these 

techniques depends on access to equipment/facility, the nature of the sample, and expertise. 

These techniques are also time-consuming and expensive. Therefore, nowadays the 

development of machine learning structure prediction algorithms such as AlphaFold and 

ESMFold are alternative and faster approaches that are now being used by the scientific 

community to get an initial idea about the structure of different proteins.  Just from a single 

genome sequence, the structures can easily be predicted using these algorithms (Goulet and 

Cambillau 2022). AlphaFold and ESMFold notebooks are quite suitable and easy to use thereby 

accelerating the scope of the research. Not only experienced structural biologists but also non-

experts can now able to estimate the structure of their protein of interest within a few hours.  In 

2021, AlphaFold2, a deep learning-based protein structure prediction program was released by 

Google DeepMind and it can predict a protein structure with an accuracy comparable, in most 

cases, to that of experimental structures (Senior et al. 2020). AlphaFold2 produces a three-

dimensional(3D) structure of a protein from the amino acid sequence by taking advantage of 

evolutionary information from a multiple-sequence alignment of homologs  (Zhang and 

Skolnick 2004). Homology modeling-based software such as Phyre2 has also been used to 

predict the structures. Recently, Neural network-based and homology-based programs can 

accurately predict 3D protein structure from the amino acid sequences of novel phage proteins. 

The striking accuracy and high speed of these structure prediction programs have 

revolutionized the field of structure-based approaches to study newly isolated phages as 

exemplified by the human gut phageome (Shkoporov et al. 2019). 

In this study six structurally relevant phage Sfk20 proteins such as major capsid protein (ORF-

207), neck protein (ORF-195), two tail proteins (tail sheath protein, ORF-200, and tail tube 

proteins, ORF-201), two baseplate proteins (baseplate wedge protein ORF-188 and baseplate 

wedge completion tail fiber socket, ORF-191) were selected and their structures were predicted 

using two novel neural network-based methods: AlphFold2 and ESMFold and one homology 
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modeling based method: Phyre2. There are two major limitations of the phyre2 over the 

machine learning-based approaches. First, if homology cannot be detected between a user-

provided sequence and a sequence of the known template, then modeling will either be 

impossible or extremely unreliable. The second limitation is that all these widely used 

homology modeling-based methods are unable to determine the structural effects of point 

mutations.  

 The predicted structures were compared with the experimental structures derived from PDB. 

The work analysis was performed based on the TM-score metric (Jumper et al. 2021) and the 

RMSD metric. This study provides an overview of the performance of the two NN-based and 

homology modeling-based methods for phage structural proteins by showing the accuracy of 

AlphaFold2, ESMFold, and Phyre2 according to the average TM-score and RMSD value. 

When comparing the performance of two NN-based methods for the structure predictions it 

was found that AlphaFold2 predicted better than ESMFold. The individual TM-scores and 

RMSD values for each of the AlphaFold2 predicted models are quite higher than the ESMFold.  

The pLDDT (predicted Local Distance Difference Test) values of both NN- based models were 

also calculated. pLDDT values determined the confidence scores of the predicted models. 

pLDDT values greater than 90% indicate an accuracy in the position of the amino acid side 

chain comparable to that given by experimental crystal structures whereas the pLDDT values 

lower than 50% indicate a random position (Tunyasuvunakool et al. 2021). It further suggested 

that in case of Sfk20 protein structure predictions, AlphaFold2 was capable of predicting the 

models more confidently (the predicted structure contains more blue regions) than ESMFold 

(most of the predicted models belong to orange regions). While comparing the two NN-based 

methods with homology modeling-based methods it was found that AlphaFold2 and Phyre2 

predicted models showed high similarity with the experimental models.  
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9.1 INTRODUCTION 

Understanding potential interactions between phages and their hosts is crucial to comprehend 

the functions of phages in nature. Phages can go through various life cycles, which determine 

their function in bacterial and archeal systems and how they interact with their physical 

environment. Based on their life cycles, phages are classified into lytic, lysogenic, and chronic.  

Virulent phages always follow the lytic cycle to infect the host bacteria. To initiate the infection 

process, the phage typically attaches to the surface via specific host cell surface receptors. After 

that through a cascade of conformational changes in various parts of the tail, phage particles 

inject their genetic material into the cytoplasm of the bacterial cell. The first step of phage 

infection is the precise identification of a receptor on the surface of the host cell by the RBPs 

(receptor binding proteins) of the phage located at the tip of the tail (Bertozzi Silva, Storms, 

and Sauvageau 2016; Letarov and Kulikov 2017). The successful identification of the cell 

surface receptor leads to the permanent adhesion of bacteriophage followed by a conduit 

formation that allows the injection of genetic material into the cell cytoplasm. Phage-encoded 

enzymes such as virion-associated peptidoglycan lysozyme are located in the tip of the phage 

tail and are responsible for the penetration of the genetic material. After entering the genome 

into the host cell, the lytic cycle gets activated for the lytic phages. Once the phage genome 

enters the host cell it hijacks the host replication machinery for rapid replication of the phage 

genome inside the host cell. The host cell supplies the molecular components and enzymes 

necessary for the reproduction of the phage genetic material. Thereafter the progeny phage 

particles are assembled, loaded with the genetic material, lysed the host cell membrane, and 

released into the surrounding environment. Endolysin and holin, two phage-encoded proteins, 

lyse the host cell from within. Small proteins called holins build up in the cytoplasmic 

membrane of the host, enabling endolysin to break down peptidoglycan and release the progeny 

phage to infect and eliminate nearby host bacteria in their surroundings. A benefit of using lytic 

phage in therapy is their ability to produce a large number of progenies. Lytic phages, however, 

only infect specific bacteria that have the specific receptor for the phages in their outer 

membrane. Therefore, phages have limited host ranges.  

In the case of lysogenic phages, the phage genome is integrated into the host cell genome and 

remains as a prophage for a long time. This integrated phage DNA replicated normally with 

the host genome and these phage genome-carrying cells are divided during the cell division. 

The drawback of utilizing temperate phage in phage therapy is that some members of the phage 
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population can insert their genome into the chromosome of the host and either lay dormant or 

change the phenotype of the host. Unless the bacteria are exposed to stress or unfavourable 

environmental conditions, the lysogenic cycle can go on indefinitely. Although different 

bacteriophages respond to different induction signals, prophages are frequently produced when 

bacterial SOS responses are activated as a result of antibiotic treatment, oxidative stress, or 

DNA damage (Penadés et al. 2015). After the lysogenic cycle is finished, phage DNA 

expression follows, and the lytic cycle begins. 

A third life cycle or a chronic life cycle is also seen in some archaeal viruses, filamentous and 

lysogenic phages. In this case, the newly formed phage virions are continuously released from 

the host cells without disrupting the cell (Munson-Mcgee, Snyder, and Young 2018) . 

In this chapter phage host interaction study between phage Sfk20 and Shigella flexneri 2a 

bacteria and the lytic lifecycle of phage Sfk20 has been discussed. The early exponential phase 

culture of host bacteria was treated with phage Sfk20 at different time points and examined 

using transmission electron microscopy and scanning electron microscopy. 
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9.2. RESULTS 

9.2.1 The study of phage Sfk20 life cycle by transmission electron 

microscopy: 

9.2.1.1 Control bacteria cell: 

The control experiment was performed without infecting with phage Sfk20 to visualize and 

examine the healthy bacteria. In brief, an exponential phase culture of Shigella flexneri 2a 

bacteria was fixed and the sample was then prepared for thin sectioning. The thin sections of 

the samples were examined under the transmission electron microscope. Figure 9.1 showed 

the thin section of healthy bacteria with a prominent double-layered membrane. The internal 

materials are also intact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: Thin section electron micrograph of control Shigella flexneri 2a bacteria without 

infecting with phage.  
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9.2.1.2 Phage attachment to the host cell:  

Bacteriophage Sfk20 consists of a prolate head and a long contractile tail with a knob-like 

baseplate at the end. Upon infection, the phage attached to the host bacterial cell and injects its 

genomic material inside the cytoplasm. The host macromolecule synthesis also shuts off. 

The early exponential phase culture of Shigella flexneri 2a was infected with Sfk20 

bacteriophage for 15 minutes as described in the materials and methods section and samples 

were then fixed and prepared for the thin section microscopy. The thin section of the infected 

bacteria was visualized under a transmission electron microscope (FEI Tecnai 12 BioTwin). 

Figure 9.2 showed the thin section of the infected bacterial cells.  Within the first 15 minutes 

of infection, the phage particle is attached to the bacterial cell surface and the host nucleus 

started degrading and the cytoplasm looked like a homogeneous mass. Upon infection, the 

phage attached to the host bacterial cell and injects its genomic material inside the cytoplasm. 

The phage injects its genome inside the host cell and the empty phage heads are attached to the 

outer membrane of the host cell at the time of infection. The double-layered cell membrane and 

the intact internal materials are also seen in the image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.2: TEM images of the ultrathin section of Shigella flexneri 2a infected with isolated 

host-specific phage Sfk20 at a 15 minutes time point. Bacteriophage attachment was visible 

(black arrow indicates phage particles).  
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9.2.1.3 Intracellular development and loss of the internal material of phage Sfk20: 

After the attachment of the phage particle to the bacterial cell it injects its genomic material 

inside the cell cytoplasm. Sfk20 DNA synthesis occurs inside the cell using host replication 

machinery. After the synthesis of the genomic material, the packaging of the DNA and the 

assembly of the phage begun. At the 30 minutes time point, the phage-infected bacterial cells 

were fixed and processed for thin sectioning. The processed sample was visualized under the 

transmission electron microscope. At this time duration, the infected cells were occupied by 

the DNA fibrils as phage DNA synthesis occurs at this point of time. DNA packaging and 

assembly were also started at this time point. The intracellular development of the phage heads 

was also found in Figure 9.3. (A).  In most of the infected cells between 30 - 60 minutes of 

infection, the outer membrane was intact, and the integrity of the inner membrane was lost. 

This might be due to the attachment of some concatemers to the inner membrane. The matured 

phage with the tail particles was found during this time and the loss of the internal materials 

was also visible as shown in Figure 9.3 (B) and (C). The arrowheads of Figure 9.3 (C) showed 

the newly formed tail of the bacteriophage.   
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Figure 9.3: TEM images of the ultrathin section of Shigella flexneri 2a infected with isolated 

host-specific phage Sfk20 at 30 minutes points: (A) TEM image of 30 minutes showed 

intracellular phage development started, (B) the cytoplasmic material of the host cell was 

disorganized and (C) Intracellular fully developed phage, loss of internal material and 

membrane disorganization are visible. Black arrowheads indicate phage tail. 
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9.2.1.4 Lysis of the cell and release of progeny: 

The log phase culture of Shigella flexneri 2a was infected with the phage Sfk20 for 60 minutes 

followed by glutaraldehyde fixation. The fixed sample was processed and visualized under the 

transmission electron microscope (FEI Tecnai 12 BioTwin). At this time point, the membrane 

of the bacteria was completely disrupted by the progeny phages, and the progeny phages were 

released from the lysed cell into the cellular environment as shown in Figure 9.4. The complete 

disruption of the bacterial cell was found and some debris were remaining. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.4: TEM images of the ultrathin section of Shigella flexneri 2a infected with isolated 

host-specific phage Sfk20 at 60 minutes time point. Complete lysis of bacteria cell is clearly 

shown at 60 minutes. 
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9.2.2 The study of phage-host interaction by scanning electron microscopy: 

9.2.2.1 Sfk20 bacteriophage sample: 

Phage Sfk20 life cycle was also studied by scanning electron microscopy. For this purpose, the 

log phase culture of Shigella flexneri 2a was infected with phage Sfk20, and the sample was 

taken out from the early, mid, and late phases of the phage infection. The sample was then 

processed and examined under a scanning electron microscope. The Phage Sfk20 sample was 

also examined under the scanning electron microscope as shown in Figure 9.5. The head and 

the tail of the bacteriophage Sfk20 were clearly visible in the image. 

9.2.2.2 The early phase of the phage attachment: 

In the early phase of phage infection, the phage particles were found attached to the host cell 

surface. In Figure 9.6, the intact phage particles and the initial step of phage attachment was 

shown. The structured membrane of the bacteria was also visualized. After the attachment of 

phage Sfk20 to the receptor on the cell surface membrane it injected its genome inside the host 

cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.5: Scanning electron micrograph of the Sfk20 bacteriophage. 
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Figure 9.6: Scanning electron micrograph of the infected bacterial cell with phage Sfk20 at the 

early phase. In the early phase, few phage particles were attached to the bacterial cell (white 

arrow indicates phage particles attached) 

 

9.2.2.3 The mid-phase of the phage attachment: 

The infected sample was taken out from the mid-phase of the infection. At the mid-phase, most 

of the attached phages started injecting their genetic material inside the host cell and replicated 

inside the host cell using the host replication machinery. Moreover, the phage assembly also 

had been started. It was shown that the membrane started to disorganize. Finally, several phage 

particles attached to the bacteria, and the membrane of the bacteria started to deform as shown 

in Figure 9.7.  

 

9.2.2.4 The late phase of the phage attachment: 

 At the late phase, the membrane of the bacterial cell was totally disorganized, and newly 

formed progeny phage particles were released as shown in Figure 9.8. Disorganized bacterial 

cells were quite clear in Figure 9.8. 
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Figure 9.7: Scanning electron micrograph of the infected bacterial cell with phage Sfk20 at the 

mid-phase. Many phage particles were attached to bacterial cells at this phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.8: Scanning electron micrograph of the infected bacterial cell with phage Sfk20 at the 

late phase.  Bacterial cell disruption was observed. 
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9.3 DISCUSSION 

T4-like Myoviridae bacteriophage Sfk20 falls under the most complex-tailed bacteriophage 

group that infects Shigella flexneri 2a bacteria and followed strictly the lytic life cycle.  In this 

work, the log phase culture of Shigella flexneri 2a was infected with the phage Sfk20 and the 

various phase of phage attachment, intracellular phage development, the loss of internal 

material of the host bacteria, finally, the lysis and the release of the progeny bacteriophages 

was captured and visualized by transmission electron microscopy and scanning electron 

microscopy. The first step of the infection begins with the attachment of the phage to the host 

cell via a specific host cell receptor. Initially, the phage infection is triggered by the attachment 

of the receptor-binding protein (RBP) located at the tip of the phage tail to the receptor present 

in the host cell surface (Bertozzi Silva et al. 2016). After the attachment, the baseplate of the 

phage tail changed its conformation from a high-energy dome-shaped structure to a low-energy 

star-shaped structure (Yap et al. 2016). The conformational change of the baseplate structure 

triggers the contraction of the tail sheath and the DNA is released from the needle-like tail tube 

in the host periplasm. In this work, the attachment of the phage Sfk20 to the host cell surface 

was shown in the first 15 minutes. It was reported in some other studies that during the infection 

the host DNA is completely degraded. After the infection, the phage DNA replication started 

inside the host cell.  To start the replication mechanism inside the host cell the phages have to 

cross a variety of host cell surface boundaries. The capsular polysaccharide is a carbohydrate 

moiety that masks the host cell receptor (Labrie, Samson, and Moineau 2010; Mostowy and 

Holt 2018) and another moiety is the extracellular polysaccharides secreted by the host bacteria 

during the biofilm production (Labrie et al. 2010). Phage DNA encodes a variety of 

carbohydrate-active enzymes such as polysaccharide depolymerases (a common enzyme 

presents in the tailed bacteriophage (Yan et al. 2014)  that help to recognize, bind and degrade 

the polysaccharides in the cell surface and get access to the cell surface receptor. At 30 minutes 

of the infection, the concatemeric DNA was converted into the monomeric unit, and the 

proheads were also developed inside the host cell.  The monomeric DNA is packaged inside 

the heads. After 30 minutes, it was observed that the proheads started to develop and the 

matured phage particles were produced inside the host cell. During this time the host inner 

membrane and host internal material started to disrupt. At 60 minutes time point it was seen 

the newly formed Sfk20 phage particles were ready to lyse the cell membrane and the progeny 

phages were released into the environment. It was the last part of the lytic life cycle of phage 

Sfk20 where the newly formed tailed bacteriophages use the phage-encoded endolysin and 
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holin to disrupt the cell membrane (Latka et al. 2017). Endolysins are peptidoglycan layer 

degrading enzymes and it is synthesized at the late phase of the genome expression in the lytic 

lifecycle (Loessner et al. 2002). During lysis, endolysin degrades the cell wall of the host from 

within. Ultrastructural analysis of phage-infected bacteria and intracellular development of 

phages by transmission and scanning electron microscopic images confirmed the 

morphogenetic pathway of phage Sfk20 and further showed similarities with T4 phage 

(Kellenberger and Wunderli-Allenspach 1995). Understanding the interaction of the bacteria-

bacteriophage system is an approach to considering bacteriophages for further uses.   

 



CHAPTER 10 

194 | P a g e  
 

 

 

 

 

chaPTeR 10 
Objective 4 

 

Antibiofilm activity of Shigella phage 

Sfk20 against host bacteria 
 

 

 

 

 

 

 

 

 



CHAPTER 10 

195 | P a g e  
 

10.1 INTRODUCTION 

Biofilms are formed by some bacteria as a part of their survival mechanism in harsh 

environments and thus biofilms are ubiquitous in nature. Bacterial biofilms are formed on 

various surfaces such as medical devices, aquatic systems, living tissues, etc when the 

community of microorganisms is attached to each other or to the self-produced polymeric 

matrix. In 1683 Antoni van Leeuwenhoek observed the biofilm of his own teeth using his own 

light microscope (Høiby 2017). In the biofilm, the bacterial cells are aggregated in a self-

produced extracellular polymeric matrix which is responsible for 90% of its biomass. This 

extracellular polymeric matrix is composed of exopolysaccharide (e.g., alginate), protein 

(fibrin) (Branda et al. 2006),  flagella, pili, and other adhesive fibers (Cegelski et al., 2009), , 

and extracellular DNA (eDNA) (Guiton et al. 2009). Nutrients are trapped inside the matrix of 

the biofilm for the metabolic utilization of residential bacteria and water is produced inside the 

matrix by the interaction of H-bond to the hydrophilic polysaccharide (Conrad et al. 2003; 

Flemming and Wingender 2010). Different enzymes are secreted by the bacteria present inside 

the biofilm that modifies the EPS composition of the biofilm in response to the availability of 

nutrients thereby helping to produce a structure of the biofilm in a specific environment 

(Gjermansen et al. 2010). Sometimes nutrition deficiency takes place within the biofilm due to 

altered metabolism, protein production, and gene expression. In that case, the cell division rate 

and the metabolic rate of the bacteria within the biofilm are reduced (Donlan and Costerton 

2002; Hall-Stoodley and Stoodley 2009). Therefore, all these characteristics help to protect the 

biomass of the biofilm against anti-microbial agents, oxidizing agents, radiation, and other 

damaging agents (Flemming and Wingender 2010).   

Biofilm formation is an important cause of the perseverance of food-borne pathogens 

(Kaoukab-Raji, Biskri, and Allaoui 2020). Shigella flexneri is one of the food-borne pathogens 

responsible for diarrheal disease in developing countries.  Like other few Gram-negative 

bacteria Shigella flexneri is able to produce biofilm. The planktonic cell of Shigella flexneri 

produces the exopolysaccharide matrix in response to various environmental conditions thus 

producing the biofilm (O’Toole, Kaplan, and Kolter 2000). This assemblage is able to hide 

from the innate immune system of the body. Biofilms may cause tissue damage and acute 

infection.  Some studies have shown that biofilm creates pathogenesis in the body by disrupting 

the host defense mechanism (Bai, Nakatsu, and Bhunia 2021). Studies have also shown that 

metabolically inactive non-dividing persister cells are present within the biofilm which makes 
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them resistant to the number of antibiotics and these cells are identical to the rest of the bacterial 

cells (Lewis 2005, 2008). The matrix of the biofilm protects the bacterial cells from antibiotics 

(Cerca et al. 2006; Jefferson, Goldmann, and Pier 2005). Therefore, the treatment process 

becomes quite difficult. Lytic bacteriophages have some unique properties that allow them to 

be applied as antibiofilm agents. Phage produces a depolymerase enzyme that can degrade the 

EPS matrix of the biofilm completely (Harper et al. 2014). Bacteriophages can also be used in 

combination with antibiotics for better treatment. Another approach that can be used for the 

removal of bacterial biofilm is the use of a phage cocktail. 

Phage cocktails are made up of distinct phages that, when combined, can infect various 

bacterial species. The development of phage resistance could make single-phage therapy 

ineffective due to many reasons such as altered bacterial cell surface receptors, production of 

modified restriction enzymes that destroy phage DNA, and spontaneous mutation. On the other 

hand, phage cocktails, a mixture of phages, can be used to overcome the limitations of 

monophage therapy and to improve treatment outcomes. Therefore, phage cocktails can be 

used to reduce the production of altered phage-resistant strains and maximize the effectivity of 

phages to reduce bacterial biofilms. In addition, the cocktail is also able to broaden the host 

range and improves the lytic activity of phages. 

In this chapter, the antibiofilm effect of phage Sfk20 alone and in combination with the 

antibiotic ampicillin, and in a phage cocktail to reduce the load of bacterial biofilm was 

discussed. 
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10.2 RESULTS 

10.2.1. Biofilm degradation study using phage Sfk20 and ampicillin 

combination: 

10.2.1.1 Biofilm formation and degradation study in 24 hours: 

The Shigella flexneri 2a biofilm was grown in a controlled manner on coverslips for 24 hours 

at 37ºC without shaking conditions. Thereafter the sample was treated with phage Sfk20, 

antibiotic ampicillin, and a combination of both Sfk20 and ampicillin.  After 24 hours the 

samples were fixed and processed for scanning electron microscopy. Figure 10.1 (A) showed 

the image of 24 hours of biofilm where the matrix is not very prominent as the background 

matrix was not properly formed in 24 hours. Figure 10.1 (B) showed the SEM image of 

antibiotic-treated biofilm. The matrix of the biofilm was reduced a little compared to the control 

in the presence of the ampicillin and bacterial cells were elongated due to stress. The phage 

Sfk20-treated biofilm showed the degradation of the background matrix that results in a 

scattered bacterial distribution in Figure 10.1 (C). The membrane of the bacterial cells also 

started to deform after the treatment of phage Sfk20. Therefore, it can be said that the efficiency 

of Sfk20 to destroy the biofilm is higher than that of antibiotics. Figure 10.1 (D) showed the 

image of the biofilm treated with phage Sfk20 and ampicillin combination. The scanning 

electron micrograph further revealed that the percentage of reduction of the bacterial cell is 

higher than that of Sfk20 and ampicillin alone. In this case, the bacterial cells also become 

elongated with part of the matrix remaining attached to the cells like thin appendages. 
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Figure 10.1: Scanning electron micrograph of the 24-hour biofilm formation and degradation 

assay: (A) 24-hour untreated control, (B) biofilm treated with antibiotic ampicillin, (C) biofilm 

treated with phage Sfk20 and (D) biofilm treated with the combination of Sfk20 and ampicillin. 
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10.2.1.2 Biofilm formation and degradation study in 48 hours: 

The Shigella flexneri 2a biofilm was grown on a coverslip for 48 hours at 37ºC without shaking 

conditions. After 48 hours the samples were washed and processed for scanning electron 

microscopy. The scanning electron micrograph showed that the formation of the biofilm is very 

prominent at 48 hours. The highly structured extracellular polysaccharide matrix consists of 

polysaccharides and proteins, and eDNA was formed in the background. The bacterial cells 

adhered to each other or to the matrix as shown in Figure 10.2 (A). The scanning electron 

micrographs of the ampicillin-treated biofilm showed that the background matrix was reduced 

to some extent but not destroyed completely as shown in Figure 10.2 (B). SEM image of the 

Sfk20 treated biofilm in Figure 10.2(C) showed that the clearance of the background matrix 

was quite prominent. The SEM analysis study revealed that Sfk20 was able to remove the 

background matrix more than the ampicillin alone. The membrane started to deform in some 

of the bacterial cells and some of them were lysed completely. The image of the 48-hour biofilm 

treated with the combination of Sfk20 and antibiotic was shown in Figure 10.2 (D). These 

SEM images revealed a significant reduction in the load of the biofilm. The background matrix 

was lost completely. The lysed bacterial cells were in the background.  Some of the bacterial 

cells were elongated as before. The membrane of most of the bacterial cells was deformed and 

there were holes in the membrane of bacterial cells. 
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Figure 10.2: Scanning electron micrograph of the 48-hour biofilm formation and degradation 

assay: (A) 48-hour untreated control, (B) biofilm treated with antibiotic ampicillin, (C) biofilm 

treated with phage Sfk20 and (D) biofilm treated with the combination of Sfk20 and ampicillin. 

 

 

 

 

 

 

 

 



CHAPTER 10 

201 | P a g e  
 

10.2.1.3 Quantitative and qualitative assay of biofilm: 

A quantitative assay of 48- hours of biofilm was performed on 96 well plates. After the biofilm 

formation, it was treated with both phage Sfk20 (1010 PFU/ml) and ampicillin (256 µg/ml) 

alone, and a combination of Sfk20 and ampicillin to determine the synergistic effect if any. 

Figure 10.3 showed that phage Sfk20 and ampicillin alone were able to remove 40% (P<0.001) 

and 31% (P<0.001) of the biofilm respectively when compared to the control.  Whereas the 

combination of both Sfk20 and ampicillin was able to remove the biofilm up to 47% (P<0.01) 

which is higher than the Sfk20 and ampicillin alone. Also, each pair of combinations showed 

a statistically significant reduction of biofilm. Therefore, a considerable synergistic effect was 

observed when biofilm is treated with both Sfk20 and ampicillin as shown in Figure 10.3. 

This quantitative study was also supported by Figure 10.4 where SEM images showed that the 

combination of ampicillin and phage Sfk20 can remove more biofilm than the Sfk20 and 

ampicillin alone. The quantitative and qualitative assays of biofilms were done simultaneously 

to assess the biofilm formation and removal activities.  

 

 

 

 

 

 

 

 

 

Figure 10.3: Percentage of biofilm removal with phage Sfk20, antibiotic ampicillin, and the 

combination of both with respect to untreated control. The values are shown as the mean ± SD 

of the values; Asterisks indicate a significant reduction in biomass as measured by the two-way 

ANOVA test (***P<0.001; **P<0.01; *P<0.05). 
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Figure 10.4: Scanning electron micrograph of biofilm formation and degradation assay: (A) 

48-hour control biofilm, (B) biofilm treated with ampicillin, (C) biofilm treated with phage 

Sfk20 and (D) biofilm treated with the combination of Sfk20 and ampicillin. 
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10.2.2 Biofilm degradation assay using Shigella phage cocktail: 

10.2.2.1 Morphology, host range, and E.O.P determination of a new Shigella phage Sfk23, 

used for phage cocktail preparation along with Sfk20: 

For the preparation of the phage cocktail, another newly isolated Shigella phage was chosen 

from our laboratory and its morphology was determined using transmission electron 

microscopy. The transmission electron micrograph revealed that the phage had a prolate-

shaped head and a long contractile tail. Based on the morphology this new phage was also 

classified as a member of the Myoviridae family and Caudovirale order. The newly isolated 

phage was named Sfk23 following the rules of phage nomenclature. The transmission electron 

micrograph of intact phage Sfk23 was shown in Figure 10.5. 

 

 

 

 

 

 

 

 

 

 

Figure 10.5: Transmission electron micrograph of the bacteriophage Sfk23. 

                                

Around eight strains: Shigella flexneri 2a, Shigella flexneri 3a, Shigella flexneri 1b, Shigella 

flexneri 4, Shigella flexneri 6, Shigella sonnei, Shigella dysenteriae 1, Shigella boydii, two 

typhoidal Salmonella strains: Salmonella typhi, two non-typhoidal Salmonella strains: 

Salmonella typhimurium, Salmonella enteritidis, and one Vibrio cholerae O1, one E. coli strain 

ETEC were used to analyze the host range of phage Sfk23. This study revealed that Sfk23 can 

infect and lyse different Shigella flexneri serotypes: 1b, 2a, 3a, Shigella dysenteriae 1, and 

Shigella sonnei but could not infect Shigella flexneri serotype: 4, 6 and Shigella boydii, Phage 
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Sfk20 could also infect and lyse Salmonella typhimurium, Salmonella enteritidis but could not 

infect Salmonella typhi, ETEC, and Vibrio cholerae O1 (Table 10.1). The Efficiency of Plating 

(EOP) of Shigella flexneri 2a showed the highest value for phage Sfk23 (Table 10.1). The 

value of EOP was also higher for other Shigella strains such as Shigella flexneri 1b, Shigella 

flexneri 3a, Shigella sonnei, and Shigella dysenteriae 1 compared to the Salmonella 

typhimurium and Salmonella enteritidis strains. This study further indicated that Shigella 

flexneri 2a was the most suitable host strain of phage Sfk23 and it was a Shigella phage. 

Table 10.1: Host range analysis of phage Sfk23. 

 

Bacterial species Strain no. Infectivity EOP value 

Shigella flexneri 2a 2457T + 1 

Shigella flexneri 3a UB811 + 0.0032 

Shigella flexneri 1b 03075/19 + 0.64 

Shigella flexneri 4 C2529 - - 

Shigella flexneri 6 UB812 - - 

Shigella sonnei IDH00968 + 0.36 

Shigella dysenteriae 1 NT4907 + 0.79 

Shigella boydii 1 NK02379 - - 

Salmonella enteritidis 520833 + 0.00026 

Salmonella typhimurium PH-94 + 0.00017 

Salmonella typhi KOL 551 - - 

ETEC IDH07942 - - 

Vibrio cholerae O1 MAK757 - - 
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10.2.2.2. Biofilm degradation capability of phage cocktail in microtiter plate: 

The biofilm degradation assay of the phage cocktail was performed on the microtiter plate. In 

this study, a phage cocktail was prepared using two Shigella bacteriophages Sfk20 and Sfk23, 

which is capable of lysing most of the Shigella strains based on the efficiency of plating for 

each individual phage. The matured biofilm was grown on the microtiter plate for 48 hours. 

After the formation of the biofilm, it was treated with phage Sfk20 (1 × 1011 PFU/ml), phage 

Sfk23 (1 ×1011 PFU/ml), and their cocktail (2.2 × 1011 pfu/ml) to see their effect on the biofilm. 

The result was shown in a graphical representation in Figure 10.6. The result showed that 

phage Sfk20 and Sfk23 alone were able to remove the biofilm up to 37% (P<0.01) and 31% 

(P<0.001) respectively when compared to the control. Whereas the cocktail was capable of 

57% (P<0.001) removal of biofilm which is quite higher than the individual phages. Therefore, 

it can be concluded that the phage cocktail of Sfk20 and Sfk23 was more efficient than single 

phages to remove bacterial biofilm possibly due to the synergistic effect of the two phages. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.6: Percentage of biofilm removal with phage Sfk20, Sfk23, and the combination of 

both with respect to untreated control. The values are shown as the mean ± SD of the values; 

Asterisks indicate a significant reduction in biomass as measured by the two-way ANOVA test 

(***P<0.001; **P<0.01; *P<0.05). 
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10.3 DISCUSSION 

Biofilms can adhere to any of the biotic or abiotic surfaces. It can be found in every natural 

system such as lakes, streams oceans as well as in medical devices, and in human tissue also 

(Hall-Stoodley, Costerton, and Stoodley 2004). Some recent reports suggested that bacterial 

biofilms can be formed in extreme environments. The widespread occurrence of biofilm 

represents a serious threat of infectious disease and economic loss. Antibiotic resistance 

activity of the biofilm is another major threat for society and it produces a serious infection. 

The antibiotic susceptibility of the biofilm-containing microorganisms decreases 1000-fold 

compared to normal planktonic cells (Malheiro and Simões 2017). Therefore, conventional 

antibiotic therapy to eradicate, bacterial biofilm is inadequate. The matrix of the bacterial 

biofilm protects the microorganisms from physical, chemical, and biological stress and it also 

inactivates antibiotic molecules to spread through the polymeric matrix (Ciofu et al. 2017). 

Due to the diversity of the bacteria within the biofilm matrix and also the lack of permeability, 

antibiotics usually fail during the treatment of biofilm-mediated infections. The bacteriophages 

can be a potential alternative because the phage works in a different mechanism than antibiotics 

and is able to produce the depolymerase enzyme to degrade the biofilm layer. 

In the current work, the Shigella flexneri 2a biofilm was formed on glass coverslips. The 

degradation activity of phage Sfk20 alone and in combination with ampicillin was analyzed by 

scanning electron microscopy. Penetration, diffusion, and propagation are three important steps 

to using single phages or phage cocktails to remove biofilms (Ferriol-González and Domingo-

Calap 2020). The results show phage Sfk20 could fulfill the criteria to a significant extent by 

degrading the biofilm of its host indicator bacteria Shigella flexneri 2a. The phage-ampicillin 

combination showed a synergistic effect in the removal of Shigella biofilm though not complete 

removal. To the best of our knowledge, Sfk20 is reported as one of the first lytic, tailed Shigella 

phages capable of degrading the biofilm formed by the Shigella flexneri 2a strain in laboratory 

conditions. The phage depolymerase enzyme is able to digest the exopolysaccharide layer of 

the biofilm and some studies also revealed that this protein is encoded by the structural gene 

(tail fibers or baseplate) of the phage genome (Knecht, Veljkovic, and Fieseler 2020). These 

phage-encoded enzymes were able to recognize, bind, and digest the bacterial cell wall 

polysaccharide compound. Tailed phages can invade the matrix layer by the hydrolytic activity 

of depolymerase enzymes present in their tail spike proteins (Pires et al. 2016). After that 

probably phages diffuse through the biofilm to infect and destroy bacteria in the deeper layer 
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(Parasion et al. 2014). Sfk20 with its long contractile tail might help to remove the external 

matrix by its enzymatic activity. The other possible reasons for Sfk20 efficacy in biofilm 

removal are the presence of endolysins and virion-associated peptidoglycan hydrolases 

(VAPGHs) that either disrupt or make a small hole in the cell (Fischetti 2008; Rodríguez-Rubio 

et al. 2013). Moreover, a small percentage of stress-tolerant cells are usually present in biofilm 

and a recent study suggests phage lytic proteins can remove that cell (Gutiérrez et al. 2014). It 

could probably facilitate the dispersion of the biofilm matrix. This study indicated structural 

characteristics and spatial information of the bacterial biofilm and qualitative observation of 

the disruption of the biofilm through direct imaging. With the discovery of the activity of phage 

depolymerase enzymes to degrade the exopolysaccharide (EPS) components of the biofilm, 

phages can be used as an alternative to antibiotics for the treatment of biofilm-mediated 

infections. Phage depolymerases are very much specific to the host unlike antibiotics and 

therefore the natural bacterial flora remains undisturbed. The biofilm degradation capacity of 

Sfk20 revealed that it could be used in the future as a single phage or in a phage cocktail or 

phage-antibiotic combination as a therapeutic agent against biofilm-mediated diseases. 

We have also done a quantitative experiment to address the eradication efficacy. Sometimes 

the phage-encoded depolymerase alone is not sufficient to remove the biofilm. In that case, it 

is recommended to use a combination of phage and antibiotics. The use of bacteriophage Sfk20 

(1010 PFU/ml) with ampicillin at a high concentration (256 μg/ml) exhibited a better biofilm 

removal activity compared to the phage or antibiotic alone. This could be due to the presence 

and enzymatic activity of depolymerase in the phage tail. It might have degraded the 

extracellular capsular polysaccharide parts of the biofilm and phages could diffuse easily inside 

the biofilm to target bacteria in the deeper layer creating a free path for a higher dose of 

antibiotics to reach inside the biofilm. Thus, a combination of phage plus antibiotic showed 

faster destruction of the biofilm matrix and the associated bacteria. Similar results were 

reported in other studies of phage-antibiotic combination therapy (Bedi, Verma, and Chhibber 

2009; Harper et al. 2014). Phage-antibiotic synergism is observed in most of the infections 

caused by biofilm-producing bacteria (Chaudhry et al. 2017). In this study, phage Sfk20 alone 

can remove at least 40% of the total biofilm and in combination with ampicillin, the removal 

percentage of biofilm was 47%. It confirmed the synergistic effect of the Sfk20-ampicillin 

combination. 

Bacteriophages are highly selective in their host cell targeting, infection, and lysing. 

Bacteriophage treatments can be classified as either mono-phage treatments or phage mixtures 
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(phage cocktails). Monophage treatment consists of one singular phage type and is used to 

target to reduce the load of the biofilm alone. Whereas phage cocktail preparations are a 

mixture of multiple phage types and are able to infect many bacteria. In this study, the matured 

biofilm of Shigella flexneri 2a was treated with two mono phages: Sfk20 (1011 PFU/ml) and 

Sfk23(1011 PFU/ml), and their cocktail (2 × 1011 PFU/ml). It was found that the phage cocktails 

are able to remove the biofilm more effectively than the monophages. This might be because 

the phage cocktail preparation boosts the effectiveness of such pairings by expanding their field 

of effect (Kifelew et al. 2020). The most frequent defense mechanism employed by host cells 

to prevent bacteriophage attachment has been hypothesized to be the surface modification of 

bacterial receptors (Labrie et al. 2010). The use of a single phage type may stimulate the 

development of resistant mutants whereas the cocktail of two or more phages can overcome 

the limitation of the monophage effect. This study showed that the phage Sfk20 and Sfk23 

alone results in 37% and 31% reduction of the biofilm whereas the cocktail is able to reduce 

57% load of biofilm. Therefore, the cocktail of two phages is proved to be more efficient to 

reduce the load of the biofilm. 
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11.1 DISCUSSION 

It has been observed over the past 25 years that the prevalence of diarrheal disease has 

significantly decreased globally as a result of better nutrition, access to clean water, and 

rotavirus vaccination programs. However, the enteric infection rates particularly those caused 

by human-restricted bacterial pathogens are still high. Shigella continues to be the third-leading 

cause of fatalities from diarrhea in children under the age of five and the second-leading cause 

of all deaths from diarrhea (Kotloff, 2017). Lack of effective vaccination and the increasing 

trend of antibiotic-resistant strains are two current obstacles to treating diarrheal illnesses 

(Barry et al. 2013; Pitisuttithum et al. 2016). The lack of sufficient preclinical animal model 

knowledge and the poor understanding of pathophysiology have hindered the development of 

better vaccines (Kim et al. 2013). To develop effective treatments against intestinal pathogens 

such as Shigella, innovative alternative strategies are desperately needed. 

Bacteriophages (phages) are the most prevalent bacterial viruses on this planet. They are 

specifically present wherever their host survives. Since phages are bacteria's natural enemies, 

they play a crucial role in managing the bacterial population in a range of settings, including 

wastewater treatment and medicinal uses (Batinovic et al., 2019; Clokie et al., 2011) Felix 

d'Herelle first identified phages in 1917 and also tested the possibility of phage therapy. Though 

other researchers namely Hankin, Gamaleya, and Twort also observed phages with antibacterial 

or healing activity in 1896, 1898, and 1915, respectively. Once the antibacterial properties of 

phages were confirmed, the scientific community was quite excited about the possibility of 

using them to treat bacterial illnesses. But with the development of antibiotics, phage therapy 

has been largely superseded, which has a broad spectrum of activity and can be manufactured 

to a specific quality (Lin, Koskella, and Lin 2017). Additionally, biogeographical variations 

may be detrimental to the antibacterial efficacy of phages (Bhetwal et al. 2017). A phage 

obtained from one geographic location may not have the same antibacterial effects on another 

strain of the same species isolated from a different location. These factors have led to phage 

therapy's significant decline in use since the first half of the 20th century. However, the steady 

rise in bacterial strains with multidrug resistance (MDR) and the failure of the current 

antibiotics to effectively treat infectious diseases have prompted efforts to find substitutes to 

mitigate antimicrobial resistance. It is necessary to discover new antibiotics to stop the 

emergence and spread of resistance. However, despite the discovery of new antibiotics, the 

selective pressure of antibiotics may mean that resistance development among bacteria cannot 
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be entirely avoided(Davies and Davies 2010). Phage therapy can be a possible alternative to 

antibiotics, but since this century-old concept has recently been revived, there is an upsurge in 

studies to isolate and characterize new bacteriophages and explore their applications. Specific 

requirements must be met for phage therapy to be effective, including having a large collection 

of bacteriophages, using obligately lytic phages rather than temperate phages, having a wide 

range of hosts, and screening phage genomes for the presence of toxin genes (Weber-

Dabrowska et al. 2016). Utilizing phages that can effectively bind to host cells, multiply 

quickly, have a large burst size, and can quickly eradicate target bacteria is also advantageous. 

In this study, a lytic Shigella bacteriophage Sfk20 was isolated from the environmental water 

of a diarrheal outbreak area against host bacteria Shigella flexneri 2a 2457T strain. 

Environmental water is rich habitats from which lytic phages can readily be isolated with their 

respective host bacteria. Additionally, clinically significant bacterial pathogens and associated 

lytic phages can be found in the environmental water in good numbers (Sharma et al. 2020). 

Based on the morphological features phage Sfk20 isolated in this study belongs to the family 

of Myoviridae, Caudovirale order. The host range analysis and efficiency of the plating study 

revealed that phage Sfk20 is effective against various Shigella strains Shigella flexneri 

serotypes 1b, 2a, 3a, Shigella sonnei and Shigella dysenteriae 1. The isolated phage was also 

found to be effective against two non-typhoidal Salmonella strains: Salmonella enteritidis and 

Salmonella typhimurium. Phage Sfk20 appeared to be highly stable in the range of 4–37°C and 

for at least up to six months without losing viability in the usual storage temperature of 4°C. 

Phage Sfk20 also remains stable up to the pH 7-9 range. At 0-5% salt concentration phage 

Sfk20 remains activated for up to 28 days. For the large-scale biocontrol of host bacteria, the 

employment of phages with strong lytic activity against several targeted bacterial populations 

is essential. This characteristic is connected to the large burst size. One of the essential qualities 

of a therapy candidate bacteriophage is associated with a large burst size since this quality is 

strongly linked to phage growth (Gallet, Kannoly, and Wang 2011). The one-step growth curve 

study revealed that bacteriophage Sfk20 has a short latent period (20 min) and large burst size 

(123 PFU/infected cell). Large burst-size phages may have a selective advantage as an 

antibacterial agent as they can dramatically increase the initial dose several hundred-fold in a 

short period of time (Choi et al., 2010; Nilsson, 2014). Phages unlike antibiotics follow a 

different mode of action that is receptor-mediated interaction with host bacteria to infect and 

lyse the cell eventually. Therefore, the adsorption of phage to the host cell surface receptor is a 

vital step to initiate the infection process. Due to the fact that Shigella spp. are gram-negative 
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bacteria, the outer membrane carbohydrate (LPS) or protein may serve as the particular 

receptor for phage infection. This study revealed phage Sfk20 uses LPS as a receptor to infect 

Shigella flexneri 2a. The study of bacteriolytic activity showed the growth of the host bacteria 

was reduced at MOI 1 and 100.  

The genome of the Sfk20 bacteriophage was isolated and digested with restriction enzymes to 

confirm the presence of a double-stranded DNA genome in phage Sfk20. Genome sequencing, 

analysis, and complete annotation as well as proteomic study provide sufficient information on 

the phage Sfk20 genome and proteome. Phage Sfk20 had a double-stranded DNA genome of 

164878 bp in length with a GC content of 35.62%. Analysis of the phage Sfk20 genome 

confirmed the presence of lytic proteins and the absence of any lysogenic, toxin, or antibiotic 

resistance genes suggesting that the phage could be used as a safe biocontrol agent for its host 

enteric bacteria. Holin and endolysin genes encode proteins responsible for progeny phage 

release at the end of a lytic cycle. The presence of both genes in the sequence of the phage 

Sfk20 genome can confirm its lytic nature. Phage Sfk20 showed sequence similarity with T-4 

like Myoviridae Shigella bacteriophages such as pSs-1, SH7, SfPhi01, Sf21, and Sf23. The 

phylogenetic trees of the baseplate wedge subunit and terminase large subunit both confirmed 

that the phage Sfk20 is closely related to the other T4 like Myoviridae Shigella and E. coli 

phages and probably evolved from the common ancestors. Following the LC-MS/MS forty 

different proteins were identified. Among them seventeen structural proteins, three functional 

proteins, and twenty hypothetical proteins. 

Structural studies of the currently known tailed phages have shown a common organization, 

which implies that they have a single ancestor and diversity has arisen through evolution 

(Bamford, Grimes, and Stuart 2005). In this study, a tailed Myoviridae phage structure and its 

structural proteins were characterized. The phage Sfk20 intact structure including capsid, tail 

connector, and tail components was determined using single-particle cryo-electron microscopy 

and image processing. We have discussed in previous sections that Sfk20 is a T4-like 

Myoviridae tailed phage consisting of a prolate-shaped head, a head-to-tail connector, a long 

contractile tail, and a baseplate. In this study, the images of intact phage particles were collected 

and the four different parts were separately reconstructed. The mature phage particle has a 

prolate-shaped head that encapsidates the genome. The head is first assembled as an empty 

capsid that is subsequently packaged with DNA by an ATP-dependent packaging device. This 

device attaches to the same unique pentameric vertex that is later occupied by the phage tail. 

The head is prolate, meaning that it has two icosahedral ends and a cylindrical mid-section. 
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The filled head is attached to the tail via a phage neck structure. The tail is made up of a tail 

tube and a helical sheath. The baseplate's dome-shaped end opposite the head is where the tube 

and sheath are joined. Assembly of the tail begins with the connector of the six wedges and a 

central hub. These together form the baseplate that then nucleates the assembly of the tail tube 

around which the sheath assembles (Yap and Rossmann 2014). The baseplate goes through a 

significant conformational change during the infection process that relaxes the high-energy 

dome-shaped structure to a low-energy star-shaped structure (Leiman et al., 2004). 

 Six structurally relevant phage proteins were selected and their structure was predicted using 

two NN-based methods (AlphaFold2 and ESMFold) and a homology-based modeling method 

(Phyre2). The predicted structures were aligned with the experimental structure collected from 

the PDB. Later the predicted structures were compared based on various metrics such as TM-

score and RMSD values. It was a comparative study to understand which software can predict 

the structure more accurately. It was found that AlphaFold2 and Phyre2 predicted the protein 

structures of phage Sfk20 more accurately than the ESMFold. The major drawback of using 

Phyre2 is that a template is required for the predicting structure. If the template is not available 

the phyre2 is not capable to produce the structure. 

The organization of microbial communities is significantly shaped by complex interactions 

between bacteriophages and their bacterial hosts, which can alter bacterial gene expression 

patterns as well as transduce genetic material. The ability of the phages to infect their bacterial 

hosts, particularly during phage entry, is their main means of survival. Bacteriophage diversity 

and abundance are determined by bacteriophages' capacity for dynamic adaptability in the face 

of selective forces such as host adaptation and resistance. Understanding the interaction of the 

bacteria-bacteriophage system is an approach to considering bacteriophages as biocontrol 

agents. In this study, the lytic life cycle of the phage Sfk20 was studied using electron 

microscopy. Ultrastructural analysis of phage-infected bacteria and intracellular development 

of phages by transmission and scanning electron microscopic images confirms the 

morphogenetic pathway of phage Sfk20 and further showed similarities with T4 phage. Further, 

the different forms of the infected cells indicated that the extent of intracellular phage 

development depends on the multiplicity of infection of an individual particle. 

Biofilm is a complex integrated aggregation of bacterial cells adhered to both biotic and abiotic 

surfaces. Biofilm formation is considered a virulence factor (Musk Jr. and Hergenrother 2006). 

One of the most crucial survival mechanisms for bacteria in extreme conditions is the 
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production of biofilms, which improves their virulence and makes them more resilient and, as 

a result, increases their tolerance to most of antibiotics. Therefore, antibiotic treatments are not 

always suitable for removing biofilms, mainly because of the increased level of tolerance of 

the bacteria within the biofilms. Moreover, the innermost cells of the biofilms are metabolically 

inactive and therefore less affected by antibiotics.   While tolerance is a phenotypically defined 

process by which bacteria survive the effects of a particular antibiotic in a specific environment, 

drug resistance is frequently described as a genetic process occurring from spontaneous 

mutations or horizontal gene transfer (Mah 2012). There is a need for new treatment methods 

that could aim to eradicate biofilms, and bacteriophage may be a promising alternative. Phages 

are equipped with a special enzyme depolymerase that degrades the exopolysaccharide matrix 

of the biofilm. Therefore, Phages can reach the inner layers of a biofilm by diffusing through 

its water channels (Pires et al. 2017). The effect of the antibiotics can be stimulated by 

bacteriophages. This phenomenon is referred to as phage-antibiotic synergy. In current study, 

the Shigella flexneri 2a biofilm was treated with the phage Sfk20 and ampicillin alone and also 

in combination. Thereafter removal of biofilm was analyzed by scanning electron microscopy 

which showed better results in phage-antibiotic combination. During treatment phage and 

antibiotics are often used in conjunction because it was observed that applying two different 

selective pressures increase the efficacy more compared to using them separately (Torres-

Barceló and Hochberg 2016). A quantitative experiment was also performed on a microtiter 

plate to address the eradication efficacy. In both of the cases, it was found that combination 

therapy can effectively remove the biofilm. 

Another newly emerged method to treat bacterial biofilm is using a phage cocktail which 

consists of two or more bacteriophages. Cocktails effectively overcome the limitations of 

monophage therapy and improve treatment outcomes. Nowadays the demand for phage 

cocktails has increased because the phage resistant mutant of the host bacteria is continuously 

increasing. Therefore, phage cocktails may delay or postpone the establishment of phage-

resistant bacteria with the inclusion of more than one phage type (Domingo-Calap and 

Delgado-Martínez 2018). Additionally, many phage strains may complement one another by 

delivering the essential antibacterial components that another may lack. In this study, a phage 

cocktail was prepared using one more lytic Shigella phage Sfk23 along with the studied phage 

Sfk20. The phage cocktail was used to treat the bacterial biofilm in a microtiter well plate. It 

was found that the phage cocktail eradicated the bacterial biofilm more effectively than the 

individual phages. 
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12.1 CONCLUSION 

The century-old phage therapy got revived as an alternative therapy choice to control the 

growing number of multidrug-resistant strains of pathogenic bacteria. A continuous search for 

novel lytic bacteriophages during a seasonal upsurge of the diarrheal outbreak could indicate 

the presence of related virulent bacteria in the environment. In this work, a novel lytic Shigella 

bacteriophage Sfk20 was isolated from the environmental water of a diarrheal outbreak area, 

Kolkata. The morphological study revealed that phage Sfk20 belongs to the family of 

Myoviridae, Caudovirale order. Phage Sfk20 was capable of inhibiting the growth of many 

Shigella spp. and two nontyphoidal Salmonella species. Environmental factors can strongly 

influence the efficiency of phages as therapeutic agents. Therefore, a study on phage stability 

was conducted at different temperatures, pH, and saline conditions that revealed Sfk20 remains 

active at a range of temperatures and pH but became inactive at high saline conditions. The 

attachment of phages to the host bacterial membrane occurs through the binding of phage 

particles to a specific host cell surface receptor. Therefore, host receptor identification is 

necessary to better understand the infection process of any phage. A study on identifying the 

nature of the phage Sfk20 host receptor showed that the bacterial outer membrane LPS of 

the Shigella flexneri 2a acts as a receptor for the phage Sfk20. Lytic phages always show a 

significant level of bacteriolytic activities very similar to antibiotics but using a different 

mechanism. The bacteriolytic activity of phage Sfk20 at various MOI studies revealed that at 

high MOI the growth of the host bacteria became restricted, one of the essential criteria to 

qualify as a potential biocontrol agent. The whole genome sequencing and the comparative 

genomic study revealed that the phage Sfk20 carries genes for lysis proteins holin and 

endolysin, but the lysogeny genes and virulence genes were absent in the genome. This further 

confirmed the lytic nature of the phage Sfk20. The phylogenetic analysis revealed that the 

bacteriophage belongs to the T4-like bacteriophage family. Phage protein identification is 

valuable to understand the relationship between closely related phages, and the structure-

function relationship. A nano LC-MS/MS technique was used here to analyze and detect the 

Sfk20 phage proteins based on specific peptides. The structural characterization by single 

particle cryo-electron microscopy and image processing further expanded our knowledge of 

detailed phage structure. To our knowledge, this is the first cryo-EM study of long-tailed 

Shigella phage in India. The important protein structures were predicted using two deep 

learning-based and one homology-based method. After comparing the protein structures based 

on their TM-score and RMSD values, it was concluded that AlphaFold2 and Phyre2 performed 
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better than ESMFold in the case of phage Sfk20 proteins. The in vitro phage host interaction 

and complete lytic cycle study also confirmed the lytic nature of this phage.  The antibiofilm 

activity of phage Sfk20 against Shigella bacteria both alone and in combination with antibiotic 

ampicillin showed the synergistic effect of phage Sfk20 because along with ampicillin it 

removed the biofilm more effectively. The use of a phage cocktail of Sfk20 with another 

Shigella phage Sfk23 was found more effective as an antibiofilm agent compared to the 

individual bacteriophages and it also reduced the risk of phage resistance. Altogether, the 

promising findings facilitated the understanding of general phage biology and made the phage 

Sfk20 a potential biocontrol and therapeutic agent. 

12.2 Significance and Impact 

Phage isolation and characterization is highly significant to search for stable phages with a 

wide host range. These phages could be potential phage therapy candidates to control 

antibiotic-resistant bacterial infections. Moreover, a better understanding of phage biology has 

opened up new fields of phage application such as vaccine development, medical sciences, 

food industries, surface decontaminators, bacterial detection systems, etc.  We have isolated a 

lytic Shigella phage Sfk20 and characterized it in detail to better understand the phage before 

proposing it as a promising alternative therapeutic candidate. The in-vitro biofilm removal 

activity of phage Sfk20 alone and in combination with antibiotics showed the antimicrobial 

synergy of phage and antibiotic. The strength of a phage cocktail had also been shown by the 

antibiofilm activity. Altogether phages have an immense impact on human health as well as the 

environment. It can be a viable alternative in health sciences to control the antibiotic-resistant 

bacteria in the era of the AMR crisis and reduces the economic loss due to the wastage of food.  

 

12.3 Future prospect 

All the results generated through this study suggested that phage Sfk20 could be a great 

alternative agent to treat Shigellosis. In the near future, phage Sfk20 can be useable as a 

potential therapy candidate. Phage therapy has the potential to go beyond merely treating an 

infection in a patient to minimize its causes and prevent further complications that require 

additional studies and confirmation. The development of phage-based products may increase 

the safety of food products leading to a decreased economic burden of foodborne pathogens in 

the food industry.
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Morphological, biological, 
and genomic characterization 
of a newly isolated lytic phage 
Sfk20 infecting Shigella flexneri, 
Shigella sonnei, and Shigella 
dysenteriae1
Bani Mallick, Payel Mondal & Moumita Dutta*

Shigellosis, caused by Shigella bacterial spp., is one of the leading causes of diarrheal morbidity and 
mortality. An increasing prevalence of multidrug-resistant Shigella species has revived the importance 
of bacteriophages as an alternative therapy to antibiotics. In this study, a novel bacteriophage, Sfk20, 
has been isolated from water bodies of a diarrheal outbreak area in Kolkata (India) with lytic activity 
against many Shigella spp. Phage Sfk20 showed a latent period of 20 min and a large burst size of 123 
pfu per infected cell in a one-step growth analysis. Phage-host interaction and lytic activity confirmed 
by phage attachment, intracellular phage development, and bacterial cell burst using ultrathin 
sectioning and TEM analysis. The genomic analysis revealed that the double-stranded DNA genome of 
Sfk20 contains 164,878 bp with 35.62% G + C content and 241 ORFs. Results suggested phage Sfk20 to 
include as a member of the T4 myoviridae bacteriophage group. Phage Sfk20 has shown anti-biofilm 
potential against Shigella species. The results of this study imply that Sfk20 has good possibilities to 
be used as a biocontrol agent.

Shigella species, one of the most common causes of diarrheal diseases in developing and underdeveloped coun-
tries, affects mostly children below 5years1,2. Annually 188 million Shigella infection causes around 164,000 
deaths worldwide3. Shigella transmitted primarily through the fecal–oral route and a very low number (10–100) 
of bacteria is sufficient to cause the infection2. In developing countries, outbreaks happen mainly due to con-
taminated food and water, poor hygiene, malnutrition, and lack of awareness4. Shigella spp. is gram-negative, 
non-motile, non-spore-forming, rod-shaped bacteria belonging to the family Enterobacteriaceae. There are four 
different serogroups: S. flexneri, S. sonnei, S. boydii and S. dysenteriae1 that causes the outbreaks. Among them, S. 
flexneri and S. dysenteriae1 were the causative agents of diarrheal cases predominantly in the developing world5. 
Shigella dysentery used to be controlled by antibiotic therapy. Recently, overuse and misuse of antibiotics have 
increased the number of multidrug-resistant strains of pathogenic bacteria that include Shigella6. Although there 
is some progress in vaccine development but an effective vaccine for Shigella spp. is yet to achieve7. The World 
Health Organization (WHO) has included Shigella in the list of priority pathogens in search of new antibiotics8.

Bacteriophages are bacterial viruses that infect specific host bacterial strains without affecting other bacteria. 
They are abundantly spread in all ecosystems wherever bacteria present9 and survive through replicating inside 
the host cell by controlling its cellular components and releasing mature phage particles by host cell lysis10. 
Phage virulence was found to increase in the presence of human cells than in laboratory bacterial culture11. 
Lytic bacteriophages can infect and kill bacteria within a short period. Therefore, lytic phages are useful bio-
control agents and provide a potential alternative treatment to conventional antibiotic therapy to treat bacterial 
diseases12. The first bacteriophage was isolated at almost the same time but independently by Twort13 and Felix 
d’Herelle14. Immediately after the discovery, this phage was used to treat children suffering from severe S. dys-
enteriae infection15. So far, around 78 lytic Shigella phages have been isolated from environmental samples and 
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showed effectiveness to control shigellosis16. But the discovery of antibiotics has pushed the phage treatment in 
the back foot. Recently certain drug-resistant strains have made treatment of some bacterial infections extremely 
difficult. In the search for alternative therapy, phage research has regained its importance17–19. To qualify as a 
potential therapeutic candidate, only the killing ability of newly isolated environmental phages is not sufficient20. 
A broad host range, large burst size, and production and storage stability are common characteristics to study. 
The absence of any toxin or lysogeny gene is also an important determinant to confirm by genome sequencing 
for therapeutic purposes21.

Understanding the phage-host interaction and exploiting the same will gradually increase our understand-
ing to apply them in various medical and biotechnological purposes. Most of the known phages are long-tailed 
and belongs to the Caudovirales order22. The receptor-binding protein present in the phage tail machinery is 
the main component that initiates the attachment to a specific receptor in the host bacterial cell surface and 
begins the infection process23. Therefore, visualization study of phage-host interaction and a complete lytic cycle 
of phage provide valuable information. The aim of this study was the morphological, biological, and genomic 
characterization of a newly isolated lytic Shigella bacteriophage to use as a potential biocontrol agent for shigel-
losis. The interaction of host bacteria and bacteriophage was studied by TEM and SEM to elucidate the lytic cycle.

Results
Determination of morphology of phage Sfk20.  A lytic bacteriophage, Sfk20 was isolated from envi-
ronmental water of a diarrheal outbreak area in Kolkata using Shigella flexneri 2a 2457T as host strain. TEM 
analysis revealed that the phage Sfk20 had a prolate head of 91.08 ± 4.92 nm (length), 62.34 ± 4.82 nm (width), 
n = 20, and a long contractile tail with 99.59 ± 4.92 nm (length) 18.66 ± 2.52 nm width, n = 20 (Fig. 1). Based on 
the morphology, bacteriophage Sfk20 was classified as a member of the Myoviridae family, Caudovirales order22.

Host range.  Host range analysis revealed that Sfk20 could infect Shigella flexneri serotypes 1b, 2a, 3a, Shi-
gella sonnei, Shigella dysenteriae 1 but not Shigella flexneri serotypes 4,6 and Shigella boydii (Table 1). Phage 
Sfk20 could form clear plaques infecting Salmonella typhimurium, Salmonella enteritidis but not the Salmonella 
typhi strains. The EOP values obtained for the phage-sensitive Shigella strains were much higher compared to 
the non-typhoidal Salmonella strains. However, phage Sfk20 was unable to infect the E.coli and V. cholera strains 
used in this study.

Phage stability.  Phage Sfk20 was tested at wide temperatures and pH values. The thermal stability showed 
that phage Sfk20 is most stable at 4 °C but decreases rapidly after 37 °C. Phage activity significantly reduced at 
50 °C and completely inactivated at 70 °C (Fig. 2A). Phage Sfk20 was found most stable at pH 7–9 range indicat-
ing that neutral to slightly alkaline pH is suitable for the activity of phages (Fig. 2B). Phages were completely 

Figure 1.   Negatively stained image of bacteriophage particles showing a prolate head, long contractile tail and a 
baseplate. Scale bar-100 nm.
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inactivated below pH 5 and above pH 11. Phage Sfk20 was highly sensitive to UV irradiation and completely 
inactivated after 15 s (Fig. 2C).

One‑step growth analysis and adsorption rate.  The one-step growth curve experiment was per-
formed to calculate the latent period and burst size of the isolated phage Sfk20. As a result, a triphasic curve was 
obtained with the typical lag phase, burst phase, and stationary phase. A latent period of 20 min and an aver-
age burst size of 123 PFU per infected cell was shown in Fig. 3A. Around 94% of bacteriophage particles were 
adsorbed within the first 8 min. After that, the adsorption rate was very slow shown in Fig. 3B.

Table 1.   Host range analysis of phage Sfk20.  +  = lysis; – = no lysis.

Bacterial species Strain No Infectivity EOPs

Shigella flexneri 2a 2457T  +  1

Shigella flexneri 3a UB811  +  0.80

Shigella flexneri 1b 03075/19  +  0.79

Shigella flexneri 4 C2529 – –

Shigella flexneri 6 UB812 – –

Shigella sonnei IDH00968  +  0.62

Shigella dysenteriae 1 NT4907  +  0.61

Shigella boydii 1 NK02379 – –

Salmonella enteritidis 520833  +  0.000192

Salmonella typhimurium PH-94  +  0.000296

Salmonella typhi KOL 551 – –

ETEC IDH07942 – –

Vibrio cholerae O1 MAK757 – –

Figure 2.   Stability of phage Sfk20: (A) Phage thermal stability at different temperature range. (B) Phage stability 
at different pH range, (C) Phage stability after UV irradiation.

Figure 3.   Growth characteristics of phage Sfk20; (A) One step growth experiment and (B) adsorption kinetics.
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Electron Microscopy of bacteria‑bacteriophage interaction.  Host bacteria Shigella flexneri 2a was 
infected with bacteriophage Sfk20 to visualize the intermediate steps at an ultrastructural level under TEM 
(Fig. 4). Few bacteriophages are attached to the bacterial cell after 15 min of infection shown in Fig. 4A. The 
intracellular phage development is visualized at 30 min in Fig. 4B, the loss of internal material and intactness of 
membrane shown in Fig. 4C. Finally, Fig. 4D showed the complete lysis of the bacterial cell wall around 60 min 
of infection.

Scanning electron microscopy of bacteria-bacteriophage interaction reveals the different stages of the lytic 
cycle. Supplementary Fig. S1A shows intact phage Sfk20 particles, followed by the initial step of phage attach-
ment to bacteria (S1B), several phages attached to the bacterial cell surface at a later stage shown in S1C. Finally, 
disruption of a cell and progeny phages are out around the bacteria are captured in S1D.

Biofilm degradation study.  Shigella flexneri 2a bacterial biofilm grown in a controlled manner on a 
coverslip was treated with phage Sfk20 alone and a combination of Sfk20 and ampicillin to show its ability to 
degrade biofilm and results were observed by scanning electron microscopy. Figure 5A and D showed the 24 
and 48 h biofilm respectively. The biofilm of 48 h displayed a highly structured matrix formation to which bac-
teria adhered close to each other compared to 24 h. The phage Sfk20-treated biofilm showed the degradation 
of the background matrix that results in the more scattered bacterial distribution in Fig. 5B and E. Figure 5C 
and F showed that the combination of phage Sfk20 and ampicillin reduced the biofilm more significantly and 
changes were seen in bacterial appearance. The differences between the control biofilm and Sfk20-treated, and 
Sfk20-ampicillin treated biofilm showed the efficacy of phage Sfk20 in the application of biofilm removal. The 
Sfk20-ampicillin combination exerted better removal activity than Sfk20 alone.

A quantitative assay of biofilm degradation activity revealed that phage Sfk20 (1010pfu/ml) and ampicillin 
(256 µg/ml) alone caused ~ 40% (p < 0.001) and ~ 31% (p < 0.001) reduction in biofilm respectively when com-
pared to the control (without phage). However, the effect of the Sfk20-ampicillin combination showed a higher 
reduction (~ 47%, p < 0.01) in biofilm than that of Sfk20 and ampicillin alone. Also, each pair of combinations 

Figure 4.   TEM images of ultrathin section of Shigella flexneri 2a infected with isolated host specific 
bacteriophage at different time points: (A) Bacteriophage attachment started at 15 min (black arrow indicates 
phage particles), (B) TEM image of 30 min shows intracellular phage development started, (C) Intracellular 
phage, loss of internal material and membrane disorganization is also shown. White arrowheads indicate phage 
tail. (D) Complete lysis of bacteria cell clearly shown at 60 min. Scale bar-200 nm.
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showed a statistically significant reduction in biofilm (Supplementary Fig. S2). Therefore, a considerable syner-
gistic effect was observed when biofilm was subjected to phage Sfk20 and ampicillin combination.

Protein profile.  The structural protein profile of the bacteriophage Sfk20 were analyzed by 12.5% SDS-
PAGE (Supplementary Fig. S3). The two major bands appeared at 53 kDa and 70 kDa. The other lighter bands 
appeared approximately at 13, 76, 100, and 155 kDa respectively.

Restriction enzyme digestion of the phage genomic DNA.  The restriction digestion pattern is a 
quick and cost-effective method to detect differences among new phages. Supplementary Fig. S4 showed the 
pattern of restriction digestion of the phage Sfk20 DNA. Based on this result, the genome of phage Sfk20 carries 
double-stranded DNA. The phage DNA was cut by EcoRV only but resistant to EcoRI, BamHI, HindIII, PstI, 
BglII, and MluI restriction enzymes. Shigella flexneri phage vB_SflS-ISF001 was also reported resistant to EcoRI 
and BamHI but sensitive to EcoRV24. Shigella phages vB_SflM_004 and vB_SsoS_008 were also found digested 
with only EcoRV25.

Genome sequencing and comparative genomic analysis of Sfk20.  Phage Sfk20 genome has been 
sequenced and deposited in GenBank with accession number: MW341595. Genome analysis showed that the 
phage Sfk20 genome consists of 164,878 bp with a 35.62% total G + C content. Figure 6 represents the schematic 
genome map of phage Sfk20 drawn using the CG view server. The inner ring represents coding sequence loca-
tions (CDS) colored in blue; tRNA in this ring is marked in pink color. The ORFs were mainly annotated as 
structural proteins, genome packaging proteins, and lysis proteins. Further analysis identified 241 open reading 
frames (ORFs) and the predominant start codon was ATG (97%). GTG is an uncommon start codon for six 
ORF such as ORF19, ORF68, ORF76, ORF89, ORF104, and ORF118. Concrete gene information such as the 
positions, directions, amino acid range, putative function of each ORFs, and their function in phage life cycle 
was mentioned in Supplementary Table S1. The longest ORF of phage Sfk20 was ORF36 (protein-id: QPP47031) 
which was placed in the morphogenesis cluster. ORF36 encoded a gene that was very similar to the large distal 
long tail fiber subunit of Myoviridae Shigella phage SH7. ORF166 (protein_id: QPP47161) represents the phage-
encoded enzyme lysozyme/endolysin and ORF38 (protein_id: QPP47033) encodes the protein holin responsible 
for bacterial lysis. These genes are crucial for host cell destruction during the burst phase of the phage life cycle. 
They are also called host lysis proteins. The DNA packaging genes such as large terminase subunit, small ter-
minase protein, and putative terminase subunit located in ORF163, ORF198, and ORF199 respectively. Phage 
morphogenesis genes such as head completion protein, baseplate wedge subunit, neck protein, tail sheath sta-
bilizer, and completion protein, prohead core protein, capsid and scaffold protein, prohead assembly protein, 
major capsid protein and baseplate hub subunit are located in ORF186, ORF189, ORF195, ORF197, ORF203, 

Figure 5.   Scanning electron micrograph of biofilm formation and degradation assay. (A) 24 h untreated 
control, (B) 24 h biofilm treated with phage Sfk20, (C) 24 h biofilm treated with the combination of phage Sfk20 
and ampicillin, (D) 48 h untreated control, (E) 48 h biofilm treated with phage Sfk20, (F) 48 h biofilm treated 
with the combination phage Sfk20 and ampicillin.
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ORF204, ORF206, ORF207, and ORF219 respectively. Most of the packaging and morphogenesis genes are 
located in the middle and end of the genome. In addition, proteins responsible for phage nucleotide metabolism 
are DNA gyrase subunit, DNA endonuclease IV, DNA topoisomerase II, DNA primase, DNA polymerase, and 
endonuclease located in ORF46, ORF53, ORF59, ORF84, ORF96, and ORF122 respectively. The presence of 
nucleotide metabolism-associated genes in this phage indicates that the Sfk20 genome might reduce the depend-
ence of phage DNA metabolism on the host bacteria. A total of 10 tRNA genes were identified in phage Sfk20. 
The functions of tRNA in the phage genome are still not clear though a widely accepted fact is phage tRNA gives 
considerable independence from host translational machinery26. A Megablast search of phage Sfk20 genome 
indicated it has a 95–97% sequence similarity to Shigella phage pSs-1, SH7, SfPhi01, Sf21, Sf23 (Supplementary 
Table S2). According to Megablast results, Sfk20 was classified as a member of the T4-like virus genus and myo-
viridae family. The alignment of phage Sfk20 genome with closely related five other myoviridae Shigella phages 
was represented by Easyfig (Fig. 7). The green arrows represent the coding sequence locations and blue shaded 
lines reflect the degree of homology between Sfk20 and other phages.

Phylogenetic position of phage Sfk20.  Based on the base plate wedge protein sequences and terminase 
large subunits (TerL), the phylogenetic trees were generated to find the phylogenetic position of phage Sfk20 in 
this study (Supplementary Fig. S5). From the NCBI database, the reference sequences were collected. According 

Figure 6.   Schematic map of phage Sfk20 genome prepared using CGView. Outer ring represents coding 
sequence locations (CDS) in blue color; tRNA was marked in pink color. Hypothetical proteins were denoted as 
hp. The different functional ORFs were indicated in different colors. Red ORFs represent the structural proteins, 
yellow ORFs represent the genome packaging proteins and the cyan ORFs represent lysis proteins.
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to Phylogeny.fr dendrogram (http://​www.​phylo​geny.​fr/), phage Sfk20 belongs to T4-like virus genus, myoviridae 
family and caudovirales order.

Discussion
The rapid increase of multidrug-resistant Shigella strains has become a global burden in diarrheal diseases. 
Virulent lytic phages can selectively infect and destroy the bacterial population including drug-resistant strains, 
using a mechanism distinct from antibiotics. Therefore, there is a renewed interest to control the MDR Shigella 
strains using phages as an alternative to antibiotic treatment. The Myoviridae bacteriophage Sfk20 used in this 
study appeared as a promising biocontrol candidate against shigellosis.

Studies have been reported to show the in vitro antimicrobial activity of many isolated phages and successful 
application of phage therapy since the early nineteenth century in a staggered manner. Many promising labora-
tory studies have failed to show positive outcomes in the recent controlled human trial27. Early phage therapy 
mostly failed due to inadequate knowledge of the fundamental phage biology and unsophisticated purification 
and storage procedure. Phages have beneficial characteristics but with some restrictions. Unknown gene function 
of phages, CRISPR-cas, phage stability, host immune responses, and scarcity of pharmacokinetic and pharmaco-
dynamics models for dose optimization are some genuine concerns to implement phage therapy as an approved 
alternative. Also, the low pH sensitivity, enzymatic degradation, phage loss, and phage-neutralizing antibodies 
are some of the big concerns in human phage therapy. Meanwhile, compassionate phage therapy is in limited 
use in cases when all available therapeutic options are exhausted28.

In this study, the water sample was collected from a diarrheal outbreak area and Shigella flexneri 2a bacteria 
was the host for phage propagation. Host range analysis and high EOP values showed Shigella flexneri serotypes 
1b, 2a, 3a are sensitive towards phage Sfk20 whereas Shigella flexneri serotypes 4 and 6 are resistant towards phage 
Sfk20. In developing countries, the predominant serotypes of Shigella flexneri are 1b, 2a, 3a, 4a, and 6 though 
serotype 2a is predominant in industrialized countries including India29. Shigella flexneri has been reported to 
progressively developing antibiotic resistance30. So we have chosen this as the host strain in our study. Shigella 

Figure 7.   Easyfig schematic alignment of phage Sfk20 genome with five closely related phages using BLASTn 
program. Green arrows indicate the coding sequence location shaded blue lines indicate degree of homology 
between pairs.

http://www.phylogeny.fr/


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19313  | https://doi.org/10.1038/s41598-021-98910-z

www.nature.com/scientificreports/

boydii was rarely reported worldwide compared to other Shigella spp31,32 and there are limited studies published 
on S. boydii33. The Global Enteric Multicenter Study (GEMS) reported that only 5.4% of 1130 Shigella isolates 
were identified as S. boydii34. One study from India reported S. flexneri (60%) as the prevalent serogroup fol-
lowed by S. sonnei (23.8%), S. dysenteriae (9.8%), and S. boydii (5.7%)35. S. boydii has been reported one of the 
prevalent serotypes only in Bangladesh36.

The stability of phages at varying temperatures and pH can be considered to make them suitable candidates for 
therapeutic purposes. Phage Sfk20 was found quite stable in the range 4–37 °C and for at least up to six months 
without losing viability in the usual storage temperature of 4 °C. It showed maximum stability in the range of 
pH 7–9 that is neutral to slightly alkaline. This information is valuable to consider the administration of phages 
through the oral route for therapeutic purposes. The acidic environment of the gastrointestinal tract is one of 
the major challenges for phage therapy during phage administration37. Most of the bacteriophages are found 
sensitive towards low pH. Phage Sfk20 also showed complete inactivity at pH < 5. Therefore, various methods 
and technologies have been developed to protect the therapeutic phages. Oral applications of phages predated 
by gastric neutralization are a practice in few European countries where phage therapy has always received sub-
stantial consideration38. Also, encapsulation of phages in liposomes or biopolymeric microparticles is another 
highly accepted technology to enhance phage survival while passing through the gut39. However, the selection 
of biopolymer is not so easy and the synthesis process has to satisfy certain features. To overcome this limitation, 
an alternative has been developed based on genetic engineering by displaying phospholipids on the surface of 
the phages. This natural coating process not only protects from the acidic pH of the GI tract but also maintains 
the infection ability of phages40. Previously the genetic engineering was quite difficult but with the development 
of a new technique Bacteriophage Recombineering of Electroporated DNA (BRED)41, the coating has become 
easy and cheaper than encapsulation. Therefore, the sensitivity of Sfk20 at low pH could be controlled during 
its trial in future phage therapy.

The one-step growth curve of phage Sfk20 suggests a latent period (20 min) and a large burst size of 123 pfu 
per cell. A large burst size favours this phage’s application in phage therapy. Earlier reports on T4 revealed that if 
tRNA genes were deleted the burst size and protein synthesis rate eventually lowered down42. But some reports 
revealed that bacterial physiological states could affect the burst size of phages43.

In this study, we have used early log phase bacterial culture of S. flexneri 2a strain. Understanding the inter-
action of the bacteria-bacteriophage system is an approach to consider bacteriophages as biocontrol agents. 
Ultrastructural analysis of phage-infected bacteria and intracellular development of phages by transmission and 
scanning electron microscopic images interpret the morphogenetic pathway of phage Sfk20 and further showed 
similarities with T4 phage44. Further, the different forms of the infected cells in Figs. 4B and C indicated that 
the extent of intracellular phage development depends on the multiplicity of infection of an individual particle.

Biofilm degradation activity of phage Sfk20 alone and in combination with ampicillin was analyzed by scan-
ning electron microscopy (SEM) (Fig. 5). Penetration, diffusion, and propagation are three important criteria to 
use single phages or phage cocktails to remove biofilms45. The results show phage Sfk20 could fulfil the criteria to 
a significant extent by degrading the biofilm of its host indicator bacteria Shigella flexneri 2a. Phage-ampicillin 
combination showed a synergistic effect (Fig. 5E) in the removal of Shigella biofilm though not complete removal. 
To the best of our knowledge, Sfk20 is one of the first lytic, tailed Shigella phages capable of degrading the biofilm 
formed by Shigella flexneri 2a strain in laboratory conditions. The bacterial biofilm has an extracellular matrix 
that acts as a physical barrier to the phage. Tailed phages can invade the matrix layer by the hydrolytic activity of 
depolymerase enzymes present in their tail spike proteins46. After that probably phages diffuse through the bio-
film to infect and destroy bacteria in the deeper layer47. Sfk20 with its long contractile tail might help to remove 
the external matrix by its enzymatic activity. The other possible reasons for Sfk20 efficacy in biofilm removal 
are the presence of endolysins and virion-associated peptidoglycan hydrolases (VAPGHs) that either disrupt 
or make a small hole in the cell48,49. Moreover, a small percentage of stress-tolerant cells are usually present in 
biofilm and a recent study suggests phage lytic proteins can remove that cells50. It could probably facilitate the 
dispersion of the biofilm matrix. This study indicated structural characteristics and spatial information of the 
bacterial biofilm and qualitative observation of the disruption of the biofilm through direct imaging. The biofilm 
degradation capacity of Sfk20 revealed that it could be used in the future as a single phage or in a phage cocktail 
or phage-antibiotic combination as a therapeutic candidate for biofilm-mediated diseases.

We have also done a quantitative experiment to address the eradication efficacy. The use of bacteriophage 
Sfk20 (1010pfu/ml) with ampicillin at a high concentration (256 µg/ml) exhibited a better biofilm removal activ-
ity compared to the phage or antibiotic alone (Supplementary Fig. S2). This could be due to the presence and 
enzymatic activity of depolymerase in the phage tail. It might have degraded the extracellular capsular polysac-
charide and phages could diffuse easily inside the biofilm to target bacteria in the deeper layer creating a hassle-
free path for a higher dose of antibiotics to reach inside the biofilm. Thus a combination of phage plus antibiotic 
showed faster destruction of biofilm matrix and the associated bacteria. Similar results were observed in other 
phage-antibiotic combination therapy51,52. Phage-antibiotic synergism is observed in most of the infections 
caused by biofilm-producing bacteria53. Phage Sfk20 alone can remove at least 40% of the total biofilm and in 
combination with ampicillin, the removal percentage of biofilm was 47%. It confirmed the synergistic effect of 
the Sfk20-ampicillin combination.

Genome sequencing, analysis, and complete annotation provide sufficient information on the phage Sfk20 
genome. Analysis of phage Sfk20 genome confirmed the presence of lytic proteins and absence of any lysogenic, 
toxin, or antibiotic resistance genes suggesting that the phage could be used as a safe biocontrol agent for host 
enteric bacteria. Holin and endolysin genes encode proteins responsible for progeny phage release at the end 
of a lytic cycle. The presence of both genes in the sequence of phage Sfk20 genome can confirm the lytic nature 
of this phage.
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According to the mega blast search result, Sfk20 belongs to the genus T4-like viruses; order caudovirales; 
family myoviridae; subfamily Tevenvirinae. Recently a total of 78 isolated Shigella phages were grouped accord-
ing to family and genome size and phage Sfk20 falls in the largest T4 like myoviridae family with a genome size 
164.0–176.0 kbp16. Comparative genome analysis and biological properties suggested that phage Sfk20 has the 
highest similarity with pSs-1 [Supplementary Table S3].

Phylogenetic tree analysis of Sfk20 based on base plate wedge subunit and terminate large subunit with other 
related phages suggested that Sfk20 was closely related to other Shigella and E. coli phages and they probably 
evolved from a common ancestor.

In conclusion, a constant search for novel lytic bacteriophages during a seasonal upsurge of a diarrheal out-
break will indicate the presence of related virulent bacteria in the environment. Characterization of those phages 
will facilitate understanding phage biology and the strategy development for effective therapeutic applications.

Materials and methods
Isolation, purification and enrichment of bacteriophage.  Shigella flexneri 2a-specific bacteriophage 
was isolated from the water sample of a diarrheal outbreak area in Kolkata. A mixture of 25 ml water sample, 
25 ml 10× phage broth media and 5 ml of log phase Shigella flexneri 2a culture was incubated at 37 °C for 24 h 
in shaking condition. After this incubation the suspension was centrifuged for 10 min at 10,000 rpm to remove 
the bacterial cells and the collected supernatant was filtered with a 0.22 µm membrane filter. Spot assay was per-
formed initially to evaluate the presence of shigella phage testing on Shigella flexneri 2a 2457T using the double 
layer agar method. The single plaque isolation procedure was performed thrice by plaque assay to obtain the 
purified phage plaque. The phage suspension was concentrated and purified by ultracentrifugation (25,000 rpm, 
1:30 h and 4 °C) and sucrose step-gradient ultracentrifugation (30,000 rpm, 2 h and 4 °C) respectively54. The 
purified high titre phage Sfk20 phage stock was stored at 4 °C for further studies.

Transmission electron microscopy.  Purified high titre bacteriophage was negatively stained with 2% 
(w/v) uranyl acetate. The sample was examined under FEI Tecnai 12 BioTwin transmission electron microscope 
at an operating voltage 100 kV. Detailed morphology that includes the shape and size of bacteriophage particles 
are studied.

Host range determination and efficiency of plating (EOP).  The infectivity of Sfk20 was tested 
against many bacterial strains as determined by standard spot assay55. Infectivity was tested on different enteric 
bacteria present in the laboratory. Briefly, 10 µl of phage (1.8 × 1011pfu/ml) sample was spotted onto the middle 
of bacterial lawn and the plate was incubated overnight at 37 °C and checked for the presence visible lysis zone. 
The EOP values are calculated as the ratio of the PFU value of phage with susceptible bacterial strain and the 
phage with indicator (Shigella flexneri 2a, 2457 T) bacterial strain.

Phage stability assay.  To evaluate the heat resistant capacity of phage Sfk20, thermal stability was per-
formed. The phage suspension (diluted in Tris MgCl2 buffer) was incubated at different temperatures (4  °C, 
25 °C, 37 °C, 50 °C, 60 °C, and 70 °C respectively) for 1 h and phage suspension was titred by soft agar over 
layer method56.For pH stability test, phage Sfk20 was examined by preincubating the phage suspensions rang-
ing from pH 3–13 at 37 °C for 1 h. After the incubation period, the phage titre was determined by double agar 
layer method. To evaluate the phage stability under UV light, the phage suspension was kept at a different time 
interval of 5, 10, 15, and 20 s adapted and modified from elsewhere54. After that, the survival percentage of bac-
teriophage tested by the soft agar overlay method. All experiments were performed in triplicate.

One‑step growth analysis of bacteriophage and adsorption kinetics.  An early exponential phase 
culture (20 ml) of Shigella flexneri 2a 2457T (OD600 = 0.5) was harvested by centrifugation (5000×g at 4 °C for 
10 min). The pellet was resuspended in around 1 ml Luria broth followed by the addition of bacteriophage at an 
MOI 0.1. The mixture was incubated for adsorption at 37 °C for 5 min and diluted in Luria broth with a maxi-
mum volume of 10 ml and reincubated at 37 °C. Aliquots were taken out at different time intervals up to 80 min 
to calculate the phage titer by the soft agar layer method.

Bacteriophage infection and intracellular development of phage.  Shigella flexneri 2a bacterial 
culture was mixed with Sfk20 bacteriophage and incubated at 37 °C. Samples were taken out at around 15, 30, 
and 60 min respectively and were immediately centrifuged at 7000 rpm for 5 min. In the next step, cell pellets 
resuspended in 3% glutaraldehyde in 0.1 M sodium cacodylate buffer to fix the cells57.

Ultrathin sectioning of the bacterial cell.  In this experiment, cacodylate buffered glutaraldehyde was 
used as a primary fixative. After that, secondary fixation was done in 1% OsO4 followed by dehydration with a 
series of ascending concentrations of ethanol. Then the samples were embedded in resin Agar100 and polym-
erization was done overnight at 60 °C. The ultrathin sections (40–50 nm) of the control and infected cells are 
cut with a Leica Ultracut UCT ultramicrotome (Leica Microsystems, Germany). The sections were picked up in 
nickel or copper grids, dual-stained with 2% aqueous uranyl acetate and 0.2% lead citrate, and grids were air-
dried. The grids with sections were either stored or immediately examined under an FEI Tecnai 12 Biotwin TEM 
(FEI, Netherlands) at an accelerating voltage of 100 kV.
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Scanning electron microscopy.  For SEM analyses, to visualize the bacteriophage lytic cycle, samples 
were taken out from bacteria-bacteriophage mixture at early, mid, and late phase in Eppendorf tubes. Then sam-
ples were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer and left overnight. After that, samples 
were dehydrated with ascending concentration of alcohol up to 100%. All dehydrated samples were treated with 
hexamethyldisilazane (HMDS) for chemical drying by increasing HMDS concentration stepwise up to 100% 
HMDS. The tubes were left in a fume hood overnight to evaporate HMDS completely. Samples mounted on 
specimen stubs, sputter-coated with gold, and images captured on an FEI Quanta 200 scanning electron micro-
scope (FEI, Netherlands).

Biofilm degradation assay and visualization with SEM.  A qualitative biofilm degradation activity of 
Sfk20 on Shigella flexneri 2a 2457T strain was determined following a previous method with some modification58. 
Cover slips were used for the formation of biofilm. Briefly 10 µl of overnight culture of Shigella flexneri 2a was 
incubated on coverslips submerged in LB media in 6-well plates and incubated at 37 °C for 24 h and 48 h respec-
tively. The biofilm was then treated with phage Sfk20 (1010PFU/ml), ampicillin (256 µg/ml) and a combination 
of both at same individual concentration. All treated samples were further incubated at 37 °C for overnight. 
After that, planktonic cells were removed and the coverslips were processed for SEM analysis as mentioned in 
visualization of bacteria-phage interaction method.

Quantitative assay of biofilm degradation.  The quantitative experiment on the ability of Sfk20 to 
degrade the biofilm alone or in combination with antibiotic was also performed. Briefly, matured biofilm was 
grown on microtitre plate58, planktonic cells were removed and the biofilm was treated with phage Sfk20, ampi-
cillin and their combination59. After the treatment the plates were incubated at 37 °C for overnight. Next day the 
phage and antibiotic were removed and the wells were rinsed with 1× PBS twice and stained with crystal violet. 
The total biomass of the biofilm was measured by plate reader at the absorbance of 595 nm (iMark Microplate 
Reader S/N 21673). Statistical analysis of the data was performed by two- way ANOVA with Graph-Pad Prism 
5.00.

SDS‑PAGE analysis.  Phage suspension was boiled for 5 min and the structural proteins were extracted. 
The denatured proteins were separated by 12.5% SDS–polyacrylamide gel as described by Laemmli60 with Mini-
PROTEAN TGX Precast gels (Biorad, USA).

Phage DNA extraction and restriction endonuclease digestion.  Bacteriophage DNA was isolated 
from the purified phage suspension using the DNA isolation kit (NorgenBiotek Corp., Canada) according to 
the instruction from the manufacturer. Phage genomic DNA was digested with the restriction endonuclease 
enzymes (EcoRI, BamHI, HindIII, PstI, EcoRV, BglII, and MluI) according to the supplier’s protocols. DNA frag-
ments were separated by electrophoresis at 100 V for 1 h on a 1% agarose gel and stained with ethidium bromide. 
DNA molecular marker (high range DNA ladder, HiMedia) ranging from 250 bp to 25 kbp was used.

Genome sequencing of phage Sfk20.  Phage genome DNA was sequenced by Xcelris (Ahmedabad, 
India) using Next Generation Sequencing on an Illumina Platform and the sequencing end data was assembled 
with CLC Genomics Workbench v.6.0.5 with reads map back option. After that, the obtained sequencing results 
were analyzed for similarity search against nucleotide by BLASTN, NCBI program. Potential open reading 
frames (ORFs) were predicted using Genemark and Prokaryotic GeneMark.hmm version 3.25 respectively. The 
putative functions of those ORFs were analyzed by BLASTP, NCBI program. Using the BLASTP and PSI-BLAST 
programs against the non-redundant databases; the predicted ORFs were queried from translated sequences. 
The genome map of phage Sfk20 was drawn using the CG viewer server (http://​cgview.​ca/)61. The genomic 
comparison of phage Sfk20 with closely related myoviridae Shigella phages was illustrated in the form of a linear 
figure using Easyfig application (http://​mjsull.​github.​io/​Easyf​ig/​files.​html)62. In addition, tRNAs were predicted 
using ARAGORN (http://​130.​235.​244.​92/​ARAGO​RN/)63 and tRNAscan-SE (http://​lowel​ab.​ucsc.​edu/​tRNAs​
can-​SE/)64. For phylogenetic analysis two predicted ORFs were selected based on their amino acid sequences. 
We have chosen the amino acid sequence of baseplate wedge protein (ORF189, protein_id: QPP47184) and 
terminase large subunits (ORF163, protein_id: QPP47158). The amino acid sequences of Sfk20 were aligned 
with those of other reference Myoviridae bacteriophages using MUSCLE and then the phylogenetic tree was 
constructed using “ONE CLICK” at Phylogeny.fr.

Nucleotide sequence accession number.  The complete genome sequence of phage Sfk20 has been 
deposited in GenBank (Accession No. MW341595).
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Salmonella is one of the common causal agents of bacterial gastroenteritis-

related morbidity and mortality among children below 5 years and the elderly 

populations. Salmonellosis in humans is caused mainly by consuming 

contaminated food originating from animals. The genus Salmonella has 

several serovars, and many of them are recently reported to be  resistant 

to multiple drugs. Therefore, isolation of lytic Salmonella bacteriophages 

in search of bactericidal activity has received importance. In this study, a 

Salmonella phage STWB21 was isolated from a lake water sample and found 

to be a novel lytic phage with promising potential against the host bacteria 

Salmonella typhi. However, some polyvalence was observed in their broad 

host range. In addition to S. typhi, the phage STWB21 was able to infect S. 

paratyphi, S. typhimurium, S. enteritidis, and a few other bacterial species such 

as Sh. flexneri 2a, Sh. flexneri 3a, and ETEC. The newly isolated phage STWB21 

belongs to the Siphoviridae family with an icosahedral head and a long flexible 

non-contractile tail. Phage STWB21 is relatively stable under a wide range of 

pH (4–11) and temperatures (4°C–50°C) for different Salmonella serovars. The 

latent period and burst size of phage STWB21 against S. typhi were 25 min and 

161 plaque-forming units per cell. Since Salmonella is a foodborne pathogen, 

the phage STWB21 was applied to treat a 24 h biofilm formed in onion and 

milk under laboratory conditions. A significant reduction was observed in the 

bacterial population of S. typhi biofilm in both cases. Phage STWB21 contained 

a dsDNA of 112,834 bp in length, and the GC content was 40.37%. Also, 

genomic analysis confirmed the presence of lytic genes and the absence of 

any lysogeny or toxin genes. Overall, the present study reveals phage STWB21 

has a promising ability to be used as a biocontrol agent of Salmonella spp. and 

proposes its application in food industries.
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