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Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Doctor of Philosophy 

Abstract 

Heads or tails? An insight into the nature of antibacterial structures of an 

entomopathogenic bacterium Brevibacillus laterosporus 

 

by 

Tauseef Khan Babar 

“Bacterium eating viruses” (phages) are one of the biotic factors that can disrupt the mass production 

of bacteria through the lysis of the cells during growth. Brevibacillus laterosporus (Laubach) is an 

entomopathogenic, gram-positive, and spore-forming bacterium found around the world, but 

individual strains can differ greatly in their virulence and hosts. Since 2012, three B. laterosporus strains 

(Bl 1821L, Bl 1951, Bl Rsp) have been discovered and characterised in New Zealand. All the strains 

exhibited pathogenicity against diamondback moth larvae and mosquitoes. However, during culturing, 

the cultures often lost virulence, which was perceived to be due to growth issues and the presence of 

potential bacteriophages. Though isolates Bl 1821L and Bl 1951 are under development as a 

biopesticide, the lack of consistent production has hindered their development. Based on these issues 

this research project commenced to isolate and characterise the suspected bacteriophages, cure the 

bacteria of the invading phage particles, compare the virulence of phage cured and uncured strains 

against diamondback moth, and finally develop a production protocol that would allow a biopesticide 

to be developed from this insect pathogenic bacterium free of phages. However, initial work involving 

classical phage isolation and enumeration assays (plaque and serial dilutions) and an electron 

microscopic examination could not substantiate the presence of putative phage particles, despite 

bioinformatic predictions indicating the presence of intact phages in Bl 1821L, Bl 1951, and Bl Rsp 

genomes.  

Assessment of electron micrographs of mitomycin C induced cultures (Bl 1821L & Bl 1951) and 

bioactivity tests of polyethylene glycol precipitated cultures validated the presence of incomplete 

phage particles with hexagonal or phage head (encapsulating) and contractile tail-sheath like 

structures. Subsequent N-terminal sequencing of a prominent ~48 kD protein of SDS-PAGE after 

mitomycin C induction led to the discovery of putative antibacterial phage tail-like bacteriocins (PTLBs) 

in the Bl 1821L genome. The putative Bl 1821L PTLB displayed a broader spectrum of activity than the                 

Bl 1951 PTLB. N-terminal sequencing of purified ~48 kD protein of Bl 1821L identified a phage-like 
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element PBSX protein XkdK in the Bl 1821L genome. BLASTp analysis of Bl 1821L 48 kD identified 

protein accessions with >90% amino acid similarity to the phage tail-sheath protein of Bl LMG 15441. 

Using the same methodology an XkdK homolog was identified in the Bl 1951 genome. Although the 

translated product of the Bl 1821L xkdK gene encoding region exhibited amino acid identity to the 

analogous region of Bl 1951, the bioinformatic analysis revealed some differences in the operon 

surrounding the gene, a region which corresponded to the PBSX region in Bacillus subtilis. 

Bioinformatically, the PBSX-like region in Bl 1951 encodes imperfect repeats of glycine rich proteins 

(1700 bp long) while a putative phage region resides in the analogous Bl 1821L region. 

A second putative antibacterial protein (bacteriocin) of ~30 kD was also found in SDS PAGE analysis of 

purified Bl 1821L and Bl 1951 putative antibacterial protein. N-terminal sequencing of purified                 

~30 kD protein identified matches to both a 25 kD hypothetical and a 30 kD putative encapsulating 

protein homologs residing in each of the genomes.  

Various purification methods employed in this study enabled the purification of one putative 

antibacterial protein (~30 kD) of Bl 1951 and two putative antibacterial proteins (~30 kD & ~48 kD) of                    

Bl 1821L. Subsequent TEM examination of purified antibacterial Bl 1821L proteins revealed the 

presence of phage head-like encapsulin (~30 kD) and polysheath-like (~48 kD) structures. Although 

only the ~30 kD protein was purified from Bl 1951, both the phage head-like encapsulin and 

polysheath-like structures were observed under an electron microscope. SDS-PAGE analysis of 

spontaneously produced putative antibacterial proteins of Bl 1821L and Bl 1951 upon purification also 

yielded two prominent bands of ~30 kD and ~48 kD. Assaying size exclusion chromatographic fractions 

of Bl 1951 harbouring the 30 kD against Bl 1821L resulted in the presence of small Bl 1821L cells that 

may be indicative of persister cell formation in the population of Bl 1821L.   

BLASTp analysis of the homologs Bl 1821L and Bl 1951 30 kD amino acid sequences identified >97% 

amino acid identity to the Linocin M18 bacteriocin family protein of Bl LMG 15441 and Bl GI-9 which 

are known as encapsulating proteins. Using the bioinformatic tools AMPA and CellPPD motifs relating 

to the bactericidal activity and cell penetrating peptides were identified. Antibacterial activity of the 

identified 25 kD hypothetical and 30 kD putative encapsulating proteins of Bl 1821L was further 

validated through gene expression in a gram-positive bacterium Bacillus subtilis WB800N and the 

subsequent assay tests and SDS-PAGE analysis of purified proteins from the recombinants. A 

preliminary assessment of the expressed 25 kD hypothetical gene (pHT01-hypo) exhibited an increased 

effect against Bl 1821L and Bl 1951 compared to the 30 kD putative encapsulating gene (pHT01-encap).  

The putative antibacterial proteins (bacteriocins) of Bl 1821L and Bl 1951 sustained the antagonistic 

activity against B. laterosporus over a wide range of pHs and temperatures. A loss in the antagonistic 

activity of putative bacteriocins of Bl 1821L and Bl 1951 after treatment with proteolytic enzymes 
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authenticated their proteinaceous nature. However, catalase treatment could not abrogate the 

inhibitory action of the putative antibacterial proteins of Bl 1821L and Bl 1951, which showed that 

growth inhibition was not due to hydrogen peroxide production. This study describes the first 

examples of the spontaneous induction of high molecular weight (HMW) bacteriocins of Bl 1821L and 

Bl 1951 from the genus Brevibacillus. Spontaneously induced HMW bacteriocins of Bl 1951 affected 

the growth of bacterium by causing a significant decline in the number of viable cells after 18 hours of 

culture inoculation that corresponded to the highest antagonistic activity against Bl 1951 and Bl 1821L. 

Likewise, though not at a significant level spontaneously induced HMW bacteriocins of Bl 1821L 

decreased the number of viable cells of Bl 1821L after 18 hours of growth.  

Antagonistic activity of putative antibacterial proteins in growth assays not only varied between the 

different proteins but also with the state of the proteins (crude or purified). Crude lysate of Bl 1821L 

and Bl 1951 harbouring both the putative encapsulating (30 kD) and phage tail-like (48 kD) proteins 

prominently caused autocidal activity with a decrease of 30.1% and 48.4% in the number of viable 

cells. The purified ~30 kD putative encapsulating protein of Bl 1821L and Bl 1951 exhibited bactericidal 

activity against both strains. Numerous plausible killing mechanisms of 30 kD putative encapsulating 

protein of Bl 1821L and Bl 1951 are proposed. These include the activation of stress relevant 

transcriptional regulator family proteins (PadR & MarR) or YtxJ protein under some unknown stresses, 

iron malnutrition, failure of ferritin protein to detoxify iron, and cell penetrating peptides activity. The 

purified ~48 kD putative phage tail-sheath protein of the PBSX-like region of Bl 1821L was active against 

Bl 1951. Bactericidal activity of ~48 kD purified phage tail-sheath protein of Bl 1821L was likely due to 

the contractile injection system by forming pores in susceptible cells.  

Overall, this research identified and characterised two bactericidal proteins of ~30 kD (encapsulating) 

and ~48 kD (phage tail-sheath) in Bl 1821L and one ~30 kD encapsulating protein in Bl 1951 that were 

found to be implicated in the growth issues of the insect pathogenic strains Bl 1821L and Bl 1951.                    

A hypothetical protein (25 kD) with more potent putative antibacterial activity in Bl 1821L and Bl 1951 

was also identified and expressed late in the project but requires further investigation. The findings 

provided a wealth of knowledge that will be useful in the future development of a biopesticide from 

this beneficial bacterium. 

 

Keywords: antibacterial, autocidal, bactericidal proteins, bacteriophages, biopesticides, Brevibacillus 

laterosporus, cell lysis, cell penetrating peptides, contractile phage tail-sheath protein, defective 

phages, diamondback moth, encapsulating protein, entomopathogenic bacterium, ferritin-proteins, 

PBSX, phage tail-like bacteriocins.  
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Chapter 1 

Introduction 

1.1 Entomopathogenic bacteria as microbial pesticides 

Nature has bequeathed us with enormous microbial diversity and one such treasure are bacteria. 

Bacteria are the most ubiquitous microorganisms on the earth (Soumia et al., 2021) with an estimated 

population of 4-6 x 1030 (Whitman et al., 1998) but only a fraction have been identified (Dykhuizen, 

2005; Louca et al., 2019). These unicellular prokaryotic microorganisms lacking a nuclear membrane 

and other defined intracellular membrane-enclosed organelles exist in diverse shapes including 

spherical (cocci), rod (bacilli), and spiral (spirochaetes) (Glare et al., 2017; Jurat-Fuentes & Jackson, 

2012). Bacteria proliferate through binary fission, a process resulting in daughter cells that are 

essentially identical copies of the mother cell (Couch & Jurat-Fuentes, 2014). Based on cell wall 

structure bacteria can be categorised into two groups, gram-positive and gram-negative, through a 

staining procedure first defined by Hans Christian Gram (Beveridge, 2001; Gram, 1884). Gram-positive 

bacterial cells have a thick peptidoglycan layer (90% of the cell wall) and stain blue to purple, while 

gram-negative cells have a thin peptidoglycan layer (10% of the cell wall) and stain red to pink 

(O'Toole, 2016; Popescu & Doyle, 1996).  

Prokaryotic organisms are known to establish diverse interactions with many eukaryotic taxa, 

including insects (Jackson, 2017; Sanchez-Contreras & Vlisidou, 2008). Insects are the most diverse 

group of macroorganisms with over a million different species found in almost every habitat except 

the sea (Vilmos & Kurucz, 1998; Wernegreen, 2012). Due to their widespread distribution, all insect 

life stages are inevitably associated with bacteria in various forms (Aronson et al., 1986; Glare et al., 

2017; Jurat-Fuentes & Jackson, 2012). The insect-bacteria relationship is either obligate or facultative 

with their hosts or produces toxins that can be used for insect control (Blow et al., 2020; Ferrari & 

Vavre, 2011). Entomopathogenic bacteria are pathogens that infect insects (Dimopoulos, 2003). The 

obligate bacterial entomopathogens like some Paenibacillus spp. complete their life cycles within the 

insect host (Koppenhöfer et al., 2012), while facultative pathogens such as Serratia spp. grow in an 

environment outside the host (Jackson, 2017). Bacillus thuringiensis (Bt) and Chromobacterium 

subtsugae are well known examples of bacteria that produce toxins that can be used without live 

bacteria against insect pest (Martin et al., 2007; Schnepf et al., 1998). 

For infective bacteria, the insect pathogenic bacterium first enters the host hemocoel and hijacks the 

insect defence system to proliferate and produce virulence factors that aid infection, which ultimately 

kills the host (Raymond et al., 2010; Vallet-Gely et al., 2008). The virulence factors in most bacteria 
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are encoded by genes typically organised in operons, enabling the co-expressions of functionally 

related genes. Pathogenicity islands acquired through horizontal gene transfer and containing 

virulence genes have been identified in commercially relevant entomopathogenic bacteria, such as 

Photorhabdus luminescens (Vlisidou et al., 2019) and Xenorhabdus nematophila (Brown et al., 2004). 

However, in other cases, virulence factors are localised on plasmids that may be transferred through 

conjugation as in the case of many crystal toxin genes from B. thuringiensis (Held et al., 1982). The 

bacteria, upon killing the host, use their cadaver as a nutrient resource until the formation of dormant 

life stages, such as spores in the case of Bacillus spp., or cells that can infect a new host (Glare et al., 

2017). 

Entomopathogenic bacteria are classified within Eubacteria (Jackson, 2017). This group contains three 

major divisions based on the presence or structure of the cell walls: bacteria with a gram-positive type 

cell wall (Firmicutes), a gram-negative type cell wall (Gracilicutes), and those lacking a cell wall 

(Tenericutes) (Fisher & Garczynski, 2012; Jackson, 2017; Jurat-Fuentes & Jackson, 2012). Numerous 

bacteria have been defined for their entomopathogenic potential but only a few groups have been 

considered for commercialisation (Jurat-Fuentes & Jackson, 2012). Microbial pesticides derived from 

entomopathogenic bacteria dominate the biopesticide market worldwide due to their cost-effective 

mass production, specificity, persistence in the environment, and safety (Kabaluk & Gazdik, 2005). 

This is not surprising, as bacteria are often intricately associated with insects in diverse forms such as 

natural symbionts, disease-causing agents, and those encoding insecticidal toxins. The massive 

diversity of bacteria with natural and manipulated recombinants, and transferrable plasmids, provides 

an excellent resource for those seeking to develop unique biopesticides. Since the early 1930s, a wide 

range of spore-forming and non-spore forming bacterial strains have been developed as biopesticides 

(Lacey et al., 2015).  

 

1.2  Entomopathogenic gram-negative bacteria as microbial pesticides 

Insect pathogenic non-spore forming gram-negative bacteria are not preferred for use as biopesticides 

due to their instability during storage. However, improvements in formulation resulting in expanded 

shelf life under ambient conditions have allowed a strain of Serratia entomophila to be 

commercialised to manage the New Zealand grass grub, Costelytra giveni (Jackson et al., 1992; 

Johnson et al., 2001). Some other gram-negative bacteria developed into biopesticides include 

Burkholderia spp. (Cordova-Kreylos et al., 2013), Chromobacterium subtsugae (Koivunen et al., 2009; 

Stamm et al., 2013), Pseudomonas entomophila (Dieppois et al., 2015), Yersinia entomophaga (Hurst 

et al., 2019; Marshall et al., 2012) and Wolbachia spp. (Mateos et al., 2020; Moretti et al., 2018).  
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Entomopathogenic bacteria of Class Mollicutes are characterised by a lack of a cell wall, the low G+C 

content of genomic DNA, and the small size of genomes. They include organisms in the genera 

Phytoplasma (=Mycoplasma-like organisms) and Spiroplasma that are associated with insects but are 

principally known as plant pathogens which must be vectored by an insect host (Garnier et al., 2001). 

However, due to difficulties in their propagation, there are no examples of commercially developed 

entomopathogenic bacteria of this category (Jurat-Fuentes & Jackson, 2012). 

 

1.3 Entomopathogenic gram-positive bacteria as microbial pesticides 

The most commercially successful bacterial entomopathogens are gram-positive bacteria in the order 

Bacillales, more specifically the genera Paenibacillus, Bacillus, and Lysinibacillus. The vast majority of 

these are capable of producing an endospore- a dispersal form of the organism that is viable for 

extended time periods under adverse conditions. Endospore production greatly facilitates the 

commercial development and application of these bacteria for pest control (Couch & Jurat-Fuentes, 

2014).  

 

1.3.1 Paenibacillus popilliae  

One of the first insect pathogens used for the control of insect pests was Paenibacillus popilliae 

(=Bacillus popilliae), the causative agent for milky disease in Japanese beetle (Popillia japonica) (Klein, 

1988; White & Dutky, 1940). However, despite successful use, problems related to the mass 

production of viable P. popilliae spores (Stahly & Klein, 1992) stymied its commercial development. 

Commercial products based on P. popilliae are still available but their use is limited to control the 

Japanese beetle (grubs), specifically in areas of organic agriculture (Johnson et al., 2001).  

 

1.3.2 Bacillus thuringiensis  

The spore-forming bacilli bacteria of the family Bacillaceae are by far the most widely used in 

biopesticides, as the family contains a wide range of toxin-producing isolates, mostly belonging to               

B. thuringiensis (Bravo et al., 2011a; Crickmore, 2006). The insecticidal potential of B. thuringiensis has 

been reviewed in detail (Jallouli et al., 2020; Raymond & Federici, 2017; Sanchis, 2011). Since its 

discovery, isolation and screening efforts have demonstrated insecticidal activity against a range of 

insect pests from six taxonomic orders (Frankenhuyzen, 2009; Milner, 1994) and some of the species 

have been developed as commercial biopesticides for the management of coleopteran, dipterous, and 
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lepidopterous insect pests (Glare et al., 2017; Jurat-Fuentes & Jackson, 2012). B. thuringiensis 

produces numerous virulence factors and the specificity is mostly determined by the production of 

toxins, with the main toxins synthesised and packaged during sporulation into a parasporal crystal. 

Phenotypically, it is distinguished from other spore-forming Bacilli due to the presence of this crystal. 

The parasporal bodies may produce two main types of toxins, Cry (crystal) and Cyt (cytolytic) while 

Vip (vegetative insecticidal protein) toxins are produced and secreted by the vegetative cells. These 

toxins are named and classified according to protein sequence similarity (Crickmore et al., 1998); >300 

Cry, 11 Cyt, and 32 Vip toxin holotypes have been described (Crickmore et al., 2016). All these                             

B. thuringiensis toxins target midgut epithelial cells in the host to compromise epithelial integrity and 

facilitate the bacterial invasion of the haemocoel. Once B. thuringiensis cells invade the haemocoel, 

they grow and multiply until nutritional resources are exhausted, then enter the sporulation phase 

(Raymond et al., 2010).  

 

1.3.3 Lysinibacillus sphaericus  

Lysinibacillus sphaericus, a gram-positive bacterium was previously named Bacillus sphaericus (White 

& Lotay, 1980) due to the production of a spherical spore located in a terminal position within a 

swollen sporangium (Ahmed et al., 2007). This insect-pathogenic bacteria has been largely employed 

to control Culex and other mosquito species (Riaz et al., 2020; Su, 2017) and its mosquitocidal activity 

depends on the production of Bin (Binary) and Mtx (Mosquitocidal) toxins that target midgut cells in 

the host larvae (Silva Filha et al., 2014). Insecticidal activity is highly variable among the mosquito 

species (Silva Filha et al., 2014), with Culex mosquitoes being the most sensitive followed by 

Anopheles, Mansonia, and some Aedes spp. (Berry, 2012; Lacey, 2007).                        

  

1.3.4 Clostridium bifermentans  

Clostridium bifermentans is an anaerobic, spore-forming, gram-positive bacterium and its toxin have 

exhibited insecticidal activity against mosquitoes and blackflies (Chawla, 2015; Juárez-Pérez & 

Delécluse, 2001). 
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1.3.5 Streptomyces spp. 

Streptomyces is a genus of gram-positive bacteria that grows in various environments, with a 

filamentous form similar to fungi (Bubici, 2018). Members of the genus can produce several 

compounds which are toxic to insects, whether their metabolites are used or viable cells are applied 

directly (Ruiu, 2013). The morphological differentiation of Streptomyces involves the formation of a 

layer of hyphae that can differentiate into a chain of spores. This process is unique among gram-

positive bacteria, requiring specialised and coordinated metabolism (Ohnishi et al., 2008; Vetsigian et 

al., 2011). Vijayabharathi et al. (2014) reported that fifteen isolates of Streptomyces were consistently 

pathogenic to Helicoverpa armigera, Spodoptera litura, and Chilo partellus. Streptomyces albus, an 

endophyte of grass, showed high toxicity to the cotton aphid, Aphis gossypii (Shi et al., 2013). 

Avermectin (Streptomyces avermitilis) and Spinosad (Saccharopolyspora spinosa) are some of the 

microbial pesticides developed from this genus or the closely related Saccharopolyspora (Cai et al., 

2011; Sparks et al., 2001).  

1.3.6 Brevibacillus laterosporus  

Brevibacillus laterosporus (Bl) is a gram-positive and spore-forming bacterium belonging to the 

Brevibacillus brevis phylogenetic cluster in the family Paenibacillaceae (Shida et al., 1996). The 

bacterial strains are known to exhibit broad-spectrum pathogenicity against insect pests (Glare et al., 

2020; Ruiu, 2018). Several potential invertebrate toxin-encoding genes in B. laterosporus have been 

identified through genome sequencing, including cry (crystal) genes, although their role in toxicity in 

some cases has yet to be demonstrated (Djukic et al., 2011; Glare et al., 2020; Sharma et al., 2012). 

 

1.4 Critical issues affecting the development of bacterial biopesticides 

1.4.1 Abiotic factors influencing the effectiveness of bacterial biopesticides 

The successful use of entomopathogenic bacteria for the control of insect pests is dependent upon 

several abiotic factors like temperature and sunlight (Baur & Fuxa, 2007; Koul, 2011). For example, 

during the application of the bacterium, a suspension of minute particles is deposited on the plant 

foliage and from the time the bacterium leaves the application equipment until it is consumed by the 

target species, it is exposed to fluctuations in environmental conditions. The period of exposure will 

vary depending on the feeding habits and activities of the target insect pest (Borges & Hussey, 1971; 

Legwaila et al., 2015). Often ultraviolet (UV) light limits the use of Bt-based biopesticides due to the 

inactivation of its crystals toxins against insect pests (Cohen et al., 1991). 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/streptomyces
https://www.sciencedirect.com/topics/medicine-and-dentistry/streptomyces
https://www.sciencedirect.com/topics/medicine-and-dentistry/gram-positive-bacteria
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/bacterial-spore
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1.4.2 Persistence of bacterial biopesticides 

Insect pathogenic microorganisms that are being used in agriculture as biopesticides need to be 

repeatedly applied to the pest-infested areas because their populations are not self-sustaining for 

more than one or a few growing seasons, and they are not capable of spreading beyond the area of 

application. Typically, they have been delivered inundatively as a spray, drench, seed coating, or 

granules (except for endophytes that are delivered in seed or other propagation material). Post 

application of live organism-based biopesticides and/or their bioactives, their persistence and 

therefore activity on the plant or in the soil is not more than a few days. In this context, the persistence 

of activity for 14 days is a realistic target for most foliar-applied biopesticides (Glare et al., 2012). 

However limited persistence of the applied biopesticide/bioactive alleviates possible environmental 

and non-target concerns. 

 

1.4.3 Narrow spectrum of bacterial biopesticides 

Microbial pesticides, or biopesticides, represent a range of bio-based substances acting against 

invertebrate pests with different mechanisms of action (Ruiu, 2018). However, many commercially 

available biopesticides have a narrow spectrum of activity, which generally limits their potential 

market. For example, the bacterial biopesticide based on P. popilliae has a single susceptible host, the 

Japanese beetle (P. japonica), (Jurat-Fuentes & Jackson, 2012). BioshieldTM, a product based on                        

S. entomophila, is only effective against a single insect pest (C. giveni) (Grimont et al., 1979; Jackson 

et al., 1992). There is no doubt that the limited spectrum of activity contributes to environmental and 

non-target safety, but it has confined biopesticides to niche markets, making their development and 

commercialisation more difficult (Glare et al., 2012). 

 

1.4.4 Evolution of resistance against bacterial biopesticides 

Globally, microbial pesticides based on gram-positive bacteria, especially B. thuringiensis, are the most 

extensively used biopesticides (Glare & O’Callaghan, 2000) but several insect pests have developed 

resistance to B. thuringiensis based pesticides or transgenic crops that express usually single                              

B. thuringiensis toxin (Bernardi et al., 2015; Dara, 2017; Peralta & Palma, 2017; Tabashnik, 1994). 

There are reports that at least 27 pest species have evolved resistance to the most widely used                

B. thuringiensis based biopesticide in the world (Berling et al., 2009; Bravo et al., 2011b; Siegwart et 

al., 2015).  
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Biopesticides synthesised from another gram-positive bacteria, L. sphaericus, have been extensively 

used against dipterous insect pests. However, since 1994, both laboratory and field populations of 

Culex pipiens complex have developed resistance to these microbial pesticides (Sinègre et al., 1994; 

Su et al., 2019; Wirth et al., 2015). 

 

1.4.5 Biotic factors affecting the development of bacterial biopesticides 

Bacteria seldom exist in isolation and generally reside within diverse microbial communities (Klein et 

al., 2020). Within these, microbial communities they are vulnerable to certain competitors or enemies 

for their survival (Hibbing et al., 2010). The role of these microbial antagonists is significant for the use 

of entomopathogenic bacteria in the development of microbial pesticides (Liao et al., 2008; Wilson et 

al., 1993). Based on this context an outline of the microbial antagonists is presented the next section.   

 

1.5 Microbial antagonists 

Like many other organisms, bacterial growth can be inhibited by a range of viruses or non-replicating 

virus-like particles, which fall naturally into two physiologically separate groups, bacteriophages, and 

bacteriocins. The bacteriocins differ in that they do not multiply in the cell after infecting it, but only 

kill it (Bradley, 1967b; Hockett & Baltrus, 2017). 

 

1.5.1 Bacteriophages 

Bacteriophages are “bacterium eating viruses” that kill bacteria through lysis of their cells (Paczesny 

et al., 2020). Phages were discovered independently by Frederick Twort and Felix d’Herelle in 1915 

and 1917 respectively (Grabow, 2001; Nelson, 2004) and are known to play an important role in driving 

the global geochemical cycles (Suttle, 2005). Over a century of phage research has revealed the 

extreme diversity and ubiquitous nature of these viruses preying on eubacteria and archaea in a wide 

range of biological niches. Bacteriophages are considered the most abundant ‘‘organisms” on earth 

with an estimated population of 1031 virions in the earth's biosphere (Brüssow & Hendrix, 2002; 

Hambly & Suttle, 2005; Wommack & Colwell, 2000). This number is 10 times greater than the bacterial 

population (Canchaya et al., 2004; Hendrix, 2002).  

Bacteriophages play many roles in the ecology and genomic evolution of bacteria. For example, they 

can mediate lateral gene transfer (Wommack & Colwell, 2000) and in some cases provide their hosts 

with beneficial genes (Abedon & LeJeune, 2005; Brüssow et al., 2004). Bacteriophages can also 
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regulate the numbers of their host bacteria by inhibiting their replication or inducing cell lysis 

(Bordenstein et al., 2006). An estimate of the number of extant bacterial species suggests it to be ten 

million upwards and multiple types of tailed phages have been found to infect each bacterial species 

which suggests the number of types could be extremely large (Dykhuizen, 1998; Rohwer, 2003). 

Rohwer (2003) calculated that over two billion novel phage genotypes likely remain to be discovered. 

The extensive genetic diversity of these viruses is due to their very ancient origin, large population 

size, and high ability to evolve. Despite more than 105 genes already described in phage genomes 

(Kristensen et al., 2013), a recent study suggests that the function of the majority of phage genes has 

yet to be elucidated (Turner et al., 2021). 

 

A. Bacteriophage life cycle 

A bacteriophage particle or virion consists of a single (ss) or double-stranded (ds) DNA or RNA 

molecule, encapsulated inside a protein or lipoprotein coat. After infection, a phage can follow two 

alternative cycles of replication, lytic or lysogenic (Figure 1.1) (Olszak et al., 2017; Young et al., 2000). 

Most phages undergo lytic phage infection cycles whereby daughter progeny are produced and 

released at the expense of host cell lysis and death (Bordenstein et al., 2006). These are considered 

“productive infections” where infections quickly lead to the release of viral progeny. Once the viral 

genome enters the host cell, phage-encoded genes are expressed in the bacterial cytoplasm, the 

function of which is to take over the host bacterial metabolism (Young, 2014). The phage replicates its 

genome and assembles hundreds of new progeny, which are then released after cell lysis (Abedon, 

2012; Young, 2014). 

In the lysogenic cycle, the temperate phage genome interacts reversibly with the host genetic 

apparatus in such a way that does not lead to multiplication but allows the viral genome to replicate 

in synchrony with the host DNA replication and cell division. The phage genome either remains in the 

host as a plasmid or integrated into the host chromosome as a “prophage” and bacterium 

incorporating a prophage are called “lysogens”. Lysogeny comes at a cost to the bacterial host due to 

the extra burden of replication of prophage DNA and the threat of lysogen induction, which is lethal 

to the host cell. On the other hand, there are many well-documented examples of lysogenic 

conversion, where prophage encoded products confer new and advantageous characteristics on the 

host (Brüssow et al., 2004; Fortier, 2017). These intact prophages are molecular time bombs that can 

kill their hosts upon activation of the lytic cycle (Casjens, 2003; Harrison & Brockhurst, 2017b; Ptashne, 

1992). The prophage, under certain conditions, is induced into the lytic cycle of phage replication in 

response to host and/or other external danger signals (typically the host SOS response) (Grabow, 

2001; Mardanov & Ravin, 2007). Lysogeny is widespread in bacteria (Howard-Varona et al., 2017; 
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Weinbauer, 2004) and most prophage genomes share the same genetic organisation: they are 

organised in two clusters of genes each controlling related functions, which are transcribed 

divergently. One of these clusters comprises genes participating in the integration and maintenance 

of lysogeny; the other includes genes involved in the lytic life cycle. These genomes have a mosaic 

structure of conserved sequences interspersed by non-homologous regions (Botstein, 1980; Brüssow 

et al., 2004) which suggests that prophages evolve by horizontal DNA transfer through the exchange 

of modules via homologous recombination (Brüssow et al., 2004; Casjens, 2003). 

 

B. Bacteriophage classification 

Historically, the International Committee on the Taxonomy of Viruses (ICTV) used virion 

morphology, nucleic acid composition, and the presence or absence of an envelope or lipid as a basis 

for the classification of phages into 13 families. Over 95% of all phages described in the literature 

belong to the order ‘Caudovirales’ or tailed dsDNA phages (Ackermann, 2001). The three main families 

that constitute the Caudovirales are distinguished by their distinctive tail morphologies: 60% of the 

characterised phages are Siphoviridae, with long, flexible tails; 25% are Myoviridae, with double-

layered, contractile tails; and 15% are Podoviridae with short, stubby tails. Polyhedral, filamentous, 

and pleomorphic phages represent only 3% to 4% of the studied phages, some of which are very small 

and belong to 10 families (Ackermann, 2007). The ICTV classification approach described above is 

currently being re-evaluated since it ignores the vast amount of available genome sequences data, 

which occasionally causes contradictions (Turner et al., 2021). For example, despite an absence of 

DNA sequence relatedness, the current taxonomic system lists both the Salmonella P22 phage and 

the Coliphage T7 as belonging to the Podoviridae family based on the shared presence of short tails. 

However, it has been known for more than 35 years that P22 is genetically related to the long-tailed 

phage lambda and that recombination between genomes of the two groups forms functional hybrids 

(Botstein & Herskowitz, 1974). There have been efforts to use alternative (molecular) classification 

methods, but this has been proven to be difficult because no universal gene, analogous to the                         

16S rRNA gene used for bacteria, exists throughout all phage families (Paul et al., 2002). Comparative 

approaches based on terminase sequences (Serwer et al., 2004), structural genes (Chibani-Chennoufi 

et al., 2004), and whole proteomes (Dion et al., 2020; Rohwer & Edwards, 2002) were proposed as 

novel taxonomic tools. Lavigne et al. (2008) delineated new phage subfamilies and genera using a 

method that integrated BLASTp-based tools with a careful review of the available literature, which 

laid the basis for systematic and genome-based classification of sequenced phages. 
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Figure 1.1 Life cycle of a bacteriophage. A temperate bacteriophage has both lytic and lysogenic 
cycles. The phage replicates and lyses the host cell in the lytic cycle, whereas in the lysogenic cycle, 
phage DNA is incorporated into the host genome, where it is passed on to subsequent generations. 
Environmental stressors such as starvation or exposure to toxic chemicals may cause the prophage 
to excise and enter the lytic cycle (Sourced from: www.lumenlearning.com) 

 

C. Bacteriophages contribution towards the pathogenicity of host bacteria 

 

A significant threat to the large-scale production of bacteria is an infection by bacteriophages 

which can cause a collapse of the culture through lysis of the cells (Beegle, 1991). About 83% of                         

B. thuringiensis strains contain lysogenic phages, which are highly detrimental during fermentation 

and can cause 15% to 30% failure of production batches (Liao et al., 2008). Wu et al. (2014), using 

proteomics, have shown how bacteriophages infection of B. thuringiensis depressed host metabolism 

http://www.lumenlearning.com/
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and hijacked the host translational machinery to damage the cells and suppress the growth of the 

culture.  

Similarly, Wilson et al. (1993) described the isolation of bacteriophages specific to an insect pathogenic 

and the gram-negative bacterium S. entomophila from macerated grass grub larvae. These phages 

caused problems in biomass production of S. entomophila before its field application (O'Callaghan et 

al., 1992). 

 
 

1.5.2 Bacteriocins 

Bacteriocins are ribosomally synthesised cationic and hydrophobic toxic peptides or proteins, 

produced by all major lineages of bacteria, generally inhibit the growth of bacterial strains closely 

related to the producer and often encode immunity proteins that protect producer strains from their 

lethal action (Cotter et al., 2005; Riley, 2011). The bactericidal effect of bacteriocins against other 

bacterial strains has been investigated for many years (Bastos et al., 2009; Cleveland et al., 2001; 

Gratia, 1925). The bacteriocin effects may be just bacteriostatic halting growth without causing 

lethality to host cells. For example, some B. thuringiensis bacteriocins play a bacteriostatic role against 

Salmonella spp. (de la Fuente-Salcido et al., 2012). However, certain bacteriocinogenic strains are 

sensitive to their own bacteriocin, like hyicin 3682 (Fagundes et al., 2011). 

The vast majority of bacteria are known to produce at least one bacteriocin as part of their defence 

mechanism (Lucas et al., 2006; Riley & Wertz, 2002a). Gratia (1925) was the first to introduce a 

description of bacteriocins while describing the antagonism of Escherichia coli V, against E. coli Ø 

however, Jacob and Wollman (1953) coined the term “bacteriocin”. The bactericidal spectrum of 

bacteriocins is relatively narrow because the bacteriocins produced by gram-positive bacteria cannot 

kill gram-negative strains under normal growth conditions (Jack et al., 1995). Nevertheless, several 

bacteriocins of gram-positive bacteria display a fairly broad inhibitory spectrum of activity (Hata et al., 

2010; Riley & Wertz, 2002a). Genes encoding bacteriocin production and immunity are often located 

on plasmids, although they can be found on the bacterial chromosome as well (Heng et al., 2007). 

  

A. Bacteriocins of gram-positive bacteria  

Bacteriocins of gram-positive bacteria are more abundant and even more diverse than those from 

gram-negative bacteria (Jack et al., 1995). Most members of this category display bactericidal activity 

with fairly broad inhibitory activities (Hata et al., 2010). The major classifications of gram-positive 

bacteriocins are: 

 

https://www.sciencedirect.com/topics/immunology-and-microbiology/gram-positive-bacteria
https://www.sciencedirect.com/topics/immunology-and-microbiology/bacterial-chromosome
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Class I bacteriocins 

Class I bacteriocins are characterised by small peptides/lantibiotics (<5 kD, 19–37 amino acids) having 

the unusual amino acids lanthionine and methyllanthionine in their primary structure. These 

bacteriocins are post-translationally modified, heat-stable peptides, and generally target the cell wall 

of pathogens particularly gram-positive bacteria (Arnison et al., 2013). 

 

Subclass Ia bacteriocins: Positively charged elongated bacteriocins that kill bacteria by pore 

formation. Nisin, is an example of this group (Deegan et al., 2006; McAuliffe et al., 2001). 

 

Subclass Ib bacteriocins: Negatively charged or with no net charge with globular and 

inflexible structures. These bacteriocins inhibit various catalytic enzymes required to complete 

the life-supporting processes of susceptible bacteria. Lacticin 481, cytolysin, and salivaricin are 

typical examples of this category (Deegan et al., 2006). 

 

Class II bacteriocins 

Class II bacteriocins are heat-stable, small, 30-60 amino acids (<10 kD) peptides that are not post-

translationally modified, and positively charged with isoelectric points (pIs) varying from 8.3 to 10.0 

(Ennahar et al., 2000; Heng et al., 2007). 

 

Subclass IIa bacteriocins: The antilisterial bacteriocins are grouped in this class. The 

representative bacteriocins of this group are leucocin A, acidocin A, mesentericin, pediocin 

PA-1, and sakacin P (Ennahar et al., 2000; Venema et al., 1997). 

 

Subclass IIb bacteriocins: Bacteriocins of this class require at least two different peptides 

for activity and thus generally act synergistically. These peptides have little or no activity when 

tested individually, e.g. lactococcin G and plantaricins (Gong et al., 2010). 

 

Subclass IIc bacteriocins: These are small and heat-stable peptides that are carried by 

leader peptides. The members of this subclass are further divided into two groups, the 

thiolbiotics, and cystibiotics. Thiolbiotics are bacteriocins with two cysteine residues, whilst 

bacteriocins with one cysteine residue are cystibiotics. Lactococcin A, divergicin A, and 

acidocin B are typical members of this class (Joerger & Klaenhammer, 1986). 
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Class III bacteriocins  

These are large (>30 kD) peptides which may be heat-labile lytic bacteriocins lysing the cell wall of 

bacteria in an enzymatic manner or heat-labile, high-molecular weight bacteriocins without a lytic 

mode of action such as helveticin J from Lactobacillus helveticus 481, dysgalacticin from Streptococcus 

dysgalactiae subsp. equisimilis W2580, and streptococcin A-M57 (Joerger & Klaenhammer, 1986; 

Vaughan et al., 1992). 

 

Class IV or complex bacteriocins or cyclic bacteriocins 

These complex bacteriocins containing lipid or carbohydrate moieties are sensitive to glycolytic or 

lipolytic enzymes, e.g. plantaricin S, leuconocin S, and uberolysin (Lewus & Montville, 1991; Wirawan 

et al., 2007). 

 

B. Bacteriocins of gram-negative bacteria 

Gram-negative bacteria bacteriocins are typically larger in comparison to bacteriocins of gram-

positive bacteria, and range in size from ˂ 10 kD to ˃ 20 kD. Gram-negative bacteria bacteriocins differ 

from bacteriocins of gram-positive bacteria in two fundamental ways: First, they are usually released 

through cell lysis, and second, they are often dependent on host regulatory pathways, like SOS 

regulation (Chavan & Riley, 2007). Furthermore, this group contains colicins and microcins categories.  

 

Colicins 

Colicins are protease-sensitive, heat-sensitive, high-molecular weight (HMW) (30-80 kD), and 

narrow-spectrum antibacterial proteins of gram-negative bacteria, E. coli, that have a single 

colicinogenic plasmid (Gordon et al., 2007; Zimina et al., 2020). Colicin synthesis is carried out under 

stress and is fatal for producing cells, due to co-expression with lysis protein (Braun et al., 1994) that 

kills target cells through a variety of mechanisms (Riley & Wertz, 2002b). Colicins can inhibit 

macromolecular synthesis without the arrest of respiration (Colicins A, E1, K), cause DNA breakdown 

(Colicins E2, E7, E8, E9), and stop protein synthesis (Colicins E3, E4, E6) (Cascales et al., 2007; Chavan 

& Riley, 2007). 

 

Microcins 

Microcins are low-molecular weight (LMW) (<10 kD), highly stable peptides, and are resistant to 

proteases, extreme pH, and temperature values (Baquero & Moreno, 1984; Gillor et al., 2004). The 

classic example is microcin V, of Escherichia coli (Jeziorowski & Gordon, 2007) . Gene clusters encoding 

microcins are located in plasmids, and less often, in genomic DNA. Microcins express a powerful 
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antibacterial activity and typically have a broader killing spectrum as compared to colicins. The killing 

mechanism involves the formation of pores or disrupting the cell membrane potential of sensitive cells 

(Destoumieux-Garzón et al., 2003; Morin et al., 2011).  

 

C. Mode of action of bacteriocins  

Bacteriocins can kill the target cells in a variety of ways, through their effect on the cytoplasmic 

membrane (Riley & Chavan, 2007). Bacteriocins of both gram-positive and gram-negative bacteria 

exert their bactericidal activity through their adsorption to specific receptors (Tagg et al., 1976) 

located on the surface of the susceptible bacteria. The attachment of the bacteriocins alters the 

metabolic activities and morphological features of the cells due to lysis (Oscáriz & Pisabarro, 2001). 

However, various other modes of action, including inhibition of cell wall peptidoglycan synthesis 

(Bierbaum & Sahl, 2009), production of bacteriolytic enzymes (Kumar, 2008), interference with 

quorum sensing (Kleerebezem, 2004), and the secondary action of bacteriocins are also observed 

(Martínez-Cuesta et al., 2000). Sometimes, the autolytic system of the bacteriocin sensitive cells 

causes the lysis due to degradation of cell wall instead of disruption of the membrane potential. 

Therefore, it is often called the secondary action of bacteriocins  (Jack et al., 1995) 

 

1.5.3 Phage tail-like bacteriocins (PTLBs) 

High-molecular weight (HWM) proteinaceous structures resembling phage tails which are functional 

without an associated phage head are known as “Phage tail-like bacteriocins” (Ghequire & De Mot, 

2015). Occasionally these are also referred to as defective prophages (Bobay et al., 2014; Krogh et al., 

1998) or phage remnants (Canchaya et al., 2002; Ventura et al., 2003). These multi-protein 

antibacterials consist of eight to fourteen different polypeptide subunits that are encoded in the 

genomes of bacteria by a cluster of genes ˃40 kbp (Zimina et al., 2020). The locus includes genes 

encoding structural proteins, assembly enzymes, chaperones, regulatory genes, and lysis cassettes, 

whose function is to release bacteriocins into the environment (Alvarez-Sieiro et al., 2016; Young, 

2013).  

Phage tail-like bacteriocins have been extensively isolated and characterised in various gram-negative 

bacteria (Fischer et al., 2012; Hockett et al., 2015; Yao et al., 2017). The most well studied phage tail-

like bacteriocins are R-type and F-type pyocins of Pseudomonas aeruginosa. The induction of synthesis 

of these compounds is associated with the SOS response of the producer cell to DNA damage (Scholl, 

2017). Diffocins of Clostridium difficile are the only gram-positive contractile R-type PTLBs that have 

been studied in any detail (Gebhart et al., 2012). 
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A. R-type pyocins 
 
       Kageyama and Egami (1962) described a pyocin produced by P. aeruginosa strain R which appears 

as a rod-like particle resembling a Myoviridae phage tail (Nakayama et al., 2000) (Figure 1.2). R-type 

pyocins are categorised into five subgroups based on their target spectrum i.e., R1-R5 (Kageyama, 

1975; Michel-Briand & Baysse, 2002; Takeda & Kageyama, 1975). Some additional R-type pyocins, not 

assigned to one of these groups, include C9 (Higerd et al., 1967), pyocin 21, and 430c (Govan, 1974).   

The killing mechanism of R-type bacteriocins is related to the mechanism in which Myoviridae phages 

translocate DNA into the cell after binding but instead of DNA entering the cell, a pore is created                  

(Ge et al., 2020; Scholl, 2017). This mechanism is also similar to that described for the bactericidal 

activity of phage T4 ghosts, which are phages that lack DNA (Duckworth, 1970).  

   

B. F-type pyocins 
 

F-type pyocins are the non-contractile and rod-shaped structures of P. aeruginosa which are 

similar in form to the Siphoviridae phages (Lee et al., 2016; Saha et al., 2021) (Figure 1.2). Numerous 

F-type pyocins have been reported: pyocin 28 (Takeya et al., 1967), 430f (Govan, 1974), F1 and F2 

(Kuroda & Kageyama, 1979), and F3 (Kuroda & Kageyama, 1981). These antibacterials are often 

produced and co-expressed with R-type pyocins or bacteriophages (Kuroda & Kageyama, 1979; Saha 

et al., 2021).  

F-type pyocins do not have a contractile mechanism; they possess a simple tube that presumably does 

not penetrate the inner membrane (Saha et al., 2021). Little work has been done to understand the 

mechanism of action of F-type pyocins. However, as with R-type pyocins, a single particle can kill a 

cell, particularly with F-type monocins, suggesting that a similar channel is formed in the inner 

membrane, resulting in disruption of respiration, but this is still only a speculation (Lee et al., 2016; 

Scholl, 2017). 
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             Figure 1.2 Typical structures of phage tail-like bacteriocins (Saha, 2016) 

 

1.6 Phage tail-like homologous structures 

1.6.1 Photorhabdus virulence cassettes (PVC) 

Photorhabdus luminescens is an insect pathogenic, gram-negative, bioluminescent bacterium 

formerly known as Xenorhabdus luminescens (Clarke, 2020). The bacterium dwells in the gut of a free-

living form known as the infective juvenile (IJ) of the entomopathogenic nematode, Heterorhabditis 

bacteriophora (Ehlers, 2001). The particular combination holds great potential to control agricultural 

pests due to its toxicity to a wide range of insect pests belonging to families like Pyralidae, Sphingidae, 

and Aleyrodidae (Kooliyottil et al., 2013). It should be noted that PVC-like elements are not restricted 

to Photorhabdus as a well-characterised homologous operon can also be found on the pADAP plasmid 

of the insect pathogenic bacterium S. entomophila (Hurst et al., 2004). This system has been named 

“Antifeeding prophage” (Afp), as it is responsible for the cessation of feeding in the New Zealand grass 

grub host (C. giveni). Cryo-electron microscopy of Afp particles has revealed morphological similarities 

to the contractile sheathed T4 bacteriophages (Hurst et al., 2004). 

PVCs constituent proteins exhibit structural similarities with other contractile phage tail derived 

systems, including the Type VI secretion system (T6SS) (Desfosses et al., 2019; Kapitein & Mogk, 2013) 

and to a lesser extent R-type pyocins (Taylor et al., 2018). However, PVC-like elements are distinct in 

two important ways. Firstly, unlike the T6SS, they require no membrane complex for anchoring and 
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synthesis and are freely released from the producing bacterial cell (Durand et al., 2015). Therefore, in 

common with R-type pyocins, they can act at a distance. Secondly, like T6SSs but unlike R-type pyocins, 

they have evolved to inject bioactive protein effectors into other cells (Vlisidou et al., 2019).  

 

1.6.2 Metamorphosis associated contractile structures (MACs) 

Metamorphosis associated contractile structures are the first extracellular contractile injection system 

(eCIS) discovered to puncture membranes and deliver an array of phage tail-like structures 

(proteinaceous effectors) into target cells (Brackmann et al., 2017). The interaction of the marine 

tubeworm Hydroides elegans and the bacterium Pseudoalteromonas luteoviolacea presents a typical 

model for the study of invertebrate metamorphosis (Ericson et al., 2019; Hadfield, 2011). Like other 

contractile injection systems, MACs are also evolutionarily related to the contractile tails of 

bacteriophages (Rocchi et al., 2019; Shikuma et al., 2014).  

 

1.6.3 Type VI Secretion System (T6SS) 

Gram-negative bacteria over time have developed sophisticated nanomachines resembling phage tail-

like structures that span both membranes to guide the exoproteins from the interior to the exterior 

of the cell (Bingle et al., 2008; Filloux, 2011). Mekalanos and co-workers in 2006 identified the novel 

Type VI secretion system (T6SS) (Mougous et al., 2006), which has since been predicted to be present 

in 25% of all the sequenced gram-negative bacteria (Basler et al., 2013). T6SS has the potential to act 

as “antibacterial T6SS” (Russell et al., 2014) or “anti-eukaryotic T6SS” (Basler, 2015) by translocating 

bacterial effector proteins. T6SSs can serve as effective weapons against gram-negative bacteria both 

of the same or different species (Kapitein & Mogk, 2013). To protect against the potentially lethal 

effect of effectors, bacteria that encode T6SS most often produce a set of corresponding “anti-

effectors” (immunity proteins) that confer “immunity” to effectors of their own or from other bacteria 

(Journet & Cascales, 2016). 

Morphologically, the T6SS machine resembles an “inverted” bacteriophage tail and shares a common 

origin with contractile tail phages (Leiman et al., 2009). However, in T6SS, the tail-like structures are 

built inside the cytoplasm and inversely oriented, with their spike pointing outwards (Galán & 

Waksman, 2018). T6SS tail is composed of an external layer, a contractile sheath, and a hollow inner 

tube that stores small protein effectors before their secretion. Similar to an armed crossbow, the 

assembled T6SS remains inactive and ready to fire until it somehow senses a prey cell within the firing 

range (Ho et al., 2014). This activates sheath contraction, which exposes the spike, then penetrates 
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the prey cell envelope and delivers its deadly cargo into target cells using a dynamic ‘firing’ mechanism 

related to the action of contractile bacteriophage tails (Cianfanelli et al., 2016).  

 

 

 

Figure 1.3 Diagrammatic presentation of phage and phage tail-like structures. Bacteriophages, 
phage tail-like bacteriocins (PTLBs), and phage tail-like homologous structures like PVC and MACs 
act extracellularly. The target of the PVC and MACs is eukaryotic cells and they are not lethal to 
bacterial cells. Type VI secretion system (T6SS) acts intracellularly (Sourced from: 
www.pilhoferlab.ethz.ch) 

 

1.7 Brevibacillus laterosporus  

1.7.1 Brevibacillus laterosporus potential as a biopesticide 

Brevibacillus laterosporus (Laubach) is an often entomopathogenic, gram-positive, and spore-forming 

ubiquitous bacterium found in soil and water around the world (Glare et al., 2020; Hannay, 1957; 

Suslova et al., 2012). This broad-spectrum bacterium is classically distinguished by the production of 

a canoe-shaped parasporal body (CSPB) attached to one side of the spore, which defines its lateral 

position in the sporangium (Azizbekyan et al., 2015; Marche et al., 2017; Ruiu, 2013). The genus 

Brevibacillus was originally described as part of the Bacillus (Laubach et al., 1916) but was 

http://www.pilhoferlab.ethz.ch/
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differentiated from the genus Bacillus based on 16S rDNA sequencing (Shida et al., 1996). Currently, 

the genus Brevibacillus comprises 27 species (https://lpsn.dsmz.de/genus/Brevibacillus). 

Globally, various strains of this bacterium have exhibited biocontrol potential against invertebrate 

pests of different insect orders including Coleoptera (Bowen et al., 2021; Salama et al., 2004; Singer, 

1996), Diptera (Bedini et al., 2021; Carramaschi et al., 2015; Ruiu et al., 2006; Zubasheva et al., 2010), 

Lepidoptera (Ertürk & Demirbag, 2006; van Zijll de Jong et al., 2016), and also against nematodes 

(Zheng et al., 2016) and molluscs (De Oliveira et al., 2004; Singer et al., 1994). The insecticidal action 

is mostly related to the production of diverse toxins, most of which act in the insect gut after ingestion 

(Glare et al., 2020; Marche et al., 2018). Therefore, due to the entomocidal action of B. laterosporus 

against multifarious insect pests, there has been a surge of interest in the commercialisation of patents 

for future microbial pesticides development (Boets et al., 2011; Floris et al., 2011; Glare et al., 2014; 

Glare et al., 2018; Sampson et al., 2016). 

Various strains of B. laterosporus can produce a wide range of enzymes and antibiotics which exhibit 

broad-spectrum antimicrobial activity against diversified phytopathogenic bacteria and fungi (Chandel 

et al., 2010). These antimicrobial peptides are resistant to heat, proteases, and pH changes, which 

makes them a favourable biological agent (Zhao et al., 2012b). The bacteria has long been noted for 

its antifungal properties when isolated from rhizosphere soil samples (Idris et al., 2008).                                        

B. laterosporus BPM3 isolated from mud in India inhibited the growth of the phytopathogenic fungi 

Fusarium oxysporum, F. semitectum, Magnaporthe grisea, and Rhizoctonia oryzae and of the gram-

positive bacterium, Staphylococcus aureus. The broad-spectrum antimicrobial compounds responsible 

for the observed effects were purified and characterised (Saikia et al., 2011). B. laterosporus ZQ2, 

isolated from an apple tree rhizosphere in China, inhibited the growth of various apple tree fungal 

phytopathogens including Rhizoctonia solani, F. oxysporum, F. solani, Aspergillus fumigatus, Alternaria 

alternata, Colletotrichum gloeosporioides, Botrytis cinerea, and Physalospora piricola (Song et al., 

2011). Zhao et al. (2012b) isolated and characterised a novel antimicrobial peptide BL-A60 from                           

B. laterosporus strain A60. This short sequence peptide has a molecular mass of about 1.6 kD and has 

demonstrated activity against diverse plant pathogens including the gram-negative bacteria,                                       

P. solanacearum and Xanthomonas campestris, the gram-positive bacterium, Bacillus subtilis, and the 

fungi, Phytophthora capsici, B. cinerea, Verticillium dahliae, and F. oxysporum. This strain also 

enhanced the immunity of tobacco plants against infection by B. cinerea through secretion of the 

protein elicitor PeBL2 (Jatoi et al., 2019).  

Some strains of B. laterosporus also produce chitinases that may play a major role in the degradation 

of the cell wall of fungi. B. laterosporus Lak 1210, isolated from mangrove marsh soil in India, when 

grown on media containing colloidal chitin, produced chitinases that were released in the culture 

https://lpsn.dsmz.de/genus/Brevibacillus


 54 

supernatant. The activity of these antifungal proteins was assayed against the phytopathogenic fungus 

F. equiseti. These proteins had high homology with an 89.4 kD four domain chitodextrinase and with 

a 69.4 kD, two domain chitinase (ChiA1) encoded by B. laterosporus LMG 15441 (Prasanna et al., 

2013).  

B. laterosporus, in addition to expressing activity against phytopathogenic bacteria and fungi, also 

showed activity in vitro against the bacterium Paenibacillus larvae, the causal agent of American 

foulbrood of honeybees (Alippi & Reynaldi, 2006). Marche et al. (2019) observed the inhibition of both 

P. larvae vegetative growth and spore germination when treated with culture supernatant of                    

B. laterosporus strain F5. Mass spectrometry analyses revealed a protein complex in which the 5.7 kD 

bacteriocin, laterosporulin, was the major active component, followed by high-molecular weight 

proteins representing the different layers that make up the cell wall, and other functional                                 

(i.e., enzymes) and stress-related peptides. F5-produced laterosporulin showed 100% homology with 

laterosporulin produced by B. laterosporus strains GI-9 (Singh et al., 2012) and LMG 15441 (Djukic et 

al., 2011), confirming that this bacteriocin is highly conserved in B. laterosporus. Current work 

highlights the potential of laterosporulin as a biological control against P. larvae (Marche et al., 2019).  

Endophytic use of this broad-spectrum bacterium can significantly reduce the intensity of various 

diseases like the common scab of potato caused by Streptomyces spp. (Chen et al., 2017), brown stripe 

of rice caused by Acidovorex avenae subsp. avenae (Kakar et al., 2014), and some of these strains also 

impart antifungal effects (Song et al., 2011; Zhou et al., 2006).  

The entomocidal action and biocide effect (antibacterial & antifungal) of this useful microorganism 

can expand its biocontrol potential (Ghazanchyan et al., 2018). However, it is considered vital that 

besides determining the biocontrol potential of an entomopathogen, its effects on the agricultural 

ecosystem should be considered in the broadest sense. This involves the evaluation of possible effects 

against beneficial organisms like predators and parasites (Lacey et al., 2001). The non-lethal effects of 

B. laterosporus on natural enemies of insect pests like parasitoids (Ruiu et al., 2007) and the predator 

Chrysoperla agilis (Ruiu et al., 2020) demonstrate that it can be included in integrated pest 

management (IPM) programmes.  
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1.7.2 Brevibacillus laterosporus potency against Plutella xylostella  

Diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is an oligophagous pest 

which feeds on cruciferous crops (Furlong et al., 2013; Shelton, 2004). Globally, this obnoxious pest 

causes an estimated loss of US$ 4-5 billion every year (Zalucki et al., 2012) and is ranked among the 

world’s top 10 insect pests (Avies-Riordan, 2019). The “Arthropod Pesticide Resistance” database has 

recently stated that the number of reported cases of insecticide resistance were greater for 

P. xylostella than any other arthropod around the world (Mota-Sanchez & Wise, 2020). Importantly, 

P. xylostella resistance involves insecticides in almost all major classes recognised by the Insecticide 

Resistance Action Committee (IRAC). The short life span, high reproduction rate, and the high selection 

pressure with insecticides are often cited for the evolving mechanism of resistance in this deadly pest 

(Pu et al., 2010; Zhao et al., 2002; Zhou et al., 2011). Although B. thuringiensis based insecticides have 

been used to manage its populations with considerable success (Sarfraz et al., 2005), it was the first 

insect to develop field resistance to the toxins produced by this biocontrol agent (Tabashnik, 1994). 

There are various reports of the development of resistance in the pest against B. thuringiensis based 

products (Ferré & Van Rie, 2002; Tabashnik, 1994; Wright et al., 1997).  

DBM is a multivoltine pest of temperate and tropical regions with up to 20 generations per year. 

Females can lay over 200 eggs and 1st instar feeds primarily on spongy mesophyll tissues (Harcourt, 

1957) while 2nd to 4th instars larvae are surface feeders and consume leaves, buds, flowers, siliques, 

the green outer layer of stems, and developing seeds within older siliques (Sarfraz et al., 2005). 

Populations can proliferate rapidly as moths are highly migratory and have been recorded to travel a 

distance of up to 1500 km at a speed of 400 to 500 km/night (Chapman et al., 2002). The pest occurs 

in all agricultural regions where cruciferous crops are grown, including Europe, North America, Central 

America, South America, Asia, Africa, Oceania, and the Caribbean (Shelton, 2004). Massive damage 

has been reported in different parts of the world, including Asia, Southeast Asia, and South-eastern 

USA (Abro et al., 1994; Ramachandran et al., 2000; Verkerk & Wright, 1996). P. xylostella is also a 

serious threat in New Zealand and growers often report that it is the most difficult pest to control 

(Cameron et al., 1997). Numerous factors are cited for the failure of control but generally, the 

inadequate application of insecticides, insecticides resistance, and favourable weather conditions are 

considered responsible for its intensification (Khakame et al., 2013; Sayyed & Wright, 2006). 

Significant efforts were made to introduce natural enemies in New Zealand such as the parasitoids 

Diadegma semiclausum and Diadromus collaris for its control (Sarfraz et al., 2005) but unfortunately, 

parasitoids could not provide effective control when the population size of the pest increases at the 

later stages of crop growth (Cameron et al., 1997). Fortunately, the New Zealand B. laterosporus 
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strains (1821L & 1951) demonstrated insecticidal potency against lepidopterous and dipterous insect 

pests (Glare et al., 2014) and especially against P. xylostella (Ormskirk, 2017). 

 

1.7.3 Salient features of New Zealand Brevibacillus laterosporus strains (Bl 1821L, 
Bl 1951, Bl Rsp) 

Insect pathogenic strains of B. laterosporus (1951, 1821L, Rsp) have been isolated and characterised 

from New Zealand. Two isolates, Bl 1951 and Bl 1821L were found in surface-sterilised brassica seeds 

suggesting an endophytic origin (van Zijll de Jong et al., 2016), and the third (Bl Rsp) was recovered 

from a potato plant (Bienkowski, 2012). All the isolates exhibited larvicidal activity against the 

diamondback moth, P. xylostella (Glare et al., 2014; Ormskirk, 2017; van Zijll de Jong et al., 2016). The 

New Zealand strains share an ability to kill some caterpillar species and mosquitoes but differ 

genomically in many ways from strains of other countries (Glare et al., 2020).  

All three strains initially grow as vegetative cells and then form a sporangium containing a parasporal 

body (CSPB) and adjacent spore (Glare et al., 2014). Genome sequences of B. laterosporus strains are 

publicly available and surprisingly the high level of variation in toxin activity across the different strains 

provides an insight into the role of genetic regions in insect pest pathogenesis (Glare et al., 2020). 

Recently the genome sequences of the three New Zealand strains of B. laterosporus (1951, 1821L, 

Rsp) and two non-native strains (CCEB342 & NRS590) all with activity against P. xylostella and 

mosquito larvae were analysed and compared for the phylogenetic determinants of toxin gene 

distribution in their genetic makeup (Glare et al., 2020).  A summary of the salient genomic features 

of the New Zealand strains is presented in Table 1.1. 
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Table 1.1 Genomic features of New Zealand Brevibacillus laterosporus strains (Glare et al., 2020)  

Salient features Bl 1951 Bl 1821L Bl Rsp 

GenBank Accessions RHPK00000000* CP033461–4* RHPL00000000* 

Genome size (Mb) 5.48 5.56 5.39 

Contigs 3 1 112 

CDSs 5204 5326 5268 

GC% 40.5 40.7 40.9 

No. of plasmids 1 3 2 

rRNAs 36 36 32 

tRNAs 111 112 94 

 

*= Bioproject PRJNA503267 

 

The genomes of two strains (Bl 1821L & Bl 1951) harbour various crystal toxin-like (cry-like) genes. 

Ormskirk (2017) hypothesised that cry27-like genes identified in both Bl 1821L and Bl 1951) and the 

pierisin-like/cry35-like putative binary toxin encoding genes identified in Bl 1951, were responsible for 

the main toxicity toward diamondback moth larvae. Furthermore, it was also hypothesised that the 

parasporal crystals produced by Bl 1821L were the main agent of toxicity. However, the research 

findings identified a larvicidal extracellular S-layer protein, and the two putative accessory virulent 

genes co-located to the S-layer protein-encoding gene. S-layer protein production by a B. laterosporus 

strain has not been associated with larvicidal action against the diamondback moth before. 

Importantly, Bl 1951 S-layer protein may represent a new class of toxins active against the 

diamondback moth (Ormskirk, 2017).  

The B. laterosporus strains (1821L & 1951) demonstrated significant protection against larvae of 

diamondback moth herbivory of cabbage plants under laboratory and field conditions when topically 

applied as cells or spores (Ormskirk et al., 2019; van Zijll de Jong et al., 2016). But, a loss of virulence 

in both the strains was noted due to the suspected infection of phages and subsequent electron 

microscopy of Bl 1821L sporulating cultures revealed the possible presence of Tectiviridae phages 

(Ormskirk, 2017). Glare et al. (2020) predicted the putative phage regions within the genomes of                

B. laterosporus strains 1821L, 1951, and Rsp using the programme PHASTER (Arndt et al., 2016). The 

endemic B. laterosporus isolates 1821L and 1951 are under development as a biopesticide however 

bacterial cultures during their growth cycle collapse due to the suspected activity of bacteriophages 

or bacteriocins. Based on the potential antagonistic effects of these bioactives and their likely 
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influence on the growth of the host organism, further detail on known B. laterosporus bioactives is 

outlined below.   

 

1.8 Bacteriophages and other antimicrobials of Brevibacillus laterosporus  

1.8.1 Bacteriophages  

B. laterosporus is commonly found in beehives (Ruiu, 2013) and is regarded as one of several 

secondary invaders often associated with Melissococcus plutonius infection, the causative agent of 

European foulbrood in honeybees (Forsgren, 2010). The bacterial diversity within a natural beehive 

and their interplay with one another, as well as with their respective phages, can be a key in 

understanding beehive health and may intensify the efforts to prevent further collapse of bee colonies 

(Berg et al., 2016). 

Five B. laterosporus phages (Jimmer1, Jimmer2, Abouo, Davies, Emery) were previously isolated and 

characterised, all of them belonging to the Myoviridae family (Merrill et al., 2014). Berg et al. (2016) 

isolated and characterised five novel Brevibacillus phages (Jenst, Osiris, Powder, SecTim467, 

Sundance) from honeybee debris and compared these on a genomic and cluster basis along with the 

identification of putative transcriptional units and proteins with the already defined phages. Powder 

and Osiris phages belong to the Myoviridae family, which is morphologically characterised by the 

contractile sheath and shows an analogy to the earlier reported Jimmer phage-like cluster. SecTim467, 

Jenst, and Sundance are the first siphoviruses to be isolated that infect Brevibacillus bacteria and are 

typically identified through the long non-contractile tail.  

BLASTp analysis of both helped the authors to determine the lifestyle (temperate or lytic) of these 

defined phages (Berg et al., 2016). Genomic comparisons of the ten Brevibacillus phages revealed 

interesting motif features likely involved in transcriptional control, conserved and repeated proteins 

of interest, and a putative transposable region present in several of these phages. Furthermore, 

several proteins were identified that could contribute to the pathogenicity of Brevibacillus including a 

bacterial pili regulatory protein and a PAAR repeat protein, which may aid in the secretion and killing 

of target cells (Shneider et al., 2013), both the stage V sporulation proteins K and T, which allow for 

normal sporulation of the host to occur and many others.  
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1.8.2 Antimicrobial peptides of Brevibacillus species 

The whole-genome sequences of B. laterosporus highlighted its potential to produce diverse 

antimicrobial peptides, polyketides, and toxins (Li et al., 2015; Ruiu et al., 2013; Zhao et al., 2012b). 

Brevibacillus species are a rich source of antimicrobial peptides (AMPs) (Yang & Yousef, 2018a) and               

˃30 AMPs have been isolated from different species (Cochrane & Vederas, 2016). The produced 

bioactive peptides act as antibacterial, antifungal, and anti-invertebrate agents (Yang & Yousef, 

2018a). Antibacterial action of these peptides holds significance among the insect pathogenic strains 

for exploration of their biocontrol potential. The AMPs of Brevibacillus species are either, ribosomally 

synthesised peptides (RSPs) or non-ribosomally synthesised peptides (NRSPs). The latter category 

represents the majority of known Brevibacillus AMPs to date (Cotter et al., 2005). However, only a 

limited number of RSPs produced by B. laterosporus have been described by various researchers 

(Baindara et al., 2016b; Ghadbane et al., 2013; Singh et al., 2012). An overview of the classification of 

antimicrobial peptides synthesised by different Brevibacillus spp. is presented below (Figure 1.4). 

 

 

 

 

               Figure 1.4 Classification of AMPs isolated from Brevibacillus spp. (Yang & Yousef, 2018a) 
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  Ribosomally synthesised peptides produced by Brevibacillus laterosporus 

A. Laterosporulin 

B. laterosporus GI-9 is known to produce this class IId bacteriocin of 5.6 kD molecular mass (Singh 

et al., 2012) and its biosynthetic gene cluster and open reading frames (ORFs) analysis reveal that it 

consists of 49 amino acid residues (Sharma et al., 2012). Laterosporulin inactivates target cells by 

disrupting the function of their cytoplasmic membranes (Singh et al., 2015). The bacteriocin 

demonstrated broad-spectrum antimicrobial activity against a diverse range of bacteria. The cells of 

E. coli after treatment with the purified laterosporulin displayed prominent changes in shape and 

morphology like roughening of their surfaces with an accumulation of cell debris and lysis of bacteria  

(Singh et al., 2012).  

 

B. Laterosporulin 10 

Laterosporulin 10 was isolated from B. laterosporus SKDU by Sharma et al. (2012). The 

antimicrobial peptide is a class IId bacteriocin of 6 kD mass which displays 58% structural homology 

with laterosporulin. N-terminal sequence analysis of laterosporulin 10 illustrates that its biosynthetic 

cluster holds identical transcriptional regulators and dehydrogenase genes as observed in 

laterosporulin, but it possesses a high number of cationic amino acids. 

Laterosporulin 10 was found to be active against S. aureus and Mycobacterium tuberculosis and 

interestingly it inactivated M. tuberculosis residing inside macrophages without antagonistic activity 

against the macrophages. Laterosporulin 10 inhibited the growth of S. aureus MTCC 1430 within one 

hour that demonstrated its bactericidal nature. The appearance of significant alteration in cell 

morphology and formation of clumps observed under an electron microscope also supported the 

hypothesis that it causes bacterial cell lysis by membrane permeabilisation (Baindara et al., 2016b).  

 

C. Bac‑GM100 

Brevibacillus (=Bacillus) brevis GM100, a strain isolated from the rhizosphere of Ononis 

angustissima, an Algerian plant produces class II bacteriocin Bac-GM100 of 4.38 kD molecular weight 

(Ghadbane et al., 2013). N-terminal sequence analysis shows that the peptide has 65% homology with 

thurincin H from B. thuringiensis. Bac-GM100 displayed a bactericidal mode of action against gram-

negative bacteria (Salmonella enteric ATCC 43972, P. aeruginosa ATCC 49189, Agrobacterium 

tumefaciens C58), gram-positive bacteria (Enterococcus faecalis ENSAIA 631, S. aureus ATCC 6538), 

and a fungistatic mode of action against the pathogenic fungus Candida tropicalis R2 (Ghadbane et al., 

2013). 
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 Non-ribosomally synthesised peptides produced by Brevibacillus species 

Non-ribosomally synthesised peptides are secondary metabolites formed through peptide 

synthetases (Stachelhaus et al., 1999) and are categorised into peptide and lipopeptide, depending on 

the presence of a lipid chain acylating the N-terminal. Peptides and lipopeptides are further divided 

into linear and cyclic categories based on structural configuration (Cotter et al., 2005). A brief outline 

of Brevibacillus spp. synthesised peptides including the non-ribosomally synthesised class with their 

antimicrobial spectrum is presented in Table 1.2.
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                                                            Table 1.2 Overview of AMPs isolated from Brevibacillus spp. (Yang & Yousef, 2018a) 

Nature of peptides Host bacterium         AMP Antimicrobial spectrum Reference 

Ribosomally synthesised 
peptides 

B. laterosporus GM-100 Bac-GM100 

Broad-spectrum activity 

(Ghadbane et al., 2013)  

B. laterosporus GI-9 Laterosporulin 
(Singh et al., 2012) 

B. laterosporus SKDU Laterosporulin 10 

Non-ribosomally synthesised peptides 

Non-ribosomal linear 
 peptide 

B. brevis XDH Tostadin 

Broad-spectrum activity 

(Song et al., 2012)  

B. brevis Vm4 Edeine (Czajgucki et al., 2006)  

B. brevis Spergualin (Takeuchi et al., 1981) 

Non-ribosomal cyclic 
peptide 

B. brevis Gramicidin 

Broad-spectrum activity 

(Prenner et al., 1999) 

B. parabrevis ATCC 8185  Tyrocidines (Munyuki et al., 2013) 

B. laterosporus VKPM B-8287 Laterocidin (Xu et al., 2010) 

Bacillus sp. MKPNG-276A Loloatins Antibacterial against gram-positive (Gerard et al., 1996) 

Non-ribosomal linear 
lipopeptide 

Bacillus spp. Bogorols 
Broad-spectrum activity 

(Barsby et al., 2001)  

B. laterosporus OSY-I Brevibacillin (Yang et al., 2016) 

Brevibacillus spp. BT peptide Antibacterial against gram-negative (Wu et al., 2005) 

B. laterosporus PNG276 Tauramamide Antibacterial against gram-positive (Desjardine et al., 2007)  

B. laterosporus A60 BL-A60 Antifungal (Zhao et al., 2012a)  

Non-ribosomal cyclic 
lipopeptide 

B. brevis 342 Brevistin Antibacterial against gram-positive (Shoji & Kato, 1976) 

Miscellaneous 

B. laterosporus SA14 

Unknown AMPs Broad-spectrum activity 

(Somsap et al., 2016) 

B. laterosporus (strains 
BGSP7, BGSP9, and BGSP11) 

(Miljkovic et al., 2019) 
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1.9 Rationale for the research project 

Globally, insect pest populations are witnessing a tremendous rise in resistance against pesticides 

including those based on gram-positive bacteria like B. thuringiensis and L. sphaericus. The 

insecticidal potency against pest species, non-lethal effects on natural enemies (predators and 

parasites), and production of antibacterial and antifungal compounds make B. laterosporus an 

excellent alternative for biopesticide synthesis. Based on the activity of New Zealand strains                     

Bl 1951, Bl 1821L, and Bl Rsp towards diamondback moth caterpillars and mosquitoes the isolates 

are under development as a biopesticide. However, this development has been stymied by the 

often erratic growth behaviour of cultures. In this context, the B. laterosporus culture collapse 

during growth possibly due to the activity of bio-antagonists such as bacteriophages or 

bacteriocins, or other yet to be defined systems. The present study intends to define what is 

limiting the growth of the New Zealand strains Bl 1951 and Bl 1821L that impedes in harnessing the 

entomopathogenic potential of these isolates.  

 

1.10 Main objectives of the research project 

Since the discovery of the New Zealand insect pathogenic strains Bl 1821L, Bl 1951, and Bl Rsp their 

biocontrol potential has been explored. Ormskirk (2017) in her studies described the role of various 

virulence factors against diamondback moth and mosquitoes. Currently, the native strains are 

under development as a biopesticide but due to the suspected activity of Tectiviridae phages, there 

has been a loss of virulence (Ormskirk, 2017). Therefore, this research project was designed to 

determine the nature of bacteriophages specific to the endemic strains, what effect any phages 

may have on growth and virulence, and how the impacts might be overcome, to allow the 

harnessing of the entomopathogenic potential of this spore-forming bacterium for biopesticide 

synthesis. 

The main objectives of the research (initially proposed) were to determine the role of putative 

bacteriophages in harnessing the insecticidal potential of this useful bacterium. However, the 

discovery of phage tail-like structures (Chapter 2) lead to the following objectives: 

 

1. To identify the putative antibacterial structures of New Zealand B. laterosporus isolates 

Bl 1821L and Bl 1951 and define their antibacterial spectrum (Chapter 3) 



 64 

2. To determine the biochemical characteristics and production kinetics of putative 

antibacterial proteins of New Zealand B. laterosporus isolates Bl 1821L and Bl 1951 

(Chapter 4) 

3. To purify the putative antibacterial proteins of New Zealand B. laterosporus isolates      

Bl 1821L and Bl 1951 (Chapter 5) 

4. To characterise the putative antibacterial proteins of New Zealand B. laterosporus 

isolates Bl 1821L and Bl 1951 using bioinformatic analysis and express the selected 

genes in a gram-positive bacterium Bacillus subtilis WB800 (Chapter 6) 

5. To determine the bactericidal activity of putative antibacterial proteins of New Zealand 

B. laterosporus isolates Bl 1821L and Bl 1951 (Chapter 7) 
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Chapter 2 

The search for putative phages of New Zealand Brevibacillus 

laterosporus strains Bl 1821L and Bl 1951 

2.1 Introduction 

Bacteriophages are ubiquitous microorganisms, numerically dominating their hosts in a ratio of 

10:1 (Canchaya et al., 2004; Pedulla et al., 2003), and have the faculty to regulate their numbers by 

inhibiting replication or inducing cell lysis (Bordenstein et al., 2006). They play a vital role in the 

genomic evolution of bacteria by mediating lateral gene transfer (Brüssow & Hendrix, 2002; 

Wommack & Colwell, 2000) and, in some cases, provide beneficial genes to their hosts (Abedon & 

LeJeune, 2005; Brüssow et al., 2004). Bacteriophages usually have a narrow host range (Ackermann 

& DuBow, 1987; Weinbauer, 2004) even though there are reports of single phages infecting 

different species (Tu et al., 2017). After infecting the host, bacterium phages can follow two 

alternative cycles of replication (Figure 1.1), lytic or lysogenic (Wang et al., 2014; Young et al., 2000). 

Lysogeny, a widespread phenomenon among bacterial populations (Brüssow & Hendrix, 2002), 

occurs when the phage genome either remains in the host as a plasmid or is integrated into the 

host chromosome in a form known as “prophage” and a bacterium incorporating a prophage is 

called “lysogen” (Young, 2014). Genome sequencing has revealed the presence of prophages in 

60% to 70% of the analysed bacterial genomes, where they can constitute up to 10% to 20% of the 

chromosome contributing significantly to intra-species genomic differences (Casjens, 2003). 

However, lysogeny comes at a cost to the bacterial host due to the extra burden of replication of 

prophage DNA and the threat of lysogen induction, which is lethal to the host cell (Fortier & 

Sekulovic, 2013; Wagner & Waldor, 2002). These intact prophages are molecular time bombs that 

kill their hosts upon activation of the lytic cycle (Casjens, 2003; Harrison & Brockhurst, 2017a).  

A prophage, under certain conditions, is induced into the lytic cycle of phage replication in response 

to host and/or other external danger signals (typically the host SOS response) (Grabow, 2001; 

Mardanov & Ravin, 2007). Numerous triggers of the SOS response include ultraviolet (UV) light, 

antibiotics (Mitomycin C), and physical stressors such as high pressure, which provoke activity of 

the restriction endonuclease to cause breakage of double-strand DNA (Aertsen & Michiels, 2005). 

Earlier studies have shown that various intensities of UV light induced the lysogenic phages of gram-

positive and gram-negative bacteria (Marcó et al., 2010; Rodriguez et al., 2014). Mitomycin C, a 

radiomimetic agent is widely used to induce lysogeny among various bacterial strains harbouring 
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the prophages in their genomes. However, just like UV light, the sensitivity of phages to mitomycin 

C also varies at different concentration levels (Mobberley et al., 2010; Yuan et al., 2014). During 

sporulation Bacillus thuringiensis (Bt) produces crystal toxins that are highly toxic to multifarious 

insect pests of various orders but are harmless to vertebrates (Roh et al., 2007). Bt is very 

susceptible to phage lysis, which can present serious problems in its large-scale fermentation (Yang 

& Wang, 1998). Lysis can either be caused by exogenous phage infection or be due to strain 

lysogeny (Hyman & Abedon, 2019; Liao et al., 2008). Lysogeny is most common among Bt strains 

and about 83% of its subspecies harbour prophages (Ackermann et al., 1994). In 1960, lysogeny 

was reported in Bt subsp. berliner for the first time (Chapman & Norris, 1966) and Zvenigorodskii 

et al. (1975) identified the type phage from Bt subsp. galleriae. Since the 1960s, lysogens have been 

reported in various Bt strains (Liao et al., 2008). The molecular approaches of sequencing and gene 

expression became popular in the study of Bt phages after 2003 (Liao et al., 2008). Bam35 

(Stromsten et al., 2003), GIL01 & GIL16 (Verheust et al., 2005), 0305phi8-36 (Hardies et al., 2007), 

MZTPO2 (Liao et al., 2008), TP21 (Klumpp et al., 2010), Bt CS33 (Yuan et al., 2012), BMBtp2 (Dong 

et al., 2013), and Smudge (Cornell et al., 2016) are the Bt phages that have been sequenced to date. 

Tectiviridae comprises a group of tail-less, icosahedral, membrane-containing bacteriophages that 

can be distinguished by their lifestyle, virulent phages infect gram-negative bacteria while the 

temperate phages infect gram-positive bacteria. Tectiviruses are almost 100% identical in their 

nucleotide composition despite having been isolated from geographically distant locations at 

different times (Ravantti et al., 2003; Saren et al., 2005). Bt specific Tectiviridae phages are 

represented by phage Bam35c, GIL01, and GIL16c (Ravantti et al., 2003; Verheust et al., 2005). 

Myoviridae family of phages is characterised by the long contractile sheath phages. The phages 

MZTPO2, Smudge, Hakuna, Megatron, Evoli, HoodyT, CAM003, Troll, Riley and phiCM3 belong to 

this family and have been isolated and characterised from different Bt strains (Cornell et al., 2016; 

Liao et al., 2008; Sauder et al., 2016; Yuan et al., 2014). Siphoviridae family of phages is 

characterised by long non-contractile tails (Yuan et al., 2014). Bt CS33 was the first Siphoviridae 

phage among the sequenced Bt phages (Yuan et al., 2012) and the other sequenced phages of this 

family include BMBtp2 and TP21-L (Dong et al., 2013; Klumpp et al., 2010). El-Didamony (2014) 

investigated the nature of five phages during a survey of insecticidal bacterium Bt prevalence in 

Yemen soils. The author isolated, purified, and morphologically characterised four phages of the 

Siphoviridae family and one phage of the Podoviridae family.  

Five Brevibacillus phages (Jimmer1, Jimmer2, Abouo, Davies, Emery) belonging to the Myoviridae 

family were previously isolated and characterised (Merrill et al., 2014) and another five novel 

phages (Jenst, Osiris, Powder, SecTim467, Sundance) isolated from honeybee debris were 
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characterised (Berg et al., 2016). Structures resembling the Tectiviridae phages were observed 

under the electron microscope while looking into the structural features of the crystals and spores 

of the entomopathogenic strain Bl 1821L. The infection of Bl 1821L by putative phages was co-

related to the collapse of cultures during the growth of host bacteria (Ormskirk, 2017), although 

the only evidence was the presence of virus-like particles in TEM micrographs of cells. 

Viral infections can slow host cell growth (Jones et al., 2000; Wu, 1998) as viral protein expression 

can affect host cell resource availability and thereby host cell division (Qian et al., 2017; Shopera et 

al., 2017)  or host cell transcription and translation (Terzi & Levinthal, 1967). Earlier research found 

that Bt phage infection during fermentation can cause a 15% to 30% reduction in yield, with 

instances of 50% to 80% and, to a complete loss of yield (Liao et al., 2007). 

In this chapter, genome sequences of the endemic strains Bl 1821, Bl 1951, and Bl Rsp were 

analysed for the presence of putative phage regions. Subsequent research was geared towards the 

isolation and enumeration of the putative phages using standard protocols including plaque assays, 

serial dilutions test, assessment of putative phage DNA, and PCR analysis. Mitomycin C at different 

concentrations was evaluated to find the optimum concentration for the induction of the putative 

antibacterial particles. Furthermore, the induced particles were examined under the electron 

microscope for morphological characterisation. 

 

2.2 Methods 

2.2.1 PHASTER and Mauve analysis 

PHASTER (PHAge Search Tool Enhanced Release) is a programme that locates virus-like genes and 

regions within bacterial genomes (Arndt et al., 2016). The putative phage regions in the Bl genome 

of native (1951, 1821L, Rsp) and non-native strains (LMG 15441, CCEB 342, B9, GI-9, NRS 590,                   

PEG 36, UNISS 18, DSM 25) (http://ncbi.nlm.nih.gov.genome; See Table 2.4 for GenBank 

accessions) were analysed and compared (http://phaster.ca; accessed November 2017). 

Furthermore, the putative phage regions of native strains identified through the server PHASTER 

were aligned with Mauve (Multiple Alignment of Conserved Genomic Sequence With 

Rearrangements) (Darling et al., 2004). 

 

 

 

http://ncbi.nlm.nih.gov.genome/
http://phaster.ca/
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2.2.2 Plaque assay 

A plaque assay test allows visual confirmation of the presence of phage particles in a sample. In 

this study, the soft agar overlay method was used to propagate, isolate, and titrate phage particles 

(Sanders, 2012). The protocol consists of two parts, the control overlay and the phage-host bacteria 

overlay. For the control overlay, overnight (O/N) culture of Bl 1951 was prepared by inoculating a 

single colony of host bacteria into 5 ml of LB Broth (Luria-Bertani, Miller). The inoculated culture 

was placed in an orbital shaker (Conco, TU 4540, Taiwan) @ 250 rpm and 30oC overnight.                       

Soft agar (0.5%) (6.25 g LB (Miller), 1.25 g Bacteriological agar (Schau), 250 ml MQW) was prepared 

and 3 ml of soft agar was transferred into a 15 ml tube and placed in a heating block at 55oC for      

10-15 min. Then 50 µl of 1X phage buffer (10 ml 1M Tris, pH 7.5, 10 ml 1M MgSO4, 4 g NaCl, 1 L 

ddH2O) and 500 µl of the overnight culture were transferred into 1.7 ml microcentrifuge tube.  The 

mixture was gently vortexed before incubation at 30oC for 20 min. After incubation, the mixture 

(550 µl) was added into a tube containing the soft agar and the tube was rotated in between the 

palms to mix the contents. The soft agar mixture (control overlay) was immediately poured into LB 

agar plates and left it to solidify for 15-20 min. LB agar plates  were placed in an incubator at 30oC 

for 2-3 days.  

The phage-host bacteria overlay was prepared by transferring 500 µl of Bl 1951 overnight culture 

and 50 µl of suspected phage lysate into a 1.7 ml microcentrifuge tube. The mixture was gently 

vortexed to ensure thorough mixing of the suspected phage and host bacterium. The mixture was 

then incubated at 30oC for 20 min. After incubation, the mixture (550 µl) was added into a tube 

containing the soft agar and the tube was rotated in between the palms to mix the contents. The 

soft agar mixture was immediately poured into LB agar plates and the LB agar plates were left to 

solidify for 15-20 min. LB agar plates were placed in an incubator at 30oC for 2-3 days enabling 

plaque formation by suspected phage-host bacteria overlay.  

 

A plaque after an infection is filled with millions of identical viral particles. To retrieve the phage 

particles from a plaque, a plaque was picked and suspected viral particles from the plaques were 

re-suspended in phage buffer. The observed plaques on the lawn of Bl 1951 were marked by 

drawing a small circle around the plaque with a labelling pen. The morphology of plaques was 

recorded as either circular or elliptical. Aliquots of 100 µl phage buffer were prepared according to 

the number of plaques. The sterile tip of a 200 µl pipette was inserted into the centre of the plaque 

in a perpendicular position without touching the adjacent plaque. The end of the tip was placed 

into the phage buffer and by repeated up and down movement of the tip to dislodge the viral 
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particles into the corresponding tube. Soft agar overlay was performed to determine the viability 

of phage particles against the host bacterium.  

 

2.2.3 Plaque assays with modified LB medium 

To prepare the modified LB medium components A were autoclaved and allowed to cool to 55oC. 

Once the autoclaved components were cooled, components B were added after filter sterilisation 

(Appendix A-1) (Zeigler, 2001). 

 

2.2.4 Plaque assay tests with mineral medium 

The failure to obtain plaques in the standard plaque assay tests necessitated the use of alternative 

protocols to propagate and isolate the putative phages, and therefore a mineral medium was used. 

The soft agar overlay method of Sanders (2012) as described above (Section 2.2.2) for the 

enumeration of bacteriophages was pursued in the experiment, but the nature/composition of 

media was different from that described above. In the modified medium, 2.5-3 µg/ml of ampicillin 

was added in the bottom agar, which allows the formation of highly visible plaques of phages on 

host bacterial lawns (Loś et al., 2008). Phosphate-buffered (FB) mineral salt was used as a medium 

in the experiment. The bottom and top FB agars contained 1.5% and 0.7% bacteriological agar, 

respectively. FB plates were poured using 2X concentrated FB medium mixed with an equal volume 

of 3% water agar. The top agar consisted of 2X concentrated FB medium mixed with an equal 

volume of 1.5% water agar. FB media was supplemented with 0.4% glucose as a carbon source 

(Teich et al., 1998).  

 

2.2.5 Serial dilutions assays 

Serial dilution assay is a method to determine the number of phages in a sample and was employed 

to purify, amplify, and titre the phages. Tenfold serial dilutions are typically used to observe phage 

activity (Sanders, 2012). A Bl 1951 overnight culture was prepared by inoculating a single colony 

into 5 ml of LB broth and placing it in an orbital shaker (Conco, TU 4540, Taiwan) @ 250 rpm and 

30oC overnight. Phage buffer (270 µl) was transferred into a 1.7 ml microcentrifuge tube and ten 

fold serial dilutions were prepared by adding 30 µl of undiluted phage sample to a microcentrifuge 

tube (270 µl) (10-1) (1:10 dilution) and the sample vortexed. Ten µl of 10-1 solution was transferred 

to another microcentrifuge tube containing 90 µl of phage buffer (10-2) and vortexed resulting in a 



 70 

1:100 dilution of phage particles. This process was continued for successive dilutions until 10-8. 

Three technical repeats of the sample were prepared. 

The suspected phage lysate (50 µl) from each dilution (10-1 to 10-8) was added into 500 µl of an 

overnight culture of host bacterium (Bl 1951) in each replicate and thoroughly mixed with flickering 

followed by 25-30 min incubation at 30oC. Three millilitres of soft agar (0.5%) was added into a                  

15 ml tube and was kept in a heating block at 55oC. This was transferred to a hot water bath at 46oC 

for 5 min of incubation. Five hundred µl of the host Bl 1951 and 50 µl of the suspected phage lysate 

sample after incubation were added into the soft agar tube, which after gentle mixing was poured 

into LB agar plates. LB agar plates were allowed to dry and later on left for 2-3 days at 30oC 

incubation to observe the number of formed plaques.  

Similar to Bl 1951, serial dilutions assays of Bl 1821L were performed to examine the presence of 

putative phages. 

 

2.2.6 Mitomycin C induction of putative phages  

The protocol of Rybakova et al. (2014) and Hurst et al. (2018) was used to induce the putative 

phages in this study. Bl 1951 isolated single colony/colonies were used to inoculate 5 ml of LB Broth 

(Luria-Bertani, Miller). The inoculated culture was placed on an orbital shaker (Conco, TU 4540, 

Taiwan) @ 250 rpm and 30oC overnight. Aliquots (500 µl) of the overnight culture of Bl 1951 were 

made to further inoculate 25 ml of LB broth 250 ml conical flasks. This culture was allowed to grow 

at 30oC with shaking at 250 rpm until the culture attained turbidity (10-12 hours). Mitomycin C 

(Sigma) was added at different concentrations (1 µg/ml & 3 µg/ml) independently into these flasks 

which were then positioned on an orbital platform for incubation at ambient temperature (24oC) 

with rotation at 40 rpm. OD600nm readings were recorded through an Ultrospec-10 

spectrophotometer (Amersham Biosciences) after 2, 4, 6, and 24 hours of mitomycin C (Sigma) 

addition. The samples (1 ml) were drawn from each time interval flask with mitomycin C (Sigma) 

and control treatment to record optical density (OD600nm) of cultures. The flasks were monitored to 

view the sign of lysis (clearing of the culture or accumulation of bacterial debris) during the 

mentioned time intervals and compared with the control. The flasks without the addition of 

mitomycin C served as control. 

To extract putative phages from the induced cultures chloroform (600 µl/ml) and NaCl (1 g/ml) 

were added and the sample was vortexed for 20 sec. The induced culture after this vortexing was 

kept for 3 min and again vortexed three times but after the last vortex, the culture was let to stand 

for 5 min. The culture was gently decanted into a fresh centrifuge tube leaving behind the 

chloroform.  DNase (2 µl) and RNase (1 µl) were then added and the microcentrifuge tubes inverted 
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and incubated at 37⁰C for 15 min with an occasional inversion during this process. The induced 

culture was centrifuged @ 16000 g for 10 min and the supernatant was decanted and kept at 4oC 

for overnight storage by adding two drops of chloroform. The same protocol was used to induce          

Bl 1821L and Bl Rsp strains. 

The experiment was laid out in varied replications with randomisation form. The replications for 

the native strains were; Bl 1951 (Mitomycin C @ 1µg/ml= 6 flasks, Mitomycin C @ 3 µg/ml=  6 

flasks, Control= 4 flasks), Bl 1821L (Mitomycin C @ 1µg/ml= 4 flasks, Mitomycin C @ 3 µg/ml= 4 

flasks, Control= 3 flasks), and for Bl Rsp (Mitomycin C @ 1 µg/ml= 5 flasks, Mitomycin C @ 3µg/ml= 

5 flasks, Control= 3 flasks) respectively. OD600nm readings data at various time intervals were pooled 

and statistically analysed using the ANOVA (Analysis of Variance) test through Genestat-20th edition 

programme.  

 

2.2.7 Extraction of putative phage DNA after mitomycin C induction  

The protocol of Su et al. (1998)for the extraction of large and small scale preparation of 

bacteriophage λ lysate and DNA  was used for the extraction of putative phage DNA of Bl 1951 with 

some modification. Mitomycin C (3 µg/ml) induced culture of Bl 1951 was used for DNA extraction 

after ultracentrifugation @ 35,000 rpm for 70 min. Nuclease mix (4 µl) was added into 1 ml of 

ultracentrifuged putative phage extract which was kept for incubation at 37oC for 30 min. ZnCl2          

(20 µl) was added into the sample at a ratio of 1:50 (1 ZnCl2: 50 putative phage lysate) and incubated 

at 37oC for 15 min followed by centrifugation at 4,000 g for 5 min at room temperature (22oC). The 

supernatant was discarded and the pellet was dissolved in 700 µl of TENS buffer (50 mM Tris-HCl, 

pH 8.0, 100 mM EDTA, 100 mM, 100 mM NaCl, 0.3% SDS) with 4.7 µl of the proteinase-K enzyme. 

The mixture was mixed by pipetting up and down and incubated at 65oC for 10 min. An equal 

volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added and the sample was centrifuged 

@ 4,000 g for 5 min at room temperature (22oC). The aqueous phase was collected in a new tube 

and phenol/chloroform/isoamyl alcohol extraction followed by centrifugation was twice repeated. 

After that, the aqueous phase was collected in a new tube and after the addition of an equal volume 

of isopropanol; the mixture was gently mixed and kept at room temperature (22oC) for 5 min. The 

sample was centrifuged @ 4,000 g for 10 min at room temperature (22oC) and the supernatant was 

gently discarded. DNA pellet was washed with 70% (700 µl) of ethanol, dried for 25-30 min under 

a fume hood, and then resuspended in TE buffer (10 Mm Tris-HCL, pH 8, 1 Mm EDTA).  

Similar to Bl 1951 the putative phage DNA of Bl Rsp was obtained after mitomycin C (Sigma) 

induction (3 µg/ml). However, Bl 1821L culture was induced with mitomycin C (Sigma) @ 1 µg/ml 

to extract putative phage DNA. 
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2.2.8 PCR analysis of mitomycin C induced putative phage DNA  

Prior to PCR, putative phage DNA concentration (ng/μl) of each sample was measured using 

spectrophotometry (Nanodrop 3.0.0 spectrophotometer; Nanodrop Technologies Inc., Delaware, 

USA). PCR master mix was prepared for each primer pair that included a negative control reaction 

lacking template DNA. The contents of each tube were gently pipetted up and down to ensure the 

thorough mixing of all the components of the reaction. Genomic DNA (1 µl) was added into 24 µl 

of PCR master mix (PCR buffer (Roche) 10x MgCl2, dNTPs, 10 µM primer F, 10 µM primer R, Taq 

(Roche), PCR water). Amplification was performed in a Kyratec thermal cycler starting with an initial 

denaturation at 95°C for 5 min, followed by 40 cycles at 95°C for 45 sec, 60°C for 45 sec and 2 min 

at 72°C and a final extension of 7 min at 72°C. PCR products quality and size were assessed by 

agarose gel electrophoresis, using a 1% gel in 1×TAE (40 mM Tris-OH, 20 mM Acetic Acid, pH 7.8,                 

1 mM ethylenediaminetetraacetic acid (EDTA)). Five microliters of each PCR product along with 

loading dye were loaded in each lane of an agarose gel containing a DNA gel stain (0.5 x RedSafe 

TM). DNA ladder (Hyperladder II, Bioline, USA) of 1 kb plus was used to estimate the size of PCR 

products. Electrophoresis was performed at 100 V for 45 min and then visualised with exposure to 

UV light using a UVITEC fluorescence gel imaging system. 

PCR analysis of the mitomycin C (Sigma) induced cultures of Bl 1821L and Bl Rsp was performed 

according to the same protocol, except for Bl 1821L the genomic DNA and putative phage DNA was 

diluted in 1: 1000 and 1: 10000 ratio for gel electrophoresis. All the primers (Tables 2.1-2.3) used 

in this study except 16S F (5’AGT TTG ATC CTG GCT CAG 3’) and 16S R (5’GGT TAC CTT GTT ACG ACT 

T 3’) were designed using the software Geneious basic (Kearse et al., 2012) according to the 

putative phage regions predicted through programme PHASTER (Arndt et al., 2016). 16S rDNA is a 

standard gene targeted for establishing the phylogenies of bacteria (Winand et al., 2020; Woo et 

al., 2008). For B. laterosporus there are 11-12 copies of the genes (~2500 bp) (Glare et al., 

2020) and the primers targeting 1411 bp of genes in each strain were used in this study (Tables 2.1-

2.3). 
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Table 2.1 Bl 1951 (RHPK01000003.1, contig 1) putative phage specific primers used in this study 

Targeted 
gene region 

(bp) 
Annotation* 

Encoded proteins 
of the targeted 

region 

Primers 
(Genomic location**) 

Sequence 

 
495 bp 

 
Phage protein 

1951-1F 
(1,353,114 bp) 

5' CAG GTC AAG CCA CTG GAA GT 3' 

1951-1R 
(1,353,609) 

5' ACA TCG CGA CCC AGT TCA AT 3' 

 
650 bp 

 
Phage protein 

1951-2F 
(1,559,559) 

5' AGA ACA ACA GGG GCG TCA TT 3' 

1951- 2R 
(1,558,909) 

5' TAG GAA CGA TGC TCA CGC TG 3' 

548 bp 
 

Phage tail length 
tape-measure 
protein 

1951-3F 
(4,381,825) 

5' CAG GTT TTG TGG GCG TGA AG 3' 

1951-3R 
(4,382,373) 

5' CAA GTT CAC GCC CCA TGT TC 3' 

 

Note: Primers were designed as specific identification tools for strains (Glare et al., 2020). 
*= Based on RAST analysis (Aziz et al., 2008). 
**= Bl 1951 (RHPK01000003.1, contig 1) GenBank accession defines the position of gene specific          
       primers used in this study.  
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        Table 2.2 Bl 1821L (NZ_CP033464.1) putative phage specific primers used in this study 

Targeted 
gene region 

(bp) 
Annotation* 

Encoded proteins 
of the targeted 

region 

Primers 
(Genomic location)** 

Sequence 

621 bp 
 

Phage related 
protein 

1821L-1F 
(1,101,914) 

5’ GAC CCA ACT TCC TCC TGA CG 3’ 

1821L-1R 
(1,102,535) 

5’ CCC GAT CAC ATT CAA CCC CA 3’ 

578 bp 
 

Hypothetical 
protein 

1821L-2F 
(2,596,129) 

5’ AGG CTG GCT ACG CTT CAA AA 3’ 

1821L-2R 
(2,596,707) 

5’ CTC CTT CAC CCG TTG TGC TA 3’ 

624 bp 
 

Phage-like element 
PBSX XkdT 

1821L-3F 
(3,028,594) 

5’ CGC GGC AAT GGA GAT TGA AG 3’ 

1821L-3R 
(3,029,218) 

5’ ATA TGT GCC GCT ACC TCT GC 3’ 

644 bp 
 

Hypothetical 
protein 

1821L-4F 
(5,363,003) 

5’ TTC GCG CGA AAT TGA TCG TC 3’ 

1821L-4R 
(5,363,647) 

5’ GTT CAA TGC GGC TCG TGA TC 3’ 

 
625 bp 

 
Phage protein 

1821L-5F 
(4,523,891) 

5’ GCA TCA CTG TCA CTC GTG GA 3’ 

1821L-5R 
(4,524,516) 

5’ TGC TTG ACC CTT ACC CGA AC 3’ 

 

Note: Primers were designed as specific identification tools for strains (Glare et al., 2020). 
*= Based on RAST analysis (Aziz et al., 2008). 

**= Bl 1821L (NZ_CP033464.1) GenBank accession defines the position of gene specific       
primers used in this study.  
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                        Table 2.3  Bl Rsp putative phage specific primers used in this study 

Targeted 
gene region 

(bp) 
Annotation* 

Encoded proteins 
of the targeted 

region 

Primers 
(Genomic location)** 

Sequence 

 
647 bp 

 
Phage terminase 

Rsp-1F 
(contig 774) 

5’ GAC CCA ACT TCC TCC TGA CG 3’ 

Rsp-1R 
(contig 774) 

5’ CCC GAT CAC ATT CAA CCC CA 3’ 

 
571 bp 

 
Portal protein 

Rsp-2F 
(contig 813) 

5’ AGG CTG GCT ACG CTT CAA AA 3’ 

Rsp-2R 
(contig 813) 

5’ CTC CTT CAC CCG TTG TGC TA 3’ 

 
523 bp 

 
Portal protein 

Rsp-3F 
(contig 751) 

5’ CGC GGC AAT GGA GAT TGA AG 3’ 

Rsp-3R 
(contig 751) 

5’ ATA TGT GCC GCT ACC TCT GC 3’ 

 
498 bp 

 
Phage protein 

Rsp-4F 
(contig 788) 

5’ TTC GCG CGA AAT TGA TCG TC 3’ 

Rsp-4R 
(contig 788) 

5’ GTT CAA TGC GGC TCG TGA TC 3’ 

 
570 bp 

 

Hypothetical 
protein/insecticid
al toxin 

Rsp-5F 
(contig 760) 

5’ GCA TCA CTG TCA CTC GTG GA 3’ 

Rsp-5R 
(contig 760) 

5’ TGC TTG ACC CTT ACC CGA AC 3’ 

582 bp 
 

Hypothetical 
protein 

Rsp-6F 
(contig 763) 

5’ GCA TCA CTG TCA CTC GTG GA 3’ 

Rsp-6R 
(contig 763) 

5’ GCA TCA CTG TCA CTC GTG GA 3’ 

 
Note: Primers were designed as specific identification tools for strains (Glare et al., unpublished  
           data). 
*= Based on RAST analysis (Aziz et al., 2008). 
**= Bl Rsp strain gene specific contig   
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2.2.9 Transmission electron microscope (TEM) analysis of the mitomycin C 
induced cultures of Brevibacillus laterosporus  

Mitomycin C induced cultures (Bl 1951, Bl 1821L, Bl Rsp) immediately after induction, but prior to 

ultracentrifugation, were analysed under an electron microscope. In addition, mitomycin C induced 

cultures of Bl 1951 and Bl 1821L were centrifuged @ 16,000 g for 10 min at 4oC to obtain the cell 

free supernatants (CFS). Seven millilitres of CFS from Bl 1951 and  Bl 1821L was transferred into the 

oak ridge centrifuge tube (PPCO; Nalgene, USA) and placed into the ultracentrifuge rotor (Beckman, 

J2-M1) to concentrate at 20,000 rpm for 70 min and 4oC. The concentrated pellet was dissolved in 

150 µl of 25 mM TBS buffer (To make 500 ml of TBS stock solution (250 mM); 40 g NaCl, 1 g KCl, 

2.42 g TRIS Base, 16.5 g TRIS-HCl, dH2o 490 ml, pH 7.4) after decanting the supernatants. 

A 5 µl sample of induced culture with and without ultracentrifugation was applied to a freshly glow 

discharged plastic-coated hydrophilic 200 mesh EM grid (ProSciTech; Thuringowa, Australia) and 

kept for 2 min. The excess sample was removed using a torn filter paper (Whatman no: 1). 

Thereafter, the sample was stained by adding 3 µl of 0.7% uranyl acetate (UA, pH 5) to the grid and 

the combined solution was mixed with the micropipette tip. The mixture was left for a further                  

2 min and most of the solution was dried with the edge of a filter paper (Whatman no: 1). Bl 1951 

and Bl 1821L samples obtained from the above two methods were subjected to analysis under an 

electron microscope at 18,000 to 25,000 magnification in Morgagni 268D (FEI, USA) TEM operated 

at 80 KeV. The images were photographed using the TENGRA camera. TEM analysis was performed 

at AgResearch, Lincoln, New Zealand. 

 

2.3 Results 

2.3.1 PHASTER and Mauve analysis 

PHASTER analysis of the genome sequences of insect pathogenic native strains revealed the 

presence of several putative phage regions and some of these were reported by the programme to 

be “intact” (suggesting a functional virus) (Figures 2.1 & 2.2). Furthermore, the results also 

indicated that the New Zealand strains (Bl 1821L, Bl 1951, Bl Rsp) harbour more putative phage 

regions as compared to strains from other regions (Table 2.4). Moreover, the alignment of phage 

sequences of native strains through Mauve indicated that all the putative phage regions are entirely 

different from each other, suggesting that the phage regions among the genomes are not 

conserved (Figure 2.3). Therefore, in this context, it was hypothesised that these sequences can 

provide an insight into the lysogeny and key genes controlling random collapse during 
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fermentation, so isolation and identification research was undertaken to define the nature of the 

putative phages.  

The salient genomic features of the putative phage regions of the Bl analysed strains identified 

through the programme PHASTER are diagrammatically presented in Figures 2.1 to 2.2 and 

Appendices A-5 to A-15.  

        Table 2.4 PHASTER analysis of genome sequences of Brevibacillus laterosporus strains  

Bl strain 
No. of PHASTER predicted 
putative phage regions 

GenBank accession          Reference 

Bl 1821L 14 *NZ_CP033464.1 (Glare et al., 2020)  

Bl 1951 12 *RHPK01000003.1  (Glare et al., 2020) 

Bl Rsp 11 *RHPL00000000.1 (Glare et al., 2020)  

Bl DSM 25 8 CP017705.1 (Lee et al., unpublished) 

Bl PE 36 7 NZ_AXBT01000006.1 (Theodore et al., 2014)  

Bl UNISS 18 6 MBFH00000000.1 (Camiolo et al., 2017)  

Bl LMG 15441 5 CP007806.1 (Djukic et al., 2011)  

Bl B9 5 JNFS01000001-3 (Li et al., 2015) 

Bl GI9 4 NZ_CAGD01000001.1 (Sharma et al., 2012)  

Bl NRS 590 4 *RKQC00000000.1 (Glare et al., 2020)  

Bl CCEB 342 3 *RKQD00000000.1 (Glare et al., 2020)  

 

*= Bioproject PRJNA503267 (Glare et al., 2020) 
 

. 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP007806.1
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Figure 2.1 Predicted putative phage regions of the New Zealand strains of (A) Bl 1951 (B), Bl Rsp, and (C) Bl 1821L. Phage regions were determined using 
the PHASTER server, Red= Incomplete regions (score <70), Blue= Questionable regions (score 70-90), Green= Intact regions (score >90)  
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Figure 2.2 Predicted phage regions of various Bl strains including (A) Bl LMG 15441, (B) Bl UNISS 18, (C) Bl PE 36, (D) Bl GI-9, (E) Bl CCEB 342, (F) Bl NRS 
590, (G) Bl B9, and (H) Bl DSM 25 compared to the putative phage regions (Figure 2.1) of New Zealand strains Bl 1951, Bl 1821L, and Bl Rsp. Phage regions 
were determined using the PHASTER server, Red= incomplete (score <70), blue= questionable (score 70-90), green= intact (score >90)
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Figure 2.3 Alignment of putative “intact” phage regions of Brevibacillus laterosporus strains (Bl 
821L, Bl 1951, Bl Rsp) through the programme Mauve, coloured areas denote homologous regions  

  

2.3.2 Plaque assay tests 

Plaque assay and serial dilutions are the most widely used tests to determine the existence and nature 

of viral particles in the host bacterium. A plaque in a sample represents a single phage particle in the 

original sample and therefore different phages exhibit different morphologies in plaque assays. Four                 

Bl 1951 and two Bl 1821L isogenic culture lines (suspected collapse bacterial cultures obtained from 

the same source) maintained at the Bio-Protection Research Centre, New Zealand, were examined for 

the production of phages. Bl 1951 isogenic culture lines formed turbid plaques in some plates of 

varying dimensions. The number of plaques formed varied from 10-14 and their length fluctuated 

from 3 mm-18 mm and the width range was 3 mm-25 mm. The Bl 1951 isogenic culture line 2 formed 

the largest plaques that had a length of 8 mm-18 mm and width of 10 mm-25 mm (Table 2.5 & Figure 
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2.4). The majority of the plaques were circular while a few elliptical shapes were also noticed especially 

in the isogenic culture line 2. The plaques were subsequently picked and inoculated onto other LB agar 

plates to replicate. However, the transferred suspected phage particles did not replicate and no more 

plaque formation was noted. Subsequently, a serial dilution assay of the isogenic culture lines was 

performed to further verify the replicating capacity of the putative phages. Serial dilution assay tests 

of the suspected phage particles could not provide a systematic pattern of plaques at various dilutions. 

Bl 1821L did not produce any prominent plaque during the assay test but the suspected phage lysates 

were subjected to serial dilution tests which were negative across all the dilutions. Furthermore, the 

plaques formed were picked up as outlined above (Section 2.3.3) for propagation but the suspected 

phage particle could not exhibit any multiplication faculty. Thereafter, plaque assay tests of both the 

native strains (Bl 1951 & Bl 1821L) were performed after modification of media (Section 2.2.3) but no 

clearing zones (plaques) indicative of phage were observed.  

 

                   Table 2.5 Plaque assay test of suspected phages of Bl 1951 isogenic culture lines 

Host 
bacterium 

Isogenic culture 
line no. 

No. of plaques 
Length of plaque 

(mm) 
Diameter of plaque 

(mm) 

B
l 1

95
1

 

1 10 6-15 5-10 

2 11 8-18 10-25 

3 10 5-11 6-12 

4 14 3-9 2-9 
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 Figure 2.4 Plaque assay test of suspected phages of Bl 1951 isogenic lines. Arrows (red colour) denote the different types of formed plaques on the lawn 
of Bl 1951 
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2.3.3 Mitomycin C induction of putative phages from New Zealand Brevibacillus 
laterosporus strains 

Mitomycin C at different concentrations was used to induce the putative antibacterial structures after 

failure to obtain the plaques. The spectrophotometer reading (OD600nm) of Bl 1951 cultures after 

treatment with mitomycin C at both concentrations (1 µg/ml & 3 µg/ml) remained relatively constant 

up to 6 hours. However, after 24 hours it dropped to an OD600nm of 0.70 and 0.20 respectively 

(Appendix A-2 & Figure 2.5). The mitomycin C @ 3 µg/ml treatment prominently influenced the 

bacterial growth and a drastic decline of 83.9% in OD600nm reading was observed after 24 hours. This 

treatment was also significant from mitomycin C @ 1 µg/ml (Appendix A-2).  

Spectrophotometer exhibited a rapid decline in OD600nm reading when the mitomycin C (3 µg/ml) was 

added as compared to other treatments, while the control treatment (without mitomycin C) OD600nm 

revealed an upward trend due to an increase in the turbidity i.e. growth of the culture. Statistically, 

the effect of both the concentrations of mitomycin C were significantly different from the control 

(Appendix A-2 & Figure 2.5).  

 

 

 

Note: LSD= Least significant difference 
           MMC1= Mitomycin C @ 1 µg/ml 
           MMC3= Mitomycin C @ 3 µg/ml 

Figure 2.5 Spectrophotometric (OD600nm) reading of Bl 1951 cultures after treatment with 
mitomycin C at various concentrations 
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After treatment with both the doses of mitomycin C (1 µg/ml & 3 µg/ml) the OD600nm reading of                      

Bl 1821L cultures remained almost stagnant up to 6 hours (Appendix A-3 & Figure 2.6). The 

spectrophotometer reading 24 hours after treatment with the mitomycin C @ 1 µg/ml indicated a fall 

of 49.7% due to culture lysis. Statistically, the decline in OD600nm readings for the concentration of                       

1 µg/ml (49.7%) and 3 µg/ml (41%) did not differ significantly from each other but both were 

significantly different from the control. OD600nm reading of the control treatment (without mitomycin 

C) demonstrated a slight increase of bacteria up to 6 hours from where the OD600nm slowly declined 

through time (Appendix A-3 & Figure 2.6).  

 

 

 

Note: LSD= Least significant difference 
           MMC1= Mitomycin C @ 1 µg/ml 
           MMC3= Mitomycin C @ 3 µg/ml 

Figure 2.6 Spectrophotometric (OD600nm) reading of Bl 1821L cultures after treatment with 
mitomycin C at various concentrations 

 

OD600nm reading of Bl Rsp cultures after treatment with mitomycin C @ 1 µg/ml started to decline 

(35.9%) after 6 hours, while for the other treatments the OD600nm remained unchanged (Appendix A-4 

& Figure 2.7). Spectrophotometer readings declined in cultures treated with the mitomycin C @                         

3 µg/ml as compared to other treatments, while in the control treatment (without mitomycin C) a 

slight rise (14.8%) in OD600nm was observed. Statistically, both the mitomycin C concentrations were 

significantly different from the control. However, the mitomycin C @ 3 µg/ml treatment significantly 

lysed the culture and a drastic decrease of 71.2% in OD600nm reading was noted after 24 hours. This 
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treatment was also significantly different from mitomycin C @ 1 µg/ml which demonstrated a 56.9% 

drop in optical density (OD600nm) of the Bl Rsp culture (Appendix A-4 & Figure 2.7).  

 

 

 
 Note: LSD= Least significant difference 
           MMC1= Mitomycin C @ 1 µg/ml 
           MMC3= Mitomycin C @ 3 µg/ml 

Figure 2.7 Spectrophotometric OD600nm reading of Bl Rsp cultures after treatment with mitomycin 
C at various concentrations 

 

2.3.4 Extraction of putative phage DNA and PCR analysis 

Gel electrophoresis of the extracted putative phage DNA from the filtered supernatants of Bl 1951,             

Bl 1821L, and Bl Rsp displayed the bands at the same level where the chromosomal DNA was present 

(Figures 2.8, 2.10, 2.12). This suggested that the putative phage DNA was absent and some 

chromosomal carryover had occurred. However, to further affirm the results, PCR analysis was 

performed with the extracted DNA from the filtered supernatants.   

Although standard PCR is not thought of as quantitative, stronger phage bands were expected upon 

amplification of suspected putative phage DNA than from standard chromosomal amplification. 

However, gel electrophoresis of extracted DNA of putative phage particles of Bl 1951, Bl 1821L, and 

Bl Rsp indicted that the mitomycin C treated cultures did not result in stronger amplification, 

suggesting no concentration of putative phage DNA (Figures 2.8, 2.10, 2.12). Putative phage specific 

primers of Bl 1951 (Table 2.1 & Figure 2.9), Bl 1821L (Table 2.2 & Figure 2.11), and Bl Rsp (Table 2.3 & 

Figure 2.13) could amplify the putative phage specific regions in all samples. 
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Figure 2.8 Gel electrophoresis of Bl 1951 genomic DNA (gDNA) and putative phage DNA showing 
only chromosomal DNA 

 

 
 
  ** Overflow from the adjacent well 

 

Figure 2.9 Gel electrophoresis of Bl 1951 putative phage specific PCR amplicons (See Table 2.1 for 
numbered primers set) 
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Figure 2.10 Gel electrophoresis of Bl 1821L genomic DNA (gDNA) and putative phage DNA showing 
only chromosomal DNA 

 

 

 

Figure 2.11 Gel electrophoresis of Bl 1821L putative phage specific primer amplicons (See Table 2.2 
for numbered primers set) 
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Figure 2.12 Gel electrophoresis of Bl Rsp genomic DNA (gDNA) and putative phage DNA showing 
only chromosomal DNA 

 

 

 
 

Figure 2.13 Gel electrophoresis of Bl Rsp putative phage specific primer amplicons (See Table 2.3 
for numbered primers set) 
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2.3.5 TEM analysis of mitomycin C induced cultures  

A. TEM analysis of Bl 1951 mitomycin C induced culture 

TEM analysis of Bl 1951 cultures immediately after mitomycin C induction displayed numerous 

sheath structures; hollow sheaths (Figures 2.14A, 2.14C), complete contractile sheaths (Figure 2.14B), 

and contractile sheaths attached to their cores (Figures 2.14A, 2.14C). The concentrated lysate of           

Bl 1951 under TEM examination revealed the presence of hollow sheath structures (Figures 2.14D, 

2.14F), contractile sheath structures attached with cores (Figure 2.14F), and empty hexagonal phage 

head-like structures (Figures 2.14D, 2.14E). 

 

B. TEM analysis of Bl 1821L mitomycin C induced culture   

TEM analysis of Bl 1821L cultures immediately after mitomycin C induction did not reveal any 

structures. However, electron micrographs of Bl 1821L taken after high-speed centrifugation revealed 

the predominant presence of complete contractile sheath-like structures attached to their cores, 

some complete contractile sheath-like structures, and hollow sheaths (Figures 2.15A-2.15D). 

 

C. TEM analysis of Bl Rsp mitomycin C induced culture  

TEM analysis of Bl Rsp cultures immediately after induction did not reveal any phage or phage tail 

structures, except a potential polysheath-like structure (Figure 2.16). However, due to the focus of 

research on Bl 1951 and Bl 1821L strain, no further work and TEM analysis of Bl Rsp was pursued.
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Figure 2.14 Electron micrographs of Bl 1951 mitomycin C induced culture. TEM images of Bl 1951 induced cultures without ultracentrifugation                     
(2.14A-2.14C) and after ultracentrifugation (2.14D-2.14F). Scale bar: 100 nm (Figures 2.14A-2.14B) & 50 nm (Figures 2.14C-2.14F)
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Figure 2.15 Electron micrographs of the Bl 1821L mitomycin C induced culture. Scale bar: 100 nm 
(Figures 2.15A-2.15C) & 50 nm (Figure 2.15D) 
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Figure 2.16 Electron micrographs of the Bl Rsp mitomycin C induced culture showing a putative 
polysheath-like structure. Scale bar: 200 nm 

 

2.3.6 Discussion 

The initial research using classical tools for the isolation and enumeration of putative phages such as 

plaque assays, serial dilution tests of collapsed Bl 1951 and Bl 1821L cultures, and the subsequent 

assessment of extracted DNA and PCR analysis of the supernatants from the mitomycin C induced 

cultures could not provide any substantive evidence of the presence of phage-like entities with activity 

towards bacteria. However, using different concentrations of mitomycin C for the induction of 

putative antibacterial structures from the Bl 1951, Bl 1821L, and Bl Rsp exhibited a negative effect on 

bacterial growth indicating some type of antagonism. Furthermore, TEM examination of the crude 

lysates of Bl 1951 and Bl 1821L after mitomycin C induction showed the presence of phage tail-like 

structures, which provided a base for the future research.  

The term “prophage” was coined in 1952 by André Lwoff who, along with François Jacob and Jacques 

Monod, discovered that phages use lysogeny (Lwoff, 1953a; Ribatti, 2020) as a means to replicate, 

and believed that lysogeny is a window into understanding the relationship between bacteria and 

phages (Lwoff, 1966; Owen et al., 2020). Prophages can affect their host genome architecture by 

changing the genomic composition, modifying the organisation of the genome, or altering the location 

and the order of genes (Brüssow et al., 2004; Tan et al., 2007). Various researchers in the past have 

also pointed the presence of prophage regions in the bacterial genomes (Brüssow & Hendrix, 2002; 

Touchon et al., 2016). The alignment of putative phage regions encoded by the Bl 1951, Bl 1821L, and 

Bl Rsp genomes through the Mauve programme (Darling et al., 2004) implied that the phage specific 
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loci are not conserved among these strains. Yuan et al. (2014) compared the genomes of nine Bacillus 

phages and showed that different regions of the phage genome exhibited different levels of similarity. 

Some phage genes were highly conserved, while other genes displayed a high degree of variability. 

Earlier studies have also deliberated that the genetic diversity between phages and prophages in the 

same host bacterium can cause localised differences (Hendrix, 1999; Kwan et al., 2006). 

A plaque in a bacterial lawn represents a single phage particle in the original sample and different 

phages exhibit different morphologies in plaque assays. Some plaques are small and clear, with a 

sharply defined border while others are large and can be more diffuse. The observed plaques formed 

due to the infection of suspected Bl 1951 putative phages were turbid (Figure 2.4), which is a hallmark 

of lysogenic phages. Generally, lysogens integrate their genome into the host bacteria and render the 

host immune to reinfection by a phage of the same type (Gallet et al., 2011; Goldman, 2021). Soft agar 

overlay is considered an integral part of bacteriophage enumeration where plaques derived from a 

single virus particle can be observed. Some phages form very minute or micro plaques and with a few 

exceptions such as the phage T7, the plaque continues to increase in size. Most phage plaques, after 

a period of incubation, assume a certain size and acquire a definitive boundary, either with a fuzzy or 

clear-cut edge (Yin, 1991, 1993), while others are almost unobservable making it challenging to 

quantify phage concentrations and therefore undertake phage research. Scientific literature is replete 

with various factors that affect the formation of plaques, like growth phase of the host bacterium 

(logarithmic or stationary), incubation temperature, replacing agar with agarose, media 

supplemented with Ca++ and Mg++, and modifications to the double agar assay method like the use of 

antibiotics to trigger the SOS systems of host bacteria are the most prominent (Abedon & Yin, 2009; 

Kropinski et al., 2009; Lillehaug, 1997). Therefore, various modified media like Luria broth (LB) and 

Mineral media were attempted to obtain the plaques and isolate phages.  

Modified LB media contains glucose which provides the cells with a carbon and energy source for their 

metabolic activities (Campbell et al., 2005), which culminate in a surge of cell growth and toxin 

production, thereby offsetting the inhibitory effects of phages on the host’s virulence. Carbon is 

involved in the manufacturing of vital biological macromolecules like proteins, carbohydrates, nucleic 

acids (DNA & RNA), and lipids (Boundless, 2017). Therefore, it is often called the “building block of 

life” (Boundless, 2017). Earlier studies have demonstrated that the development of phages and cell 

burst sizes decrease when the cells grow more slowly (Łos et al., 2004). Furthermore, Łos et al. (2004) 

reported that complete inhibition of phage progeny development was achieved when the carbon 

source was removed from the growth medium. This phenomenon may be explained by the fact that 

most carbon sources used in bacterial cultures consist of glucose and, as outlined previously, glucose 

is an essential energy source for cellular respiration and growth. Tectiviridae phages were potentially 
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implicated in the loss of Bl 1821L virulence and the subsequent electron microscopy of sporulating 

cultures revealed the presence of similar structures. However, Ormskirk (2017) elaborated that the 

decrease in virulence was restored transiently when the host bacteria were cultured on NYSM 

(Nutrient Yeast Extract Salt Medium) or mLB (Modified Luria Bertani) medium, with a less rich carbon 

source. Therefore, in the present work LB media modified with the addition of glucose was used so 

that the nature of phages could be established after their isolation from the host. Ormskirk (2017) 

related susceptibility of Bl 1821L sporulating cultures to the presence of tailless phage, similar to                  

CP-51 (Gillis & Mahillon, 2014). CP-51 phage can infect sporulating cells of Bacillus cereus in which the 

phage DNA stays trapped until the initiation of spore germination (Gillis & Mahillon, 2014). The 

sporulating cells use their DNA to produce the proteins that are necessary for spore formation and 

consequently the sporangium provides the invading virus with the replicative arsenal the virus needs 

to proliferate (McKenney et al., 2013). E. coli phages sometimes form either very small plaques or no 

plaques at all. Therefore, a modified protocol with the addition of antibiotics at the bottom agar was 

used to resolve the problem (Loś et al., 2008). The use of antibiotics was assessed for their ability to 

enhance plaque formation on the native strains (Bl 1951 & Bl 1821L) but it made no difference. There 

are various reports of not obtaining plaques in newly discovered bacteriophages and this issue is 

especially common in the case of lambdoid bacteriophages (Makino et al., 1999; Yokoyama et al., 

2000).  

Prophages after induction can replicate by various mechanisms. However, successful isolation of the 

lysogens released after induction requires a permissive host strain in which the phages can enter the 

lytic cycle. The lysogenic strain is then spot-tested on a lawn of the permissive strain and incubated 

under appropriate conditions. A lysis zone (plaques) developing around the lysogenic colonies 

suggests lytic propagation of induced prophages but might also be due to the release of bacteriocins 

(Carlson, 2004). To determine if the observed lysis zones are due to phage infection, the putative 

phages in the lysis zones- samples are picked using sterile pipette tips suspended in a small volume of 

phage diluent, and various dilutions of samples are spotted on a lawn of permissive host. The 

formation of plaques from the picked-up putative phage particles indicates the lytic propagation of 

induced phages (Carlson, 2004; Hockett & Baltrus, 2017). The lysates obtained from the collapsed 

cultures of Bl 1951 and Bl 1821L sometimes produced no plaques or a few plaques and even in the 

serial dilution assays, no systematic pattern in their activity was apparent. Based on the findings it is 

likely that the putative antibacterial activity of insect pathogenic strains Bl 1951 and Bl 1821L might 

be due to the action of bacteriocins or something else rather than bacteriophages.  

Other factors that do not allow phages to show plaques include the absence of suitable phage 

receptors on bacterial cells (Rakhuba et al., 2010), restriction due to the restriction-modification 
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system of the host (Vasu & Nagaraja, 2013), superinfection immunity (McShan, 2006) or abortive 

infection (Chopin et al., 2005). Typically, phages use two different ways to lyse their host cells to 

release the progeny at the end of their lytic cycle. However, the disintegration of the bacterial cell wall 

is the primary target. The first mechanism is inhibition of peptidoglycan synthesis, the main 

constituent of the cell wall (Hatfull, 2001), and it is well illustrated in phages Qβ (Bernhardt et al., 

2000) and φ174 (Bernhardt et al., 2001). The use of cell wall hydrolysing enzymes consisting of holin 

and endolysin is another common path employed by phages (Bläsi & Young, 1996). Endolysins are 

mureolytic enzymes designed to cleave the peptidoglycan, the main component of the bacterial cell 

wall, and these enzymes are instrumental for phages to achieve rapid and effective bacteriolysis 

(Fischetti, 2010; Loessner, 2005). Holins are hydrophobic proteins that oligomerise in the host cell 

cytoplasmic membrane during infection (Young & Bläsi, 1995). Importantly, these proteins are 

genetically programmed trigger to form holes that collapse the membrane proton motive force, 

leading to immediate growth cessation and cell death (Gründling et al., 2001; Wang et al., 2000). The 

precise regulation of host cell lysis is a key factor during phage infection. Delayed lysis can compromise 

the opportunity to infect new hosts whereas a premature burst results in the release of none or very 

few descendants (Wang et al., 2000). Kumar et al. (2012a) induced Siphoviride phages of 

Staphyloccoccus aureus RN4220 with mitomycin C @ 1 µg/ml and observed that >99.9% of phages 

adsorbed to the host cells. Since the host RN4220 is devoid of a restriction-modification system and 

prophages, the authors assumed that, despite successful infection and multiplication, the phage 

virions failed to show plaques due to its insignificant release from the cell possibly due to an 

insufficient level of endolysin from phage virions during phage development and assembly. Their 

hypothesis was substantiated by plaque formation on the lawn of host RN4220 cells when additional 

phage endolysin protein was supplemented via a plasmid (Kumar et al., 2012a).  

Mitomycin C, an antitumor antibiotic, has been intensively used to investigate biological effects in 

mammalian cells, including selective inhibition of DNA synthesis, mutagenesis, stimulation of genetic 

recombination, chromosome breakage, sister chromatid exchange, and induction of the DNA repair 

(SOS) response in bacteria (López Martín, 2014; Tomasz, 1995). This antibiotic crosslinks the 

complementary strands of the DNA double helix and it is so lethal that a single crosslink per genome 

is sufficient to cause the death of the bacterial cell (Lyer & Szybalski, 1964). The effective conditions 

for induction depend on both the mitomycin C concentration and the cell density (Humphrey et al., 

1995). Several studies have demonstrated that mitomycin C at varying concentrations ranging from 

0.5 µg/ml to 3 µg/ml induced Bt phages (Liao et al., 2008; Yuan et al., 2014). Altenbern and Stull (1965) 

studying the inducible systems in the genus Bacillus demonstrated that the use of mitomycin C @                    

1 µg/ml induced the cultures of Bacillus (=Brevibacillus) brevis and Bacillus subtilis while it prevented 
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lysis of Bt. Different concentrations (1 µg/ml & 3 µg/ml) of mitomycin C in this study were used to 

induce the putative antibacterial organisms (bacteriophages & bacteriocins) of Bl 1821L, Bl 1951, and 

Bl Rsp. The strain Bl 1821L was induced @ 1 µg/ml while Bl 1951 and Bl Rsp lysed the culture @                       

3 µg/ml.  

Optical density (OD600nm) is often used in bacteriological research and three of the more common 

applications include: (a) determination and standardisation of the optimal time to induce a culture 

during bacterial protein expression protocols, (b) determination and standardisation of the inoculum 

concentration for minimum inhibitory concentration experiments, and (c) determination of the 

optimal time at which to harvest and prepare competent cells (Myers et al., 2013; Stevenson et al., 

2016; Szermer-Olearnik et al., 2014). Rajnovic et al. (2019) determined the interaction of different 

concentrations of bacteria to varying concentrations of phage and their effect on optical density 

(OD600nm) of culture. Their findings indicated that the optical density of the control increased during 

the first 90 min until the culture reached the stationary phase but the addition of 5 x 108 pfu/ml                 

(phage forming units per millilitre) resulted in a rapid decrease of OD600nm within 25-30 min due to 

lysis of culture. Assessments of the different concentrations of mitomycin C to induce the putative 

antibacterial structures from the insect pathogenic strains Bl 1821L, Bl 1951, and Bl Rsp exhibited no 

significant decline in the optical density (OD600nm) in the initial 6 hours of treatment. However, after 

24 hours Mitomycin C addition at a concentration of 1 µg/ml significantly decreased OD600nm of                        

Bl 1821L by 49.7%. For Bl 1951 and Bl Rsp, a drastic decline of 83.9% and 71.2% in OD600nm was noted 

as compared to the control (without mitomycin C). A drastic fall in the OD600nm reading and the clearing 

of the culture after 6 hours of treatment with the mitomycin C suggests the activation of the SOS 

system after this time interval. Hence, it can be assumed that the putative antibacterials 

(bacteriophages or bacteriocins) after their induction impeded the growth of host bacteria while the 

cultures without mitomycin C addition pursued their expansion. Based on a review of the literature, 

this is the first report defining the concentrations of mitomycin C to induce the putative antibacterial 

organisms (phages or bacteriocins) of the genus Brevibacillus 

The putative antibacterial structures such like phages and phage tail-like bacteriocins are lysogenic in 

nature and are released upon lysis of the cells after induction (Patz et al., 2019; Scholl, 2017). While 

no evidence of complete bacteriophages was found, electron micrographs of the mitomycin C induced 

cultures of Bl 1951 and Bl 1821L showed several structural components of bacteriophages including 

contractile sheath-like entities with an extended core (Figures 2.14 & 2.15). The visualised 

morphological features of induced particles revealed the structural similarities to the previously 

defined phage tail-like bacteriocins (Hockett et al., 2015; Liu et al., 2013; Smarda & Benada, 2005).  
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2.3.7 Outcomes 

The major findings of this chapter are; 

1. The standard protocols including plaques assay and serial dilution tests provided no 

substantive evidence of the presence of the phages. 

2. Mitomycin C @ 1 µg/ml induced the Bl 1821L culture by causing a drop of 49.7% in the optical 

density (OD600nm). For Bl 1951 and Bl Rsp, a concentration of 3 µg/ml exhibited a fall of 83.9% 

and 71.2% respectively in OD600nm.  

3. Electron micrographs of the mitomycin C induced cultures of the Bl 1821L, Bl 1951, and Bl Rsp 

were devoid of typical intact phages. However, phage structural components including empty 

hexagonal phage head-like structures, hollow sheath structures, complete contractile sheath 

structures, and contractile sheath structures attached with the cores were seen under an 

electron microscope in the crude lysates of Bl 1821L and Bl 1951.  

 

2.3.8 Conclusion 

Overall, the findings indicate that the antibacterial structures similar to phage tail-like 

bacteriocins (PTLBs) may have a potential role in the collapse of the host bacterium and this will be 

further investigated in subsequent chapters. 
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Chapter 3 

Discovery of phage tail-like bacteriocins (PTLBs) in New Zealand 

Brevibacillus laterosporus and their antibacterial spectrum 

3.1 Introduction 

The work reported in the previous chapter found no evidence of active phage release. However, 

electron micrographs of the induced cultures of Bl 1821L and Bl 1951 affirmed the presence of phage 

tail-like structures, which appeared to be bacteriocins. Hence, the research direction was changed 

from that originally proposed to pursue the presence of bacteriocins, particularly phage tail-like 

bacteriocins in New Zealand Bl 1821L and Bl 1951 strains.  

Bacteriocins are ribosomally synthesised compounds released extracellularly by every major lineage 

of bacteria (Ghequire & De Mot, 2015; Riley & Wertz, 2002a). Typically, these non-replicating, 

proteinaceous structures are antagonistic to the closely related producer bacterial strains and species 

and are the immune to their own antimicrobial peptides, which is mediated by the specific immunity 

proteins produced by the host cells (Juturu & Wu, 2018; Kjos et al., 2011). Bacteriocins can act on 

related (narrow-spectrum) and non-related (broad-spectrum) species to the producing strain (Line et 

al., 2008; Rea et al., 2010). There are ˃200 bacteriocins with diverse amino acid sequences that are 

available in different bacteriocin databases (Baindara et al., 2016b). Different online genome 

databases such as BAGEL, bacterial databases such as BACTIBASE, and bioinformatic tools such as anti-

SMASH and BOA (Bacteriocin operon and gene block associator) recognise bacteriocin-like operon 

gene arrangement and help in the identification of new bacteriocin CDS (CoDing sequence) (de Jong 

et al., 2006; Morton et al., 2015). 

Bacteriocins are classified into two basic groups: low molecular-weight (LMW) and high molecular-

weight (HMW). LMW bacteriocins are trypsin-sensitive, thermostable, and not sedimentable, whereas 

HMW bacteriocins are sedimentable, trypsin-resistant, thermolabile, and visible under an electron 

microscope as phage-like components (Bradley, 1967b; Lotz & Mayer, 1972). Literature is replete with 

the description of numerous low molecular-weight bacteriocins from the insect-pathogenic bacterial 

strains. Bacillus thuringiensis (Bt), in addition to producing the insecticidal proteins Cry, Cyt, and VIPs 

also synthesises bacteriocins and to date 18 bacteriocins have been defined (de la Fuente-Salcido et 

al., 2013). Bt derived bacteriocins may have either a broad or narrow killing spectrum against 

pathogenic bacteria. Thuricin 439 and thuricin CD have a narrow spectrum of activity (Ahern et al., 

2003; Rea et al., 2010), whereas morricin 269, kurstacin 287, kenyacin 404, entomocin 420, and 
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tolworthcin 524 bacteriocins manifest a wide range of activity (Barboza-Corona et al., 2009; de la 

Fuente-Salcido et al., 2008a). Brevibacillus species are a rich source of antimicrobial peptides (AMPs) 

(Yang & Yousef, 2018b) and ˃30 AMPs including antibacterial, antifungal, and anti-invertebrate agents 

have been isolated from different species (Cochrane & Vederas, 2016; Yang & Yousef, 2018b). For 

Brevibacillus laterosporus (Bl) antagonistic compounds have been explicitly reviewed in recent years 

(Ruiu, 2013; Yang & Yousef, 2018b). 

High molecular-weight or phage tail-like bacteriocins are often called “tailocins” (Ghequire & De Mot, 

2014; Rybakova et al., 2013). Morphologically, tailocins resemble phage tails and a common ancestral 

relationship between tailocins and phages has been defined (Nakayama et al., 2000). Two 

morphologically distinct types of tailocins could be distinguished: the R-type tailocins are rigid and 

contractile particles whereas the F-type tailocins represent flexible, non-contractile structures. The 

common feature of the two forms is how they perpetuate in nature (Ghequire & De Mot, 2014; 

Ghequire & De Mot, 2015; Michel-Briand & Baysse, 2002). The best-studied examples are the colicins 

produced by Escherichia coli and the R-type pyocins of Pseudomonas aeruginosa. Colicin gene clusters 

are encoded on plasmids while pyocins are typically located on chromosomal DNA (Cascales et al., 

2007; Michel-Briand & Baysse, 2002). However, similar entities have been abundantly found in other 

gram-negative bacteria including Burkholderia cenocepacia (Yao et al., 2017), Pseudomonas syringae 

(Hockett et al., 2015), Stenotrophomonas maltophilia (Liu et al., 2013), Pseudomonas fluorescens 

(Fischer et al., 2012), Xenorhabdus bovienii (Morales-Soto et al., 2012), Budvicia aquatica (Smarda & 

Benada, 2005), Pragia fontium (Smarda & Benada, 2005), Serratia plymithicum (Jabrane et al., 2002b), 

Erwinia carotovora (Nguyen et al., 2001), Yersinia enterocolitica (Strauch et al., 2001), Xenorhabdus 

nematophilus (Thaler et al., 1995), Proteus mirabilis (Senior, 1984), Rhizobium lupine (Lotz & Mayer, 

1972), Proteus vulgaris (Coetzee et al., 1968), and Vibrio cholerae (Jayawardene & Farkas-Himsley, 

1968) as well as in a limited number of gram-positive bacteria like Listeria monocytogenes (Lee et al., 

2016), Bacillus pumilus (Jin et al., 2014), Bacillus subtilis (Nagai, 2014), Clostridium difficile (Gebhart et 

al., 2012), and Bacillus aneurinolyticus (Ito et al., 1986). There is no report of tailocins from the insect-

pathogenic strains belonging to gram-positive bacteria so far. 

Bacteriocinogenic strains spontaneously produce small amounts in culture, but the substances can 

also be induced by treating cells with an ultraviolet light or mitomycin C (Bradley, 1967a; Michel-

Briand & Baysse, 2002). Bacteriophages and phage tail-like bacteriocins (PTLBs) rely on receptor-

binding proteins (RBPs) located on tail fibres or spikes for initial and specific interaction with 

susceptible bacteria (Nobrega et al., 2018). Because of the host specificity of the antibacterial 

structures, bacterial strains can be differentiated or typed by sensitivity patterns (Holtzman et al., 

2020; Ross et al., 2016). Phages kill bacteria through a lytic, replicative cycle, whereas phage-derived 
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bacteriocins kill the susceptible cells through membrane depolarisation in a single hit mechanism 

(Dams et al., 2019; Scholl, 2017).  

Enzymatic or non-enzymatic methods are employed to determine the antibacterial activity of 

bacteriocinogenic strains (de la Fuente-Salcido et al., 2008b). Enzymatic methods rely on the 

immediate measurement of intracellular enzymes released after cellular lysis upon exposure to 

bacteriocins (Morgan et al., 1995). The non-enzymatic methods measure the inhibition of bacterial 

growth on solid media that may include protocols like well-diffusion or disc-diffusion assays, the soft-

agar overlay method, the spot-on-lawn or the agar spot method, and deferred-antagonism plate 

assays (de la Fuente-Salcido et al., 2008b). The soft-agar overlay technique was originally developed 

over 70 years ago and has been widely used in studies of proteinaceous antibacterial structures, 

especially bacteriophages (as used in Chapter 2), and bacteriocins (Hockett & Baltrus, 2017). 

N-terminal protein sequencing (also called Edman sequencing) information plays a vital role in modern 

structural and proteomics (Reim & Speicher, 2001).This is the most commonly used tool to identify 

unknown proteins, N-terminus, and cleavage sites of proteins (Beyer et al., 2002) and often employed 

to control quality control of recombinant proteins (Kaji et al., 2009).  

The current chapter primarily aimed to isolate and preliminarily identify the putative antibacterial 

proteins (bacteriocins) of Bl 1821L and Bl 1951 strains.  

 

3.2 Methods 

3.2.1 Disc diffusion assay test of mitomycin C induced cultures  

Bl 1821L and Bl 1951 cultures were cultivated with and without mitomycin C (Sigma) addition as 

described in the previous chapter (Section 2.2.6). Mitomycin C (Sigma) induced cultures of Bl 1821L 

and Bl 1951 were assayed through the Kirby-Bauer disc diffusion test (Bauer, 1966; Hudzicki, 2009; 

Kirby et al., 1956). The induced cultures were centrifuged @ 16,000 g for 10 min and the intact cells 

were removed from the supernatant by passing through a 0.22 µm filter. Antibacterial activity of 

filtered supernatants of Bl 1821L and Bl 1951 was assayed against the producer strain and vice versa. 

Cell free supernatants (CFS) of the treatment without mitomycin C addition were also evaluated in the 

assay test. For the assay, single colony/colonies of the host bacterium (Bl 1821L & Bl 1951) were 

inoculated into a 5 ml LB broth (Miller) and placed over an orbital shaker (Conco, TU-4540, Taiwan) @ 

250 rpm and 30oC for 18-20 hours to obtain overnight culture. LB agar plates were inoculated by 

dipping a sterile swab into the overnight culture. Excess inoculum was removed by pressing and 

rotating the swab against the side of a 5 ml universal vial. The swab was swabbed all over the surface 
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of the medium three times, rotating the plate after each application and ensuring the uniform spread 

of inoculum. The inoculum was left to dry for 10-15 min at room temperature (22oC). A sterile 8 mm 

diameter paper disc (ADVANTEC, Japan) was placed in the middle of an LB agar plate with the help of 

forceps and 80 µl of CFS was pipetted onto the disc. For the control treatment, sterile LB broth was 

pipetted onto the discs instead of CFS. LB agar plates after absorption of CFS were kept in an incubator 

at 30oC for 48-72 hours. Antibacterial activity of CFS of mitomycin C (Sigma) induced cultures of                         

Bl 1821L and Bl 1951 was measured through the diameter of the zone of inhibition (including the 

diameter of the disc) and recorded in mm. Disc diffusion assays were performed with three technical 

replications.  

 

3.2.2 Soft-agar overlay method with polyethylene glycol (PEG) precipitation 

The protocol to induce Bl 1821L and Bl 1951 cultures using mitomycin C (Sigma) outlined in Chapter 2 

(Section 2.2.6) was used. The induced cultures were centrifuged @ 16,000 g for 10 min and the intact 

cells were removed from the supernatant by passing through a 0.22 µm filter. To the filtered 

supernatant, 1M NaCl and 10% PEG 8000 were added and the sample was repeatedly inverted until 

both the NaCl and PEG 8000 were completely dissolved. The sample was incubated in an ice bath for 

60 min and subsequently centrifuged @ 16,000 g for 30 min at 4oC. The supernatant was decanted 

and the pellet was resuspended in 1/10th volume of the original supernatant volume of buffer (10 mM 

Tris, 10 mM MgSO4, pH 7.0) by repeated pipetting. PEG 800 residue was removed by two sequential 

extractions with an equal volume of chloroform which was combined with the resuspended pellet and 

vortexed for 10-15 sec. The mixture was centrifuged @ 16,000 g for 10 min and the upper aqueous 

phase was transferred to a fresh microfuge tube. This extraction process was repeated until no white 

interface between the aqueous and organic phases was visible. 

Overnight cultures of Bl 1821L and Bl 1951 were established by transferring a single colony/colonies 

of host bacterium into 5 ml LB broth (Miller) and placing the inoculated cultures on an orbital shaker 

(Conco, TU-4540, Taiwan) @ 250 rpm and 30oC. Soft agar (0.5%) was prepared and maintained in a 

water bath at 55-60oC before use. Three ml of soft agar (0.5%) was transferred into a 15 ml sterile 

tube and 100 µl of overnight culture was added. The tube was rotated within palms of hand for                     

10-15 sec and then immediately poured over an LB agar plate. LB agar plates were covered and 

allowed to dry for 20-30 min. Once the petri dishes were solidified, 10 µl of PEG 8000 precipitated 

supernatant was spotted (2 spots) on the lawn of host bacterium and the plates were kept at 30oC for 

48-72 hours. Sterile LB broth was spotted on the plates in the control treatment. Antibacterial activity 

was evaluated by measuring the diameter of the zone of inhibition (mm) at the spotting point.  
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3.2.3 Antibacterial activity of cell free supernatants of mitomycin C induced 
cultures 

Antibacterial activity of CFS of mitomycin C (Sigma) induced cultures of Bl 1821L and Bl 1951 was 

evaluated using the soft agar overlay protocol along with PEG 8000 precipitation (Hockett & Baltrus, 

2017). Tenfold dilutions (10-1 to 10-8) of induced cultures were prepared with LB broth (Miller) and                

10 µl of each dilution was spotted separately on 1.5% LB agar plates seeded with the Bl 1821L and             

Bl 1951 as the host bacterium to determine susceptibility to the induced cultures. Sterile LB broth was 

spotted on the plates in the control treatment. Antibacterial activity of PEG 8000 precipitated CFS was 

evaluated by measuring the diameter (mm) of the zone of inhibition at the spotting point. 

 

3.2.4 Antimicrobial spectrum of cell free supernatants of mitomycin C induced 
cultures  

To study the antimicrobial spectrum of cell free supernatants of mitomycin C (Sigma) induced cultures 

of Bl 1821L and Bl 1951 strains against various gram-positive bacteria (Bl 1821L, Bl 1951, Bl Rsp,                         

Bl CCEB 342, Bl NRS 590, Carnobacterium maltaromaticum 3-1, Bacillus megaterium 3-2,                                         

B. megaterium S1, Oerskovia enterophila 3-3, Paenibacillus spp. 15.12.1, Oceanobacillus spp. R-31213, 

B. subtilis Tp5, and Fictibacillus rigui FJAT 46895) (all held in the BPRC Culture Collection, Lincoln 

University), the soft agar overlay method with PEG 8000 precipitation was used  (Hockett & Baltrus, 

2017). Sterile LB broth was spotted on the plates in the control treatment. Antimicrobial activity of 

mitomycin C (Sigma) induced cultures of Bl 1821L and Bl 1951 after PEG 8000 precipitation was 

evaluated by measuring the diameter (mm) of the zone of inhibition at the spotting point. 

 

3.2.5 Ultrafiltration of mitomycin C induced culture of Bl 1821L   

Mitomycin C (Sigma) induced culture of Bl 1821L was centrifuged @ 16,000 g for 10 min to obtain the 

cell free supernatant (CFS). CFS was achieved by passing through a 0.22 µm filter and subsequently 

subjected to ultrafiltration using a 30 kD molecular weight cut off membrane (MWCO) (GE Healthcare, 

UK). Antibacterial activity of retentate (CFS that does not pass through the membrane) and permeate 

(CFS that passes through the membrane) was tested by the disc diffusion assay method (Hudzicki, 

2009; Kirby et al., 1956).  
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3.2.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
visualisation of Bl 1821L putative antibacterial protein 

Laemmli (1970) described a method for separating proteins by electrophoresis that uses a 

discontinuous polyacrylamide gel as a support medium and sodium dodecyl sulphate (SDS) to 

denature the proteins. The method is generally known as Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Laemmli, 1970). Ten percent resolving gel was prepared by mixing                   

3.96 ml MQW, 3.3 ml acrylamide (30%), 2.5 ml gel buffer (1.5 M Tris-HCl, pH 8.8), 100 µl SDS (10%),          

5 µl TEMED, and 50 µl of ammonium persulphate (10% APS). Stacking gel (7.5%) was prepared by 

mixing 6.10 ml MQW, 1.3 ml acrylamide (30%), 2.5 ml gel buffer (0.5 M Tris-HCl, pH 6.8), 100 µl SDS 

(10%), 10 µl TEMED, and 50 µl of ammonium persulphate (10% APS). 

The samples were prepared by adding 4 µl of 4X reducing buffer (1 ml 0.5 M Tris-HCl (pH 6.8), 0.8 ml 

glycerol, 1.6 ml 10% SDS, 0.4 ml 2-Mercaptoethanol, 0.4 ml 1% Bromophenol blue) and 12 µl of the 

ultracentrifuged sample (20,000 rpm & 70 min) which was vortexed before heating at 95oC for 5 min. 

All the samples were kept in an icebox before gel loading. Gel plates were removed after the gel 

polymerised and placed inside the tank in the inward direction. The space between the plates was 

filled with 1X SDS buffer (To prepare 10X electrode buffer; 30.3 g Tris base, 144.0 g glycine, 10.0 g SDS 

dissolve all the constituents and make the volume 1000 ml with dH2O) and the comb was removed.               

Ten µl of protein ladder (BIO-RAD, Precision Plus ProteinTM Standards) was loaded into the first well 

and 12.5 µl of each sample was loaded into other wells. The gel was run for 50 min at 200 volts. Glass 

plates were transferred into a small plastic box filled with dH2o, left shaking for 5 min, and then 

washed three times in water. Gels were stained with RAMA stain (29 ml MQW, 12.5 ml CBB stock                   

(1 gm CBB, 300 MeOH, 200 ml MQW), 3.75 ml ammonium sulphate (200 gm, 500 ml MQW), 5 ml of 

glacial acetic acid per gel) (Yasumitsu et al., 2010) and kept on an orbital shaker (Ratek, Australia) for 

30 min at a very low speed. The gel was rinsed twice and the box was filled with dH2o for overnight 

destaining.  

 

3.2.7 N-terminal sequencing and bioinformatic analysis of Bl 1821L putative 
antibacterial protein  

The following day after staining, the prominent band of an appropriate protein was excised with the 

help of a sterile razor and sent for N-terminal sequence analysis at AgResearch, Lincoln to identify the 

proteins. The short amino acid sequences obtained after N-terminal sequencing of the ~48 kD putative 

antibacterial protein were used to identify the encoding gene in the Bl 1821L genome 

(NZ_CP033464.1). The identified ~48 kD protein in the Bl 1821L genome (NZ_CP033464.1) was 
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searched in the Uniprot database (https://www.uniprot.org) to determine the nature of the proteins 

which were further subjected to BLASTp (Basic Local Alignment Search Tool) analysis to look into 

identical proteins (https://blast.ncbi.nlm.nih.gov). Amino acids of the ~48 kD identified putative 

antibacterial phage tail-sheath protein were also aligned using the programme CLUSTALO 

(https://www.ncbi.nlm.nih.gov). 

N-terminal sequenced and identified ~48 kD putative antibacterial protein of Bl 1821L was 

bioinformatically analysed using the programme Geneious basic (Kearse et al., 2012).  

 

3.2.8 BAGEL4 analysis of Bl 1821L and Bl 1951 genomes 

BAGEL4 is a web server that that identifies and visualises gene clusters in prokaryotic DNA 

involved in the biosynthesis of ribosomally synthesized and  post translationally modified 

peptides (RiPPs) and (unmodified) bacteriocins (van Heel et al., 2018). The genomes of Bl 1821L 

(NZ_CP033464.1) and Bl 1951(RHPK01000003.1, contig 1) were subjected to BAGEL4 analysis.  

 

3.3 Results 

3.3.1 Disc diffusion assay test of Mitomycin C induced cultures of Bl 1821L and 
Bl 1951 

Disc assay test of cell free supernatants of mitomycin C induced culture of Bl 1821L produced a zone 

of inhibition of 11.7 mm-12.3 mm against the producer strain. A halo of 12.3 mm-13.7 mm developed 

when Bl 1951 was used as the host bacterium and no activity was seen in the control treatment                   

(Figure 3.1). CFS of mitomycin C induced culture of Bl 1951 produced a zone of inhibition of 14.3 mm-        

15.7 mm in the assay test against Bl 1821L and a halo of 11.3 mm-14.7 mm against the producer strain 

(self) as the test bacterium (Figure 3.1). Notably, CFS of both Bl 1821L and Bl 1951 from the treatments 

without mitomycin C addition also demonstrated their inhibitory activities against the tested strains 

but at a slightly lower level than the mitomycin C induced cultures. No zone of inhibition was observed 

in the treatment where LB broth was used instead of CFS (Figure 3.1).  

https://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Figure 3.1 Disc diffusion assay test of Bl 1821L and Bl 1951 cultures with/without mitomycin C addition and control treatment against the producer strain 
and vice versa. Arrows (red colour) denote the zones of inhibition developed due to the activity of putative antibacterial proteins on the lawns of host 
bacteria 
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3.3.2 Antibacterial activity of the cell free supernatants of mitomycin C induced 
cultures  

Antibacterial activity of bacteriophages and bacteriocins can be differentiated after PEG 8000 

precipitation of mitomycin C induced bacterial cultures and the serial dilution assay testing in the soft-

agar overlay. PEG 8000 precipitated cell free supernatant of Bl 1821L demonstrated inhibitory activity 

against the producer strain at the highest concentration (FS- Full strength) (Table 3.1 & Figure 3.2B) 

and activity of PEG 8000 precipitated Bl 1951 supernatant against Bl 1821L as the host bacterium was 

also observed between FS to 10-1 dilution (Table 3.1 & Figure 3.2C). 

 

Table 3.1 Antibacterial activity of Bl 1821L and Bl 1951 mitomycin C induced cultures after PEG 
8000 precipitation against Bl 1821L as the host bacterium  

Antibacterial activity of Bl 1821L 
mitomycin C induced culture cell  
free supernatants  

Antibacterial activity of Bl 1951 
mitomycin C induced culture cell  
free supernatants 

Dilution level 
Zone of inhibition 
diameter (mm) 

Dilution level 
Zone of inhibition 
diameter (mm) 

*FS 12.5 FS 12.5 

10-1 - 10-1 13.5 

10-2 - 10-2 -** 

10-3 - 10-3 - 

10-4 - 10-4 - 

10-5 - 10-5 - 

10-6 - 10-6 - 

10-7 - 10-7 - 

10-8 - 10-8 - 

Control - Control - 

           

* FS = Full strength  
** - = No zone of inhibition 
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PEG 8000 precipitated cell free supernatants of Bl 1951 in the serial dilution assay test demonstrated 

no antibacterial activity against the producer strain at all the levels of dilution but a significant zone 

of inhibition which varied from FS to 10-2 or FS to 10-3 when Bl 1821L precipitated cell free supernatants 

(CFS) were evaluated against Bl 1951 as the host bacterium (Table 3.2 & Figure 3.2A). 

 

Table 3.2 Antibacterial activity of Bl 1821L and Bl 1951 mitomycin C induced cultures after PEG 
8000 precipitation against Bl 1951 as the host bacterium 

Antibacterial activity of Bl 1951 
mitomycin C induced culture cell 
free supernatants 

Antibacterial activity of Bl 1821L 
mitomycin C induced culture cell  
free supernatants 

Dilution level 
Zone of inhibition 
diameter (mm) 

Dilution level 
Zone of inhibition 
diameter (mm) 

*FS **- FS 12.5 

10-1 - 10-1 10.5 

10-2 - 10-2 13.5 

10-3 - 10-3 10.5 

10-4 - 10-4 - 

10-5 - 10-5 - 

10-6 - 10-6 - 

10-7 - 10-7 - 

10-8 - 10-8 - 

Control - Control - 

             
* FS = Full strength  
** - = No zone of inhibition 
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Figure 3.2 Antibacterial activity of Bl 1821L cell free supernatant after PEG 8000 precipitation in the serial dilutions assay test against Bl 1951 as the host 
bacterium (A) and Bl 1821L as the host bacterium (B). Similar to (A) and (B) antibacterial activity of Bl 1951 cell free supernatant after PEG 8000 
precipitation in the serial dilutions assay test against Bl 1821L is shown in (C). Arrows (red colour) denote the zones of inhibition due to the activity of 
PEG 8000 precipitated putative antibacterial proteins. LB broth was used in the control treatment against Bl 1951 and Bl 1821L as the host bacterium (D).
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3.3.3 Antimicrobial spectrum of cell free supernatants of mitomycin C induced 
cultures  

Mitomycin C induced cultures of Bl 1821L after PEG 8000 precipitation exhibited prominent activity 

against all the tested strains of Bl except itself and Bl CCEB 342. All the other tested gram-positive 

bacterial strains showed no susceptibility to the PEG 8000 precipitated cultures of Bl 1821L except for 

the gram-positive bacterium, C. maltaromaticum isolate 3-1, which was slightly sensitive to their 

inhibitory action (Table 3.3 & Figure 3.3). PEG 8000 precipitation of Bl 1951 induced cultures in the 

soft-agar overlay showed prominent activity against all the tested Bl strains except the producer 

strain, but no effect on the other evaluated gram-positive bacterial strains. Interestingly, Bl CCEB 342 

was not susceptible to the Bl 1821L crude CFS but was sensitive to Bl 1951 PEG 8000 precipitated CFS. 

Likewise, C. maltaromaticum 3-1, was slightly sensitive to the inhibitory action of Bl 1821L induced 

CFS but completely insensitive to Bl 1951 CFS (Table 3.3 & Figure 3.4). 
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Table 3.3 Antibacterial spectrum of Bl 1821L and Bl 1951 mitomycin C induced cultures cell free 
supernatants after PEG 8000 precipitation against various gram-positive bacteria 

Host bacterium 
Host bacterium 
isolate/strain 

Sensitivity to induced 
Bl 1821L CFS 

Sensitivity to induced 
Bl 1951 CFS 

Bacillus megaterium 3-2 - - 

Bacillus megaterium S1 - - 

Bacillus subtilis EM-13 
(Tp5) 

- - 

Brevibacillus laterosporus 1951 + - 

Brevibacillus laterosporus 1821L - + 

Brevibacillus laterosporus Rsp + + 

Brevibacillus laterosporus CCEB 342 - + 

Brevibacillus laterosporus NRS 590 + + 

Brevibacillus laterosporus NCIMB + + 

Carnobacterium 
maltaromaticum 

3-1 + - 

Fictibacillus rigui EM-14  
(FJAT 46895) 

- - 

Oceanobacillus spp. EM-12  
(R-31213) 

- - 

Oerskovia enterophila 3-3 - - 

Paenibacillus spp. 15.12.1 - - 

 
* - = No zone of inhibition 
** + = Zone of inhibition 
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Figure 3.3 Antibacterial activity of Bl 1821L induced culture cell free supernatant after PEG 8000 precipitation against various gram-positive bacteria. 
Arrows (red colour) denote the zone of inhibition due to the activity of PEG 8000 precipitated putative antibacterial proteins 
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Figure 3.4 Antibacterial activity of Bl 1951 induced culture cell free supernatant after PEG 8000 precipitation against various gram-positive bacteria. 
Arrows (red colour) denote the zone of inhibition due to the activity of PEG 8000 precipitated putative antibacterial proteins 
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3.3.4 Ultrafiltration of mitomycin C induced culture of Bl 1821L   

MWCO membrane (30 kD) retentate (Section 3.2.5) in the disc assay test displayed inhibitory action 

against the producer strain (Bl 1821L) and Bl 1951 but the tested strains were insensitive to the 

permeates. The expression of antibacterial activity of the retentate to the indicator strains implied 

that the active antimicrobial proteins are ≥30 kD in molecular mass.  

 

3.3.5 SDS-PAGE visualisation of Bl 1821L putative antibacterial protein 

SDS-PAGE of mitomycin C treated and untreated cultures (without mitomycin C) of Bl 1821L and                  

Bl 1951 was performed and the Bl 1821L induced culture from where a prominent band of ~48 kD was 

observed (Figure 3.6A). Based on its dominance, it was hypothesised that this protein (~48 kD) might 

have a role in the antibacterial activity of Bl 1821L therefore the band was excised for N-terminal 

sequencing (Figure 3.6B). 

 

 
 

Figure 3.5 SDS-PAGE visualisation of (A) mitomycin C treated cultures of Bl 1951 & Bl 1821L along 
with control (without mitomycin C) treatments after ultracentrifugation (Arrows in red colour 
denote the prominent ~48 kD protein bands) (B). Bl 1821L mitomycin induced culture showing the 
location of prominent bands (~48 kD) which were excised for N-terminal sequencing   
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3.3.6 Identification of putative antibacterial protein in Bl 1821L genome 

The resultant short sequence amino acids of N-terminal sequencing of the ~48 kD excised protein 

band of Bl 1821L exhibited several hits (covering approximately 70% of the amino acid sequence) to a 

predicted protein in the genome of Bl 1821L (NZ_CP033464.1). The predicted gene corresponding to 

~48 kD putative antibacterial protein was annotated as a defective phage similar to that encoded by 

Bacillus subtilis 168 PBSX-like region gene xkdK (Table 3.4 & Figures 3.6 & 3.7). Defective phage gene 

xkdK occurred several times in the Bl 1821L genome. A second xkdK-like gene resided in the PBSX-like 

region but it displayed low homology to the identified ~48 kD protein. The amino acid region matching 

the phage-like element PBSX gene xkdK is shown in Figure 3.7 (green colour with red arrow). Notably, 

a gene corresponding to 41.8 kD flagellin protein (covering approximately 75% of the amino acid 

sequence) residing between 3,420,157 bp to 3,421,326 bp was predicted in the Bl 1821L genome 

(NZ_CP033464.1) (Table 3.4) through N-terminal sequencing of ~48 kD protein but it seems to be                

co-migrating on SDS-PAGE.  

The identified ~48 kD phage-like element PBSX gene xkdK was also identified in the genome of Bl 1951 

(RHPK01000003.1, contig 1) at the position between 1,937,150 bp to 1,935,829 bp (Figure 3.8). 

Furthermore, several Bl 1821L PBSX-like region genes such as xkdT, xkdU, and other hypothetical 

genes also reside in the analogous Bl 1951 region (Figure 3.8). 
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Figure 3.6 Geneious output of the phage-like element PBSX gene xkdK in Bl 1821L genome encoding a ~48 kD putative antibacterial protein similar to a 
Bs 168 defective prophage (shown in green colour with red arrow) 
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Figure 3.7 Geneious output of the phage-like element PBSX gene xkdK in Bl 1951 genome encoding a ~48 kD putative antibacterial protein, XkdT, and 
XkdU similar to a Bs 168 defective prophage (shown with red arrows)  
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3.3.7 N-terminal sequence analysis of identified 48 kD putative antibacterial 
protein of Bl 1821L 

N-terminal sequencing identified ~48 kD protein through alignments with the translated 48 kD protein 

revealed alignment with phage tail-sheath proteins with accessions tr|A0A0F7EFA2|A0A0F7EFA2_ 

BRELA and tr|A0A328R421|A0A328R421_BRELA in the Uniprot database (Table 3.4). BLASTp analysis 

of the accession tr|A0A328R421|A0A328R421_BRELA against the GenBank database shared 90% to 

100% amino acid identity to the phage tail sheath subtilisin-like domain protein, phage tail protein, 

and phage sheath protein belonging to various Bl strains (Appendix B-1). Accession tr|A0A328R421| 

A0A328R421_BRELA is currently categorised as an obsolete entry in the Uniprot database but another 

equivalent accession tr|A0A518VEB0|A0A518VEB0_BRELA exists. Furthermore, accessions 

tr|A0A518VEB0|A0A518VEB0_BRELA and tr|A0A0F7EFA2|A0A0F7EFA2_BRELA upon BLASTp analysis 

against the Uniprot database also exhibited amino acid similarity to the phage tail proteins and 

uncharacterised proteins of the genus Brevibacillus (Table 3.5 & Appendix B-2). Amino acid sequence 

analysis of the Bl 1821L predicted putative phage tail-like protein through ExPasy 

(https://www.expasy.org) computed the molecular weight to be 48.4 kD, which was similar to the 

prominent band of SDS-PAGE used for N terminal sequencing (Figure 3.6B) 

https://www.expasy.org/
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                              Table 3.4 Identification of Bl 1821L putative antibacterial protein (~48 kD) in the genome through the Uniprot database 

Accession 
Average molecular 

mass 
Identity 

Encoded proteins of 
identified gene 

Uniprot description of 
identified proteins 

*tr|A0A328R421|A0A328R421_BRELA 
 tr|A0A518VEB0|A0A518VEB0_BRELA 

48,361 

Phage tail protein 
Phage-like element PBSX 
XkdK protein 

Phage tail protein 
OS= Brevibacillus laterosporus  
OX= 1465 GN= EEL30_25335 
PE= 3 SV= 1 

tr|A0A0F7EFA2|A0A0F7EFA2_BRELA 48,205 

Phage tail protein  
OS= Brevibacillus laterosporus  
OX= 1465 GN= EX87_06735  

PE= 3 SV= 1 

tr|A0A328QKR7|A0A328QKR7_BRELA 41,717 Flagellin protein Flagellin protein 

Flagellin protein 

OS= Brevibacillus laterosporus  

OX=1465 GN=C2W64_03541  
PE=3 SV=1 

 

*= Currently categorised as an obsolete entry in the Uniprot database but an equivalent version tr|A0A518VEB0|A0A518VEB0_BRELA exists. 
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Table 3.5 Identical proteins of Bl 1821L N-terminal sequenced ~48 kD putative antibacterial protein 
in Uniprot database 

Accessions Identical proteins               Organism Gene name Length 

tr
|A

0
A

0
F7

EF
A

2
|A

0
A

0
F7

EF
A

2
_B

R
EL

A
 

tr
|A

0
A

51
8

V
EB

0
|A

0
A

5
18

V
EB

0
_B

R
EL

A
 Phage tail sheath  

protein 
Brevibacillus laterosporus 
LMG 15441 

    BRLA_c036460 462 

Uncharacterised  
protein 

Brevibacillus borstelensis 
GI-9 

    BLGI_826 445 

Phage tail sheath 
 protein 

Brevibacillus laterosporus 
SKDU 10 

    AYJO8_14030 445 

Phage tail sheath   
protein 

Brevibacillus laterosporus 
(Bacillus laterosporus) 

    EEL32_11960 445 

Phage tail sheath 
protein 

Brevibacillus laterosporus 
(Bacillus laterosporus) 

    C4A76_07870,      
    C4A77_13935,   
    D5F52_00915 

445 

 

3.3.8 Bioinformatic analysis of 48 kD identified putative antibacterial protein of 
Bl 1821L 

Assessment of ~48 kD putative antibacterial protein with the Uniprot database uncovered that the 

identified accessions tr|A0A518VEB0|A0A518VEB0_BRELA and tr|A0A0F7EFA2|A0A0F7EFA2_BRELA 

are similar proteins, and represent a similar phage tail-sheath protein (Table 3.4). The identified phage 

tail-sheath protein corresponded to a phage-like element PBSX gene xkdk mapped between 5,137,128 

bp to 5,138,462 bp (Figure 3.7). In addition to a PBSX-like xkdK gene, several other phage-like genes 

are also encoded in the region. A phage FluMu Gp47 protein, a tail protein, a prophage LambdaBa01 

Xpf, and two other phage-like element PBSX proteins XkdT and XkdU also reside in the PBSX-like region 

of Bl 1821L. Various hypothetical protein encoding genes are also localised in the region where the 

XkdK protein is encoded in the Bl 1821L genome (Figure 3.7). N-acetylmuramoyl-L-alanine amidase, 

an endolysin, hydrolytic enzyme from phages that cleaves the cell wall during the final stage of lysis, 

is localised along with another lysis protein holin in the region. Located at the 3’ end of the phage-like 

element PBSX gene xkdK encoding region are four (ABC transporter) permease genes yvcR, yvcS, yvcQ, 

and yvcP (Figure 3.7).  These have been implicated in the export of lipid II-binding lantibiotics, such as 

nisin and gallidermin (McAuliffe et al., 2001; Smits et al., 2020). 

Amino acids alignment of the ~48 kD identified accessions tr|A0A518VEB0|A0A518VEB0_BRELA and 

tr|A0A0F7EFA2|A0A0F7EFA2_BRELA of Bl 1821L with the identical proteins of the genus Brevibacillus 

(Table 3.6) and phage-like element PBSX protein XkdK of the Bs 168 demonstrated >89.9% amino acids 
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similarity among the genus Brevibacillus proteins. However, the queried proteins of Bl 1821L displayed 

an identity of 22.7% with the similar proteins of the Bs 168 (Figure 3.9 & Appendix B-5). Furthermore, 

the distance matrices (Figure 3.10 & Appendix B-4) and the alignment of the amino acid using the 

programme CLUSTALO (Appendix B-3) also substantiated the findings. The genes of the defective 

phage Bs 168 presented a low level of amino acids similarity to the queried proteins of Bl 1821L 

(Appendix B-5). Bioinformatics analysis of the phage-like element PBSX protein XkdK encoding region 

of Bl 1821L revealed a similar organisational structure of the operons (Fig 3.7).  

 

3.3.9 BAGEL4 analysis of Bl 1821L and Bl 1951genomes 

Analysis of the Bl 1821L and Bl 1951 genomes predicted seven areas of interest (AOI) relevant to the 

putative antibacterial activity (Appendix B-6). Notably, among the seven predicted AOI, two areas 

matched to the core peptides (bacteriocins) (Appendix B-6) laterosporulin and UviB of Bl GI-9              

(Singh et al., 2012) and Bt serovara israelensis ATC35646 (Anderson et al., 2005) in both the insect 

pathogenic strains (Appendix B-6). BAGEL4 analysis also predicted other AOI encoding sactipeptides, 

lanthipeptides, and latency associated peptides (LAPs) in the Bl 1821L and Bl 1951 genomes (Appendix 

B-6). The predicted genomic regions of the core peptides laterosporulin and UviB of Bl 1821L and                

Bl 1951 along with the functional motifs are presented in the Appendices B-7 and B-12. 
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Figure 3.8 Alignment of 48 kD identified phage-like element PBSX protein XkdK accessions A0A0F7EFA2 and A0A518VEB0 (shown with red arrow) of              
Bl 1821L with the phage tail-sheath proteins of the Bl (A0A2S5HM29), Brevibacillus sp. SKDU 10 (A0A177XJV1), Bl LMG 15441 (A0A075R9L5), Bl GI-9 
(H0U638), and Bs 168 (P54331) using the Geneious basic 
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Figure 3.9 Dendrogram showing the alignment of 48 kD identified phage-like element PBSX protein 
XkdK of Bl 1821L with accessions A0A0F7EFA2 and A0A518VEB0 with the identical proteins of the 
genus Brevibacillus and the analogous protein of Bs 168 using Geneious basic 

 

3.4 Discussion 

Antibacterial activities of inhibitory compounds can be observed through various standard methods 

such as the disc diffusion assay, agar well diffusion assay, and soft agar overlay method. The disc 

diffusion assay and the soft agar overlay method with PEG 8000 precipitation were used to isolate and 

determine the antibacterial activities in the cell free supernatants of mitomycin C induced cultures of 

Bl 1951 and Bl 1821L. Ultrafiltration through MWCO membrane and the SDS-PAGE visualisation were 

employed to estimate the molecular mass (kD) of the putative antibacterial protein of Bl 1821L.                        

N-terminal sequencing of ~48 kD excised band of Bl 1821L identified a putative antibacterial protein 

which was further bioinformatically analysed. 

Bacteria predominantly harbour prophages in their chromosomes either in true or defective lysogenic 

forms (Boyd & Brüssow, 2002; Campbell, 1994; Prozorov, 1996). True lysogeny implies that the 

prophages of temperate phages may convert to either a lysogenic or vegetative state, while defective 
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lysogeny implies that the prophages cannot convert to fully functional phages because of some 

genetic deformation. The common products of defective phage assembly are tail parts, which attract 

the attention of researchers due to their killer activity against susceptible bacterial species (Boemare 

et al., 1992; Lee et al., 1999; Schwemmlein et al., 2018). Similar bactericidal complexes were termed 

“tailocin” to highlight the similarity to high molecular-weight phage tails and to avoid confusion with 

the low molecular-weight bacteriocins (Ghequire & De Mot, 2015). Two types of high molecular mass 

(>106 Da), phage tail-like bacteriocins, the R type and the F type, have been described from the 

bacterial kingdom (Michel-Briand & Baysse, 2002; Nakayama et al., 2000). Tailocins are produced 

intracellularly upon induction, usually of the SOS response. After intracellular assembly, the particles 

are released into the medium by cell lysis and can go on to kill competing target cells (Hartford & 

Dowds, 1992).   

PBSX is a well-known induced defective phage described from Bs 168 (Jin et al., 2014; McDonnell & 

McConnell, 1994). PBSX prophage is resident in the host chromosome and is about 28 kb consisting of 

38 predicted opening reading frames (ORFs) distributed between the early, middle, and late operons 

(Kunst et al., 1997; Moszer et al., 2002; Wood et al., 1990). The late operon encodes most of the PBSX 

structural and lysis genes (Wood et al., 1990). The phage particle is composed of at least 26 proteins 

(Mauël & Karamata, 1984b). XkdG is the main head protein, and XkdK and XkdM are the tail sheath 

and core proteins, respectively.  XkdV is a tail fibre subunit of Bs 168 PBSX-like region that is involved 

in the killing of susceptible strains (Mauël & Karamata, 1984b; Steensma, 1981). Bioinformatic analysis 

of the ~48 kD identified protein of Bl 1821L exhibited amino acid similarities to the phage-like element 

PBSX protein XkdK encoded by the defective phage of Bs 168. Furthermore, amino acid alignment (%) 

and distance matrices of 48 kD putative antibacterial protein of Bl 1821L also showed that these 

proteins are distantly related but functionally alike. Numerous other genes, such as four                            

(ABC transporter) permease genes yvcR, yvcS, yvcQ, and yvcP, also reside at the end of the phage-like 

bacteriocin region. These have been implicated in the export of lipid II-binding lantibiotics, such as 

nisin and gallidermin(McAuliffe et al., 2001; Smits et al., 2020). A search of ~48 kD phage-like element 

PBSX gene xkdK in the genome of Bl 1951 (RHPK01000003.1, contig 1) also indicated the presence of 

the xkdK gene along with a minority of xkdT, and xkdU like-genes of Bs 168. The findings manifest that 

the putative antibacterial phage tail-like proteins reside in the genomes of Bl 1821L and Bl 1951 (See 

Chapter 6; Section 6.3.7).   

The disc diffusion assay was originally proposed in 1956 to test antimicrobial susceptibility (Kirby et 

al., 1956) but later on, it was recognised as a standardised procedure and called the “Kirby-Bauer disc 

diffusion test” (Bauer, 1966; Hudzicki, 2009; Kirby et al., 1956). Mitomycin C induced putative phage 

tail-like proteins (bacteriocins) of Bl 1821L (1 µg/ml) and Bl 1951 (3 µg/ml) and the subsequent TEM 
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observation in Chapter 2 (Figures 2.14 & 2.15) corroborated the release of tailocin like particles. The 

crude lysate harbouring phage tail-like protein (bacteriocins) from both the strains demonstrated their 

inhibitory activities against the producing bacteria and vice versa in the disc diffusion assay. However, 

the antibacterial activity was predominantly directed against the other strain with the slight difference 

in the diameter of zone of inhibition (mm) developed on the lawn of host bacteria (Figure 3.1). The 

results of the disc diffusion assay were in agreement with previous work in which the authors 

demonstrated the sensitivity of the producer strain, Staphylococcus hyicus, to its bacteriocin, hyicin 

3682 (Fagundes et al., 2011).   

Typically, fully functional prophages tend to undergo a round of lytic growth, resulting in plaque 

formation, while a substantial number of phage-like entities present in bacterial genomes only 

produce phage tail-like structures (Canchaya et al., 2003). Phage tail-like particles are devoid of the 

phage genome and can’t multiply and form plaques (Hockett & Baltrus, 2017). The soft-agar overlay 

is the most widely utilised method to study proteinaceous antibacterial structures, especially 

bacteriophages and bacteriocins (Hockett & Baltrus, 2017). Gratia (1936) described this method to aid 

in enumerating bacteriophages but it has been used in combination with targeted genetic 

manipulation and PEG 8000 precipitation to distinguish among three different antimicrobial agents                                             

(a bacteriophage, a HMW bacteriocin, a LMW bacteriocin) produced by a single bacterial strain  

(Hockett & Baltrus, 2017; Hockett et al., 2015). Earlier work has shown that the protocol works well 

for P. syringae and would likely suffice for other gram-negative bacteria that grow vigorously under 

similar conditions (Hockett & Baltrus, 2017; Hockett et al., 2015; Kandel & Baltrus, 2020).  

Antagonistic activities of mitomycin C induced cultures of Bl 1821L and Bl 1951 were evaluated using 

the soft-agar overlay after PEG 8000 precipitation. Additionally, the inhibitory activity of phages and 

bacteriocins was differentiated by performing a serial dilution assay test. Assay test findings were in 

accordance with previous work which demonstrated that performing a serial dilution on a supernatant 

containing bacteriophage will result in individual plaques becoming less in number with greater 

dilution, whereas serial dilution of a supernatant containing bacteriocin will result in a clearing zone 

that becomes uniformly more turbid with greater dilution (Hockett & Baltrus, 2017; Hockett et al., 

2015). Furthermore, a bacteriophage will produce a clearing zone when spotted onto a fresh soft-agar 

overlay seeded with the same strain, whereas a bacteriocin will not produce a clearing zone when 

transferred to a fresh soft agar lawn, owing to the dilution of the bacteriocin (Hockett & Baltrus, 2017). 

Similarly, PTLBs of the gram-positive bacterium, C. difficile, after mitomycin C induction, were assayed 

for their inhibitory activities using the soft-agar overlay after PEG 8000 precipitation and the 

successive TEM analysis confirmed their presence (Hegarty et al., 2016).  
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PEG 8000 precipitated cultures of Bl 1821L and Bl 1951 did not provide any clue of the autocidal 

activity of the producer strains but significant activity can be seen in the disc assay tests which might 

be due to the use of a higher volume of cell free supernatants (Zou et al., 2018b). 

Tailocins or PTLBs are bactericidal structures (Scholl & Martin, 2008). A critical feature of tailocins is 

their ability to recognise and bind cell receptors specific to their host. Tailocins specificity is conferred 

by receptors on the cell surface of the susceptible bacterium and RBPs on tailocin tail fibres (Carim et 

al., 2021; Scholl, 2017). Different bacterial surface components act as the receptors for phages and 

PTLBs, including flagella (Merino et al., 1990), pili (Waldor & Mekalanos, 1996), outer membrane 

proteins such as OmpA and OmpC (Morona & Henning, 1984), and lipopolysaccharides (LPS) (Köhler 

et al., 2010). Since the majority of R-type tailocin gene clusters contain only one tail fibre gene they 

have a narrow host range. However, recently up to three tail fibre genes and wide host range tailocins 

have been reported for plant-associated Pseudomonas strains (Patz et al., 2019).   

Antibacterial spectrum analysis of Bl 1821L PEG 8000 precipitated cultures may favour a broad 

spectrum of action while a narrow killing activity for Bl 1951. Bl 1821L PEG 8000 precipitated cultures 

demonstrated their salient killing activity against all the indicator strains of the genus Brevibacillus 

except Bl CCEB 342, but this strain was susceptible to the PEG 8000 precipitated culture of Bl 1951. In 

addition, another gram-positive bacterium, C. maltaromaticum 3-1, was sensitive to Bl 1821L and 

insensitive to Bl 1951 precipitated cultures. No prominent activity of Bl 1821L and Bl 1951 PEG 8000 

precipitated cultures was noticed against the other indicator gram-positive bacterial strains. 

Brevibacillus strains and other gram-positive bacteria sensitivity to the induced phage tail-like proteins 

(bacteriocins) of Bl 1821L and Bl 1951 indicate that these may share similar receptor-binding proteins.  

Defective phage PBP180 of Bacillus pumilus (Bp) AB94180 was isolated, characterised, and compared 

for its antibacterial spectrum with those of PBSX, PBSZ, and PBSX4 from Bs 168, Bs W23, and                                

Bp AB94044 (Jin et al., 2014). The authors showed that none of the defective phages attacked their 

host strains, and the killing range and degree of killing activity against the same susceptible strain of 

the three defective phages were different. PBSX only had killing activity against Bs W23. PBSZ could 

attack both Bp AB94044 and AB94180. PBP180 not only had a high level of killing activity against                      

Bs W23 and Bp AB94044 but also displayed a medium degree of ability to attack Bs 168, indicating 

that PBP180 and PBSX possess different killing ranges. Moreover, PBSX4 possessed a low level of killing 

activity against Bs 168 and Bs W23 but did not attack Bp AB94180, suggesting that the killing spectra 

of PBP180 can be distinguished from that of PBSX4, even though both derived from Bp (Jin et al., 

2014).  

Previously, the antibacterial activity of R-type pyocins against other bacteria like Campylobacter sp. 

(Blackwell et al., 1982), Haemophilus influenzae (Phillips et al., 1990), Haemophilus ducreyi 
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(Campagnari et al., 1994; Filiatrault et al., 2001), Neisseria gonorrhoeae (Levin & Stein, 1996), and 

Neisseria meningitidis (Morse et al., 1976) was attributed to the common receptor sites on                           

P. aeruginosa (Connelly & Allen, 1983; Filiatrault et al., 2001). The role of receptor-binding proteins in 

defining the inhibitory spectrum of antibacterial structures (bacteriophages, PTLBs) has been 

investigated by swapping their RBPs (Dams et al., 2019). R-type tailocins target recognition 

mechanisms have been largely analysed from P. aeruginosa and B. cenocepacia: Tailocin fibre genes 

encode RBPs at their C-terminus that bind to specific bacterial surface components, which are very 

often lipopolysaccharide residues (Buth et al., 2018; Köhler et al., 2010). Antibacterial spectra of                     

P. aeruginosa have been modified by altering the RBPs of the pyocins (Williams et al., 2008). R-type 

tailocins were engineered (Scholl et al., 2009; Scholl et al., 2012) to extend their host range by 

replacing the C-terminal domain of the tailocin tail fibre (Ghequire & De Mot, 2015; Williams et al., 

2008). For example, the engineering of receptor-binding proteins of F-type tailocin (Monocin) of                                          

L. monocytogenes altered its killing spectrum (Lee et al., 2016). R-type tailocins derived from the gram-

positive bacterium, C. difficile, were termed “Diffocins” (Gebhart et al., 2012). The induced particles 

after purification from different strains indicated a different spectrum, with no single bacteriocin 

killing all tested C. difficile isolates (Gebhart et al., 2012). The authors identified the putative receptor-

recognising, spectrum-determining protein for diffocins by showing that switching this one protein 

(200 kD) switches the bactericidal specificity of the diffocin (Gebhart et al., 2012).  

Antimicrobial peptides and lipopeptides with broad-spectrum activity have been isolated and 

characterised from Bl strains (Desjardine et al., 2007; Singh et al., 2012; Zhao et al., 2012b). 

Laterosporulin produced by Bl GI-9 displayed a wide range of antibacterial activity through membrane 

permeabilisation (Carrillo et al., 2003; Singh et al., 2012). More recently, laterosporulin 10, produced 

by Bl SKDU 10, was characterised and considered similar to laterosporulin but it showed only 57.6% 

amino acids identity (Baindara et al., 2016b). Though the biosynthetic cluster of former bacteriocin 

contained identical transcriptional regulators, ABC transporter, and a dehydrogenase gene as 

observed in the latter, it contained a higher number of cationic amino acids. Laterosporulin 10 limited 

its inhibitory action to gram-positive bacteria due to the differences in the composition of amino acids 

(Baindara et al., 2016a).  
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3.5 Outcomes 

The major findings of this chapter are; 

1. N-terminal sequence analysis of a prominent band (~48 kD) of the Bl 1821L identified a phage 

tail-like protein which is typically antibacterial in nature. Bioinformatic analysis of antibacterial 

protein exhibited a genetic organisation similar to the PBSX-like defective prophage of Bs 168 

(to be further explored in Chapter 6). 

2. Bl 1821L putative antibacterial gene upon its search in the Bl 1951 genome showed the 

presence of several xkdK, xkdT, and xkdU genes of PBSX-like region of Bs 168. 

3. Autocidal activity of the mitomycin C induced cultures of Bl 1821L and Bl 1951 was observed 

in the disc diffusion assay. 

4. Antibacterial spectrum of mitomycin C induced cultures of Bl 1821L and Bl 1951 after                       

PEG 8000 precipitation was reported. Bl 1821L exhibited a broad spectrum while Bl 1951 

indicated a narrow spectrum of activity. 

5. BAGEL4 analysis predicted the presence of some antibacterial motifs in the genomes of both 

Bl 1821L and Bl 1951. 

 

3.6 Conclusion 

Based on the present findings and the electron micrographs presented in the previous 

chapter, it is likely that the inherent activity of Bl 1821L antibacterial protein (~48 kD) is due to the 

phage tail-like bacteriocins which possibly have a detrimental effect on the growth of the insect 

pathogenic strains Bl 1821L and Bl 1951.  
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Chapter 4 

Biochemical characterisation and production kinetics of putative 

antibacterial proteins of New Zealand Brevibacillus laterosporus 

strains Bl 1821L and Bl 1951 

4.1 Introduction  

N-terminal sequencing and the bioinformatic analysis of a putative antibacterial protein of Bl 1821L in 

the previous chapter revealed the presence of phage tail-like bacteriocins. The subsequent microbial 

assay tests further confirmed their nature by defining the antimicrobial spectrum and differentiating 

the phage tail-like bacteriocins from bacteriophages.  

Ribosomally synthesised antimicrobial substances, bacteriocins, can be structurally linear or globular, 

and the arrangement of the amino acids sequence and formation determine their bactericidal activity, 

sensitivity towards enzymes, solubility, and stability at different pH and temperatures (Herzner et al., 

2011; Sandiford, 2015). Therefore, bacteriocins can be subjected to a battery of biochemical 

characterisation assays.  

Bacteriocins are proteinaceous in nature. This distinctive feature can be confirmed by testing their 

sensitivity to proteolytic enzymes such as chymotrypsin, pepsin, proteinase K, and trypsin and non-

proteolytic enzymes such as a-amylase and catalase (Oh et al., 2000). The susceptibility of the 

bacteriocins to certain enzymes depends mainly on the peptide formation and amino acid sequence. 

Interestingly, their degree of degradation caused by different proteolytic enzymes also varies 

according to their amino acid composition and the bacteriocins can be partially susceptible to 

proteolytic enzymes (Lajis, 2020). 

Prokaryotes, especially bacteria, are dependent upon the pH of their abode as very high or very low 

pH is not suitable for their growth and bacteriocin production may be due to the neutrophilic 

behaviour of the producer strain. Therefore, it is important to consider the pH of the origin of isolation 

(Lajis, 2020). pH directly affects the enzymatic activity of microorganisms and consequently cell 

growth rates and production of several metabolites, including bacteriocins (Aasen et al., 2000; 

Mataragas et al., 2002). Sometimes, the effect of pH on bacteriocins stability is insignificant due to 

their stability over a wide pH range. However, unfavourable pH conditions could reduce cell viability 

by disrupting the integrity of the plasma membrane. This phenomenon is attributed to the prevalence 

of excessive H+ (due to pH) that weakens the membrane permeability barrier, perturbs the membrane 

lipid bilayers, thus causing leakage of some cellular components, and the dissipation of the 

electrostatic of the plasma membrane (Dominguez et al., 2007; Lee et al., 2001).  



 131 

Bacteriocins are mostly heat resistant, but the optimal temperature for the highest antimicrobial 

activity varies depending on the species (Lajis, 2020). Typically, the optimum temperature of the 

bacterium allows rapid cell proliferation and enhances the synthesis of important enzymes and 

proteins (e.g. lanthipeptide peptidase and oxidoreductase) which catalyse the biosynthesis or 

modification of biologically active bacteriocins (Fickers et al., 2008). 

Bacteriocinogenic strains tend to produce antimicrobial peptides during their late growth phase 

(Kumar et al., 2012b). Bacteriocin production, however, can be a highly regulated process, with strains 

requiring specific conditions and environments to induce the production of these antimicrobials         

(Diep et al., 2000; Maldonado-Barragán et al., 2013). These proteinaceous metabolites are synthesised 

by a wide variety of pathways, and both the specific genetic makeup of the producing strains and 

different environmental conditions can affect their activity (Ak et al., 2019; Arul Jose et al., 2013). 

Numerous fermentation parameters, such as incubation time, temperature, pH, aeration, and nutrient 

sources can influence their production in microbial systems (Turgis et al., 2016; Zhou et al., 2015). 

The current study was initiated to determine biochemical features such as the proteinaceous nature 

and stability of crude putative antibacterial proteins (bacteriocins) of Bl 1821L and Bl 1951 at varied 

pH and temperatures. The production kinetics of putative antibacterial proteins (bacteriocins) of                 

Bl 1821L and Bl 1951 at various time intervals under normal cultivating conditions was also 

determined. 

 

4.2 Methods 

4.2.1 Effect of enzymes on the activity of crude putative antibacterial proteins of 
Bl 1821L and Bl 1951   

Mitomycin C (Sigma) induced culture of Bl 1821L was centrifuged @ 16,000 g for 10 min at 4oC and 

the supernatant was filtered through a 0.22 µm filter. Cell free supernatant (CFS) was treated with 

three enzymes, viz. catalase (Sigma-Aldrich), protease (Sigma-Aldrich), and proteinase K (Sigma-

Aldrich) to evaluate their effect on the activity of crude putative antibacterial proteins (bacteriocins). 

Enzymes, catalase (Sigma-Aldrich) and protease (Sigma-Aldrich) were prepared by dissolving in 10 mM 

sodium phosphate buffer and the solutions were added to the filtered supernatant of LB broth to a 

final concentration of 1 mg/ml. The preparations were then placed in an incubator at 30oC for 6 hours 

followed by heating for 5 min at 85oC to terminate the enzymatic activity. For the control treatment, 

CFS and buffer without enzymes were used. 

Antibacterial activity of Bl 1821L crude lysate containing the phage tail-like bacteriocins was 

determined through the Kirby-Bauer disc diffusion assay (Bauer, 1966; Hudzicki, 2009) as outlined in 
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Chapter 3 (Section 3.2.1).  Antibacterial activity of crude lysate of Bl 1821L treated with and without 

enzymes was examined by measuring the diameter of the zone of inhibition (including the diameter 

of the disc) in mm. Disc diffusion assays were performed with three technical replicates.  

For determining the effect of enzymes on the activity of crude putative antibacterial proteins 

(bacteriocins) of Bl 1951 against Bl 1821L as the host bacterium, the same protocol as described above 

for crude Bl 1821L putative antibacterial proteins was used.  

 

4.2.2 Effect of temperature on the activity of crude putative antibacterial proteins 
of Bl 1821L and Bl 1951  

Mitomycin C (Sigma) induced culture of Bl 1821L was centrifuged @ 16,000 g for 10 min at 4oC and 

the supernatant was filtered through a 0.22 µm filter. Thermal stability of crude lysate of Bl 1821L 

harbouring the phage tail-like bacteriocins was evaluated by treating the filtered supernatant at 70oC, 

80oC, 90oC, and 100oC for 60 min. The activity of crude putative antibacterial proteins (bacteriocins) 

of Bl 1821L was also evaluated after autoclaving at 121oC for 15 min. The samples were immediately 

chilled on ice after heating and assayed for activity through the Kirby-Bauer disc diffusion assay against 

Bl 1951 as the host bacterium according to the protocol described in Chapter 3 (Section 3.2.1). Aliquots 

(1 ml) of cell free supernatant were also exposed to 4oC and -20oC for 30 days to determine their 

stability in storage. Mitomycin C (Sigma) induced Bl 1821L filtered supernatant without heating served 

as a control. 

Similarly to the Bl 1821L the effect of various temperatures on the activity of crude putative 

antibacterial proteins (bacteriocins) of Bl 1951 against Bl 1821L as the host bacterium was determined 

using the same protocol as outlined above for assessment of crude putative antibacterial proteins of 

Bl 1821L.  

 

4.2.3 Effect of pH on the activity of crude putative antibacterial proteins of 
Bl 1821L and Bl 1951  

To determine the effect of pH on the activity of crude lysate of Bl 1821L harbouring phage tail-like 

bacteriocins, the pH of cell free supernatant was set to 2, 4, 6, 8, 10, and 12 using either 1M HCL or 

1M NaOH. The residual activity of all pH treated samples was tested through the Kirby-Bauer disc 

diffusion assay against Bl 1951 as the host bacterium according to the protocol described in Chapter 

3 (Section 3.2.1). Mitomycin C (Sigma) induced Bl 1821L filtered supernatant without any alteration of 

pH served as a control. 
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Similarly to the Bl 1821L the activity of crude putative antibacterial proteins (bacteriocins) of Bl 1951 

against Bl 1821L as the host bacterium was determined using the same protocol as described above 

for assessment of crude putative antibacterial proteins of Bl 1821L. 

 

4.2.4 Production kinetics of putative antibacterial proteins of Bl 1821L and Bl 1951   

Bl 1821L culture preserved (-80oC) in glycerol at the Bio-Protection Research Centre (BPRC),                           

New Zealand was streaked on an LB agar plate to cultivate a primary culture. An LB agar plate was 

further streaked from a colony of Bl 1821L primary culture to obtain a secondary culture. A single 

colony of the secondary culture was picked from Bl 1821L to inoculate 5 ml of sterile LB broth in a 

universal vial. Bl 1821L inoculated vials were placed on an orbital shaker (Conco, TU 4540, Taiwan) 

overnight at 30oC and 250 rpm. One ml of an overnight culture of the host bacterium Bl 1821L was 

transferred into 25 ml LB broth in 250 ml flasks and placed on the shaker @ 250 rpm and 30oC. Two 

separate flasks were used for each treatment which were taken out for assessment at the following 

time intervals 3, 6, 12, 18, 24, 36, 48, 60, 72, 96, 120, 144, 168, 192, 216, and 240 hours. At each time 

point, a sample of 1 ml was drawn from each treatment to prepare tenfold serial dilutions (10-1 to                

10-6). One hundred µl of each dilution was transferred onto an LB agar plate and spread with the help 

of a hockey stick, then left to dry. Two replicate LB agar plates were inoculated with the drawn sample 

and kept in an incubator at 30oC. Bl 1821L colonies were counted with the help of a colony counter 

(Stuart, UK) after 2-3 days of spreading and converted into CFU/ml.  

Bl 1821L cultures were centrifuged at 16,000 g for 10 min at 4oC and the supernatants were filtered 

through a 0.22 µm filter. The pH of Bl 1821L cell free supernatants extracted at each interval was 

recorded with a pH meter (Orion star A211, Thermofisher). 

Antibacterial activity of each time interval filtered supernatant of Bl 1821L was tested against Bl 1821L 

and Bl 1951 as the host bacterium through the Kirby-Bauer disc diffusion assay as described in Chapter 

3 (Section 3.2.1). Bl 1821L produced bacteriocins antagonistic activity against indicator strains were 

examined by measuring the diameter of the zone of inhibition (including the diameter of the disc) in 

mm.  

Three independent experiments (biological replications) were performed and data of assessed 

parameters, CFU/ml, pH of cell free supernatants, and diameter of lysis zones (mm) of all the 

experiments were pooled. CFU/ml of each experiment was converted into log10 CFU/ml. The 

cumulative data was statistically analysed using ANOVA (Analysis of Variance) through the programme 

Genstat (20th edition).  
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Likewise, the production kinetics of putative antibacterial proteins (bacteriocins) of Bl 1951 during the 

course of its host bacterium growth was determined as described for the putative antibacterial 

proteins of Bl 1821L. Various parameters, including CFU/ml, pH of cell free supernatants, and 

antagonistic activity of Bl 1951 produced bacteriocins against Bl 1951 and Bl 1821L as the host 

bacterium were also studied as mentioned above for Bl 1821L. 

 

4.2.5 SDS-PAGE analysis of spontaneously produced putative antibacterial proteins 
of Bl 1821L and Bl 1951  

SDS-PAGE analysis of Bl 1821L and Bl 1951 spontaneously produced putative antibacterial proteins 

(bacteriocins)  at various time intervals was performed according to the protocol described in Chapter 

3 (Section 3.2.6) (Jones & Hurst, 2016; Laemmli, 1970) after high-speed centrifugation @ 35,000 rpm 

(151263 x g) for 70 min at 4oC. RAMA staining (Yasumitsu et al., 2010), as described in Chapter 3 

(Section 3.2.6), was used to stain the gels. Mitomycin C (Sigma) induced cultures of Bl 1821L and                     

Bl 1951 were used as a control to compare with the spontaneously induced putative antibacterial 

proteins (bacteriocins). 

To preserve the stained gel, one piece of cellophane sheet was wetted and spread on a wet surface 

so that the gel could be placed on it, which was then sealed with another piece of cellophane sheet. 

Finally, the stained gel inside the cellophane sheet was fixed in a frame with the help of clip binders 

and the excess water was removed through a hole.  

 

4.3 Results 

4.3.1 Effect of enzymes on the activity of crude putative antibacterial proteins of  
Bl 1821L against Bl 1951 as host bacterium  

Crude Bl 1821L filtered supernatants that contained the phage tail-like bacteriocins after treatment 

with the proteolytic enzymes (proteinase k & protease) lost their inhibitory activity, which proved their 

proteinaceous nature (Table 4.1). Catalase treatment of the mitomycin C induced culture of Bl 1821L 

did not affect the antimicrobial activity, demonstrating that the developed lysis zones on the lawns of 

the host bacterium were not due to the action of hydrogen peroxide (H2O2). The crude supernatant 

harbouring the putative phage tail-like bacteriocin of Bl 1821L in the control treatment (without 

enzymes) maintained the antagonistic activity (Table 4.1).  
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Table 4.1 Effect of enzymes on the activity of crude supernatant of Bl 1821L harbouring phage tail-
like bacteriocins against Bl 1951 as the host bacterium 

Enzymes Zone of Inhibition 

Proteinase-K - 

Protease - 

Catalase + 

Control 
(Mitomycin C) 

+ 

  

4.3.2 Effect of pH on the activity of crude putative antibacterial proteins of 
Bl 1821L against Bl 1951 as host bacterium 

Antibacterial activity of crude Bl 1821L supernatant harbouring phage tail-like bacteriocins against             

Bl 1951 persisted at all the evaluated pH levels except at pH 12. No zone of inhibition was observed at 

pH 12 (Table 4.2 & Figure 4.1).  

 

Table 4.2 Effect of pH on the activity of crude supernatant of Bl 1821L harbouring phage tail-like 
bacteriocins against Bl 1951 as the host bacterium 

pH 
Zone of inhibition diameter 

(mm) 

2 11.3 

4 11.0 

6 11.7 

8 11.7 

10 11.7 

12 -* 

Control  
(Mitomycin C) 

15.0 

 
*- = No zone of inhibition 
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Figure 4.1 Effect of pH on the activity of crude supernatant of Bl 1821L harbouring phage tail-like 
bacteriocins against Bl 1951 as the host bacterium (shown with red arrow) 

 

4.3.3 Effect of temperature on the activity of crude putative antibacterial proteins 
of Bl 1821L against Bl 1951 as host bacterium 

The crude supernatant of Bl 1821L harbouring the phage tail-like bacteriocin extracted after 

mitomycin C induction retained thermal stability in all the treatments except at 100oC and 121oC 

where no zones of inhibition were observed. However, after 70oC a gradual decrease in activity was 

noted (Table 4.3 & Figure 4.2). The putative antibacterial proteins (bacteriocins) of Bl 1821L kept at 

4oC and -20oC for 30 days sustained their inhibitory action against Bl 1951 as the host bacterium. 

However, the exposure to -20oC reduced the activity of crude supernatant of Bl 1821L.  
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Table 4.3 Effect of temperature on the activity of crude supernatant harbouring Bl 1821L phage 
tail-like bacteriocins against Bl 1951 as the host bacterium  

Temperature 
(oC) 

Zone of inhibition diameter 
(mm) 

70 15.0 

80 14.0 

90 11.7 

100 -* 

121 - 

Control 
(Mitomycin C) 

15.7 

 
*- = No zone of inhibition 
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Figure 4.2 Effect of temperature on the activity of crude lysate of Bl 1821L harbouring the phage tail-like bacteriocins against the Bl 1951 as host bacterium 
(shown with red arrow) 



 139 

4.3.4 Production kinetics of putative antibacterial proteins of Bl 1821L  

For the production kinetics of putative antibacterial proteins (bacteriocins) of Bl 1821L at various time 

intervals during the growth, three independent replicates of experiment were performed assessing 

the parameters of CFU/ml, pH of filtered supernatants, and antagonistic activity of Bl 1821L putative 

antibacterial proteins (bacteriocins) against Bl 1821L and Bl 1951. To ensure a more precise 

representation of the number of viable cells (CFU/ml) recorded values were converted into                              

log10 CFU/ml (Appendix C-1 & Figure 4.3). The results of all the experiments are included in Appendices 

C-2 to C-4 and the mean values of results (log10 CFU/ml) are presented in Figure 4.4. 

Antibacterial activity of crude supernatants of Bl 1821L harbouring the putative phage tail-like 

bacteriocins against itself initiated after three hours of inoculation as indicated by a small lysis zone 

(11.3 mm) but CFS of 36 hours showed the highest inhibitory activity (13.7 mm) (Table 4.4). The 

number of viable cells started to decline gradually and after 18 hours a dip was observed. CFS 

extracted at this time interval (18 hours) produced a lysis zone of 13.2 mm against its own lawn               

(Table 4.4 & Figure 4.5). Although a dip in colony forming units (log10 CFU/ml) was noticed at 18 hours, 

it was not statistically significant when compared to 12 hours and 36 hours of growth respectively 

(Figure 4.4). CFS of 36 hours produced the highest halo zone of 13.7 mm on the lawns of producer 

strain (Bl 1821L) but when compared to the activity of 18 hours CFS statistically no significant 

difference was found in the results (Table 4.4 & Figure 4.5). pH of Bl 1821L filtered supernatants varied 

from 7.04 to 9.47 and it steadily increased up to 60 hours  but the point (18 hours) where log10 CFU/ml 

demonstrated a fall indicated a significant change in pH value as compared to the pHs of 12 hours and 

36 hours CFS respectively (Table 4.4). 

Bl 1821L supernatants extracted after 60 hours and 72 hours exhibited the highest antagonistic activity 

against Bl 1951, producing a zone of inhibition of 15.7 mm and 15.4 mm respectively (Table 4.4 & 

Figure 4.6). This was the point where log10 CFU/ml values began to decline at an insignificant difference 

(statistically). Assessments of antibiotic discs with LB broth serving as a control demonstrated no 

antagonistic activity (Figure 4.6). However, pH of Bl 1821L filtered supernatants of both the time 

intervals statistically did not differ from each other (Table 4.4). 
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Table 4.4 Production kinetics of Bl 1821L spontaneously induced putative antibacterial proteins 
(bacteriocins) at various time intervals and assay test of crude cell free supernatant (CFS) 
harbouring Bl 1821L PTLBs against Bl 1821L and Bl 1951 as the host bacterium 

    Time interval 
(Hours) 

log10 CFU/ml pH of CFS 

Zone of inhibition diameter 
(mm) 

   Bl 1821L as the 
   host bacterium 

  Bl 1951 as the 
  host bacterium 

3 5.576 7.06 11.33 10.78 

6 5.518 7.04 11.67 11.67 

12 5.304 8.01 13.33 14.33 

18 4.960 8.35 13.22 15.22 

24 5.280 8.69 13.11 15.22 

36 5.384 9.12 13.67 15.33 

48 5.796 9.26 12.33 13.78 

60 5.995 9.37 13.00 15.67 

72 5.859 9.31 12.78 15.44 

96 5.626 9.42 11.67 13.89 

120 5.929 9.47 12.11 13.45 

144 6.166 9.33 12.56 12.78 

168 6.138 9.32 13.11 12.56 

192 6.440 9.32 12.56 12.22 

216 6.243 9.40 12.89 11.44 

240 6.241 9.39 11.67 12.22 

*LSD (5%) 0.636 0.317 2.221 1.922 

 

*LSD= Least significant difference 

 
 
 

 



 141 

  
 

Figure 4.3 Bl 1821L cells growth (log10 CFU/ml) at various time intervals of all the experiments, 
grown at 30oC 

 

 

  
 

 

Figure 4.4 Mean values of Bl 1821L cells growth (log10 CFU/ml) at various time intervals, retrieved 
from the pooled data of Figure 4.3 
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Figure 4.5  Antibacterial activity of spontaneously induced putative antibacterial proteins CFS harbouring the phage tail-like bacteriocins of Bl 1821L 
against Bl 1821L as the host bacterium at various time intervals during the course of its growth (shown with red arrow)
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Figure 4.6 Antibacterial activity of spontaneously induced putative antibacterial proteins CFS harbouring the phage tail-like bacteriocins of Bl 1821L 
against Bl 1951 as the host bacterium at various time intervals during the course of its growth (shown with red arrow)
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4.3.5 SDS-PAGE analysis of spontaneously induced putative antibacterial proteins 
of Bl 1821L  

SDS-PAGE analysis indicated no protein bands in the initial 3-6 hours of Bl 1821L growth (Figure 4.7A) 

which is in agreement with the CFS assay test results of the same time intervals where very narrow 

zones of inhibition were measured (Table 4.4 & Figures 4.5-4.6). However, between 12 hours to                    

240 hours of growth a protein of ~48 kD, which was previously shown (Chapter 3) to represent a phage 

tail-like bacteriocin (Figure 3.6B), was visible on SDS-PAGE, but with a thinner band than in the 

mitomycin C induced cultures (Figures 4.7A-B).  

 

 

 
    

Figure 4.7 SDS-PAGE analysis of spontaneously induced putative antibacterial protein (bacteriocin) 
of Bl 1821L at various time intervals. (A) 3, 6, 12, 18, 24, 36, 48, 60, 72 hours & (B) 96, 120,144, 168, 
192, 216, 240 hours 
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4.3.6 Effect of enzymes on the activity of crude putative antibacterial proteins of  
Bl 1951 against Bl 1821L as the host bacterium  

The crude supernatant containing putative antibacterial proteins (bacteriocins) of Bl 1951 upon 

exposure to the proteolytic enzymes (proteinase K & protease) lost their inhibitory activity that 

validated their proteinaceous nature (Table 4.5). Treatment with catalase did not affect the 

antimicrobial activity of the mitomycin C induced filtered supernatant of Bl 1951 which showed that 

the developed lysis zones on the lawns of the host bacterium were not due to the action of hydrogen 

peroxide (H2O2). However, in the control treatment (without enzymes) the putative antibacterial 

proteins of Bl 1951 maintained their antagonistic activity (Table 4.5).  

        

Table 4.5 Effect of enzymes on the activity of crude putative antibacterial proteins (bacteriocins) 
of  Bl 1951 against Bl 1821L as the host bacterium 

Enzymes Zone of inhibition 

Proteinase-K - 

Protease - 

Catalase + 

Control 
(Mitomycin C) 

+ 

 

4.3.7 Effect of pH on the activity of crude putative antibacterial proteins of Bl 1951 
against Bl 1821L as the host bacterium  

Cell free supernatant containing the putative antibacterial proteins (bacteriocins) of Bl 1951 

demonstrated more pronounced activity against Bl 1821L as the host bacterium at all the adjusted pH 

values except at pH 2. Antibacterial activity continued to increase from pH 4 up to pH 10, but it 

decreased at pH 12. A narrow zone of inhibition (10.7 mm) was measured at this value i.e. pH 12 (Table 

4.6 & Figure 4.8).  
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Table 4.6 Effect of pH on the activity of crude putative antibacterial proteins (bacteriocins) of                      
Bl 1951 against Bl 1821L as the host bacterium 

pH 
Zone of inhibition diameter 

(mm) 

2 -* 

4 11.67 

6 20.7 

8 21.0 

10 21.7 

12 10.7 

Control 
 (Mitomycin C) 

23.0 

                     
                   *- = No zone of inhibition 

 
 

 
 

Figure 4.8 Effect of pH on the activity of crude putative antibacterial proteins (bacteriocins) of                       
Bl 1951 against Bl 1821L as the host bacterium (shown with red arrow) 
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4.3.8 Effect of temperature on the activity of crude putative antibacterial proteins 
of Bl 1951 against Bl 1821L as the host bacterium  

The crude putative antibacterial proteins (bacteriocins) of Bl 1951 sustained their antibacterial activity 

against the host bacterium Bl 1821L at all the evaluated temperatures except 121oC, where no zone 

of inhibition was observed after heating for 15 min (Table 4.7 & Figure 4.9). The crude filtered 

supernatant maintained at 4oC for 30 days did not lose stability when evaluated against Bl 1821L as 

the host bacterium. However, the exposure to -20oC caused a slight decrease in antagonistic activity. 

 

Table 4.7 Effect of temperature on the activity of crude putative antibacterial proteins 
(bacteriocins) of Bl 1951 against Bl 1821L as the host bacterium 

Temperature 
(oC) 

Zone of inhibition diameter 
(mm) 

70 17.0 

80 18.7 

90 14.3 

100 14.7 

121 -* 

Control 
(Mitomycin C) 

20.3 

 
                      *- = No zone of inhibition 
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Figure 4.9 Effect of temperature on the activity of crude putative antibacterial proteins (bacteriocins) of Bl 1951 against Bl 1821L as the host bacterium 
(shown with red arrow) 
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4.3.9 Production kinetics of putative antibacterial proteins of Bl 1951  

Similar to studies assessing crude putative antibacterial proteins (bacteriocins) of Bl 1821L (Section 

4.2.4), three sets of independent experiments (biological replicates) were performed for determining 

the production kinetics of putative antibacterial proteins (bacteriocins) of Bl 1951 at various time 

intervals during the course of growth. The parameters of CFU/ml, pH of filtered supernatants, and 

antagonistic activity of crude proteins (bacteriocins) of Bl 1951 against Bl 1951 and Bl 1821L were 

studied. To ensure a more precise representation of the number of viable cells (CFU/ml) the recorded 

values were converted into log10 CFU/ml (Appendix C-5 & Figure 4.10). The results of all the 

experiments are included in Appendices C-6 to C-8 and the mean values of the results (log10 CFU/ml) 

are presented in Figure 4.11. 

Antimicrobial activity of crude CFS of Bl 1951 harbouring the putative antibacterial proteins 

(bacteriocins) against Bl 1951 initiated after 12 hours by producing a narrow halo of 10.7 mm but 

against Bl 1821L its activity started to appear even in CFS of 3 hours (Table 4.8). The number of viable 

cells abruptly fell after 18-24 hours of growth (Figure 4.11). The point where the Bl 1951 culture 

experienced a dip in log10 CFU/ml also corresponded to the prominent antagonistic activity of CFS 

against Bl 1951 and Bl 1821L by developing an inhibitory zone of 13.3 mm and 15 mm respectively 

(Table 4.8 & Figures 4.12-4.13). No zone of inhibition was observed in the control treatment where LB 

broth was used (Figures 4.12-4.13). All the assessed parameters at the dipping point (18 hours) 

including log10 CFU/ml, pH of cell free supernatants, and the diameters of inhibitory zones against both 

the host bacteria statistically differed significantly from the initial periods (3-12 hours) of growth                        

(Table 4.8). Bl 1951 cells insignificantly began to decline after 48 hours (Table 4.8 & Figure 4.11). The 

pH of Bl 1951 CFS obtained at various time intervals varied from 6.95 to 9.32 but it persistently 

increased slowly up to 36 hours and afterwards it almost remained static or slightly fluctuated (Table 

4.8). 
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Figure 4.10 Bl 1951 cells growth (log10 CFU/ml) at various time intervals of all the experiments,                     
grown at 30oC 

 

 

 

Figure 4.11 Mean values of Bl 1951 cell growth (log10 CFU/ml) at various time intervals, retrieved 
from the pooled data of Figure 4.10 
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Table 4.8 Production kinetics of Bl 1951 spontaneously produced putative antibacterial proteins 
(bacteriocins) at various time intervals and assay test of crude cell free supernatant (CFS) 
containing the putative antibacterial proteins of Bl 1951 against Bl 1951 and Bl 1821L as the host 
bacterium 

Time interval 
(Hours) 

log10 CFU/ ml pH of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1951 as the host 
bacterium 

Bl 1821L as the host 
bacterium 

3 6.239 6.95 0.00 12.33 

6 6.315 7.08 0.00 12.22 

12 6.868 7.68 10.67 13.56 

18 6.156 8.18 13.33 15.00 

24 6.000 8.61 11.89 13.11 

36 6.574 9.05 11.67 13.11 

48 7.079 9.08 12.67 12.33 

60 6.795 9.12 12.22 11.56 

72 6.812 9.18 12.44 12.67 

96 6.968 9.24 13.78 13.11 

120 7.151 9.23 12.78 12.89 

144 7.103 9.24 12.22 12.78 

168 7.044 9.28 12.00 14.67 

192 6.988 9.29 13.11 13.67 

216 7.086 9.32 11.89 13.67 

240 7.253 9.20 12.78 13.56 

*LSD (5%) 0.444 0.165 1.268 2.067 

 

*LSD= Least significant difference 
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Figure 4.12 Antibacterial activity of Bl 1951 spontaneously produced putative antibacterial proteins (bacteriocins) CFS against Bl 1951 as the host 
bacterium at various time intervals during the course of its growth (shown with red arrow)
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Figure 4.13 Antibacterial activity of Bl 1951 spontaneously produced putative antibacterial proteins (bacteriocins) CFS against Bl 1821L as the host 
bacterium at various time intervals during the course of its growth (shown with red arrow) 
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4.3.10 SDS-PAGE analysis of Bl 1951 produced putative antibacterial proteins  

SDS-PAGE analysis of Bl 1951 spontaneously produced putative antibacterial proteins (bacteriocins) 

indicated minor bands during the initial times (3-6 hours) of Bl 1951 growth as compared to Bl 1821L 

(Figure 4.14A). As reported in the previous section, spontaneously produced putative antibacterial 

proteins (bacteriocins) of Bl 1951 started to show an inhibitory effect against Bl 1821L even at these 

early hours in the disc diffusion assay test (Table 4.8 & Figure 4.13). Mitomycin C induced culture of                 

Bl 1951 indicated a prominent band of ~30 kD (which will be further purified in Chapter 5 and 

bioinformatically analysed in Chapter 6). Importantly, a similar protein band (~30 kD) was visualised on                        

SDS-PAGE in the spontaneously produced putative antibacterial proteins (bacteriocins) from the early 

12 hours to late 144 hours of Bl 1951 growth. However, afterwards this band can be observed on                    

SDS-PAGE with a low level of protein (Figures 4.14A-B).  

 

 

       

Figure 4.14 SDS-PAGE analysis of Bl 1951 spontaneously produced putative antibacterial proteins        
(bacteriocins) at various time intervals. (A) 3, 6, 12, 18, 24, 36, 48, 60, 72 hours & (B) 96, 120, 144, 
68, 192, 216, 240 hours  
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4.4 Discussion 

The current research explored biochemical features including the effect of enzymes, pH, and 

temperature on the activity of crude putative antibacterial proteins (bacteriocins) of Bl 1821L and                      

Bl 1951. Furthermore, the production kinetics of Bl 1821L and Bl 1951 bacteriocins at various time 

intervals were investigated through disc diffusion assay tests. SDS-PAGE analysis was used to compare 

the spontaneously induced Bl 1821L and Bl 1951 putative antibacterial proteins at various time intervals 

with the mitomycin C induced cultures for the strength of the protein banding. 

The production of high molecular-weight (HMW) bacteriocins (such as phage tail-like bacteriocins) is 

upregulated during stress. They are inducible by DNA damaging agents like UV radiation or mitomycin 

C and are dependent on the DNA repair and maintenance protein RecA (Sano & Kageyama, 1987; 

Shinomiya et al., 1983). However, under some conditions, antibacterial structures like bacteriophages 

and phage tail-like bacteriocins may undergo a phenomenon known as “spontaneous prophage 

induction” (SPI). This causes the spontaneous activation of these antibacterials in single cells of bacterial 

populations even in the absence of an external trigger (Nanda et al., 2015). SPI is likely due to 

spontaneous accumulation of DNA damage initiating the host’s SOS response during cell replication (Cox 

et al., 2000; McCool et al., 2004; Pennington & Rosenberg, 2007). This process plays a crucial role in the 

population biology of temperate phages in mixtures of susceptible cells and lysogens (Nanda et al., 

2015). This was first demonstrated using supernatants of Bacillus megaterium lysogens that 

spontaneously produced phages in the cultivating media under non-inducing conditions (Lwoff, 1953b). 

Spontaneous induction, which is often accompanied by lysis of the bacterial cell, has long been seen as 

a potentially detrimental process for bacterial populations, as a small percentage of cells would be lost 

continuously (Nanda et al., 2015). Cells of the gram-positive bacterium, Corynebacterium glutamicum, 

grown under standard conditions, spontaneously induced expression of prophage genes and this 

activation is caused in part by the spontaneous activity of the SOS response in single cells (Nanda et al., 

2014). The simultaneous production of contractile and flexible phage tail-like bacteriocins was first 

reported in the bacterium Pragia fontium 64613 (Smarda & Benada, 2005). Maximum spontaneous 

production of phage tail-like particles occurred after 12 hours at 30oC and heavy shaking. However, the 

authors demonstrated that it could be further increased by exposure to UV light at 245 nm or mitomycin 

C @ 1 µg/ml (Smarda & Benada, 2005). Broussard et al. (2013), while studying the non-SOS inducible 

mycobacteriophages, speculated that the spontaneous switching from lysogeny to the lytic state might 

be due to a drop in the repressor level below the threshold or to a sporadic expression of the integrase 

gene.  

Cell free supernatants of Bl 1821L and Bl 1951 extracted at various time intervals in the assay tests 

demonstrated antibacterial activities. Therefore, all the filtered supernatants after high-speed 
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centrifugation were run on SDS-PAGE to visualise the difference between the mitomycin C induced and 

the spontaneously induced inhibitory compounds. A prominent band of ~48 kD from mitomycin C 

induced culture of Bl 1821L was visualised on SDS-PAGE and excised for N-terminal sequencing as 

reported in Chapter 3 (Figures 3.5A-B). N-terminal sequencing and further bioinformatics analysis 

substantiated it as a putative phage tail-like bacteriocin. SDS-PAGE analysis of spontaneously induced 

putative antibacterial protein of Bl 1821L at various time intervals also showed the presence of a                     

~48 kD protein band (Figures 4.7A-B). The visualisation of antibacterial protein of Bl 1821L across all the 

evaluated time intervals, except in the initial 3-6 hours, also confirmed the results of the disc assay tests 

against Bl 1821L and Bl 1951 as the host bacterium (Figures 4.5-4.6). Based on the availability of 

literature so far this is the first report of spontaneous induction of HMW bacteriocins (phage tail-like) of 

the insect pathogenic Bl 1821L strain. SDS-PAGE of Bl 1951 mitomycin C induced and spontaneously 

produced putative antibacterial proteins (bacteriocins) at various time intervals indicated a prominent 

~30 kD protein. Visualisation of a spontaneously produced ~30 kD protein band on SDS-PAGE of Bl 1951 

showed low concentrations in the initial 3-6 hours but it remained prominent up to 144 hours and at a 

slightly reduced level afterwards (Figures 4.14A-B). Furthermore, in this work prominent lysis zones 

were seen upon evaluation of Bl 1951 extracted CFS at all time intervals against Bl 1951 and Bl 1821L as 

the host bacterium. Electron micrographs of crude lysate of Bl 1951 presented in Chapter 2 (Figure 2.14) 

displayed structures similar in form to the phage tail-sheath however its involvement in the putative 

antibacterial activity at this stage is inconclusive due to the absence of N-terminal sequencing of ~30 kD 

protein of Bl 1951.  

Microbial growth and maintenance on cultivating media in petri dishes has long been a common practice 

in microbiology. The preferred method for quantitative population analysis of pure and mixed cultures 

relies on the plating of serial dilutions and subsequent counting of CFUs (Sieuwerts et al., 2008). 

Numerous alternative tools like quantitative PCR (Neeley et al., 2005), fluorescent labelling (Blasco et 

al., 2003; Lay et al., 2005), or genome probing with microarrays (Bae et al., 2005) have gained popularity 

but most of these methods measure different entities, i.e. all cells, including non-viable cells (Liu et al., 

2004). Therefore, due to the complexities involved in these protocols, colony counting is still a widely 

used method to enumerate microbes (Sieuwerts et al., 2008). The CFU counting method has certain 

distinctive features, namely the capacity for counts of any number of bacteria using dilutions, if too 

many, or concentrations if too few. Viable bacteria only are counted while dead bacteria and debris are 

excluded in this method (Hazan et al., 2012). However, the most important limitation of the CFU method 

is that clumps of bacteria cells can be miscounted as single colonies; the potential for counting clumps 

as single units is the reason the results are reported as CFU/ml rather than bacterial cells/ml. 

Furthermore, the results are usually obtained after 1-3 days, making the method not suitable for serial 
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longitudinal studies (Hazan et al., 2012). Growth curves of Bl 1821L and Bl 1951 in all the triplicate 

experiments did not show strong uniformity and consequently, the CFU/ml varied due to unknown 

factors. However, the present study revealed that the spontaneously produced putative antibacterial 

proteins (bacteriocins) of Bl 1951 caused a drastic decline in the number of viable cells (log10 CFU/ml) 

after 18 hours of growth which corresponded to the highest antagonistic activity of CFS of this particular 

time period against Bl 1821L and Bl 1951 as host bacterium. pH of Bl 1951 CFS extracted after 18 hours, 

like log10 CFU/ml and diameter of zones of inhibition (mm), were statistically significant. Although                       

Bl 1821L also experienced a  dip in log10 CFU/ml after 18 hours of growth and more pertinently this 

period also coincided with the highest antibacterial activity of CFS containing spontaneously induced 

putative antibacterial proteins (bacteriocins), but differences were not significant. 

The expression of genes responsible for the production of antimicrobial peptides is largely dependent 

on the temperature and initial pH of the medium (Leães et al., 2013). Various metabolic mechanisms 

like aggregation, adsorption of bacteriocin by producing cells, and proteolytic degradation by specific or 

non-specific proteases, as well as post-translational modifications to produce active bacteriocins are 

sensitive to acidification of the cultivating media (Biswas et al., 1991; Guerra, 2014). Earlier findings 

mentioned that pH values decrease gradually over several hours after inoculation due to rapid bacterial 

growth rate (Lee et al., 2001). The gradual increase in pH of Bl 1951 and Bl 1821L up to 48 and 60 hours 

of growth aligns with the exponential growth and afterwards a slight fall (stationary phase) where pH 

values remained almost stagnant. Typically, at this stage, Bacillaceae species produce several organic 

acids such as malic acid, pyruvic acid, acetic acid, citric acid, succinic acid, α-ketoglutaric acid, propionic 

acid, and butyric acid (Lee et al., 2001). Pyruvic acid is considered as one of the key intermediates in the 

Tricarboxylic acid (TCA) cycle and Embden-Meyerhof-Parnas (EMP) pathways and plays a vital role in 

bacteriocin biosynthesis. Expression of a plasmid-encoded bacteriocin gene is attributed to the 

increasing level of purines and pyrimidines after the production of acetic acid (Ge et al., 2019). However, 

depending on the species and medium composition, the concentration of these organic acids may vary. 

The time when bacterial growth almost approaches the stationary phase, the concentration of organic 

acids decreases, as often indicated by a slight increase in fermentation pH. Therefore, optimum pH 

condition is important to maintain membrane potential and establish multiple ion gradients across the 

cytoplasmic membrane (Dominguez et al., 2007).  

Proteolytic enzymes hydrolyse peptide bonds in substrate proteins, resulting in a widespread, 

irreversible post-translational modification of the protein’s structure and biological function (Dhillon et 

al., 2017; Klein et al., 2018). Proteinase K is commonly used in molecular biology to digest proteins. 

Earlier studies have elucidated that the bacteriocins from different species can either be activated, 

inactivated, or do not result in any changes of antimicrobial activity (Elayaraja et al., 2014; Kang & Lee, 
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2005). HMW bacteriocins, BceTMilo and maltocin S16, upon exposure to the proteolytic enzymes 

(trypsin, α-chymotrypsin, proteinase K, protease, lipase, papain, or lysozyme) did not lose their killing 

activity but α-chymotrypsin caused a 75% loss in activity of maltocin S16 (Chen et al., 2019; Yao et al., 

2017). Proteinase K treatment completely abrogated bactericidal activity of the phage tail-like 

bacteriocins, maltocin P28 and serracin P (Jabrane et al., 2002a; Liu et al., 2013). Low molecular-weight 

(LMW) bacteriocins of the genus Bacillus (Cherif et al., 2008; Flühe et al., 2013; Kaewklom et al., 2013) 

and Brevibacillus (Baindara et al., 2016b; Ghadbane et al., 2013; Singh et al., 2012) lost their antagonistic 

activity after treatment with proteinase K. Proteolytic enzymes (proteinase K & protease) treatment of 

the crude Bl 1821L and Bl 1951 bacteriocins abrogated their inhibitory activity, which proved their 

proteinaceous nature. Mitomycin C induced supernatants of Bl 1821L and Bl 1951 harbouring the 

putative antibacterial proteins (bacteriocins) retained their activity upon exposure to the catalase 

enzyme which confirmed that it was not caused due to hydrogen peroxide (H2O2).  

LMW bacteriocins are mostly heat resistant, but their optimal temperature with the highest 

antimicrobial activity varies depending on species (Lajis, 2020; Riley & Wertz, 2002b). For example,                  

Bl produced bacteriocin, laterosporulin (Singh et al., 2012), Bac-GM100 (Ghadbane et al., 2013), and 

laterosporulin 10 (Baindara et al., 2016b), maintain their thermal stability even after heating at 121oC 

for 15-20 min. The entomopathogenic bacterium, Bt entomocidus HD110, bacteriocins entomocin 110 

and entomocin 9 retained 53% and 72% of their activity respectively even after autoclaving (Cherif et 

al., 2003; Cherif et al., 2008). From the available studies, the vast majority of HMW   bacteriocins such 

as aquaticin (Smarda & Benada, 2005), fonticin (Smarda & Benada, 2005), maltocin P28 (Liu et al., 2013), 

maltocin S16 (Chen et al., 2019), and serracin P (Jabrane et al., 2002a) become inactive upon incubation 

at a temperature between 45-60°C for 10 min. The crude lysate of Bl 1821L harbouring phage tail-like 

bacteriocins retained stability between 70-90oC and the putative antibacterial proteins (bacteriocins) of 

Bl 1951 even tolerated heating up to 100oC. However, the antagonistic activities of the putative 

antibacterial proteins (bacteriocins) of Bl 1821L and Bl 1951 were lost after autoclaving (121oC) for 15 

min. The present findings showed that the crude putative antibacterial proteins (bacteriocins) of                  

Bl 1821L and Bl 1951 are thermally stable over a broad range as compared to the similar antibacterial 

agents in other bacteria. 

The genus Bacillus bacteriocins are known to be active over a broad range of pH (Bizani & Brandelli, 

2002). Laterosporulin and Bac-GM100 retained their biological activity within pH 2-10, but activity was 

drastically reduced at pH ˃10 (Ghadbane et al., 2013; Singh et al., 2012). Antimicrobial activity of 

laterosporulin 10 was stable over a wide range of pH (2-12) (Baindara et al., 2016b). HMW bacteriocin,  

BceTMilo, killing activity was stable between pH 4.8-8.8, with a 100-fold decrease in activity after                    

18 hours at pH 10.5 and all detectable activity was lost after 18 hours at pH 2.0 (Yao et al., 2017). 
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However, in the current study crude lysate harbouring the putative antibacterial proteins (bacteriocins) 

of Bl 1821L (pH 2-10) and Bl 1951 (pH 4-12) sustained their antibacterial activity over a wide pH range. 

The stability of bacteriocins over a wide pH range makes it effective but unfavourable pH conditions 

could reduce cell viability by disrupting the integrity of the plasma membrane. This is due to the 

presence of excessive H+ (due to pH) that tend to lessen the membrane permeability barrier, perturbing 

the membrane lipid bilayers, thus causing leakage of some cellular components, and the dissipation of 

the electrostatics of the plasma membrane (Dominguez et al., 2007; Lee et al., 2001).  

4.5 Outcomes 

The major findings of this chapter are;  

1. Biochemical characterisation of Bl 1821L and Bl 1951 putative antibacterial proteins 

(bacteriocins) demonstrated that they persisted in their antibacterial activity over a wide range 

of pHs and temperatures. 

2. Proteolytic enzymes (proteinase K & protease) treatment proved the proteinaceous nature of 

Bl 1821L and Bl 1951 putative antibacterial proteins (bacteriocins). 

3. Bl 1821L spontaneously induced putative antibacterial proteins harbouring a phage tail-like 

bacteriocin of ~48 kD molecular mass insignificantly affected the colony forming units (CFUs) of 

the host after 18 hours of growth. 

4. Bl 1951 spontaneously induced a protein of ~30 kD molecular mass which is suspected (being a 

prominent protein band) to be involved in the antagonistic activity. A decline in the number of 

viable cells and significant antagonistic activity of Bl 1951 spontaneously induced putative 

antibacterial protein was found after 18 hours of growth. 

 

4.6 Conclusion 

Bl 1821L and Bl 1951 putative antibacterial proteins (bacteriocins) stability over a broad range 

of pHs and temperatures may provide an insight into their nature. Spontaneously induced putative 

antibacterial proteins can affect the number of viable cells of host bacteria during the course of its 

growth.  
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Chapter 5 

Purification of putative antibacterial proteins of New Zealand 

Brevibacillus laterosporus isolates Bl 1821L and Bl 1951 

5.1 Introduction 

Biochemical characterisation and production kinetics of putative antibacterial proteins of isolates                        

Bl 1821L and Bl 1951 in the preceding chapter demonstrated their proteinaceous nature and 

spontaneous production. The salient characteristics of the putative antibacterial proteins can only be 

ascertained if these are obtained in the purified form.  

Bacteriophages are endowed with numerous structural and non-structural proteins. The former 

includes tail and capsid proteins represented by receptor switching in phage tail-like antibacterials 

(pyocins), while the latter are represented by polymerases and specialised enzymes that are well 

exemplified by “phage lysins” or “enzybiotics” (Kim et al., 2019). Antibacterial structures like phages and 

phage tail-like bacteriocins (PTLBs) are lysogenic and are released upon lysis of the cell after induction 

(Patz et al., 2019; Saha et al., 2021). The major components present in crude lysate apart from phage or 

phage tail-like bacteriocins may also include bacterial debris (mainly membranes with bacterial 

proteins), nucleic acids, and ribosomes (Boulanger, 2009). To identify and characterise the protein of 

interest it is vital to purify from this lysed homogenate (Marichal-Gallardo & Alvarez, 2012; Roy et al., 

2007). Indeed, defining what a “pure protein” means is not easy. Theoretically, a protein is pure when 

a sample contains only a single proteins species, although in reality it is more or less impossible to 

achieve 100% purity (Walker, 2005). However, in practice, only four different fractionation steps are 

needed to purify most of the proteins and in exceptional circumstances, a single chromatographic step 

has been sufficient (Walker, 2005).  

Various protein purification methods developed in the 1960s-1990s guided how the targeted and 

admixed proteins can be separated by their molecular weights, charges, hydrophobic properties, effects 

of salts (ammonium sulphates), and organic solvents (acetone or ethanol) (Borzenkov et al., 2014; De 

Vuyst & Leroy, 2007). They can also be separated by their adsorbing potentialities, resistance to pH and 

temperature, antibody affinity, as well as by types of substrates and inhibitors (in case of enzymes), 

cyanurchloride derivatives, etc. (Borzenkov et al., 2014). Size exclusion chromatography (SEC) is 

regarded as the standard analytical technique to separate and quantify protein oligomers. SEC separates 

molecules according to their hydrodynamic size, with larger-sized molecular species (which are not 

necessarily larger molecular mass species) eluting before smaller ones (Fekete et al., 2014; Jones & 
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Hurst, 2016). Ultracentrifugation is particularly useful not only in concentrating but also in purifying the 

phage tail-like particles in density gradients (Gebhart et al., 2012; Lawrence & Steward, 2010). PEG 8000 

precipitation in combination with the salt NaCl has been employed to concentrate the antibacterial 

structures (such as bacteriophages and phage tail-like bacteriocins) (Hegarty et al., 2016) and to 

differentiate between the activity of two inhibitory compounds (Hockett & Baltrus, 2017). Ammonium 

sulphate precipitation has been used to purify the crude phage derived bacteriocins (Fischer et al., 

2012). Purification by ammonium sulphate requires graded precipitation to obtain pure extracts. 

However, during ammonium sulphate precipitation, salt ions are introduced and removal of these salt 

ions complicates the purification process (Zou et al., 2018a). 

High molecular-weight (HMW) bacteriocins (such as PTLBs) are not typically separated in a single step 

and therefore several steps/methods have to be employed to purify a targeted protein (Yao et al., 2017; 

Zou et al., 2018a). The various separation steps may exploit differences in chemical/structural/ 

functional properties between the target protein and other proteins in the crude mixture. Therefore, by 

exploiting these differences in physical and chemical properties among proteins, several different 

fractionation and chromatographic methods can usually be employed to design a workable purification 

scheme (Kallberg et al., 2012; Labrou, 2014).  

The primary aim of this chapter was to purify the putative antibacterial proteins of Bl 1821L and Bl 1951 

using different methods for specific identification. 

 

5.2 Methods 

5.2.1 Purification of Bl 1821L and Bl 1951 putative antibacterial proteins using size 
exclusion chromatography 

A Bl 1821L culture was induced with mitomycin C (Sigma) @ 1 µg/ml as described in Chapter 2 (Section 

2.2.6). The induced culture was centrifuged @ 16,000 g for 10 min and the supernatant was passed 

through a 0.22 µm filter. Cell free supernatant (CFS) (7.5 ml) was transferred into polypropylene 

centrifuge tubes (Konical, Beckman) and ultracentrifuged @ 35,000 rpm (151,263 x g) in a swing bucket 

rotor (41Ti, Beckman) for 70 min to concentrate the putative antibacterial proteins. The supernatant 

was decanted and the concentrated pellet was resuspended in 100-150 µl of TBS buffer (Tris buffer 

saline: 25 mM Tris-HCl, 130 mM NaCl, pH 7.5). Prior to SEC, the resuspended pellet was passed through 

a 0.45 µm filter. For SEC, a Bio-Rad column (1.5 x 46 cm) was used to pour the gel matrix (Sephacryl S-

400) according to the manufacturer’s instructions (GE Healthcare Life Sciences). An ultracentrifuged 

sample (800 µl) of Bl 1821L was injected into the column for purification. The column was connected to 

the BioLogic LP System. Before loading the sample into the column, it was equilibrated with TBS buffer 
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to a volume of approximately 150-200 ml at a flow rate of 1 ml/minute. The sample after loading into 

the column was run at 0.5 ml/minute and the purified/separated protein mixture was monitored by the 

UV slot in the BioLogic LP System measuring the absorbance at 280 nm.  

For Bl 1951, a culture induced with mitomycin C (Sigma) @ 3 µg/ml was used in SEC purification as 

described for the Bl 1821L samples. A schematic presentation of the SEC method is illustrated in Figure 

5.1. 
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Figure 5.1  Flow chart of Bl (1821L, 1951) putative antibacterial proteins purification using size 
exclusion chromatography 
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A. Assay test of size exclusion chromatography fractions 

Antagonistic activity of Bl 1821L SEC derived fractions was tested against Bl 1821L and Bl 1951 as 

the host bacterium through the Kirby-Bauer disc diffusion assay (Bauer, 1966; Hudzicki, 2009) as 

outlined in Chapter 3 (Section 3.2.1). However, in this study 80 µl of each SEC fraction was transferred 

to the sterile (without impregnation of antimicrobials) paper disc (ADVANTEC, Japan) of 8 mm diameter 

for determining its inhibitory activity against the Bl 1821L and Bl 1951 as the host bacterium. Disc 

diffusion assays were performed in triplicate assessing the independently undiluted Bl 1821L SEC 

fractions, from where SEC fractions exhibiting the inhibitory activities were pooled and concentrated at 

a high speed of  35,000 rpm (151,263 x g) in a swing bucket rotor (41Ti, Beckman) for 70 min. 

Antibacterial activity of the SEC fractions of Bl 1951 was also evaluated through disc diffusion assay test 

against Bl 1951 and Bl 1821L as the host bacterium as described for Bl 1821L. All the SEC fractions 

exhibiting inhibitory activities were concentrated similar to Bl 1821L.  

 

B. Protein quantification using Qubit protein assay kit 

Bl 1821L and Bl 1951 antibacterial proteins quantification of each concentrated fraction was 

performed using a Qubit protein assay kit (Thermo Fisher Scientific). Qubit working solution was 

prepared by diluting the Qubit protein reagent 1:200 in the Qubit protein buffer. Two assay tubes were 

set up for the standards and each 190 µl of Qubit working solution was mixed with 10 µl of standards 

from the kit by vortexing for 2-3 seconds to make the final volume of 200 µl. A 20 µl putative 

antibacterial protein sample was added into 180 µl of Qubit working solution and vortexed for 2-3 

seconds. Final volume in each Bl 1821L putative antibacterial protein sample was 200 µl. All the tubes 

were incubated at room temperature (~22oC) for 15 min from where they were independently placed 

into the Qubit 3.0 Fluorometer (Thermo Fisher Scientific) and the protein concentration (µg/ml) 

readings were noted. 

 

C. SDS-PAGE analysis of size exclusion chromatography fractions 

Bl 1821L and Bl 1951 fractions after concentrating the putative antibacterial proteins were run on 

the SDS-PAGE as described in Chapter 3 (Section 3.2.6) but here the volume of loaded sample and 

protein ladder (BIO-RAD, Precision Plus ProteinTM Standards) was 20 µl and 5 µl respectively.  

For staining of Bl 1821L and Bl 1951 putative antibacterial proteins, the silver straining protocol defined 

by Blum et al. (1987) with some modifications was used. Post SDS-PAGE the gel was washed with dH2O 

and immediately transferred for fixation (Methanol 50 ml + Acetic acid 12 ml + Formalin 50 µl + dH2O 

38 ml) for 30 min on an orbital shaker (Ratek, Australia) at the lowest speed. For fixation, the gel was 

washed three times with 50% methanol for 5 mins. After fixation, the gel was treated with 0.1M sodium 
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thiosulphate (800 µl) and 100 ml dH2O. Prior to the application of the impregnation solution (Silver 

nitrate 0.2 g + Formalin 75 µl + dH2O 100 ml) to the gel for 10 min, the gel was washed three times with 

dH2O for 20 sec each time. Staining was then achieved by treating the gel with the solution (Sodium 

carbonate 6 g + Formalin 50 µl + 0.1M Sodium thiosulphate 16 µl + dH2O 100 ml) for 10-20 min at that 

time protein bands typically appear and the gel at this stage was immediately washed with dH2O for         

20 sec. To terminate the staining, the gel was treated with 10 ml 10% Acetic acid in 100 ml dH2O for           

10 min. Finally, the stained SDS-PAGE gel was washed for 20 sec in dH2O. 

 

D. Transmission electron microscopy of Bl 1821L and Bl 1951 putative antibacterial 
proteins purified using the size exclusion chromatography 

 
TEM analysis of the Bl 1821L and Bl 1951 SEC purified and concentrated samples was performed at 

AgResearch, Lincoln, New Zealand according to the protocol described in Chapter 2 (Section 2.2.9). 

 

5.2.2 Purification of Bl 1821L and Bl 1951 putative antibacterial proteins using 
sucrose density gradient centrifugation 

Mitomycin C (Sigma) @ 1 µg/ml was used to induce Bl 1821L as described in Chapter 2 (Section 2.2.6). 

The induced culture was centrifuged @ 16,000 g for 10 min and the supernatant was passed through a                 

0.22 µm filter. Cell free supernatant (CFS) (7.5 ml) was transferred into polypropylene centrifuge tubes 

(Konical, Beckman) and ultracentrifuged @ 35,000 rpm (151,263 x g) in a swing bucket rotor (41Ti, 

Beckman) for 70 min to concentrate the putative antibacterial particles. The supernatant was decanted 

and the concentrated pellet was resuspended in 100-150 µl of TBS buffer. 

Two groups of different sucrose density gradients were used in this study. Group A comprising of 10%, 

20%, 30%, 40%, and 50% gradients was created by applying layers of 1.5 ml of freshly prepared sucrose 

solutions on top of one another. Group B comprising of 10%, 20%, 30%, 40%, 50%, and 60% gradients 

was created by applying layers of 1.25 ml of freshly prepared sucrose solution sequentially. The highest 

concentration of sucrose was applied first, followed by the lower concentrations. The Bl 1821L 

ultracentrifuged preparation (200 μl) was applied on top of each group of sucrose density gradient and 

centrifuged at a high speed of 35,000 rpm (151,263 x g) in a swing bucket rotor (41Ti, Beckman) for                 

70 min to concentrate the putative antibacterial proteins.  

For loading the sucrose gradients, CFS derived from Bl 1821L mitomycin C (Sigma) induced culture 

without ultracentrifugation were independently applied (200 μl) at the top of both the groups of the 

sucrose density gradients. The Bl 1821L uninduced (without mitomycin C) culture was ultracentrifuged 

@ 35,000 rpm (151,263 x g) in a swing bucket rotor (41Ti, Beckman) for 70 min to concentrate the 
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putative antibacterial proteins. The concentrated pellet was further subjected to sucrose density 

gradient centrifugation for purification as performed for the mitomycin C (Sigma) induced cultures. 

Like Bl 1821L, Bl 1951 cultures with/without mitomycin C (Sigma) induction were subjected to sucrose 

density gradient purification after ultracentrifugation. In addition, similar to Bl 1821L, CFS derived from 

mitomycin C (Sigma) induction was also purified using sucrose density gradient centrifugation. A 

schematic flow chart of putative antibacterial proteins purification using the sucrose density gradient 

centrifugation method is illustrated in Figure 5.2. The resultant protein concentration was determined 

through a Qubit protein assay kit (Thermo Fisher Scientific) as described above (Section 5.2.1B). 
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Figure 5.2 Flow chart of Bl (1821L, 1951) putative antibacterial proteins purification using sucrose 
density gradient centrifugation 
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A. Assay test of sucrose density gradients  

Sucrose density layers of Bl 1821L and Bl 1951 from each gradient were collected and evaluated for 

their antagonist activities. Antagonistic activity of each gradient was tested against Bl 1821L and Bl 1951 

as the host bacterium through Kirby-Bauer disc diffusion assay as described above (Section 5.2.1A). All 

the gradients of Bl 1821L and Bl 1951 were concentrated using the same protocol as stated in Section 

5.2.1A. Quantification of Bl 1821L and Bl 1951 putative antibacterial proteins of each concentrated 

gradient was performed using a Qubit protein assay kit (Thermo Fisher Scientific) as outlined in Section 

5.2.1B. 

 

B. SDS-PAGE analysis of sucrose density gradients 

SDS-PAGE of each sucrose density gradient (Bl 1821L & Bl 1951) of both the groups (Group A 10-

50% & Group B 10-60%) was run after concentrating the proteins as described in Chapter 3 (Section 

3.2.6) by loading a volume of 20 µl of sample and 3 µl of protein ladder (BIO-RAD, Precision Plus 

ProteinTM Standards) to estimate the molecular mass and purification status of putative antibacterial 

proteins.  

Likewise, SDS-PAGE of Bl 1821L and Bl 1951 cultures after mitomycin C (Sigma) induction but without 

ultracentrifugation and cultures (without mitomycin C) but with ultracentrifugation were also 

developed. For staining, the silver stain method described above (Section 5.2.1C) was used. 

 

C. Transmission electron microscopy of crude Bl 1821L and Bl 1951 putative antibacterial 
proteins 
 

TEM analysis of the mitomycin C (Sigma) induced cultures of Bl 1821L and Bl 1951 after 

concentrating the putative antibacterial proteins @ 35,000 rpm (151,263 x g) in a swing bucket rotor 

(41Ti, Beckman) for 70 min was performed at AgResearch, Lincoln, New Zealand as described in Chapter 

2 (Section 2.2.9).  

 

D. Putative antibacterial proteins concentration  

Purified Bl 1821L putative antibacterial proteins of ~30 kD from 20% gradient (Group A) and ~48 kD 

from 60% gradient (Group B) and for Bl 1951 purified protein of ~30 kD from 50% gradient (Group A) 

were further concentrated and cleaned using an Amicon Ultra-0.5 (10 kD) centrifugal filter (Millipore). 

Purified sucrose density gradient sample of 500 µl of each protein after ultracentrifugation was added 

to the Amicon ultra filter device. The capped filter device was placed into the centrifuge rotor and 

centrifuged @ 14,000 g for 20 min. The centricon was removed from the centrifuge and the Amicon 

Ultra-0.5 device filter was separated from the microcentrifuge tube. To recover the concentrated 
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proteins, the Amicon Ultra-0.5 device was placed upside down in a clean microcentrifuge tube and was 

placed in a centrifuge with an opening cap having alignment towards the centre of the rotor. It was 

centrifuged @ 1,000 g for 2 min to transfer the concentrated sample (putative antibacterial protein) 

from the device to the tube.  

 

E. Transmission electron microscopy of Bl 1821L and Bl 1951 putative antibacterial 
proteins purified using sucrose density gradient centrifugation 
 

Bl 1821L and Bl 1951 purified and 10 kD MWCO (Molecular weight cut off) membrane concentrated 

sample of 5 µl was subjected to electron microscopic analysis at AgResearch, Lincoln, New Zealand 

according to the protocol described in Chapter 2 (Section 2.2.9).  

 

5.2.3 Purification of Bl 1821L and Bl 1951 putative antibacterial proteins using 
polyethylene glycol precipitation and sucrose density gradient centrifugation 

A Bl 1821L culture was induced with mitomycin C (Sigma) @ 1 µg/ml to release the putative antibacterial 

proteins (bacteriocins) as described in Chapter 2 (Section 2.2.6). Mitomycin C (Sigma) induced culture 

was centrifuged @ 16,000 g for 10 min and the supernatant was passed through a 0.22 µm filter. 

Polyethylene glycol (PEG 8000) (10%) and 1M NaCl were added to the filtered supernatant. The mixture 

was incubated in an ice bath for 60 min and subsequently centrifuged @ 16,000 g for 30 min at 4oC. The 

resultant supernatant was decanted and the pellet was resuspended in 1/10th volume of the original 

supernatant volume of TBS buffer (10 mM Tris, 10 mM MgSO4, pH 7.0) by repeatedly pipetting. PEG 

residues were removed by two sequential extractions with an equal volume of chloroform, which was 

combined with the resuspended pellet and vortexed for 10-15 sec. The mixture was centrifuged                            

@ 16,000 g for 10 min and the upper aqueous phase was transferred to a fresh microcentrifuge tube. 

This extraction process was repeated until no white interface between the aqueous and organic phases 

was visible. 

PEG 8000 precipitated culture of Bl 1821L was transferred into polypropylene centrifuge tubes (Konical, 

Beckman) and TBS buffer was used to make the final volume of 7.5 ml. Bl 1821L precipitated culture 

was ultracentrifuged in a swing bucket rotor (41Ti, Beckman) @ 35,000 rpm (151,263 x g) for 70 min to 

concentrate the putative antibacterial proteins. The supernatant was decanted and the concentrated 

pellet was resuspended in 100-150 µl of TBS buffer. Sucrose density gradient purification of PEG 8000 

precipitated culture was performed and concentred as described above (Section 5.2.2). The same 

approach was used for the PEG 8000 based purification of Bl 1951 culture after induction with the 
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mitomycin C (Sigma) @ 3 µg/ml concentration. A schematic presentation of protein purification using 

PEG 8000 precipitation is depicted in Figure 5.3. 

PEG 8000 precipitated cultures after sucrose density gradient purification with both of the groups were 

concentrated and the resultant samples were assessed by SDS-PAGE of each Bl 1821L and Bl 1951 

gradient as outlined above (Section 5.2.1C) by loading a volume of 20 µl of sample and 3 µl of protein 

ladder (BIO-RAD, Precision Plus ProteinTM Standards) to estimate the molecular mass and purification 

status of putative antibacterial proteins.  
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Figure 5.3 Flow chart of Bl (1821L, 1951) putative antibacterial proteins purification using 
polyethylene glycol precipitation and sucrose density gradient centrifugation 
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5.2.4 Purification of Bl 1821L and Bl 1951 putative antibacterial proteins using 
ammonium sulphate precipitation and sucrose density gradient centrifugation 

A Bl 1821L culture was induced with the mitomycin C (Sigma) as described in Chapter 2 (Section 2.2.6). 

The induced culture was transferred into 50 ml tubes and centrifuged @ 10,000 g for 10 min at 4oC to 

spin down the cells and the supernatant was retained. The supernatant was filtered through a 0.22 µm 

syringe filter to remove cell debris and the volume of filtrate was measured. The supernatant was 

transferred into a 100 ml beaker with a magnetic stirrer and then the beaker was placed in an ice bucket 

ensuring that the magnetic stirrer was still stirring. The beaker containing the supernatant was kept 

chilled and ammonium sulphate crystals were added slowly in batches, taking into consideration that 

each addition was fully dissolved before adding more. Ammonium sulphate was continuously added 

until 85% saturation was reached (calculated 85% quantity from http://www.encorbio.com/protocols/ 

AM-SO4.htm). The samples were left on ice for 30 min under slow stirring after the final addition. The 

solution after reaching saturation looked turbid and the precipitated proteins were harvested by 

centrifugation @ 10,000 g for 20 min. The supernatant was carefully removed and the pellet was 

resuspended in 5 ml of phosphate buffer + 150 mM NaCl making sure no undissolved material remained. 

To remove ammonium sulphate a buffer exchange was undertaken. A large size petri dish was filled with 

purified water (MQW) and a dialysis tube was submerged into the petri dish until both ends could be 

opened. One end of the dialysis tube was sealed and the sample was transferred from the other end, 

which was later closed. One litre of dialysis buffer (pre cooled at 4oC) was transferred into a large beaker 

(1 L) along with a clean magnetic stirrer. The dialysis tube with the protein precipitate was placed inside 

the beaker and allowed to stir slowly avoiding foaming. Phosphate buffer (pre cooled at 4oC) was 

replaced after every three hours. After the third buffer change, the sample within the dialysis tube was 

transferred into a 15 ml tube and stored at -80oC. Subsequently, precipitates were placed for 2-3 days 

in a freeze dryer maintained at -80oC.  

Ammonium sulphate (85%) precipitated culture of Bl 1821L preserved at -800C was dissolved in TBS 

buffer and transferred into polypropylene centrifuge tubes (Konical, Beckman) to make the final volume 

of 7.5 ml. The tubes were placed in a swing bucket rotor (41Ti, Beckman) for high-speed centrifugation 

@ 35,000 rpm (151,263 x g) for 70 min to concentrate putative antibacterial proteins. The concentrated 

pellet was resuspended in 100-150 µl of TBS buffer. Sucrose density gradient purification of ammonium 

sulphate precipitated (85%) culture was performed and concentred as described in Section 5.2.2. 

Similarly, Bl 1951 culture after induction with the mitomycin C (Sigma) at a concentration of 3 µg/ml 

was used for ammonium sulphate precipitation (85%) and further purification with sucrose density 

gradient centrifugation. A schematic presentation of protein purification using ammonium sulphate 

precipitation (ASP 85%) is shown in Figure 5.4. 

http://www.encorbio.com/protocols/%20AM-SO4.htm
http://www.encorbio.com/protocols/%20AM-SO4.htm


 173 

Ammonium sulphate precipitated (85%) cultures of Bl 1821L and Bl 1951 after sucrose density gradient 

centrifugation with both the groups were concentrated and the resultant samples were assessed by 

SDS-PAGE of each Bl 1821L and Bl 1951 gradient as outlined above (Sections 5.2.1C) by loading a sample 

of 20 µl and 3 µl of protein ladder (BIO-RAD, Precision Plus ProteinTM Standards) to estimate the 

molecular mass and purification status of putative antibacterial proteins.  
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Figure 5.4 Flow chart of Bl (1821L, 1951) putative antibacterial proteins purification using ammonium 
sulphate precipitation and sucrose density gradient centrifugation 
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5.3 Results 

5.3.1 Purification of Bl 1821L putative antibacterial proteins using SEC  

SEC of crude Bl 1821L proteins at the end provided 61 fractions but the putative antibacterial activity 

was found in fractions 1-31 of the chromatogram as shown in Figure 5.5. 

 

 
 

Figure 5.5 Bl 1821L size exclusion chromatograph of the ultracentrifuged supernatant of mitomycin 
C induced culture. SEC fractions (pooled) showing putative antibacterial activity upon assessment in 
the disc diffusion assay are indicated 

 

5.3.2 Assay test of Bl 1821L SEC fractions 

All 61 fractions were tested through the Kirby-Bauer disc diffusion test for their antagonistic activity 

against Bl 1821L and Bl 1951 as the host bacteria. A prominent zone of inhibition was observed when 

using 32 of the SEC fraction against Bl 1821L while 27 fractions inhibited the growth of Bl 1951 (Table 

5.1). Fractions exhibiting prominent activities were pooled (Table 5.2 & Figure 5.5). Assay test results 

exhibited pronounced activity differences among the pooled groups as shown in Table 5.2. Pooled I 

fractions (3, 4, 5) demonstrated antibacterial activity against both Bl 1821L and Bl 1951, but the pooled 

fractions II (11, 12, 13, 14, 15) and III (16, 17, 18, 19) had antagonistic activities only against the Bl 1821L. 

Pooled IV fractions (20, 21, 22, 23, 24) displayed antibacterial activity only against Bl 1951, except 

fraction no. 21 which was active against both the hosts (Bl 1821L & Bl 1951) (Table 5.2 & Figure 5.5). 
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Protein contents of all the active fractions (pooled) were measured (Table 5.2) using a Qubit protein 

assay kit (Thermo Fisher Scientific). Quantification of Bl 1821L putative antibacterial proteins illustrated 

that the pool IV fractions contained the highest protein contents (Table 5.3).  

 

           Table 5.1 Bl 1821L size exclusion chromatography active fractions of the assay test 

Host bacterium Size exclusion chromatographic fractions Total fractions 

Bl 1821L as the host bacterium 

2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 

17, 18, 19, 21, 26, 27, 34, 37 , 39, 40, 41, 42, 45, 

49, 52, 53, 55, 58 

32 

Bl 1951 as the host bacterium 
2, 3, 4, 5, 7, 8, 10, 20, 21, 22, 23, 24, 25, 26, 27, 

28, 29, 30, 31, 32, 41, 42, 47, 49, 52, 59, 61  
27 
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    Table 5.2 Bl 1821L putative antibacterial proteins assay test and quantification of SEC fractions  

Pooled fractions 
group 

SEC fractions 
no. 

Protein 
concentration 

(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1821L as host 
bacterium 

Bl 1951 as host 
bacterium 

Pooled I 

3 16.2 16.0 15.0 

4 13.3 14.0 14.0 

5 16.4 14.0 16.0 

Pooled II 

11 13.1 12.0 - 

12 14.9 13.0 - 

13 13.5 13.0 - 

14 15.9 15.0 - 

15 17.9 13.0 - 

Pooled III 

16 17.7 14.0 - 

17 19.0 15.0 - 

18 54.1 15.0 - 

19 20.4 14.0 - 

Pooled IV 

20 19.2 - 13.0 

21 20.4 12.0 14.0 

22 19.2 - 12.0 

23 26.8 - 12.0 

24 19.7 - 12.0 

 

    Table 5.3 Bl 1821L size exclusion chromatography fractions pooling for SDS-PAGE analysis 

Pooled Size exclusion chromatography pooled fractions Protein content 
(µg/ml) 

Pooled I 3-5 152 

Pooled II 11-14 163 

Pooled III 15-19 159 

Pooled IV 20-24 167 
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5.3.3 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using 
size exclusion chromatography  

SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using SEC showed two prominent 

bands of ~30 kD and ~48 kD molecular mass. Pooled fractions II and III indicated both the protein bands 

while pooled fraction IV displayed a prominent protein of ~30 kD (Figure 5.6). No protein was observed 

on the SDS-PAGE of pooled fraction I (Figure 5.6), although the protein was present (Table 5.3). 

 

 

 

Figure 5.6 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using size exclusion 
chromatography (See Table 5.2 for fraction numbers of pooled samples & TEM images of purified 
putative antibacterial proteins in Figs. 5.7A-B) 
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5.3.4 Transmission electron microscopy of Bl 1821L putative antibacterial proteins 
purified using size exclusion chromatography  

Purification of putative antibacterial proteins of Bl 1821L using SEC yielded two prominent bands of            

~30 kD and ~48 kD (Figure 5.6). SEC pooled III and pooled IV fractions were used for TEM analysis. 

Electron micrograph of negatively stained pooled III fraction showed a hollow tube-like structure (Figure 

5.7A) and in the pooled IV fraction (~30 kD) hexagonal phage capsid-like structures of uniform sizes were 

seen (Figure 5.7B). 

 

 
 

Figure 5.7 Electron micrographs of Bl 1821L putative antibacterial proteins purified using size 
exclusion chromatography. (A) Pooled-III and (B) Pooled-IV of SEC fractions. The red arrows denote 
a hollow tube-like structure (Fig. 5.7A) and a hexagonal phage capsid-like structure of uniform size 
(Fig. 5.7B).  Scale bar = 100 nm 

 

5.3.5 Purification of Bl 1951 putative antibacterial protein using SEC  

Of the 61 fractions of Bl 1951 collected, SEC fractions indicated that the initial 6-22 fractions (Figure 5.8) 

displayed prominent antagonistic activity. Protein contents of SEC purified and concentrated fractions 

(Table 5.5) were determined as outlined in Section 5.2.1B. 
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Figure 5.8 Bl 1951 size exclusion chromatograph of the ultracentrifuged supernatant of mitomycin C 
induced culture. SEC fractions showing putative antibacterial activity upon assessment in the disc 
diffusion assay are indicated 

 

5.3.6 Assay test of Bl 1951 SEC fractions 

Bl 1951 SEC also comprised 61 fractions, which similar to the Bl 1821L SEC derived fractions, were 

evaluated for activity against Bl 1951 and Bl 1821L as the host bacterium. Antagonistic activity was 

observed in 16 fractions against Bl 1951 and 11 fractions against Bl 1821L as the host bacterium (Table 

5.4). Unexpectedly, while assessing the inhibitory activity of Bl 1951 SEC fractions (11, 12, 13, 14, 15, 21, 

40) against Bl 1821L, instead of producing a prominent zone of inhibition, growth of the host bacterium 

around the antibiotic discs was observed (Figure 5.9). These growing cells might be resistance cells, 

technically termed “persister cells”. These resistant cells were retrieved and cultivated as an overnight 

culture. Subsequent assessment of Bl 1951 mitomycin C induced filtered supernatant against the 

cultivated lawn of Bl 1821L persister cells produced a prominent zone of inhibition which suggests their 

transient nature i.e. as shown by the loss of resistance (Figure 5.10). 
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                   Table 5.4 Bl 1951 size exclusion chromatography active fractions using disc assay test 

Host bacterium Size exclusion chromatographic fractions Total fractions 

Bl 1951 as the host 
bacterium 

6, 9, 16, 21, 22, 27, 28, 31, 34, 40, 47, 50, 52, 55, 

58, 61 
16 

Bl 1821L as the host 
bacterium 

           8, 10, 11, 12, 13, 14, 15, 16, 18, 19, 40 11 

 

Table 5.5 Bl 1951 putative antibacterial proteins assay test and quantification of SEC fractions  

SEC fractions 
no. 

Protein concentration 
(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1951 as host 
bacterium 

Bl 1821L as host 
bacterium 

12 300 - 12.5 

13 308 - 13.0 

14 280 - 12.0 

15 292 - 14.0 

18 310 - 13.0 

21 276 13.5 - 

22 318 12.5 - 

27 262 14.0 - 

28 308 12.0 - 

40 324 - 11.0 

61 368 13.0 - 
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Figure 5.9 Assay test of Bl 1951 size exclusion chromatographic fractions against Bl 1821L as the host bacterium. The red arrow denotes the formed 
persister cells     
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Figure 5.10 Assay test of Bl 1821L and Bl 1951 mitomycin C induced cell free supernatants against Bl 1821L persister cells. The red arrow denotes the 
zone of inhibition due to the activity of mitomycin C induced cell free supernatants against the Bl 1821L persister cells 
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5.3.7 SDS-PAGE analysis of Bl 1951 putative antibacterial protein purified using size 
exclusion chromatography  

Similar to Bl 1821L, some of the Bl 1951 SEC fractions (12, 13, 14, 15, 40) were active against Bl 1821L 

and some (18, 21, 22, 27, 28, 61) active against Bl 1951 (Table 5.5 & Figure 5.8). Assessment of these 

fractions by SDS-PAGE revealed the presence of a shared ~30 kD protein (Figures 5.11A-B).  

 

 

 

 

Figure 5.11 SDS-PAGE analysis of Bl 1951 putative antibacterial protein purified using size exclusion 
chromatography. (A) SEC fractions 12, 13, 14, 15, 40 and (B) SEC fractions 18, 21, 22, 27, 28, 61                       
(See SEC chromatogram Fig. 5.8 & TEM images of purified fractions no. 15 and no. 27 in Figs. 5.12A-
B) 

 

5.3.8 Transmission electron microscopy of Bl 1951 putative antibacterial protein 
purified using size exclusion chromatography  

SDS-PAGE of purified Bl 1951 putative antibacterial protein indicated a band of ~30 kD molecular mass 

among the active fractions. Purified fractions no. 15 and no. 27 were subjected to electron microscopic 

examination from where hexagonal phage capsid-like structures of a consistent size were observed in 

both fractions (Figures 5.12A-B).   
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Figure 5.12 Electron micrographs of Bl 1951 putative antibacterial protein purified using size 
exclusion chromatography. (A) SEC fraction no. 15 and (B) SEC fraction no. 27. The red arrows 
denote uniform sized phage capsid-like structures (Figs. 5.12A-B). Scale bar = 100 nm 

 

5.3.9 Assay test of Bl 1821L sucrose density gradients 

Antibacterial activity of Bl 1821L group A gradients (10-50%) showed narrow zones of inhibition                    

(9-10.5 mm) against Bl 1821L as the host bacterium (Table 5.6). While parallel assessments of the 

group B gradients (10-60%) showed zones of inhibition that varied from 9-14 mm (Table 5.7). However, 

for Bl 1951 as the host bacterium treatment with the purified sucrose A and B gradients of both the 

groups resulted in similar halo sizes (Tables 5.6 & 5.7). 

 

5.3.10 Protein quantification using Qubit protein assay kit 

Protein contents of group A (10-50%) gradients varied from 74.9-116 µg/ml. The concentrations of 

proteins in this group showed a steady increase from the top to bottom gradients (Table 5.6). Group 

B gradients (10-60%) protein contents varied from 84.1-117 µg/ml, but the lowest concentration of 

protein was recorded at the bottom gradient i.e. 60% (Table 5.7). 
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Table 5.6 Bl 1821L putative antibacterial proteins assay test and quantification of group A (10-50%) 
sucrose density gradients 

Sucrose density gradients 
(%) 

Protein concentration 
(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1821L as host 
bacterium 

Bl 1951 as host 
bacterium 

10 75.5 9.0 12.5 

20 74.9 9.5 12.0 

30 89.3 10.5 12.0 

40 87.2 9.0 11.5 

50 116.0 10.0 10.5 

 

Table 5.7 Bl 1821L putative antibacterial proteins assay test and quantification of group B (10-60%) 
sucrose density gradients 

Sucrose density gradients 
(%) 

Protein concentration 
(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1821L as host 
bacterium 

Bl 1951 as host 
bacterium 

10 101.0 12.0 9.5 

20 117.0 14.0 10.5 

30 101.0 12.5 11.0 

40 100.0 12.0 11.0 

50 90.1 11.0 9.5 

60 84.1 9.00 9.0 

 

5.3.11 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using 
sucrose density gradient centrifugation  

SDS-PAGE analysis of Bl 1821L sucrose density gradients revealed the presence of two protein bands 

of ~30 kD and ~48 kD. A purified putative antibacterial protein of ~30 kD molecular mass in gradients 

20% and 30% of group A (Figure 5.13A) and ~48 kD band can be prominently visualised in 20%, 40%, 

and 50% gradients (Figure 5.13A). However, purified protein of ~48 kD was also prominently observed 

in group B gradients (40% to 60%) (Figure 5.13B).  
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Figure 5.13 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using sucrose 
density gradient (SDG) centrifugation. (A) Group A (10-50%) and (B) group B (10-60%) gradients 

   

5.3.12 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins (without 
mitomycin C) purified using sucrose density gradient centrifugation 

SDS-PAGE analysis of uninduced Bl 1821L ultracentrifuged supernatant was assessed to define 

differences between the mitomycin C treated and untreated cultures. A purified protein of ~30 kD was 

observed on the gel from 20% to 50% gradients of group A (Figure 5.14A). Both the proteins (30 kD & 

48 kD) were purified and visible in group B gradients (10-60%) but ~48 kD protein was observed in the 

gradients 40% to 60% (Figure 5.14B).  
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Figure 5.14 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins from the culture without 
mitomycin C treatment purified using sucrose density gradient (SDG) centrifugation. (A) Group A  
(10-50%) and (B) Group (B) (10-60%) gradients 

 

5.3.13 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins from cell free 
supernatants purified using sucrose density gradient centrifugation  

Mitomycin C induced CFS of Bl 1821L without high-speed centrifugation was also run on SDS-PAGE 

with both the groups of gradients and only the ~30 kD protein was visualised in the group A gradients 

of 30% and 40% (Figure 5.15).  
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Figure 5.15 SDS-PAGE analysis of Bl 1821L (CFS) putative antibacterial protein purified using 
sucrose density gradients (SDG) centrifugation 

 

5.3.14 Transmission electron microscopy of crude Bl 1821L putative antibacterial 
proteins  

Ultracentrifuged Bl 1821L filtered supernatant after mitomycin C induction was used as a crude lysate 

for TEM analysis. Assessment of the electron micrographs revealed that the Bl 1821L crude lysate 

yielded numerous phage structural components. The most numerous particles were contractile 

sheath-like structures (Figure 5.16E), hollow tubes with one end opening (Figure 5.16C) or two ends 

opening like a sieve (Figure 5.16B), and hollow tubes at some points were connected through a knot-

like structure or without it to form a polysheath (Figures 5.16B-D). In addition to these, cog wheel-like 

structures (Figure 5.16A) and empty phage head-like hexagonal structures (Figure 5.16E) were often 

observed.  
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Figure 5.16 Electron micrographs of crude Bl 1821L putative antibacterial proteins. The dark blue arrows denote cog wheel-like (Figs. 5.16A-B) and empty 
phage head-like hexagonal structures (Fig. 5.16E) while the red arrows point the fork-shaped hollow tube (Fig. 5.16A), hollow tube with two end openings 
(Fig. 5.16B), hollow tube with one end opening (Fig. 5.16C), polysheath-like (Fig. 5.16D), and contractile sheath-like structures (Fig.5.16E). Scale bar A= 
50 nm & B, C, D, E= 100 nm
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5.3.15 Transmission electron microscopy of sucrose density gradient centrifugation 
purified and 10 kD MWCO membrane concentrated putative antibacterial 
proteins of Bl 1821L  

Sucrose density gradient centrifugation purified the two putative antibacterial proteins of ~30 kD and 

~48 kD molecular mass. Electron micrographs of the ~30 kD protein predominantly showed the 

presence of empty round or hexagonal structures that resembled phage capsids (Figures 5.17A-B). 

Assessments of the TEM images of the purified ~48 kD putative antibacterial protein revealed the 

presence of long and ordered nanotubular structures similar in form to a “polysheath”. Furthermore, 

analysis uncovered that the hollow tube structures joined each other at various points through knot-

like structures (Figure 5.18B) or without these to form the polysheaths (Figures 5.18A, 5.18C-F). 

 

 
 

Figure 5.17 Electron micrographs of Bl 1821L (30 kD) putative antibacterial protein purified using 
sucrose density gradient centrifugation. The red arrows denote empty round (Fig. 5.17A) and phage 
capsid-like structures (Fig. 5.17B). Scale bar= 100 nm
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Figure 5.18 Electron micrographs of Bl 1821L (48 kD) putative antibacterial protein purified using sucrose density gradient centrifugation. The red arrows 
denote a long rigid polysheath structure (Figure 5.18A-F), a hollow tube intermittently joined through knot-like structures (Fig. 5.18B shown with dark 
blue arrow), and without knot-like structures (Fig. 5.18C-D) to form a polysheath. Scale bar= 100 nm 
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5.3.16  Assay test of Bl 1951 sucrose density gradients 

Bl 1951 group A sucrose density gradients (10-50%) exhibited similar antagonistic activity against both 

the hosts (Bl 1951 & Bl 1821L) causing narrow zones of inhibition (9-11.5 mm) (Table 5.8). Likewise, 

the activity of the Bl 1951 derived group B gradients was similar across all the gradients but slightly 

differed in activity from each other against the tested bacterium (Table 5.9). 

 

5.3.17 Protein quantification using Qubit protein assay kit 

Protein contents of group A gradients (10-50%) varied from 75.2-92.6 µg/ml (Table 5.8) and for group 

B (10-60%) it ranged from 97.5-119 µg/ml (Table 5.9).  

 

Table 5.8 Bl 1951 putative antibacterial protein assay test and quantification of group A (10-50%) 
sucrose density gradients 

Sucrose density gradients 
(%) 

Protein concentration 
(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1951 as host 
bacterium 

Bl 1821L as host 
bacterium 

10 88.9 9.5 9.0 

20 84.9 9.5 9.5 

30 77.7 9.0 9.0 

40 75.2 9.5 10.0 

50 92.6 9.5 11.0 
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Table 5.9 Bl 1951 putative antibacterial protein assay test and quantification of group B (10-60%) 
sucrose density gradients 

Sucrose density gradients 
(%) 

Protein concentration 
(µg/ml) 

Zone of inhibition diameter 
(mm) 

Bl 1951 as host 
bacterium 

Bl 1821L as host 
bacterium 

10 115.0 11.5 10.0 

20 97.5 11.5 9.0 

30 119.0 11.0 9.0 

40 118.0 11.0 10.0 

50 111.0 10.5 10.5 

60 109.0 10.5 9.0 

 

5.3.18 SDS-PAGE analysis of Bl 1951 putative antibacterial protein purified using 
sucrose density gradient centrifugation  

Sucrose density gradient centrifugation purified a putative antibacterial protein of ~30 kD molecular 

mass from the crude lysate of Bl 1951. Excluding the 10% sucrose density gradient of both the groups 

(A & B) all the gradients purified the active putative antibacterial protein (Figures 5.19A-B), though in 

Figure 5.19A some other co-purified proteins were also visualised.  
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Figure 5.19 SDS-PAGE analysis of Bl 1951 putative antibacterial proteins purified using sucrose 
density gradient (SDG) centrifugation. (A) Group A (10-50%) and (B) Group B (10-60%) gradients 

 

5.3.19 SDS-PAGE analysis of Bl 1951 putative antibacterial protein (without 
mitomycin C) purified using sucrose density gradient centrifugation  

Gel electrophoresis of Bl 1951 culture without mitomycin C treatment after ultracentrifugation was 

performed with sucrose density gradients of both the groups (A & B) for purification. Purified protein 

of ~30 kD molecular mass can be visualised on SDS-PAGE across all the gradients of group A and group 

B except for the 10% gradient (Figures 5.20A-B). Furthermore, all the sucrose density gradients of 

group A excluding the uppermost (10%) and group B gradients (40% to 60%) also showed a purified 

protein of ~48 kD (Figures 5.20A-B). 
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Figure 5.20 SDS-PAGE analysis of Bl 1951 putative antibacterial proteins from the culture without 
mitomycin C treatment purified using sucrose density gradient (SDG) centrifugation. (A) Group A 
(10-50%) and (B) Group B (10-60%) gradients 

 

5.3.20 SDS-PAGE analysis Bl 1951 putative antibacterial protein from cell free 
supernatant purified using sucrose density gradient centrifugation  

The cell free supernatant of Bl 1951 mitomycin C induced culture without ultracentrifugation was also 

run on SDS-PAGE with the gradients of both the groups (A & B) and the two protein bands of ~30 kD 

and ~48 kD were visualised in the top gradients (10% & 20%) of group B (Figure 5.21). Furthermore, a 

faint band of ~30 kD protein was also visualised in 40 % gradient of group B (Figure 5.21). 
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Figure 5.21 SDS-PAGE analysis of Bl 1951 (CFS) putative antibacterial protein purified using sucrose 
density gradient (SDG) centrifugation. The red arrow denotes a faint band of ~30 kD in SDG 40% 

 

5.3.21 Transmission electron microscopy of crude Bl 1951 putative antibacterial 
protein  

TEM analysis of crude lysate of Bl 1951 showed numerous hollow tube-like structures with both ends 

opening and polysheaths (Figures 5.22A-B). In addition to, a few empty hexagonal or phage head-like 

structures were also observed (Figure 5.22A).  

 

5.3.22 Transmission electron microscopy of sucrose density gradient centrifugation 
purified and 10 kD MWCO membrane concentrated putative antibacterial 
protein of Bl 1951  

Purification of putative antibacterial protein of Bl 1951 using sucrose density gradient centrifugation 

revealed a prominent protein of ~30 kD molecular mass. Electron micrographs of purified and 10 kD 

MWCO membrane concentrated protein of Bl 1951 displayed hexagonal phage capsid-like structures 

and long nanotubes like polysheaths (Figure 5.23A). Polysheaths with intermittent joints through knot-

like structures were also observed (Figure 5.23B). 
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Figure 5.22 Electron micrographs of crude Bl 1951 putative antibacterial proteins. The red arrows 
denote an empty phage head-like structure, a hollow tube-like structure with both ends opening, 
(Fig. 5.22A), and a polysheath-like structure (Fig. 5.22B). Scale bar = 100 nm 

 

 
 

Figure 5.23 Electron micrographs of Bl 1951 (~30 kD) putative antibacterial protein purified using 
sucrose density gradient centrifugation. The red arrows denote phage capsid-like and polysheath-
like structures (Fig. 5.23A), and a polysheath-like structure joined at various points through knot-
like structures (Fig. 5.23B). Scale bar= 100 nm 

 
 



 199 

5.3.23 SDS-PAGE analysis of sucrose density gradient centrifugation purified and 
10 kD MWCO membrane concentrated putative antibacterial proteins of 
Bl 1821L and Bl 1951  

Sucrose density gradient centrifugation purified and 10 kD MWCO membrane concentrated putative 

antibacterial proteins of Bl 1821L and Bl 1951 after TEM analysis were run on the SDS-PAGE to affirm 

the molecular masses. SDS-PAGE analysis revealed that the purified Bl 1821L sample (Group A 20% 

gradient) observed under TEM (Figures 5.17A-B) was of ~30 kD (Figure 5.24) molecular mass while 

electron micrographs (Figures 5.18A-F) of group B (60% gradient) exhibited a prominent band of                     

~48 kD (Figure 5.24). The Bl 1951 purified sample analysed under TEM (Figures 5.23A-B) was of                      

~30 kD molecular mass (Figure 5.25). 

 

 
 

Figure 5.24 SDS-PAGE analysis of Bl 1821L sucrose density gradient purified, 10 kD MWCO 
membrane concentrated, and TEM analysed putative antibacterial proteins (See TEM images of 
purified ~30 kD (Figs. 5.17A-B) and ~48 kD (Figs. 5.18A-F) putative antibacterial proteins) 
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Figure 5.25 SDS-PAGE analysis of Bl 1951 sucrose density gradient purified, 10 kD MWCO 
membrane  concentrated, and TEM analysed putative antibacterial protein (See TEM images of 
purified ~30 kD (Figs. 5.23A-B) putative antibacterial protein) 

 

5.3.24 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using 
polyethylene glycol precipitation and sucrose density gradient centrifugation 

Bl 1821L antibacterial proteins were precipitated with PEG 8000 (10%) and further purified using 

sucrose density gradient centrifugation. Antibacterial proteins of ~30 kD and ~48 kD were purified 

with group B (10-60%) gradients. The purified band of ~48 kD protein was very minor when compared 

to ~30 kD and the former was observed only in sucrose density gradients of 40% and 60% (Figure 5.26). 

Attempts to purify Bl 1951 putative antibacterial protein after PEG 8000 (10%) precipitation and 

further purification using sucrose density gradient centrifugation were not successful.   
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Figure 5.26 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using PEG 8000 
(10%) precipitation and sucrose density gradient (SDG) centrifugation 

 

5.3.25 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using 
ammonium sulphate precipitation and sucrose density gradient 
centrifugation 

The putative antibacterial proteins of Bl 1821L were precipitated with ammonium sulphate (85%) and 

further purified using sucrose density gradient centrifugation. Group B (10-60%) gradients purified an 

antibacterial protein of ~50 kD and this protein band was observed on SDS-PAGE in the bottom 50% 

and 60% gradients (Figure 5.27). 

Attempts to purify the ammonium sulphate (85%) precipitated culture of Bl 1951 similar to Bl 1821L 

could not be successful.  
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Figure 5.27 SDS-PAGE analysis of Bl 1821L putative antibacterial proteins purified using ammonium 
sulphate (85%) precipitation and sucrose density gradient (SDG) centrifugation 

 

5.4 Discussion 

Protein purification is an intrinsic step to understand the nature of a targeted protein (Roy et al., 2007). 

Therefore, various methods such as size exclusion chromatography, sucrose density gradient 

centrifugation, polyethylene glycol precipitation, and ammonium sulphate precipitation were 

undertaken to purify the putative antibacterial proteins of Bl 1821L and Bl 1951 isolates. Two putative 

antibacterial proteins (~30 kD & ~48 kD) of Bl 1821L and one ~30 kD of Bl 1951 was purified. Electron 

micrographs of purified proteins showed different phage structural components similar to the 

defective phages. Furthermore, the purification of uninduced cultures (without mitomycin C) showed 

the same protein bands. A population of resistant cells (persisters) in the Bl 1821L strain was noted. 

Since the early 1960s, the concentration of virus particles with ultracentrifugation has been preferred 

due to its rapidity and cost, but there are also reports that the structural components of viruses may 

be damaged due to the high speed (Børsheim et al., 1990). Despite its limitations, density gradient 

ultracentrifugation is a common technique used to isolate and purify biomolecules and cell structures 

(Lawrence & Steward, 2010). Purification of Bl 1821L putative antibacterial proteins using sucrose 

density gradient centrifugation showed two prominent bands of ~30 kD and ~48 kD molecular mass. 
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Bl 1821L purified antagonistic proteins were concentrated through 10 kD MWCO membrane to 

remove sucrose residues for TEM analysis. Electron micrographs of Bl 1821L purified putative 

antibacterial proteins displayed remarkable structural differences. Phage encapsulating (capsid-like) 

structures were observed in ~30 kD containing gradient (Figure 5.17) and polysheath-like structures 

were seen in ~48 kD containing purified gradient (Figure 5.18). Polysheaths are aberrant assemblies 

of tail material in a structure identical with a contracted sheath and may be found in a “smooth” or 

“helical” form (Kellenberger & Boy de la Tour, 1964). Polysheaths were classified as phage tail-like 

defective bacteriophages together with rhapidosomes and particularly bacteriocins such as R-pyocins 

(Lotz, 1976). Previously, bacteria producing the long and ordered nanotube-like structures 

(polysheaths) were believed to harbour a true prophage, but over time, the genetic information for 

the phage has decreased to such an extent that the information for the sheaths is the only structural 

information left (Gumpert & Taubeneck, 1968; Kellenberger & Boy de la Tour, 1964). Polysheaths 

structures are very stable and can withstand treatments with various chemical and physical factors 

(Arisaka et al., 1981; Kurochkina et al., 2018; Šimoliūnas et al., 2019). The findings herein were in 

agreement with the Chapter 2 TEM examination (Figure 2.15) and the Chapter 3 N-terminal 

sequencing and bioinformatic analysis, which identified ~48 kD protein as “phage tail-like bacteriocin” 

or “phage-like element PBSX protein XkdK”.  

In addition, sucrose density gradient centrifugation of Bl 1951 putative antibacterial protein indicated 

a protein band of ~30 kD molecular mass. TEM analysis of ~30 kD purified and concentrated protein 

showed the hexagonal capsids-like structures and polysheaths (Figure 5.23) which corresponded to 

the preceding electron microscopic examination of Chapter 2 (Figure 2.14). SDS-PAGE analysis of                  

Bl 1951 production kinetics experiment in Chapter 4 also showed a prominent band of ~30 kD protein 

(Figure 4.14) but its function was unknown. However, in the current chapter, the role of ~30 kD 

purified protein in antibacterial activity was demonstrated in the assay tests, and substantiated by 

following TEM analysis (Figure 5.23). Electron micrographs of the polysheaths in the current study 

were in agreement with previous work in various bacteria (Baechler & Berk, 1974; Bradley & Dewar, 

1966; Kurochkina et al., 2018; Šimoliūnas et al., 2019). 

Non-induced crude lysate of Bl 1821L and Bl 1951 upon purification with the sucrose density gradient 

centrifugation showed two protein bands of ~30 kD and ~48 kD molecular masses (Figures 5.14 & 

5.20). Purification of Bl 1821L and Bl 1951 putative antibacterial proteins from the crude lysate of non-

induced cultures (without mitomycin C) may be related to the phenomenon of spontaneous prophage 

induction (SPI). Spontaneous prophage induction is the activation of bacteriophages and prophage 

elements, pathogenicity islands, and phage morons (an extra gene in a prophage genome without a 

function) from the bacterial cells in the absence of an external trigger (Nanda et al., 2015; Taylor et 
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al., 2019). This phenomenon is potentially considered a detrimental process for bacterial populations 

as a small percentage of cells would be lost continuously due to the lysis of the bacterial cells (Nanda 

et al., 2015). Earlier studies have reported the spontaneous release of free bacteriophage and phage 

tail-like particles in the supernatant of non-induced cultures of various lysogenic bacteria (Lwoff, 

1953b; Smarda & Benada, 2005). The findings were in agreement with the Chapter 4 production 

kinetics experiments where spontaneously produced putative antibacterial proteins of Bl 1951                  

(~30 kD) and Bl 1821L (~48 kD) were proposed to be involved in the putative antibacterial activity 

(Figures 4.7 & 4.14).  

Size exclusion chromatography or gel filtration is a technique that is widely used to separate 

macromolecules based on their relative size (Hong et al., 2012a; Jones & Hurst, 2016). This method 

purified one putative antibacterial protein of ~30 kD from Bl 1951 crude lysate and two putative 

antibacterial proteins of ~30 kD and ~48 kD from Bl 1821L. Electron micrographs of ~30 kD purified 

putative antibacterial protein exhibited hexagonal capsid-like structures (Figure 5.7B) and hollow 

sheath-like structures (Figure 5.7A) were seen with ~48 kD protein which through purity is also likely 

composed of ~30 kD subunits (Figure 5.6). In addition to the structural differences between the two 

putative antibacterial proteins, the current study found that the ~30 kD putative antibacterial protein 

harbouring fractions demonstrated antagonistic activity against Bl 1951 while the pooled fractions 

that exhibited ~30 kD and ~48 kD bands exhibited the activity against the host bacterium Bl 1821L. 

Typically, the putative antibacterial proteins (bacteriocins) are antagonistic to the kin population of 

bacteria and the producer strains are immune to their toxic effects (Michel-Briand & Baysse, 2002; 

Scholl, 2017). However, some members of a genetically identical population can kill (autocidal) their 

siblings (González-Pastor et al., 2003; Popp & Mascher, 2019). An example is a bacteriocin, hyicin 3682, 

which exhibited its antagonistic activity against the producer strain, Staphylococcus hyicus (Fagundes 

et al., 2011). The antagonistic activity of ~30 kD encapsulating protein of Bl 1821L against Bl 1951 was 

in line with the work of various studies (Eppert et al., 1997; Valdés-Stauber & Scherer, 1994). Notably, 

some of the Bl 1951 SEC fractions in the assay, instead of producing a prominent zone of inhibition on 

the lawns of Bl 1821L, caused the growth of cells around the antimicrobial discs which, based on the 

literature, are proposed to be persister cells (Figure 5.9). All the known lineages of bacterial 

populations are known to harbour a small fraction of transiently antibiotic-tolerant cells known as 

“persisters” (Wilmaerts et al., 2019). These cells are characterised by their dormant nature and 

reduced metabolic activity (Lewis, 2010; Shah et al., 2006). The genetic basis of persister cells 

formation is attributed to the role of toxin-antitoxin (TA) systems in dormancy induction (Jayaraman, 

2008). Several TA systems have been suggested as the basis of persister cell formation (Hong et al., 

2012b; Kim & Wood, 2010; Lewis, 2010). TA systems typically consist of a stable toxin (always a 
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protein) that disrupts an essential cellular process (e.g., translation via mRNA degradation) and a labile 

antitoxin (either RNA or a protein) that prevents toxicity (Schuster & Bertram, 2013; Van Melderen & 

Saavedra De Bast, 2009). Numerous environmental stimuli are also involved in the persister cells 

formation (Michiels et al., 2016). Dörr et al. (2010) demonstrated that DNA damage in Escherichia coli 

inducing the SOS response led to the formation of persisters by stimulating the expression of TisB 

toxin. Growth phase of the bacterium plays a crucial role in determining the number of persisters, 

with the highest percentage of persisters found at the stationary phase (Keren et al., 2004). Persisters 

are typically absent in the early exponential phase of growth, but by the mid-exponential phase, 

persisters begin to appear in the population, and a maximum of approximately 1% is reached during 

the stationary phase (Keren et al., 2004; Lewis, 2008; Spoering & Lewis, 2001). Therefore, it might be 

possible that in the current study, Bl 1821L persister cells were produced in the mid/late exponential 

phase and a small percentage of these cells exhibited resistance against some of the Bl 1951 SEC 

fractions. However, Bl 1821L persister cells lost their resistance upon treatment with the mitomycin C 

induced supernatant of Bl 1951, confirming their transient nature. 

Protein purification through precipitation by using various salts like ammonium sulphate (AS) and 

polyethylene glycol (PEG) is also in use as a method to purify viral proteins (phages). PEG precipitation 

is considered the best method to concentrate virus particles (proteins) due to its ability to maintain 

the intactness of structural components (Colombet et al., 2007; Tardieu et al., 2002) but often fails to 

obtain sufficient volume of pure phage preparations (Boulanger, 2009). PEG precipitation in 

combination with salts such as NaCl has also been employed to recover various viruses from different 

growing media (Lewis & Metcalf, 1988). PEG and monovalent salts are good inductors of interactions 

that preferentially crystallise biological macromolecules, such as DNA and viruses, in the inter-polymer 

spaces between PEG molecules (Tardieu et al., 2002). Effective pegylation occurs when the 

concentration of DNA and viruses exceeds their solubility (Polson, 1993). Mitomycin C induced 

cultures of various bacteria have been subjected to concentrate and purify phage tail-like particles by 

using PEG 8000 in conjunction with the NaCl (Gnezda-Meijer et al., 2006; Hegarty et al., 2016; Kandel 

& Baltrus, 2020). PEG 8000 (10%) precipitated Bl 1821L culture was further subjected to the 

purification of putative antibacterial proteins using sucrose density centrifugation in this study.                 

SDS-PAGE showed a low abundance of the ~48 kD band in group B sucrose density gradients 40% and 

60% however, comparatively, the ~30 kD purified protein band was readily visualised (Figure 5.26).   

Ammonium sulphate precipitation method is often used to purify bacteriocins, commonly 

immediately after elimination of cell debris. Bacteriocins after removal of cell debris and following 

dialysis, either maintain their full activity at 50-60% saturation or lose it up to 40% even at saturation 

of 75-80% (dialysis sacs to purify proteins are used) (Parente & Ricciardi, 1999; Stern et al., 2006). The 



 206 

concentration of ammonium sulphate required is dependent on the type of bacteriocin (Pingitore et 

al., 2007). However, it is not the preferred method for purifying low molecular-weight bacteriocins 

(proteins) as the proteins precipitate poorly even at 75-80% saturation, and when passing through 

dialysis tubing they can be eliminated fully or in part (Borzenkov et al., 2014). A putative antibacterial 

protein of ~50 kD was purified from Bl 1821L strain after ammonium sulphate precipitation (85%) and 

subsequent sucrose density gradient centrifugation in the bottom gradients i.e. 50% and 60% 

respectively. Since each purification step necessarily involves loss of some of the targeted proteins 

(Walker, 2005) it is possible that both the precipitation methods could not purify Bl 1951 putative 

antibacterial protein due to the involvement of several purification steps i.e. it was lost through 

successive purification steps.  

5.5 Outcomes 

The major findings of this chapter are; 

1. Using various methods one putative antibacterial protein (~30 kD) of Bl 1951 and two putative 

antibacterial proteins (~30 kD & ~48 kD) of Bl 1821L were purified. 

2. Antagonistic potency of Bl 1821L proteins differed from each other as the pooled fractions                 

(II & III) showing both ~30 kD & ~48 kD protein bands exhibited inhibitory activity against                           

Bl 1821L only while  pooled fractions (IV) displaying a protein band of  ~30 kD was found active 

against Bl 1951 as the host bacterium.  

3. TEM analysis of purified ~30 kD and ~48 kD putative antibacterial proteins of Bl 1821L showed   

the structural differences.  

4. Purification of non-induced (without mitomycin C) cultures of Bl 1821L and Bl 1951 crude 

lysate using sucrose density gradient centrifugation displayed two prominent bands of ~30 kD 

and ~48 kD which suggested their spontaneous induction.  

5. Persister cells formation in the population of Bl 1821L was noted due to the effect of some of 

the SEC purified Bl 1951 fractions which might be due to the presence of a toxin-antitoxin 

system. 
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5.6 Conclusion 

The putative antibacterial proteins of Bl 1821L and Bl 1951 were purified using different 

purification methods and subsequently identified under an electron microscope comprising of phage 

capsids-like and polysheath-like structures.  
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Chapter 6                                                                                                                                                                                                                                                                                 

N-terminal sequencing, bioinformatic analyses, and expression of 

putative antibacterial proteins in a gram-positive bacterium 

Bacillus subtilis WB800 

6.1 Introduction 

Various purification methods employed in the preceding chapter enabled the isolation of two putative 

antibacterial proteins (~30 kD & ~48 kD) of Bl 1821L but only one putative antibacterial protein                     

(~30 kD) of Bl 1951. Subsequent TEM examination of purified putative antibacterial proteins of                         

Bl 1821L affirmed the presence of encapsulin (~30 kD) and polysheath (~48 kD) like structures. 

Although only the ~30 kD protein was purified from Bl 1951, both structures were seen in this strain 

under TEM.    

Biological macromolecules such as proteins play a vital role in the metabolic functioning of living 

organisms (Cristea et al., 2004). To demonstrate the importance of these molecules, scientists coined 

the term “proteomics” which can be defined as the overall protein content of a cell that is 

characterised with regard to its localisation, interactions, post-translational modifications, and 

turnover at a particular time (Domon & Aebersold, 2006; Wilkins et al., 1996). Proteomics is one of 

the most significant tools for understanding the functioning of a gene (Aslam et al., 2017; Lander et 

al., 2001). Genome sequencing provides information of the identified genes (Blackstock & Weir, 1999) 

including biochemical features that can suggest the role and biological functions of the gene products 

(mostly proteins) (Cox & Mann, 2007; Shendure & Aiden, 2012).  

Bacteriophages encapsulate their genome in a proteinaceous structure called “capsid” (Burns et al., 

1990; Stockley et al., 2016) and many phages have a tail connected to the capsid (Nobrega et al., 2018). 

Phage tails are molecular machines that specifically recognise bacterial host cells, penetrate the cell 

envelope, and deliver the phage genome into the cytoplasm. Phages may have a long, contractile tail 

(Myoviridae) or long, non-contractile tail (Siphoviridae) (Ackermann & Prangishvili, 2012). Contractile 

phage tail-like structures that are homologous to phage components but performing other biological 

functions have been identified in a wide range of bacteria (Scholl, 2017). Phage tail-like particles are 

commonly known as defective bacteriophages or cryptic phages (Bobay et al., 2014; Sarris et al., 2014) 

due to their distinctive feature to accommodate bacterial chromosomal DNA and killing potency 

against sensitive bacteria without injecting DNA (Bradley, 1967b; Jin et al., 2014). In evolutionary 

terms, these structures are related to Myoviridae phages and share a conserved protein core (tail 
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tube, tail spike, baseplate, and often receptor-binding proteins) (Nobrega et al., 2018). Defective 

phages are widely found in members of the genus Bacillus (Krogh et al., 1996). PBSH, PBSX, PBSV, 

PBSW, PBSY, PBSZ, and PBP180 are some of the identified defective phages of Bacillus subtilis 168, 

Bacillus licheniformis, B. subtilis var. vulgatus, B. subtilis S31, B. subtilis W23, and Bacillus pumilus 

AB94180 respectively (Haas & Yoshikawa, 1969; Jin et al., 2014; Wood et al., 1990). Importantly, all of 

these are bactericidal in nature, and PBSX, being the most widely studied phage-like element, is 

considered a model organism (Jin et al., 2014; Seaman et al., 1964).  

Encapsulating proteins (capsids) derived from viral capsids often display antibacterial properties 

against gram-positive and gram-negative bacteria (Dias et al., 2017). The bactericidal action of 

encapsulating proteins is related to the presence of cell penetrating motifs (Freire et al., 2015b; 

Madani et al., 2011). Viral capsid protein derived from human hepatitis B virus, HBc ARD (Chen et al., 

2013), and PepR from dengue virus (Alves et al., 2010) are the most prominent examples. 

Heterologous expression of proteins is the expression of recombinant proteins in cells where they do 

not naturally occur (Fakruddin et al., 2013). The gram-positive bacterium, Bacillus subtilis (Bs), is 

extensively used for the expression of foreign genes (Su et al., 2020). Numerous transformation 

methods including the competent transformation method (Spizizen, 1958), protoplast transformation 

method (Chang & Cohen, 1979), alkali metal ions method (Ano et al., 1990), and protoplast 

electroporation method (Kusaoke et al., 1989) have been used to insert foreign genes in Bs (Lu et al., 

2012). Since the first application of an electroporation method on Bs 168 (McDonald et al., 1995) it 

has become the commonly used method to move plasmids expressing foreign proteins into Bs (Jeong 

et al., 2018). Different operating parameters like field strength, the composition of cultivating and 

electroporation media, competent cells concentration, and plasmid type influence the transformation 

efficiency of the electroporation method (Jeong et al., 2018). 

This chapter describes analyses of N-terminal sequencing of purified putative antibacterial proteins of 

Bl 1821L and Bl 1951 and subsequent bioinformatic analyses. Furthermore, the identified putative 

encapsulating protein (~30kD) of Bl 1821L was transformed into a gram-positive bacterium, Bs WB800, 

to affirm the bactericidal activity of the corresponding protein. 
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6.2 Methods 

6.2.1 N-terminal sequencing of Bl 1821L and Bl 1951 putative antibacterial 
proteins and bioinformatic analyses 

Mitomycin C (Sigma) was used to induce Bl 1821L and Bl 1951 putative antibacterial proteins as 

described in Chapter 2 (Section 2.2.6). Induced Bl 1821L putative antibacterial proteins (30 kD &                     

48 kD) were purified from group A (20%) and group B (60%) sucrose density gradients and, for Bl 1951, 

group A gradient (50%) was used according to the protocol outlined in Chapter 5 (Section 5.2.2).                       

N-terminal sequencing of the sucrose density gradient purified Bl 1821L and Bl 1951 protein bands 

was performed at AgResearch, Lincoln, New Zealand, as outlined in Chapter 3 (Section 3.2.7).  

Bioinformatic analyses of N-terminal sequenced proteins of Bl 1821L and Bl 1951 putative 

antibacterial proteins were performed using the programme Geneious basic (Kearse et al., 2012). 

 

6.2.2 Identification of Bl 1821L and Bl 1951 putative antibacterial proteins 

Identified proteins of Bl 1821L and Bl 1951 were explored in the Uniprot database 

(https://www.uniprot.org) to determine the nature of putative antibacterial proteins and were further 

subjected to BLASTp (Basic Local Alignment Search Tool) to look for similar proteins 

(https://blast.ncbi.nlm.nih.gov; https://www.uniprot.org). Identified proteins molecular weights were 

calculated through ExPasy (https://www.expasy.org). 

 

6.2.3 Bactericidal determinants of Bl 1821L and Bl 1951 putative antibacterial 
proteins 

Bioinformatic tools AMPA (Torrent et al., 2012) and CellPPD (Gautam et al., 2013) were used to search 

for motifs related to the bactericidal activity and cell penetrating peptides (CPPs) potency of 30 kD 

putative encapsulating protein of Bl 1821L and Bl 1951. Likewise, the putative phage tail-like protein           

(48 kD) sequence of Bl 1821L was subjected to AMPA analysis to search for motifs related to known 

bactericidal activity (Gautam et al., 2013). 

 

6.2.4 Comparison of identified Bl 1821L phage-like element PBSX protein XkdK 
with the similar proteins of other gram-positive bacteria 

Identified (48 kD) phage like-element PBSX protein (XkdK) of Bl 1821L (NZ_CP033464.1) was aligned 

with XkdK proteins of other gram-positive bacteria using the programme Geneious basic (Kearse et 

http://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/
http://www.uniprot.org/
https://www.expasy.org/
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al., 2012) and a dendrogram was produced using the same programme. Amino acid sequence of                 

Bl 1821L was also aligned using the programme CLUSTALO to determine differences among the 

aligned XkdK proteins (https://www.uniprot.org).    

 

6.2.5 Expression of a hypothetical protein (25 kD), putative encapsulating protein 
(30 kD), and both (25 kD & 30 kD) in a gram-positive bacterium Bacillus 
subtilis WB800N 

A collaborative research project was initiated with Dr. Campbell Sheen and Dr. Barbara Koch of 

Callaghan Innovation’s Protein Science & Engineering team based at the University of Canterbury,                                               

New Zealand, for the transformation of putative antibacterial proteins in a gram-positive bacterium 

Bs WB800N. All the expression work was performed by the collaborators at the University of 

Canterbury, New Zealand. The assay tests, purification process, and SDS-PAGE analysis of transformed 

Bl 1821L pHT01-hypo (25 kD), pHT01-encap (30 kD), and pHT01- hypo.encap genes encoding both the 

25 kD and 30 kD proteins were performed by me at the Bio-Protection Research Centre and 

Replacement for Hilgendorf (RFH) building laboratories of Lincoln University, New Zealand.  

 

6.2.6 Bl 1821L genomic DNA extraction and amplification 

Genomic DNA of Bl 1821L (NZ_CP033464.1) was extracted using the DNeasy Blood & Tissue Kit (250) 

(QIAGEN, Germany) according to the manufacturer’s instructions. In this study, identified Bl 18 21L 

genes corresponding to a hypothetical protein (25 kD) residing at 18,917 bp to 19,564 bp (648 bp), a 

putative encapsulating protein (30 kD) encoded at 19,592 bp to 20,434 bp (843 bp), and both the 

genes encoding 25 kD and 30 kD proteins (Figure 6.1) were used for transformation in a gram-positive 

bacterium Bs WB800N. The three constructs developed were named accordingly i.e. pHT01-hypo                   

(25 kD), pHT01-encap (30 kD), and pHT01-hypo.encap containing both the genes (25 kD & 30 kD). 

Primers were designed to amplify these regions. Primer combinations were used (Table 6.1) to amplify 

coding regions using CloneAmp (TakaRa Bio, USA) master mix according to the manufacturer’s 

instructions with a 1/500 dilution of genomic DNA diluted in water as a template. A 10 µl aliquot of 

the PCR reaction was electrophoresed on a 1% (w/v) agarose gel (1× TAE buffer) until separated. The 

bands of appropriate size were visualised and excised on a DarkReader blue light table (Clare Chemical 

Research, USA) before purification using a NucleoSpin gel and PCR purification kit (Macherey-Nagel, 

USA) according to the manufacturer’s instructions. 

 

https://www.uniprot.org/
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Note: The short amino acid sequences of ~30 kD N-terminal sequenced protein of Bl 1821L  
           identified a hypothetical and an encapsulating gene in Bl 1821L genome.  

 

Figure 6.1 Schematic presentation of genes encoding proteins in Bl 1821L genome corresponding 
to the constructs used in this study for expression in Bs WB800N. Identified genes of the 25 kD 
hypothetical protein (dark blue arrows) and 30 kD putative encapsulating protein (red arrows) are 
shown in green colours 

 

Table 6.1 Primers used for amplification of a hypothetical- hypo (25 kD), putative encapsulating 
gene- encaps (30 kD), and both the genes- hypo.encap (25 kD & 30 kD) 

*hypo-F 5ʹ-CAATTAAAGGAGGAAGGATCCATGATGCAAGAAATCAAGCAGCTCC 

  hypo-R 5ʹ-CATTAGGCGGGCTGCCCCGGGTTATACGTGACGATTGAGATGACGCAG 

*encaps-F 5ʹ-CAATTAAAGGAGGAAGGATCCATGGATAAAGCACAGAAATTCCCAGAC 

  encaps-R 5ʹ-CATTAGGCGGGCTGCCCCGGGCTATTCTTCTGTCATTTCCAATGTGCAA 

 
Note: Red colour indicates pHT01 (plasmid) homology region, underline indicates BamHI (GGATCC) 
or XmaI (CCCGGG) restriction sites and blue indicates Bl 1821L genome specific primer sequence 
(NZ_CP033464.1) 

 

*hypo was amplified using hypo-F/R 
*encaps was amplified using encaps-F/R 
*operon was amplified using hypo-F/encaps-R 
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6.2.7 Cloning of the genes of putative hypothetical (25 kD) and encapsulating            
(30 kD) proteins into pHT01 

PCR amplified sequences were cloned into plasmid pHT01 (MoBiTec, Germany) (Figure 6.2) using an 

Infusion HD cloning kit (TakaRa Bio, USA). Briefly, plasmid pHT01 was digested with BamHI and XmaI 

(The New England BioLabs, NEB) then gel purified as above. Purified linear plasmid and respective PCR 

products were used in the infusion cloning reaction according to the manufacturer’s instructions. 

Cloning reactions were then used to transform Escherichia coli stellar cells (Clonetech Laboratories, 

TakaRa Bio, USA), according to manufacturer’s instructions, with selection on LB agar containing            

100 µg/ml carbenicillin. Plasmid DNA was extracted using a NucleoSpin Plasmid Mini kit (Macherey-

Nagel, USA). Plasmids were sequenced by Macrogen (Korea) and sequencing data were aligned to 

those of the respective constructs using Geneious Prime-2020 (Biomatters, New Zealand) and then 

manually curated. Plasmid DNA from one correct construct was used to transform Bs WB800N. 

 

 

 

Figure 6.2 Schematic presentation of plasmid pHT01 used in this study with promoter Pgrac01 
(BamHl (GGATCC) or Xmal (CCCGGG)) 

 

Gram-positive bacterium, Bs WB800N (nprE aprE epr bpr mpr::ble nprB::bsr Δvpr wprA::hyg cm::neo; 

NeoR) was used for transformation (Jeong et al., 2018; Wu et al., 2002). A fresh colony of Bs WB800N 

was inoculated into 5 ml of LB (Miller) and placed in an orbital shaking incubator (Conco, TU-4540, 

Taiwan) @ 250 rpm at 370C for 12 hours. After 12 hours, 1 ml of the culture was transferred into                  

40 ml of LB broth (Miller) containing 0.5 M/L sorbitol and incubated at 37oC to a logarithmic phase. 
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Subsequently, the culture was cooled on ice for 5 min and centrifuged @ 5,000 g for 10 min and 4oC 

to pellet the cells, followed by washing four times with the electroporation buffer (0.5 M/L sorbitol, 

0.5 M/L mannitol, 0.5 M/L trehalose, 10% glycerol). The cells were ultimately suspended with an 

appropriate volume of electroporation buffer and stored at -70oC. For electroporation, 60 µl of the 

competent cells were mixed with 1 µl (50 ng/µl) plasmid and then put into an ice-cold electroporation 

cuvette (1 mm gap). The cells after 5-10 min of incubation were shocked using a pulser (Micro Pulser; 

Bio-Rad, Hercules, CA) resulting in time constants of 5-5.8 ms. Immediately, 1 ml of recovery medium 

(LB containing 0.5 M/L sorbitol & 0.5 M/L mannitol) was added to the cells. After incubation at 37oC 

for 3 hours, the bacteria were plated onto the LB plate with the antibiotic chloramphenicol @ 5 µg/ml 

and incubated at 37oC overnight. 

Genes corresponding to the 25 kD hypothetical (pHT01-hypo), 30 kD putative encapsulating protein 

(pHT01-encap), and pHT01-hypo.encap with both the proteins (25 kD & 30 kD) were transformed 

separately into Bs WB800N enabling their expression and the determination of the putative 

antibacterial activity of each protein. After transformation two single colonies of pHT01-hypo (A1 & 

A2) and pHT01-encap (B1 & B2) containing Bs WB800N colonies and one colony from pHT01-

hypo.encap  was streaked onto an LB agar plate. The streaked colonies were cultivated overnight until 

the culture attained OD600nm 0.7-0.8 and aliquoted into two parts. An aliquot (7.5 ml) was induced with               

1 mM IPTG and the other was uninduced. Both induced and uninduced samples were drawn after                 

3.5 and 24 hours of treatment. The resultant cultures were centrifuged @ 6,000 g for 10 min at 4oC to 

spin down the cells. Cell pellets were stored at -20oC and the supernatant was sterilised by passing 

twice through a 0.22 µm filter. 

 

6.2.8 Assay test of transformed hypothetical (25 kD) and putative encapsulating 
(30 kD) proteins activity  

Cell free supernatants (CFS) of Bs WB800N containing the induced proteins corresponding to the 

pHT01-hypo (25 kD), pHT01-encap (30 kD), and pHT01-hypo.encap containing both the genes (25 kD 

& 30 kD) were evaluated using the Kirby-Bauer disc diffusion test (Bauer, 1966; Hudzicki, 2009) as 

described in Chapter 3 (Section 3.2.1) against Bl 1821L and Bl 1951 as the host bacteria. For the control 

treatment, CFS of Bs WB800N without transformation of plasmids was used. 
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6.2.9 Purification and SDS-PAGE analysis of transformed hypothetical (25 kD) and 
putative encapsulating (30 kD) proteins 

Transformed Bs WB800N (pHT01-hypo, pHT01-encap, pHT01-hypo.encap) CFS demonstrating 

antagonistic activities were concentrated and purified using the group B (10-60%) sucrose density 

gradients centrifugation method as outlined in Chapter 5 (Section 5.2.2). Purified and expressed 

proteins (pHT01-hypo, pHT01-encap, pHT01-hypo.encap) CFS were again concentrated before running 

on gel electrophoresis and SDS-PAGE was stained with silver as described in Chapter 5 (Section 

5.2.2D). For the control SDS-PAGE of sucrose density, gradient purified Bs WB800N CFS without 

transformation of plasmids was used. 

Overall, in this Chapter bioinformatic analyses of putative antibacterial proteins of insect pathogenic 

strains Bl 1821L and Bl 1951 were performed (Table 6.2). 
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                                            Table 6.2 Overview of in silico analysis of putative antibacterial proteins of Bl 1821L and Bl 1951 

Bacterium 
strain 

Accession # 
Estimated molecular 
weight of purified 
putative antibacterial 
proteins 

Identification of purified 
putative antibacterial 
proteins 

Analysis performed 

Bl 1821L 

tr|A0A502IA18|A0A502IA18_BRELA 
tr|A0A2S5H3X5|A0A2S5H3X5_BRELA 

          *30 kD 
Putative encapsulating 
protein  

N-terminal 
sequencing 

Bioinformatic 
analysis 

tr|A0A518VEB0|A0A518VEB0_BRELA 
tr|A0A0F7EER1|A0A0F7EER1_BRELA 

           48  kD 
Phage-like element PBSX 
protein XkdK 

Bl 1951 
tr|A0A502IA18|A0A502IA18_BRELA 

tr|A0A2S5H3X5|A0A2S5H3X5_BRELA 
          *30 kD 

Putative encapsulating 
protein 

 

*=N-terminal sequencing of 30 kD purified protein also identified a 25 kD hypothetical protein with accession tr|A0A502I846|A0A502I846_BRELA  
    in both the strains (Bl 1821L & Bl 1951) which appears to be a co-located protein.  
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6.3 Results 

6.3.1 Identification of putative antibacterial protein (30 kD) in Bl 1821L and Bl 1951 
genomes 

The short amino acids sequences obtained after N-terminal sequencing of the purified ~30 kD protein 

band were used to predict the corresponding gene in the Bl 1821L (NZ_CP033464.1) genome. Analysis 

identified several match hits to a hypothetical protein (covering 57% of the amino acid sequence) and 

an adjacent bacteriocin family protein (covering 78% of the amino acid sequence) residing in the                       

Bl 1821L genome (Appendix D-1 & D-2). The gene regulating the putative bacteriocin family protein 

(30 kD) was identified between 19,592 bp to 20,431 bp and at 3’ end, the hypothetical protein (25 kD) 

regulating gene was encoded between 18,917 bp to 19,561 bp (Table 6.3 & Figure 6.3). Importantly, 

it was also shown through N-terminal sequencing of the 30 kD protein to be another potentially co-

migrating protein. Identified (30 kD) Bl 1821L bacteriocin family protein (tr|A0A502IA18|A0A502IA18 

_BRELA & tr|A0A2S5H3X5|A0A2S5H3X5_BRELA) and 25 kD hypothetical protein (tr|A0A502I846| 

A0A502I846_BRELA) regulating genes were also searched in the Bl 1951 genome (RHPK01000003.1, 

contig 1). The gene corresponding to the 30 kD bacteriocin family protein was mapped between 

2,359,628 bp to 2,360,467 bp and immediately downstream, a gene encoding the predicted 25 kD 

hypothetical protein resided between 2,358,953 bp to 2,359,597 bp (Figures 6.1 & 6.5).  

Through N-terminal sequencing of the purified Bl 1951 protein band (~30 kD), several short amino 

acid sequences were used to define the corresponding gene in the Bl 1951 genome (RHPK01000003.1, 

contig 1). Alignment of the N-terminal short amino acid sequences revealed amino acid identity to a 

hypothetical protein (tr|A0A502I846|A0A502I846_BRELA) and a putative bacteriocin family protein 

(tr|A0A502IA18|A0A502IA18_BRELA & tr|A0A2S5H3X5|A0A2S5H3X5_BRELA) (Figure 6.5 & Appendix 

D-1 to D-2). For Bl 1951, the genes encoding the proteins are labelled as putative encapsulating protein 

for a DyP-type peroxidase or ferritin-like protein (30 kD) and hypothetical protein (25 kD) (Figure 6.5). 

Based on BLASTp analysis both the amino acid sequences of the Bl 1951 and Bl 1821L 25 kD and 30 kD 

proteins shared 100% amino acid identity (Appendix D-3 & D-4). 
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6.3.2 N-terminal sequence analysis of Bl 1821L and Bl 1951 identified 30 kD 
putative antibacterial protein  

The identified putative antibacterial protein (30 kD) of Bl 1821L was further assessed using the Uniprot 

database. Assessment of the Bl 1821L purified ~30 kD N-terminal sequenced band through alignment 

with the 30 kD genome revealed putative bacteriocin and uncharacterised protein with accessions 

tr|A0A502IA18|A0A502IA18_BRELA, tr|A0A2S5H3X5|A0A2S5H3X5_BRELA, and tr|A0A502I846| 

A0A502I846_BRELA in the Uniprot database (Table 6.3). Identified accessions tr|A0A502IA18| 

A0A502IA18_BRELA and tr|A0A2S5H3X5|A0A2S5H3X5_BRELA expressed ˃97% amino acids similarity 

to the Linocin M18 bacteriocin family protein of Bl LMG 15441 and Bl GI-9. The rest of the predicted 

identical proteins corresponded to the putative bacteriocins of other Bl strains (Table 6.4). Accession 

tr|A0A502I846|A0A502I846_BRELA exhibited similar identity to the uncharacterised proteins from 

several Bl stains (Table 6.5). Amino acid sequence analysis through ExPasy computed the molecular 

weight of purified Bl 1821L putative bacteriocin family protein of 31.4 kD, which was within the 

expected range estimated by SDS-PAGE analysis i.e. ~30 kD (Figure 5.24). BLASTp analysis of the 

accessions tr|A0A502IA18|A0A502IA18_BRELA and tr|A0A2S5H3X5|A0A2S5H3X5_BRELA against 

Uniprot database identified 97.1% and 99.3% amino acid similarity to the Linocin M18 bacteriocin 

family protein of Bl LMG 15441 and several other proteins exhibiting ≥70% amino acid similarity were 

identified (Table 6.4 & Appendix D-5). Accession tr|A0A502I846|A0A502I846_BRELA displayed 90.7% 

amino acids similarity to an uncharacterised protein of Bl LMG 15441. Furthermore, a Brevibacillus 

centrosporus encapsulating protein with 57.8% amino acid similarity and other uncharacterised 

proteins belonging to several Bl strains showing 54.8% to 57.6% amino acid identity to the Uniprot 

identified proteins were found (Table 6.5 & Appendix D-6).  

In the preceding section, it was shown that the genes corresponding to the hypothetical protein                     

(25 kD) and putative bacteriocin family protein (30 kD) in both the strains (Bl 1821L & Bl 1951) were 

100% identical (Appendix D-3 & D-4). 
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                        Table 6.3 Identification of Bl 1821L and Bl 1951 putative antibacterial gene and protein (30 kD) in the genome and Uniprot database 

Accession 
Average 

molecular 
mass 

Identity Identified genes 
Uniprot description of identified 

proteins 

tr|A0A502IA18|A0A502IA18_BRELA 31404 

Putative 
bacteriocin 

 

Currently gene is labelled as a 
putative bacteriocin family 
protein in Bl 1821L genome. 
 
Currently gene is labelled as a 
putative encapsulating protein 
for a DyP-type peroxidase or 
ferritin-like protein family protein 
in Bl 1951 genome. 

Uncharacterised protein  
OS= Brevibacillus laterosporus  
OX= 1465 GN= C2W64_00537 PE= 4 
SV= 1 

tr|A0A2S5H3X5|A0A2S5H3X5_BRELA 31409 

Bacteriocin 
OS= Brevibacillus laterosporus  
OX= 1465 GN= C4A76_22885 PE= 4 
SV= 1 

tr|A0A502I846|A0A502I846_BRELA 25006 
Hypothetical 

protein 

Currently gene is labelled as 
hypothetical protein downstream 
to the gene corresponding to the 
putative bacteriocin family 
protein/encapsulating protein for 
a DyP-type peroxidase or ferritin-
like in Bl 1821L and Bl 1951 
genomes. 

Uncharacterised protein  
OS= Brevibacillus laterosporus  
OX= 1465 GN= C2W64_00536 
PE= 4 SV= 1 



 220 

Table 6.4 Identical proteins of Bl 1821L and Bl 1951 N-terminal sequenced putative encapsulating 
protein of 30 kD with accessions tr|A0A502IA18|A0A502IA18_RELA and tr|A0A2S5H3X5| 
A0A2S5H3X5_BRELA in the Uniprot database 

Accession Identical proteins              Organism   Gene name Length 

tr
|A

0
A

50
2

IA
1

8
|A

0
A

5
02

IA
1

8
_B

R
EL

A
 

tr
|A

0
A

2
S5

H
3

X
5

|A
0

A
2

S5
H

3X
5

_B
R

EL
A

 

Bacteriocin 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

C4A76_22885, 
D5F52_25150 

280 

Linocin M18 bacteriocin 
family protein 

Brevibacillus laterosporus  
LMG 15441 

BRLA_c039240 280 

Bacteriocin 
Brevibacillus laterosporus 
(Bacillus laterosporus) EX87_10870 280 

Linocin M18 bacteriocin 
family protein 

Brevibacillus laterosporus  
GI-9 

BLGI_2572 280 

Bacteriocin 
Brevibacillus laterosporus  
(Bacillus laterosporus) 

C4A77_24310 280 

Bacteriocin Brevibacillus sp. SKDU 10  AYJ08_06900 280 

Bacteriocin Brevibacillus laterosporus  
(Bacillus laterosporus) 

EEL30_01270, 
EEL32_19195 

280 

 
 

Table 6.5 Identical proteins of Bl 1821L and Bl 1951 identified hypothetical protein of 25 kD with 
accession tr|A0A502I846|A0A502I846_BRELA in the Uniprot database 

Accession Identical proteins             Organism   Gene name Length 

tr
|A

0
A

50
2

I8
46

|A
0

A
50

2
I8

46
_B

R
EL

A
 

Uncharacterised  
protein 

Brevibacillus laterosporus  
(Bacillus laterosporus) 

EX87_10875 215 

Uncharacterised  
protein 

Brevibacillus laterosporus 
LMG 15441 

BRLA_c039230 215 

Uncharacterised  
protein 

Brevibacillus laterosporus  
GI-9 

BLGI_2573 215 

Uncharacterised  
protein 

Brevibacillus laterosporus  
(Bacillus laterosporus) 

C4A77_24315 215 

Uncharacterised  
protein 

Brevibacillus laterosporus  
(Bacillus laterosporus) 

C4A76_22880 215 

Uncharacterised  
protein 

Brevibacillus laterosporus  
(Bacillus laterosporus) 

D5F52_25155 215 

Uncharacterised  
protein 

Brevibacillus sp. SKDU 10 AYJ08_06905 215 
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6.3.3 Bioinformatic analysis of identified Bl 1821L and Bl 1951 putative 
antibacterial protein (30 kD) genomic region 

Identified putative bacteriocin family protein in the Bl 1821L genome at the 5’ end is flanked by two 

hypothetical proteins (Table 6.3 & Figures 6.1 & 6.4). Another hypothetical protein (25 kD) encoding 

gene at the 3’ end of the gene encoding the putative 30 kD bacteriocin family protein residing 

between 18,917 bp to 19,561 bp was identified (Table 6.3 & Figures 6.3-6.4). The proteins appear to 

be co-migrating on SDS-PAGE (Table 6.3). Different families of transcriptional regulator proteins 

including PadR, MarR, Helix-turn-Helix (HEH), and other domain containing proteins such as the 

trypsin-like peptidase, and bacillithiol system redox-active protein (YtxJ) are located in this genomic 

region (Figure 6.4). As outlined earlier, the Bl 1951 genes corresponding to the putative 

encapsulating protein for a DyP-type peroxidase or ferritin-like oligomers and hypothetical proteins 

are 100% identical to the bacteriocin family protein and hypothetical protein of Bl 1821L (Appendix 

D-3 & D-4) and are also flanked with uncharacterised genes (Table 6.3 & Figures 6.5 & 6.6). The gene 

localised at the immediate position (21,077 bp to 20,604 bp) corresponding to a hypothetical protein 

expressed 100% amino acid similarity to a corresponding Bl 1951 gene (RHPK01000003.1, contig 1) 

encoded between 2,361,116 bp to 2,360,643 bp (Figures 6.3 & 6.5 & Appendix D-7A). In the upstream 

position of this gene another gene encoded a hypothetical protein (21,684 bp to 21,391 bp) with 

99% similarity to a gene residing between 2,361,723 bp to 2,361,430 bp in the Bl 1951 genome 

(RHPK01000003.1, contig 1) (Figures 6.3 & 6.5 & Appendix D-7B). The Bl 1821L gene encoding the 

stress protein (YtxJ) in Bl 1821L is localised between 2,353,005 bp to 2,353,331 bp (Figure 6.3), and 

in the Bl 1951 strain it is labelled as Pyridoxamine 5’-phosphate oxidase (EC 1.4.3.5) CDS (Figure 6.5). 

Furthermore, the genomic organisation of the putative encapsulating region is similar between 

strains (Figures 6.4 & 6.6). 

A schematic presentation of the predicted 3D structures of identified 25 kD hypothetical and 30 kD 

putative encapsulating protein for a DyP-type peroxidase or ferritin-like protein oligomers is shown 

in Figures 6.7A and 6.7C. Electron micrograph of putative encapsulating 30 kD protein (Figure 6.7B), 

and genomic organisation of Bl 1821L and Bl 1951 is presented (Figure 6.7D). 
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Figure 6.3 Geneious output of the 30 kD N-terminal sequence of Bl 1821L identifying genes corresponding to a hypothetical protein (25 kD) and                                   
a bacteriocin family protein (30 kD) in Bl 1821L genome (shown in green colour with red arrow)   
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Figure 6.4 Genomic architecture of the 30 kD N-terminal sequence of Bl 1821L  showing identified genes of a  25 kD hypothetical protein (dark blue arrow) 
and a 30 kD bacteriocin family protein (red arrow) residing in Bl 1821L genome along with other genes of the region. Vertical dash denotes the flow of 
genes in the genome 
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Figure 6.5 Geneious output of the 30 kD N-terminal sequence of Bl 1951 identifying genes corresponding to a hypothetical protein (25 kD) and                               
a putative encapsulating protein (30 kD) in Bl 1951 genome (shown in green colour with red arrow)  

 



 225 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Genomic architecture of the 30 kD N-terminal sequence of Bl 1951 showing identified genes of a 25 kD hypothetical protein (dark blue 
arrow) and a 30 kD putative encapsulating protein (red arrow) residing in Bl 1951 genome along with other genes of the region. Bl 1951 genomic 
region identical to Bl 1821L genome is highlighted with red shaded box region. Diagonal dash denotes the flow of genes in the genome 
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Figure 6.7 Predicted 3D structures of identified 25 kD hypothetical (A) and 30 kD putative encapsulating (C) proteins of Bl 1821L and Bl 1951 generated 
using Phyre2 (Kelley et al., 2015). (B). Morphological presentation of putative encapsulating protein (30 kD) under TEM (Scale bar= 100 nm). (D). 
Identical genomic region of Bl 1821L and Bl 1951 encoding putative hypothetical and encapsulating genes (filled green arrows)
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6.3.4 Bactericidal determinant of Bl 1821L and Bl 1951 putative encapsulating 
protein (30 kD) 

AMPA is an automated web server used to predict the antimicrobial regions in a protein. It is based 

on an antimicrobial propensity scale that takes into account the physical and chemical properties of 

each amino acid, like hydrophobicity and amphipathicity, and the relevance of amino acid position for 

antimicrobial activity (Torrent et al., 2012). An antimicrobial index (AI) ˂ 0.225 was considered a 

positive hit for an AMP in this study. AMPA analysis of the ~30 kD putative encapsulating protein 

sequence of Bl 1821L revealed an index value (AI) below the threshold level, which illustrated its 

bactericidal potency (Figure 6.8). The region of amino acid similarity covered amino acids, -2 to 279 as 

shown in Figure 6.9 in the red area with a propensity value of 0.001 (0%) and a mean value of 0.001. 

CellPPD is a support vector machine (SVM) that scores each amino acid residue with an SVM score and 

an SVM > 0 is considered a positive CPP hit (Gautam et al., 2013). Cell penetrating peptides (CPPs) 

specific amino acids and motifs identified in the Bl 1821L (identical to the Bl 1951) encapsulating 

protein (30 kD) sequence are presented below (Table 6.6 & Figure 6.9).  

Identified genes and the amino acid content of N-terminal sequenced and bioinformatically analysed 

Bl 1951 (~30 kD) protein band were identical to the identified Bl 1821L putative encapsulating protein 

(~30 kD) (Appendix D-3 & D-4). Therefore, the resultant bactericidal activity predicted through 

bioinformatic tools AMPA and CellPPD is likely to be similar. 

 

 

 

Figure 6.8 AMPA analysis of 30 kD putative encapsulating protein of Bl 1821L spanning -2 to 279 
amino acid residues of the protein 
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Figure 6.9 CPPs motifs identified (shown in red) in putative encapsulating protein (30 kD) of                          
Bl 1821L
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                                             Table 6.6 CPPs identified in Bl 1821L putative encapsulating protein (30 kD) using CellPPD  

Peptide sequence Mutation position SVM score Hydrophobicity Hydropathicity Hydrophilicity Charge Molecular wt. 

MARRQLVGRR No mutation 0.36 -0.60 -1.02 0.71 4.00 1242.65 

ARRQLVGRRF No mutation 0.22 -0.56 -0.93 0.59 4.00 1258.63 

RRQLVGRRFI No mutation 0.10 -0.52 -0.66 0.46 4.00 1300.72 

KGRLTHIKSD No mutation 0.01 -0.41 -1.26 0.78 2.50 1154.48 

ARNKLLKMGH No mutation 0.14 -0.33 -0.81 0.33 3.50 1167.59 

ECAVLRIKRP No mutation 0.06 -0.32 -0.12 0.54 2.00 1184.60 

CAVLRIKRPS No mutation 0.11 -0.29 0.15 0.27 3.00 1142.56 

AVLRIKRPSA No mutation 0.05 -0.27 0.08 0.32 3.00 1110.50 
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6.3.5 Identification of putative antibacterial protein (48 kD) in Bl 1821L genome 

N-terminal sequencing of purified (~48 kD) putative antibacterial protein provided several short 

sequence amino acids which were used to identify the regulating gene in the Bl 1821L genome 

(NZ_CP033464.1). Genome analysis uncovered that the predicted sequenced protein (~48 kD) reads 

had several hits (covering approximately 34% of the amino acid sequence) to an identified defective 

prophage protein, similar to that encoded by the Bs 168 phage-like element PBSX gene xkdK (Table 

6.7 & Appendix D-8). This is also a confirmation of the results of Bl 1821L in Chapter 3. 

 

6.3.6 N-terminal sequence analysis of Bl 1821L identified 48 kD putative 
antibacterial protein  

Identified Bl 1821L putative phage-like element PBSX XkdK protein (48 kD) residing in the Bl 1821L 

genome was used to search in the Uniprot database to determine the nature of proteins. The region 

of Bl 1821L genome encoding the predicted XkdK protein (48 kD) shared amino acid identity with a 

phage tail protein accession tr|A0A0F7EER1|A0A0F7EER1_BRELA and an uncharacterised protein 

with accession tr|A0A328R421|A0A328R421_BRELA. An equivalent accession tr|A0A518VEB0| 

A0A518VEB0_BRELA to tr|A0A328R421|A0A328R421_BRELA exists in the Uniprot database (Table 

6.7). Amino acid sequence analysis through ExPasy computed the molecular weight of purified                 

Bl 1821L putative phage tail protein of 48.5 kD, which was similar to the location of the band on SDS-

PAGE (Table 6.7 & Figure 5.24). 

BLASTp analysis of the accessions tr|A0A518VEB0|A0A518VEB0_BRELA and tr|A0A0F7EER1| 

A0A0F7EER1_BRELA against Uniprot database identified 90.3% and 73.5% amino acid similarity to the 

phage tail-sheath protein of Bl LMG 15441 (Appendix D-9). Furthermore, BLASTp analysis revealed 

similar identity to a phage tail protein, phage sheath protein, and uncharacterised proteins belonging 

to various Bl strains (Table 6.8 & Appendix D-9).  
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                            Table 6.7 Identification of Bl 1821L putative antibacterial gene and protein (48 kD) in the genome and Uniprot database 

Accession 
Average molecular 

mass 
Identity Identified gene 

Uniprot description of identified 
proteins 

tr|A0A518VEB0|A0A518VEB0_BRELA 48361.09 

Phage tail protein 
Phage-like element PBSX 
xkdK gene 

Phage tail protein 
OS= Brevibacillus laterosporus  
OX= 1465 GN= EEL30_25335 
PE= 3 SV= 1 

 
tr|A0A0F7EER1|A0A0F7EER1_BRELA 

 
48490.93 

Phage tail protein  
OS= Brevibacillus laterosporus  
OX= 1465 GN= EX87_02320  

PE= 4 SV= 1 
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Table 6.8 Identical proteins of Bl 1821L N-terminal sequenced putative phage tail protein of                 
48 kD with accessions tr|A0A518VEB0|A0A518VEB0_BRELA and tr|A0A0F7EER1|A0A0F7EER1_ 
BRELA) in the Uniprot database 

Accessions Identical proteins             Organism   Gene name Length 

tr
|A

0
A

51
8

V
EB

0
|A

0
A

5
18

V
EB

0
_B

R
EL

A
  

tr
|A

0
A

0
F7

EE
R

1
|A

0
A

0
F7

EE
R

1
_B

R
EL

A
 

 

Phage tail protein 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

C4A76_07870, 
C4A77_13935, 
D5F52_00915 

445 

Phage tail protein 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

EX87_06735 445 

Phage tail-sheath 
protein 

Brevibacillus laterosporus 
LMG 15441 

BRLA_c036460 462 

Uncharacterised 
protein 

Brevibacillus borstelensis  
GI-9 

BLGI_826 445 

Phage tail protein 
Brevibacillus laterosporus  
(Bacillus laterosporus) 

EEL32_11960 445 

Phage tail protein 
Brevibacillus laterosporus 
SKDU 10 

AYJO8_14030 445 

Phage tail protein 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

EX87_02320 445 

Phage tail protein 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

D5F52_16160 445 

Phage tail protein 
Brevibacillus laterosporus 
(Bacillus laterosporus) 

C4A76_21720 445 

 

6.3.7 Bioinformatic analysis of identified Bl 1821L putative antibacterial protein 
(48 kD) genomic region 

Identified phage-like element PBSX gene xkdK of Bl 1821L is encoded between 5,137,125 bp to 

5,138,462 bp (Figure 6.10). An uncharacterised protein tr|A0A518VE83|A0A518VE83_BRELA residing 

in Bl 1821L genome (NZ_CP033464.1) between 15,854 bp to 15,582 bp shared low amino acid identity 

with the putative Brevibacillus phage Abouo tail fibre protein (Kearse et al., 2012). The genome of 

Brevibacillus phage Abouo (KC595517) encodes two tail fibre proteins; the first is putative tail fibre 

protein (tr|S5MNY5|S5MNY5_9CAUD) and the second is tail fibre protein (tr|S5M627|S5M627_ 

9CAUD). The tail fibre protein of Bl 1821L was aligned with both of these proteins. Alignment of                      

Bl 1821L tail fibre protein tr|A0A518VE83|A0A518VE83_BRELA with the tail fibre protein tr|S5M627| 

S5M627_9CAUD and putative tail fibre protein tr|S5MNY5|S5MNY5_9CAUD of Brevibacillus phage 

Abouo using the programme Geneious basic (Kearse et al., 2012) illustrated a low amino acids 

similarity of 3.5% and 30% with the queried proteins (Appendix D-10 & D-11).  
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An upstream gene resembling the putative bacteriocin UviB of Bs 168 having a precursor of holin BhlA 

along with other phage-like element PBSX genes xkdT and xkdU (Figure 6.10) is localised in the 

genomic region. The gene regulating the holin protein (BhlA) was bioinformatically extracted and 

subjected to BLASTp analysis and exhibited 100% amino acid identity to an uncharacterised protein of 

Bl LMG 15441, in addition to similar uncharacterised proteins from different Bl phages (Table 6.9). A 

hydrolytic enzyme, N-acetylmuramoyl-L-alanine amidase, a regulating gene, is next to the UviB/holin 

BhlA in the genomic region (Figure 6.10). Furthermore, several other phage-like proteins including a 

tail protein, phage FluMu protein Gp47, and a prophage LambdaBa01 Xpf encoded in the PBSX-like 

region of Bl 1821L are also annotated. Various hypothetical protein encoding genes are also localised 

in the region where the XkdK protein resides in the Bl 1821L genome. Located at the 3’ end of the 

phage-like element PBSX xkdK gene encoding region are four (ABC transporter) permease genes yvcR, 

yvcS, yvcQ, and yvcP (Figure 6.10).  The translated products of these genes have been implicated in 

the export of lipid II-binding lantibiotics, such as nisin and gallidermin (McAuliffe et al., 2001; Smits et 

al., 2020).  

Bl 1821L phage tail-sheath like encoding region exhibiting homology to the PBSX-like region of Bs 168 

was also identified in the genome of Bl 1951 (RHPK01000003.1, contig 1) at the position between 

1,937,150 bp to 1,935,813 bp (Figure 6.12). At the 5’ end of XkdK protein encoding gene two 

hypothetical proteins reside. Therefore, BLASTp analysis of hypothetical proteins was performed to 

affirm the nature of proteins. An uncharacterised protein with accession tr|A0A502IL32|A0A502IL32_ 

BRELA identical to the predicted protein immediate upstream of XkdK protein is localised. However, 

the adjacent upstream hypothetical protein tr|A0A502IL09|A0A502IL09_BRELA showed 96% amino 

acids similarity with the XkdN protein of Bl LMG 15441 having accession tr|A0A075R977|A0A075R977 

_BRELA (Figures 6.12 & 6.13). Analysis of the genomic region revealed the presence of genes involved 

in phage lysis activities including N-acetylmuramoyl-L-alanine amidase and holins. Furthermore, in the 

Bl 1951 genome sequence several other PBSX-like region genes such as xkdT and xkdU as well as other 

phage-relevant and hypothetical genes are encoded (Figure 6.12).  
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Figure 6.10 Geneious output of the 48 kD N-terminal sequence of Bl 1821L identifying a putative phage-like element PBSX gene xkdK (shown in green 
with red arrow) and dark blue arrows point to other phage-like element PBSX genes (xkdT & xkdU) residing in Bl 1821L genome 
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Figure 6.11 Genomic architecture of the 48 kD N-terminal sequence of Bl 1821L showing identified phage-like element PBSX gene xkdK along with other 
genes of the region. The red shaded box denotes the region of difference between Bl 1821L and Bl 1951 
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Figure 6.12 Geneious output of the 48 kD N-terminal sequence of Bl 1821L identifying a putative phage-like element PBSX gene xkdK (shown in green 
with red arrow) and dark blue arrows point to other phage-like element PBSX genes (xkdT & xkdU) residing in Bl 1951 genome 
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Figure 6.13 Genomic architecture of the 48 kD N-terminal sequence of Bl 1821L showing identified phage-like element PBSX gene xkdK encoding region 
in Bl 1951 along with other genes of the region. The filled red wedge points to the integration of the red shaded region of Bl 1821L (Fig. 6.11) in the                     
Bl 1951 genome 
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Table 6.9 Protein orthologues of Bl 1821L UviB (BAGEL)/Holin BhlA protein in the Uniprot database 

Accession 
Homologous 
protein 

Organism % identity 

tr|A0A075R9K7|A0A075R9K7_BRELA 
Uncharacterised 
protein 

Brevibacillus laterosporus 
LMG 15441 

100 

tr|S5M5U3|S5M5U3_9CAUD Bacteriocin UviB 
Brevibacillus phage  
Emery 

92.0 

tr |S5M6A1|S5M6A1_9CAUD 
Uncharacterised 
protein 

Brevibacillus phage  
Davies  

90.8 

tr|S5MNE1|S5MNE1_9CAUD 
Uncharacterised 
protein 

Brevibacillus phage 
Jimmer 1 

90.8 

tr|A0A0K2CND1|A0A0K2CND1_9CAUD 
Uncharacterised 
protein 

Brevibacillus phage  
Osiris 1 

90.8 

 

Bioinformatic analysis of the PBSX-like region in both the strains (Bl 1821L & Bl 1951) displayed a 

similar organisational structure of the operons (Figure 6.14B). However, the alignment of the two 

regions indicate that for Bl 1951 in the upstream region of XkdK there are genes encoding glycine rich 

proteins and the phage-like element similar to PBSX gene xkdU. Interestingly, two imperfect repeats 

of glycine rich proteins (1700 bp long) residing in the Bl 1951 genome (Figure 6.12) exhibited 92.6% 

similarity to each other (Figure 6.14B). For Bl 1821L, this part of the genome differed from Bl 1951 as 

the PHASTER programme identified a putative phage region (Figure 6.14B). In the upstream region of 

the Bl 1821L putative phage region and the imperfect repetitive region of Bl 1951 the encoding genes 

have only minor differences between the two strains (Figure 6.14B). Likewise, analysis of the genomic 

region of both Bl 1821L and Bl 1951 using the programme Mauve (Darling et al., 2004) substantiated 

the findings by indicating the region of differences as shown in Figure 6.14A (blank areas).  

Furthermore, in the upstream region of Bl 1821L where putative phage-like element PBSX gene xkdK 

was found and hypothetical phage Clostridium_phi8074, integrase, phage Flu protein Gp47 with 

baseplate domain, and other hypothetical proteins relevant genes are encoded, differ by 4458 bp from 

Bl 951 and Bl Rsp strains (Figure 6.11). Like the Bl 1821L genomic region, both holin and                                           

N-acetylmuramoyl-L-alanine amidase encoding genes, which are an integral part of bacterial lysis 

systems, are also localised (Figure 6.12).  

A schematic of the PBSX-like region of Bl 1821L with identified 48 kD XkdK protein is presented in 

Figure 6.15D along with the 3D structure (Figure 6.15A) and morphological features of XkdK protein 

(Figure 6.15C) corresponding to a typical tailed phage (Myoviridae) structural proteins (Figure 6.15B) 

is shown. 
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Figure 6.14 (A) Mauve analysis of the Bl 1821L and Bl 1951 genomic regions. (B) Annotation of the Bl 1821L and Bl 1951 genomic regions including 48 kD 
encoded phage-like element PBSX gene xkdK (1338 bp long) showing the region of differences between the two strains (shown in red shaded box). PBSX 
like region in Bl 1951 encodes genes of 1700 bp long imperfect repeats of glycine rich proteins and in an analogous Bl 1821L genomic region a putative 
phage region is predicted 
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Figure 6.15 (A). Predicted 3D structure of 48 kD identified phage-like element PBSX protein XkdK of Bl 1821L generated using Phyre2 (Kelley et al., 2015). 
(B). Schematic presentation of structural proteins of a contractile-tailed bacteriophage (Myoviridae) (Fokine & Rossmann, 2014). (C). Electron 
micrograph showing the contractile sheath-like structure (Scale bar= 50 nm) similar to a typical Myoviridae phage (shown with red arrow in Fig. 6.15B). 
(D). Genomic organisation of Bl 1821L PBSX-like region with identified xkdK gene (shown in green with red arrow) 
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6.3.8 Comparison of 48 kD identified Bl 1821L and Bl 1951 phage-like element 
PBSX protein XkdK with the similar proteins of other gram-positive 
bacteria 

Phage like-element PBSX protein (XkdK) of Bl 1821L (NZ_CP033464.1) and Bl 1951 (RHPK01000003.1, 

contig 1) identified with accession tr|A0A518VEB0|A0A518VEB0_BRELA was aligned with BLASTp 

analysed and identical XkdK proteins/phage tail-sheath proteins of other gram-positive bacteria 

(Table 6.10) using Geneious basic (Kearse et al., 2012), and a dendrogram was also drawn using the 

same programme.  

 

Table 6.10 Encoded phage-like element PBSX protein XkdK and phage tail-sheath proteins in 
different gram-positive bacteria 

Accession     Protein name              Organism 

tr|A0A0D1WNL8|A0A0D1WNL8_ANEMI Phage tail sheath  Aneurinibacillus migulanus 

tr|A0A410KN98|A0A410KN98_9BACI Phage tail sheath  Bacillus aerophilus  

tr|R4JQA6|R4JQA6_9CAUD Structural protein Bacillus phage PBP180 

tr|A0A5B0B6Z4|A0A5B0B6Z4_9BACI 
Phage-like element 
PBSX XkdK 

Bacillus sp. ANT_WA51  

tr|A0A410QZ71|A0A410QZ71_9BACI 
Phage-like element 
PBSX  XkdK 

Bacillus sp. WR11  

tr|A0A6H0H1P2|A0A6H0H1P2_BACIU 
Phage-like element 
PBSX XkdK 

Bacillus subtilis subsp. 
subtilis str. SMY   

tr|P54331|XKDK_BACSU 
Phage-like element 
PBSX XkdK 

Bacillus subtilis168 

tr|C0Z5G9|C0Z5G9_BREBN Uncharacterised protein 
Brevibacillus brevis (strain  
47/JCM 6285/NBRC 100599) 

tr|A0A3M8B733|A0A3M8B733_9BACL Phage tail  Brevibacillus gelatini  

tr|A0A075R9L5|A0A075R9L5_BRELA Phage tail sheath  
Brevibacillus laterosporus 
LMG 15441 

tr|Q18BN0|Q18BN0_CLOD6 
Phage-like element 
PBSX XkdK 

Clostridioides difficile 630 

tr|A0A061P351|A0A061P351_9BACL 
Phage-like element 
PBSX  XkdK 

Geomicrobium sp. JCM 
19039 

 

Alignment of the Bl 1821L and Bl 1951 XkdK amino acid sequence (48 kD) with orthologous proteins 

of the genus Aneurinibacillus, Bacillus, Brevibacillus, Clostridoides, and Geomicrobium provided an 
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insight into their phylogenic relationships. The alignment of XkdK proteins encoded in the PBSX 

region revealed that all of these were distantly related to each other (Figure 6.17). PBSX is considered 

a model phage tail sheath-like protein (XkdK) representative of Bs 168 but had only 21.2% amino acid 

similarity with the queried XkdK protein (tr|A0A518VEB0|A0A518VEB0_BRELA) of Bl 1821L and            

Bl 1951 (Appendix D-14). While this is low for the specific gene, the similarity of the whole operon is 

of interest and suggests shared origins. Comparatively, Bl 1821L and Bl 1951 predicted XkdK protein 

(48 kD) exhibited 89.1%, 69%, and 68% homology to the phage tail-sheath, phage tail, and an 

uncharacterised protein of Bl LMG 15441, B. gelatini, and B. brevis 47/JCM 6285/NBRC 100599 

respectively (Appendix D-14). Likewise, the XkdK protein of Bs 168 shared 100% amino acid similarity 

with the Bacillus sp. WR11, Bacillus sp. ANT_WA51, Bs subsp. subtilis SMY, 64.8% with B. aerophilus 

and B. pumilus AB94180, 51.7% with Geomicrobium sp. JCM 19039, and 41.5% with Aneurinibacillus 

migulanus (Appendix D-14). XkdK protein of C. difficile 630 displayed a low homology (19.9%) with 

the 48 kD protein and the same trend was followed for other aligned proteins (Appendix D-14). 

Furthermore, distance matrices of aligned XkdK proteins (Figure 6.17 & Appendix D-13) and amino 

acids alignment using Geneious basic (Kearse et al., 2012) (Figure 6.16 & Appendix D-14 ) and 

CLUSTALO (Appendix D-12) substantiated the findings.  

 

6.3.9 Comparison of identified putative phage tail-sheath protein (48 kD) of 
Bl 1821L and Bl 1951 with the phage tail-sheath protein of different Bl 
phages 

The identified 48 kD putative phage tail-sheath protein (XkdK) of Bl 1821L and Bl 1951 with accession 

tr|A0A518VEB0|A0A518VEB0_BRELA was aligned with the phage tail-sheath protein of different Bl 

phages including Abouo (tr|S5MUG6|S5MUG6_9CAUD), Jimmer1 (tr|S5MNC1|S5MNC1_9CAUD), 

Davies (tr|S5MCF5|S5MCF5_9CAUD), Jimmer2, (tr|S5MBG7|S5MBG7_9CAUD), Powder 

(tr|A0A0K2FLW7|A0A0K2FLW7_9CAUD), and Osiris (tr|A0A0K2CNL4|A0A0K2CNL4_9CAUD)       

(Berg et al., 2016). Alignment of Bl 1821L and Bl 1951 identified phage tail-sheath protein with the 

similar protein of different Bl phages suggests its nature. Bl specific phages Abouo, Jimmer1, Davies, 

Jimmer2, Powder, and Osiris phage tail-sheath proteins were prominently (>97%) similar to each 

other, but exhibited low amino acids similarity (21.9%) to the putative phage tail-sheath protein of 

Bl 1821L and Bl 1951 (Figure 6.18 & Appendix D-17). Furthermore, distance matrices of aligned phage 

tail-sheath proteins (Figure 6.19 & Appendix D-16) and amino acids alignment using CLUSTALO 

(Appendix D-15) also substantiated the findings. 
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Figure 6.16 Alignment of 48 kD identified phage-like element PBSX protein XkdK accession A0A518VEB0 (shown with red arrow) of Bl 1821L and Bl 1951 
with the phage tail-sheath proteins of Aneurinibacillus migulanus (A0A0D1WNL8), Bacillus aerophilus (A0A410KN98), Brevibacillus gelatini 
(A0A3M8B733), Brevibacillus laterosporus LMG 15441 (A0A075R9L5); uncharacterised protein of Brevibacillus brevis (strain 47/JCM 6285/NBRC 100599), 
and similar proteins of other gram-positive bacteria including Bacillus phage PBP180 (R4JQA6), Bacillus sp. ANT_WA51 (A0A5B0B6Z4), Bacillus sp.WR11 
(A0A410QZ71), Bacillus subtilis subsp. subtilis str. SMY (A0A6H0H1P2), Bacillus subtilis 168 (P54331), Clostridioides difficile 630 (Q18BN0), and 
Geomicrobium sp. JCM 19039 (A0A061P351) using the Geneious basic
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Figure 6.17 Dendrogram showing alignment Bl 1821L and Bl 1951 identified (A0A518VEB0) phage-
like element PBSX protein XkdK (48 kD) with similar proteins of other gram-positive bacteria 
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Figure 6.18 Amino acids alignment of 48 kD identified putative phage tail-sheath protein accession A0A518VEB0 (shown with red arrow) of Bl 1821L and 
Bl 1951 with similar proteins of different Bl phages including Abouo (S5MUG6), Jimmer1 (S5MNC1), Davies (S5MCF5), Jimmer2, (S5MBG7), Powder 
(A0A0K2FLW7), and Osiris (A0A0K2CNL4) using Geneious basic 
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Figure 6.19 Dendrogram showing the alignment of identified (48 kD) putative phage tail-sheath 
protein (A0A518VEB0) of Bl 1821L and Bl 1951 with similar protein of different Bl phages  

 

6.3.10 Genomic comparison of the Bl 1821L and Bl 1951 PBSX-like region with the 
similar region of defective prophages PBSZ, PBSX, and PBP180  

The genomic organisation of the identified Bl 1821L (NZ_CP033464.1) and Bl 1951 (RHPK01000003.1, 

contig 1) PBSX-like region displayed similarities as shown in Figures 6.20 and 6.21. However, some 

variations were also found in the PBSX-like regions of both strains (Figure 6.14). Therefore, the PBSX-

like regions of Bl 1821L and Bl 1951 were compared with the defective prophages PBSZ, PBSX, and 

PBPB180 of B. subtilis W23, B. subtilis 168, and Bacillus phage PBP180 (Jin et al., 2014). Amino acids 

content of Bl 1821L and Bl 1951 XkdK protein (48 kD) tr|A0A518VEB0|A0A518VEB0_BRELA was 

compared with the similar proteins of PBSZ (tr|E0U1S9|E0U1S9_BACPZ), PBSX (sp|P54331|XKDK_ 

BACSU), and PBP180 (tr|R4JQA6|R4JQA6_9CAUD). Likewise, amino acid residues of the tail protein 

(tr|A0A518VEA0|A0A518VEA0_BRELA) residing in Bl 1821L and Bl 1951 PBSX-like region was 

Compared with the similar proteins of defective prophages PBSZ (tr|E0U1T3|E0U1T3_BACPZ), PBSX 

(sp|P54334|XKDO_BACSU), and PBP180 (tr|R4JJ03|R4JJ03_9CAUD) (Jin et al., 2014). 

N-acetylmuramoyl-L-alanine amidase (XlyA) is one of the lysis proteins of the phage lysis system so a 

corresponding protein (tr|A0A518VEA4|A0A518VEA4_BRELA) encoded in the Bl 1821L and Bl 1951 

PBSX-like region was compared with the similar proteins of PBSZ (tr|E0U1U7|E0U1U7_BACPZ), PBSX 
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(sp|P39800|XLYA_BACSU), and PBP180 (tr|R4JMV0|R4JMV0_9CAUD). Holin (XhlB), another lysis 

protein (tr|A0A075R9K7|A0A075R9K7_BRELA) residing in the PBSX-like region of Bl 1821L and Bl 1951 

was also compared with the similar proteins of defective prophages PBSZ (tr|E0U1U5|E0U1U5_ 

BACPZ), PBSX (sp|Q99163|XHLB_BACSU), and PBP180 (tr|R4JHG4|R4JHG4_9CAUD) (Jin et al., 2014). 

Genomic organisation of the Bl 1821L PBSX-like region with that of the PBSZ, PBSX, and PBP180 

indicated significant differences. Phage-like element PBSX protein XkdK (48 kD) encoding gene of               

Bl 1821L at the 5’ end is flanked by a large terminase unit (xtmB) gene and xkdN while uncharacterised 

proteins and a prophage LambdaBa01, positive control factor xpf reside at the 3’end (Figure 6.20). The 

gene xkdM residing immediately upstream in the other Bacillus strains was absent in the Bl 1821L. 

Immediately upstream of xkdN gene encoding the tail protein corresponding to xkdO gene of PBSX, 

PBSZ and PBP180 is encoded in the Bl 1821L genome but in other Bacillus strains, gene xkzB is located 

before the tail protein. XkdP, a murein binding protein resides immediately upstream of the tail 

protein of the Bacillus strains and afterwards several hypothetical proteins (XkdQ, XkdR, XkdS) are 

present (Figure 6.20). Similarly, for Bl 1821L four hypothetical proteins adjacent to the tail protein 

(XkdO) are localised. The genomic region where xkdT and xkdU genes reside, is almost the same in its 

organisation but in Bl 1821L uncharacterised proteins reside both upstream and downstream of these 

genes. However, other proteins, including phage FluMu protein with baseplate domain, hypothetical 

proteins, integrase protein, and a hypothetical phage Clostridium_ phi8074, are also found in this area 

(Figure 6.20). In the PBP180 phage XkdK protein encoding region operons ORF30, 33, and 35 

demonstrated some similarity to XkdV proteins of PBSX but differences were reported (Jin et al., 

2014). A low homology tail fibre protein to that of Brevibacillus phage Abouo and phage Bacilli Gp425 

is present in this region of Bl 1821L. Lysis genes (xepA, xhlA, xhlB, xlyA) reside in PBSZ, PBSX, and 

PBP180 defective prophages. Although in Bl 1821L PBSX-like region genes corresponding to phage lysis 

xhlB (holin) and endolysin (xlyA) are encoded but at the 3’ end of holins two hypothetical proteins are 

localised (Figure 6.20). 

Similar to Bl 1821L, the encoded PBSX-like region in the Bl 1951 genome was analysed to compare the 

genomic organisation with that of PBSZ, PBSX, and PBP180 (Figure 6.21). A gene corresponding to a 

hypothetical protein is encoded at the 5’ end of xkdK. Despite similarities in the genomic architecture 

in the upstream and downstream of xkdK gene some prominent differences exist. Bl 1951 genomic 

region where the genes encoding XkdT and XkdU proteins reside includes some hypothetical and 

glycine rich proteins. For Bl 1951 in this region, imperfect repeats of glycine rich proteins (1700 bp 

long) are encoded where a putative phage region is located in Bl 1821L (Figure 6.14). This is the region 

where the genes encoding XkdV and hypothetical proteins reside in Bacillus strains (Figure 6.20). 
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Amino acid alignment of XkdK protein (48 kD) of Bl 1821L and Bl 1951 expressed a low amino acid 

identity of 22.9%, 22.9%, and 21.6% with the respective protein orthologues PBSZ, PBSX and PBP180 

(Figure 6.22 & Appendix D-20). However, XkdK proteins of Bacillus strains had a high level of amino 

acid similarity to each other as compared to those in Bl 1821L and Bl 1951 (Appendix D-20). 

Furthermore, distance matrices of the aligned XkdK proteins using Geneious basic (Kearse et al., 2012) 

(Figure 6.23 & Appendix D-19) and amino acids alignment using CLUSTALO (Appendix D-18) 

substantiated the findings.  

Tail protein residing in the PBSX-like region of Bl 1821L and Bl 1951 demonstrated 50% similarity with 

the corresponding protein of PBSZ prophage but had no alignment with the PBSX and PBP180 

defective prophage tail proteins. However, PBSX protein showed 51.1% and 37% amino acids similarity 

with the PBSZ and PBP180 tail proteins (Appendix D-23). Furthermore, distance matrices of aligned 

tail proteins calculated using Geneious basic (Kearse et al., 2012) (Appendix D-22) and amino acids 

alignment using CLUSTALO (Appendix D-21) substantiated the findings.  

The holin protein (XhlB) of PBSX expressed high amino acid similarity with PBSZ (89.8%) and PBP180 

(61.4%) but comparatively, the Bl 1821L and Bl 1951 holin protein (BhlA) exhibited a low level of 11.4% 

to 13.6% analogy with PBP180, PBSZ, and PBSX (Appendix D-26 & D-27B). Furthermore, the distance 

matrices using Geneious basic (Kearse et al., 2012) (Appendix D-25 & D-27A) and amino acids 

alignment using CLUSTALO (Appendix D-24) substantiated the findings. N-acetylmuramoyl-L-alanine 

is an endolysin related protein (XlyA) localised in the Bl 1821L and Bl 1951 genomes, which had a low 

sequence similarity of 15.4%, 15.4%, and 7.7% to PBSZ, PBSX, and PBP180 respectively (Appendix D-

30 & D-31A). These proteins were quite similar to each other; PBSX having amino acids similarity of 

95.3% with PBSZ and 53.9% with PBP180 (Appendix D-30 & D-31A). Furthermore, the distance 

matrices (Appendix D-29 & D-31B) and amino acids alignment using CLUSTALO (Appendix D-28) 

substantiated the findings. 

A summary of amino acids (%) alignment of tail-sheath protein (XkdK), tail protein (XkdO),                                   

N-acetylmuramoyl-L-alanine (XlyA), and holin (XhlB) residing in the PBSX-like region of Bl 1821L and             

Bl 1951 with similar proteins of defective prophages PBSZ, PBSX, and PBP180 is presented below 

(Table 6.11). Likewise, a comparative summary of amino acids (%) alignment of PBSX with the PBSZ, 

PBP180, and PBSX-like region of Bl 1821L and Bl 1951 is also presented in Table 6.12.
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Figure 6.20 Schematic genomic alignment of identified phage-like element PBSX gene xkdK (shown with red arrow) encoding region in the Bl 1821L 
genome with defective prophages PBSZ, PBSX, and PBP180 of B. subtilis subsp. spizzenii W23, B. subtilis 168, and Bacillus phage PBP180 (Jin et al., 
2014) 
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Figure 6.21 Schematic genomic alignment of identified phage-like element PBSX gene xkdK (shown with red arrow) encoding region in the Bl 1951 
genome with defective prophages PBSZ, PBSX, and PBP180 of B. subtilis subsp. spizzenii W23, B. subtilis 168, and Bacillus phage PBP180 (Jin et al., 
2014) 
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Figure 6.22 Amino acids alignment of 48 kD identified phage-like element PBSX protein XkdK accession A0A518VEB0 (shown with red arrow) of                           
Bl 1821L and Bl 1951 with similar proteins of defective prophages of B. subtilis subsp. spizzenii W23 (E0U1S9), B. subtilis 168 (P54331), and Bacillus 
phage PBP180 (R4JQA6) using the Geneious basic 
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Figure 6.23 Dendrogram showing alignment of the identified (48 kD) phage-like element PBSX 
protein XkdK (A0A518VEB0) of Bl 1821L and Bl 1951 with similar proteins of defective prophages 
of B. subtilis subsp. spizzenii W23 (E0U1S9), B. subtilis 168 (P54331), and Bacillus phage PBP180 
(R4JQA6)  
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Table 6.11 Summary of comparison of amino acid similarity (%) of different proteins encoded in the PBSX-like region of Bl 1821L and Bl 1951 with the 
analogous proteins of defective prophages PBSZ, PBSX, and PBP180 

Defective phages 

Encoded proteins in PBSX-like region 

Tail-sheath protein 
(XkdK) 

Tail protein 
(XkdO) 

Holin protein 
(XhlB) 

N-acetylmuramoyl-L-alanine protein 
(XlyA) 

PBSZ 22.9 50.0 13.6 15.4 

PBSX 22.9 0.0 13.6 15.4 

PBP180 21.6 0.0 11.4 7.7 

 
 

Table 6.12 Summary of comparison of amino acids similarity (%) of different proteins encoded in the PBSX-like region of Bs 168 with the analogous 
proteins of defective prophages PBSX-like Bl 1821L, Bl 1951, PBSZ, and PBP180 

Defective phages 

Encoded proteins in PBSX-like region 

Tail-sheath protein 
(XkdK) 

Tail protein 
(XkdO) 

Holin protein 
(XhlB) 

N-acetylmuramoyl-L-alanine protein 
(XlyA) 

PBSX-like Bl 1821L & Bl 1951 
defective prophage 

22.9 0.0 13.6 15.4 

PBSZ 66.5 51.1 89.8 95.3 

PBP180 98.7 37.5 61.4 53.9 

 



 254 

6.3.11 Bactericidal determinant of Bl 1821L putative phage tail-like protein (48 kD) 

Antimicrobial index (AI) of N-terminal sequence-identified Bl 1821L phage tail-sheath protein (48.5 kD) was 

below the threshold level (< 0.225) indicating a bactericidal potency (Figure 6.24, shown with red arrow). 

AMPA result showed that bactericidal stretch was found from 360 to 373 amino acids (NKKFAKNIVRVLD) 

having a propensity value of 0.223 for the sequenced phage tail-like protein of  Bl 1821L (Figure 6.25, shown 

in red). 

 

 
  

                Figure 6.24 AMPA analysis of 48 kD identified phage tail-sheath protein of Bl 1821L 
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Figure 6.25 AMPA analysis of 48 kD identified phage tail-sheath protein of Bl 1821L. Amino acids 
(360-373) corresponding to the bactericidal stretch are highlighted in red colour 

 

6.3.12 Expression of the 25 kD hypothetical protein, 30 kD putative encapsulating 
protein, and both the 25 kD and 30 kD proteins in the gram-positive 
bacterium Bacillus subtilis WB800N 

The collaborating researchers based at the University of Canterbury, New Zealand, provided the cell 

free supernatants of the expressed 25 kD hypothetical protein (pHT01-hypo), 30 kD putative 

encapsulating protein (pHT01-encap), and the both 25 kD and 30 kD (pHT01-hypo.encap) proteins  

after twice passing through a 0.22 µm filter for further analysis. 

Bs WB800N (pHT01-hypo, A1) supernatant expressing the 25 kD hypothetical protein demonstrated 

antagonistic activity against Bl 1951 by developing a zone of inhibition of 11.7 mm and 12 mm with 

induced and uninduced cultures respectively after 3.5 hours of induction. For Bl 1821L, the same 

supernatant demonstrated no significant activity (Tables 6.13-6.14 & Figure 6.26). Similarly, 25 kD 

hypothetical protein (pHT01-hypo, A2) after 3.5 hours of induction exhibited similar activity against 

both the strains (Bl 1821L & Bl 1951) by developing a zone of inhibition of 11.7 mm and 11 mm 

respectively. However, after 24 hours of induction antagonistic activity was almost absent (Tables 

6.13-6.14 & Figure 6.27). Purification of the corresponding protein was only visualised on SDS-PAGE 

with the 25 kD hypothetical protein sample (pHT01-hypo, A1) (Figure 6.31) and no protein bands were 

seen with the other concentrated protein (pHT01-hypo, A2). Unexpectedly, a defined band of ~48 kD 

in 40% gradient, faint bands of the same level in other gradients, and prominent protein bands of       
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>50 kD in the 20% gradient were visualised on SDS-PAGE with the purified and concentrated 25 kD 

hypothetical protein (pHT01-hypo, A1) (Figure 6.31). 

For the control treatment, CFS of Bs WB800N without any transformation of plasmid (pHT01-hypo, 

pHT01-encap, pHT01-hypo.encap) was evaluated against Bl 1821L and Bl 1951 but no zones of 

inhibition were produced (Tables 6.13-6.14 & Figure 6.36). No bands were observed on silver stained 

SDS-PAGE analysis of concentrated supernatant from the Bs WB800N control (Figure 6.36). 

 

Table 6.13 Assay of Bs WB800N supernatant containing 25 kD hypothetical protein (pHT01-hypo), 
30 kD putative encapsulating protein (pHT01-encap), and both 25 kD and 30 kD proteins (pHT01-
hypo.encap) against Bl 1821L as the host bacterium  

Cell free supernatants 
(CFS) 

Zone of inhibition diameter 
(mm) 

Time after induction 
(3.5 Hours) 

Time after induction 
(24 Hours) 

Induced Uninduced Induced Uninduced 

Hypothetical protein 
(pHT01-hypo, A1) 

-* - - 9.0 

Hypothetical protein 
(pHT01-hypo, A2) 

11.7 - 9.7 - 

Encapsulating protein 
(pHT01-encap, B1) 

- 10.3 12.3 11.7 

Encapsulating protein 
(pHT01-encap, B2) 

- - 11.0 - 

Hypothetical and 
encapsulating proteins 
(pHT01-hypo.encap)  

9.3 - 11.0 - 

**Control - - - - 

 

*= No zone of inhibition 
**= For control cell free supernatant of Bs WB800N without (pHT01-hypo, pHT01-encap, pHT01  
        hypo.encap) expression was used against both the strains Bl 1821L & Bl 1951 
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Table 6.14 Assay of Bs WB800N supernatant containing 25 kD hypothetical protein (pHT01-hypo), 
30 kD putative encapsulating protein (pHT01-encap), and both 25 kD and 30 kD proteins (pHT01-
hypo.encap) against Bl 1951 as the host bacterium  

Cell free supernatants 
(CFS) 

Zone of inhibition diameter 
(mm) 

Time after induction 
(3.5 Hours) 

Time after induction 
(24 Hours) 

Induced Uninduced Induced Uninduced 

Hypothetical protein 
(pHT01-hypo, A1) 

11.7 12.0 -* - 

Hypothetical protein 
(pHT01-hypo, A2) 

11.0 - - - 

Encapsulating protein 
(pHT01-encap, B1) 

10.3 10.0 11.0 - 

Encapsulating protein 
(pHT01-encap, B2) 

- - - - 

Hypothetical and 
encapsulating proteins 
(pHT01-hypo.encap) 

10.0 - 12.3 - 

**Control - - - - 

 

*= No zone of inhibition 
**= For control cell free supernatant of Bs WB800N without (pHT01-hypo, pHT01-encap, pHT01-  
        hypo.encap) expression was used against both the strains Bl 1821L & Bl 1951 
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Figure 6.26 Assay test of CFS from Bs WB800N (pHT01-hypo, A1) expressing 25 kD hypothetical protein against Bl 1821L and Bl 1951 as the host 
bacterium. Arrows (red) denote the zones of inhibition showing a diameter of ≥ 11 mm 
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Figure 6.27 Assay test of CFS from Bs WB800N (pHT01-hypo, A2) expressing 25 kD hypothetical protein against Bl 1821L and Bl 1951 as the host bacterium. 
Arrows (red) denote the zones of inhibition showing a diameter of ≥ 11 mm 
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Figure 6.28 Assay test of CFS from Bs WB800N (pHT01-encap, B1) expressing 30 kD putative encapsulating protein against Bl 1821L and Bl 1951 as the 
host bacterium. Arrows (red) denote the zones of inhibition showing a diameter of ≥ 11 mm 

 



 261 

 
 
 

Figure 6.29 Assay test of CFS from Bs WB800N (pHT01-encap, B2) expressing 30 kD putative encapsulating protein against Bl 1821L and Bl 1951 as the 
host bacterium. Arrows (red) denote the zones of inhibition showing a diameter of ≥ 11 mm 
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.  
 

Figure 6.30 Assay test of CFS from Bs WB800N (pHT01-hypo.encap) expressing both 25 kD hypothetical and 30 kD putative encapsulating proteins against 
Bl 1821L and Bl 1951 as the host bacterium. Arrows (red) denote the zones of inhibition showing a diameter of ≥ 11 mm
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Figure 6.31 SDS-PAGE analysis of supernatant from Bs WB800N (pHT01-hypo, A1) expressing 25 kD 
hypothetical protein after 3.5 hours of induction. The red arrows denote sucrose density gradient 
purified proteins 

 
Antibacterial activity was found in CFS (pHT01-encap, B1) containing 30 kD putative encapsulating 

protein against Bl 1821L as the host bacterium, developing a lysis zone of 12.3 mm after 24 hours of 

induction and 11.7 mm without induction (Table 6.13 & Figure 6.28). For Bl 1951, a halo zone of                    

11 mm was noted 24 hours after induction (Table 6.13 & Figure 6.28). SDS-PAGE analysis of the 30 kD 

concentrated putative encapsulating protein (pHT01-encap, B1) after 3.5 hours of induction displayed 

a very faint band of ~30 kD (Figure 6.33A) but after 24 hours of induction, in addition to the ~30 kD 

band, other proteins were also present (Figure 6.33B). Putative 30 kD encapsulating protein (pHT01-

encap, B2) solely exhibited inhibitory activity against Bl 1821L as the host bacterium by producing a 

zone of inhibition of 11 mm after 24 hours of incubation (Tables 6.13-6.14 & Figure 6.29) and a purified 

band of ~30 kD in 40% gradient was visualised on SDS-PAGE (Figure 6.34).
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Figure 6.32 SDS-PAGE analysis of 30 kD putative encapsulating protein expressed after 3.5 hours 
(A) and 24 hours (B) of induction from Bs WB800N (pHT01-encap, B1). Arrows denote sucrose 
density gradient purified ~30 kD encapsulating protein (red colour) and other proteins (dark blue 
colour) 

  
Bs WB800N supernatant expressing (pHT01-hypo.encap) both the hypothetical (25 kD) and putative 

encapsulating (30 kD) proteins displayed prominent antibacterial activity against Bl 1821L and Bl 1951 

after 24 hours of induction by causing inhibition zones of 11 mm and 12 mm respectively (Tables 6.13-

6.14 & Figure 6.30). SDS-PAGE analysis of purified and concentrated culture (pHT01-hypo.encap) 

displayed numerous bands with a good intensity including a ~30 kD protein in the 60% gradient (Figure 

6.35).  

Post purification the expressed proteins were visualised on SDS-PAGE at a low intensity. Therefore, it 

was hypothesised that the hypothetical (25 kD) and putative encapsulin (30 kD) proteins might be 

trapped in the cell pellets, so the pellets were further treated with lysis buffer (0.4 ml 2N NaOH,                     

0.4 ml 10% SDS, 3.2 ml dH2O= 4 ml). Disc diffusion assay of lysed pellets showed some activity but no 

prominent bands were observed on SDS-PAGE.  
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Figure 6.33 SDS-PAGE analysis of 30 kD putative encapsulating protein expressed after 24 hours of 
induction from Bs WB800N (pHT01-encap, B2). The red arrow denote sucrose density gradient 
purified putative encapsulating protein (~30 kD) 
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Figure 6.34 SDS-PAGE analysis of the expression of both the 25 kD hypothetical and 30 kD putative 
encapsulating proteins after 24 hours of induction from Bs WB800N (pHT01-hypo.encap). The red 
arrow denote sucrose density gradient purified encapsulating protein (~30 kD) 
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Figure 6.35 SDS-PAGE analysis of Bs WB800N concentrated CFS protein without any hypothetical (25 kD) and putative encapsulating (30 kD) protein 
expression (left side image). Assay tests of CFS of Bs WB800N without transformation (pHT01-hypo, pHT01-encap, pHT01-hypo.encap) against Bl 1821L 
and Bl 1951 as the host bacterium (right side image) 
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6.4 Discussion 

Through N-terminal sequencing of the purified Bl 1821L (~30 kD & ~48 kD) and Bl 1951 (~30 kD) 

bactericidal protein bands, the putative encoding genes were located in the genomes of both strains. 

A 25 kD hypothetical protein at the 3’ end of the putative encapsulating protein (30 kD) was also 

identified in Bl 1821L and Bl 1951. Bioinformatic analysis of the ~30 kD putative encapsulating protein 

sequence using the tools AMPA and CellPPD identified the potential bactericidal motifs. Furthermore, 

the genes encoding the 25 kD hypothetical protein, putative encapsulating protein (30 kD), and the 

operon containing both 25 kD and 30 kD proteins of Bl 1821L were transformed in a gram-positive 

bacterium Bs WB800N for heterologous expression (Jeong et al., 2018).  

Bioinformatic analysis of Bl 1821L putative phage tail-sheath protein in the Bl 1821L genome identified 

a phage-like element with low homology (34%) to the PBSX protein XkdK. Genes corresponding to the 

PBSX family terminase large unit (xtmB) and phage tail assembly chaperon (xkdN) upstream and 

hypothetical proteins downstream of xkdK gene are encoded (Figure 6.20). Genomes of numerous 

bacteria harbour defective prophages where they fail to complete a viral replication cycle and multiply 

in their hosts as healthy prophages (Bobay et al., 2014; Ramisetty & Sudhakari, 2019). Defective 

prophages often package random DNA fragments derived from various sites of the host chromosome 

instead of their own genomes (Jin et al., 2014). The gram-positive bacterium, Bs, is known to produce 

defective phage-like particles (Garro & Marmur, 1970; Hemphill & Whiteley, 1975). PBSX, the best-

studied resident defective prophage (Lang et al., 2012; McDonnell et al., 1994), is described from Bs 

168 and comprised of 38 predicted opening reading frames (ORFs) distributed between the early, 

middle, and late operons (Moszer et al., 2002; Westers et al., 2003). The early operon encodes an 

essential regulatory gene, xre, whose product maintains the PBSX DNA in a repressed state in the host 

chromosome (McDonnell & McConnell, 1994; Wood et al., 1990). The gene xre controls the induction 

of PBSX by binding to multiple promoters within the Bacillus genome (McDonnell et al., 1994) and 

controlling the expression of positive control factor (xpf), whose product resembles a sigma factor for 

the transcription of late genes (Krogh et al., 1998). Seven ORFs belonging to a single transcriptional 

unit reside in the middle operon and the functions of most ORFs within this region are unknown. Most 

of the structural and lysis genes are located in the late operon (Longchamp et al., 1994; Wood et al., 

1990). PBSX phage particle is composed of at least 26 polypeptides. XkdG is the main capsid protein, 

and XkdK and XkdM are the tail sheath and core proteins, respectively. XkdV is presumably a fibre 

subunit that is involved in the killing of susceptible strains (Mauël & Karamata, 1984a; Steensma, 

1981).  
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The predominant population of tailed DNA phages and some eukaryotic viruses utilise a molecular 

machine to package their genomic DNA into a preformed empty capsid (procapsid or proheads)           

(Rao & Feiss, 2008; Sun et al., 2010). The DNA packaging machine includes a small terminase and a 

large terminase component. The former plays a role in initiating the packaging of the viral genome, 

whereas the latter is responsible for the ATP-powered translocation of DNA from the capsid (Sun et 

al., 2012). Long tails of the phages may be in a contractile (Myoviridae) or non-contractile 

(Siphoviridae) form and the morphogenesis of the tail is largely dependent on the production of the 

XkdN protein (Pell et al., 2013). XtmB proteins (phage terminase large subunit) in other PBSX-like 

structures reside in the capsid region and often accompany the small terminase subunit protein XtmA. 

However, in the Bl 1821L putative PBSX-like region, their location in the upstream region suggests a 

possible role in the adhesion of tail protein with the putative phage tail-sheath protein (Figure 6.20). 

Temperate phages integrating into the genome of the susceptible host attach themselves with an 

enzyme known as integrase (Groth & Calos, 2004). An integrase encoding gene was found between 

5,129,530 bp to 5,128,919 bp and is presumed to be a site of attachment of XkdK-like protein in the   

Bl 1821L genome. Other phage-like element PBSX proteins XkdT and XkdU are also seen at the 5’ end 

of integrase. 

A putative tail fibre protein encoded upstream of XkdU protein shared low amino acid homology to 

the Brevibacillus phage Abouo. Amino acid alignment Bl 1821L putative tail fibre protein with 

Brevibacillus phage Abouo tail fibre protein (S5M627) and putative tail fibre protein (S5MNY5) showed 

only 3.51% and 30% amino acids similarity. Phage tails are the molecular machines that play a decisive 

role in determining the host specificity and infection process of respective phages (Holtzman et al., 

2020; Islam et al., 2019). Tail fibres, tail spikes, and tail tips located at the distal end of tailed phages 

act as RBPs to interact with the bacterial cell surface receptors (Nobrega et al., 2018). Variations in tail 

fibre proteins caused differences in the killing spectrum of defective phages PBP180, PBSX, and the 

PBSX-like phages of Bacillus pumilus AB94044 (Jin et al., 2014). Phage-induced bacterial lysis relies on 

the concerted action of two proteins (lytic enzymes), holin and endolysin (Hyman & Abedon, 2019; 

Young, 2014). Holins are small hydrophobic proteins that are thought to form stable and non-specific 

lesions in the cell membrane and thereby admit the endolysins to pass the membrane and access the 

cell wall target (Young, 2013). The timing of lysis, which is critical for viral reproduction, is somehow 

“programmed” into the structure of the holin (Young et al., 2000). Bioinformatic analysis identified a 

holin protein (BhlA) in PBSX-like region of Bl 1821L similar to that found in Bs prophage SPBeta than 

the PBSX holin XhlA, a sign of genomic plasticity that phages and phage-related particles have 

(Fernández-Fernández et al., 2021). However, the localisation of lysis genes holin BhlA (xhlB) and 

endolysin enzyme N-acetylmuramoyl-L-alanine amidase (xlyA) suggests that the identified lysis genes 
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of the Bl 1821L PBSX-like region may follow a pathway similar to the phages in host cell lysis. However, 

earlier studies demonstrated that four genes (xepA, xhlA, xhlB, xlyA) displaying expected 

characteristics of a host cell lysis system reside within the late operon of PBSX (Krogh et al., 1998). 

Genes xhlA (encoding a putative membrane associated protein), xlyA (encoding a putative endolysin), 

and xhlB (encoding a putative holin) are vital for cell lysis, whereas xepA (encoding an export protein) 

has no known role in lysis (Krogh et al., 1998). Furthermore, the work illustrated that the expression 

of both xhlA and xhlB is necessary to effect Bs cell lysis. However, expression of xhlB together with xlyA 

has no effect on cell lysis, indicating that the PBSX lysis system differs from the ones identified in 

phages of gram-negative bacteria (Krogh et al., 1998). With the exception of Clostridium difficile 630 

(Gebhart et al., 2012), Bacillus is the only example where PBSX phage-like elements are described in 

the literature. However, the C. difficile 630 is devoid of functioning lysis genes (Gebhart et al., 2012). 

Based on the current literature, the identified Bl 1821L PBSX phage-like element is a new addition from 

a gram-positive bacterium and the first report of the genus Brevibacillus. 

Interestingly, identified Bl 1821L phage-like element PBSX protein XkdK residing between 1,937,150 

bp to 1.935,813 bp in the genome of Bl 1951 (RHPK01000003.1, contig 1) exhibited similar genomic 

organisation (Figures 6.11 & 6.13). However, the further analysis uncovered some differences (Figure 

6.14). An insertion region (4458 bp) was found at the 3’ end of XkdT protein in Bl 1821L compared to                     

Bl 1951. Localised XkdK protein in the upstream position is flanked by a hypothetical protein and XkdN 

protein. In the upstream region of XkdT and XkdU proteins, imperfect repeats of glycine rich proteins 

are found in Bl 1951 (Figures 6.13 & 6.14). The tips of phage tail fibres are reported to be rich in glycines 

(Dunne et al., 2018; Trojet et al., 2011). Glycine-rich proteins are considered vital in sustaining the 

unusual conformations found in the tail fibre structures (Islam et al., 2019). Therefore, it is likely that 

the glycine-rich proteins of Bl 1951 might be involved in conformations of tail fibres for adhesion to its 

host. Furthermore, it also suggests that the encoding of glycine rich proteins with imperfect repeats 

might have a role in causing the differences in antimicrobial activity of Bl 1821L and Bl 1951 against 

various gram-positive bacteria (Chapter 3). Mean pairwise consensus identity analysis of imperfect 

repeats (1700 bp long) using Geneious basic exhibited 92.6% similarity but for Bl 1821L the PHASTER 

programme identified it as a putative phage region. Furthermore, in the upstream of this genomic 

region, several minor differences are seen compared to Bl 1821L.   

Comparative analysis of the genomic architecture of the Bl 1821L PBSX-like region with the defective 

prophages PBSZ, PBSX, and PBP180 demonstrated similarities and differences. Genomic organisation 

of the Bl 1821L PBSX-like region displayed localisation of a large terminal subunit protein (XtmB) 

upstream of the XkdK encoding region, but in the defective Bacillus phages, it resides in the capsid 

region. Conserved hypothetical proteins in the adjacent upstream position of a tail protein (XkdO) 
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reside in the Bl 1821L PBSX-like region and for defective Bacillus phages PBSZ, PBSX, and PBP180, the 

corresponding region encodes hypothetical proteins XkdQ, XkdR, and XkdS. Although the Bl 1821L 

PBSX-like region resembles the defective phages PBSZ, PBSX, and PBP180 in the genomic organisation, 

there was only a low level of amino acid similarity to XkdK, XkdO, XhlB, and XlyA proteins of Bl 1821L 

with the similar proteins of defective phages PBSZ, PBSX, and PBP180. Bl 1821L XkdK protein showed 

22.9%, 22.9%, and 21.9% amino acids similarity to the XkdK proteins of PBSZ, PBSX, and PBP180. PBSX 

presented a high level of amino acids alignment of 98.7% and 66.5% with PBSZ and PBP180. These 

findings are in agreement with the work of Jin et al. (2014) who deliberated that in spite of similar 

genomic organisation, XkdV, a putative tail fibre region of PBSX, differed from the defective prophage 

PBP180 corresponding operons ORF30, ORF33, and ORF35. Based on the similarities in operon 

architecture and differences of Bl 1821L with the identical regions it is likely that all evolved from a 

common distant ancestor. 

N-terminal sequencing analysis of ~30 kD purified putative antibacterial protein of Bl 1821L and                  

Bl 1951 affirmed that both the homologous proteins originate from the same gene and share >97% 

amino acids similarity to the Linocin M18 bacteriocin family of protein. Linocin M18 family proteins 

are found in eubacteria and archaea (McHugh et al., 2014; Valdes-Stauber & Scherer, 1996) often 

referred to as “encapsulins” due to the formation of nanocompartments within the bacterium that 

contains ferritin-like compounds or peroxidase enzymes (Kerfeld et al., 2010; Yeates et al., 2011). The 

distinctive nanocompartments allow cells to compartmentalise materials and enzymatic reactions to 

increase the metabolic activity, protect them from proteolysis or other challenges, and sequester toxic 

products (Diekmann & Pereira-Leal, 2013). Ferritin family proteins include three sub-families; classical 

ferritin (Ftn), bacterioferritin (Bfr), and the DNA-binding protein from starved cells (Dps) (Andrews, 

2010; Theil et al., 2013). The first two categories (Ftn & Bfr) perform diverse functions including 

ribonucleotide reductase (Åberg et al., 1993), protecting DNA from oxidative damage (Grant et al., 

1998), and iron storage (Bradley et al., 2014a). However, Dps proteins are unique and are involved in 

iron detoxification as opposed to storage (McHugh et al., 2014). Importantly, a failure to detoxify iron 

may prove fatal to the cells (Giessen & Silver, 2017; He et al., 2016a). Furthermore, a search of 

identified Linocin M18 family protein in the Pfam database revealed its association with the clan 

(CL0373) of phage coat superfamily proteins (Mistry et al., 2021). The clan CL0373 contains nine 

families including DUF1884, DUF2184, Gp23 (PF07068), Lactococcus lactis bacteriophage major capsid 

protein (PF06673), Linocin M18 (PF04454), P22 coat protein (PF11651), phage major capsid protein                                   

E (PF03864), phage major capsid protein P2 (PF05125), and phage capsid (PF05065) (Mistry et al., 

2021). Encapsulin proteins seize a fold of a capsid protein of lambdoid bacteriophage HK97 in their 

shell protein (formerly referred to as Linocin-like protein) (Sutter et al., 2008; Wikoff et al., 2000). Since 
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then, the HK97 fold has been observed in the capsid proteins of several other tailed bacteriophages 

(Gabashvili et al., 2020; Orlova et al., 2012). Therefore, it is likely that encapsulins and the capsid 

proteins of tailed phages have evolved from a common ancestor (Abrescia et al., 2012; Heinemann et 

al., 2011). However, viral capsids and encapsulin nanocompartments functionally differ: the former 

transport viral genomes from one cell to another and the latter are involved in metabolic activities 

(McHugh et al., 2014). Bioinformatic analysis of ~30 kD purified putative encapsulating protein in this 

study and TEM examination in Chapter 5 also substantiate the findings.  

The adjacent identified hypothetical (25 kD) and putative encapsulating (30 kD) proteins in Bl 1821L 

and Bl 1951, both upstream and downstream, are flanked by hypothetical proteins. Significant 

transcriptional regulators family proteins (PadR & MarR) also reside in the region. The PadR family is 

a large group of transcriptional regulators that function as environmental sensors (Park et al., 2017) 

and are involved in various cellular survival processes, such as toxin production, detoxification, 

multidrug resistance (Lubelski et al., 2006; Nguyen et al., 2011), antibiotic biosynthesis (Florez et al., 

2015), and carbon catabolism (Park et al., 2017). This family interacts with the operator DNA using a 

winged helix-turn-helix (wHTH) motif and exhibits a high structural similarity to the multiple antibiotic 

resistance regulator (MarR) family in the wHTH superfamily (Alekshun et al., 2001; De Silva et al., 

2005). Microorganisms, including bacteria, sense and respond dynamically to both beneficial and 

harmful environmental changes and stresses (Imlay, 2015; Lee et al., 2017). For instance, to avoid the 

toxicity of phenolic acids some bacterial species, such as Bs (Tran et al., 2008), Bacillus pumilus 

(Degrassi et al., 1995), C. difficile (Gury et al., 2004), Lactobacillus plantarum (Silva et al., 2011), and 

Pediococcus pentosaceus (Barthelmebs et al., 2000) express phenolic acid decarboxylase (padC gene 

product in Bs), which converts antimicrobial phenolic acids into less toxic vinyl derivatives, as a defence 

mechanism known as the phenolic acid stress response (Lee et al., 2017; Park et al., 2017). The 

regulation of transcriptional gene padC is governed by a negative transcription factor, phenolic acid 

decarboxylase regulator (padR), in a substrate-inducible manner (Gury et al., 2004; Nguyen et al., 

2011). Localisation of another stress protein YtxJ in the genome of Bl 1821L and Bl 1951 in proximity 

to PadR may provide a plausible explanation for the identified putative encapsulating proteins to likely 

act as an antimicrobial peptide for its defence against some unknown stresses.  

Bioinformatic tools including AMPA and CellPPD were used to substantiate the bactericidal role of            

30 kD putative encapsulating protein of Bl 1821L and Bl 1951. AMPA analysis revealed the bactericidal 

potential of the putative encapsulating protein (Figure 6.8) and CellPPD identified the motifs in the 

bactericidal stretch (Figure 6.9) that have the faculty to penetrate the cells. The findings of the current 

study suggest that the putative encapsulating proteins of Bl 1821L and Bl 1951 are likely to act as cell 

penetrating peptides to lyse the cells. Typically, cell penetrating peptides (CPPs) are short cationic 
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peptides, usually 5-30 amino acid residues, which can be found in a wide range of natural sources from 

microbes to plants and animals (Milletti, 2012). Furthermore, the results align with the work of 

researchers who identified the potential of encapsulating proteins to act as antimicrobial peptides 

(Dias et al., 2017; Pinto et al., 2019). Based on the literature, this is the first report of the involvement 

of putative encapsulating protein of the genus Brevibacillus in antibacterial activity. 

The gram-positive bacterium, Bs, is a more effective expression system for foreign proteins due to the 

structural differences in the outer cell membrane compared to the gram-negative bacterium, E. coli 

(Su et al., 2020; Zweers et al., 2008). However, the expression of recombinant secretory proteins in Bs 

has often been hampered due to the degradation of secreted proteins by extracellular proteases 

(Westers et al., 2004). Bs has eight extracellular proteases, known as NprE, AprE, Epr, Bpr, Mpr, NprB, 

Vpr, and WprA (Jeong et al., 2018). Therefore, to enhance the stability of secreted proteins, an 

extracellular-protease-deficient mutant Bs WB800N was used in this study (Jeong et al., 2018; Nguyen 

et al., 2011). The putative encapsulating protein (30 kD) of Bl 1821L was successfully expressed in             

Bs WB800N at low levels. N-terminal sequencing of the excised ~30 kD putative antibacterial protein 

band identified genes that corresponded to a 25 kD hypothetical protein and a 30 kD putative 

encapsulating protein. Identified 25 kD hypothetical protein appears to be a co-migrating protein. 

Furthermore, amino acid analysis of identified Bl 1821L putative encapsulating proteins calculated the 

molecular mass of ~31 kD through ExPasy. Heterologously expressed 25 kD hypothetical protein 

(pHT01-hypo) localised between 18,917 bp to 19,564 bp CFS demonstrated activity but SDS-PAGE 

analysis showed only purified bands of  ≥48 kD. The absence of expected protein band might be due 

to the loss of transformed protein in the multiple purification steps (Walker, 2005) or low expression 

of proteins of interest (Lu et al., 2012). Assay of Bs WB800N (pHT01-encap) supernatant containing              

30 kD putative encapsulating protein encoded between 19,592 bp to 20,434 bp exhibited antibacterial 

activity against Bl 1821L and a prominent purified band of ~30 kD was visualised on SDS-PAGE. 

However, activity of the 30 kD putative encapsulating protein (pHT01-encap, B1) was found against             

Bl 1821L and Bl 1951, which might be due to the variation in the expression of pHT01-encap, B1 and 

pHT01-encap, B2. Expression of both hypothetical (25 kD) and putative encapsulating proteins (30 kD) 

in Bs WB800N (pHT01-hypo.encap) displayed an inhibitory action against both the strains (Bl 1821L & 

Bl 1951) and purification of the corresponding supernatant yielded a protein band of ~30 kD along 

with other proteins. All the constructs used in this study expressed the antibacterial activity in                           

Bs WB800N, which is otherwise absent in this strain. 
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6.5 Outcomes 

The major findings of this chapter are; 

1. N-terminal sequencing of ~48 kD excised protein band identified a phage-like element PBSX 

protein XkdK corresponding to a phage tail-sheath protein of Bl 1821L which was also an 

authentication of the Chapter 3 findings. For the Bl 1951 genome, a similar analogous gene 

was present. Although PBSX-like genes were found in both strains and exhibited high similarity 

to each other, analysis revealed some differences between the regions around the genes. 

2. BLASTp analysis of Bl 1821L ~48 kD identified protein accessions with >90% amino acid 

similarity to the phage tail-sheath protein of Bl LMG 15441. 

3. Comparative genomic analysis of the genomic organisation of the Bl 1821L PBSX-like region 

with the defective prophages PBSZ, PBSX, and PBP180 revealed notable differences and 

similarities. XkdK, XkdO, XlyA, XhlB proteins of the Bl 1821L PBSX-like region displayed a low 

level of amino acids sequence identity with the similar proteins of PBSZ, PBSX, and PBP180. 

Based on the similarities in genetic architecture and gene content differences it is suggested 

that they evolved from a common ancestor. 

4. AMPA analysis determined the bactericidal stretch of the ~48 kD putative phage tail-sheath 

protein of Bl 1821L. Furthermore, phage lysis genes including N-acetylmuramoyl-L-alanine 

amidase (xlyA) and holins (xhlB) encoding in the XkdK-like region of Bl 1821L and Bl 1951 

suggests that a phage-like lysis system may be involved in cell lysis. 

5. N-terminal sequencing of purified ~30 kD protein band from Bl 1821L and Bl 1951 identified 

genes corresponding to a 25 kD hypothetical and a 30 kD putative encapsulating protein. 

Furthermore, localisation of transcriptional regulator family proteins (PadR & MarR) and YtxJ 

protein in the genomic region suggests that the 30 kD putative encapsulating protein is likely 

to be produced under some unknown stresses. 

6. BLASTp analysis of Bl 1821L and Bl 1951 purified protein (~30 kD) identified >97% amino acid 

identity to the Linocin M18 bacteriocin family protein of Bl LMG 15441 and Bl GI-9 which are 

encapsulating in nature. Ferritin family proteins constituting encapsulins often prove fatal to 

the cells due to the failure to detoxify iron. Hence, this phenomenon may be one of the 

possible causes of the collapse of endemic bacterial cultures. 

7. AMPA analysis determined the bactericidal stretch of the putative encapsulating protein of           

Bl 1821L and Bl 1951 and CellPPD identified the cell penetrating peptides motif in the 

encapsulating protein sequence. Based on the findings it is likely that the putative 

encapsulating proteins can lyse the cells using cell penetrating peptides pathway. 
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8. Expression of bactericidal activity of putative encapsulation protein (~30 kD) in a gram-positive 

bacterium Bs WB800N affirmed the antibacterial role. 

 

6.6 Conclusion 

Bioinformatics analyses substantiated the bactericidal features of putative encapsulating 

protein (~30 kD) and phage-like element PBSX protein XkdK (~48 kD) of endemic strains Bl 1821L and           

Bl 1951. An insight into the genomic analysis revealed the ~30 kD putative encapsulating protein might 

act as antibacterial through the cell penetrating peptides, the activation of the stress proteins, or 

failure of ferritin protein to detoxify the excessive iron. Bactericidal activity of ~48 kD phage-like 

element PBSX protein XkdK is likely due to the contractile injection system of phages by the formation 

of pores in the sensitive cells.  
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Chapter 7                                                                                                                                                                                                                                                          

Bactericidal activity of putative antibacterial proteins of New 

Zealand Brevibacillus laterosporus isolates of Bl 1821L and Bl 1951 

7.1 Introduction 

N-terminal sequencing of two purified Bl 1821L protein bands (~30 kD & ~48 kD) and one protein of                    

Bl 1951 (~30 kD) identified the proteins in the preceding chapter. Bioinformatics analysis of the amino 

acid sequence to which the purified Bl 1821L proteins N- terminal shared amino acid identity,  affirmed 

a putative encapsulating protein of 30 kD and phage tail-sheath protein of 48 kD. A 25 kD hypothetical 

protein, which corresponded to the gene adjacent to the 30 kD encoding gene was also identified. The 

~30 kD purified Bl 1951 protein was found to be identical to the putative encapsulating protein of                  

Bl 1821L. Furthermore, the bactericidal regions and motifs of the sequenced proteins were also 

identified.  

Tailocins or phage tail-like bacteriocins (PTLBs) are bactericidal structures (Ge et al., 2020; Saha et al., 

2021) first identified as R-type and F-type pyocins produced by Pseudomonas aeruginosa (Ge et al., 

2015; Scholl, 2017). They resemble phage tails, with the R-type pyocins corresponding to the 

contractile tails of myophages such as T4 and the F-type pyocins corresponding to the flexible, non-

contractile tails of siphophages such as T1 (Schwemmlein et al., 2018; Taylor et al., 2016). Both the 

nanotube like antibacterials rely on receptor-binding proteins (RBPs) located on tail fibres or spikes 

for initial and specific interaction with susceptible bacteria (Böck et al., 2017; Scholl, 2017). Phages kill 

bacteria through a lytic, replicative cycle, whereas PTLBs kill the target cell through membrane 

depolarisation in a single hit mechanism (Figure 7.1A-B) (Dams et al., 2019; Ge et al., 2020). 

Homologous bactericidal phage-like element PBSX protein defined within the gram-positive bacteria 

of the genus Bacillus (Jin et al., 2014; Wood et al., 1990) are known to employ a similar killing 

mechanism as perpetrated by the tailocins (Ghequire & De Mot, 2015; Yao et al., 2017). 
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Figure 7.1 Bactericidal activity of R-type pyocins. (A). Bactericidal activity of R-type pyocin initiates 
after attachment to the sensitive cells and the contractile sheath upon contraction injects the 
effectors (toxins) into the susceptible cells. (B). Bactericidal activity of R-type pyocin illustrated in 
3D crystal form (Ge et al., 2020) 

 

Virus structural proteins (capsid) often encode various bioactive peptides such as antimicrobial 

peptides (AMPs) and cell-penetrating peptides (CPPs) (Freire et al., 2015a; Järver & Langel, 2006). CPPs 

are short, water-soluble, partly hydrophobic, and/or polybasic peptides (at most 30-35 amino acid 

residues) with a net positive charge at physiological pH (Järver & Langel, 2006). Based on the structural 

similarities and activity between these two groups of peptides, it has been proposed that CPPs are not 

distinct from AMPs (Henriques et al., 2006; Splith & Neundorf, 2011). Different models including 

carpet-like, toroid-pore, and barrel stave have been used to describe the killing mechanism of both 

the AMPs and CPPs (Figure 7.2) (Sanderson, 2005; Yeaman & Yount, 2003).  
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              Figure 7.2 Pore-forming mechanism of antimicrobial peptides (Sanderson, 2005) 

 

Intact cell membrane, metabolic activity, and reproducibility are the three accepted general 

parameters for the viability assessment of microorganisms (Oliver, 2005). The conventional colony-

forming unit (CFU) counting method takes into account only one of these parameters, reproducibility, 

and provides only information about viable and culturable cells. The method is prone to errors due to 

the factors involved in bacterial growth on agar plates (Davis, 2014). However, an alternative to 

culture-based detection is the assessment of cell viability using fluorescent dyes, including membrane 

potential and membrane integrity (Berney et al., 2007; Stiefel et al., 2015) while various commercially 

available kits based on fluorescent dyes are being employed to determine bacterial viability (Asadishad 

et al., 2011; Joux & Lebaron, 2000). LIVE/DEAD® BacLightTM bacterial viability assay kit (LIVE/DEAD 

staining) is the most widely used in microbiological studies (Berney et al., 2007). LIVE/DEAD staining 

differentiates live and dead cells using membrane integrity as a proxy for cell viability and is based on 

a dual staining procedure using SYTO 9 and propidium iodide (PI) (Berney et al., 2007; Stiefel et al., 

2015). Viable cells are characterised by intact and tight cell membranes while dead cells are considered 

to have disrupted and/or broken membranes (Oliver, 2010; Robertson et al., 2019). SYTO 9, which has 

a green fluorescence emission, stains both live and dead bacterial DNA, while propidium iodide (PI), 

which has a red fluorescence emission, penetrates only damaged cell membranes (Freire et al., 2015b; 

Stiefel et al., 2015).  



 279 

Turbidimetry is one of the established methods to monitor bacterial growth since optical density (OD) 

measurements at 600nm make it possible to follow bacterial population growth in real-time. Some 

authors have attempted to derive growth parameters from optical density measurements (Begot et 

al., 1996; Hudson & Mott, 1994).  

Therefore, in the present work several methods including CFUs (growth) assay, turbidimetric assay, 

and LIVE/DEAD staining were employed to determine the bactericidal activity of crude and purified 

~30 kD and ~48 kD putative antibacterial proteins of Bl 1821L and Bl 1951.  

 

7.2 Methods 

7.2.1 Bactericidal activity of crude Bl 1821L and Bl 1951 putative antibacterial 
proteins 

Bl 1821L and Bl 1951 cultures were independently maintained on LB agar plates, a single colony was 

picked to inoculate 5 ml sterile LB broth (Miller) into universal vials as described in Chapter 4 (Section 

4.2.4). Inoculated vials were placed on a shaking incubator (Conco, TU 4540, Taiwan) overnight at 30oC 

and 250 rpm. One ml of an overnight culture of the host bacterium (Bl 1821L & Bl 1951) was 

transferred into 25 ml LB broth in 250 ml flasks and was placed on the shaking incubator with a speed 

of 250 rpm at 30oC for 10-12 hours until the cultures attained sufficient turbidity. Mitomycin C (Sigma) 

@ concentration of 1 µg/ml was used to induce Bl 1821L culture as described in Chapter 2 (Section 

2.2.6). Bl 1821L induced cultures were centrifuged at 16,000 g for 10 min to remove the intact cells 

and cell free supernatant (CFS) was passed through a 0.22 µm filter. Filtered supernatant containing a 

mixture of putative antibacterial proteins (encapsulating & phage tail-like proteins) in the crude state 

was added (500 µl) into a 250 ml flask containing the turbid cultures of the host bacterium. The 

turbidity of the culture was achieved by transferring 1 ml of an overnight culture of the host bacterium 

(Bl 1821L & Bl 1951) into 25 ml LB broth in 250 ml flasks and placing on the shaking incubator (Conco, 

TU 4540, Taiwan) with a speed of 250 rpm at 30oC for 10-12 hours. Host bacterium (Bl 1821L &                           

Bl 1951) cultures with the addition of LB broth (500 µl) served as a control for the corresponding 

strains. All the flasks with/without cell free supernatant containing Bl 1821L putative antibacterial 

proteins (crude) were kept at 30oC in a standing incubator. 

A sample (3 ml) was drawn from each treatment after 1, 3, 6, 12, 18, and 24 hours of incubation to 

determine the number of viable cells (CFU/ml) and OD600nm. Cell biomass (OD600nm) was measured 

through the Ultrospec-10 spectrophotometer (Amersham Biosciences) by transferring 1 ml of host 

bacterium with/without crude Bl 1821L putative antibacterial proteins into a cuvette and three 
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readings were taken for each sample, which were pooled to obtain a mean value for statistical analysis 

(Genstat 20th Edition). 

A sample of 1 ml from each treatment after 1, 3, 6, 12, 18, and 24 hours of incubation was used to 

make tenfold serial dilutions for determining the number of viable cells (CFU/ml). After preparations 

of tenfold serial dilutions (10-1 to 10-6) 100 µl of each dilution was spread in duplicate on two 

independent LB agar plates and the plates were incubated at 30oC. Bl 1821L and Bl 1951 colonies were 

counted using a colony counter (Stuart, UK) 2-3 days after spreading and converted into CFU/ml. Four 

sets of independent experiments (biological replicates) were performed and data for OD600nm readings 

and CFU/ml of all the experiments were pooled to obtain a mean value for statistical analysis. Number 

of viable cell count (CFU/ml) was converted into log10 CFU/ml to have a precise presentation of data. 

To determine the effect of crude solution (lysate) containing putative antibacterial proteins, 

percentage (%) decrease/ increase in the number of viable cells from the control treatment (without 

putative antibacterial proteins) was calculated. All the data were statistically analysed using ANOVA 

(Analysis of Variance) through Genstat (20th Edition). 

 

7.2.2 Bactericidal activity of purified putative antibacterial proteins of Bl 1821L 
and Bl 1951 

Bactericidal activity of purified Bl 1821L and Bl 1951 putative antibacterial proteins was determined 

using the same protocol as described above (Section 7.2.1) for cell free supernatant (crude). For this 

study, group A (sucrose density gradient 20%) and group B (sucrose density gradient 60%) as described 

in Chapter 5 (Section 5.2.2) were used to purify Bl 1821L putative encapsulating protein (~30 kD) and 

phage tail-like protein (~48 kD). Likewise, group A (sucrose density gradient 50%) as outlined in 

Chapter 5 (Section 5.2.2) was used to purify ~30 kD putative encapsulating protein of Bl 1951. For 

determining the killing activity of purified putative antibacterial proteins, one experiment was 

performed with three LB agar plates used for each treatment to determine the number of viable cells 

(CFU/ml) as described above (Section 7.2.1). Similar to the crude lysate, the CFUs/ml were converted 

to log10 CFU/ml. The effect of percentage change in viable cells compared to the control treatment 

(without putative antibacterial proteins) after treatment with purified putative antibacterial proteins 

was calculated.  

For spectrophotometer readings (OD600nm) at various time intervals, the same method as described 

above (Section 7.2.1) was used on the data of three pooled values, to determine the percentage 

increase/decrease in OD600nm. 

 

 



 281 

7.2.3 LIVE/DEAD staining of bacterial cells after treatment with purified putative 
antibacterial proteins of Bl 1821L and Bl 1951  

Overnight cultures of Bl 1821L and Bl 1951 were produced as described above. Ten millilitres of each 

host bacterium were aliquoted into two parts. One part was treated with the purified putative 

antibacterial protein and the other part, serving as the control, was treated with the TBS buffer. Two 

concentrations (100 µl & 200 µl) of purified putative antibacterial proteins were used. Solutions 

containing the purified putative antibacterial proteins (100 µl & 200 µl) were added into a 5 ml culture 

of the host bacterium (Bl 1821L & Bl 1951); a similar volume of TBS was used for the control treatment. 

All the treatments with/without TBS or putative antibacterial proteins were incubated at 30oC and the 

samples were drawn from each treatment (1, 3, 6, 12, 18, 24 hours) for LIVE/DEAD staining.  

For fluorescent microscopy, 5 µl of SYTO 9/PI stain (LIVE/DEAD® BacLightTM bacterial viability assay kit 

; Invitrogen, Carlsbad, CA, USA) was mixed with an equal volume of host bacteria with/without 

putative antibacterial protein for 5 mins in a UV-safe tube. Five µl of this mixture was pipetted onto a 

slide and a small volume (3 µl) of molten agarose (0.1%) was added to reduce cell movement. Cells 

were examined under a BX51 light microscope (Olympus) at x 100 magnification for fluorescent 

microscopy. Olympus DP74 camera (Japan) attached to the microscope was used to take the images 

with the help of CellSens 2.1 software. SYTO 9 (green) stain was visualised using a FITC filter with 

excision of 550 nm wavelength and for PI stain (red) a 650 nm wavelength was used. Immediately, 

both the images were overlapped using the CellSens 2.1 software to visualise the status of cells (alive 

or dead). 

 

7.3 Results 

7.3.1 Bactericidal activity of crude Bl 1821L putative antibacterial proteins (ABPs) 

All the experimental data regarding the effect of putative antibacterial proteins of Bl 1821L in the 

crude form on the number of viable cells and optical density (OD600nm) of the host bacterium (Bl 1821L 

& Bl 1951) are presented in Appendices E-2 to E-9. The mean values of the pooled data after statistical 

analysis are presented below and in Appendix E-1.  

Bl 1821L culture after 6 hours of incubation at 30oC with the crude Bl 1821L CFS containing putative 

antibacterial proteins of 30 kD (encapsulating protein) and 48 kD (phage tail-like protein) had a 

decrease of 30.1% in the number of viable cells (Table 7.1 & Figure 7.3) as compared to the control 

(without ABPs) and preceding time intervals (1 & 3 hours). Statistical analysis (ANOVA) found this 

decrease to be non-significant (Table 7.1). However, the number of viable cells in both the treatments 

exhibited a similar trend afterwards, with increasing cell counts, but post 18 hours of incubation the 
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number of colony forming unit in the control treatment indicated a decline of 23.6% as compared to 

the treated cultures (Table 7.1 & Figure 7.3).  

Treatment of Bl 1951 culture with the crude Bl 1821L containing putative antibacterial proteins 

(encapsulating & phage tail-like proteins) in the filtered supernatant caused no alterations in the 

number of viable cells across all the time intervals. Even the number of CFUs of Bl 1951 treated culture 

demonstrated an upward trend as compared to the control (without ABPs). The number of viable cells 

increased from 31.9% to 55.2% up to 6 hours, but after this started to decrease when treated with the 

putative antibacterial proteins in the crude state (Table 7.1 & Figure 7.3). 

The spectrophotometer reading (OD600nm) decreased from the beginning (1 hour) to the end (24 hours) 

of the incubation (Table 7.2). For Bl 1821L, OD600nm reading dropped by 40.7% in 24 hours after 

treatment with the crude ABPs which was slightly higher for the control (without ABPs) having a 

decrease of 37.2%. Likewise, for Bl 1951, a similar trend was noted as the ABPs treated culture had a 

decrease of 37.9% as compared to the control (without ABPs) where a decline of 32.8% was recorded 

(Table 7.2). However, OD600nm reading of the treatments of Bl 1821L and Bl 1951 with/without crude 

ABPs addition to the turbid cultures did not display any prominent changes across all the time 

intervals. Variations in OD600nm across all the time intervals of the treatments fluctuated from 0.0% to 

8.4% (Table 7.2 & Figure 7.4). 
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Table 7.1 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the number of viable cells of Bl 1821L and Bl 1951 after incubation at 30oC for 
various time intervals. Data presents the mean values of four experiments. Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L crude ABPs 

% Decrease/increase 
in no. of viable cells 

Bl 1951 
Bl 1951 

+ 
Bl 1821L crude ABPs 

% Decrease/increase                 
in no. of viable cells 

*LSD (5%) 

1 
4.46E+06 

(6.650)** 

5.56E+06 

(6.745) 
-24.65 

3.18E+06 

(6.502) 

4.19E+06 

(6.622) 
-31.89 0.350 

3 
3.70E+06 

(6.568) 

3.85E+06 

(6.585) 
-4.05 

3.64E+06 

(6.561) 

4.93E+06 

(6.692) 
-35.40 0.281 

6 
3.58E+06 

(6.553) 

2.50E+06 

(6.398) 
30.07 

3.74E+06 

(6.573) 

5.80E+06 

(6.763) 
-55.18 0.377 

12 
1.18E+07 

(7.071) 

1.10E+07 

(7.043) 
6.36 

9.15E+06 

(6.961) 

1.33E+07 

(7.123) 
-45.22 0.312 

18 
1.35E+07 

(7.131 

1.67E+07 

(7.223) 
-23.57 

1.05E+07 

(7.023) 

1.17E+07 

(7.068) 
-11.03 0.228 

24 
1.72E+07 

(7.236) 

1.50E+07 

(7.177) 
12.71 

5.58E+06 

(6.746) 

7.89E+06 

(6.897) 
-41.48 0.317 

 
*=Least significant difference 
**=The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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Table 7.2 Effect of crude Bl 1821 putative antibacterial proteins (ABPs) on the OD600nm reading of Bl 1821L and Bl 1951 after incubation at 30oC for various 
time intervals. Data presents the mean values of four experiments 

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L crude ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1951 
Bl 1951 

+ 
Bl 1821L crude ABPs 

% Decrease/increase 
in OD600nm reading 

*LSD (5%) 

1 1.99 1.99 0.00 1.92 1.90 1.14 0.061 

3 1.87 1.85 0.67 1.74 1.73 0.43 0.121 

6 1.65 1.63 1.21 1.58 1.55 1.51 0.148 

12 1.29 1.26 2.32 1.45 1.39 4.57 0.135 

18 1.23 1.21 1.63 1.24 1.25 -0.10 0.227 

24 1.25 1.18 5.51 1.29 1.18 8.36 0.237 

% Decrease from 
the start (1 hour) to 
the end (24 hours) 
of incubation 

37.2% 40.7%  32.8% 37.9%   

 
*=Least significant difference
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Figure 7.3 Number of viable cells (log10 CFU/ml) of Bl 1821L and Bl 1951 with/without treatment 
of crude Bl 1821L putative antibacterial proteins (ABPs) after incubation at 30oC for various time 
intervals 

 

 

          

Figure 7.4 Effect of crude Bl 1821 putative antibacterial proteins (ABPs) on the OD600nm reading of 
Bl 1821L and Bl 1951 after incubation at 30oC for various time intervals 
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7.3.2 Bactericidal activity of purified Bl 1821L putative encapsulating protein 
(30 kD) 

The Bl 1821L culture after treatment with the purified putative encapsulating protein (EP) of ~30 kD 

(Figures 5.17A-B & 5.24) exhibited a steady increase in the number of cells at the start (1-3 hours) of 

incubation. But, the number of viable cells underwent a decline of 48.9% after 6 hours of incubation 

at 30oC and subsequently Bl 1821L treated culture exhibited an exponential increase relative to the 

control treatment (without EP) (Table 7.3 & Figure 7.5). 

A similar trend in the antibacterial activity against Bl 1951 cells was observed. Encapsulating protein 

treated Bl 1951 culture displayed a similar growth trend to the control treatment (without EP) at the 

beginning (1-3 hours). However, after 6 hours post incubation (HPI), there was a decline of 43.8% in 

the number of viable cells which then increased from 12 to 24 hours (Table 7.3 & Figure 7.5). 

Spectrophotometric reading (OD600nm) of Bl 1821L treated culture exhibited a change from 1 to 24 HPI. 

A decrease in OD600nm reading of control treatment (without EP) of 49.7% was recorded, slightly higher 

than for the treated culture (46.9%). For Bl 1951, the difference between the OD600nm readings 

between the treated and control treatment was not as prominent as the former with a decline of 

53.9% and the latter 52.4% (Table 7.4). However, OD600nm readings of all the treatments with/without 

EP across various time intervals revealed very small changes (0% to 12%) (Table 7.4 & Figure 7.6).  
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Table 7.3 Effect of purified Bl 1821L 30 kD putative encapsulating protein (EP) on the number of viable cells of Bl 1821L and Bl 1951 after incubation at 
30oC for various time intervals. Data presents the mean values of one experiment. Values of % decrease/increase in the number of viable cells are 
calculated from CFUs values of corresponding time intervals 

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L EP 

% Decrease/increase 
in no. of viable cells 

Bl 1951 
Bl 1951 

+ 
Bl 1821L EP 

% Decrease/increase 
in no. of viable cells 

1 
5.30E+06 

(6.724)* 

5.65E+06 

(6.752) 
-6.60 

6.65E+06 

(6.823) 

8.40E+06 

(6.924) 
-26.32 

3 
2.35E+06 

(6.371) 

2.85E+06 

(6.455) 
-21.28 

6.35E+06 

(6.803) 

6.75E+06 

(6.829) 
-6.30 

6 
7.05E+06 

(6.848) 

3.60E+06 

(6.556) 
48.94 

8.00E+06 

(6.903) 

4.50E+06 

(6.653) 
43.75 

12 
2.14E+07 

(7.330) 

2.79E+07 

(7.445) 
-30.14 

2.08E+07 

(7.318) 

2.14E+07 

(7.330) 
-2.88 

18 
1.12E+07 

(7.049) 

1.67E+07 

(7.221) 
-48.66 

1.21E+07 

(7.081) 

1.67E+07 

(7.221) 
-38.17 

24 
1.28E+07 

(7.109) 

1.82E+07 

(7.259) 
-42.35 

1.24E+07 

(7.093) 

1.51E+07 

(7.179) 
-21.77 

 
*=The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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Table 7.4 Effect of purified Bl 1821L 30 kD putative encapsulating protein (EP) on the OD600nm reading of Bl 1821L and Bl 1951 after incubation at 30oC for 
various time intervals. Data presents the mean values of one experiment 

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L EP 

% Decrease/increase 
in OD600nm reading 

Bl 1951 
Bl 1951 

+ 
Bl 1821L EP 

% Decrease/increase 
in OD600nm reading 

1 3.02 2.90 3.97 2.90 2.93 -1.03 

3 2.76 2.43 11.96 1.91 1.95 -1.83 

6 1.93 1.93 0.00 1.93 1.92 0.52 

12 1.69 1.73 -2.07 1.88 1.93 -2.39 

18 1.53 1.58 -3.27 1.41 1.33 5.67 

24 1.41 1.33 5.67 1.38 1.35 2.17 

% Decrease from 
the start (1 hour) to 
the end (24 hours) 
of incubation 

49.7% 46.9%  52.4% 53.9%  
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Figure 7.5 Number of viable cells (log10 CFU/ml) of Bl 1821L and Bl 1951 with/without treatment 
of purified Bl 1821L putative encapsulating protein (30 kD) after incubation at 30oC for various time 
intervals 

 

 
 

Figure 7.6 Effect of purified Bl 1821L putative encapsulating protein (30 kD) on the OD600nm reading 
of Bl 1821L and Bl 1951 after incubation at 30oC for various time intervals 
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7.3.3 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified 
Bl 1821L putative encapsulating protein (30 kD) 

 
Live/Dead staining of Bl 1821L treated culture with the purified Bl 1821L putative ~30 kD encapsulating 

protein (EP) did not show a higher population of red cells (cells with compromised membranes) after 

1 hour of incubation. However, in the control treatment (without EP) more red cells were present 

(Figure 7.7). Bl 1821L cells with compromised cell membranes (red) were prominent after 6 and 12 

hours of incubation with the purified EP, which was similar to the control. Notably, the appearance of 

red cells coincided with the decrease in the number of viable cells (48.9%) 6 hours after treatment 

with the purified EP but in contrast to the 12 hours treatment (Table 7.3 & Figures 7.5, 7.7). On a 

percentage basis, 6 hours after treatment 58.8% of the EP treated and 37.5% of the untreated cells 

were red (Figures 7.7 & 7.8). However, 3 hours after treatment with the purified EP, more red cells 

were seen compared to the control where yellow/orange colour cells were predominant (Figure 7.7). 

Live/Dead staining of Bl 1821L treated culture with the purified Bl 1821L putative ~30 kD EP at a higher 

concentration resulted in more cells with compromised membranes (red) from the initial 1 hour of 

incubation up to 6 hours when compared to the control (without EP). However, yellow/orange cells in 

the Bl 1821L culture with the purified ~30 kD EP were dominant from 12 to 24 hours of incubation at 

30oC (Figure 7.9).  
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Figure 7.7 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified Bl 1821L putative 
encapsulating protein (30 kD). Scale bar = 10 µm 
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Figure 7.8 LIVE/DEAD stained percentage population proportion of Bl 1821L cells after treatment (left side graph) with the 30 kD purified putative 
encapsulating protein of Bl 1821L and without treatment (right side graph) 



 294 

 



 295 

 

 

Figure 7.9 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified Bl 1821L putative 
encapsulating protein (30 kD) at a higher concentration. Scale bar = 10 µm  
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7.3.4 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L 
putative encapsulating protein (30 kD) 

Fluorescent microscopy of the Bl 1951 culture after addition of the purified Bl 1821L putative 

encapsulating protein (~30 kD) revealed a mixed population of a few green and the majority of red 

and yellow/orange cells, whereas the TBS treated (control) had a higher population of green and 

yellow/ orange cells (Figure 7.10). Cells with compromised cell membranes (red) were more often 

seen after 3 and 24 HPI when EP was added and yellow/orange cells were noticed after 6, 12, and 18 

hours of treatment (Figure 7.10). 

Treatment of Bl 1951 cells with the purified Bl 1821L EP at a higher concentration showed a  

dominating population of red cells after 1 and 6 hours of incubation at 30oC but at later time intervals 

(12, 18, 24 hours) yellow/orange cells were seen (Figure 7.11). 
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Figure 7.10 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L putative 
encapsulating protein (30 kD). Scale bar = 10 µm  
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Figure 7.11 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L putative 
encapsulating protein (30 kD) at a higher concentration. Scale bar = 10 µm  
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7.3.5 Bactericidal activity of purified Bl 1821L putative phage tail-like protein 
(48 kD) 

Upon addition of Bl 1821L purified ~48 kD phage tail-like protein (PTLP) (Figures 5.18A-F & 5.24) into     

Bl 1821L culture, there was no pronounced change in the number of viable cells. However, relative to 

the control treatment (without PTLP) there was an increase in the number of viable cells across the 

time intervals, except at 3 and 12 HPI (Table 7.5 & Figure 7.12). 

The number of viable cells showed a consistent increase for an hour post incubation of Bl 1951 with 

the purified PTLP, after which cell numbers steadily declined. Twelve and 18 hours after treatment of 

Bl 1951 cells with the purified PTLP, there was a decline of 22.1% and 34.2% in the number of viable 

cells as compared to the control (without PTLP) (Table 7.5 & Figure 7.12). 

OD600nm reading of Bl 1821L treated cultures exhibited a change from the beginning (1 hour) to the 

end (24 hours) of incubation. OD600nm reading of Bl 1821L culture without PTLP (control) decreased 

66.5%, which was slightly higher than that of the treated ones (62.2%). For Bl 1951, the difference in 

the OD600nm readings between the treated and control treatment was not prominent as the former 

showed a decline of 50.5% and the latter 48.3% (Table 7.6). OD600nm reading of all the treatments of        

Bl 1821L and Bl 1951 with/without purified PTLP added to the cultures did not exhibit any prominent 

changes across different time intervals. Variations in OD600nm across various time intervals of all the 

treatments fluctuated from 0% to 6% (Table 7.6 & Figure 7.13). 
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Table 7.5 Effect of purified Bl 1821L putative 48 kD phage tail-like protein (PTLP) on the number of viable cells of Bl 1821L and Bl 1951 after incubation 
at 30oC for various time intervals. Data presents the mean values of one experiment. Values of % decrease/increase in the number of viable cells are 
calculated from CFUs values of corresponding time intervals 

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L PTLP 

% Decrease/increase 
in no. of viable cells 

Bl 1951 
Bl 1951 

+ 
Bl 1821L PTLP 

% Decrease/increase 
in no. of viable cells 

1 
1.74E+07 

(7.241)* 

2.81E+07 

(7.448) 
-61.21 

9.05E+06 

(6.957) 

1.66E+07 

(7.220) 
-83.43 

3 
2.41E+07 

(7.381) 

2.16E+07 

(7.334) 
10.19 

6.20E+06 

(6.792) 

8.80E+06 

(6.944) 
-41.94 

6 
1.13E+07 

(7.051) 

1.64E+07 

(7.215) 
-45.78 

1.17E+07 

(7.066) 

1.08E+07 

(7.031) 
7.73 

12 
2.34E+07 

(7.369) 

2.14E+07 

(7.330) 
8.55 

2.58E+07 

(7.411) 

2.01E+07 

(7.302) 
22.14 

18 
1.68E+07 

(7.224) 

2.78E+07 

(7.443) 
-65.67 

2.37E+07 

(7.375) 

1.56E+07 

(7.193) 
34.18 

24 
2.33E+07 

(7.366) 

2.87E+07 

(7.457) 
-23.23 

1.87E+07 

(7.271) 

2.03E+07 

(7.307) 
-8.85 

 
*=The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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Table 7.6  Effect of purified Bl 1821L 48 kD putative phage tail-like protein (PTLP) on the OD600nm reading of Bl 1821L and Bl 1951 after incubation at 30oC 
for various time intervals. Data presents the mean values of one experiment  

Time intervals 
(Hours) 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L PTLP 

% Decrease/increase 
in OD600nm reading 

Bl 1951 
Bl 1951 

+ 
Bl 1821L PTLP 

% Decrease/increase 
in OD600nm reading 

1 3.40 3.20 5.88 2.89 2.90 -0.35 

3 1.99 1.98 0.50 1.93 1.91 1.04 

6 1.70 1.61 5.01 1.76 1.79 -1.70 

12 1.26 1.30 -3.59 1.65 1.68 -1.82 

18 1.19 1.27 -6.30 1.58 1.59 -0.63 

24 1.14 1.21 -6.14 1.43 1.50 -4.90 

% Decrease from 
the start (1 hour) to 
the end (24 hours) 
of incubation 

66.5% 62.2%   50.5% 48.3% 
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Figure 7.12 Number of viable cells (log10 CFU/ml) of Bl 1821L and Bl 1951 with/without treatment 
of purified Bl 1821L putative phage tail-like protein (48 kD) after incubation at 30OC for various 
time intervals 

 
 

 
 

Figure 7.13 Effect of purified Bl 1821 putative phage tail-like protein (48 kD) on the OD600nm reading 
of Bl 1821L and Bl 1951 after incubation at 30oC for various time intervals 
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7.3.6 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L 
putative phage tail-like protein (48 kD) 

LIVE/DEAD staining of Bl 1951 cells after treatment with the purified ~48 kD putative phage tail-like 

protein (PTLP) indicated a minor population of red cells at 3 hours but cells with compromised 

membranes (red) were seen after 18 hours of incubation with the PTLP at 30oC, although less in 

number than green cells (cells with intact membranes). Post treatment of Bl 1951 cells with the 

purified ~48 kD PTLP after 6, 12, and 24 hours showed the prevalence of yellow/orange cells in the 

population (Figure 7.14). 

Purified Bl 1821L PTLP addition to the Bl 1951 culture at a higher concentration exhibited more                    

Bl 1951 cells with compromised membranes (red) from 1 hour to 6 hours however, a similar 

percentage of red cells were also seen in the control treatment (without PTLP) (Figure 7.15). Cells with 

intact membranes (green) were more frequent after 18 and 24 hours of incubation at 30oC as 

compared to the cells with compromised membranes (red). However, yellow/orange colour cells were 

obvious 12 hours after treatment with the purified Bl 1821L PTLP (Figure 7.15). 
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Figure 7.14 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L putative 
phage tail-like protein (48 kD). Scale bar = 10 µm  
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Figure 7.15 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1821L putative 
phage tail-like protein (48 kD) at a higher concentration. Scale bar = 10 µm  
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7.3.7 Bactericidal activity of crude Bl 1951 putative antibacterial proteins (ABPs) 

Crude lysate of Bl 1951 harbours both encapsulating and contractile tail-sheath like structures as 

evidenced by TEM analysis in Chapter 2 (Figure 2.14). N-terminal sequencing and bioinformatic 

analysis of a purified ~30 kD band in Chapter 6 identified it as an “encapsulating protein”. The 

molecular mass of phage tail-sheath protein in this study is unconfirmed due to the absence of                        

N-terminal sequencing of the band from Bl 1951. However, in the purification of crude lysate in 

Chapter 5, proteins of ~48 kD and ~30 kD were visualised on SDS-PAGE (Figures 5.19A, 5.20A-B, 5.21). 

Furthermore, bioinformatic analysis (Chapter 6) revealed the encoding of a 48 kD phage-like element 

similar to PBSX protein XkdK in the Bl 1951 genome, identical to that in Bl 1821L (Figure 6.9). Based 

on these findings, it is likely that the 48 kD protein in Bl 1951 corresponds to a putative PTLP (Table 

7.11).   

The experimental data relating to the effect of putative antibacterial proteins of Bl 1951 in the crude 

form on cell viability and optical density (OD600nm) of Bl 1951 and Bl 1821L are presented in Appendices 

E-11 to E-18. The mean values of the pooled data table after statistical analysis are explained below 

and in Appendix E-10.  

Bl 1951 culture treated with crude supernatant (lysate) containing putative antibacterial proteins 

(encapsulating & phage tail-like proteins) of Bl 1951 caused an increase in the number of viable cells 

(17.4%) relative to the TBS control (without ABPs) after an hour of incubation from where it slowly 

decreased (Table 7.7 & Figure 7.15). Decrease in the number of viable cells the Bl 1951 treated cultures 

after 3, 6, and 12 hours relative to the control (without ABPs) was 16.4%, 25.5%, and 48.4% 

respectively. The highest decrease (48.4%) in the number of viable cells  was found after 12 hours and 

then declined afterwards as compared to the control (without ABPs) (Table 7.7 & Figure 7.15). 

However, statistically the decrease (48.4%) in the number of viable cells was insignificant (Table 7.7). 

Treatment of crude Bl 1951 ABPs to the Bl 1821L turbid culture did not show any prominent decrease 

in the number of viable cells. Control treatments (without ABPs) even exhibited a decrease in the 

number of cells after 3, 18, and 24 hours of incubation (Table 7.7 & Figure 7.16). 

The spectrophotometer reading (OD600nm) decreased from the beginning (1 hour) to the end (24 hours) 

of incubation (Table 7.8). For Bl 1951, the OD600nm reading after treatment with the crude ABPs 

decreased by 37.4% in 24 hours which was slightly lower than the control (without ABPs) having a 

value of 45.9% (Table 7.8). But, for Bl 1821L, ABPs treated cultures indicated a slightly higher value of 

41.4% as compared to 39.9% for the control (without ABPs) (Table 7.8). However, OD600nm reading of 

Bl 1821L and Bl 1951 treatments with/without crude ABPs to the turbid cultures did not display any 

prominent changes across the various time intervals. Variations in OD600nm reading of different time 

intervals of the treatments fluctuated from 0.0% to 5.7% (Table 7.8 & Figure 7.17).
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Table 7.7 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the number of viable cells of Bl 1951 and Bl 1821L after incubation at 30oC for 
various time intervals. Data presents the mean values of four experiments. Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals 

Time intervals 
(Hours) 

Bl 1951 
Bl 1951 

+ 
Bl 1951 crude ABPs 

% Decrease/increase 
    in no. of viable cells 

Bl 1821l 
Bl 1821L 

+ 
Bl 1951 crude ABPs 

% Decrease/increase 
      in no. of viable cells 

*LSD (5%) 

1 
8.54E+06 

(6.931)** 

1.00E+07 

(7.001) 
-17.28 

2.08E+07 

(7.318) 

1.92E+07 

(7.284) 
7.51 0.853 

3 
4.81E+06 

(6.682) 

4.03E+06 

(6.605) 
16.36 

6.58E+06 

(6.818) 

9.89E+06  

(6.995) 
-50.38 0.339 

6 
3.29E+06 

(6.517) 

2.45E+06 

(6.389) 
25.48 

1.15E+07 

(7.062) 

1.03E+07  

(7.013) 
10.63 0.606 

12 
9.33E+06 

(6.970) 

4.81E+06 

(6.682) 
48.39 

1.08E+07 

(7.033) 

9.23E+06  

(6.965) 
14.48 0.550 

18 
8.01E+06 

(6.904) 

9.60E+06 

(6.982) 
-19.81 

7.03E+06 

(6.847) 

8.68E+06  

(6.938) 
-23.49 0.359 

24 
7.56E+06 

(6.879) 

5.99E+06 

(6.777) 
20.83 

1.08E+07 

(7.033) 

1.27E+07  

(7.1032) 
-17.27 0.311 

 
*=Least significant difference 

**=The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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Table 7.8 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of Bl 1951 and Bl 1821L after incubation at 30oC for various 
time intervals. Data presents the mean values of four experiments.  

Time intervals  
(Hours) 

Bl 1951 
Bl 1951 

+ 
Bl 1951 crude ABPs 

% Decrease/increase 
    in OD600nm reading 

Bl 1821l 
Bl 1821L 

+ 
Bl 1951 crude ABPs 

% Decrease/increase 
   in OD600nm reading 

*LSD (5%) 

1 1.81 1.79 0.90 2.83 2.68 5.35 0.817 

3 1.59 1.66 -4.31 1.82 1.76 3.16 0.286 

6 1.44 1.54 -7.03 1.69 1.59 5.70 0.225 

12 1.46 1.38 5.31 1.40 1.36 2.78 0.380 

18 1.07 1.19 -11.74 1.28 1.23 3.81 0.296 

24 0.98 1.12 -14.47 1.12 1.11 1.01 0.141 

% Decrease from the 
start (1 hour) to the 
end (24 hours) of 
incubation 

45.86% 37.43%  39.58% 41.42%   

 
*=Least significant difference
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Figure 7.16 Number of viable cells (log10 CFU/ml) of Bl 1951 and Bl 1821L with/without treatment 
of crude Bl 1951 putative antibacterial proteins (ABPs) after incubation at 30oC for various time 
intervals 

 
 

 
 

Figure 7.17 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of 
Bl 1951 and Bl 1821L after incubation at 30oC for various time intervals 
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7.3.8 Bactericidal activity of purified Bl 1951 putative encapsulating protein 
(30 kD) 

Purified Bl 1951 ~30 kD EP (Figures 5.23A-B & 5.25) caused a 27.1% decrease in the number of viable 

cells after 3 hours of incubation with Bl 1951 as the host bacterium compared to the control treatment 

(without EP). The number of cells of Bl 1951 treated culture after a slight increase steadily declined to 

15.3%, 20.3% and 21.6% 12, 18, and 24 HPI respectively (Table 7.9 & Figure 7.18). 

For Bl 1821L, as shown in Figure 7.18 at the beginning (1 hour) of incubation, the difference in the 

number of viable cells of both the Bl 1951 EP treated and control cultures was not very prominent. 

However, after 3 hours of incubation, treated Bl 1821L culture showed a decline of 30.2% in the 

number of viable cells. Following that the number of viable cells of treated culture started to increase 

as compared to the control (without EP) (Table 7.9 & Figure 7.18). 

All the treatments exhibited a decline in spectrophotometer reading (OD600nm) from the beginning              

(1 hour) to the end (24 hours) of incubation. Decrease in OD600nm reading of the Bl 1951 turbid culture 

after treatment with the purified Bl 1951 EP was 29.8%,  slightly higher as compared to the TBS control 

(without EP) (26.1%) (Table 7.10). Likewise, for Bl 1821L, EP treated cultures showed a slightly higher 

value of 20.9% as compared to 16.2% for the control (without EP) (Table 7.10). However, the OD600nm 

readings of Bl 1821L and Bl 1951 treatments with/without purified EP addition to the turbid cultures 

did not change across the various time intervals. Variations in OD600nm of the treatments fluctuated 

from 0.0% to 7.7% across all the time intervals (Table 7.10 & Figure 7.19). 
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Table 7.9 Effect of purified Bl 1951 30 kD putative encapsulating protein (EP) on the number of viable cells of Bl 1951 and Bl 1821L after incubation at 
30oC for various time intervals. Data presents the mean values of four experiments. Values of % decrease/increase in the number of viable cells are 
calculated from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Bl 1951 
Bl 1951 

+ 
Bl 1951 EP 

% Decrease/increase 
in no. of viable cells 

Bl 1821l 
Bl 1821L 

+ 
Bl 1951 EP 

% Decrease/increase 
in no. of viable cells 

1 
3.05E+06 

(6.484)* 

4.10E+06 

(6.613) 
-34.43 

5.30E+06 

(6.724) 

5.65E+06 

(6.752) 
-6.60 

3 
3.50E+06 

(6.544) 

2.55E+06 

(6.407) 
27.14 

4.80E+06 

(6.681) 

3.35E+06 

(6.525) 
30.21 

6 
5.40E+06 

(6.732) 

5.50E+06 

(6.740) 
-1.85 

4.40E+06 

6.643 

4.80E+06 

6.681 
-9.09 

12 
9.45E+06 

(6.975) 

8.00E+06 

(6.903) 
15.34 

1.02E+07 

(7.009) 

1.14E+07 

(7.055) 
-11.27 

18 
1.04E+07 

(7.015) 

8.25E+06 

(6.916) 
20.29 

9.80E+06 

(6.991) 

1.46E+07 

(7.164) 
-48.98 

24 
1.67E+07 

(7.221) 

1.31E+07 

(7.116) 
21.62 

2.50E+07 

(7.397) 

2.57E+07 

(7.409) 
-2.81 

 
*=The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 

 

 



 316 

Table 7.10 Effect of purified Bl 1951 30 kD putative encapsulating protein (EP) on the OD600nm reading of Bl 1951 and Bl 1821L after incubation at 30oC for 
various time intervals. Data presents the mean value of one experiment  

Time intervals 
(Hours) 

Bl 1951 
Bl 1951 

+ 
Bl 1951 EP 

% Decrease/increase 
 in OD600nm reading 

Bl 1821l 
Bl 1821L 

+ 
Bl 1951 EP 

% Decrease/increase 
     in OD600nm reading 

1 1.76 1.78 -1.42 1.98 1.96 0.76 

3 1.68 1.68 0.00 1.92 1.95 -1.30 

6 1.58 1.555 1.27 1.91 1.87 1.84 

12 1.03 1.01 1.94 1.41 1.33 6.03 

18 1.04 0.96 7.69 1.37 1.32 3.30 

24 1.30 1.25 3.85 1.66 1.55 6.63 

% Decrease from 
the start (1 hour) to 
the end (24 hours) 
of incubation 

26.2% 29.8%  16.2% 20.9%  
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Figure 7.18 Number of viable cells (log10 CFU/ml) Bl 1951 and Bl 1821L with/without treatment of 
purified Bl 1951 putative encapsulating protein (30 kD) after incubation at 30oC for various time 
intervals 

 

 

 

Figure 7.19 Effect of purified Bl 1951 putative encapsulating protein (30 kD) on the OD600nm reading 
of Bl 1951 and Bl 1821L after incubation at 30oC for various time intervals 
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7.3.9 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1951 
putative encapsulating protein (30 kD) 

LIVE/DEAD staining of Bl 1951 cells after treatment with the purified ~30 kD putative encapsulating 

protein of Bl 1951 across all the time intervals showed the presence of more yellow/orange cells than 

red or green, except after 6 hours where a few cells with the compromised cell membranes (red) were 

noticed (Figure 7.20). Treatment of Bl 1951 cells with the purified Bl 1951 EP at a higher concentration 

showed the prevalence of more yellow/orange cells as compared to the control (without EP) across 

all the time intervals except after 18 hours (Figure 7.21). 

 

7.3.10 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified Bl 1951 
putative encapsulating protein (30 kD) 

Treatment of Bl 1821L cells with the purified Bl 1951 EP displayed yellow/orange colour cells across 

all the time intervals (Figure 7.22). However, the addition of ~30 kD purified Bl 1951 EP into the                        

Bl 1821L culture at a higher concentration resulted in a few cells with the deformed membranes (red) 

at 1 and 12 HPI, and more yellow/orange cells were seen after 3, 6, 18, and 24 hours of treatments 

than in the controls (without EP) (Figure 7.23).  
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Figure 7.20 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1951 putative 
encapsulating protein (30 kD). Scale bar = 10 µm  
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Figure 7.21 LIVE/DEAD staining of Bl 1951 cells after treatment with the purified Bl 1951 putative 
encapsulating protein (30 kD) at a higher concentration. Scale bar = 10 µm  
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Figure 7.22 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified Bl 1951 putative 
encapsulating protein (30 kD). Scale bar = 10 µm  
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Figure 7.23 LIVE/DEAD staining of Bl 1821L cells after treatment with the purified Bl 1951 putative 
encapsulating protein (30 kD) at a higher concentration. Scale bar = 10 µm  
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In consistent antibacterial activity of the crude lysate of Bl 1821L and Bl 1951 containing putative 

encapsulating protein (30 kD) and phage tail-sheath protein (48 kD) was found against the producer 

strains only. However, purified putative encapsulating protein (~30 kD) of Bl 1821L and Bl 1951 

demonstrated antagonistic action against both the strains as the host bacterium. Bactericidal activity 

of purified putative phage tail-sheath protein (~48 kD) of Bl 1821L in this study was active solely 

against Bl 1951 (Table 7.11). Overall, a summary of the activity of putative antibacterial proteins of               

Bl 1821L and Bl 1951 in crude and purified forms is presented in Table 7.11. 

 

Table 7.11 Summary of bactericidal activity of putative antibacterial proteins of Bl 1821L and                      
Bl 1951 

Putative antibacterial proteins (ABPs)  
Time interval 

(Hours) 

% Decrease in 
number of viable cells 

Host 
bacterium 

Status 
Estimated molecular 

wt. 
 Bl 1821L Bl 1951 

Bl 1821L 

*Crude 
30 kD 

+ 
48 kD 

 
6 30.1 -55.2 

Purified 30 kD 

 

6 48.9 43.7 

Purified 48 kD 
 

18 -65.7 34.2 

Bl 1951 

*Crude 
30 kD 

+ 
 48 kD** 

 

12 14.5 48.4 

Purified 30 kD 
 

3 30.2 27.1 

 

*= Figures relative to the bactericidal activity of putative antibacterial proteins in crude form represent   
     the mean values of four experiments whereas, for purified putative antibacterial (~30 kD or ~48 kD)     
     mean values of one experiment is presented  

 
 **= Based on findings of the earlier chapters of this study as explained above 
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7.4 Discussion 

The present study examined the killing activity of putative antibacterial proteins from Bl 1821L and              

Bl 1951 in both crude and purified forms. Furthermore, the results of purified proteins in the growth 

assay (CFUs count) were corroborated with the LIVE/DEAD staining using a BacLightTM bacterial 

viability assay kit. 

Virus structural proteins, particularly capsid and tail-sheath proteins, often demonstrate antibacterial 

activity against both gram-negative and gram-positive bacteria (Dias et al., 2017; Ge et al., 2020; Jin 

et al., 2014). In this study, the antagonistic activity of putative antibacterial proteins of Bl 1821L and 

Bl 1951 in both crude and purified forms was determined. Crude lysate of Bl 1951 and Bl 1821L 

harbours putative encapsulating (30 kD) and phage tail-sheath (48 kD) proteins (Figures 2.14 & 2.15). 

Antagonistic activity of Bl 1821L putative antibacterial proteins not only varied between the different 

proteins but also with the state of the proteins (crude or purified). Bl 1821L crude lysate caused a 

decrease of 30.1% in the number of viable cells of Bl 1821L as compared to the control (without ABPs) 

6 hours after treatment, but no effect of the same lysate was noticed against Bl 1951. Interestingly, 

the bactericidal activity of purified ~30 kD and ~48 kD putative antibacterial proteins Bl 1821L differed 

markedly (Table 7.11).  

Purified Bl 1821L putative encapsulating protein (~30 kD) displayed antibacterial activity against                         

Bl 1821L and Bl 1951 by causing a decrease of 48.9% and 43.5% in the number of viable cells as 

compared to the TBS control (without EP) 6 hours after treatment. The decrease in the number of 

viable cells of Bl 1951 due to the ~30 kD putative encapsulating protein was in line with the findings 

of Chapter 5 where Bl 1821L size exclusion chromatographic (SEC) fractions demonstrated 

antibacterial activity against Bl 1951 in the disc diffusion assay test (Table 5.2). Bioinformatic analysis 

of the purified ~30 kD protein of Bl 1821L and Bl 1951 in Chapter 6 identified a similar gene 

corresponding to the putative encapsulation protein for a DyP-type peroxidase or ferritin-like protein 

oligomers (Figures 6.3 & 6.5). Furthermore, amino acids of identified 30 kD protein shared >97% 

identity to the Linocin M18 bacteriocin family of protein. Encapsulating proteins were first identified 

in 1994 as a high molecular-weight complex in the cell free supernatant of the bacterium 

Brevibacterium linens, displaying a bacteriostatic action against various strains of Arthrobacter, 

Bacillus, Brevibacterium, Corynebacterium, and Listeria (Valdés-Stauber & Scherer, 1994; Winter et 

al., 1995). The encapsulins were initially characterised as bacteriocins and possibly protease, but the 

bactericidal activity could not be established upon purification (Hicks et al., 1998; Sutter et al., 2008; 

Valdés-Stauber & Scherer, 1994). Since then, encapsulins have been identified in various bacteria 

including Mycobacterium leprae (Winter et al., 1995), M. tuberculosis (Rosenkrands et al., 1998), 

Thermotoga maritima (Hicks et al., 1998), Streptomyces coilicolor (Kawamoto et al., 2001), and 
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Quasibacillus thermotolerans (Giessen et al., 2019). Genes encoding encapsulin proteins are typically 

located downstream of genes for dye-dependent per-oxidase (DyP) family enzymes (Roberts et al., 

2011), or encapsulin-associated ferritins (EncFtn) (He & Marles-Wright, 2015). DyP family enzymes 

usually demonstrate activity against polyphenolic compounds such as azo dyes and lignin breakdown 

products (Ahmad et al., 2010) although their physiological function and natural substrates are not 

known (Roberts et al., 2011). Ferritin family proteins play a decisive role in sustaining various 

physiological processes (Giessen & Silver, 2017) including storage of iron in a bioavailable form 

(Giessen et al., 2019). Iron is an integral component of various enzymes that participate in different 

life processes such as energy production and metabolism (Andrews et al., 2003). Iron is indispensable 

for metabolic functioning of the bacteria however there are exceptions including lactic acid bacteria 

which uses manganese and cobalt instead of iron (Bruyneel et al., 1989; Weinberg, 1997) and Borrelia 

burgdoferi which utilises manganese in place of iron (Posey & Gherardini, 2000). Importantly, iron can 

also present a hazard to organisms because of the Fe2+ triggered Fenton/Haber-Weiss reaction which 

produces harmful reactive oxygen species (ROS) such as superoxide (O2-), hydrogen peroxide (H2O2), 

and the highly destructive hydroxyl radical (OH) (Cornelis et al., 2011). The aerobic microorganisms 

‘accidentally’ generate ROS during respiration via incomplete reduction of O2 and through Flavin-

mediated reductive processes (Imlay, 2002). ROS are also produced deliberately during competition 

between organisms as a result of redox-cycling antibiotics, as generated by plants and microbes 

(Cornelis et al., 2011). By reacting with the oxygen these ROS may prove lethal to the cells inflicting 

damage to the DNA, proteins, and the membranes that surround cells (He et al., 2016b). Hence, to 

balance the cell’s need for iron against its potential detrimental effects, organisms have evolved iron 

storage proteins termed “ferritins”. These proteins residing in bacterial genomes are known to 

participate in the conversion of iron into a less reactive form that is mineralised and safely stored in 

the central cavity of the ferritin cage and is available for cells when they need it (Bradley et al., 2014b). 

Often the genomes of some bacteria like Quasibacillus thermotolerans encode no ferritin protein but 

can deposit the iron in these specialised nanocompartments to mitigate oxidative stress (Gabashvili 

et al., 2020; Giessen et al., 2019). McHugh et al. (2014) demonstrated that under stress conditions like 

amino acids starvation, encapsulins of the bacterium Myxococcus Xanthus releases the stored iron 

with the cargo proteins to lessen the oxidative stress. Based on the results of this study it might be 

possible that a deprivation of iron in the host cells might have weakened the defence system or the 

failure to detoxify iron into a less harmful form proved fatal to Bl 1821L and Bl 1951 cells. In addition, 

the encapsulating proteins often harbour cell penetrating peptides, which exhibit antibacterial 

activities (Pinto et al., 2019). Interestingly, bioinformatic analysis including AMPA and CellPPD in 

Chapter 6 identified the bactericidal and cell penetrating peptide motifs of putative encapsulating 
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protein (30 kD) of Bl 1821L (Figures 6.8 & 6.9) which suggested their likely involvement in the 

antibacterial activity. In this instance, the findings corroborate with a recent study of a peptide derived 

from the dengue virus capsid protein, PepR, which demonstrated rapid bactericidal activity against 

Staphylococcus aureus (Pinto et al., 2019). Other authors also deliberated that the viral protein-

derived peptide (vAMP 059) and viral protein-derived cell penetrating peptides (vCPP 0769 & vCPP 

2319) are all bactericidal in nature and derived from viral capsids (Dias et al., 2017; Freire et al., 2015a). 

Bacterial genomes often harbour genes encoding a small toxin protein of approximately 100 amino 

acid residues in length. This toxin may inhibit cell growth by halting essential cellular processes, 

including DNA replication, mRNA stability, protein synthesis, cell-wall biosynthesis, and ATP synthesis 

(Pandey & Gerdes, 2005; Yarmolinsky, 1995). These toxins are co-transcribed and co-translated with 

their cognate antitoxins from an operon called a toxin-antitoxin (TA) operon (Yamaguchi et al., 2011). 

Typically, the antitoxin consists of two distinct domains: a DNA-binding domain and a toxin-binding 

domain. The fundamental role of the antitoxin is to neutralise the lethal effect of its cognate toxin 

mediated by the toxin-binding domain. The toxin-binding domain of antitoxins is distinctively 

structured for neutralisation of the toxicity of their cognate toxins  (Van Melderen & Saavedra De Bast, 

2009). The structural models of several of the TA complexes reveal that the interaction between toxin 

and its cognate antitoxin is mediated through a combination of hydrophobic and electrostatic 

interactions however, the electrostatic interaction primarily defines the specificity of the antitoxin 

binding to the cognate toxin (Dalton & Crosson, 2010; Kamada et al., 2003). Variation in the 

bactericidal activity of crude lysate containing both the 30 kD putative encapsulating and 48 kD phage 

tail-like protein and the purified ones alone suggests that a toxin-antitoxin (TA) system is operating in 

the endemic strains that nullifies the effect of either 30 kD or 48 kD. Furthermore, the findings also 

align with the formation of persister cells on the Bl 1821L lawn against the activity of some of the              

Bl 1951 SEC purified fractions of this study (Chapter 5). The formation of persister cells is also 

attributed due to the prevalence of TA systems in bacteria (Paul et al., 2019; Ronneau & Helaine, 

2019).  

LIVE/DEAD staining method permits detection of cell states other than live and dead, as those unable 

to grow, including live injured (where membrane integrity is compromised) cells that are unable to 

grow on agar plates (Davis, 2014; Léonard et al., 2016; Stiefel et al., 2015). Furthermore, it allows the 

loss of membrane integrity to be visualised over time (Nocker et al., 2017). Detection of cell viability 

using the LIVE/DEAD staining (BacLightTM) offers numerous advantages as compared to colony 

counting on agar plates. Therefore, LIVE/DEAD staining was performed in this study to look into the 

status of host cells after treatment with the purified putative antibacterial proteins of Bl 1821L                                                                                                       

(~30 kD & ~48 kD) and Bl 1951 (~30 kD) and to corroborate with the results of the growth assay                            
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(CFUs count). Subsequent LIVE/DEAD staining of Bl 1821L cells after treatment with the purified 

encapsulating protein (~30 kD) displayed more Bl 1821L cells with compromised membranes (red) 6 

to 12 hours after treatment and a more pronounced effect was noted with an increasing concentration 

of purified putative antibacterial protein. Interestingly, the appearance of red cells occurred at the 

same time as a decrease in the number of viable cells at 6 hours after treatment with the purified 

putative EP as compared to the control (Figure 7.7). The cells with compromised cell membranes (red) 

comprised a population of 58.8% as compared to 37.5% of control (without EP) (Figure 7.8). However, 

a decrease in the number of viable cells 12 hours after treatment contrasted with the LIVE/DEAD 

staining. Likewise, LIVE/DEAD staining of Bl 1951 cells with the purified encapsulating protein (~30 kD) 

showed the prevalence of red cells 3 hours after treatment and, at a higher concentration, cells with 

deformed membranes (red) were noted even after 1 hour of incubation. A decrease in the colony 

count and a concurrent increase in the number of cells with compromised cell membranes (red) in 

LIVE/DEAD staining assay suggests that the cell penetrating peptides residing in the putative 

encapsulating protein (30 kD) may be involved in the formation of pores to lyse the susceptible cells 

(Sanderson, 2005). Bioinformatic analysis of 30 kD putative encapsulating protein also suggested other 

potential killing mechanisms like the failure of encoded ferritin protein to detoxify the harmful 

compounds or the iron malnutrition (Chapter 6). 

On the other hand, purified Bl 1821L putative phage tail-like protein (~48 kD) treatment decreased 

the number of viable cells of Bl 1951 by 34.2% 18 hours after treatment as compared to the control 

(without PTLP), but no antagonistic activity against Bl 1821L. This decrease in the number of viable 

cells of Bl 1951 due to bactericidal activity of purified Bl 1821L putative phage tail-like protein                      

(~48 kD) aligns with previous work which showed that virus structural proteins, particularly R-type 

tailocins, act as specialised weapons against kin bacteria (Yao et al., 2017). Furthermore, LIVE/DEAD 

staining of Bl 1951 cells substantiated the results by showing a minor population of cells with 

compromised membranes (red). However, the use of a higher concentration of purified putative                    

Bl 1821L PTLP resulted in more red cells even 3 to 6 hours after treatment compared to the control 

(without PTLP). Contractile phage tail-sheath structures reproduce the initial steps of a phage infection 

cycle and after specific adsorption to a phage receptor, there is a conformational change in the tail 

structure that punctures the cytoplasmic membrane of the host bacterium (Ge et al., 2020; Scholl, 

2017). The resultant pores depolarise the membrane (Strauch et al., 2001; Uratani & Hoshino, 1984) 

by affecting the protein and nucleic acid synthesis in sensitive cells, which is followed by cell death 

(Scholl et al., 2009; Williams et al., 2008). This killing is very efficient as the attachment of only a single 

particle may result in cell death (Hegarty et al., 2016; Leiman & Shneider, 2012). Earlier studies 

reported bactericidal activity of various phage tail-like structures  against susceptible strains at varying 
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concentrations by causing a decrease in the number of viable cells (CFU/ml) include maltocin P28 (Liu 

et al., 2013), enterocoliticin (Strauch et al., 2001), and xenorhabdicin (Thaler et al., 1995). A decrease 

in the number of viable cells and the appearance of red cells in the LIVE/DEAD staining suggests that 

the putative purified Bl 1821L PTLP of ~48 kD lysed the cell through pore formation using contractile 

injection system mechanism of phages (Scholl, 2017; Yao et al., 2017). A genomic, morphological, and 

3D structural presentation of 48 kD putative phage tail-sheath protein is shown in Figure 6.15. 

Electron micrographs of crude lysate of Bl 1951 in Chapter 2 (Figure 2.14) displayed both the 

encapsulating and contractile tail-sheath structures (proteins). Similar to Bl 1821L, the antibacterial 

activity of Bl 1951 in crude and purified forms differed. Crude lysate of Bl 1951 demonstrated a 

prominent activity against its host bacterium i.e. Bl 1951 by causing a decrease of 48.4% in the number 

of viable cells as compared to the control (without ABPs). However, this decrease in the number of 

viable cells was statistically insignificant due to the heterogeneity in the data of all four experiments. 

Interestingly, an analysis of the data of all the four experiments uncovered a decrease in the number 

of viable cells 12 hours after treatment by 23.1%, 64.7%, 44.1%, and 29.1% respectively (Appendices 

E-11 to E-14). Furthermore, the analysis also showed the decline in the number of viable cells 3 hours 

after treatment for the 3rd and 4th replicated experiment (Appendix E-13 & E-14) and for 6 hours after 

treatment in the 2nd and 4th replicated experiment of the study (Appendix E-12 & E-14). These findings 

are in agreement with previous work where researchers encountered variations and inconsistencies 

in plate counts within and between different experiments while using the spread-plating technique 

(Thomas et al., 2012) despite taking into consideration the likely causes of inequality in CFUs such as 

the presence of clumps (Bettencourt et al., 2010), errors while preparing and dispensing dilutions, or 

the improper drying of plates (Corry et al., 2007; Hedges, 2002).  

Purified putative encapsulating protein (~30 kD) of Bl 1951 caused a reduction of 30.2% and 27.1% in 

the number of viable cells of Bl 1821L and Bl 1951 as compared to the control (without EP). LIVE/DEAD 

staining of Bl 1821L and Bl 1951 cells after 3 hours of incubation with the ~30 kD purified putative 

encapsulating protein indicated the population of yellow/orange cells, while with an increasing 

concentration of putative encapsulating protein, more cells with compromised membranes (red) were 

seen. The yellow/orange cells cropped up after LIVE/DEAD staining of host cells with/without the 

purified putative encapsulating protein of Bl 1821L and Bl 1951 in the overlay images. The cause might 

be insufficient replacement of SYTO 9 with PI and the retention of both the dyes within the cells at the 

same time (Kirchhoff & Cypionka, 2017; Lu et al., 2014). Typically, cells with compromised membranes 

(red) are considered to be dead or approaching death (Oliver, 2010; Robertson et al., 2019). However, 

some authors also include yellow/orange coloured cells in the category of dead (Leuko et al., 2004; Lu 

et al., 2014; Stiefel et al., 2015). Hu et al. (2017) also observed yellow cells while using LIVE/DEAD stain 
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(BacLightTM) with glutaraldehyde fixation for the measurement of bacterial abundance and viability in 

rainwater. Bioinformatic analysis of the 30 kD purified putative encapsulating protein of Bl 1951 in 

Chapter 6 substantiated that the corresponding gene is the same as identified for Bl 1821L. 

Furthermore, the turbidimetric assay and LIVE/DEAD staining results also suggest that the 30 kD 

protein of Bl 1951 is likely to act similarly to the 30 kD putative encapsulating protein of Bl 1821L.  

 

7.5 Outcomes 

The major findings of this chapter include:  

1. Crude putative antibacterial proteins of Bl 1821L and Bl 1951 displayed prominent activity 

against the producer strains by causing a decrease of 30.1% and 48.4% in the number of viable 

cells without any prominent alteration in the optical density (OD600nm) after 6 and 12 hours. 

2. Bactericidal activity of purified ~30 kD and ~48 kD putative antibacterial proteins of Bl 1821L 

differed from each other.  

I). Bl 1821L encapsulating protein (~30 kD) exhibited antibacterial activity by causing a 

decrease of Bl 1821L (48.9%) and Bl 1951 (43.5%) in the number of viable cells after 6 hours 

without any prominent alteration in the optical density (OD600nm). In this instance, the cell 

penetrating peptides (CPPs) of encapsulating protein (~30 kD) are likely to be involved in the 

pore formation and consequently killing mechanism. Furthermore, the role of iron 

malnutrition or failure to detoxify iron by Ferritin protein can’t be ruled out. 

II). Purified Bl 1821L putative phage tail-like protein (~48 kD) demonstrated its bactericidal 

activity by causing a decline of 34.2% in the number of viable cells without any prominent 

alteration in the optical density (OD600nm) of Bl 1951 after 18 hours. Pore formation of                      

Bl 1951 cells is likely due to the activity of the contractile injection system of putative phage 

tail-like protein and consequently killing mechanism.  

3. Variation in the bactericidal activity of crude lysate and purified putative antibacterial proteins 

suggest that a toxin-antitoxin system is operating to neutralise the effect of either 30 kD 

putative encapsulating or 48 kD phage tail-like protein in the crude form. 

4. Purified Bl 1951 putative encapsulating protein (~30 kD) displayed bactericidal activity 

through the cell penetrating peptides like Bl 1821L by causing a reduction of 27.1% and 30.2% 

in the number of viable cells of Bl 1951 and Bl 1821L respectively without any prominent 

alteration in the optical density (OD600nm) after 3 hours.  
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7.6 Conclusion  

The results shed light on the bactericidal activity and mode of action of the ~30 kD putative 

encapsulating protein of Bl 1821L and Bl 1951 and ~48 kD phage tail-like protein of Bl 1821L. A 

decrease in the number of viable cells can affect the insecticidal potential of this useful 

entomopathogenic bacterium.  
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Chapter 8                                                                                                         

General Discussion 

Discovery of phage tail-like structures (bacteriocins) in New Zealand Brevibacillus 
laterosporus isolates Bl 1821L and Bl 1951  
 

A decade ago, an entomopathogenic, gram-positive, spore-forming bacterium, Brevibacillus 

laterosporus (Laubach) was discovered in New Zealand. Two isolates Bl 1951 and Bl 1821L were found 

in surface-sterilised brassica seeds (van Zijll de Jong et al., 2016) and the third one (Bl Rsp) was 

recovered from a potato plant (Bienkowski, 2012). While commonly found around the world, this was 

the first New Zealand description of this useful bacterium. Based on genome comparisons of different 

strains New Zealand B. laterosporus strains were found to be genetically distinct compared to the rest 

of the world (Glare et al., 2020) and were highly pathogenic to diamondback moth larvae (Ormskirk, 

2017; van Zijll de Jong et al., 2016). Therefore, efforts were geared to harness the biocontrol potential 

of the endemic strains Bl 1821L, Bl 1951, and Bl Rsp. Unfortunately, a loss of virulence against the 

diamondback moth was observed during the research and TEM analysis of sporulating cultures of         

Bl 1821L revealed the presence of tailless virus-like structures (Tectivirus) (Ormskirk, 2017). The 

scholar hypothesised the involvement of Tectiviridae phages in the stymied growth and loss of 

virulence of Bl 1821L (Ormskirk, 2017). Based on these observations the current research project 

aimed to isolate and characterise the suspected bacteriophage (Tectivirus-like structures), cure the 

bacteria of the invading phage particles, compare the virulence of phage cured and uncured strains 

against the diamondback moth, and enable the stable repeatable culture of Bl.  

Initial work involving classical phage isolation and enumeration assays (plaque and serial dilutions) 

and electron microscopic examination could not substantiate the presence of putative phage particles, 

despite bioinformatic prediction indicating the presence of intact phages in Bl 1821L, Bl 1951, and                

Bl Rsp genomes (Chapter 2). However, the following efforts enabled the isolation, and preliminary 

identification of putative phage tail-like structures (bacteriocins) not only under an electron 

microscope but also through partial purification, subsequent SDS-PAGE analysis, and through                         

N-terminal sequencing (Chapter 3). The findings raised several questions, such as how these phage 

tail-like structures are produced; whether they are involved in the disruption of growth, and most 

importantly how do they interfere with the insecticidal potential of this useful bacterium? Once the 

high molecular-weight (HMW) bacteriocins (antibacterial agents) were analysed, further questions 

emerged, such as is there any evolutionary relationship of these phage tail-like structures with the 

bacteriophages? 
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Bacteriophages (or phages for short), due to their ubiquity and numerical abundance, play a vital role 

in bacterial population dynamics (Bordenstein et al., 2006; Dion et al., 2020). Although all phages can 

propagate horizontally between cells, temperate phages also propagate vertically in bacterial 

(lysogenic) lineages, typically by integrating into the bacterial chromosome as prophages (Casjens, 

2003; Howard-Varona et al., 2017). Interestingly, the vast majority of the prophages residing in the 

bacterial genomes are cryptic (defective) and in a state of mutational decay (Casjens, 2003; Srividhya 

et al., 2007). Sequence analysis defined numerous ways in which prophages shape the genome of their 

host bacteria (Brüssow & Hendrix, 2002; Owen et al., 2020). The mutation rate of viruses is much 

higher than that of cellular organisms (Duffy et al., 2008; Sanjuán et al., 2010). Growing evidence 

suggests most of the resident defective prophages have mutated and are unable to excise from the 

host chromosome, cannot lyse host cells, or produce infectious phage particles (Bobay et al., 2014; 

Ramisetty & Sudhakari, 2019). Defective prophages do not confer immunity to superinfection, 

meaning they are incapable of preventing lytic attack by related viruses (Campbell, 1996). They may 

offer integration sites for incoming phages and other genetic elements (Lawrence, 2004; Lichens-Park 

et al., 1990). Numerous molecular systems presumably derived from defective prophages including 

gene transfer agents (GTAs) that transfer random pieces of chromosomal DNA to other cells (Lang et 

al., 2012), phage-derived bacteriocins (Patz et al., 2019; Scholl, 2017), and Type 6 secretion systems 

(T6SSs) (Howard & Filloux, 2019; Leiman et al., 2009) that are involved in bacterial antagonistic 

associations often reside in the bacterial genomes (Figure 8.1). Phage-derived elements, like GTAs or 

T6SSs, are streamlined and genetically very stable (Bobay et al., 2014). However, genomes contain 

some phage-derived elements that are less able to be assigned to the aforementioned categories and 

likely perform other functions with varying degrees of efficiency (Nobrega et al., 2018): they parasite 

other phages, kill other bacteria, or transfer host DNA (Campbell, 1977). 

The failure to isolate and identify the putative phage particles (Chapter 2) led to the assessment of 

Mitomycin C induced cultures, assay tests of PEG 8000 precipitated cultures, TEM examination,                        

N-terminal sequencing of a prominent protein (~48 kD) on SDS-PAGE of Bl 1821L, and the discovery 

of phage tail-like structures (bacteriocins). Based on this finding, an alteration in the originally 

proposed research project was required. Hence, the subsequent research efforts were directed to find 

out whether the newly discovered putative phage tail-like particles (bacteriocins) have any role in the 

stymied growth of endemic strains that thwarts the exploitation of the insecticidal potential of this 

beneficial bacterium.
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Figure 8.1 Putative functions of orthologous prophages conserved in their hosts (Bobay et al., 2014). (A). Functional prophages can be used as molecular 
weapons to kill non-lysogens through the production of infective particles. (B) Defective prophages can produce non-infective particles (Phage killer particles 
& R/F-type bacteriocins) that kill sensitive cells. (C) Prophages can form transducing particles and gene transfer agents (GTAs) that promote host DNA 
exchange (shown in green colour). (D) Degraded prophages might interfere with the assembly of other phages leading to the formation of defective particles. 
(E) Prophage structural proteins often display lmmunoglobulin (Ig)-like domains that might be used by their hosts for adherence in niche colonisation 
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Is there any detrimental effect of putative antibacterial proteins (bacteriocins) on the 
growth of host bacterium?   
 
Often the antibacterial structures (phages and PTLBs) are induced under some conditions without the 

aid of an external trigger. This phenomenon is termed “spontaneous prophage induction” (SPI) (Nanda 

et al., 2015) and occurs due to spontaneous accumulation of DNA damage initiating the host’s SOS 

response during cell replication (Cox et al., 2000; McCool et al., 2004; Pennington & Rosenberg, 2007). 

SPI, plays a critical role in the population biology of temperate phages in mixtures of susceptible cells 

and lysogens (Nanda et al., 2015). While studying the production kinetics of putative antibacterial 

structures of Bl 1821L under natural growth conditions it was found that the identified ~48 kD phage 

tail-like protein (bacteriocin) (Chapter 3) was also spontaneously induced as shown in assay tests and 

SDS-PAGE analysis (Chapter 4). SPI of putative phage tail-like protein (bacteriocin) of Bl 1821L 

insignificantly affected the number of viable cells after 18 hours of growth (Chapter 4). Although 

putative phage tail-like structures were examined under TEM of Mitomycin C induced lysate of Bl 1951 

(Chapter 2), due to absence of N-terminal sequencing at that time its nature was not defined. Based 

on the electron micrographs (Chapter 2) where hexagonal or phage head-like and phage contractile-

sheath like structures were observed and the assays of PEG 8000 precipitated culture (Chapter 3), 

putative antibacterial activity was perceived to be due to the phage tail-like proteins (bacteriocins). 

Through SDS-PAGE analysis of Bl 1951 during the growth phases a prominent ~30 kD band was 

observed from the early 12 hours to the late 144 hours of post inoculation, and even persisted 

afterwards, but at a low intensity (Chapter 4). This corresponded to the spontaneous production of 

putative antibacterial proteins (bacteriocins) of Bl 1951 and significantly affected the number of viable 

cells after 18 hours of growth and this decrease in viable cells corresponded to the highest antagonistic 

activity of supernatants against Bl 1821L and Bl 1951 as determined through the disc assay tests 

(Chapter 4). Assessments of pH of Bl 1951 CFS extracted after 18 hours, in terms of the number of 

viable cells and the diameter of zones of inhibition (mm), were statistically significant. Typically, pH 

values of the bacterial cultures after inoculation gradually decrease within several hours likely due to 

the rapid growth rate of the bacteria (Lee et al., 2001). The gradual increase in pH of Bl 1951 and                   

Bl 1821L up to 60 hours of growth aligned with the exponential growth and afterwards was followed 

by a slight fall (stationary phase) where pH values remained almost static (Chapter 4). Based on the 

literature, this is the first report of the spontaneous induction of putative antibacterial structures 

having detrimental effects on the growth of the insect pathogenic strains Bl 1821L and Bl 1951. 
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Antibacterial spectrum of putative phage tail-like proteins (bacteriocins): broad or narrow? 

While assessing the host range of PEG 8000 precipitated cultures of Bl 1821L and Bl 1951 against 

different gram-positive bacteria, it was found that all the Bl strains were susceptible to their toxic 

effects, except Bl CCEB 342. The strain Bl CCEB 342 was susceptible to the putative antibacterial 

proteins (bacteriocins) of Bl 1951 but insensitive to those of Bl 1821L. Of the other assessed gram-

positive bacteria, the strain Carnobacterium maltaromaticum 3-1 was slightly sensitive to the PEG 

8000 precipitated culture of Bl 1821L harbouring the putative phage tail-like bacteriocins and 

insensitive to that of Bl 1951 (Chapter 3). Hence, in this context the putative antibacterial protein 

(PTLB) of Bl 1821L is considered to be broad-spectrum.  

The host range (antibacterial spectrum) is the breadth of bacteria (species or strains) that a 

bacteriophage or phage tail-like bacteriocin can kill (Hyman & Abedon, 2010). Therefore, the 

interaction between phages or phage tail-like particles and their bacterial hosts is crucial to 

understand how they influence their biology (Dowah & Clokie, 2018). Antibacterial structures (phages 

and PTLBs) typically exhibit a narrow host range (Boeckaerts et al., 2021). Numerous host-specific 

factors including defence mechanisms such as CRISPR-Cas (Barrangou et al., 2007) and restriction-

modification systems (Gormley et al., 2001), presence of phage receptors (Smith et al., 2007), abiotic 

factors (Fister et al., 2016), and features encoded by the phage receptor-binding proteins (RBPs)    

(Yosef et al., 2017) influence the host range. Both the antibacterial structures (phages and PTLBs) 

employ the same primary determinant of specificity, i.e., one and more RBPs for binding to the cell 

surface of the sensitive host bacterium (Holtzman et al., 2020). This initial recognition subsequently 

leads to infection of the bacterium by phages or the depolarisation of its membrane by PTLBs (Ge et 

al., 2020; Simpson et al., 2016). There are several examples in the past where the host range of 

antibacterial structures (phages and PTLBs) has been expanded due to modifications in the tail fibre 

proteins (Dams et al., 2019; Williams et al., 2008). Holtzman et al. (2020) recently deliberated how a 

continuous evolutionary mechanism causes contraction in the host range of bacteriophage T7. The 

authors showed that T7 phage grown in the presence of five restrictive strains and one permissive 

host, each with a different lipopolysaccharides (LPS) form, gradually avoided recognition of the 

restrictive strains. Interestingly, avoidance of the restrictive strains was repeated in different 

experiments using six different permissive hosts. The evolved phages carried mutations that changed 

their specificity as determined by RBPs genome sequences. This system demonstrated a major role of 

RBPs in contracting the range of futile infections (Holtzman et al., 2020).  

An exceptional example of the role of the receptor-binding proteins of phage-derived bacteriocins in 

determining the antimicrobial spectrum is found in the gram-negative bacterium Pseudomonas 

chlororaphis 30-84 (Dorosky et al., 2017). Contractile phage tail-like structures (R-type pyocins) 
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typically encode one tail fibre protein. However, genomic analysis of P. chlororaphis 30-84 found the 

presence of three tail fibre-resembling genes in the tailocin 2 genetic modules that caused a 

differential antimicrobial spectrum (Dorosky et al., 2018).  

Electron micrographs of the crude lysate of Bl 1821L and Bl 1951 in this study displayed numerous 

hexagonal or phage head-like (encapsulating) and phage tail-sheath like structures (Chapter 2). 

Furthermore, the soft agar overlay assay involving PEG 8000 precipitation of the Mitomycin C induced 

cultures of Bl 1821L and Bl 1951 affirmed the activity of putative antibacterial proteins (bacteriocins) 

instead of intact phages (Chapter 3). N-terminal sequencing of prominent protein (~48 kD) on                      

SDS-PAGE revealed the presence of putative phage tail-sheath protein (Chapter 3). However, due to 

the absence of N-terminal sequencing of putative antibacterial proteins for Bl 1951 at that stage their 

nature was not defined (Chapter 3). Based on TEM analysis (Chapter 2) and the following assay tests 

(Chapter 3), it is likely that the susceptibility of strain Bl CCEB 342 to Bl 1951 and insensitivity to                         

Bl 1821L precipitated lysates suggested a form of host specificity which might be due to the differential 

RBPs of harboured PTLBs in each of the strains. The specificity of putative antibacterial structures 

(phages and PTLBs) against different bacteria suggested that similar RBPs are likely involved. For 

instance, the marine bacterium Prochlorococcus, accounting for half of the photosynthetic biomass 

harbours cyanophages that infect Prochlorococcus (Lindell et al., 2004). Most of these phages are host-

strain-specific while others cross-infect with the closely related marine bacterium, Synechococcus, 

suggesting a mechanism for horizontal gene transfer (Figure 8.2) (Zeidner et al., 2005). Interestingly, 

high-light adapted Prochlorococcus hosts yielded Podoviridae phages exclusively, which were 

extremely host-specific, whereas low-light adapted Prochlorococcus and all strains of Synechococcus 

yielded primarily Myoviridae phages, which have a broad host range (Sullivan et al., 2003). As 

explained above there is a possibility that the identified bactericidal contractile sheath PBSX-like 

structures of Bl 1821L might have evolved after losing some of the structural components like 

carotovoricins due to mutations (Nguyen et al., 1999). Likewise, bacteriophages are always 

undergoing the process of evolution due to the exchange of genetic material among the microbial 

community in natural environments. In a recent article, Moura de Sousa et al. (2021) elaborated on 

the occurrence of genetic transfer between distantly related phages. An interesting example of gene 

flux between distantly related phages is the homologous recombination between virulent phages   

(935 & c2) and prophage (P335) in Lactococcus lactis (Figure 8.2) (Bouchard & Moineau, 2000; Labrie 

& Moineau, 2007). Moura de Sousa et al. (2021) suggested genetic transfer between temperate 

phages with different host genera through virulent phages along with the above cited examples 

(Figure 8.2). 
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Figure 8.2 Genetic transfers between temperate phages with different host genera through virulent phages (Moura de Sousa et al., 2021). (A) Examples 
of virulent phages (red) with genes transferred from/to two temperate phages (green) infecting distinct bacterial genera. (B) Analogous to (A) but 
representing transfers with the virulent phage that involve the exact same protein in both temperate phages. Colours in the blocks linking the phages 
indicate the level of sequence similarity between homologs
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Do the putative phage tail-like structures have any role in the interbacterial competition? 

The antibacterial spectrum of putative phage-tail like structures (bacteriocins) of Bl 1821L and Bl 1951 

against the kin Bl strains (1821L, 1951, Rsp, CCEB 342, NRS 590, NCIMB) (Chapter 3) is striking from 

the interbacterial point of view. As explained earlier, putative antibacterial proteins (PTLBs) of Bl 1821L 

exhibited broad-spectrum activity as compared to those of Bl 1951. In the context of interbacterial 

competition, it is interesting that the putative antibacterial proteins (bacteriocins) from both strains 

(Bl 1821L & Bl 1951) exhibited prominent antagonistic activity against the kin strains except for                          

Bl CCEB 342 which showed some form of host specificity. Importantly, all the other evaluated gram-

positive bacteria were insensitive to their toxic effects, except for C. maltaromaticum 3-1. The strain 

Bl CCEB 342 was not susceptible to the putative bacteriocins of Bl 1821L but was sensitive to the               

Bl 1951 bacteriocins. Similarly, the strain C. maltaromaticum 3-1 was slightly sensitive to the putative 

bacteriocins of Bl 1821L and insensitive to those from Bl 1951. These findings may define the role of 

putative antibacterial proteins such as phage tail-like bacteriocins in the interbacterial competition of 

the endemic strains (Bl 1821L & Bl 1951) and provide an insight into complex relationships within 

bacterial communities. 

Bacteria seldom exist in isolation and generally reside within diverse microbial communities (Klein et 

al., 2020). A fundamental requirement for survival in these complex environments is to gain access to 

scarce resources i.e. nutrients and space, by competing with the other inhabitants. The bacteria are 

not only in competition with distantly related microorganisms but also with the phylogenetically 

related kin bacteria who are likely the contenders for the same ecological niche (Hibbing et al., 2010; 

Klein et al., 2020). Therefore, competition with the kin bacteria requires highly specific mechanisms 

to outcompete them but not to kill individuals from the same clonal population (strains having 

identical genomes). Hence, the arsenal employed against kin needs to be highly specialised with a 

narrow spectrum of activity (Brown et al., 2009; Foster & Bell, 2012). To combat the competitors, 

bacteria have evolved a diverse array of weapons (Granato et al., 2019) including mechanisms for 

chemical warfare via toxins (e.g. T6SSs), complex mechanical weapons that punch holes (e.g. tailocins), 

and the use of viruses (phages) in biological warfare (Brown et al., 2009). However, deployment of 

these weapons is considered costly as a cell has to sacrifice for the survival of others (Catalão et al., 

2013). Numerous species employ multiple types of weapons and occasionally multiple variants of each 

type (Granato et al., 2019). An example is a gram-negative bacterium, Pseudomonas aeruginosa, 

where a single cell has the option to produce a vast arsenal including many different types of diffusing 

protein toxins (including S-type pyocins) (Michel-Briand & Baysse, 2002), multiple types of poisoned 

molecular speargun (T6SSs) (Russell et al., 2014), poisonous proteinaceous sticks (contact-dependent 

growth inhibition system) (Mercy et al., 2016), two different mechanical weapons that punch holes in 
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other cells (R-type & F-type pyocins) (Ghequire & De Mot, 2014), and viruses (phages) that kill non-

clone mates (Davies et al., 2016). 

Vacheron et al. (2021) proposed a model where certain R-tailocins are targeted and efficient weapons 

in microscale interbacterial competitions between kin bacteria (Figure 8.3). The authors suggested 

that R-tailocins may be induced either, spontaneously or by external stressors (such as Mitomycin C), 

including interference competition signals (Ghoul & Mitri, 2016; Gonzalez & Mavridou, 2019) or 

competitor toxins (Granato & Foster, 2020). After induction, R-tailocins are synthesised at the center 

of the cell and migrate to the cell poles. Once R-tailocins have migrated, produced cells undergo lysis 

in a two-step process, firstly by forming spheroblasts and secondly through complete lysis of the cells. 

Following explosive cell lysis, the contractile phage tail-like particles are released into the extracellular 

environment where they have to face the competing bacteria. Generally, R-tailocins specifically bind 

and kill kin bacteria that are ecological niche competitors while more distantly related strains are 

exempted. This kin-exclusion strategy allows the reduction of kin bacteria and may favour the flux of 

new genes from the phylogenetically more distant bacteria within the community. However, clonal 

cells are not disturbed by the R-tailocins in the environment as bacteria seem to be immune to their 

own R-tailocins. A similar mechanism is likely to be involved for Bl 1821L and Bl 1951 phage tail-like 

structures (bacteriocins) as both demonstrated antagonistic activities against the evaluated kin strains 

except that Bl 1821L could not inhibit the Bl CCEB 342 strain (Chapter 3). Furthermore, BAGEL4 analysis 

of Bl 1821L and Bl 1951 predicted other antimicrobial peptides including the two core peptides 

laterosporulin (Singh et al., 2012) and UviB (Anderson et al., 2005) (Chapter 3). Although functional 

analysis of the predicted core peptides of Bl 1821L and Bl 1951 was beyond the scope of this research 

project. However, it is likely that the simultaneous existence of phage tail-like bacteriocins and the 

core peptides (laterosporulin and UviB) in the natural environment might have implications for the 

survival of the bacterium due to the aforementioned kin exclusion strategy. 
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Figure 8.3  Model of the ecological role of R-tailocins in interbacterial competitiveness (Vacheron 
et al., 2021). (1) Some cells are induced upon environmental stress and synthesise R-tailocins that 
are produced at the center of the cell and migrate to the cell poles. (2) Subsequently to the 
migration of the R-tailocins, the cell lyses, firstly by forming a spheroblast. (3) Secondly, the cell 
lyses completely and explosively, thereby thrusting its R-tailocins into the environment. (4) Once 
in the medium, R-tailocins specifically bind to kin bacteria and kill them whereas more distantly 
related bacteria are spared. (5) Clonal cells are immune and are therefore protected from the R-
tailocins released in the environment 

 

Is the autocidal activity of the endemic strains Bl 1821L and Bl 1951 an altruistic suicide or 
social killing? 
 
Bacteria produce “chemical weapons” (bacteriocins) to protect themselves from competitors in the 

ecological niche (Ghequire & De Mot, 2015; Riley & Wertz, 2002b). These proteinaceous weapons are 

inherently designed to inhibit growth, to kill a broad array of microbial species, or just closely related 

strains of the same species, and the producer strains are immune to their toxic effects (Heng et al., 

2007; Kjos et al., 2011). However, some members of a genetically identical population can kill 

(autocidal) their siblings (González-Pastor et al., 2003; Popp & Mascher, 2019). An example is a 

bacteriocin, hyicin 3682, which exhibited its antagonistic activity against the producer strain, 

Staphylococcus hyicus (Fagundes et al., 2011).  

A test for assessing and differentiating the inhibitory activities of putative antibacterials (phages and 

bacteriocins) is PEG 8000 precipitation followed by soft agar overlay (Hockett & Baltrus, 2017). In the 

current study, the role of phage tail-like bacteriocins in the putative antibacterial activity was affirmed 

(Chapter 3) but any autocidal activity was not substantiated, possibly due to the usage of lower 

volumes of the supernatants (Zou et al., 2018b). However, the disc diffusion assay tests (Bauer, 1966; 

Hudzicki, 2009) of Mitomycin C induced supernatants of Bl 1821L and Bl 1951 prominently showed 
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autocidal activity (Chapter 4). While purifying the putative antibacterial proteins using various 

methods, different size exclusion chromatographic fractions and sucrose density gradients in the assay 

tests also demonstrated the autocidal activity (Chapter 5). Importantly in this study, purified putative 

encapsulating protein (30 kD) of Bl 1951 and Bl 1821L exhibited an autocidal activity in the liquid 

assays by causing a decrease of 27.1% and 48.9% in the number of viable cells after 3 and 6 hours of 

growth respectively (Chapter 7). Through recombinant expression, this activity was extenuated by the 

co-expression of the 25 kD hypothetical protein. Late in the project, adjacent genes encoding both the 

30 kD putative encapsulating and the 25 kD hypothetical proteins were shown to have activity through 

recombinant expression. The fact that the 25 kD hypothetical protein was involved in the antagonistic 

activity was not known for the majority of the study, but given the co-migration on the proteins                   

(due to size similarity) and the use of semi-pure supernatant in most assays, this protein was likely 

contributing to the activity attributed to the 30 kD protein. 

 

Is there any biological significance of autocidal activity? 

What could be the biological relevance of producing such autocidal toxins and how do bacteria control 

their toxic activity to avoid eradicating themselves? The best-understood examples of antimicrobial 

compounds that act against the producing organism itself are so-called toxin-antitoxin (TA) systems. 

Initially, TA systems were identified on plasmids (Engelberg-Kulka & Glaser, 1999) but subsequently 

were also found on bacterial chromosomes and were regarded as responsible for bacterial 

programmed cell death (PCD) in the context of population traits (Popp & Mascher, 2019). The genes 

encoding the toxin and the antitoxin are normally encoded in an operon and constantly expressed 

under normal growth conditions. While the toxin is a stable gene product, the antitoxin is not. There 

is no harm to the cell as long as a constant expression of the operon ensures resupply of the antitoxin, 

the cells survive. However, as soon as the expression of the operon or translation of its mRNA 

terminates, for example, in response to stress conditions, the difference in protein stability causes an 

increasing imbalance between the stable toxin and the fading antitoxin, ultimately unleashing the 

lethal activity of the toxin, resulting in PCD (Popp & Mascher, 2019).  

The crude lysate of Bl 1821L and Bl 1951 harbouring the putative antibacterial proteins of 30 kD 

(encapsulating) and 48 kD (phage contractile-sheath) in the growth assays (CFUs) prominently 

exhibited the autocidal activity by causing a decrease of 30.1% and 48.4% respectively in the number 

of viable cells and a minor effect on vice versa analysis (Chapter 7). As explained above the putative 

antibacterial proteins (bacteriocins) are active against the competitors or the kin strains but the 

producer strains are immune to their lethal effects (Riley & Wertz, 2002b). In the light of these findings 
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(Chapter 7), a toxin-antitoxin (TA) system is likely functioning to mask the effect of either 30 kD or            

48 kD putative antibacterial protein in Bl 1821L and Bl 1951. 

Based on the bioinformatic analysis (Chapter 6) and the findings of the liquid assay (Chapter 7), the 

autocidal activity of 30 kD putative encapsulating protein of Bl 1821L and Bl 1951 might be due to the 

activation of stress triggered transcriptional regulator family proteins (PadR & MarR) and YtxJ protein 

under some stresses such as iron malnutrition. The gram-positive bacterium Bacillus subtilis (Bs) is an 

example which demonstrates the self-killing tendency under nutritional stress (Höfler et al., 2016). 

Importantly, Bs cells at the onset of sporulation secrete extracellular killing factors and lyse the sibling 

non-sporulating cells that have not developed immunity to these toxins. Furthermore, the resultant 

lysis also releases nutrients from the dead cells into the starved medium that the surviving sporulating 

cells can feed on therefore this behaviour was called “cannibalism” (González-Pastor et al., 2003). The 

cannibalistic phenomenon has some biological significance for the bacterial populations as the Bs 

population could be at risk if most of the members engage in sporulation at once (González-Pastor, 

2011; Höfler et al., 2016). Spore formation consumes plenty of energy and time to be completed, and 

it is reversible only up to a certain point (Parker et al., 1996). For instance, sporulating cells and spores 

could not resume growth as efficiently as vegetative cells or even resting cells if nutrients were 

available again in the medium. In natural environments, other microorganisms, many of them non-

sporulating, surround Bs communities and Bs cells committed to sporulate or spores could be at 

disadvantage relative to them. Here, cannibalism helps to sustain a mixed population during the 

stationary phase with a small percentage of spores and a high percentage of growing cells for a longer 

period of time, which might be beneficial to the community (González-Pastor, 2011). 

 

Is 25 kD hypothetical or 30 kD putative encapsulating protein involved in the antibacterial 
activity? 
 
N-terminal sequence of purified ~30 kD putative antibacterial protein of Bl 1821L and Bl 1951 

identified several matches to the homologous 25 kD hypothetical and 30 kD putative encapsulating 

protein in each strain, a likely result of their potential co migration on SDS-PAGE (Chapter 6). Identified 

30 kD putative encapsulating protein of Bl 1821L and Bl 1951 shared >97% amino acid similarity to the 

Linocin M18 bacteriocin family of protein (Chapter 6) (McHugh et al., 2014; Valdes-Stauber & Scherer, 

1996) which are termed “encapsulins” due to the formation of nanocompartments within the 

bacterium that contains ferritin-like compounds or peroxidase enzymes (Kerfeld et al., 2010; Yeates 

et al., 2011). Furthermore, electron micrograph of the 30 kD purified protein displayed hexagonal or 

phage capsids-like structures (encapsulating) alluding that the 30 kD assembles as a hexagonal 

composite (Chapter 5). The gene encoding the second identified 25 kD hypothetical protein of 
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unknown function was located at the 3’ end of the gene encoding the 30 kD putative encapsulating 

protein (Chapter 6). BLASTp analysis of 25 kD hypothetical protein showed 90.7% amino acid similarity 

to an uncharacterised protein of Bl LMG 15441, 57.8% to the putative encapsulating protein of 

Brevibacillus centrosporus, and uncharacterised proteins of different Bl strains (Chapter 6, Appendix 

D-6). 

The role of genes encoding the 25 kD hypothetical and 30 kD putative encapsulating proteins in the 

antagonistic activity was affirmed by expressing the corresponding genes individually (pHT01-hypo, 

25 kD), (pHT01-encap, 30 kD), and the both pHT01-hypo.encap (25 kD & 30 kD) in a gram-positive 

positive bacterium Bs WB800N (Chapter 6). Notably, in the disc assay tests each expressed 

hypothetical (pHT01-hypo, 25 kD), encapsulating (pHT01-encap, 30 kD), and the pHT01-hypo.encap 

encoding both the proteins (25 kD & 30 kD) expressed their antagonistic activity (Chapter 6). 

Interestingly, 25 kD expressed hypothetical protein (pHT01-hypo) was more potent in activity as 

compared to 30 kD putative encapsulating protein (pHT01-encap). Encapsulin, a novel class of 

prokaryotic nanocompartments resembling viral capsid-like structures has been implicated in the 

antibacterial activities (McHugh et al., 2014; Valdes-Stauber & Scherer, 1996). Linocin M18, an 

encapsulating protein of 31 kD molecular mass, derived from the cell free supernatant of 

Brevibacterium linens M18 inhibited the growth of Listeria spp., several coryneform, and other gram-

positive bacteria but no activity against gram-negative bacteria was reported (Valdés-Stauber & 

Scherer, 1994). 

The purified putative encapsulating protein (30 kD) of Bl 1821L in this study caused a decline of 48.9% 

and 43.5% in the number of viable cells of Bl 1821L and Bl 1951 after 6 hours of treatment in the liquid 

assay. Furthermore, LIVE/DEAD staining of Bl 1821L cells treated with the 30 kD purified putative 

encapsulating protein also substantiated the findings by showing 58.8% red cells (dead) as compared 

to the untreated (37.5%) ones (Chapter 7). Likewise, the purified 30 kD purified encapsulating protein 

of Bl 1951 reduced the number of viable cells of Bl 1821L (27.1%) and Bl 1951 (30.2%) after 3 hours of 

treatment (Chapter 7). Ferritin-like or peroxidase enzymes of the encapsulating proteins are involved 

in performing multifarious cellular functions including the storage of iron (Kerfeld et al., 2010; Yeates 

et al., 2011). Iron is an essential nutrient for almost all microbes for sustaining their metabolic activities 

(Moreira et al., 2020). Although iron is essential, excess free iron is potentially toxic for the cells 

because it catalyses the production of reactive oxygen radicals by a Fenton reaction, leading to 

oxidative damage. Thus, a balanced quantity is needed for their survival (Harrison & Arosio, 1996). 

However, to store the excessive iron, microorganisms have evolved two types of proteins, ferritins 

(Ftn) and bacterioferritins (Bfr) which are distinguishable by the presence of heme in the latter 

(Cornelis et al., 2011). The primary function of Ftn and Bfr is to store iron during iron adequacy and 
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supply it to the cell for various functions (Cornelis et al., 2011; Smith, 2004). Mycobacterium 

tuberculosis, a pathogenic bacterium harbours two putative iron storage proteins namely, BfrA 

(Rv1876) a bacterioferritin, and BfrB (Rv3841) a ferritin-like protein. The expression of both bfrA and 

bfrB is regulated by the binding of iron-activated ideR (iron-dependent regulator) to the tandem 

operator sites present at the 5’ end of the iron storage gene (Cole et al., 1998). Reddy et al. (2012) 

generated mutants bfrA (Rv1876) and bfrB (Rv3841) lacking the functional genes. Interestingly, the 

authors found that the mutant bacterium under iron-deficient conditions not only showed a 

significant decrease in growth but was vulnerable to oxidative stress (Reddy et al., 2012). In this 

context, it is possible that the identified 30 kD putative encapsulating proteins of Bl 1821L and Bl 1951 

might be undergoing an iron deficiency, or the ferritin proteins failed to detoxify the excessive iron 

which contributed towards the stymied growth of both the strains. Furthermore, the bioinformatic 

analysis of 30 kD putative encapsulating protein of Bl 1821L also identified the motifs relevant to the 

bactericidal activity and the potency of the amino acids to penetrate the cells (Chapter 6).  

Based on this, different killing mechanisms of putative 30 kD encapsulating proteins of Bl 1821L and                        

Bl 1951 are proposed. These include the activation of stress relevant transcriptional regulator family 

proteins (PadR & MarR) or YtxJ protein under some stresses (such as malnutrition of iron), failure of 

ferritin protein to detoxify iron, and cell penetrating peptides activity. 

 

Is there any evolutionary mechanism responsible for multiple functioning of the putative 
phage tail-like structures? 
 
Bioinformatic analysis of the ~48 kD putative phage tail-sheath protein identified a similarity to the 

PBSX protein XkdK (Chapter 6) and further, the region around the encoding gene for the ~48 kD protein 

was similar to the genomic architecture of the defective prophage PBSX in Bs 168 (Bradley, 1967b; 

Wood et al., 1990). Despite sharing a low protein similarity with the different Bacillus defective 

prophages, the regions perform a similar function (bactericidal). The bactericidal role of contractile-

sheath tail-like structures (R-type pyocins) has been demonstrated in gram-negative bacteria (Michel-

Briand & Baysse, 2002) and the diffocins from a gram-positive bacterium (Clostrioides difficile 630) is 

the only exception so far (Gebhart et al., 2012; Schwemmlein et al., 2018).  

The genes of tailed phages from the gram-negative bacteria underwent an evolutionary shift to 

become fundamental components of bacterial nanomachines such as secretion systems or pyocins 

(Veesler & Cambillau, 2011). Based on these bacterial systems, phage contractile-sheath tails in terms 

of morphology, size, and even function are the Type 6 secretion systems (T6SSs) (Bönemann et al., 

2010), the R-type and F-type pyocins (Michel-Briand & Baysse, 2002), antifeeding prophage (Afp) 

particles from Serratia entomophila (Hurst et al., 2004), and the virulence cluster from Photorhabdus 
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luminescens (PVC) (Yang et al., 2006). Interestingly, all these elements, despite architectural (genome) 

similarities, perform varied functions: R-type and F-type pyocins are involved in antibacterial activity 

against closely related bacteria through pore formation (Scholl, 2017), whereas T6SS has a dual role: 

it attacks not only bacterial cells (Hood et al., 2010)but can also induce morphological changes in the 

cytoskeleton of eukaryotic cells (Ma & Mekalanos, 2010). Afp/PVC were initially grouped with R-type 

pyocins due to their genetic homology however, functional studies disclosed their toxicity against 

insects (Yang et al., 2016). The bacterium harbouring these phage tail-like structures maintains the 

basic organisation of the corresponding contractile tail consisting of the main tube, the outer sheath, 

and the baseplate all of which are plasmid encoded (Heymann et al., 2013). Furthermore, the T6SSs, 

R-type, and F-type pyocins share an ancestral origin with T4, P2, and λ phages respectively (Sarris et 

al., 2014; Scholl, 2017). Carotovoricins, phage tail-like high molecular-weight bacteriocins resembling 

the Myoviridae phages, are produced by the gram-negative bacterium, Erwinia carotovora (Nguyen et 

al., 1999). Subsequent nucleotide sequence analysis and genomic organisation revealed that it was 

likely that the carotovoricins evolved from the same ancestor as Salmonella typhi prophage by losing 

head, lysogeny, and DNA replication genes (Yamada et al., 2006).  

Antibacterial structures resembling contractile-tailed phages of the Myoviridae family (R-type pyocins) 

(Gebhart et al., 2012) and non-contractile tailed phages of the Siphoviridae family (F-type pyocins) 

(Saha et al., 2021) are found in gram-positive bacteria. However, most of the prophage families may 

not fit well with the description of R-type or F-type bacteriocins but could correspond to phage killer 

particles. Interestingly, these elements behave like bacteriocins but are very diverse genetically, 

displaying features ranging from streamlined phage tail-like bacteriocins (PTLBs) to nearly complete 

phages (Campbell, 1977; Michel-Briand & Baysse, 2002). Defective phages can easily give rise to phage 

killer particles (Bobay et al., 2014). Therefore, for the defective prophages the term “phage killer 

particles or protophages” was coined to include PBSX and other non-infectious defective phage 

particles acting as de facto bacteriocins (Bradley, 1967b; Wood et al., 1990). PBSX of Bs 168, one of 

the most widely studied defective phage is considered a model organism (Jin et al., 2014). This phage 

is induced by the SOS response and results in cell lysis (Brito et al., 2018). Induction is suicidal for both 

the phage and bacterial cell (Krogh et al., 1996). In this stance, Mitomycin C at a concentration of             

1 µg/ml (Bl 1821L) and 3 µg/ml (Bl 1951) induced the putative antibacterial structures by causing a 

decrease of 49.7% and 83.9% in the optical density (OD600nm) of cultures and the following TEM analysis 

showed the empty hexagonal or phage head like (encapsulating) and contractile phage tail-sheath like 

structures (Chapter 2). Disc assay tests of the Mitomycin C induced cultures of Bl 1821L and Bl 1951 

showed prominent autocidal activity besides the vice versa (Chapter 3). Importantly, the non-induced 

(without Mitomycin C) cultures of Bl 1821L and Bl 1951 also displayed a similar pattern (Chapter 3) 
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but at a lower rate (Chapter 4) which is an indication of spontaneous induction of putative 

antibacterial structures (Nanda et al., 2015) (Chapter 4). 

The identification of the Bl 1821L bactericidal phage-like element PBSX protein XkdK (contractile tail-

sheath) is the first report of this type of protein in the genus Brevibacillus and an addition among the 

gram-positive bacteria as these structures have been defined before only in the genus Bacillus and in 

Clostrioides difficile 630 (R-type pyocins) (Gebhart et al., 2012; Schwemmlein et al., 2018). 

Nevertheless, there is a paucity of knowledge regarding the evolution of these bactericidal structures 

in gram-positive bacteria. However, the evolutionary mechanism might have caused the switching of 

the bactericidal structures from the gram-negative to the gram-positive bacteria to perform a similar 

role.  
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Future outlook 

1. N-terminal sequencing of ~30 kD purified putative antibacterial protein of Bl 1821L and                        

Bl 1951 identified homologous 25 kD hypothetical and 30 kD putative encapsulating proteins. 

Antibacterial activity of 25 kD expressed hypothetical protein (pHT01-hypo) was more 

pronounced as compared to the 30 kD putative encapsulating protein (pHT01-encap). 

Therefore, an extensive study involving the 25 kD hypothetical protein of Bl 1821L and Bl 1951 

in the future will be needed.  

2. Bactericidal activity of ~30 kD putative encapsulating protein is proposed to be due to the 

activation of transcriptional regulator family proteins (PadR & MarR) and YtxJ protein under 

some unknown stresses like iron deficiency or failure of the ferritin protein to detoxify the 

excessive iron or antibacterial activity of the cell penetrating peptides. Extensive research to 

decipher the plausible role of each factor may provide an insight into the killing mechanism of 

the 30 kD putative encapsulating protein of Bl 1821L and Bl 1951. 

3. The identified ~48 kD phage-like element PBSX protein XkdK of Bl 1821L could not be 

successfully expressed in the gram-positive bacterium Bs WB800N. Therefore, to affirm the 

role of 48 kD putative phage tail-sheath protein in bacterial lysis optimisation of the 

expression system needs to be undertaken. The lysis system of phages and the orthologous 

structures is mostly dependent upon the activity of two important proteins i.e. endolysin and 

holin. It will be useful to determine the role of lysis relevant proteins in the activity of the                   

Bl 1821L PBSX-like region for future studies. 

4. Variation in the antibacterial spectrum of crude lysates of Bl 1821L and Bl 1951 suggests the 

need for a thorough investigation into the tail fibre proteins of both the strains. Furthermore, 

the differences in the bactericidal activity of crude lysate (containing the 30 kD putative 

encapsulating protein and 48 kD phage tail-liker protein) and the purified ones suggests a 

toxin-antitoxin system may be involved in neutralising the effect of either 30 kD or 48 kD 

putative antibacterial protein which needs to be further studied. Future research will help to 

define the basis of the persister cell formation in the population of the Bl 1821L strain. 

5. Assessing the expression of the 25 kD hypothetical, ~30 kD putative encapsulating, and                    

~48 kD phage tail-sheath proteins through culture growth by qPCR analysis to further augment 

the role of relevant genes in the bactericidal activity will be required in the future.   
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Conclusion 

The present study isolated, purified, and characterised the putative antibacterial proteins of 

the insect pathogenic strains Bl 1821 and Bl 1951. Different plausible mechanism of bactericidal action 

of two putative antibacterial proteins of ~30 kD (encapsulating) and ~48 kD (phage contractile-tail 

sheath) in Bl 1821L and one putative encapsulating protein (~30 kD) of Bl 1951 were defined. The 

identified ~30 kD and ~48 kD putative antibacterial proteins are proposed to be involved in cell lysis 

by depolarisation of the bacterial cell membranes which results in the stymied growth of endemic 

strains. A 25 kD hypothetical protein with more potent bactericidal activity was also identified in                     

Bl 1821L and Bl 1951 but it needs further investigation. To counter the detrimental effects of these 

bactericidal proteins it is proposed to utilise fresh bacterial cultures as the old cultures are more 

vulnerable to autocidal activity. The supplementation of iron in the cultivating media may lessen the 

cell lysis due to malnutrition of iron. The population of Bl 1821L cells (persister) which tolerated the 

lethal effects of some of the size exclusion chromatographic fractions of Bl 1951 can be exploited for 

future use. The host range of phage tail-like antibacterial structures such as diffocins, monocins, and 

syringacins, has been altered in the previous studies using modern molecular tools so it is possible to 

use these technologies to protect the insect pathogenic bacterium from their deleterious effects. 

Overall, this research project provided a wealth of knowledge that will be useful in synthesising a 

biopesticide from this bacterium. 
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Appendices 

Appendix A 

A.1 Composition of modified LB medium 

 

A   

LB medium   

NaOH (0.0125% V/V) 10% w/v 0.0125% w/v 

MQW 994 ml  

Agar (Solid  Media) 15 g 15 g/L 

B 
(Filter sterilised) 

  

Glucose 20% w/v 50 ml  

Nitrilotriacetic acid (1.05 M) 1 ml 1.05 mM 

MgSO4.7H2o (0.59 M) 1 ml 0.059 mM 

CaCl2.2H2O (0.91 M) 1 ml 0.91 mM 

FeSO4.7H2o (0.04M) 1 ml 0.04 mM 

 

A.2 Spectrophotometer reading (OD600nm) of Bl 1951 culture after treatment 
with the mitomycin C at various concentrations 

 

Treatments 

Time intervals 
(Hours) % Decrease in     

    OD600nm 
0 2 4 6 24 

Mitomycin C  (1 µg/ml) 1.28 1.29 1.30 1.12 0.70 45.10 

Mitomycin C  (3 µg/ml) 1.26 1.25 1.22 1.16 0.20 83.93 

Control 1.11 1.24 1.16 1.22 1.74 -57.24 

*LSD (5%) (Control vs  Treated)  0.17 0.08 0.08 0.09 0.27 32.71 

LSD (5%) (MMC1 vs  MMC3) 0.15 0.07 0.07 0.08 0.24 29.26 
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A.3 Spectrophotometer reading (OD600nm) of Bl 1821L culture after treatment 
with the mitomycin C at various concentrations  

 

Treatments 

Time intervals 
(Hours) % Decrease in   

    OD600nm 
0 2 4 6 24 

Mitomycin C  (1 µg/ml) 1.41 1.44 1.46 1.48 0.71 49.65 

Mitomycin C  (3 µg/ml) 1.56 1.56 1.57 1.58 0.92 41.03 

Control 1.30 1.34 1.47 1.49 1.35 -3.85 

LSD (5%) (Control vs  Treated)  0.18 0.15 0.12 0.12 0.37 24.49 

LSD (5%) (MMC1 vs  MMC3) 0.16 0.14 0.12 0.11 0.34 22.68 

 

A.4 Spectrophotometer reading (OD600) of Bl Rsp culture after treatment with 
the mitomycin C at various concentrations  

 

Treatments 

Time intervals 
(Hours)  % Decrease in  

     OD600nm 
0 2 4 6 24 

Mitomycin C  (1 µg/ml) 1.81 1.54 1.49 1.16 0.78 56.91 

Mitomycin C  (3 µg/ml) 1.84 1.64 1.60 1.47 0.53 71.20 

Control 1.82 1.54 1.51 1.51 1.55 14.84 

LSD (5%) (Control vs  Treated)  0.09 0.06 0.18 0.21 0.43 24.30 

LSD (5%) (MMC1 vs  MMC3) 0.08 0.05 0.16 0.18 0.37 21.04 
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A.5 PHASTER analysis of Bl 1821L genomic sequence 

Brevibacillus laterosporus 1821L putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score #CDS Region position Possible phage GC% 

1 10.6 Incomplete 20 15 348784-359404 PHAGE_Brevib_Abouo_NC_029029 37.42 

2 51 Intact 150 75 1076136-1127198 PHAGE_Brevib_Davies_NC_022980 41.05 

3 12 Incomplete 30 17 1577874-1589929 PHAGE_Brevib_Abouo_NC_029029 37.14 

4 15.4 Incomplete 60 15 2590041-2605538 PHAGE_Paenib_Fern_NC_029029 38.84 

5 55.4 Questionable 80 62 2982707-3038154 PHAGE_Paenib_Tripp_NC_028930 47.73 

6 8 Incomplete 40 8 3092762-3100813 PHAGE_Bacill_Stahl_NC_028930 41.33 

7 12.7 Incomplete 30 17 3198519-3211275 PHAGE_Bacill_G_NC_023719 45.48 

8 24.5 Incomplete 30 26 3420150-3444700 PHAGE_Brevib_Jenst_NC_028805 38.84 

9 40.8 Incomplete 30 23 4379165-4419991 PHAGE_Bacill_SP_15_NC_031245 33.42 

10 21.2 Incomplete 20 24 4435295-4456587 PHAGE_Bacill_SPbeta_15_NC_001884 32.77 

11 54.5 Questionable 90 41 4488701-4543274 PHAGE_Brevib_Sundance_NC_028749 34.40 

12 9.3 Incomplete 30 16 5121841-5131188 PHAGE_Bacill_G_NC_023719 42.39 

13 27.3 Questionable 70 31 5353890-5381235 PHAGE_Bacter_Sitara_NC_028854 40.81 

14 7.6 Incomplete 40 7 5420595-5428284 PHAGE_Bacter_Diva_NC_028788 41.57 
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A.6 PHASTER analysis of Bl 1951 genomic sequence 

Brevibacillus laterosporus 1951 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 24.4 Incomplete 40 26 183763-208221 PHAGE_Brevib_Jenst_NC_028805  38.47 

2 13.4 Incomplete 30 19 869072-882492 PHAGE_Brevib_Sundance_NC_028749  35.21 

3 38.7 Incomplete 50 30 1203410-1242204 PHAGE_Brevib_Sundance_NC_028749  36.93 

4 21.8 Incomplete 10 32 1245431-1267281 PHAGE_Bacill_SPbeta_NC_001884 35.07 

5 47.7 Intact 100 43 1315240-1363038 PHAGE_Brevib_Sundance_NC_028749 34.28 

6 72.4 Intact 110 52 1509413-1581817 PHAGE_Brevib_Sundance_NC_028749  37.26 

7 11.4 Incomplete 30 16 1921184-1932589 PHAGE_Bacill_G_NC_023719 43.78 

8 23.4 Incomplete 50 45 3847737-3871182 PHAGE_Staphy_SLPW_NC_031008 41.16 

9 9.6 Incomplete 40 9 3944371-3954020 PHAGE_Strep_Dp_1_NC_015274 38.45 

10 28.8 Intact 130 35 4367288-4396142 PHAGE_Clostr_phiCD481_NC_028951 35.14 

11 23 Questionable 80 27 4880737-4903739 PHAGE_Bacer_Diva_NC_028788 38.28 

12 12.3 Incomplete 40 15 5424432-5436759 PHAGE_Bacill_G_NC_023719 45.81 
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A.7 PHASTER analysis of Bl Rsp genomic sequence 

Brevibacillus laterosporus Rsp putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 21.9 Intact 100 37 365934-387895 PHAGE_Bacter_Diva_NC_028788 37.66 

2 24.4 Questionable 70 37 1525405-1549833 PHAGE_Brevib_Jenst_NC_028805 38.74 

3 23 Incomplete 60 26 1627951-1650993 PHAGE_Brevib_Jenst_NC_028805 40.23 

4 47.3 Intact 150 75 2356533-2403923 PHAGE_Deep_s_D6E_NC_019544 42.44 

5 55.5 Intact 150 94 2479215-2534771 PHAGE_Brevib_Jimmer1_NC_029104 38.22 

6 10.4 Incomplete 40 18 3228457-3248947 PHAGE_Brevib_Abouo_NC_029029 39.08 

7 22.9 Intact 130 41 3249471-3272447 PHAGE_Lister_B054_NC_009813 42.88 

8 53.3 Intact 110 66 3774989-3828309 PHAGE_Rhodov_Vb_RhkS_P1_NC_031059 42.08 

9 29.9 Incomplete 60 26 38201193850102 PHAGE_Bcill_G_NC_031059 39.367 

10 14.1 Incomplete 40 31 4092920-4107070 PHAGE_Bacill_Shhbh1_NC_030925 43.27 

11 13.4 Incomplete 50 26 4932074-4945490 PHAGE_Brevib_Sundance_NC_028749 35.22 
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A.8 PHASTER analysis of Bl DSM 25 genomic sequence 

Brevibacillus laterosporus DSM 25 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 97.3 Intact 140 89 1070680-1168033 PHAGE_Brevib_Jenst_NC_028805 45.11 

2 13.9 Incomplete 10 24 1187150-1201124 PHAGE_Brevib_Jenst_NC_028805 43.40 

3 55.6 Questionable 90 38 2645632-2701303 PHAGE_Bacill_WBeta_NC_007734 37.40 

4 48.9 Intact 140 79 2941099-2990036 PHAGE_Brevib_Abouo_NC_029029 39.13 

5 7.3 Incomplete 40 7 3153753-3161146 PHAGE_Mycoba_Thibault_NC_023738 43.55 

6 8.9 Incomplete 40 9 3627507-3636432 PHAGE_Clostr_c_st_NC_007581 38.07 

7 60.4 Intact 130 90 4014505-4074995 PHAGE_Paenib_Tripp_NC_028930 48.40 

8. 44.7 Questionable 80 35 4502347-4547140 PHAGE_Brevib_Jenst_NC_028805 38.95 
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A.9 PHASTER analysis of Bl PE 36 genomic sequence 

Brevibacillus laterosporus PE 36 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 31.2 Intact 130 48 459-31753 PHAGE_Brevib_Jimmer1_NC_029104) 38.27 

2 7.5 Incomplete 30 16 406951-414470 PHAGE_Bacill_G_NC_023719 43.64 

3 43.5 Incomplete 50 27 1489860-1533406 PHAGE_Bacill_BalMu_1_NC_030945 42.84 

4 24.3 Incomplete 40 45 1548765-1573104 PHAGE_Brevib_Abouo_NC_029029 38.11 

5 44.9 Questionable 80 38 1854453-1899409 PHAGE_Brevib_Jenst_NC_028805 40.11 

6 42.2 Intact 110 51 3514438-3556715 PHAGE_Geobac_E2_NC_009552 42.01 

7 25.3 Incomplete 20 25 4665645-4690965 PHAGE_Brevib_Abouo_NC_029029 39.20 
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A.10 PHASTER analysis of Bl UNISS 18 genomic sequence 

Brevibacillus laterosporus UNISS 18 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 30.2 Questionable 70 28 301757-331978 PHAGE_Brevib_Jenst_NC_028805 39.75 

2 60.1 Intact 120 44 787599-847724 PHAGE_Deep_s_D6E_NC_019544 40.96 

3 37.7 Intact 130 49 2000754-2038539 PHAGE_Entero_phiFL4A_NC_013644 41.51 

4 19.1 Incomplete 40 17 5035744-5054936 PHAGE_Brevib_Jenst_NC_028805 40.35 

5 2.3 Incomplete 20 6 5060196-5062527 PHAGE_Brevib_Abouo_NC_029029 40.57 

6 29.4 Incomplete 60 13 5502159-5531646 PHAGE_Bacill_G_NC_023719 42.17 
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A.11 PHASTER analysis of Bl LMG 15441 genomic sequence 

Brevibacillus laterosporus LMG 15441 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 8.4 Incomplete 40 11 494147-502623 PHAGE_Clostr_c_st_NC_007581 41.31 

2 11.3 Incomplete 50 12 753408-764725 PHAGE_Clostr_phiSM101_NC_008265 36.27 

3 45 Questionable 80 39 2205017-2250064 PHAGE_Brevib_Jenst_NC_028805 40.12 

4 42.3 Questionable 90 33 3407363-3449731 PHAGE_Brevib_Abouo_NC_029029 38.03 

5. 30.2 Questionable 70 45 3490330-3520588 PHAGE_Strept_phiARI0462_NC_031942 37.73 

 

A.12 PHASTER analysis of Bl B9 genomic sequence 

Brevibacillus laterosporus B9 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 59.3 Intact 110 47 538520-597821 PHAGE_Brevib_Abouo_NC_029029 39.01 

2 22.9 Questionable 80 30 635805-658770 PHAGE_Lister_B054_NC_009812 42.02 

3 29.7 Incomplete 50 27 1417222-1446939 PHAGE_Bacill_BalMu_1_NC_030945 42.46 

4 4.7 Incomplete 40 7 1604147-1608926 PHAGE_Bacill_phi105_NC_004167 39.87 

5 45.2 Incomplete 40 23 3064465-3109735 PHAGE_Paenib_Fern_NC_028851 37.34 
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A.13 PHASTER analysis of Bl GI9 genomic sequence 

Brevibacillus laterosporus GI9 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 25 Incomplete 60 23 1177018-1202038 PHAGE_Bacill_phi105_NC_004167 37.99 

2 23.9 Questionable 90 34 2306331-2330297 PHAGE_Paenib_Tripp_NC_028930 47.64 

3 9.7 Incomplete 10 19 3543787-3553575 PHAGE_Brevib_Abouo_NC_029029 36.09 

4 24.6 Incomplete 40 26 4665074-4689724 PHAGE_Brevib_Jenst_NC_0298805 38.50 

 

A.14 PHASTER analysis of Bl NRS 590 genomic sequence 

Brevibacillus laterosporus NRS590 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 7.5 Incomplete 40 8 2941007-2948555 PHAGE_Bacill_BalMu_1_NC_030945 43.21 

2 5 Intact 109 7 3139933-3145027 PHAGE_Entero_lato_NC_001422 44.51 

3 25 Incomplete 50 29 3541081-3566175 PHAGE_Bacill_G_NC_023719 42.35 

4 47.2 Questionable 90 41 3727968-3775213 PHAGE_Brevib_Jenst_NC_028805 38.94 
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A.15 PHASTER analysis of Bl CCEB 342 genomic sequence 

Brevibacillus laterosporus CCEB 342 putative phage regions 

Region 
Region length 

(Kb) 
Completeness Score # CDS Region position Possible phage GC% 

1 54.6 Intact 130 49 1973507-2028201 PHAGE_Brevib_Jenst_NC_028805  40.45 

2 33.5 Incomplete 20 15 4448591-4482090 PHAGE_Brevib_Abouo_NC_029029 39.06 

3 10.8 Incomplete 20 17 4471092-4481982 PHAGE_Bacill_PfEFR_NC_031055 41.57 
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Appendix B 

B.1 BLASTp analysis of N-terminal sequenced protein (tr|A0A328R421|A0A328R421_BRELA) of Bl 1821L in GenBank 
database  

A
cc

e
ss

io
n

 

Description & % amino acids 
 similarity to the GenBank 
 accessions  

Amino acid sequence 

W
P

_1
13

7
56

84
5

.1
 

Phage tail sheath subtilisin-like domain 
containing protein  
Brevibacillus laterosporus 
(Identity 100%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGHIGILELAAEGGATVLGYRMTS 

GNGVAASYTQSDSFTLEARYPGLVGNDLQISIKESTVELGKKELQVKGPIKTEKFSFANVDELVTKAEQSIYIKVKKLGD 

KVAEETMMISLEGGTSGITSLTANDFTTLFNSISGTDFDAMYLPSADVAIQAAAKQFMSDRELFSKKRSTLVIGGLKDKD 

NNMNEHVQRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKAEKDWGHTDIQAALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIEIFDIEWEVL 

W
P

_1
58

3
25

96
8

.1
 

Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 99%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGHIGILELAAEGGATVLGYRMTS 

GNGVAASYTQSDSFTLEARYPGLVGNDLQISIKESTAELGKKELQVKGPIKTEKFSFANVDELVTKAEQSIYIKVKKLGD 

KVAEETMMISLEGGTSGITSLTANDFTTLFNSISGTDFDAMYLPSADVAIQAAAKQFMSDRELFSKKRSTLVIGGLKDKD 

NNMNEHVQRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKAEKDWGHTDIQAALNS 

GTLIAVRDGDVCLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGFGDKRGFRLAAKPLDAIEIFDIEWEVL 
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 W
P

_1
9

25
47

58
3

.1
 

Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacterium sp. JNUCC-42 
(Identity 98%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGHIEILELAAEGGATVLGYRMTS 

GNGVAASYTQSDSFTLEARYPGLVGNDLQISIKESTAELGKKELQVKGPIKTEKFSFANVDELVTKAEQSIYIKVKKLGD 

EAAEETMMISLEGGISGITSLTANDFTTLFNSISGIDFDAMYLPSADVAIQAAAKQFMSDRELFSKKRSTLVIGGLKDKD 

NNMNEHVQRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKAEKDWGHTDIQVALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIEIFDIEWEVL 

 

W
P

_1
04

0
32

22
2

.1
 

Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 92%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIGILELAAEGGATVVGYRMTN 

GKGVAATYSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 

W
P

_0
18

6
74

07
5

.1
 

Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIGILELAAEGGATVVGYRMTN 

GKGVAATYSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIEQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 

M
B

G
97

7
2

7
19

.1
 

Phage tail protein 
Brevibacillus laterosporus 
((Identity 91%) 
 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIGILELAAEGGATVVGYRMTN 

GKGVAATFSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Multispecies: phage tail sheath 
subtilisin-like domain containing 
protein (Brevibacillus) 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIGILELAAEGGATVVGYRMTN 

GKGVAATYSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEQVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVSETFGQIGILELAAEGGATVVGYRMTN 

GKGVSATYSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMHLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIGILELAAEGGATVVGYRMTN 

GKGVAATYSQEGSFAIEARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAAEETTLTSLSGGTSGITTLAANDFTTLFNSIAGIDFDAMYLPSADDGIQAAAKQFMVDRELFSKKRSTLVIGGMPEKD 

SNMNEQVERSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPLKKATKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAVEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDQGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus sp. 7WMA2  
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSIAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein  
Brevibacillus laterosporus 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GSLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 91%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSIAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPLADVGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus sp. SKDU 10 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYASLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWTAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSAANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GSLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 

W
P

_1
01

6
68

82
2

.1
 

Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERILPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GSLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQIITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCTIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(Identity 90%) 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLIGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMAALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GSLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath protein 
Brevibacillus laterosporus LMG 15441 
 (Identity 90%) 
 

MKNKYDNTYLHFEEVNSMTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDIL 

ELAAEGGATVVGYRMTNGKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDEL 

VTKAEQSIYIKVKKLGDKAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDREL 

FSKKRSTLVIGGLPEKDSNMNEHVDRSAANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLAGMIAATPAHISLSAQLVPMK 

KAAKDWGHTEIQNALNSGSLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNND 

IGGATFVGAVKTYLEVREAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail sheath subtilisin-like domain 
containing protein 
Brevibacillus laterosporus 
(90%) 
 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTN 

GKSVAASYSQEGSIAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGD 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPAKD 

SNMNEHVDRSVANNSRRVVNCAIAGQHVNGKTYGSLEWTAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Phage tail protein 
Brevibacillus laterosporus 
(90%) 
 

MTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQVITMKGYEERVAETFGQIDILELAAEGGATVVGYRMMN 

GKSVAASYSQEGSLAIQARYPGLVGNELQISIKDSTAELGKKELQVKGPVKTEKFSFANMDELVTKAEQSIYIKVKKLGE 

KAVEETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDRELFSKKRSTLVIGGLPEKD 

SNMNEHVERSVANNSRRVVNCAIAGQHVNGKTYSSLEWAAWLAGMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNS 

GTLIAVRDGDVYLIESAVNTLTTLKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVR 

EAQGAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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B.2 BLASTp analysis of the N-terminal sequenced 48 kD putative antibacterial protein and the identified accessions 
tr|A0A518VEB0|A0A518VEB0_BRELA & tr|A0A0F7EFA2|A0A0F7EFA2_BRELA of Bl 1821L in the Uniprot database  

 

A
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Description & % amino acids  similarity 
to the Uniprot accessions  

Amino acid sequence 

tr
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0
A

0
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Phage tai sheath protein 
Brevibacillus laterosporus LMG 15441 
90.3% identical to A0A518VEB0 
98.2% identical to A0A0F7EFA2 

MKNKYDNTYLHFEEVNSMTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQV 

ITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTNGKSVAASYSQEGSIAIQARYPGL 

VGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGDKAV 

EETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDREL 

FSKKRSTLVIGGLPEKDSNMNEHVDRSAANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLA 

GMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNSGSLIAVRDGDVYLIESAVNTLTT 

LKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVREAQ 

GAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Uncharacterised protein 
Brevibacillus borstelensis AK1 

69.9% identical to A0A518VEB0 
69.4% identical to A0A0F7EFA2 

MAIQRERPGVTVEMIAVAQERVLPKSGVVLVPYQAEWGAPDTMVRMTGYDERVAETFAEN 

DVIELAAEGGATIIGYRVTNGAAVAASYEQPDAIRIEARYPGLRGNDLKVSISASTAEPG 

KQELQVVGPISTEKFSFADAAELVMKTKQSIYVRVKKLGDADIADVSLTSLSGGVTGTAP 

LTSADATKMFTAVSGADFDTMYLPFADPAVQAAAKQFMSDRRGLNKKLSTLVIAGKEADD 

DNMVSHTERSVAQNVRYVVNNAIAGEHNNGKYYNSLQWAAWVAGMIAATPAHESMTGVVV 

PLKKAKKDWGHTEILQALSTGTLIAIRDGDVYVIESAVNTLSVLGPKDREDYGKIRVSMT 

LDQIQNDIQTVGKKYKGKLSNNDIGGATFVGAVKAYLEVREQQGAIDTGWIFEDKKNGVG 

DRRGFRLSAKPLDAIEYFDVEWEVL 
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Phage tail protein 
Brevibacillus fluminis  

68.0% identical to A0A518VEB0 
68.9% identical to A0A0F7EFA2 

MTIQRERPGVTVELIAKAQERVLPKSGVVLVPYQAEWGAPDTLIRMAGFEERVAETFGEI 

DVLELAAASGATVIGFRMTDANTKTASYSQNDAIKIEARYPGTRGNQLRISITASSAEPG 

KKELQVTGGIKTEKYSFATAEELVGKTAESLHIRVTKLGTTSVTDVAETSLSGGTTGTAA 

LTAADFTKLFSAIGGADFDTLYLPSADPAIQAAAKQFMLDRRTLNKKMSTLVIGGKVEDD 

ANMAKHTERSVAQNARYVINCAIAGEHVSGKDYSSLQWAAWVAGMAAATPAHVSLTAQPV 

PLKKARKDWSHTEILSALYTGTLIATRDGDSYLIESAINTLSVLGTGEREDFGKIRVSMT 

IDQIQNDALTVGKKYMGKLPNNDLGAAVFVGAYTTYLKIREEQGAIDAGWVFEDTKNGVG 

DRRSFRLAARPLDAIEYFDLSWEVQ 

tr
|C

0
Z5

G
9

|C
0

Z5
G

9
_B

R
EB

N
 

Uncharacterised protein 
Brevibacillus brevis (strain 47/JCM 6285       
/NBRC 100599) 

68.1% identical to A0A518VEB0 
68.1% identical to A0A0F7EFA2 
 

DTVELAAEGGATILAYRMTNGTATKAAYEQADAIRVEALYPGLVGNELKVTITVSTSEPG 

KKELQVTGPLQTEKFSFADANELAAKTSQSNYVRVKKLGETAVTIVPETALTGAKSGTVA 

LASADSTKLFMAVSGADFDAMYLPFDDSAVQAAAKQFMSDRRTQNKKLSTLVIGGKAADD 

ENMAKHIERSVAQNARFVVNSAIAGQHNNGKVYGSLEWAAWVAGMIAATPAHESLTAVVV 

PLKKALKDWGHTDILSALGSGTLIATRDGDVYIIESAVNTLAVLGTHEREDYGKIRVSMT 

LDQIVNDISQVGKKYKGKLGNNDLGGAVFVSAVNAYMTVREQQGAIDTGWTFTDKKNGIG 

DRRGFLLSAKPLDAIEYFDIDWEVL 
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B.3 Amino acid alignment of the 48 kD Uniprot predicted proteins of Bl 1821L (tr|A0A518VEB0|A0A518VEB0_BRELA & 
tr|A0A0F7EFA2|A0A0F7EFA2_BRELA), and their identical proteins of the genus Brevibacillus along with the PBSX-like 
region proteins of Bs 168 using CLUSTALO 
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            *Highlighted dark grey color amino acids denote similarity among the aligned phage tail-sheath proteins.  
               (Refer to Appendix B.4 & B.5)  
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B.4 Distance matrices of 48 kD predicted Bl 1821L proteins (tr|A0A0F7EFA2|A0A0F7EFA2_BRELA & tr|A0A518VEB0| 
A0A518VEB0_BRELA) to the identical proteins of the genus Brevibacillus along with the analogous protein of the Bs 168 
using the programme Geneious basic 
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) Uniprot Accession # 

(https://www.uniprot.org) 

A0A0F7EFA2 A0A2S5HM29 A0A075R9L5 A0A177XJV1 A0A518VEB0 H0U638 P54331 

A0A0F7EFA2  0.05 0.02 0.01 0.11 0.02 1.53 

A0A2S5HM29 0.05  0.05 0.05 0.09 0.05 1.51 

A0A075R9L5 0.02 0.05  0.01 0.1 0.01 1.55 

A0A177XJV1 0.01 0.05 0.01  0.1 0.01 1.54 

A0A518VEB0 0.11 0.09 0.1 0.1  0.1 1.45 

H0U638 0.02 0.05 0.01 0.01 0.1  1.53 

P54331 1.53 1.51 1.55 1.54 1.45 1.53  

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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B.5 Amino acids alignment (%) of 48 kD predicted Bl 1821L proteins (tr|A0A0F7EFA2|A0A0F7EFA2_BRELA & tr|A0A518VEB0 
|A0A518VEB0_BRELA) to the identical proteins of the genus Brevibacillus along with the analogous protein of the Bs 168 
using the programme Geneious basic 
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Uniprot Accession # 
(https://www.uniprot.org) 

A0A0F7EFA2 A0A2S5HM29 A0A075R9L5 A0A177XJV1 A0A518VEB0 H0U638 P54331 

A0A0F7EFA2  95.1 98.2 99.1 89.9 98.4 22.3 

A0A2S5HM29 95.1  94.8 95.5 91.7 95.1 22.1 

A0A075R9L5 98.2 94.8  98.8 90.3 98.9 22.4 

A0A177XJV1 99.1 95.5 98.8  90.3 99.1 22.7 

A0A518VEB0 89.9 91.7 90.3 90.3  90.3 22.7 

H0U638 98.4 95.1 98.8 99.1 90.3  22.9 

P54331 22.3 22.1 22.4 22.7 22.7 22.9  

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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B.6 BAGEL4 analysis of Bl 1821L and Bl 1951 genomes 

 

 

 
Note: The red arrows denote the BAGEL4 predicted core peptides laterosporulin and UviB in the Bl 1821L and Bl 1951 genomes.  
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B.7 BAGEL4 analysis showing encoded genes of the predicted areas of interest (AOI) in the Bl 1821L genome 

 

 
 

 
Note: The red arrows denote the location of the encoded core peptide genes in the Bl 1821L genome. 
(Refer to Appendix B.8 & B.9). 
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B.8 BAGEL4 analysis describing genes of the area of interest (AOI-1) in the Bl 1821L genome 

 

 
 

Note: The red arrow denote the predicted core peptide laterosporulin in the Bl 1821L genome. 
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B.9 BAGEL4 analysis describing genes of the of the area of interest (AOI-4) in the Bl 1821L genome 

 

 
 

Note: The red arrow denote the predicted core peptide UviB in the Bl 1821L genome. 
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B.10 BAGEL4 analysis showing encoded genes of the predicted areas of interest (AOI) in the Bl 1951 genome 

 

 
 

Note: The red arrows denote the location of the encoded core peptide genes in the Bl 1951 genome. 
(Refer to Appendix B.11 & B.12). 
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B.11 BAGEL4 analysis describing genes of the of the area of interest (AOI-1) in the Bl 1951 genome  

 

 
 

Note: The red arrow denote the predicted core peptide laterosporulin in the Bl 1951 genome. 
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B.12  BAGEL4 analysis describing genes of the of the area of interest (AOI-4) in the Bl 1951 genome  

 

 
 

Note: The red arrow denote the predicted core peptide UviB in the Bl 1951 genome. 
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Appendix C                                                                                                                                                                                   

C.1 Bl 1821L CFU/ml at various time intervals converted into log10 CFU/ml 

Time intervals 
(Hours) 

1st Experiment 2nd Experiment 3rd Experiment Mean value 

CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml 

3 2.00E+05 5.301 4.20E+05 5.623 6.35E+05 5.803 4.18E+05 5.576 

6 1.45E+05 5.161 4.30E+05 5.633 5.75E+05 5.760 3.83E+05 5.518 

12 3.30E+05 5.519 2.35E+05 5.371 1.05E+05 5.021 2.23E+05 5.304 

18 2.60E+05 5.415 6.50E+04 4.813 4.50E+04 4.653 1.23E+05 4.960 

24 3.40E+05 5.531 3.70E+05 5.568 5.50E+04 4.740 2.55E+05 5.280 

36 4.15E+05 5.618 1.55E+05 5.190 2.20E+05 5.342 2.63E+05 5.384 

48 4.15E+05 5.618 4.90E+05 5.690 1.20E+06 6.079 7.02E+05 5.796 

60 4.31E+06 6.634 1.65E+05 5.217 1.36E+06 6.132 1.94E+06 5.995 

72 3.85E+06 6.585 1.60E+05 5.204 6.15E+05 5.789 1.54E+06 5.859 

96 2.40E+05 5.380 1.85E+05 5.267 1.70E+06 6.229 7.07E+05 5.626 

120 4.25E+05 5.628 5.40E+05 5.732 2.66E+06 6.425 1.21E+06 5.929 

144 1.39E+06 6.143 1.39E+06 6.143 1.63E+06 6.212 1.47E+06 6.166 

168 6.05E+05 5.782 2.52E+06 6.401 1.70E+06 6.230 1.61E+06 6.138 

192 2.38E+06 6.376 2.30E+06 6.362 3.83E+06 6.583 2.84E+06 6.440 

216 1.58E+06 6.197 1.30E+06 6.112 2.62E+06 6.418 1.83E+06 6.243 

240 1.86E+06 6.270 2.14E+06 6.330 1.33E+06 6.124 1.78E+06 6.241 
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C.2 Experiment 1: Production kinetics of putative antibacterial proteins of             
Bl 1821L  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1821L as the host 
bacterium 

Bl 1951 as the host 
bacterium 

3 5.301 7.02 10.33 10.00 

6 5.161 7.02 11.00 11.00 

12 5.519 8.43 12.00 15.00 

18 5.415 8.59 12.33 15.67 

24 5.531 8.71 11.67 15.00 

36 5.618 8.97 12.67 14.67 

48 5.618 9.02 13.33 13.00 

60 6.634 9.14 14.00 17.33 

72 6.585 8.92 13.33 18.00 

96 5.380 9.20 12.00 14.67 

120 5.628 9.34 12.67 12.67 

144 6.143 9.28 12.67 12.67 

168 5.782 9.16 13.00 13.00 

192 6.376 9.15 13.00 12.67 

216 6.197 9.11 13.00 13.33 

240 6.270 9.10 12.00 13.33 

 

Note: Host bacterium (Bl 1821L) was grown under laboratory conditions in LB broth on an orbital 

shaker with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time 

intervals to determine the effect of produced putative antibacterial proteins on the number of viable 

cells. CFS of each time interval were obtained to find out the pH and the antibacterial activity of the 

produced putative antibacterial proteins. 
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C.3 Experiment 2: Production kinetics of putative antibacterial proteins of             
Bl 1821L  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1821L as the host 
bacterium 

Bl 1951 as the host 
bacterium 

3 5.623 7.10 12.00 10.33 

6 5.633 7.14 11.33 11.33 

12 5.371 7.84 14.00 12.33 

18 4.813 8.19 12.33 14.67 

24 5.568 8.62 12.33 16.00 

36 5.190 9.13 12.33 16.67 

48 5.690 9.27 10.67 13.33 

60 5.217 9.43 11.00 14.33 

72 5.204 9.44 11.33 14.00 

96 5.267 9.41 12.33 14.00 

120 5.732 9.40 12.00 14.00 

144 6.143 9.25 12.33 12.00 

168 6.401 9.21 13.00 11.67 

192 6.362 9.32 13.67 12.33 

216 6.112 9.54 13.33 10.33 

240 6.330 9.51 13.67 12.33 

 

Note: Host bacterium (Bl 1821L) was grown under laboratory conditions in LB broth on an orbital 

shaker with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time 

intervals to determine the effect of produced putative antibacterial proteins on the number of viable 

cells. CFS of each time interval were obtained to find out the pH and the antibacterial activity of the 

produced putative antibacterial proteins. 
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C.4 Experiment 3: Production kinetics of putative antibacterial proteins of             
Bl 1821L  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1821L as the host 
bacterium 

Bl 1951 as the host 
bacterium 

3 5.803 7.07 11.67 12.00 

6 5.760 6.97 12.67 12.67 

12 5.021 7.77 14.00 15.67 

18 4.653 8.27 15.00 15.33 

24 4.740 8.75 15.33 14.67 

36 5.342 9.27 16.00 14.67 

48 6.079 9.48 13.00 15.00 

60 6.132 9.55 14.00 15.33 

72 5.789 9.58 13.67 14.33 

96 6.229 9.65 10.67 13.00 

120 6.425 9.68 11.67 13.67 

144 6.212 9.45 12.67 13.67 

168 6.230 9.59 13.33 13.00 

192 6.583 9.48 11.00 11.67 

216 6.418 9.54 12.33 10.67 

240 6.124 9.56 9.33 11.00 

 

Note: Host bacterium (Bl 1821L) was grown under laboratory conditions in LB broth on an orbital 

shaker with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time 

intervals to determine the effect of produced putative antibacterial proteins on the number of viable 

cells. CFS of each time interval were obtained to find out the pH and the antibacterial activity of the 

produced putative antibacterial proteins. 
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C.5 Bl 1951 CFU/ml at various time intervals converted into log10 CFU/ml 

Time intervals 

(Hours) 

1st Experiment 2nd Experiment 3rd Experiment Mean values 

CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml CFU/ml log10 CFU/ml 

3 1.30E+06 6.114 1.10E+06 6.041 2.80E+06 6.447 1.73E+06 6.239 

6 1.90E+06 6.279 2.25E+06 6.352 2.05E+06 6.312 2.07E+06 6.315 

12 1.38E+07 7.138 3.05E+06 6.484 5.35E+06 6.728 7.38E+06 6.868 

18 1.40E+06 6.146 2.20E+06 6.342 7.00E+05 5.845 1.43E+06 6.156 

24 2.50E+05 5.398 1.45E+06 6.161 1.30E+06 6.114 1.00E+06 6.000 

36 4.00E+06 6.602 2.25E+06 6.352 5.00E+06 6.699 3.75E+06 6.574 

48 1.21E+07 7.083 2.80E+06 6.447 2.11E+07 7.323 1.20E+07 7.079 

60 8.25E+06 6.916 5.25E+06 6.720 5.20E+06 6.716 6.23E+06 6.795 

72 6.40E+06 6.806 7.80E+06 6.892 5.25E+06 6.720 6.48E+06 6.812 

96 9.95E+06 6.998 1.14E+07 7.055 6.55E+06 6.816 9.28E+06 6.968 

120 8.15E+06 6.911 2.67E+07 7.426 7.65E+06 6.884 1.42E+07 7.151 

144 1.57E+07 7.195 1.57E+07 7.195 6.70E+06 6.826 1.27E+07 7.103 

168 7.10E+06 6.851 1.44E+07 7.158 1.17E+07 7.068 1.11E+07 7.044 

192 9.80E+06 6.991 9.00E+06 6.954 1.04E+07 7.017 9.73E+06 6.988 

216 1.11E+07 7.043 1.06E+07 7.025 1.49E+07 7.173 1.22E+07 7.086 

240 2.52E+07 7.401 2.48E+07 7.394 3.75E+06 6.574 1.79E+07 7.253 
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C.6 Experiment 1: Production kinetics of putative antibacterial proteins of            
Bl 1951  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1951 as the host 
bacterium 

Bl 1821L as the host 
bacterium 

3 6.114 6.55 0.00 14.33 

6 6.279 6.93 0.00 13.33 

12 7.138 7.55 10.00 13.67 

18 6.146 8.17 14.00 16.00 

24 5.398 8.47 12.67 13.67 

36 6.602 9.00 13.33 13.00 

48 7.083 8.93 13.33 12.67 

60 6.916 8.89 13.33 12.67 

72 6.806 8.96 13.33 12.00 

96 6.998 9.07 13.67 12.33 

120 6.911 9.03 13.00 12.67 

144 7.195 9.19 11.33 13.00 

168 6.851 9.13 13.00 13.67 

192 6.991 9.13 12.33 13.00 

216 7.043 9.11 12.67 13.33 

240 7.401 8.88 12.00 13.33 

 

Note: Host bacterium (Bl 1951) was grown under laboratory conditions in LB broth on an orbital shaker 

with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time intervals to 

determine the effect of produced putative antibacterial proteins on the number of viable cells. CFS of 

each time interval were obtained to find out the pH and the antibacterial activity of the produced 

putative antibacterial proteins. 
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C.7 Experiment 2: Production kinetics of putative antibacterial proteins of          
Bl 1951  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1951 as the host 
bacterium 

Bl 1821L as the host 
bacterium 

3 6.041 7.12 0.00 12.67 

6 6.352 7.15 0.00 11.00 

12 6.484 7.63 12.00 14.00 

18 6.342 8.15 13.33 14.33 

24 6.161 8.60 12.33 11.33 

36 6.352 9.12 11.00 12.67 

48 6.447 9.07 12.67 11.33 

60 6.720 9.10 11.67 11.00 

72 6.892 9.17 12.33 14.00 

96 7.055 9.22 14.00 15.33 

120 7.426 9.29 13.33 13.67 

144 7.195 9.18 13.33 13.33 

168 7.158 9.28 11.67 16.33 

192 6.954 9.22 14.00 14.33 

216 7.025 9.29 12.33 14.33 

240 7.394 9.33 13.00 16.00 

 

Note: Host bacterium (Bl 1951) was grown under laboratory conditions in LB broth on an orbital shaker 

with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time intervals to 

determine the effect of produced putative antibacterial proteins on the number of viable cells. CFS of 

each time interval were obtained to find out the pH and the antibacterial activity of the produced 

putative antibacterial proteins. 
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C.8 Experiment 3: Production kinetics of putative antibacterial proteins of        
Bl 1951  

Time interval 
(Hours) 

log10 CFU/ ml pH  of CFS 

Zone of inhibition diameter 
(mm) 

Bl 1951 as the host 
bacterium 

Bl 1821L as the host 
bacterium 

3 6.447 7.17 0.00 10.00 

6 6.312 7.17 0.00 12.33 

12 6.728 7.85 10.00 13.00 

18 5.845 8.22 12.67 14.67 

24 6.114 8.77 10.67 14.33 

36 6.699 9.04 10.67 13.67 

48 7.323 9.24 12.00 13.00 

60 6.716 9.37 11.67 11.00 

72 6.720 9.42 11.67 12.00 

96 6.816 9.42 13.67 11.67 

120 6.884 9.37 12.00 12.33 

144 6.826 9.36 12.00 12.00 

168 7.068 9.42 11.33 14.00 

192 7.017 9.53 13.00 13.67 

216 7.173 9.56 10.67 13.33 

240 6.574 9.39 13.33 11.33 

 

Note: Host bacterium (Bl 1951) was grown under laboratory conditions in LB broth on an orbital shaker 

with 250 rpm at 30oC. The host bacterial samples were drawn at the aforementioned time intervals to 

determine the effect of produced putative antibacterial proteins on the number of viable cells. CFS of 

each time interval were obtained to find out the pH and the antibacterial activity of the produced 

putative antibacterial proteins. 
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Appendix D                                                                                                                                                                                                                                                                                       

D.1 N-terminal sequenced short amino acid match hits to the gene of 25 kD putative hypothetical protein encoded in Bl 1821 
and Bl 1951 genomes 

 

 

Note: Refer to supplementary material for N-terminal sequence data of purified ~30 kD excised bands of Bl 1821L & Bl 1951.  

https://doi.org/10.25400/lincolnuninz.16713442 
 

https://doi.org/10.25400/lincolnuninz.16713442
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D.2 N-terminal sequenced short amino acid match hits to the 30 kD putative bacteriocin family protein/encapsulating protein 
for a DyP-type peroxidase or ferritin-like protein oligomer gene encoded in Bl 1821 and Bl 1951 genomes 

 

 

Note: Refer to supplementary material for N-terminal sequence data of purified ~30 kD excised bands of Bl 1821L & Bl 1951. 

https://doi.org/10.25400/lincolnuninz.16713442 

https://doi.org/10.25400/lincolnuninz.16713442
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D.3 Amino acids alignment of 25 kD putative hypothetical protein of Bl 1821L and Bl 1951 using BLASTp analysis 
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D.4 Amino acid alignment of putative bacteriocin family protein (30 kD) of Bl 1821L and putative encapsulating protein for a 
DyP-type peroxidase or ferritin-like protein (30 kD) of Bl 1951 using BLASTp analysis 
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D.5 BLASTp analysis of 30 kD putative encapsulating protein of Bl 1821L and Bl 1951 identified accessions tr|A0A502IA18| 
A0A502IA18_BRELA and tr|A0A2S5H3X5|A0A2S5H3X5_BRELA after N-terminal sequencing 

Accession 
Description & % amino acid similarity  to 
the  Uniprot identified accessions 

Amino acid sequence 
tr

|A
0

A
07

5
R

6D
8

|A
0

A
0

75
R

6
D

8
_B

R
EL

A
 

Linocin M18 bacteriocin family protein 
Brevibacillus laterosporus LMG 15441 
(97.1% identity to  A0A502IA18)  
(99.3% identity to A0A2S5H3X5) 

MDKSQKFPDSPLSKEEWRQLDETIVDMARRQLVGRRFIDIYGPLGEGIQTITNDIYDESR 

FGNMSLRGESLELTQPSKRVSLTIPIVYKDFMLYWRDMAQARTLGMPIDLSPAANAASSC 

ALMEDDLIFNGNPEFDLPGIMNVKGRLTHIKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYSLLHRVHKGTNVLEIDHIRNLVTDGVFQSPVIKGGALVATGRHNLDLAIAE 

DFDSAFLGDEQMNSLMRVYECAVLRIKRPSAICTLEMTEE 

tr
|A

0
A

1
A

5
X

Q
9

2
|A

0
A

1
A

5
X

Q
9

2_
B

R
EL

A
 

Bacteriocin 
Brevibacillus sp. WF146 
(87.9% identity to  A0A502IA18) 
(87.9% identity to A0A2S5H3X5 ) 

MDKLRKFPDSPLTNDEWRQLDQTVVEMARRQLVGRRFIDIYGPLGEGIQTITNDIYEESR 

FGGLSLRGESLELTQPSRRVSLTIPILYKDFVLYWRDVAQARTLGMPLDMSAAANAAAGC 

ALMEDDLIFNGSAEFDLPGLMNVKGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYSLLHRVHKGTNVLEIEHIRNLVTDGVYQSPTIKGRTGVLVATGRHNLDLAI 

AEDFDTAFLGDEQMNSFFRVYECVVLRIKRPSAICTLEETEE 
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tr
|M

8
D

YN
1

|M
8

D
YN

1
_9

B
A

C
L 

Uncharacterised protein 
Brevibacillus borstelensis AK1 
(87.2% identity to  A0A502IA18 ) 
(86.9% identity to A0A2S5H3X5) 

MDKLRKYPDSPLTHDEWKQLDETVVDMARRQLVGRRFLDIYGPLGEGIQTITNDIYDESR 

FGGLNLRGESLEMTQPSKRVSLTIPILYKDFMLYWRDVAQARTLGMPLDMSAAANAAAGC 

ALMEDDLIFNGSPGLDLPGLMNVKGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYSLLHRVHKGTNVLEIEHVRNLVTDGVFQSPTIKGRSGVLVATGRHNLDLAI 

AEDFDTSFLGDEQMNSLFRVYECVVLRIKRPSAICTLEETEE 

tr
|C

0
ZH

N
4

|C
0

ZH
N

4
_B

R
EB

N
 

Uncharacterised protein 
Brevibacillus brevis (strain 47/ JCM 6285/ 
NBRC 100599) 
(87.2% identity to  A0A502IA18) 
(86.9% identity to A0A2S5H3X5) 

MDKLRKYPDSPLTTEEWNQLDATVVDMARRQLVGRRFIDIYGPLGEGIQTITNDVYEESR 

FGGLSLRGESLEMTQPSRRVSMTIPILYKDFMLYWRDVAQARTLGMPLDMSAAANAAAGG 

ALMEDDLIFNGAAEFDLPGLMNVKGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYSLLHRVHKGTNVLEIEHVRNLVTDGVFQSPTIKGRSGVLVATGRHNLDLAI 

AEDFDSAFLGDEQMNSLFRVYECVVLRIKRPSAICTLEETEE 
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tr
|A

0
A

1
I3

V
YI

9
|A

0
A

1
I3

V
YI

9_
9

B
A

C
L 

Uncharacterised protein 
Lincocin/CFP29 family  
Brevibacillus centrosporus 
(86.5% identity to  A0A502IA18) 
(86.2% identity to A0A2S5H3X5) 

MDKLRKYPDSPLTNEEWNQLDATVIDMARRQLVGRRFIDIYGPLGEGIQTITNDVYDESR 

FGGLSLRGESLEMTQPSRRVSMTIPILYKDFMLYWRDVAQARTLGMPLDMSAAANAAAGG 

ALMEDDLIFNGAAEFDLPGLMNVKGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYALLHRVHKGTNVLEIEHVRNLVTDGVFQSPTIKGRSGVLIATGRHNLDLAI 

AEDFDSAFLGDEQMNSLFRVYECVVLRIKRPSAICTLEETEE 

tr
|V

6
M

3
H

3
|V

6
M

3
H

3
_9

B
A

C
L 

Bacteriocin  
Brevibacillus panacihumi W25 
(85.5 % identity to  A0A502IA18) 
(85.5 % identity to A0A2S5H3X5) 

MDKLRKYPDSPLTHDEWKQLDETVVDMARRQLVGRRFIDIYGPLGEGIQTITNDVYEESR 

FGGLSLRGESLEMTQPSKRVSMTIPILYKDFMLYWRDVAQARTLGMPLDMSAAANAAAGG 

ALMEDDLIFNGAAEFDLPGLMNVKGRLTHLKSDWMESGNAFADVVEARNKLLKMGHSGPY 

ALVVSPELYALLHRVHKGTNVLEIEHVRNLVTDGVYQSPTIKGRSGVLVATGRHNLDLAI 

AEDFDTSFLGDEQMNSLFRVYECVVLRIKRPSAICTLEDTEE 
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tr
|A

0
A

3M
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3

|A
0

A
3M

8D
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3
_9

B
A

C
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Bacteriocin 
Brevibacillus fluminis 
(85.4% identity to  A0A502IA18) 
(85.1% identity to A0A2S5H3X5) 

MDKLSRYPDSPLSRDEWKQLDDTVIDMARRQLVGRRFLDIYGPLGEGVQTITNDIYDESR 

FGGLNLRGESLELTQPSRRVSLTIPILYKDFMLYRRDISQARTLGMPLDLSASANAAASC 

ALMEDDLIFNGSSEFDLPGLMNVKGRLTHLKSDWMESGNAFADVVEARNKLLKMGHSGPY 

AMVVSPELYTLLHRVHKGTTVLEIEHIRNLVTDGVYQSPVIKGRSGVIVATGRHNLDLAI 

AEDFDSAFLGDEQMNSLLRVYECAALRIKRPSAICTLEETE 

tr
|A

0
A

6M
1

U
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1
|A
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A
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M
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_
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A
C
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Bacteriocin family protein 
Brevibacillus sp. SYP-B805 
(68.8% identity to  A0A502IA18) 
(79.1% identity to A0A2S5H3X5) 

MEKHHKFPDAPLSPDEWRQLDETVVEMARRQLVGRRFIDIYGPLGEGIQAISNDLYEESR 

VGALNLRGEGLELTQPSRRVSLTIPILYNDFVLYWRDISQARTLGIPLDFSGAANAAAGC 

ALLEDDLIFNGSPAFELPGLMNVTGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALAVSPELYSLLHRVHQGTNVLEIEHIRSLVTEGVYQTPAIQGRAGVLVSCGRHNLDLAI 

AEDFNTAFMEDEQMNSVFRVYECVVLRIKRPSAICTLEEAEK 
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Bacteriocin 
Ammoniphilus sp. CFH 90114 
(71.9% identity to  A0A502IA18) 
(75.8% identity to A0A2S5H3X5) 

MTKISRFPDSPLSSAEWQQLDETIVNVARKQLVGRRFIDVYGPLGQGVQSVSNDIYTESQ 

SGGMSLRGDTLSLSTSIKRVNLTIPILYKDFMLYWRDIQQAKTLDMPIDMGPAANASIQC 

ARLEDDLIFNGSEEMDLPGLMNVKGRLTHIRSDWMESGKAFSDIVEAINKLLQMGHTGPY 

ALAVSPQLYALLHRVHPGTNVLEIEHIRELVTDGVYQTPVIKGNAGVLVATGQHNLDLAI 

AEDFDSAFLGDEQMNHLFRVYECVALRIKRPSAICTLEDHE 

tr
|A

0
A
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A
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Bacteriocin  
Bacillus taeanensis 
(68.8% identity to  A0A502IA18) 
(72.3 % identity to A0A2S5H3X5) 

MDKLTRYADSPLNETDWHQLDETVIENARRNLVGRRFIDIYGPLGQGVQSVINDIYEQSE 

LGVVSIHGNSLELTEPTRRVHLTIPMLYKDFQLYWRDIEQAKTLNLPIDFSAAANAAAQC 

ALLEDDLIFNGSNQFDFPGLMNVKGRLTHIRSDWMKSGNAFSDIVEARNKLLQMGNTGPY 

ALVVSPSLYALLHRVHQGTNVLEIEHIRELVTDGVYQSPVIKGEAGVVVATGRHHLDLAI 

SEDFDTAYMDSEHMNHFFRVYECAVLRIKRPSAICTLEDPKGGK 
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D.6 BLASTp analysis of 25 kD putative hypothetical protein of Bl 1821L and Bl 1951 identified accession tr|A0A502I846| 
A0A502I846_BRELA after N-terminal sequencing 

Accession 
Description &  % amino acid similarity  to 
the  Uniprot identified accessions 

Amino acid sequence 

tr
|A

0
A

07
5

R
9

Z9
|A

0
A

07
5R

9Z
9

_B
R

EL
A

 

Uncharacterised protein  
Brevibacillus laterosporus LMG 15441 
(90.7% identity to A0A502I846) 

MLQEIKQLHTIFTRTLEGINVFRTMVQPLIDHARDEHMKLYYHHISEEEEQREERLHDLV 

PRLSQIIQEKNLDQLSDRELSHLLSDLNLERFGLHNFREHLELALYEFTDEPSRLKLDSM 

RENTHQDYLATKEIMVKLSEKFSDVVPAKMDTHDHDHGHDIHQVNHFEASSALQDSSSSK 

QPATVHADTHSHSAETSVMKKGLTVGSLRHLNRHV 
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Encapsulated protein  
Brevibacillus centrosporus  
(57.8% identity to A0A502I846) 

MQDFTQLHTIFDRTRGYINRFMGIIQPIIDAAQDEHTRLYYHHILEEEEQRMGRLQQLVP 

HLESLSAEKKSDQLSDRELSQLLSDINLERFGLHNFREHLELSLYEFRDDETRMELDGMR 

EKTHADYLQVKDIMSKLSERFSDVYTTDLTDHDEGHDVHQVDHLKASASAPLGVASVITH 

PQTPVSGKKGLTVGSLKGLH 
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Uncharacterised Brevibacillus sp.WF 146 
(57.6% identity to A0A502I846) 

MQEMSQLHAIFTRTSGFIERFMGIIQPIIDAAQDEHTRLYYHHILEEEEQRLGRLNELIP 

YLGSLIDGNKAEQLSDRELSRLLSDINLERFGLHNFREHLELSLYEFQDEETRSALNSMR 

EATQEDYLRVKEIIAALSERFSDGDRRPDLTDHDEGHDIHQVDHLKASAAQTGAAHAGKA 

PGAAQTVSAPAAKKGLTVGSLKGL 
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Uncharacterised protein 
Brevibacillus panacihumi W25 
(57.4% identity to A0A502I846) 

MQELSQLHAIFDRTQGYIHRFMSLIQPIIDAAQDEHTRLYYHHILEEEEQREDRLKELIP 

YLQSLSAEKAEQLSDRELSRLLSDINLERFGLHNFREHLELALYEFRDEETRLDLDGMRA 

TTHEDYLRVKDIMASLSERFSDVSHPALTDHDEGHDIHAVDHLKASAALPKGVASVIKHE 

TSPAPAKKGLTVGSLKGK 
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Uncharacterised protein 
Brevibacillus borstelensis AK1 
(56.2% identity to A0A502I846) 

MDKLRKYPDSPLTHDEWKQLDETVVDMARRQLVGRRFLDIYGPLGEGIQTITNDIYDESR 

FGGLNLRGESLEMTQPSKRVSLTIPILYKDFMLYWRDVAQARTLGMPLDMSAAANAAAGC 

ALMEDDLIFNGSPGLDLPGLMNVKGRLTHLKSDWMESGNAFADIVEARNKLLKMGHSGPY 

ALVVSPELYSLLHRVHKGTNVLEIEHVRNLVTDGVFQSPTIKGRSGVLVATGRHNLDLAI 

AEDFDTSFLGDEQMNSLFRVYECVVLRIKRPSAICTLEETEE 
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Uncharacterised protein  
Brevibacillus borstelensis AK1  
(55.3% identity to A0A502I846) 

MQEMSQLHAIFSRTRGYIDRFAEIIQPIIDAAQDEHTRLYYHHILEEEEQRLGRLQELIP 

YIGSLDEAKKAEQLSDRELSRLLSDINLERFGLHNFREHLELSLYEFKDEETRQLLNSMR 

ESTQEDYLRVKEIMAALSERFSDVHRPDLTDHDEGYDIHQVDHLKASSSPAVANTGKTAA 

APAAKTGRKGLTVGSLKGMF 
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Uncharacterised protein  
Brevibacillus fluminis 
(54.8% identity to A0A502I846) 

MQTIVEAHAIFERTKAAIGKFMSIIQPVIDNAQDEHTRLYYHHILEEEEQRLGRLEELIP 

YLKEISSAPVENLSDRELSHMLSDLNLERFGLHNFREHLELSLYEFSDEERRSLLNTMRE 

STQNDYLRMKDIMTELASRFSDVKLSSIEDHDHGHDIHQVDHLKASSKTATPAATAPAVA 

IPAKKGLTVGSLRGK 
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D.7 (A). Amino acids alignment of Bl 1821L hypothetical protein located at the 5’ end of putative bacteriocin family protein           
(30 kD) with the corresponding protein residing in the analogous position in the Bl 1951 genome. (B). Amino acids 
alignment of hypothetical protein encoded immediate position to the (A) with the corresponding protein of Bl 1951 
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D.8 N-terminal sequenced short amino acid match hits to the gene of putative phage tail protein (48 kD) encoded in Bl 1821L 
genome 

 

 

 
Note: Refer to supplementary material for N-terminal sequence data of purified ~48 kD excised band of Bl 1821L  

https://doi.org/10.25400/lincolnuninz.16713727   

https://doi.org/10.25400/lincolnuninz.16713727
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D.9 BLASTp analysis of 48 kD identified putative phage tail protein of Bl 1821L with accessions tr|A0A518VEB0|A0A518VEB0_ 
BRELA and tr|A0A0F7EER1|A0A0F7EER1_BRELA after N-terminal sequencing 

Accession 
Description &  % amino acid similarity  to 
the  Uniprot identified accessions 

Amino acid sequence 
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Phage tail sheath protein  
Brevibacillus laterosporus LMG 15441 
(90.3% Homology to A0A518VEB0)  
(73.5% Homology to A0A0F7EER1) 

MKNKYDNTYLHFEEVNSMTIQRERPGVNVELKAKAQERVLPKSGVVLVPYLAEWGAPDQV 

ITMKGYEERVAETFGQIDILELAAEGGATVVGYRMTNGKSVAASYSQEGSIAIQARYPGL 

VGNELQISIKDSTAELGKKELQVKGPIKTEKFSFANMDELVTKAEQSIYIKVKKLGDKAV 

EETAMTALSGGTSGIATLSATDFTTLFNSISGVDFDAMYLPSADAGIQAAAKQFMVDREL 

FSKKRSTLVIGGLPEKDSNMNEHVDRSAANNSRRVVNCAIAGQHVNGKTYGSLEWAAWLA 

GMIAATPAHISLSAQLVPMKKAAKDWGHTEIQNALNSGSLIAVRDGDVYLIESAVNTLTT 

LKAAEREDFGKIRVSMTLDQIVNDITSVGKKYKGKLDNNDIGGATFVGAVKTYLEVREAQ 

GAIDKGWIFEDKKNGIGDKRGFRLAAKPLDAIELFDIEWEVL 
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Uncharacterised protein 
Brevibacillus borstelensis AK1 
(69.9% Homology to A0A518VEB0)  
(66.5% Homology to A0A0F7EER1) 

MAIQRERPGVTVEMIAVAQERVLPKSGVVLVPYQAEWGAPDTMVRMTGYDERVAETFAEN 

DVIELAAEGGATIIGYRVTNGAAVAASYEQPDAIRIEARYPGLRGNDLKVSISASTAEPG 

KQELQVVGPISTEKFSFADAAELVMKTKQSIYVRVKKLGDADIADVSLTSLSGGVTGTAP 

LTSADATKMFTAVSGADFDTMYLPFADPAVQAAAKQFMSDRRGLNKKLSTLVIAGKEADD 

DNMVSHTERSVAQNVRYVVNNAIAGEHNNGKYYNSLQWAAWVAGMIAATPAHESMTGVVV 

PLKKAKKDWGHTEILQALSTGTLIAIRDGDVYVIESAVNTLSVLGPKDREDYGKIRVSMT 

LDQIQNDIQTVGKKYKGKLSNNDIGGATFVGAVKAYLEVREQQGAIDTGWIFEDKKNGVG 

DRRGFRLSAKPLDAIEYFDVEWEVL 
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Phage tail protein 
Brevibacillus fluminis 
(68.0% Homology to A0A518VEB0)  
(65.1% Homology to A0A0F7EER1) 

MTIQRERPGVTVELIAKAQERVLPKSGVVLVPYQAEWGAPDTLIRMAGFEERVAETFGEI 

DVLELAAASGATVIGFRMTDANTKTASYSQNDAIKIEARYPGTRGNQLRISITASSAEPG 

KKELQVTGGIKTEKYSFATAEELVGKTAESLHIRVTKLGTTSVTDVAETSLSGGTTGTAA 

LTAADFTKLFSAIGGADFDTLYLPSADPAIQAAAKQFMLDRRTLNKKMSTLVIGGKVEDD 

ANMAKHTERSVAQNARYVINCAIAGEHVSGKDYSSLQWAAWVAGMAAATPAHVSLTAQPV 

PLKKARKDWSHTEILSALYTGTLIATRDGDSYLIESAINTLSVLGTGEREDFGKIRVSMT 

IDQIQNDALTVGKKYMGKLPNNDLGAAVFVGAYTTYLKIREEQGAIDAGWVFEDTKNGVG 

DRRSFRLAARPLDAIEYFDLSWEVQ 
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Uncharacterised protein 
Brevibacillus brevis (strain 47/JCM 6285/ 
NBRC 100599) 
(68.1% Homology to A0A518VEB0)  
(66.3% Homology to A0A0F7EER1) 
 

MTIQRERPGVTVELIAKAKERVVPKSGVVLVPYQAEWGAPDELVKLGSFEERIAQTFGKV 

DTVELAAEGGATILAYRMTNGTATKAAYEQADAIRVEALYPGLVGNELKVTITVSTSEPG 

KKELQVTGPLQTEKFSFADANELAAKTSQSNYVRVKKLGETAVTIVPETALTGAKSGTVA 

LASADSTKLFMAVSGADFDAMYLPFDDSAVQAAAKQFMSDRRTQNKKLSTLVIGGKAADD 

ENMAKHIERSVAQNARFVVNSAIAGQHNNGKVYGSLEWAAWVAGMIAATPAHESLTAVVV 

PLKKALKDWGHTDILSALGSGTLIATRDGDVYIIESAVNTLAVLGTHEREDYGKIRVSMT 

LDQIVNDISQVGKKYKGKLGNNDLGGAVFVSAVNAYMTVREQQGAIDTGWTFTDKKNGIG 

DRRGFLLSAKPLDAIEYFDIDWEVL 
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Phage tail protein  
Brevibacillus sp. SYP-B805  
(66.6% Homology to A0A518VEB0)  
(66.1% Homology to A0A0F7EER1) 

MTIQRDRPGLTLEMIAKAKERVLTKTGVALVPYVAEWGAPDTLVKMTGYDERIAETFGEV 

DVIELAAEGGATILGYRITNGSAVAAYYSQADAIKIEARYPGLRGNDLKVSIAPSTAEPG 

KKELQVKGPIKTEKFSFADADELVSKTSQSIYVRVSKLGDAAITDLAETNLQNGTSGTPA 

TLSSADAIKLFTAVSGADFDSMYLPFDDPAIQAAFRQFVYDRRKLSKKMSTGVIGGKAEE 

DEIMEKHTERSVAMNARYMVNCAIAGTHNNGKEYDSLQWAAWAAGIIAATPAHESLTAVV 

VPMKKAKKDWGHTEILNALSTGTLIATRDGDVYTIESAVNTLSTLGPGEREDFGKIRVSM 

TLDQIYNDIAAPVKKYKGKLDNNDIGGGVFVGAVKAYMEIREEQGAIASGWTFTDKKNGV 

GDRRGFKLSAQPLDAIEYFDVEWEVL 
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Phage tail sheath protein  
Aneurinibacillus sp. XH2 
(49.1% Homology to A0A0F7EER1) 
(50.7% Homology to A0A0F7EER1) 

MSIQRIRGGVYIDLMAVAKERILPRSGRVLVPYQGDWGRPNFPVDMANTAERTAETCLLV 

DEVELAAENGATVVGFNITNGTEKKAAIEVATNYVIEAKYPGARGNDFGRLIRKSIGDPS 

KKEMVVKDTKGIFEDEVFVFESRKDLENRLKKSKMVRFVDKSTDEALDIPETTFEQLSGG 

VSGIGTITPTDWTRIFNQINGVQFDAMYLPTFDPAVQAAAKQWMTDRRKQERRLSQLVVA 

GDPNKDDDMEAHNARSRAMNARFIINNTIAGRHINGKEYNSLQWAAWLAGLVAGTPANVS 

MTNMKVPLEEALIDWGHSDVMKGLSEGTLMATRDGYDYVIESAVNTLTTLGPGEREDFGK 

IRVSMTIDQIMNDIYTAGKKYKAKLDNDSDGRAIFIGAVLEYLKIRAEQKAIDKQFSFTE 

HPTKKSDFDFAYFKLFAKPLDAVEAFFVDWEVA 
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Phage tail sheath protein  
Paenibacillus donghaensis  
(48.3% Homology to A0A0F7EER1) 
(49.7% Homology to A0A0F7EER1) 

MSIQRNRPGAYVELQAIAKSRVQSVSGRVLIPCQAEWGAPNKAVDMADRSERLKETGLQV 

DELELAAESGATVIGYRVTNGNEKAAAVAVEDSYTIEARYPGTRGNDFEYMVRAALVDAA 

KKEIVIRDSKGIYDTETFLVTDKAEAVETLKKSNMVRLKDTGATALADVAYTKLIGGTTG 

TAAITAANWSSVFNRIDGLMFDVVYLPSPDAAVQAAAKQWLLDRRNKARKLAQLVIAGAA 

ASDSDIEAHNARSRAANARFIINCSLAGEHTNGKIYTSLQWAAWVAGLAAGTPANKSFTG 

VKVPMTEAKVDWSHSEVLKGLSEGTLMATRDGYDYIIESAVNTLTTLGAGEREDFGKIRV 

SMTIDQVLNDIYAAGKKNKAKLDNDPEGRGLFIAAVVGYLKIRAEQKAIGSEFTFTEHPT 

KTSDMDYAYFSLSAKPLDAIEIFNIDWEVA 
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D.10 Amino acid alignment of the Bl 1821L PBSX-like region tail fibre protein (A0A518VE83) with the tail fibre protein (S5M627) 
and putative tail fibre protein (S5MNY5) of Brevibacillus phage Abouo using the Geneious basic (A) and CLUSTALO (B)   
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D.11 Amino acid alignment % of the Bl 1821L PBSX-like region tail fibre protein (tr|A0A518VE83|A0A518VE83_BRELA) with the 
tail fibre protein tr|S5M627|S5M627_9CAUD and putative tail fibre protein tr|S5MNY5|S5MNY5_9CAUD of Brevibacillus 
phage Abouo using Geneious basic  
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) Uniprot Accession # 
(https://www.uniprot.org) 

A0A518VE83 S5M627 S5MNY5 

A0A518VE83  3.51 30.0 

S5M627 3.51  50.0 

S5MNY5 30.0 50.0  
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D.12 Amino acids alignment of 48 kD identified Bl 1821L and Bl 1951 phage like-element PBSX protein XkdK (tr|A0A518VEB0| 
A0A518VEB0) with the similar proteins of other gram-positive bacteria (See Table 6.10) using the programme CLUSTALO   
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            *Highlighted dark grey colour amino acids denote similarity among the aligned phage-like element PBSX protein XkdK. 
               (Refer to Appendix D.13 & D.14).  
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D.13 Distance matrices of 48 kD identified Bl 1821L and Bl 1951 phage-like element PBSX protein XkdK (tr|A0A518VEB0| 
A0A518VEB0_BRELA) with the similar proteins of other gram-positive bacteria 
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A0A0D1WNL8  1.34 0.8 0.8 0.84 1.4 0.8 0.8 1.33 1.46 1.51 0.8 0.8 

A0A3M8B733 1.34  1.44 1.44 1.43 0.38 1.4 1.44 0.36 0.14 1.64 1.4 1.44 

A0A5B0B6Z4 0.8 1.44  0 0.56 1.52 0.37 0 1.45 1.45 1.49 0.37 0 

A0A6H0H1P2 0.8 1.44 0  0.56 1.52 0.37 0 1.45 1.45 1.49 0.37 0 

A0A061P351 0.84 1.43 0.56 0.56  1.42 0.57 0.56 1.45 1.38 1.54 0.57 0.56 

A0A075R9L5 1.4 0.38 1.52 1.52 1.42  1.44 1.55 0.1 0.39 1.49 1.44 1.55 

A0A410KN98 0.8 1.4 0.37 0.37 0.57 1.44  0.37 1.4 1.37 1.66 0 0.37 

A0A410QZ71 0.8 1.44 0 0 0.56 1.55 0.37  1.45 1.45 1.49 0.37 0 

A0A518VEB0 1.33 0.36 1.45 1.45 1.45 0.1 1.4 1.45  0.39 1.52 1.4 1.45 

C0Z5G9 1.46 0.14 1.45 1.45 1.38 0.39 1.37 1.45 0.39  1.66 1.37 1.45 

Q18BN0 1.51 1.64 1.49 1.49 1.54 1.49 1.66 1.49 1.52 1.66  1.66 1.49 

R4JQA6 0.8 1.4 0.37 0.37 0.57 1.44 0 0.37 1.4 1.37 1.66  0.37 

P54331 0.8 1.44 0 0 0.56 1.55 0.37 0 1.45 1.45 1.49 0.37  

http://www.uniprot.org/
http://www.uniprot.org/
https://www.uniprot.org/
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D.14 Amino acids alignment % of 48 kD identified Bl 1821L and Bl 1951 phage-like element PBSX protein XkdK (tr|A0A518VEB0| 
A0A518VEB0_BRELA) with the similar proteins of other gram-positive bacteria 
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A0A0D1WNL8  23.9 41.5 41.5 39.8 22.0 42.6 41.5 22.7 23.2 22.0 42.6 41.5 

A0A3M8B733 23.9  21.2 21.2 20.7 68.2 20.6 21.2 69.0 86.0 18.4 20.6 21.2 

A0A5B0B6Z4 41.5 21.2  100.0 51.8 20.3 64.8 100.0 21.2 20.5 22.4 64.8 100.0 

A0A6H0H1P2 41.5 21.2 100.0  51.8 20.3 64.8 100.0 21.2 20.5 22.4 64.8 100.0 

A0A061P351 39.8 20.7 51.8 51.8  19.0 53.4 51.8 18.8 19.4 20.5 53.4 51.8 

A0A075R9L5 22.0 68.2 20.3 20.3 19.0  19.8 20.3 89.1 67.4 19.3 19.8 20.3 

A0A410KN98 42.6 20.6 64.8 64.8 53.4 19.8  64.8 20.3 22.0 20.1 100.0 64.8 

A0A410QZ71 41.5 21.2 100.0 100.0 51.8 20.3 64.8  21.2 20.5 22.4 64.8 100.0 

A0A518VEB0 22.7 69.0 21.2 21.2 18.8 89.1 20.3 21.2  68.1 19.9 20.3 21.2 

C0Z5G9 23.2 86.0 20.5 20.5 19.4 67.4 22.0 20.5 68.1  20.2 22.0 20.5 

Q18BN0 22.0 18.4 22.4 22.4 20.5 19.3 20.1 22.4 19.9 20.2  20.1 22.4 

R4JQA6 42.6 20.6 64.8 64.8 53.4 19.8 100.0 64.8 20.3 22.0 20.1  64.8 

P54331 41.5 21.2 100.0 100.0 51.8 20.3 64.8 100.0 21.2 20.5 22.4 64.8  

http://www.uniprot.org/
http://www.uniprot.org/
https://www.uniprot.org/
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D.15 Amino acids alignment of 48 kD identified Bl 1821L and Bl 1951 putative phage tail-sheath protein accession 
tr|A0A0F7EER1|A0A0F7EER1_BRELA with the phage tail-sheath protein of different Bl phages   
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             *Highlighted dark grey colour amino acids denote similarity among the aligned phage tail-sheath like proteins.  
                (Refer to Appendix D.16 & D.17). 
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D.16 Distance matrices of 48 kD identified Bl 1821L and Bl 1951 putative phage tail-sheath protein accession tr|A0A0F7EER1| 
A0A0F7EER1_BRELA with the phage tail-sheath proteins of different Bl phages 
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S5MUG6  0.01 0 0.01 1.56 0.01 0.03 

S5MNC1 0.01  0.01 0 1.51 0 0.01 

S5MCF5 0 0.01  0.01 1.56 0.01 0.03 

S5MBG7 0.01 0 0.01  1.51 0 0.01 

A0A518VEB0 1.56 1.51 1.56 1.51  1.51 1.52 

A0A0K2FLW7 0.01 0 0.01 0 1.51  0.01 

A0A0K2CNL4 0.03 0.01 0.03 0.01 1.52 0.01  

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.17 Amino acids alignment (%) of 48 kD identified Bl 1821L and Bl 1951 putative phage tail-sheath protein accession 
tr|A0A0F7EER1|A0A0F7EER1_BRELA with the phage tail-sheath proteins of different Bl phages 
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S5MUG6  98.6 100 98.6 21.9 98.6 97.5 

S5MNC1 98.6  98.6 100 21.7 100 98.9 

S5MCF5 100 98.6  98.6 21.9 98.6 97.5 

S5MBG7 98.6 100 98.6  21.7 100 98.9 

A0A518VEB0 21.9 21.7 21.9 21.8  21.7 21.7 

A0A0K2FLW7 98.6 100 98.6 100 21.7  98.7 

A0A0K2CNL4 97.5 98.9 97.5 98.9 21.7 98.9  

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.18 Amino acids alignment of 48 kD identified Bl 1821L and Bl 1951 phage-like element PBSX protein XkdK accession 
tr|A0A518VEB0|A0A518VEB0_BRELA with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 using 
programme CLUSTALO  
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         *Highlighted dark grey colour amino acids denote similarity among the aligned phage-like element PBSX protein XkdK. 
            (Refer to Appendix D.19 & D.20) 
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D.19  Distance matrices of 48 kD identified Bl 1821L and Bl 1951 phage-like element PBSX protein XkdK accession  
tr|A0A518VEB0|A0A518VEB0_BRELA with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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) Uniprot Accession # 
(https://www.uniprot.org) 

P54331 
 

A0A518VEB0 
 

R4JQA6 
 

E0U1S9 
 

P54331  1.45 0.37 0.01 

A0A518VEB0 1.45  1.40 1.47 

R4JQA6 0.37 1.40  0.37 

E0U1S9 0.01 1.47 0.37  

 
 
 
 
 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.20 Amino acids alignment (%) of 48 kD identified Bl 1821L and Bl 1951 phage-like element PBSX protein XkdK accession 
tr|A0A518VEB0|A0A518VEB0_BRELA with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 

 

U
n

ip
ro

t 
A

cc
e

ss
io

n
 #

 
(h

tt
p

s:
//

w
w

w
.u

n
ip

ro
t.

o
rg

 )
 

Uniprot Accession # 
(https://www.uniprot.org) 

P54331 
 

A0A518VEB0 
 

R4JQA6 
 

E0U1S9 
 

P54331  22.9 66.5 98.7 

A0A518VEB0 22.9  21.6 22.9 

R4JQA6 66.5 21.6  66.5 

E0U1S9 98.7 22.9 66.5  

 
 
 
 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.21 Amino acids alignment of tail protein (tr|A0A518VEA0|A0A518VEA0_BRELA) of PBSX-like region of Bl 1821L and Bl 1951 
with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 using programme CLUSTALO 
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                       *Highlighted dark grey colour amino acids denote similarity among the aligned phage-like element PBSX protein XkdK.  
                         (Refer to Appendix D.22 & D.23) 
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D.22 Distance matrices of tail protein (tr|A0A518VEA0|A0A518VEA0_BRELA) of PBSX-like region of Bl 1821L and                   Bl 
1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 

 

U
n

ip
ro

t 
A

cc
e

ss
io

n
 #

 
(h

tt
p

s:
//

w
w

w
.u

n
ip

ro
t.

o
rg
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(https://www.uniprot.org) 

P54334 E0U1T3 R4JJ03 A0A518VEA0 

P54334  0.56 0.85 0.71 

E0U1T3 0.56  0.84 1.73 

R4JJ03 0.85 0.84  1.79 

A0A518VEA0 0.71 1.73 1.79  

 

 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.23 Amino acids alignment (%) of tail protein (tr|A0A518VEA0|A0A518VEA0_BRELA) of PBSX-like region of Bl 1821L and               
Bl 1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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) Uniprot Accession # 
(https://www.uniprot.org) 

P54334 E0U1T3 R4JJ03 A0A518VEA0 

P54334  51 37 0 

E0U1T3 51.9  37.1 50 

R4JJ03 37 37.1  0 

A0A518VEA0 0 50 0  

 

 

 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.24 Amino acids alignment of holin protein (tr|A0A075R9K7|A0A075R9K7_BRELA) of PBSX-like region of Bl 1821L and Bl 1951 
with the similar protein of the defective prophages PBSZ, PBSX, and PBP180 using programme CLUSTALO  

 

 

 

       *Highlighted dark grey colour amino acids denote similarity among the aligned holin proteins. 
         (Refer to Appendix D.25 & D.26) 
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D.25 Distance matrices of holin protein (tr|A0A075R9K7|A0A075R9K7_BRELA) of PBSX-like region of Bl 1821L and Bl 1951 with 
the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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Uniprot Accession # 
(https://www.uniprot.org) 

A0A075R9K77 E0U1U5 R4JHG4 Q99163 

A0A075R9K77  2.41 1.48 1.89 

E0U1U5 2.41  0.45 0.08 

R4JHG4 1.48 0.45  0.47 

Q99163 1.89 0.08 0.47  

 

 

 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.26 Amino acids alignment (%) of holin protein (tr|A0A075R9K7|A0A075R9K7_BRELA) of PBSX-like region of Bl 1821L and           
Bl 1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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(https://www.uniprot.org) 

A0A075R9K77 E0U1U5 R4JHG4 Q99163 

A0A075R9K77  13.6 11.4 13.6 

E0U1U5 13.6  64.4 89.8 

R4JHG4 11.4 64.4  61.4 

Q99163 13.6 89.8 61.6  

 

 

 

https://www.uniprot.org/
https://www.uniprot.org/
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D.27 Schematic presentation of amino acids alignment of holin protein tr|A0A075R9K7|A0A075R9K7_BRELA of PBSX-like 
region of Bl 1821L and Bl 1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 using 
programme Geneious basic (A) and CLUSTALO (B) 
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D.28 Amino acids alignment of N-acetylmuramoyl-L-alanine amidase protein (tr|A0A518VEA4|A0A518VEA4_BRELA) of PBSX-
like region of Bl 1821L and Bl 1951 genome with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
using the programme CLUSTALO 

 

 

 
      *Highlighted dark grey colour amino acids denote similarity among the aligned N-acetylmuramoyl-L-alanine amidase proteins. 
                      (Refer to Appendix D.29 & D.30). 
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D.29 Distance matrices of N-acetylmuramoyl-L-alanine amidase protein (tr|A0A518VEA4|A0A518VEA4_BRELA) of PBSX-like 
region of Bl 1821L and Bl 1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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Uniprot Accession # 
(https://www.uniprot.org) 

A0A518VEA4 E0U1U7 R4JMV0 P39800 

A0A518VEA4  0.22 1.75 1.40 

E0U1U7 0.22  0.55 0.05 

R4JMV0 1.75 0.55  0.54 

P39800 1.40 0.05 0.54  

 
 
 
 
 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.30 Alignment (%) of N-acetylmuramoyl-L-alanine amidase protein (tr|A0A518VEA4|A0A518VEA4_BRELA) of PBSX-like 
region of Bl 1821L and Bl 1951 with the similar proteins of the defective prophages PBSZ, PBSX, and PBP180 
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(https://www.uniprot.org) 

A0A518VEA4 E0U1U7 R4JMV0 P39800 

A0A518VEA4  15.4 7.7 15.4 

E0U1U7 15.4  53.5 95.3 

R4JMV0 7.7 53.5  53.9 

P39800 15.4 95.3 53.9  

 

 
 
 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.uniprot.org/
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D.31 Schematic presentation of amino acids alignment of N-acetylmuramoyl-L-alanine amidase protein tr|A0A518VEA4| 
A0A518VEA4_BRELA of PBSX-like region of Bl 1821L and Bl 1951 with the similar proteins of the defective prophages PBSZ, 
PBSX, and PBP180 using programme Geneious basic (A) and CLUSTALO (B) 
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Appendix E                                                                                                   

E.1 Interaction table showing the effect of crude Bl 1821L putative 
antibacterial proteins (ABPs) on the number of viable cells (log10 CFU/ml) 
of the host bacteria (Bl 1821L & Bl 1951) 

Time intervals 
(Hours) 

Host 

Treatments 

*LSD 
   (5%) Control 

(LB broth) 
Crude Bl 1821L 

ABPs 

1 
Bl 1821L 6.633 6.645 

0.350 
Bl 1951 6.501 6.616 

3 
Bl 1821L 6.529 6.529 

0.281 
Bl 1951 6.552 6.686 

6 
Bl 1821L 6.432 6.330 

0.377 
Bl 1951 6.556 6.703 

12 
Bl 1821L 7.034 6.937 

0.312 
Bl 1951 6.912 7.093 

18 
Bl 1821L 7.100 7.199 

0.228 
Bl 1951 7.019 7.067 

24 
Bl 1821L 7.199 7.130 

0.317 
Bl 1951 6.727 6.882 

 
*=Least significant difference
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E.2 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium Bl 1821L 
and Bl 1951 (Experiment no. 1). Values of % decrease/increase in the number of viable cells are calculated from CFUs 
values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

Bl 1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

1 
4.20E+06 

(6.623)* 

1.55E+06 

(6.190) 
63.10 

3.40E+06 

(6.531) 

5.30E+06 

(6.724) 
-55.88 

3 
1.55E+06 

(6.190) 

1.65E+06 

(6.217) 
-6.45 

3.70E+06 

(6.568) 

5.30E+06 

(6.724) 
-43.24 

6 
8.20E+06 

(6.914) 

5.10E+06 

(6.708) 
37.80 

3.30E+06 

(6.519) 

7.50E+06 

(6.875) 
-127.27 

12 
1.60E+07 

(7.203) 

1.33E+07 

(7.122) 
16.93 

1.04E+07 

(7.015) 

2.23E+07 

(7.347) 
-114.98 

18 
1.87E+07 

(7.272) 

1.22E+07 

(7.085) 
35.03 

1.20E+07 

(7.079) 

1.20E+07 

(7.079) 
0.00 

24 
2.59E+07 

(7.412) 

2.46E+07 

(7.390) 
5.03 

3.80E+06 

(6.580) 

9.10E+06 

(6.959) 
-139.47 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.3 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium Bl 1821L 
and Bl 1951 (Experiment no. 2). Values of % decrease/increase in the number of viable cells are calculated from CFUs 
values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl  1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

Bl  1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

1 
5.45E+06 

(6.736)* 

3.90E+06 

(6.591) 
28.44 

2.90E+06 

(6.462) 

4.30E+06  

(6.633) 
-48.28 

3 
4.60E+06 

(6.663) 

6.25E+06 

(6.796) 
-35.87 

3.65E+06 

(6.562) 

5.75E+06  

(6.760) 
-57.53 

6 
1.00E+06 

(6.000) 

1.45E+06 

(6.161) 
-45.00 

3.05E+06 

(6.484) 

8.10E+06  

(6.908) 
-165.57 

12 
1.58E+07 

(7.197) 

1.89E+07 

(7.275) 
-19.68 

1.12E+07 

(7.047) 

8.40E+06  

(6.924) 
24.66 

18 
1.74E+07 

(7.241) 

2.18E+07 

(7.338) 
-25.29 

8.50E+06 

(6.929) 

1.27E+07  

(7.102) 
-48.82 

24 
1.28E+07 

(7.107) 

8.15E+06 

(6.911) 
36.33 

4.85E+06 

(6.686) 

8.55E+06  

(6.932) 
-76.29 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.4 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium Bl 1821L 
and Bl 1951 (Experiment no. 3). Values of % decrease/increase in the number of viable cells are calculated from CFUs 
values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl  1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

Bl  1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

1 
2.70E+06 

(6.431)* 

1.12E+07 

(7.047) 
-312.96 

3.00E+06 

(6.477) 

3.45E+06  

(6.538) 
-15.00 

3 
4.95E+06 

(6.695) 

4.95E+06 

(6.695) 
0.00 

2.60E+06 

(6.415) 

3.65E+06  

(6.562) 
-40.38 

6 
2.60E+06 

(6.415) 

1.35E+06 

(6.130) 
48.08 

2.95E+06 

(6.470) 

1.85E+06  

(6.267) 
37.29 

12 
5.40E+06 

(6.732) 

2.30E+06 

(6.362) 
57.41 

3.25E+06 

(6.512) 

1.20E+07  

(7.079) 
-269.23 

18 
7.00E+06 

(6.845) 

2.23E+07 

(7.348) 
-218.57 

1.10E+07 

(7.041) 

1.10E+07  

(7.039) 
0.45 

24 
2.14E+07 

(7.330) 

1.85E+07 

(7.266) 
13.79 

5.25E+06 

(6.720) 

4.70E+06  

(6.672) 
10.48 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.5 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium Bl 1821L 
and Bl 1951 (Experiment no. 4). Values of % decrease/increase in the number of viable cells are calculated from CFUs 
values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl  1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

Bl  1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in CFU/ml 

1 
5.50E+06 

(6.740)* 

5.65E+06 

(6.752) 
-2.73 

3.40E+06 

(6.531) 

3.70E+06 

(6.568) 
-8.82 

3 
3.70E+06 

(6.568) 

2.55E+06 

(6.407) 
31.08 

4.60E+06 

(6.663) 

5.00E+06 

(6.699) 
-8.70 

6 
2.50E+06 

(6.398) 

2.10E+06 

(6.322) 
16.00 

5.65E+06 

(6.752) 

5.75E+06 

(6.760) 
-1.77 

12 
1.01E+07 

(7.002) 

9.75E+06 

(6.989) 
2.99 

1.19E+07 

(7.074) 

1.05E+07 

(7.021) 
11.39 

18 
1.10E+07 

(7.041) 

1.06E+07 

(7.025) 
3.64 

1.07E+07 

(7.027) 

1.12E+07 

(7.049) 
-5.16 

24 
8.80E+06 

(6.944) 

8.95E+06 

(6.652) 
-1.70 

8.40E+06 

(6.924) 

9.20E+06 

(6.964) 
-9.52 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.6 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1821L and 
Bl 1951 (Experiment no. 1) 

Time intervals 
(Hours) 

Treatments 

Bl  1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

Bl  1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.98 1.98 0.00 1.99 1.97 1.01 

3 1.86 1.84 0.81 1.91 1.80 6.02 

6 1.69 1.69 0.00 1.75 1.71 2.29 

12 1.35 1.30 4.07 1.69 1.51 10.39 

18 1.29 1.19 7.78 1.66 1.49 10.27 

24 1.30 1.13 13.13 1.72 1.28 25.58 
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E.7 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1821L and 
Bl 1951 (Experiment no. 2) 

Time intervals 
(Hours) 

Treatments 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.98 1.99 -0.25 1.93 1.91 1.04 

3 1.86 1.83 1.35 1.75 1.77 -1.43 

6 1.66 1.56 6.02 1.52 1.63 -6.91 

12 1.32 1.25 5.32 1.35 1.44 -6.67 

18 1.23 1.25 -1.63 1.25 1.32 -5.62 

24 1.29 1.21 6.23 1.30 1.26 3.46 
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E.8 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1821L and 
Bl 1951 (Experiment no. 3) 

Time intervals 
(Hours) 

Treatments 

Bl  1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

Bl  1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.99 1.99 0.00 1.84 1.82 1.09 

3 1.82 1.86 -0.03 1.71 1.70 0.29 

6 1.51 1.59 -0.08 1.50 1.50 0.00 

12 1.28 1.26 0.02 1.35 1.25 7.43 

18 1.19 1.20 -0.01 1.11 1.16 -4.52 

24 1.19 1.18 0.01 1.10 1.06 3.64 
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E.9 Effect of crude Bl 1821L putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1821L and 
Bl 1951 (Experiment no. 4) 

Time intervals 
(Hours) 

Treatments 

Bl 1821L 
Bl 1821L 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1951 
Bl 1951 

+ 
Bl 1821L ABPs 

% Decrease/increase 
in OD600nm reading 

1 2.00 1.99 0.25 1.95 1.92 1.44 

3 1.93 1.89 2.33 1.60 1.67 -4.06 

6 1.75 1.69 3.44 1.54 1.38 10.39 

12 1.24 1.26 -2.02 1.43 1.35 5.61 

18 1.21 1.20 0.83 0.97 1.03 -5.67 

24 1.22 1.21 1.64 1.03 1.12 -8.74 
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E.10 Interaction table showing the effect of crude Bl 1951 putative 
antibacterial proteins (ABPs) on the number of viable cells (log10 CFU/ml) 
of the host bacterium (Bl 1951 & Bl 1821L) 

Time intervals 
(Hours) 

Host 

Treatments 

LSD* 
(5%) Control 

(LB broth) 
Crude Bl 1951 

ABPs 

1 
Bl 1951 6.70 6.83 

0.377 
Bl 1821L 7.13 7.14 

3 
Bl 1951 6.639 6.590 

0.150 
Bl 1821L 6.762 6.894 

6 
Bl 1951 6.444 6.317 

0.268 
Bl 1821L 6.943 6.193 

12 
Bl 1951 6.902 6.659 

0.243 
Bl 1821L 6.867 6.851 

18 
Bl 1951 6.865 6.827 

0.159 
Bl 1821L 6.807 6.877 

24 
Bl 1951 6.985 6.743 

0.311 
Bl 1821L 7.003 7.083 

 
*=Least significant difference
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E.11 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium                          
Bl 1951 and Bl 1821L (Experiment no. 1). Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in CFU/ml 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in CFU/ml 

1 
1.25E+06 

(6.097)* 

1.65E+06 

(6.217) 
-32.00 

5.16E+07 

(7.713) 

3.63E+07 

(7.559) 
29.75 

3 
6.95E+06 

(6.842) 

5.75E+06 

(6.760) 
17.27 

1.12E+07 

(7.047) 

1.33E+07 

(7.122) 
-18.83 

6 
9.50E+05 

(5.978) 

8.00E+05 

(5.903) 
15.79 

1.84E+07 

(7.265) 

1.72E+07 

(7.234) 
6.79 

12 
3.25E+06 

(6.512) 

2.50E+06 

(6.398) 
23.08 

2.47E+07 

(7.392) 

1.84E+07 

(7.265) 
25.35 

18 
3.60E+06 

(6.556) 

6.40E+06 

(6.806) 
-77.78 

1.21E+07 

(7.083) 

1.58E+07 

(7.199) 
-30.58 

24 
5.80E+06 

(6.763) 

4.00E+06 

(6.602) 
31.03 

1.37E+07 

(7.137) 

1.33E+07 

(7.122) 
3.28 

      
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.12 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium                          
Bl 1951 and Bl 1821L (Experiment no. 2). Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in CFU/ml 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in CFU/ml 

1 
3.15E+06 

(6.498)* 

6.50E+06 

(6.813) 
-106.35 

2.05E+07 

(7.331) 

2.87E+07 

(7.458) 
-40.34 

3 
2.05E+06 

(6.312) 

4.00E+06 

(6.602) 
-95.12 

7.80E+06 

(6.892) 

1.77E+07 

(7.248) 
-126.92 

6 
2.90E+06 

(6.462) 

1.90E+06 

(6.279) 
34.48 

1.95E+07 

(7.289) 

1.49E+07 

(7.173) 
23.39 

12 
1.68E+07 

(7.224) 

5.90E+06 

(6.771) 
64.78 

1.14E+07 

(7.055) 

1.01E+07 

(7.002) 
11.45 

18 
1.23E+07 

(7.090) 

1.52E+07 

(7.180) 
-23.17 

3.85E+06 

(6.585) 

3.65E+06 

(6.562) 
5.19 

24 
4.50E+06 

(6.653) 

3.55E+06 

(6.550) 
21.11 

1.49E+07 

(7.173) 

1.80E+07 

(7.255) 
-20.81 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.13 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium                           
Bl 1951 and Bl 1821 (Experiment no. 3). Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 PTLBs 

% Decrease/increase 
in CFU/ml 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 PTLBs 

% Decrease/increase 
in CFU/ml 

1 
2.28E+07 

(7.357)* 

2.42E+07 

(7.384) 
-6.37 

5.95E+06 

(6.775) 

6.70E+06 

(6.826) 
-12.61 

3 
6.15E+06 

(6.789) 

3.55E+06 

(6.550) 
42.28 

4.50E+06 

(6.653) 

5.85E+06 

(6.767) 
-30.00 

6 
4.80E+06 

(6.681) 

4.20E+06 

(6.623) 
12.50 

4.80E+06 

(6.681) 

6.40E+06 

(6.806) 
-33.33 

12 
9.40E+06 

(6.973) 

5.25E+06 

(6.720) 
44.15 

2.05E+06 

(6.312) 

2.20E+06 

(6.342) 
-7.32 

18 
8.05E+06 

(6.906) 

9.20E+06 

(6.964) 
-14.29 

6.85E+06 

(6.836) 

9.15E+06 

(6.961) 
-33.58 

24 
1.00E+07 

(7.000) 

7.10E+06 

(6.851) 
29.00 

8.90E+06 

(6.949) 

1.17E+07 

(7.066) 
-30.90 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 
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E.14 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the number of viable cells of host bacterium                            
Bl 1951 and Bl 1821L (Experiment no. 4). Values of % decrease/increase in the number of viable cells are calculated 
from CFUs values of corresponding time intervals   

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 PTLBs 

% Decrease/increase 
in CFU/ml 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 PTLBs 

% Decrease/increase 
in CFU/ml 

1 
7.00E+06 

(6.845)* 

7.70E+06 

(6.886) 
-10.00 

5.20E+06 

(6.716) 

5.30E+06 

(6.724) 
-1.92 

3 
4.10E+06 

(6.613) 

2.80E+06 

(6.447) 
31.71 

2.85E+06 

(6.445) 

2.75E+06 

(6.439) 
3.51 

6 
4.50E+06 

(6.653) 

2.90E+06 

(6.462) 
35.56 

3.45E+06 

(6.538) 

2.75E+06 

(6.439) 
20.29 

12 
7.90E+06 

(6.898) 

5.60E+06 

(6.748) 
29.11 

5.10E+06 

(6.708) 

6.25E+06 

(6.796) 
-22.55 

18 
8.10E+06 

(6.908) 

7.65E+06 

(6.884) 
5.56 

5.30E+06 

(6.724) 

6.10E+06 

(6.785) 
-15.09 

24 
9.95E+06 

(6.998) 

9.30E+06 

(6.968) 
6.53 

5.65E+06 

(6.752) 

7.70E+06 

(6.886) 
-36.28 

 
* The values in parenthesis indicate the converted value of number of viable cells (CFU/ml) into log10 CFU/ml. 

 



 493 

E.15 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1951 
and Bl 1821L (Experiment no. 1) 

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.50 1.41 6.00 3.61 3.13 13.30 

3 1.26 1.27 -0.79 1.90 1.71 10.00 

6 1.19 1.23 -3.36 1.72 1.46 15.12 

12 0.96 0.76 20.83 1.48 1.27 14.19 

18 0.79 0.73 7.59 1.37 1.19 13.14 

24 0.75 0.75 0.00 0.90 0.85 5.56 
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E.16 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1951 
and Bl 1821L (Experiment no. 2) 

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.93 1.95 -1.04 3.14 3.04 3.18 

3 1.64 1.84 -12.20 1.96 1.92 2.30 

6 1.32 1.69 -28.03 1.73 1.69 2.60 

12 1.78 1.56 12.36 1.40 1.44 -2.86 

18 1.01 1.39 -37.62 1.37 1.33 3.28 

24 1.05 1.28 -21.90 1.31 1.26 4.20 
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E.17 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1951 
and Bl 1821L (Experiment no. 3) 

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.85 1.86 -0.54 1.66 1.68 -1.20 

3 1.71 1.78 -4.09 1.58 1.56 1.27 

6 1.61 1.63 -1.24 1.58 1.52 3.80 

12 1.50 1.64 -9.33 1.49 1.44 3.36 

18 1.38 1.49 -7.97 1.38 1.41 -2.17 

24 1.02 1.37 -34.31 1.24 1.28 -3.23 
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E.18 Effect of crude Bl 1951 putative antibacterial proteins (ABPs) on the OD600nm reading of the host bacterium Bl 1951 
and Bl 1821L (Experiment no. 4) 

Time intervals 
(Hours) 

Treatments 

Bl 1951 
Bl 1951 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

Bl 1821L 
Bl 1821L 

+ 
Bl 1951 ABPs 

% Decrease/increase 
in OD600nm reading 

1 1.96 1.96 0.26 2.90 2.85 1.72 

3 1.78 1.77 0.56 1.86 1.88 -1.08 

6 1.66 1.63 1.51 1.73 1.72 0.87 

12 1.60 1.58 1.56 1.22 1.29 -5.33 

18 1.09 1.17 -6.88 1.01 1.01 0.50 

24 1.09 1.08 0.92 1.03 1.04 -0.97 

 

 

 

 


