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INTRODUCTION 

Antimicrobial resistance due to overuse and misuse of antibiotics causes 

untreatable infections to persist, thereby increasing the risk of contagion. This 

threat to our ability to treat common infectious diseases, can prolong illness, cause 

disability and death, subsequently increasing the risk of cancer chemotherapy, 

diabetes management, medical procedures such as organ transplantation, and 

major surgeries like caesarean sections or hip replacements; all conditions prone 

to secondary infections. Antimicrobial resistance increases cost of health care due 

to lengthier hospital stays and intensive treatments. According to WHO, 480,000 

people world over develop multi-drug resistant TB each year, while drug 

resistance has complicated the fight against HIV, malaria and many other 

ailments.  

In May 2017, WHO adopted a global action plan to increase investment in 

new medicines, diagnostic tools, vaccines and other interventions. Accordingly, 

member states were encouraged to participate in international collaborative 

research to support the development of new medicines, diagnostic tools and 

vaccines. This is through prioritized support of basic scientific research on 

infectious diseases through investigation of natural resources of biodiversity and 

biorepositories for the development of new drugs. Besides the emphasis is also on 

creating new as well as  strengthening existing public-private partnerships to 

encourage research and development of new therapeutics and diagnostics, besides 

adopting  new market models to encourage investment and ensure access to new 

antimicrobial products. 

Broad spectrum antibiotics such as amoxicillin, levofloxacin, 

gatifloxacillin, streptomycin, tetracycline and chloramphenicol are prescribed for 

bacterial resistance, but the use of these increase the risk of childhood asthma 
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(Jedrychowski et al., 2011). These antibiotics even disturb the normal balance of 

the intestinal flora, when they kill the healthy bacteria in the body. Therefore 

scientific communities propose friendlier alternatives such as vaccines, antibiotic 

substitutes or the use of probiotics.  

Bacteriocins portrayed as superior alternative to conventional antibiotics, 

are found in all major lineages of bacteria (Klaenhammer, 1999). They are 

different from classical antibiotics as they are ribosomally synthesized and have a 

narrow action spectrum. Those produced by Gram positive and Gram negative 

organisms are diverse with respect to their size, target, mode of action, release and 

immune mechanisms. Bacteriocins of Gram-positive bacteria are as abundant as 

and even more diverse than those of Gram-negative bacteria. The Gram-positive 

bacteriocins resemble the many antimicrobial peptides  (AMPs) of eukaryotic 

origin which are generally cationic, amphiphilic, membrane-permeabilizing 

molecules with sizes ranging from 2 to 6 kDa (Heng et al., 2007). 

Bacteriocins are regarded to be natural being present in many food items 

eaten from ancient times (Cleveland et al., 2001). The bacteriocin nisin has been 

used as a food preservative and has GRAS (Generally recognized as safe) status 

(21 CFR 184.1538).  

In microbial communities, bacteriocins serve as anti-competitors enabling 

the invasion of the producer strain into an established microbial community. Their 

defensive role is to inhibit the invasion of other strains or species into an occupied 

niche or limit the advance of neighboring cells. Moreover, the Gram-positive 

bacteriocins mediate quorum sensing (Miller and Bassler, 2001), a cell-density 

dependent regulatory system in which cell-to-cell communication is mediated by 

auto-inducing signal molecules; also one of the well-studied systems involved in 

bacteriocin gene control (Diep et al., 1995; Eijsink et al., 1996).  
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Production of Gram-positive bacteriocins generally occurs during the shift 

from log to stationary phase as in the case of nisin (Breukink and de Kruijff, 

1999).  The regulation of expression of Gram-positive bacteriocins is culture 

density dependent and not cell cycle dependent and that nisin A acts as a protein 

pheromone in regulating its own expression (Dufour et al., 2006; Hechard and 

Sahl, 2002).  

Several bacteriocins reportedly have anticancer and antibiofilm activity 

(Sadekuzzaman et al., 2015; Kaur and Kaur, 2015). The complex microbial 

communities of biofilms are highly resistant to antibiotics thereby persists despite 

several conventional approaches to get rid of them. Development of bacteriocin 

coated surfaces, especially where the propensity for biofilm formation is high, is 

considered a superior method to combat biofilms (Pimentel-Filho et al., 2014).  

The effect of bacteriocins on eukaryotic cells was first reported by Farkas-

Himsley and Cheung (1976). Bacteriocins are generally membrane destabilizing 

agents. The membrane of cancer cells are different from normal cells in the loss 

of asymmetry with respect to phospholipid types, are negatively charged with 

higher fluidity, besides  having significantly higher number of microvilli that 

increase their surface area. All these factors help bacteriocins to effectively bind 

cancer cells causing their destruction. 

Another approach to substitute antibiotics smartly and sustainably is the 

selection of bacteriocinogenic and anti-pathogen strains from animal-associated 

microorganisms to exploit as probiotics. Bacteriocinogenic strains serve dual 

purposes, with the bacteriocin as an antibiotic substitute and the producer bacteria 

a potent probiotic. The producer strain is established into a niche by the 

bacteriocin which inhibits invasion of competing strains and pathogens, whereby 
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the composition of the microbiota is modulated which in turn influences the host 

immune system.  

There are reports that bacteriocins function in a number of ways within the 

gastrointestinal tract (Bhardwaj et al., 2010). They function as colonizing peptides 

to support the introduction or dominance of a producer into an already occupied 

niche (Czárán et al., 2002). Bacteriocins also work as antimicrobial or killing 

peptides directly by preventing competing strains or pathogens. They may act as 

signaling peptides (quorum sensing), in interspecies communication, in bacterial 

cross talk within microbial diversity or impact signaling cells of host immune 

system (Meijerink et al., 2010). Thus in essence, bacteriocins directly prevent the 

attack of competing pathogens or adjust the composition of microbiota to 

influence the host immune system. 

Marine environments represent an under exploited source for new 

biologically active molecules, especially antibiotics. In addition marine bacteria 

and fungi are prominent sources for antibiotic discovery due to their diversity, 

ability to grow rapidly and their sustained and enhanced production in bioreactors. 

Other sources like sponges, corals and other marine animals also supply very 

interesting scaffolds for antibiotic discovery. Marine environment is a repository 

of diversity and diverse niches, hence novel characteristics are expected in these 

products from marine subjects.  

Fish gut and gills too are much exposed to these same environments hence 

the microbes in these organs may have the potential to produce novel bioactive 

substances. Although the bacterial intake from water, sediment, and/or food 

happen constantly in fish, they are protected by the acid in gastric juices, by the 

bile acids and lysozyme secreted in the intestines, besides their immune 

responses. Moreover, it is recognized that the ability to adhere to enteric mucus 
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and wall surfaces is indispensable for bacteria to establish in fish intestines. 

Consequently microorganisms in the fish intestine endure severe competition and 

struggle for existence. During this process, the many inhibitory substances 

produced harm other bacteria, and benefit the host. Most of the inhibitory 

compounds are proteinaceous and are classified under bacteriocins.  

Generally, Gram positive bacteriocins are highly thermostable and pH 

tolerant due to their peculiar structure as well as the presence of unusual amino 

acids. Some bacteriocins undergo post translational modifications accounting for 

their high stability. Bacteriocins generally target cytoplasmic membrane and form 

pores resulting in efflux of ions and ATP. Various models proposed for pore 

formation, include the “wedge” model, the “barrel-stave” model and the “carpet” 

model (Driessen et al., 1995; Héchard and Sahl, 2002; Moll et al., 1999; Sahl, 

1991; van den Hooven et al., 1996). The “wedge” model was proposed for 

lantibiotics, while the “barrel-stave” and “carpet” models were for the class II 

bacteriocins (Moll et al., 1999).  

Considering the various facts, this study was envisaged to explore the 

marine fauna in the search for novel bacteriocins and probiotic producer strains. 

The strategy was to isolate and characterize bacteriocin producing bacteria from 

marine fish gut, purify the bacteriocins and characterize them for biological 

applications. To this end, the bacteriocins were also tested for their anticancer and 

antibiofilm activities. The bacteria with antagonistic activity were also 

characterized for their probiotic potential. The objectives to achieve these aims 

are as given below, 
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Objectives  

1. Screening and characterization of bacteriocin producing bacteria from 

gut of marine fishes - Centroscyllium fabricii and Sardinella 

longiceps.  

2. Optimization of process conditions for bacteriocins’ production by 

one - factor - at - a time. 

3. Purification and characterization of the bacteriocins and elucidation 

of their mechanism of action. 

4. De novo sequencing and modeling of the bacteriocins. 

5. Probiotic characterization of bacteriocin producing bacteria. 

6. Antibiofilm and anticancer activity of purified bacteriocins. 
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REVIEW OF LITERATURE 

2.1 Introduction 

Gratia discovered bacteriocin while looking for ways to kill bacteria in 

1925, but Jacob and Wollman coined the term in 1953. This discovery led to 

development of microbial antibiotics and the detection of bacteriophages 

within a span of few years. Gratia called his first discovery a colicin since it 

killed E. coli. Others like halobacteria produce their own version, the halocins 

(Torreblanca et al., 1994).  

 Many bacteria produce toxins with bacteriocin-like features, which are 

only partially characterized, called as bacteriocin-like inhibitory substances or 

BLIS. A precise definition of bacteriocins is therefore futile. Conventional 

criteria for defining bacteriocins are based on colicin characteristics in varying 

combinations, applied with different degrees of consistency such as,  

(i) a narrow inhibitory spectrum of activity centered on the 

homologous species;  

(ii) bactericidal mode of action;  

(iii) presence of an essential, biologically active protein moiety; 

(iv) attachment to specific cell receptors; 

(v) plasmid-borne genetic determinants of bacteriocin production and 

of host cell bacteriocin immunity; 

(vi) production by lethal biosynthesis (i.e., commitment of the 

bacterium to produce bacteriocin will ultimately lead to cell death) 

(Tagg et al., 1976). 

 The above criteria generally applicable to the colicins however, show 

incongruity in bacteriocins produced by Gram-positive bacteria. Some atypical 

features associated with bacteriocins of Gram-positive bacteria include a wider 

spectrum of activity against different bacterial species and less-solid host cell 
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immunity to the homologous bacteriocin (Hamon and Peron, 1963). These 

toxins play a critical role in maintaining microbial population or community 

interactions.  

2.2 Bacteriocin nomenclature 

 There are two difficulties with the term ‘bacteriocin’: a) there is no 

universally accepted definition for this group of substances and b) many of the 

described inhibitory substances are yet uncharacterized sufficiently to fulfil 

any classification.  They were originally named based on the producer species, 

e.g. colicins by Escherichia coli, pyocins of Pseudomonas aeruginosa 

(formerly named pyocyania), cerecins of Bacillus cereus, cloacins of 

Enterobacter cloacae and pesticins of Yersinia pestis. Frederico created the 

first classification and hence nomenclature focussed on the colicins of E. coli 

(Frederico, 1957).  

 Nomenclature of bacteriocins is chaotic at times, as it is based on the 

generic and at other times the species designation of producer strains (Tagg et 

al., 1976). In Gram-positive bacteria, this lack of uniformity is evident in the 

alternate designations of bacteriocins of Listeria monocytogenes as listeriocins 

or monocins, those of S. aureus as either staphylococcins or aureocins and 

those of Corynebacterium diphtheria as corycins or diphthericins; whereas 

mesentericin Y 105, leucocin A UAL-187 and leuconocin Lcm1 are from 

Leuconostoc mesenteroides, Leuconostoc gelidum and Leuconostoc carnosum 

strains, respectively. Similarly, bacteriocins of genus Clostridium were termed 

clostocins or clostridiocins or, have received individual species designations 

such as boticin, butyricin or perfringocin, welchicin. Pediocin PA-1 and 

pediocin AcH are chemically identical bacteriocins from Pediococcus 

acidilactici. In many cases, authors have added a terminal "e" to the name of 

the bacteriocin; for example, staphylococcine, listeriocine and corycine (Jack 

et al., 1995; Tagg et al., 1976)   
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 Additional labelling is essential when a species produces different 

bacteriocins (Tagg et al., 1976). These are generally arbitrary, consecutive 

letters of the alphabet. For precise specification of a particular bacteriocin, it 

was suggested that the trivial designation of the producing strain be included 

within the bacteriocin name. This recommendation gained widespread 

acceptance by investigators of the colicins (e.g., colicin E1-K30 is a colicin of 

type El produced by Escherichia coli strain K30). 

2.3 Bacteriocin classification 

Bacteriocins include proteins diverse in terms of size, modes of action, 

microbial targets and immunity mechanisms. In general, classification is based 

on Gram designation of the producer species, i.e. Gram-negative vs Gram-

positive. Furthermore, a few from archaeal species have also been 

characterized (Table 2.1).  

2.3.1 Bacteriocins of Gram-negative bacteria 

Bacteriocins of Gram-negative bacteria are of four main classes: 

colicins, colicin-like bacteriocins, microcins, and phage-tail like bacteriocins 

(Chavan and Riley, 2007). Colicins are thermo-sensitive, protease sensitive 

proteins varying in size from 25 to 90 kDa (Pugsley and Oudega, 1987); they 

are used as models to study bacteriocin structure, function and evolution 

(Cascales et al., 2007; Riley and Gordon, 1999; Riley and Wertz, 2002a; 

2002b).  

Colicins are of two major types based on their mode of killing - 

nuclease and pore former colicins. Nuclease colicins (Colicins E2, E3, E4, E5, 

E6, E7, E8, E9) kill by acting as DNases, RNases, or tRNAses while pore 

former colicins (colicins A, B, E1, Ia, Ib, K) kill by forming pores in the cell 

membrane. Proteinaceous bacteriocins by other Gram-negative species with 

similar structural and functional characteristics are termed colicin-like. They 

may be nucleases (pyocins S1, S2) or pore-formers (pyocin S5) like colicins 
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(Michel-Briand and Baysse, 2002; Cascales et al., 2007). S-pyocins of 

Pseudomonas aeruginosa, Klebicins of Klebsiella species, and alveicins of 

Hafnia alvei are the most studied in this category. 

 Pore-forming colicins have 449 to 629 amino acids, but the nuclease 

bacteriocins with 178 to 777 amino acids have an even broader size range. The 

central domain comprising 50% of colicin protein and involved in specific cell 

surface receptors recognition, is translocated into the target cell by the N-

terminal domain (> 25 % of the protein), while the remaining short sequence is 

involved in immunity protein binding.  The killing domain and the immunity 

region are present here. Although pyocins share similar domain structure, the 

order of the translocation and receptor recognition domains are reversed (Riley 

and Wertz, 2002b).    

Phage-tail like bacteriocins are larger structures resembling 

bacteriophage tails, and are argued to be defective phage particles (Bradley, 

1967). R and F pyocins of P. aeruginosa are some thoroughly studied phage-

tail like bacteriocins (Michel-Briand and Baysse, 2002; Nakayama, 2000; Liu 

et al., 2013). 

The smaller (<10 kDa) peptide bacteriocins produced by Gram-

negative bacteria called microcins, are of three classes - the post-

translationally modified (microcins B17, C7, J25, and D93) (Gillor et al., 

2004), the unmodified (microcins E492, V, L, H47, and 24) (Pons et al., 2004) 

and the Class IIc bacteriocins (such as microcin E492). The last are non-

ribosomal siderophore-type with post-translational modification at the serine-

rich carboxy-terminal region (De Lorenzo and Pugsley, 1985).   

2.3.2 Bacteriocins of Gram-positive bacteria 

 Bacteriocins of Gram-positive bacteria are more abundant and diverse 

than those in Gram-negative bacteria (Jack et al., 1995), but differ in two 

fundamental ways.  
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1. Bacteriocin production is not necessarily a lethal event as in Gram-

negative bacteria.  

This vital difference is due to the transport mechanisms encoded by 

Gram-positive bacteria to release bacteriocin toxin. Some have evolved a 

bacteriocin-specific transport system, whereas others employ the sec-

dependent export pathway (De Vos et al., 1991).  

2. While Gram-positive bacteria have evolved bacteriocin-specific 

regulation, bacteriocins of Gram-negative bacteria solely rely on host 

regulatory networks. 

2.3.3 Classification of bacteriocins of Gram-positive bacteria 

 Size, morphology, physical, and chemical properties form the basis for 

bacteriocin classification of Gram-positive bacteria into four (Lee and Kim, 

2011).  

Class I bacteriocins are post-translationally modified small peptides (<5 kDa) 

with non-traditional amino acids like dehydrobutyrine (Fig 2.1a), 

dehydroalanine (Fig 2.1b) and methyl-lanthionin (Fig 2.1c), called lantibiotics 

(Cleveland et al., 2001). This class is subdivided into Type A and B; with 

Type A being positively charged, linear peptides (nisin) (Flaherty et al., 

2014), whereas Type B are rigid globular peptides (mersacidin), either 

negatively or neutrally charged, e.g. labyrinthopeptins such as 

labyrinthopeptin A2 (Meindl et al., 2010), and sactibiotics for instance 

subtilosin A (Kawulka et al., 2004).  
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Fig 2.1 Pictorial representation of a) dehydrobutyrin b) dehydroalanine c) 
methyl-lanthionine (Images adapted from PubChem, 
https://pubchem.ncbi.nlm.nih.gov/) 

Table 2.1 Classification of bacteriocins with examples (Bindiya and Bhat, 
2016) 

 Bacteriocins Type/Class Size Example Reference 

G
ra

m
 n

eg
at

iv
e 

B
ac

te
ri

a 

Colicins 
Pore Formers 

20-80 

Colicins A, 
B 

Cascales et 
al., 2007 

Nucleases 
Colicins E2, 
E3 

Cascales et 
al., 2007 

Colicin-like  20-80 
S-pyocins 
Klebicins 

Michel-
Briand and 

Baysse, 
2002 

Phage-tail 
like 

 >80 
Maltocin 
P28 

Liu et al., 
2013 
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Microcins 

Post-
translationally 
modified <10 

Microcin C7 
Microcin 
B17 

Gillor et al., 
2004 

Unmodified Colicin V Gratia, 1925 

Class IIc - non-
ribosomal 
siderophore-
type post-
translation 
modification 

 
Microcin 
E492 

De Lorenzo 
and 

Pugsley, 
1985 

G
ra

m
 p

os
it

iv
e 

B
ac

te
ri

a 

Class I 

Type A- Linear 
peptides, 
positively 
charged 

<5 

Nisin 
Cleveland et 

al., 2001 

Type B- Rigid 
globular 
peptides, 
negatively or 
neutrally 
charged 

Subtilosin A 
Meindl et 
al., 2010 

Class II 

IIa - contain 
YGNGVxCxxx
xCxV, Narrow 
spectrum of 
activity 

<10 

Pediocin, 
enterocin 

Balciunas et 
al., 2013  

Heng et al., 
2007 

IIb – require 
concerted 
activity of 2 
peptides 

Lactacin F, 
Lactococcin 
G 

Nissen-
Meyer et 
al., 1992 

IIc – circular 
peptide 
bacteriocins 

Carnocyclin 
A 

Gong et al., 
2009 

IId – linear, 
non-pediocin 
like, single 
peptide 

Epidermicin 
NIO1 

Sandiford 
and Upton, 

2012 

Class III 
IIIa – 
bacteriolysin 

>10 
Enterolysin 
A 

Nilsen et 
al., 2003 
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IIIb – non-lytic 
bacteriocin 

Helveticin 
A and J 

Joerger and 
Klaenhamm

er, 1986 

Class  IV 
Require lipid or 
carbohydrate 
moieties 

 
Leuconocin 
S8, Lactocin 
27 

Carolissen-
Mackay et 
al., 1997 

A
rc

he
a 

Halocins 
Microhalocins <10 

Halocin A4, 
C8, G1 

Price and 
Shand, 2000 

Protein 
Halocins 

>10 
Halocin H1, 
H4 

Cheung et 
al., 1997 

Sulfolobicin 
Membrane 
associated 
proteins 

~20 Sulfolobicin 
Prangishvili 
et al., 2000 

Class II bacteriocins are small (<10 kDa), heat-stable positively charged 

peptides having 30–60 amino acids, but not post-translationally modified, 

(Heng et al., 2007); and subdivided into four subgroups. The class IIa Listeria-

active or pediocin-like peptides with a conserved N-terminal sequence 

(YGNGVxCxxxxCxV) or “pediocin box” with two cysteine residues forming 

disulphide bridge, are the most extensively studied group with a narrow 

spectrum of activity (Balciunas et al., 2013). Lactacin F and lactococcin G are 

Class IIb bacteriocins requiring the concerted action of two peptides for fully 

activity (Nissen-Meyer et al., 1992). Class IIc are circular peptide bacteriocins 

like carnocyclin A (Gong et al., 2009), while Class IId are linear, non-

pediocin-like, single-peptide such as epidermicin NI01 (Sandiford and Upton, 

2012).  

Class III bacteriocins are generally large (>10 kDa), heat-sensitive peptides, 

subdivided into two subtypes. Type IIIa bacteriolysins are enzymes like 

Enterolisin that kill sensitive strains by cell wall lysis (Nilsen et al., 2003). 

Helveticin J (37 kDa) produced by Lactobacillus helveticus is a Type IIIb, 

non-lytic bacteriocin (Joerger and Klaenhammer, 1986).  
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Class IV bacteriocins are also known as complex bacteriocins with unique 

structural characteristics, requiring lipid or carbohydrate moieties for activity. 

The first and last amino acids of these bacteriocins, e.g. leuconocin S 8 and 

lactocin 27, are covalently linked giving cyclic structures (Carolissen-Mackay 

et al., 1997). Enterocin AS-48 by Enterococcus faecalis subsp. liquefaciens S-

48 was the first characterized in this class (Maqueda et al., 2004).  

2.3.4 Bacteriocins of archaea 

Archaea too produce unique bacteriocin-like antimicrobial compounds 

called archaeocins (Shand and Leyva, 2007), but much less scrutinized.  Two 

major types of archaeocins identified are the halocins of halobacteria and 

sulfolobicins of Sulfolobus genus. Halocins are classified into two based on 

size- the smaller microhalocins (3.6 kDa) and larger halocins of 35 kDa 

(O’Connor and Shand, 2002). S8, the first halocin discovered is a short, 36 

amino acid hydrophobic peptide, processed from a larger 34 kDa pro-protein. 

Halocin production is a universal feature of halobacteria (Torreblanca et al., 

1994) and their genes are located on megaplasmids (or minichromosomes). 

Halocins H4 and S8 are located on ~300 kbp and ~200 kbp plasmids, 

respectively (Price and Shand, 2000). Their activity is usually detected at the 

late exponential to early stationary growth phase. 

Sulfolobicins however are not extensively studied, but its production 

was reported from Sulfolobus islandicus isolated from volcanic vents through- 

out Iceland (Prangishvili et al., 2000). This study predicted sulfolobicin to be a 

membrane-associated protein. Sulfolobicins are associated with membranous 

vesicles ranging in size from 90 to 180 nm in diameter. Like many 

bacteriocins, they are thermostable and sensitive to protease treatment, but 

their mode of action is still unknown (Ellen et al., 2011).  

 

 



Review of Literature   

16 
 

2.4 Bacillus bacteriocins 

 Strains from Genus Bacillus produce diverse antimicrobial peptides 

with several different basic chemical structures (Gebhardt et al., 2002; Stein, 

2005), which are poorly characterized and some are bacteriocin-like in nature. 

Bacillus species that produce "antibiotics" include B. laterosporus, B. pumilus, 

B. circulans, B. polymyxa and B. cereus. B.cereus also produces a bacteriolytic 

principle identical to phospholipase A. Studies of B. cereus have categorized 

the inhibitory substances as bacteriocins. Other Bacillus sp. that have 

bacteriocin-like inhibitors are B. stearothermophilus, B. licheniformis, B. 

thuringiensis, B. subtilis (Abriouel, 2011) and B. amyloliquefaciens (Lisboa et 

al., 2006). The bacteriocins of B. licheniformis and B. subtilis are of the 

defective phage type. A novel thermostable bacteriocin BL8 from Bacillus 

licheniformis isolated from marine sediment has been reported (Smitha and 

Bhat, 2012). 

 Many Bacillus bacteriocins are lantibiotics, a category of post-

translationally modified peptides widely disseminated among different 

bacterial clades. Lantibiotics are the best-characterized antimicrobial peptides 

at the levels of genetic determinants, peptide structure and biosynthesis 

mechanisms. Members of Genus Bacillus also produce many other non-

modified bacteriocins, some resembling the pediocin-like bacteriocins of the 

lactic acid bacteria (LAB), while others show completely novel peptide 

sequences. Bacillus bacteriocins are gaining importance due to their broader 

spectra of inhibition, which include Gram-negative bacteria, fungi or yeasts, in 

addition to some Gram-positive species, that are known human and/ or animal 

pathogens. 

 The best-studied and characterized bacteriocins are megacins produced 

by B. megaterium. It was first reported by Ivanovics and Alfoldi in 1954 from 

B. megaterium strain 216. Megacin possess several characteristics of 

bacteriocin, including a narrow spectrum of activity, production by lethal 
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biosynthesis and a proteinaceous composition. The original megacin by strain 

216, is now known as megacin A, since megacin types B and C were also 

identified later. Another megacin that has production characteristics similar to 

megacin C, but a diverse mode of action, is referred to as killer principle 

(Marjari and Ivanovic, 1962) or megacin Cx-337. 

 The 2009 release of the BACTIBASE dataset (version 2, July 2009) 

http://bactibase.pfba-lab-tun.org/main.php, contains 177 (44% more) 

bacteriocin sequences, of which 156 are the products of Gram-positive 

organisms and 18 of Gram-negative organisms (Hammami et al., 2010). Three 

bacteriocins from the Archaea domain are also included. The database now 

comprises 31 genera, as shown in Fig 2.2. Without surprise, the lactic acid 

bacteria (order Lactobacillales) make up the predominant group of producers 

with 113 bacteriocins.  

 
Fig 2.2 Distribution of bacteriocins among the producer genera in the 
BACTIBASE database (Archea (yellow), Gram positive (Blue) and Gram-
negative (green)) 

2.5 Bacteriocin mode of action 

The variety of their chemical structures allow bacteriocins to affect 

different essential functions of the living cell (transcription, translation, 

replication and cell wall biosynthesis), but most form membrane channels or 
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pores, destroying the energy potential of sensitive cells. Research on their 

mode of action focussed on two distinct aspects of bacteriocin action on 

susceptible bacteria: the kinetics of physical interaction between bacteriocin 

and susceptible cells, and the detection of specific biochemical lesions within 

the affected organisms. The mode of action of bacteriocin with sensitive cells 

is widely hypothesized to be a two stage process (Reeves, 1972). An initial 

reversible phase corresponds to physical adsorption of bacteriocin to cell-

envelope receptors. Bacteriocin removal during this stage leaves the cell 

unscathed, without permanent physiological damage. The second stage causes 

irreversible pathological changes affected via specific biochemical lesions 

after a measurable time. 

Although bacteriocin adsorption is highly specific for susceptible 

bacteria, some like staphylococcins 414 and 1580, lactocin LP27 and 

streptococcin B-74628 lack this and adsorb to bacteria resistant to its killing 

action. This nonlethal binding is a reflection of the high surface activity of 

some bacteriocins. Polypeptide antibiotics like polymyxin B adsorb 

nonspecifically to bacteria. Nonspecific adsorption to susceptible or resistant 

bacteria was also demonstrated by bacteriocin 28 of C. perfringens (Mahony 

and Butler, 1972), staphylococcin 462 (Hale and Hinsdili, 1975) and viridin B 

(Law and Dajani, 1978).  

Antagonism of bacteriocins from Gram-positive bacteria is the effect 

due to their interaction with bacterial membrane, which is the target for most 

bacteriocins, despite diverse modes of action (Bizani et al., 2005). Nearly all 

class II bacteriocins disturb the proton motive force (PMF) by pore formation. 

The subclass IIc comprises miscellaneous peptides with varied modes of 

action like membrane permeablization, specific inhibition of septum formation 

and pheromone activity (Héchard and Sahl, 2002). 

Besides inhibiting pore formation and cell wall biosynthesis, 

bacteriocins like nisin and cationic lantibiotic Pep5 induce autolysis of 
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susceptible staphylococcal cells by causing massive cell wall degradation. 

Some others release two cell-wall hydrolysing enzymes - an N-

acetylmuramoyl-L-alanine amidase and an N-acetylglucosaminidase; these 

strong cationic proteins bind the cell wall via electrostatic interactions, 

displacing enzymes from the cell-wall by a cation exchange-like process, 

resulting in apparent enzyme activation and rapid cell lysis (Bierbaum and 

Sahl, 1985; 1987). Furthermore, nisin and subtilin inhibit bacterial spore 

germination.  

2.5.1 Bacteriocin-induced cell damage 

 Susceptibility to the lethal action of bacteriocins is influenced by the 

physiological state of indicator organism. Actively multiplying cells were 

most sensitive to streptococcin A-FF22, staphyloccin 1580, bacteriocin 28 of 

C. perfringens, and bacteriocin E-1 and bacteriocin X-14 (hemolysin) of S. 

faecalis subsp. Zymogenes, indicating active cellular metabolism as 

prerequisite to affect killing. A time dependent morphological shift was 

demonstrated by the action of pediocin from P. acidilactici to the sensitive 

strain L. monocytogenes. Bacteriocin-treated L. monocytogenes V7 were 

destroyed after 6 h. The major morphological changes were in the cell wall, 

which relaxed and ruptured after just 0.5 h of treatment with bacteriocin 

(6,400 AU/mL). After 1 h and 3 h of treatment, ruptures in the cell wall and 

plasma membrane were more evident with more cell contents escaping. After 

6 h of treatment, the cell wall was completely irregular and damaged (Heo et 

al., 2007).  

2.6 Other biological activities of bacteriocins 

2.6.1 Anticancer activity 

The growing population with cancer has created the need for new 

anticancer medications, to make available medicines affordable and increased 

research in novel cancer therapeutics. The Indian Council of Medical Research 
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(ICMR) report (2016) put the new cancer cases around 14.5 lakh, with the 

figure likely to reach nearly 17.3 lakh new cases by 2020. Over 8.8 lakh 

people could succumb to cancer by 2020. Data also revealed that only 12.5 per 

cent of patients avail treatment in early stages of the disease (ICMR., 2016). 

These statistics show that cancer is a wide spread disease and exploits 

humans physically, mentally and economically. It is the uncontrolled division 

of cells or tissues leading to malignancy, hence apoptosis is hindered or 

restricted in these cells. Anticancer drugs target these abnormal cells which 

have certain biochemical markers. 

Felgner (2016) compiled the phenomenon of spontaneous regression of 

tumours associated with bacterial infections over the past centuries. The 

relationship between bacterial infection and cancer regression led the 

American physician, Coley to the discovery of a killed bacterial vaccine for 

cancer known as “Coley’s toxin” in late 1891. This led to the development of 

new therapeutic anticancer modalities based on live bacteria and their purified 

products namely bacterial toxins, proteins, peptides, and enzymes. Recently, a 

number of bacterial proteins and peptides demonstrated anticancer activity 

toward diverse cancer cells. 

Nisin, a well-accepted food preservative and bacteriocin, induced 

preferential apoptosis and decreased cell proliferation in head and neck 

squamous cell carcinoma (HNSCC) cells (Joo et al., 2012). Plantaricin A 

(PlnA), a pheromone generated by Lactobacillus (L.) plantarum, not only 

exhibits antibacterial activity but also kills some human cancer cell lines 

through both apoptosis and necrosis processes (Sand et al., 2010). PlnA had a 

higher ability to penetrate the cell membrane of a tumor than that of normal 

cells (Sand et al., 2007). The design and research on AMPs with antitumor 

properties have high medical value because they selectively kill the tumor 

cells. For example, pediocin PA-1, a recombinant pediocin produced from 

Pichia pastoris, inhibited human lung carcinoma cell line (A-549) and colon 
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cancer cells (DLD-1) growth (Beaulieu, 2005); pyocin S2 inhibited the 

proliferation of hepatocarcinoma cell lines (Abdi-Ali et al., 2004).  

The antimicrobial and anticancer activities of antimicrobial peptide 

(AMP) KL15 obtained by in silico sequence modification of two bacteriocins 

m2163 and m2386 from Lactobacillus casei ATCC 334 were studied (Tsai et 

al., 2015). Apart from the significant bactericidal effect on pathogens like 

Listeria, Escherichia, Bacillus, Staphylococcus, Enterococcus species, the 

AMP could also kill human adenocarcinoma cells, SW480 and Caco-2 (Tsai et 

al., 2015). 

2.6.2 Antibiofilm activity of bacteriocins 

Biofilms are irreversible assemblage of surface associated microbial 

cells enclosed within extracellular polymeric matrix substance that 

contaminate food products by introduction of pathogenic microorganisms or 

spoilage bacteria.  Biofilm formation is depicted in figure 2.3. According 

to Costerton et al. (1987) biofilm is a functional consortium of micro- 

organisms attached to a surface and embedded in the extracellular polymeric 

substances (EPS). They are difficult to eradicate completely as they are often 

resistant to normal sanitation procedures, thereby causing other detrimental 

process effects.  

 

Fig 2. 3 Different stages of biofilm formation (Coughlan et al., 2016) 
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Biofilm formation is also associated with virulence of pathogenic 

bacteria, and cells within a biofilm are more resistant (up to 1,000-fold) to 

antibiotics and disinfectants than free-living bacteria (Donlan and 

Costerton, 2002). Biofilms are a major concern in hospital environments 

where nosocomial (hospital acquired) infections prevail, as well as in other 

domains where their growth constitutes a source of contamination for humans 

or animals (food industry, cooling towers, and water pipes, etc.) or leads to 

economical loss (due to biofouling of boats and immersed structures; material 

biocorrosion, etc.). In almost all cases, implanted medical devices were 

implicated in nosocomial infections. Regardless of the sophistication in the 

biomedical implant, all medical devices or tissue engineering constructs are 

susceptible to microbial colonization and infection (Bryers and Ratner, 

2004; Castelli et al., 2006). 

Even when a surface appears to be clean, the presence of biofilms is a 

potential hazard needing elimination, to prevent recurrent contamination. An 

antibiofilm drug can either facilitate the dispersion of preformed biofilms or 

inhibit the formation of new biofilms in vivo. The marine bacteriocin BL8 

showed antibiofilm ability (Laxmi et al., 2016). The biopreservative effect of 

sonorensin coated film showing growth inhibition of spoilage bacteria in 

chicken meat and tomato samples, demonstrated the potential of sonorensin as 

an alternative to current antibiotics/ preservatives (Chopra et al., 2015). 

Nisin A inhibited biofilm formation by L. monocytogenes on stainless 

steel coupons (García-Almendárez et al., 2008). A combination of lactic acid 

and nisin A, both produced by L. lactis UQ2 successfully restricted L. 

monocytogenes biofilms by competitive exclusion. In another study, a 

bioengineered variant of nisin not only impaired biofilm formation, but also 

reduced pre-existing biofilms of Staphylococcus pseudintermedius (Field et 

al., 2015). Lactobacillus sakei, a bacteriocin producing lactic acid bacteria is 
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commonly used in the preservation and fermentation of meat products 

(Champomier-Verges et al., 2001). 

2.7 Marine organisms as a potent source of bacteriocins 

Marine environment differs substantially from terrestrial and fresh 

water habitats by its exigent, competitive and aggressive nature. Bacterial 

density in seawater and sediment range from 105 - 107/mL and 108 - 1010/g 

respectively (Austin, 1988). Little is known about marine microbial diversity, 

with species estimates as low as 104 - 105 to as high as 106 - 107 (Glöckner, 

2012). Marine bacteriocins are primarily of interest to researchers for their 

application as probiotics and antibiotics in the seafood industry and marine 

aquaculture (Galvez, 2008; García, 2010; Pilet and Leroi, 2011). The first 

marine bacteriocin isolated was from Vibrio harveyi (formerly Beneckea 

harveyi) by McCall and Sizemore (1979) when they screened 795 strains of 

Vibrio sp. from Galveston Island, Texas. The identification of harveyicin led 

to numerous other bacteriocin-screening studies that focussed on biochemical 

characterization of bacteriocins and BLIS. 

Approximately 10% of surface-attached marine bacteria from Sydney 

Harbor, Australia possessed antibacterial activity (Wilson et al., 2010). 

Proteinase K treatment attributed this inhibitory activity to proteinaceous 

substances such as bacteriocins or BLIS. Antimicrobial screening of 258 

bacterial strains from water and sediment in the Yucatan peninsula revealed 46 

strains of genera Aeromonas, Burkholderia, Photobacterium, Bacillus, 

Pseudomonas, Serratia and Stenotrophomonas with antimicrobial activity. 

Fifty percent of this antimicrobial activity was attributed to bacteriocins or 

BLIS (La Rosa-Garcia et al., 2007). A thermostable bacteriocin BL8 from 

Bacillus licheniformis from marine sediment (Smitha and Bhat, 2012), and 

halocin SH10 produced by an extreme haloarchaeon Natrinema sp. BTSH10 

from saltpans of South India (Karthikeyan et al., 2013) were reported. 



Review of Literature   

24 
 

Some bacteria, particularly those in the digestive tract, produce 

inhibitory compounds to control colonization by potential pathogens in fish 

(Ringø et al., 2000; Makridis et al., 2005). For instance, a heat-labile and 

proteinaceous substance with a molecular mass of <5 kDa was recovered from 

Vibrio sp. obtained from the intestine of spotnape pony fish (Sugita et al., 

1997a). Similarly, bacteria inhibiting growth of pathogenic Vibrio sp. were 

isolated from the digestive tract of halibut (Hippoglossus hippoglossus) larvae 

(Bergh, 1995). In another study, of the 1,055 intestinal bacteria derived from 7 

coastal fish in Japan, 28 isolates (2.7% of the total) inhibited the human and 

eel pathogen V. vulnificus (Sugita et al., 1998). Marked inhibition of 15 

isolates, consisting of 11 Vibrionaceae representatives, 3 coryneforms, and 1 

Bacillus strain NM 12 was observed; the latter demonstrating the most 

pronounced antimicrobial activity. A heat labile siderophore of <5 kDa 

molecular weight inhibited 227 of 363 (62.5% of the total) intestinal bacterial 

isolates from 7 fish (Austin, 2006). Bacteriocin producer was also reported 

from the deep sea shark gut, where a Bacillus amyloliquefaciens BTSS3 was 

shown to produce thermostable, pH tolerant bacteriocin (Bindiya et al., 2015). 

Table 2.2 reviews some characterized marine bacteriocins and their sources.  

Fifteen isolates from Irish seaweeds as well as sand and seawater, with 

confirmed, consistent antimicrobial activity were all spore-forming Bacillus 

sp. While PCR screening identified three of the marine bacteria as lichenicidin 

producers, the rest did not harbour structural genes for any of the known 

Bacillus bacteriocins for which PCR primers could be designed. These 

negative PCR outcomes strongly suggest that these isolates produce novel 

bacteriocins (Prieto et al., 2012). 

Bacteriocins and their producer bacteria from marine environment can 

play a pivotal role in areas requiring reduced use of chemical antibiotics. 

Though the spectrum of action is small for bacteriocins, the probiotic bacteria 

can be an alternative. Thus, a better under understanding of bacteriocins, their 
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classification and mechanism of action is worthwhile. The use of nisin and 

pediocin as food preservative is well studied and applied in many countries. 

The requirement is still open and hence exploration of marine resources for 

bacteriocin is still in the lime light. 
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Table 2.2 Some characterized marine bacteriocins and their sources (Bindiya and Bhat, 2016) 

Bacteriocin Producer strain 
Molecular 
weight 

Killing breadth 
Source of 
isolation 

Reference 

BLIS 
Lactobacillus pentosus 
39 

- 
Aeromonas hydrophila 
Listeria monocytogenes 

Salmon llets 
Pineiro and 
Stanton, 2007 

Carnocin U149 Carnobacterium sp. 4.5-5kDa 
Lactobacillus, Lactococcus, 
Pediococcus, 
Carnobacterium 

Fish 
Stoffels et al., 
1992 

Divergicin M35 
Carnobacterium 
divergens M35 

~4.5 kDa Carnobacterium, Listeria 
Frozen smoked 
mussel 

Tahiri et al., 
2004 

Divercin V41 
Carnobacterium 
divergens V41 

4.5 kDa 
Carnobacterium, Listeria, 
Enterococcus 

Fish viscera 
Metivier et al., 
1998 

Carnobacterioci
n B2 

Carnobacterium 
pisciocola A9b 

~4.5 kDa Listeria 
Cold smoked 
salmon 

Nilsson et al., 
1997 

Piscicocin 
CS526 

Carnobacterium 
pisciocola CS526 

~4.4 kDa 
Tetragenococcus, 
Leuconostoc, Listeria, 
Enterococcus, Pediococcus 

Frozen surimi 
Yamazaki et al., 
2005; Suzuki et 
al., 2005 

Piscicocin V1a 
Carnobacterium 
pisciocola V1 

4.4 kDa 
Lactobacillus, Listeria, 
Enterococcus, Pediococcus, 
Carnobacterium 

Fish 
Bhugaloo-Vial et 
al., 1996 

BLIS 
Enterococcus faecium 
CHG 2-1 and Ch 1-2 

- Enterococcus Venus clams 
Valenzuela et 
al., 2010 

BLIS 
Enterococcus faecium 
C-K, C-S, M 2-1, and 
PEF 2-2 

- Listeria 
Anchovy, shark 
fillet, Swordfish 
fillet 

Valenzuela et 
al., 2010  

Enterocin B like 
BLIS 

Enterococcus faecium 
ALP7 

<6.5 kDa 

Listeria, Staphylococcus, 
Bacillus, Enterococcus, 
Lactobacillus, Lactococcus, 
Leukonostoc 

Non-fermented 
shellfish 

Pinto et al., 2009 
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Table 2.2 Some characterized marine bacteriocins and their sources (Continued) 

Bacteriocin Bacteria 
Molecular 
Wt 

Killing breadth Source Reference 

Bacteriocin 
BL8 

Bacillus licheniformis <3kDa 
Staphylococcus aureus, 
Bacillus sp. 

Sediment 
Smitha and Bhat, 
2012 

BLIS Vibrio sp. <5kDa 
Bacillus sp., Vibrio sp. 
Pseudomonas sp. 

Spot nape pony 
fish 

Sugita et al., 
1997a 

BLIS Vibrio sp.   
Halibut larvae 
(Hippoglossus 
hippoglossus) 

Bergh, 1995 

Bacteriocin Bacillus sp. NM12 
Siderophor
e, <5kDa 

Fish pathogens Coastal fish 
Sugita et al., 
1998 

Bacteriocin 
Bacf3 

Bacillus 
amyloliquefaciens 
BTSS3 

~ 3kDa 
Bacillus sp., Staphylococcus 
aureus 

Deep sea shark 
(Centroscyllium 
fabricii) 

Bindiya et al., 
2015 

BLIS Proteus sp.CT1.1 - Vibrio Cobia 
Nguyen et al., 
2014 

BLIS Proteus sp. G1 - Vibrio 
Ornate spiny 
lobster 

Nguyen et al., 
2014 

BLIS Bacillus cereus D9 - Vibrio Subnose pompano 
Nguyen et al., 
2014 

BLIS Lactobacillus lactis  94 kDa 
Bacillus, Staphylococcus, 
Enterococcus, E. coli, 
Pseudomonas, Shigella 

Sediment sample 
Rajaram et al., 
2010 
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2.8 Production of bacteriocins 

 Production conditions strongly influence bacteriocin yield. For many 

strains, ill-defined factors diminished yield and hence optimum conditions 

need to be determined empirically. An experimental fractional factorial design 

for optimization of production medium maximizes bacteriocin activity.  

2.8.1 Composition of the growth medium 

Certain medium components may be critical for production of 

individual bacteriocins. Addition of 2 % yeast extract to Trypticase medium 

enhanced Bacteriocin production by strains of S. mutans (Rogers, 1972). 

Similarly, butyricin 7423 formation in a semi-defined medium was dependent 

upon casein hydrolysate (Clarke et al., 1975). Tryptone was the key nitrogen 

source for bacteriocin ST341LD production. For plantaricin 423, optimal 

production was in MRS broth supplemented with bacteriological peptone, 

followed by casamino acids,  tryptone and  meat extract (Verellen et al., 

1998). Pediocin AcH (Bhunia et al., 1988) and helveticin J (Joerger and 

Klaenhammer, 1986) production was stimulated by yeast extract and meat 

extract. Although maximum activity of cerein 8A was in brain/heart infusion 

broth, production was also observed in peptone, MRS, Mueller–Hinton and 

nutrient broth, but in thioglycollate or tryptic soy broth, there was no 

observable activity (Bizani and Brandelli, 2004). Meat extract or yeast extract 

as sole nitrogen source, or a combination of the two (1 : 1) in MRS broth, 

stimulated bacteriocin production of LAB. With tryptone as sole nitrogen 

source, only 50% increase in activity (3,200 AU/mL) was recorded, whereas a 

combination of tryptone, meat extract and yeast extract yielded 6,400 AU/mL 

(Todorov and Dicks, 2004)  

 Bacteriocin production by several corynebacteria (Meitert, 1969) and a 

staphylococcus (Lachowicz and Brodzicki, 1973) was dependent upon the 

amino acid content of culture medium. Manganese ions were necessary in 
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chemically defined medium for megacin production. The optimal 

concentration of MgSO4.7H2O was 0.5 % for micrococcin GO5 production 

(Kim et al., 2006).  Addition of 0.5 % mannitol to brain heart infusion broth 

improved yield of staphylococcin 462, but reduced that of staphylococcin 414 

(Hale and Hinsdill, 1975). Similarly, glucose increased streptococcin A-FF22 

production but decreased that of streptococcin B-74628 (Tagg et al., 1975). 

Others have shown that addition of either glucose or mannitol enhanced 

production of a phage type inhibitor by staphylococci in tryptic soy digest 

broth (Tagg et al., 1976).  Maximal bacteriocin production by Lactobacillus 

plantarum ST13BR (6,400 AU/ml) was in medium with 2 % (w/v) maltose 

(Todorov and Dicks, 2004). 

The yield of bacteriocins by Streptococci isolated from the oral cavity 

of humans and rodents (Kelstrup and Gibbons, 1969) increased due to 

increased viscosity of liquid media due to added agar, glycerol or starch and 

dextran. In another study, staphylococcin 1580 yield was 20 times greater in a 

semisolid medium than in liquid medium (Jetten et al., 1972). 

2.8.2 Conditions of incubation 

 Variations in culture conditions like temperature, pH, incubation time 

and aeration profoundly affect active bacteriocin yield. Generally, bacteriocin 

production is higher at growth temperature optima of producer strain. Growth 

at elevated temperatures can suppress bacteriocin production (Tagg et al., 

1975), sometimes leading to an irreversible loss of the property (Jetten and 

Vogels, 1972).  

 Maximum yields may occur at different phases of the growth cycle. 

Schlegel and Slade (1973) showed that streptocin STH production was best 

during exponential growth phase, with a sharp decline before the stationary 

phase. Similarly, staphylococcin C55 production commenced during 

logarithmic phase, reached a maximum between 24 and 48 h of growth before 
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gradually declining. By contrast, streptococcin AFF22 production started late 

in the logarithmic phase and activity decreased slowly on prolonged 

incubation. Butyricin 7423 secretion was during late exponential phase; 

however, perfringocin 11105 appeared only at the beginning of stationary 

phase, and its production or release was coincidental with partial lysis of the 

producer cells (Tagg et al., 1976). 

 Some strains of C. diphtheriae release bacteriocin continuously 

whereas others produce it in bursts, with the latter effect signifying 

spontaneous inducibility of the bacteriocin (Meitert, 1969). Lachowicz (1965) 

studied the dynamics of staphylococcin A-1262a production on solid media, 

wherein activity first detected after 8 h, reached a maximum at 18 to 24 h, and 

subsequently fell to zero. Other studies have also reported substantial losses of 

bacteriocin activity on prolonged incubation. This effect may be due to 

specific bacteriocin inactivators or enzymatic digestion or could be attributed 

to re-adsorption of the bacteriocin to the producer cells. Aeration of cultures 

greatly increased yield of staphylococcal bacteriocins (Lachowicz, 1965). 

Addition of antifoaming agents minimized mechanical denaturation of 

bacteriocins (Jetten et al., 1972). 

 There is evidence of pH influencing production of some bacteriocins. 

In colicin K production, control of medium pH was a critical factor (Goebel et 

al., 1956). In another study, streptococcin A-FF22 production on Todd-Hewitt 

agar increased when initial pH of the medium was 6.5. A lower terminal pH 

(below 4.0) along with a large cell mass facilitated better pediocin AcH 

production. Reaction(s) necessary for active pediocin AcH synthesis probably 

occur at low pH (Biswas et al., 1991). The effect of pH and temperature on 

bacteriocin production has been studied for several lactic acid bacteria like 

Lactococcus lactis (Vuyst, 1995), Lactobacillus casei (Vignolo et al., 1995), 

Leuconostoc mesenteroides (Krier et al., 1998) and Bacillus licheniformis P40 

(Cladera-Olivera et al., 2004a).  
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2.9 Purification of bacteriocins 

 The bacteriocin purification methods are those of protein biochemistry, 

with a wide variety of procedure combinations utilized, with varying success. 

The extreme heterogeneity of substances, necessitate specific purification 

protocols to be empirically designed for each bacteriocin. Often crude 

bacteriocin preparations are initially concentrated by fractional precipitation 

with acids, salts, ethanol, or various solvent mixtures. Subsequent purification 

is based on size (gel filtration chromatography, ultrafiltration or 

centrifugation) or charge differences (ion-exchange chromatography, 

electrophoresis, isoelectric focussing). 

A common problem is the loss (often massive) of activity, even as 

purification progresses. Hence, it is important to monitor specific bacteriocin 

activity (units of bacteriocin/milligram of protein) after each purification step, 

in order to modify those leading to excessive activity loss. Protein 

concentration is determined by Folin phenol reagent (Lowry et al., 1951); 

however, differential absorption at 280 and 260 nm is a convenient method of 

protein estimation while dealing with multiple samples, as in column 

fractionation. 

2.10 Physicochemical properties of bacteriocins 

 Different physicochemical properties are examined to provide 

information regarding bacteriocin composition and structure. 

2.10.1 Chemical composition 

 Since bacteriocins are a heterogeneous group of substances, essential 

protein component is the one unifying property. Tests of sensitivity to specific 

enzymes (proteinases, amylases, etc.) help identify important chemical 

components of bacteriocin. It was on this basis that streptocin STH, was 
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recognized to be a complex molecule containing essential protein, lipid, and 

phosphate groups. 

 Chemical analyses indicate that while some bacteriocins are simple 

proteins; others including certain from Staphylococcus, Clostridia, and 

Lactobacillus, seem to be complex molecules with lipid and carbohydrate 

components in addition to protein. The staphylococcin 414 composition was 

like that of the staphylococcal cell membrane. Investigations show than in 

several colicins, the biologically active protein components are complexed 

with lipopolysaccharide antigens on the producer cell surface (Klaenhammer, 

1993). 

 Butyricin 7423 and perfringocin 11105 are amphiphilic proteins, 

whose hydrophobic regions are postulated to facilitate interaction with cell 

membranes of susceptible organisms. Similarly, a few colicins and entero-

bacteriocins were inactivated by anionic detergents, but were relatively 

unaffected by cationic detergents and nonionic detergents (Hamon and Peron, 

1963). It was speculated that these bacteriocins cause local disorganization of 

the cytoplasmic membranes of susceptible cells due to their weak detergent 

activity.  

2.10.2 Antigenicity 

 Their protein compositions implicate most bacteriocins to be antigens. 

However, only little is available on antigenicity of bacteriocins by Gram-

positive species. Megacin A-216 evoked an antibody capable of neutralizing 

its own killing effect. Tubylewicz (1966) could distinguish antigenic 

differences between four bacteriocins of C. perfringens in double-diffusion 

tests. By contrast, three apparently dissimilar monocins gave cross-

neutralizing antibodies. Studies of different staphylococcins have both failed 

and succeeded in the demonstration of neutralizing antibodies (Tagg et al., 

1976). 
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 Rabbits immunized with staphylococcin C55 produced specific 

immunoglobulin M neutralizing antibodies. In addition, normal serum from 

humans, guinea pigs, and some rabbits showed nonspecific neutralizing 

factors for this bacteriocin. The low molecular weight of staphylococcin A-

FF22 did not invoke antibody production, but the reason for failures in other 

cases is unclear. Antigenicity of bacteriocins by the Gram-positive bacteria 

warrants further exploration. Studies of antibodies to bacteriocin in human 

sera may be an interesting area for future investigation. 

Antigenicity of BLIS is a controversial subject, as BLIS of high 

molecular weight have elicited neutralizing antibodies. However, low 

molecular weight BLIS from Staphylococcus were not antigenic (Iandolo and 

Crupper, 1997). 

2.10.3 Physical properties 

 Bacteriocins range from simple, low-molecular-weight proteins like 

streptococcin A-FF22 with a molecular weight of 8,000 dalton, to complex 

defective phage particles with molecular weight > 106 kilodalton. Low-

molecular- weight forms are generally susceptible to trypsin digestion, but are 

less sensitive to heat inactivation. It was suggested that the high-molecular-

weight forms are likely phage related whereas the low molecular forms were 

not (Bradley, 1967). Electron microscopy of several high-molecular-weight 

bacteriocins attempted to correlate bacteriocin activity with some visible 

structure (Tagg et al., 1976).  

 Bacteriocins by Gram-positive species commonly exist in two or more 

distinct physical forms. Different molecular species of several of these 

bacteriocins exist in equilibrium; the relative proportions of small units and 

aggregates of these monomers influenced by either the pH and/or ionic 

strength of the preparation (Tagg et al., 1975).  
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2.10.4 Stability 

The stability of bacteriocin preparations often decrease dramatically 

with greater purification. Addition of bovine serum albumin protects some 

purified bacteriocins from excessive inactivation by acting as molecular 

chaperons (Hastings et al., 1991; Finn et al., 2012). Bacteriocins such as 

staphylococcin 1580 as well as an "antibiotic" produced by S. aureus were 

extremely sensitive to mechanical denaturation. They differed in their 

sensitivity to inactivation by pH changes with many bacteriocins and 

bacteriocin-like substances considerably more tolerant to acid than alkaline pH 

extremes (Ellison and Kautter, 1970). 

 A Lactobacillus lactis bacteriocin retained its activity even at 121 °C 

for 10 min, was stable in pH from 4 to 7, but was inactive in alkaline pH. 

Bacteriocin from Lactobacillus plantarum was active up to 100 °C and within 

pH 4 to 7. Trypsin and pepsin treatment inactivated both bacteriocins (Lade, 

2006). Bacteriocin by LAB Carnobacterium piscicola JG126 isolated from 

spoiled ham was stable at low pH but high pH values saw loss of activity. 

Proteolytic enzymes like trypsin and chymotrypsin inactivated it, but not 

catalase, lipase or lysozymes (Jack et al., 1996). Carnobacterium piscicola is a 

facultative psychrotrophic bacteriocin producing lactic acid bacterium from 

fresh fish (Stoffels et al., 1992), whose maximum bactericidal activity was at 

34 °C, but declined until 15 °C, after which there was no activity.  

Bacteriocins produced by LAB W. cibaria N23 were completely 

inactivated after treatment with the proteolytic enzymes trypsin, actinase, 

protease XIII, ficin, trypsin from porcine pancreas, achymotrypsin and pepsin, 

confirming their proteolytic nature (Pringsulaka et al., 2012). Exposure to 

different pH values showed that bacteriocin N23 remained fully active in pH 

from 2.0 to 8.0; however, activity was completely lost at pH 10. Even after 

heat treatment at 60 to 100 °C for 20 min bacteriocin was stable, but retained 

only 50 % activity at 100 °C for more than 30 min or 121 °C for 15 min 
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(Pringsulaka et al., 2012). Naclerio and co-workers in 1993, reported cerein, a 

protein with bactericidal activity in culture supernatant of B. cereus; with 

activity only against other similar strains from lab collections and food 

isolates, but not against other bacteria tested. A physiological and biochemical 

characterization of this 9,000 Da cerein showed that it was inducible at the 

beginning of stationary phase and stable even after various chemical and 

physical treatments.  

 Bacillus licheniformis MKU3, a bacteriocin-producing strain from 

slaughterhouse sediments exhibited bacteriocin-like activity against Gram-

positive and negative bacteria, different fungi as well as yeast. SDS–PAGE 

analysis of its extracellular proteins revealed protein with molecular mass of 

1.5 kDa, stable between pH 3.0 to 10.0, temperatures up to 100 °C for 60 min, 

but inactivated by proteinase K, trypsin or pronase E (Kayalvizhi and 

Gunasekaran, 2008). Martirani et al. (2002) isolated a thermophilic strain of 

Bacillus licheniformis from dairy products, which produced bacillocin 490 

with some novel features. This too was inactivated by pronase E and 

proteinase K and was effective only against related Bacillus sp. both under 

aerobic and anaerobic conditions. Bactericidal activity was retained when 

stored at 4 °C, as well as in a wide pH range (4.5 to 9.0). Bacillocin 490 was 

partially purified by elution after adhesion to Bacillus smithii, a food isolate 

strain and had a molecular mass of 2 kDa.  

 The antimicrobial substance produced by Bacillus licheniformis strain 

P40 was sensitive to pronase E, but not papain or trypsin. It was also stable at 

all temperatures tested, except 121 °C and 103.5 kPa for 15 min; lost its 

activity after treatment with TCA and butanol, while all other chemicals used 

caused no effect on antimicrobial activity (Acetone, 1-Butanol, Chloroform, 

Methanol, Toluene, Trichloroacetic acid). The antimicrobial substance was 

stable in all pH tested (3 to 11), retaining all of its initial activity (Cladera-

Olivera et al., 2004b). BL8 from Bacillus licheniformis BTHT8 lost its 
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antibacterial activity at high temperature of 121 °C per 105 kPa for 15 min; 

however activity was retained at temperatures from 40 to 100 °C for 30 min. 

BL8 activity was stable at pH from 1to12 (Smitha and Bhat, 2012). 

 Criteria for thermostability of bacteriocins are difficult to define, as 

this not only dependent on state of purification, but also other factors like pH, 

ionic strength, and presence of protective molecules. 

2.11 Applications of bacteriocins 

Global production of fish, crustaceans, molluscs and other aquatic 

animals reached 167 million tonnes in 2014. Aquaculture production 

continued to show strong growth, with an average annual growth rate of 6.1 

percent from 36.8 million tonnes in 2002 to 74 million tonnes in 2014 

according to Food and Agriculture Organization of United Nations (FAO) 

2016. Consumer demand for fish is high, especially in affluent nations, which 

imported around 33 million tonnes of fish in 2012. Moreover, fish is also an 

ingredient in pet food, health supplements, fishmeal and many non-food 

products manufactured on a global scale. Hence, pressure on seafood 

resources is set to increase further, such that fisheries being poorly managed 

may quickly collapse with spoilage and disease both due to microorganisms 

emerging as the greatest challenges in seafood industry.  

2.11.1 Food preservation 

Lactococcus lactis subsp. lactis KT2W2L, a nisin Z producer was used 

for biopreservation of cooked, peeled and ionized tropical shrimps during 

storage at 8 °C (Hwanhlem et al., 2015). The efficacy of Lactobacillus sp. 

AMET1506 as a biopreservative for shrimp under different storage conditions 

was evaluated (Karthik et al., 2013). Nisin-coated plastic films suppressed 

growth of aerobic and anaerobic spoilage microorganisms in a concentration-

dependent manner (Neetoo et al., 2008). L. lactis subsp. lactis strain 

CWBIB1410, another nisin producer used as a starter culture to improve the 
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traditional Senegalese fish fermented guedj, helped enhance its safety (Diop et 

al., 2009). Lactobacillus pentosus 39, a BLIS producing strain controlled the 

growth of Aeromonas hydrophila ATCC14715 and Listeria monocytogenes 

under simulated cold chain break conditions (Anacarso et al., 2014).  One area 

of active research in seafood aquaculture is the utilization of bacteriocins as 

antimicrobials. 

2.11.2 Probiotics in aquaculture 

Probiotics are “live microorganisms” consumed in adequate amounts 

to confer health benefits on the host (Pineiro and Stanton, 2007) and  include 

species of lactic acid bacteria (LAB), including lactobacilli, bifidobacteria, 

nonpathogenic Escherichia coli, bacilli as well as yeasts like Saccharomyces 

boulardii (Dobson et al., 2012). Antibiotic over use in aquaculture disease 

control led rise of bacterial resistance that can be spread by horizontal gene 

transfer via plasmids or bacteriophages. This highlights the need for 

alternatives for antibiotics in aquatic disease management. Use of probiotics in 

aquaculture  for elimination of antimicrobial drug is increasing, with 

successful use of bacteria like Vibrio sp., Pseudomonas sp., Bacillus sp. and 

several  Lactobacilli sp. as probiotics in mollusk, crustacean, and finfish 

aquaculture; with most obtained from aquatic animals, their culture 

environment or from the intestine of different aquatic species (Nikapitiya, 

2013). Since probiotic research in aquaculture is in its infancy and only just 

gaining acceptance in the industry, much work is essential to understand and 

resolve controversies related to real environmental demonstrations on 

successful use of probiotics, their mode of action, and mechanism in vivo. 

Application of terrestrial bacteria in aquaculture has limited success. Hence, 

identification of potential probiotic bacteria from marine environments where 

they grow optimally is a better approach. 

Aeromonas media A199 controlled Vibrio tubiashii infection in Pacific 

oyster, Crassostrea gigas larvae by producing bacteriocin-like inhibitory 
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substances, which antagonized several pathogenic bacteria in culture (Gibson, 

1999; Gibson et al., 1998). Alteromonas macleodii 0444 as a probiotic 

controlled  V. coralliilyticus and Vibrio pectenicida in flat oyster, Ostrea 

edulis larvae (Kesarcodi-Watson et al., 2012), as well as Vibrio 

splendidus infection in Greenshell mussel Perna canaliculus larvae, leading to 

increased survival (Kesarcodi-Watson et al., 2010).  

Bacteriocinogenic bacteria were isolated from ornate spiny lobsters 

(Panulirus ornatus), black tiger shrimp (Penaeus monodon), cobia 

(Rachycentron canadum) and snubnose pompano (Trachinotous blochii). Two 

candidate probiotic formulations with bactericinogenic bacteria proved their 

beneficial effects on aquaculture-raised juveniles of ornate spiny lobsters 

(Panulirus ornatus) challenged with V. owensii DY05 (Nguyen et al.,2014). 

Thus in all aspects either the bacteriocin or the producer organism can be a 

food preservatives or immune enhancer in marine food industry.  

2.11.3 Applications in human health 

The increasing bacterial resistance to antibiotics used in clinical 

application, promulgated a growing interest in bacteriocins as alternative 

therapeutics for human (and possibly animal) infections (Lawton et al., 2007). 

Since bacteriocins and conventional antibiotics act on different cellular targets, 

cross-resistance is rarely reported between the two. Several bacteriocins or 

BLIS produced by Bacillus sp. are effective against MRSA or VRE 

pathogenic bacteria; pumilicin 4 or the lantibiotics: lichenicidin, mersacidin 

and haloduracin produced by B. sphaericus. Haloduracin being more stable 

than nisin at physiological pH is of particular interest for medical applications 

(Oman and van der Donk, 2009). Mersacidin has antimicrobial activity against 

S. aureus both in vitro and in vivo (Molitor et al., 1996; Kruszewska et al., 

2004; Sass et al., 2008). The lantibiotic subtilosin A has antimicrobial activity 

against G. vaginalis, L. monocytogenes and S. agalactiae (Sutyak et al., 

2008b). Subtilosin A is thus a potential agent against vaginal pathogens like G. 
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vaginalis that is resistant to conventional antibiotics. Besides their 

antibacterial activity, some bacteriocins/BLIS of Bacillus also show antifungal 

activity, which can be exploited in clinical applications (Abriouel et al., 2011). 

Their inhibitory action against intestinal pathogens like C. perfringens, 

C. difficile and others make bacteriocin-producing Bacillus strains effective as 

human probiotics. For example, B. polyfermenticus SCD (polyfermenticin 

SCD producer) is a commercial probiotic used for treatment of long-term 

intestinal disorders due to C. perfringens (Lee et al., 2001). The probiotic 

strain B. clausii O/C produces inhibitory substances against S. aureus, E. 

faecium and C. difficile (Urdaci et al., 2004), while thuricin CD specifically 

targets C. difficile (Hill et al., 2014). Bacteriocins from Bacillus may also be 

used as natural contraceptives; for example subtilosin A which showed 

spermicidal activity against spermatozoa from humans as well as several farm 

animals (Sutyak et al., 2008a). 

2.11.4 Livestock applications 

 Several Bacillus strains are marketed as probiotics for livestock based 

on functional properties like improvement in body weight of farm animals or 

poultry; e.g. BioPlus2B®, a probiotic formulation of B. licheniformis and B. 

subtilis strains (Mutus et al., 2006). Lichenin A producing B. licheniformis has 

antibacterial effect against S. bovis and Eubacterium ruminantium, as well as 

hydrolytic activities against several polysaccharides, indicating its use as 

digestive aid to improve rumen fermentation (Pattnaik et al., 2001). Spores of 

BLIS-producing B. amyloliquefaciens CECT 5940 in poultry feeds (Ecobiol®, 

Norel and Nature Nutrition) reduce pathogenic bacteria like C. perfringens, E. 

coli and Yersinia in the intestinal tract of poultry, diminishing poultry 

mortality (Diaz, 2007). B. circulans and P. polymyxa bacteriocins function 

similarly in poultry (Stern et al., 2005). The P. polymyxa NRRL B-30507, 

NRRL B-30508 and NRRL B-30509 strains as well as B. circulans NRRL B-

30644 were used to control Campylobacter jejuni zoonosis in animals. The 
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dietary administration of bacteriocin preparations in poultry reduced intestinal 

colonization by C. jejuni, thereby decreasing risk to public exposure as well as 

campylobacteriosis (Svetoch et al., 2005). 

 Disease control using bacteriocin is cheap, effective, and non-toxic to 

non-target organisms including animals and humans (Lewus et al., 1991). For 

example, nisin used topically is as effective as a 1% iodophor dip in 

controlling both Gram-positive and Gram-negative bacteria inoculated onto 

teat skin of live cows (Sears et al., 1992). Moreover, treatment with nisin does 

not irritate skin, even after multiple applications. In addition, bacteriocins are 

GRAS (i.e., generally recognized as safe by the Food and Drug 

Administration), hence milk from bacteriocin-treated cows is not considered 

adulterated, consequently not requiring a holding period before marketing 

(Cao et al., 2007). 

 Bacillus bacteriocins with strong inhibitory activity against 

Staphylococci could control mastitis in dairy cows. In a recent study, several 

BLIS from B. thuringiensis (morricin 269, kurstacin 287, kenyacin 404, 

entomocin 420 and tolworthcin 524) were tested against a collection of MAR 

(multiple antibiotic resistance) S. aureus isolates from dairy sources (Barboza-

Corona et al., 2009). Despite differences in sensitivity of S. aureus strain, 

morricin 269 followed by kurstacin 287 had best inhibitory action. The authors 

suggested the use of these antimicrobial peptides as an alternative to control 

bovine mastitis. They also proposed over-expression of these BLIS, as well as 

development of purified, concentrated bacteriocin preparations for prevention 

and treatment of mastitis. Another antimicrobial substance for application in 

domestic animal health is the BLIS by B. subtilis LFB112 isolated from 

Chinese herbs, which is active against disease causing Gram-positive and 

Gram-negative bacteria (Xie et al., 2009). 
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2.11.5 Environmental applications 

Many bacteriocins or BLIS produced by Bacilli inhibit plant-

pathogenic bacteria. Either the bacteriocin-producing strains or the partially 

purified bacteriocin preparations can be used to control plant diseases. Ericin S 

is active against C. michiganensis, which causes bacterial tomato canker. 

Purified ericin or its producer strain could be a suitable bioprotectant for 

tomato plants. Bac 14B, a BLIS produced by B. subtilis 14B isolated from the 

rhizosphere of healthy plants can be applied as a biocontrol agent as it can 

reduce A. tumefaciens infections in plants (Hammami et al., 2012). 

Several mechanisms help rhizosphere bacteria that are of great interest 

in agriculture to promote plant growth. Bacillus species promote plant growth 

and disease resistance. A polypeptide from B. thuringiensis strain NEB17 

(Smith et al., 2006), isolated from soybean root nodules enhanced nodulation 

when applied as a coinoculant with Bradyrhizobium japonicum 532C (Bai et 

al., 2003). This strain also produced thuricin 17, an antibacterial peptide (Gray 

et al., 2006), with plant growth-promoting activity (Lee et al., 2009). Thuricin 

17 induced root hair deformation curling response of soybeans, and increased 

nodulation. Its application to plant leaves or roots directly stimulated the 

growth of both soybean (a C3 dicot) and corn (a C4 monocot). The N-terminal 

amino acid sequences is identical or highly homologous to that of other 

bacteriocins from Bacillus such as thuricin S, thurincin H, bacthuricin F4 or 

cerein MRX1 (He, 2009). Thus, it is reasonable to suspect that these similar 

bacteriocins may also promote plant growth. These bacteriocins with a dual 

function and broad inhibitory spectra, may be exploited not only to improve 

plant growth and crop yield, but also to inhibit plant-pathogenic bacteria as 

well as to decrease plant contamination with human pathogens like L. 

monocytogenes or Salmonella. BLIS with antifungal activities, or their 

producer strains can be used to control plant decay and postharvest control of 

fruits and vegetables. One example is B. amyloliquefaciens RC-2, which 
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produces a BLIS active against C. dematium, a mulberry anthracnose fungus 

as well as several other phytopathogenic fungi and bacteria, such as R. 

necatrix, P. oryzae, A. tumefaciens and X. campestris pv. campestris (Yoshida 

et al., 2001). 

Bacteriocin-producing Bacilli are also amenable for other 

environmental applications. Some interesting strains isolated from oil 

reservoirs (Korenblum et al., 2005) like the B. firmus strain H2O-1, produces a 

small, heat and alkali stable BLIS peptide, capable of withstanding 

environmental conditions during oil drilling. Its antimicrobial activity against 

sulphate reducing bacteria (SRB), offers potential use as a biocide in the 

petroleum industry to control these bacteria. Further, BLIS by strain H2O-1 

reduced viability and attachment of an SRB consortium biofilm (Korenblum et 

al., 2008). The authors suggest that this strain or its antimicrobial peptide may 

have a potential for pipeline cleaning technologies to inhibit biofilm formation 

and consequently reduce biocorrosion. 

2.11.6 Biotechnological applications 

 There are significant benefits to employing modern cutting-edge 

bioengineering to advance the traditional peptide discovery, description and 

production, because of the gene-encoded nature of bacteriocins. One of the 

greatest advantages of bioengineering in the lantibiotic field is creation of 

strains producing larger amounts of lantibiotic peptides (Suda et al., 2010). 

Another strategy to improve lantibiotic-producing strains used conjugation of 

multiple large bacteriocin-encoding plasmids into a single strain (Collins et 

al., 2010), thereby improving its ability kill the undesired target more 

effectively than the wild type (O’Sullivan et al., 2003). It is also possible to 

achieve this goal by amplifying and cloning lantibiotic-encoding genes into 

shuttle vectors and its heterologous production in other strains. Such 

approaches improved lacticin 3147 production by Enterococcus host (Ryan et 

al., 2001). Bioengineering of existing peptides can also create lantibiotics with 
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improved activity and/or suitable for specific applications (Collins et al., 

2010). 

The amino acid composition of lantibiotics can be modified via protein 

engineering to gather important clues concerning structure-function 

relationships (Chen et al., 1998). Production of engineered mutacin II with 

normal gene dosage and regulatory responses was attained with a gene 

replacement strategy in a streptococcal expression system. A similar approach 

was used to engineer analogs of subtilin (Liu and Hansen, 1992), nisin (Dodd 

et al., 1996), gallidermin (Ottenwalder et al., 1995), and epidermin. In 

addition, peptides were developed with enhanced characteristics to improve 

the activity or inhibitory spectrum. For example, solubility and stability of 

nisin Z at different experimental conditions was improved by peptide 

engineering without dramatically reducing specific activity (Rollema et al., 

1995). Other than lantibiotics, non-lantibiotic peptides can be altered by 

introducing new post-translational modifications using specific enzymes. The 

cyclase of nisin (NisC) protects non-lantibiotic peptides against peptidases and 

proteases by cyclization (Rink et al., 2007), a property which is particularly 

useful from a drug design standpoint; while the dehydratase of nisin (NisB) 

introduces dehydro residues leading to the formation of thioether bridges into 

various peptides easier (Kluskens et al., 2005). 

 Bioengineering of bacteriocins is not limited to lantibiotics. The well-

conserved cationic N-terminal half of pediocin like bacteriocins mediates its 

initial binding to target cells through electrostatic interactions (Chen et al., 

1997). The possibility that the N-terminal half of the pediocin-like bacteriocin, 

sakacin P may influence the target-cell specificity, has been investigated by 

the use of site-directed in vitro mutgenesis (Kazazic et al., 2002). Though 

variants generated in these types of studies are useful from an academic 

standpoint, none of them displayed increased activity against several 

microorganisms. 
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2.11.7 Applications in the pharmaceutical industry  

With the availability of powerful and effective arsenal of drugs, most 

pharmaceutical companies abandoned their antimicrobial drug development 

programs, as there seemed little need for new drug compounds (Knowles, 

1997). Bacterial resistance to antimicrobials emerged right after their initial 

wide-scale use (Levin et al., 1998). Since then, the resistance levels continued 

to rise dramatically. Antibiotic resistance was thought to be confined to 

hospital settings, where the use of antibiotics was most intensive; 

approximately one third of all hospitalized patients receive antibiotics with at 

least half of those prescriptions being unnecessary, poorly chosen or 

incorrectly administered (Van Houten et al., 1998). 

Compounding the problem further, an almost exclusive reliance on 

broad-spectrum antibiotic agents contributed to a rapid emergence of multi 

resistant pathogens (Wester et al., 2002). In the agricultural industry, 

antibiotics for disease control, prophylaxis and growth promotion, contributed 

significantly to resistant pathogens in animals (Barton and Hart, 2001) and 

plants (McManus et al., 2002). Additionally, bacteria isolated from animals in 

environments unrelated to clinical or agricultural management settings have 

also acquired high levels of antibiotic resistance (Sherley et al., 2000). 

Paradoxically, it is the extensive use of antibiotics that has contributed to the 

limited array of effective drugs available today for treating multi-resistant 

bacteria (Lowy, 2003). 

Numerous antibacterial agents are being considered as alternatives, 

such as bacteriophages (Alisky et al., 1998), probiotic bacteria (Macfarlane 

and Cummings, 2002), antimicrobial peptides (Joerger, 2003), and 

bacteriocins (Twomey et al., 2002). In order to exploit the desired activities of 

these varied antimicrobial leads optimally, researchers often employ chemical 

or genetic engineering methods (Lien and Lowman, 2003).  
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The pediocin-like bacteriocin, a class IIa like microcin V, was used as 

a possible alternative to control Gram-negative bacteria (Duquesne et al., 

2007). Three different proteins serve as a specific receptor for microcins, 

namely the membrane component F0 of the ATP synthase, SdaC, and the 

mannose permease, required by MccH47, MccV, and MccE492, respectively 

(Biéler et al., 2010; Gérard et al., 2005). Because of the Gram-negative cell 

wall structure, the class IIa microcins requires an outer membrane (OM) 

transporter system to reach the plasma membrane receptor. This requires an 

additional step of modification. Enterocin CRL35, a pediocin-like bacteriocin 

has potent antilisterial activity but is inactive against Gram-negative bacteria 

(Farías et al., 1996). Asymmetrical PCR fused the required portions of genes 

encoding enterocin CRL35 and microcin V, namely munA and cvaC, to obtain 

a peptide with a broader antimicrobial spectrum (Acuña et al., 2012). The 

hybrid bacteriocin purified from E. coli extracts, named Ent35eMccV, showed 

inhibitory activity against enterohemorrhagic E. coli, L. monocytogenes, and 

other pathogenic Gram-positive and Gram-negative bacteria (Acuña et al., 

2012). 
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Screening and characterization of 
bacteriocin producing bacteria from gut of 
marine fishes- Centroscyllium fabricii and 
Sardinella longiceps  

3.1 Introduction 

Many of the antibacterial properties elucidated by bacteria may be 

ascribed to antibiotics, bacteriocins, lysozymes, siderophores, proteases, 

and/or hydrogen peroxide as well as the alteration of pH values by organic 

acids produced either singly or in combination. Bacteriocins which are potent 

antimicrobial polypeptides and/or proteins elaborated by every bacterial 

species examined to date are important. These tens or hundreds of bacteriocins 

(Riley, 1992), play key roles in regulating microbial colonization of animals or 

fish. 

In fish, colonization by microorganisms may start at the egg and/or 

larval stage, continuing with the development of the fish (Olafsen, 2001). Thus 

the number and diversity of microorganisms present in the larval stage, in feed 

and water influence the microflora of the developing fish. Several functions 

including digestion of algal cells, provision of amino acids, and possibly the 

colonization by bacterial pathogens (Westerdahl et al., 1991) are assigned to 

the resident symbiotic gut microflora. Bacteria in the digestive tract produce 

inhibitory compounds to regulate colonization by pathogens in fish (Ringø et 

al., 2000; Makridis et al., 2005).  

Several potent bacteriocins and bacteria with antimicrobial properties 

have been reported from fish gut. For instance, a proteinaceous, heat-labile 

substance with molecular mass <5 kDa was recovered from Vibrio sp. isolated 

from the intestine of a spotnape pony fish (Sugita et al., 1997). Likewise, 

bacteria inhibiting pathogenic Vibrio sp. were isolated from the digestive tract 

of halibut (Hippoglossus hippoglossus) larvae (Bergh, 1995). In another study 
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28 of 1,055 intestinal bacterial isolates from seven coastal fish in Japan, (2.7% 

of the total) inhibited the human and eel pathogen V. vulnificus (Sugita et al., 

1998). Marked inhibition was displayed by 15 isolates, consisting of 11 

Vibrionaceae representatives, 3 Coryneforms, and 1 Bacillus strain NM 12; 

the latter demonstrated the most pronounced antimicrobial activity (Austin, 

2006). 

This chapter deals with the isolation, screening and identification of 

potent bacteriocin producers from gut of marine fish. The fishes as well as the 

bacteriocin producers were identified using molecular techniques. 

3.2 Materials and methods 

Deep sea shark and Sardines were used as samples for isolating 

bacteriocin producers. The composition of the media used is given in 

Appendix – I. 

3.2.1 Sampling of Deep sea fish 

The deep sea shark caught during the cruise no. 305 of FORV Sagar 

Sampada using HSDT (High Speed Demersal Trawl) net from station number 

17 (8° 11.4” N and 75° 54.9” E) at 1000m depth on 10/10/2012 was used for 

isolating bacteriocin producers. The sample was given voucher number 

SSDSS1. 

3.2.2 Sampling of Indian oil Sardine 

Sardines were collected from local fishermen from Thoppumpadi 

harbor, (Ernakulam district, Kerala, India) pre-monsoon, immediately after the 

catch. Though the fish can be identified easily by morphological aspects, it 

was confirmed by molecular identification. The sample was given voucher 

code SFF. 
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3.2.3 Identification of fishes by barcoding 

DNA from tissue samples (mostly white muscle) obtained from fish 

specimens (deep sea shark and Indian sardine) was extracted using standard 

phenol–chloroform procedures (Sambrook et al., 2006). Approximately 655 

 bp were amplified from the 5′ region of the cox1 gene from mitochondrial 

DNA using the primers (Ward et al., 2005) 

FishF2-5′TCGACTAATCATAAAGATATCGGCAC3′ and  
FishR2-5′ACTTCAGGGTGACCGAAGAATCAGAA3′ 

PCR was performed in thermal cycler (BioRad, USA) with an initial 

denaturation at 94 °C for 2 min, followed by 40 cycles of [94 °C/30 s, 56.5 

°C/30 s, 72 °C/1’30 s] and a final extension at 72 °C for 10 min. The 

amplicons obtained were processed as in section 3.2.8.  

3.2.4 Bacterial isolation and primary screening for antagonistic activity 

The gut contents of the fish was isolated aseptically, diluted in a 

tenfold series, after which 100 µL sample of each dilution was spread onto 

Nutrient agar (NA) plates (HiMedia, Mumbai , India). The plates were 

incubated at 28 °C for 1 week and all the isolated colonies were purified and 

maintained on nutrient agar slants at 4 °C.  

The isolates were screened for antimicrobial activity by cross streak 

method (Gardner, 1950) using standard pathogens from NCIM (Escherichia 

coli 2343, Salmonella typhimurium 2501 and Staphylococcus aureus 2127). 

The experiment was repeated for three consecutive subcultures. The bacteria 

showing antagonistic activity even after three subcultures/transfers were 

selected and further screened for bacteriocin production. 

3.2.5 Secondary screening: Quantitative estimation of antibacterial titres 
by critical dilution assay 

In the secondary screening, all bacterial isolates with antagonistic 

activity (after three sub culturing/transfers) in the primary screening went 
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through the critical dilution assay (Mayr-Harting et al., 1972) for quantitative 

estimation of their antibacterial titres. For this, the cell free supernatant of the 

culture in Zobell marine broth (HiMedia), obtained by filtering through 0.22 

µm filter was serially diluted using twofold dilutions. From each dilution, 5 

µL was spotted on an indicator strain (Table 3.1), swab-inoculated on Mueller 

Hinton agar plate (Nakano et al., 1968). The plates were incubated at the 

optimum growth temperature of the indicator strain. The bacteriocin activity 

was expressed in activity units per mL (AU/mL).  

One activity unit (AU) of bacteriocin was defined as 5 µL of the 

highest dilution yielding a zone of growth inhibition on the indicator lawn. 

The reciprocal of the highest dilution was multiplied by 200 (1 mL/5 µL) to 

obtain activity units per mL (AU/mL) (Enan et al., 1996). Protein 

concentration was estimated by Lowry’s method (1951). Specific activity was 

obtained by dividing activity with protein concentration and expressed as 

AU/mg. 

3.2.6 Confirming protein nature of bacteriocin 

The cell free supernatants of the cultures in Zobell marine broth 

(HiMedia) were used to confirm the protein nature, by ammonium sulphate 

precipitation and action of proteolytic enzymes. To confirm the presence of 

active peptide, enzymes such as proteinase K, trypsin, and pepsin (Sigma-

Aldrich) were mixed with the active ammonium sulphate fraction at a final 

concentration of 5 mg/mL of enzyme and 5±0.5 mg/mL of ammonium 

sulphate fraction; incubated for 1 h at 37 °C and checked for bacteriocin 

activity.  
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Table 3.1 List of standard cultures used for antibacterial screening 

Test organisms NCIM No. 

Pseudomonas aeruginosa  

Salmonella Typhimurium  

Escherichia coli  

Proteus vulgaris  

Clostridium perfringens  

Staphylococcus aureus  

Bacillus cereus  

Bacillus circulans  

Bacillus macerans  

Bacillus pumilus  

2863 

2501 

2343 

2027 

2677 

2127 

2155 

2107 

2131 

2189 

3.2.7 Bacterial characterization and identification 

The bacteriocin producer strains were characterized and identified 

using both phenotypic and genotypic or molecular characterization. 

Phenotypic characterization: Gram staining was performed using a Gram 

stain kit (Himedia, Mumbai) according to the manufacturer’s instructions. Cell 

motility was observed by the hanging-drop method (Skerman, 1967). Different 

biochemical tests were carried out according to standard methods (Dong and 

Cai, 2001). The biochemical tests included IMViC, sugar fermentation (TSI), 

oxidative/fermentative (MoF), and enzyme productions like catalase, urease, 

amylase, protease and lipase. 

Antibiotic susceptibility tests: The bacteriocin producers were tested for 

antibiotic susceptibility by using Combi 69 and G VIII plus octo-discs 

(Himedia, Mumbai). The antibiotics, their concentrations per disc and zone 

size interpretation are given in table 3.2. 
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Table 3.2 List of antibiotics used for antibiotic sensitivity, their 

concentration and zone size interpretations 

Antibiotic Concentration 

Zone size of growth 
inhibition (mm) 

R I S 

Ciprofloxacin (CIP)  5µg ≤15 16-20 ≥21 

Ofloxacin (OF)  5µg ≤12 13-16 ≥16 

Sparfloxacin (SPX)  5µg ≤15 16-18 ≥19 

Gatifloxacin (GAT)  5µg ≤14 15-17 ≥18 

Aztreonam (AT)  30µg ≤15 16-21 ≥22 

Azithromycin (AZM)  15µg ≤13 14-17 ≥18 

Vancomycin (VA)  30µg ≤14 15-16 ≥17 

Doxycycline 
Hydrochloride (DO)  

30µg ≤12 13-15 ≥16 

Bacitracin (B)  10Unit ≤8 9-12 ≥13 

Chloramphenicol (C)  30µg ≤12 13-17 ≥18 

Co-Trimoxazole (COT)  25µg ≤10 11-15 ≥16 

Penicillin-G (P)  10Unit ≤28 - ≥29 

Polymyxin-B (PB)  300Unit ≤11 - ≥12 

Gentamicin (GEN)  10µg ≤12 13-14 ≥15 

Neomycin (N)  30µg ≤12 13-16 ≥17 

Tetracycline (TE)  30µg ≤14 15-18 ≥19 

Genotypic identification: Bacterial DNA was isolated according to the 

protocol described by Ausubel et al., (1987) (Appendix-II). 16S rRNA gene 

(1.5 kb size) was amplified from the genomic DNA using thermal cycler (Bio-

Rad, CA, USA) with universal primers for 16S rDNA (Shivaji et al., 2000). 

The sequences for the primer pair used were as follows:   
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Forward primer  -   5’ AGAGTTTGATCCTGGCTCAG  3’  

Reverse primer   -   5’ACGGCTACCTTGTTACGACTT 3’  

The conditions used for PCR amplification are listed in  

Step Temperature Time 

1.Initial Denaturation 94 °C 1.5 min 

2. Denaturation 94 °C 30 s 
3. Annealing 56 °C 30 s 
4. Extension 72 °C 2 min 
5. Final extension 72 °C 10 min 

* Steps 2, 3and 4 are repeated in 30 cycles   

3.2.8 Agarose gel electrophoresis and sequencing 

PCR products were visualized on 1.5 % agarose gels and sequenced by 

Sanger sequencing using ABI Prism 310 genetic analyzer (Applied 

Biosystems, Carlsbad, CA, USA) using big dye terminator kit. The identity of 

the sequences was determined by comparing the sequences in the NCBI 

database using Basic Local Alignment Search Tool (BLAST) (Altschul et al., 

1990). The sequences were submitted to GenBank and accession numbers 

were secured. 

Phylogenetic analysis was performed using MEGA version 6.0 

(Tamura et al., 2013). Clustering using the neighbour-joining (Saitou and Nei, 

1987) were determined using bootstrap values based on1,000 replicates.  

3.2.9 Growth curve of the two bacteriocin producing microorganisms 

Zobell marine broth was inoculated with strain Bacillus 

amyloliquefaciens BTSS3 and strain Bacillus pumilus SDG14 each (inoculum 

1 % (v/v)), and incubated at 30 °C at 120 rpm for 24 h in a rotary shaker. 

Growth was assessed by measuring the optical density at 600 nm (Schimadzu, 
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Germany) at 2 h intervals. The generation time (G) and growth rate (µ) were 

calculated by the formula: 

G =  t/n 

n = 3.3 log  (b/B) 

μ = 0.693 G 

Where, 

t = time interval in minutes 

B = number of bacteria at the beginning of a time interval 

b = number of bacteria at the end of a time interval 

n = number of generations 

3.3 Results and discussion  

The deep sea shark caught during the cruise no. 305 of FORV Sagar 

Sampada at a depth of 1000 m was barcoded as was the Sardine sampled from 

the fishing harbour. 

3.3.1 Identification of fishes by barcoding 

3.3.1.1 Identification of deep sea fish  

A 750 bp amplicon was obtained after PCR of the mitochondrial 

cytochrome oxidase (COI) gene from the deep sea shark (Fig 3.1 A.).  BLAST 

analysis of the sequenced PCR amplicons showed 98 % identity with the 

mitochondrial cytochrome oxidase (COI) gene of Centroscyllium fabricii 

(Accession no. KC015264.1). The phylogenetic tree using Cox I genes clearly 

shows Centroscyllium fabricii voucher no. SSDSS1 clading with other 

Centroscyllium fabricii voucher samples, confirming the identity of the deep 

sea shark.  The sequences were submitted in GenBank and accession number 

KJ888145.1 was obtained (Fig 3.1 B). 
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Fig 3.1. A) Agarose gel electrophoresis of COX1 PCR product. Lane 1- 1kb 
plus ladder, Lane 2- PCR product. B) Phylogenetic tree of Cox I gene of 
Centroscyllium fabricii voucher no. SSDSS1 and 5 other sample sequences. 
The evolutionary history was inferred using the Neighbor-Joining method. The 
evolutionary distance was computed and is in the units of the number of base 
substitutions per site. Accession numbers are given along with the name. 
Evolutionary analyses were conducted in MEGA6. Sardinella longiceps 
voucher WL-M739 served as out group.   

3.3.1.2 Identification of Indian oil sardine 

A 750 bp amplicon was obtained after PCR of the mitochondrial 

cytochrome oxidase (COI) gene from sardine sample (Fig 3.2 A.)  The 

BLAST analysis of the sequenced PCR amplicons confirmed that this partial 

gene sequence encoded mitochondrial cytochrome oxidase (COI) gene of 

Sardinella longiceps. This was further proved after multiple sequence 

alignment involving 9 other sequences and in the phylogenetic tree the 

mitochondrial cytochrome oxidase (COI) genes of various Sardinella 

longiceps voucher specimens and Sardinella longiceps Voucher No. SFF (this 

study) claded together, also confirming the identity of the test sample. The 

sequences were deposited in GenBank under accession number KF151867 

(Fig 3.2 A and B).  
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Fig 3.2 A) Agarose gel electrophoresis of COX1 PCR product. Lane 1- 100bp 
ladder, Lane 2- PCR product. B) Phylogenetic tree of Cox I gene of Sardinella 
longiceps Voucher No. SFF. The evolutionary history was inferred using the 
Neighbor-Joining method. The evolutionary distances were computed and are 
in the units of the number of base substitutions per site. The analysis involved 
9 nucleotide sequences and Thunnus thynnus (accession number GU256522) 
was the out-group. Accession numbers are given in parentheses. Evolutionary 
analyses were conducted in MEGA6.  

The mitochondrial cytochrome c oxidase subunit I (COI) DNA 

sequences act as unrepeatable signatures and constitute a unique DNA 

barcode. This short DNA sequence provides  sufficient identification labels in 

terms of nucleotide positions (Hebert et al., 2003). Bucklin et al., (1999) 

sequenced mitochondrial gene, cytochrome c oxidase subunit I (COI), in eight 

species from three genera of planktonic copepods  and  found the method 

could reliably discriminate even among sibling species. DNA barcodes had 

been obtained for more than 8000 species of fish and the COI sequences were 

deposited in the Barcode of Life Data Systems (BOLD) online repository 

(Ratnasingham and Hebert 2007). 
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3.3.2 Bacterial isolation and primary screening for antagonistic activity 

Seventy two isolates were obtained by culture dependent methods from 

gut of Centroscyllium fabricii (SSDSS1) and twenty five from gut of 

Sardinella longiceps (SFF). Two isolates (BTSS2 and BTSS3) from 

Centroscyllium fabricii and three (SDG 14, GUT 13 and GUT22) from 

Sardinella longiceps showed antagonistic activity against various test 

organisms (Fig 3.3). 

      

Fig 3.3 Antibacterial screening of A) BTSS3 and B) SDG14 by cross streak 
method against S. aureus NCIM2127, S. Typhimurium NCIM2501 and E. coli 
NCIM2343. 

These organisms were sub-cultured three times with intermittent 

activity screening to prove sustained bacteriocin production. Two isolates, 

GUT13 and GUT22 lost their activity after the second transfer while BTSS2 

could not retain its activity after the third subculture (Table 3.3). Only two 

isolates labelled BTSS3 and SDG14 showed consistent activity against most 

of the Gram positive organisms tested even after repeated sub-culturing. These 

were selected for further studies. 

The loss of antibacterial activity during sub-culturing was previously 

reported in plasmid-associated bacteriocin production by Lactobacillus LMG 

21688 (Kouakou et al., 2010). 
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Table 3.3 Activities of the antibacterial isolates from fish gut after sub-

culturing 

Isolate Test Organism* 
Activity 

1st 
Subculture 

2nd 
Subculture 

3rd 
Subculture 

GUT13 

Escherichia coli - - - 

Staphylococcus aureus - - - 

Salmonella Typhimurium + - - 

Bacillus circulans + + - 

GUT22 

Escherichia coli - - - 

Staphylococcus aureus - - - 

Salmonella Typhimurium + - - 

Bacillus circulans - - - 

SDG14 

Escherichia coli + + + 

Staphylococcus aureus + + + 

Salmonella Typhimurium + + + 

Bacillus circulans + + + 

BTSS3 

Escherichia coli - - - 

Staphylococcus aureus + + + 

Salmonella Typhimurium + + + 

Bacillus circulans + + + 

BTSS2 

Escherichia coli - - - 

Staphylococcus aureus + + - 

Salmonella Typhimurium - - - 

Bacillus circulans - - - 
* Activity was checked only against Escherichia coli, Staphylococcus aureus, 
Salmonella Typhimurium and Bacillus circulans initially, + indicates growth 
inhibition, - indicates No activity 
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3.3.3 Secondary screening: Quantitative estimation of antibacterial titres 

by critical dilution assay  

The secondary screening included only two isolates BTSS3 and 

SDG14 and involved quantification of the antimicrobial activity. It was 

observed that the cell free supernatant had antimicrobial activity and could be 

quantified by critical dilution assay. The zone of inhibition can be visualized 

in Fig 3.4. 

 

Fig 3.4 Antibacterial assay by spot on lawn method. The cell free supernatant 
(cfs) was spotted on Muller Hinton agar plate previously swab inoculated with 
the test organism, B. circulans. A) Zone of inhibition formed by different 
dilutions of BTSS3 supernatant, B) Zone of inhibition formed by different 
dilutions of SDG14 supernatant.  

Marine environment represents a largely unexploited source for 

isolation of new microorganisms with the ability to produce bioactive 

compounds. The host organism generates these compounds as primary or 

secondary metabolites, as a defence mechanism and to maintain homeostasis 

in their environment. Marine bacteria represent approximately 10 % of the 

living carbon biomass in the biosphere (Parkes et al., 1994). However, only a 

small percentage among them has been studied for their bioactive potential.  
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3.3.4 Confirming protein nature of bacteriocin  

Cell free supernatants of strain BTSS3 and SDG14 showed anti-

bacterial activity after ammonium sulphate precipitation. For BTSS3, the 

activity was obtained in the 0-30 % fraction while that for SDG14 was in the 

0-80 % fraction of ammonium sulphate precipitation.  The use of ammonium 

sulphate precipitation to separate and purify, suggested that the active 

compound was a protein. Addition of ammonium sulphate alters the ionic 

strength of the solution, affecting the solubility of proteins, causing them to 

aggregate and precipitate. The concentration of ammonium sulphate depends 

on the ionic strength of the proteins precipitated. 

The effect of action of proteolytic enzymes on bacteriocin activity is 

depicted in Table 3.4. Bacteriocins being proteinaceous are sensitive to one or 

more proteolytic enzymes. BTSS3 supernatant lost its antimicrobial activity 

completely on treatment with 5 mg/mL of Trypsin, and Proteinase K, while 

there was 50 % reduction in activity on treatment with Pepsin (pH-2). The 

action of these enzymes reduced the antimicrobial activity present in SDG14 

supernatant to 50 %. 

 The action of proteolytic enzymes on the antibacterial compounds 

produced by BTSS3 and SDG14 strongly pointed to the presence of peptide 

substances, suggesting that the compound may be bacteriocins. The sensitivity 

to proteases is an important criterion in the characterization of bacteriocins. 

The well recognized bacteriocin nisin of L. lactis subsp. lactis ATCC11454 

was either fully or partially inactivated by proteases like pronase E, pepsin, 

proteinase K and α-chymotrypsin (Moreno et al., 2000). 
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Table 3.4 Action of proteases on antibacterial compound from BTSS3 and 
SDG14 

Enzyme 
Activity (AU/mL) 

BTSS3 SDG14 

Trypsin 0 200 

Pepsin 200 200 

Proteinase K 0 200 

Untreated Control 400 400 

Strain BTSS3 showed antibacterial activity towards all Gram positive 

organisms and some Gram negative organisms, while the antibacterial 

spectrum of SDG14 was somewhat broad, showing activity towards both 

Gram positive and Gram negative organisms including Escherichia coli and 

Pseudomonas aeruginosa (Table 3.5).  

Struggle for existence among microbes for space and nutrient is a 

powerful selection pressure that endows marine microorganisms, especially 

those in the gut, with the ability to produce natural products possessing 

industrial and medicinal values. According to Sugita et al. (1997), 11.2 % of 

the bacteria isolated from fish intestine could inhibit fish pathogens. Austin et 

al. (1995) too observed a similar phenomenon when Vibrio alginolyticus used 

as a probiotic strain, reduced diseases caused by A. salmonicida, V. 

anguillarum and Vibrio ordalii. Smith and Davey (1993) reported that 

Pseudomonas fluorescence isolated from fish, diminished diseases caused by 

Aeromonas salmonicida.  
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Table 3.5 Antibacterial activities of cell free supernatants of BTSS3 and SDG14 

Test organisms 
NCIM 

No. 

BTSS3* SDG14 

Activity 

(AU/mL) 

Sp. Activity 

(AU/mg) 

Activity 

(AU/mL) 

Sp. Activity 

(AU/mg) 

Pseudomonas aeruginosa  

Salmonella Typhimurium  

Escherichia coli  

Proteus vulgaris  

Clostridium perfringens  

Staphylococcus aureus  

Bacillus cereus  

Bacillus circulans  

Bacillus macerans  

Bacillus pumilus  

2863 

2501 

2343 

2027 

2677 

2127 

2155 

2107 

2131 

2189 

--- 

400 

--- 

400 

800 

800 

400 

800 

400 

200 

--- 

103.19 ± 17.05 

---- 

103.19 ± 17.05 

206.38 ± 34.1 

206.38 ± 34.1 

103.19 ± 17.05 

206.38 ± 34.1 

103.19 ± 17.05 

51.5959 ± 8.53 

400 

200 

400 

400 

---- 

200 

800 

1600 

400 

---- 

164.39±14.7 

82.2±7.35 

164.39±14.7 

164.39±14.7 

---- 

82.2±7.35 

328.79±29.4 

657.58±58.81 

164.39±14.7 

---- 

* Published data: Bindiya ES, Tina KJ, Raghul SS, Bhat SG. Characterization of deep sea fish gut bacteria with antagonistic 
potential, from Centroscyllium fabricii (Deep sea shark). Probiotics Antimicrob Proteins 2015; 7:157–163.  
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3.3.5 Bacterial characterization and identification 

Phenotypic characteristics: Strains BTSS3 and SDG14 were Gram-stain 

positive, spore-forming, rod-shaped motile bacteria, which could grow at 

varying concentrations (0-5 %) of NaCl and 8 – 42 °C, (optimum range 30 - 

42 °C). Strains BTSS3 and SDG14 could also tolerate range of pH from pH 4 

- 9.  The detailed biochemical characteristics are mounted in Table 3.6.  

Table 3.6 Biochemical characteristics of Bacteriocin producers 

Biochemical Characteristics 
of the organism  

BTSS3* SDG14 

Gram Staining  

Shape  

Spore formation  

Indole Production  

Methyl Red  

Voges Proskauer  

Citrate Utilization  

Triple Sugar Iron test  

MoF test  

Catalase  

Urea Utilization  

Starch Utilization  

Casein hydrolysis  

Lipid hydrolysis  

+ 

Short rod 

+ 

- 

- 

- 

- 

Alkaline 

Fermentative 

+ 

+ 

+ 

+ 

+ 

+ 

rod 

+ 

- 

- 

- 

- 

Alkaline 

Non fermentative 

+ 

- 

- 

- 

+ 

 * Published data: Bindiya ES, Tina KJ, Raghul SS, Bhat SG. Characterization 
of deep sea fish gut bacteria with antagonistic potential, from Centroscyllium 
fabricii (Deep sea shark). Probiotics Antimicrob Proteins 2015; 7:157–163.  

Strain BTSS3 was urease positive, produced amylase, protease and 

lipase, while SDG14 did not produce the other enzymes tested for except 

lipase.  
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Antibiotic sensitivity: The antibiotic susceptibility test showed that the 

organism BTSS3 was sensitive to all the antibiotics tested, except bacitracin, 

while strain SDG14 was resistant only to Aztreonam (AT). The result is 

shown in Table 3.7. The sensitivity of these microorganisms to antibiotics 

implied the absence of resistance genes and hence the safety in their 

applications as probiotic. These organisms may not harbour any of the tested 

antibiotic resistance gene to many of the commonly used broad spectrum 

antibiotics, thereby not participating in the dissemination of antibiotic 

resistance in a niche by horizontal gene transfer. 

Table 3.7 Antibiogram of BTSS3 and SDG14 

Antibiotic  Concentration BTSS3* SDG14 

Combi 69 

Ciprofloxacin (CIP)  5µg S S 

Ofloxacin (OF)  5µg S S 

Sparfloxacin (SPX)  5µg S S 

Gatifloxacin (GAT)  5µg S S 

Aztreonam (AT)  30µg S R 
Azithromycin (AZM)  15µg S S 

Vancomycin (VA)  30µg S S 

Doxycycline 
Hydrochloride (DO)  

30µg S S 

G VIII Plus 

Bacitracin (B)  10Unit R S 

Chloramphenicol (C)  30µg S S 

Co-Trimoxazole (COT)  25µg S S 

Penicillin-G (P)  10Unit S S 

Polymyxin-B (PB)  300Unit S S 

Gentamicin (GEN)  10µg S S 

Neomycin (N)  30µg S S 
Tetracycline (TE)  30µg S S 

**R stands for resistant and S stands for Sensitive 
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Genotypic Identification: The amplified product of 1.5 kb of the 16S rRNA 

gene of strain BTSS3 was obtained and represented in Fig 3.5A. Comparative 

16S rRNA gene sequence analysis indicated that strain BTSS3 isolated from 

Centroscyllium fabricii belonged to the Genus Bacillus, with high (98%) 

similarity to 16S rDNA sequences of Bacillus amyloliquefaciens. The 

sequence was submitted to Genbank and the accession number KF018921.1 

was obtained. The phenotypic characterization also confirmed the identity of 

strain BTSS3 as Bacillus amyloliquefaciens. 

The phylogenetic tree based on partial 16S rDNA sequences of strain 

BTSS3 and related Bacillus sp. is shown in Fig 3.5B. The optimal tree with 

the sum of branch length = 5.61153123 is shown. The analysis involved 6 

nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. 

All positions containing gaps and missing data were eliminated. There were a 

total of 894 positions in the final dataset. It showed that the organism was 

Bacillus amyloliquefaciens.  

 

Fig 3.5 A) Agarose gel electrophoresis of PCR product of 16S rRNA gene. 

Lane 1- 1000bp ladder, Lane 2- PCR product of BTSS3 B) Phylogenetic 

analysis of strain BTSS3. The optimal tree with the sum of branch length = 

5.61153123 is shown. The organism shows similarity to Bacillus 

amyloliquefaciens B19 (Bindiya et al., 2015).  
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The amplified product of 1.5 kb of the 16S rRNA gene of SDG14was 

obtained and represented (Fig 3.6A). Comparative 16S rDNA gene sequence 

analysis indicated that strain SDG14 isolated from Sardinella longiceps also 

belonged to the genus Bacillus, with high (100 %) similarity to 16S rDNA 

sequences of Bacillus pumilus. The sequence was submitted to Genbank with 

KP878546. The phenotypic characterization also confirmed strain SDG14 as 

Bacillus pumilus. The phylogeny based on partial 16S rDNA sequences of 

strain SDG14 and related Bacillus sp. is shown in Fig 3.6B. The evolutionary 

history was inferred using the Neighbor-Joining method (Siatou and Nei, 

1987). The optimal tree with the sum of branch length = 0.14811186 is shown. 

The tree is drawn to scale, with branch lengths (next to the branches) in the 

same units as those of the evolutionary distances used to infer the phylogenetic 

tree. The evolutionary distances were computed using the Maximum 

Composite Likelihood method (Tamura et al., 2007) and are in the units of the 

number of base substitutions per site. The analysis involved 7 nucleotide 

sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All 

positions containing gaps and missing data were eliminated. There were a total 

of 456 positions in the final dataset. Evolutionary analyses were conducted in 

MEGA6 (Tamura et al., 2013).  

Both the cultures were deposited in Microbial Culture Collection, 

National Centre for Cell Science, Pune (MCC, NCCS, Pune) to have a public 

access of the bacteria. Bacillus amyloliquefaciens BTSS3 was allocated the 

accession number MCC 2981 and Bacillus pumilus SDG14 was allocated the 

strain number MCC 3070. The bacteriocin produced by Bacillus 

amyloliquefaciens BTSS3 was designated as BaCf3, while that produced by 

Bacillus pumilus SDG14 as BpSl14 and will be referred to as such in the text.  
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Fig 3.6 A) Agarose gel electrophoresis of PCR product of 16S rRNA gene. 
Lane 1- Lambda DNA HindIII/EcoR1 digest ladder, Lane 2- PCR product of 
SDG14. B) Phylogenetic analysis of SDG14. The optimal tree with the sum of 
branch length = 0.35712151 is shown. The organism showed similarity to 
Bacillus pumilus ATCC7061 

Conventionally, bacilli have been identified in the laboratory through 

biochemical tests (Vaerewijck et al., 2001). This involves tedious laboratory 

work and sometimes misleading interpretations. 16S rDNA sequence analysis 

had been a widely accepted method for identifying unknown bacteria 

(Bosshard et al., 2003). The data generated by 16S rDNA sequencing is highly 

reliable and reproducible. Bacillus species are phenotypically and 

genotypically heterogeneous; they exhibit diverse physiological properties 

such as the ability to degrade many different substrates derived from plant and 

animal sources (Lutz et al., 2006). Some Bacillus species are heterotrophic 

nitrifiers, denitrifiers, nitrogen fixers, iron precipitators, selenium oxidizers, 

oxidizers and reducers of manganese, facultative chemolithotrophs, 

acidophiles, alkalophiles, psychrophiles, thermophiles and many more (Priest, 

1993; Slepecky and Hemphill, 2006). This diversity in physiological 

properties and diversity of Bacillus strains allow them to colonize a wide 

variety of ecological habitats. 
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Bacillus species which are omnipresent in both terrestrial and marine 

environments (Siefert et al., 2000; Oguntoyinbo 2007; Ki et al., 2009; Ivanova 

et al., 2010) are widely employed in industrial and agricultural production 

because of their ability to synthesize various enzymes (Reiss et al., 2011), 

antimicrobial compounds (Mukherjee et al., 2009) and many other molecules. 

Many genomic studies also reveal the ability of Bacillus sp. to produce 

antibiotics. Almost all the species of Bacilli are known to produce bacteriocins 

or other inhibitory substances. Bacillus subtilis strains are known to produce a 

wide variety of antibacterial and antifungal compounds (Stein, 2005). Bacillus 

subtilis ATCC 6633 is a producer of several lantibiotics (Bierbaum et al., 

1995; Paik et al., 1998), rhizocticin (Kugler et al., 1990) lipopeptides, 

surfactin and mycosubtilin (Duitman et al., 1999, 2007). Strains of B. 

thuringiensis also produce an array of antibacterial proteins and peptides 

known as thuricins, tochicins or entomocins etc. (Paik et al., 1997). Bacillus 

amyloliquefaciens strain RC-2 produces a BLIS active against Colletotrichum 

dematium, a mulberry anthracnose fungus and several other phytopathogenic 

fungi (Yoshida et al., 2001).  

3.3.6 Growth curve of the two bacteriocin producing microorganisms 

The growth curve of Bacillus amyloliquefaciens BTSS3 is depicted in 

Fig 3.7. It was observed that exponential growth started after two hours of 

incubation and the generation time (G) was calculated to be 46.73 minute, 

with a specific growth rate (μ) of 32.38 per min. 

 From the growth curve of Bacillus pumilus SDG14 (Fig 3.7), it is 

inferred that the logarithmic phase started after two hours; the generation time 

(G) was 53.58 minute at a specific growth rate (μ) of 37.13 per min. 



 

 

Fig 3.7 Growth curves of the bacteriocin producers
curve of Bacillus amyloliquefaciens
Bacillus pumilus SDG14 
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environments in which they endure are also least exploited due to difficulties 

of access. This screening has pointed the presence of bacteria with 

antimicrobial activity in the deep sea fish gut. Two strains were selected for 

further study, wherein strain BTSS3 had antagonistic activity against all the 

Gram positive bacteria tested, while SDG14 showed activity even against 

Gram negative bacteria. The reduction/inhibition of the antibacterial activity 

of the ammonium sulphate fractions implied the presence of bacteriocins in 

the culture supernatants. The bacteriocin producers from Centroscillium 

fabricii (deep sea shark) was identified as Bacillus amyloliquefaciens BTSS3 

and that from Sardinella longiceps (Indian oil sardine) as Bacillus pumilus 

SDG14. 

From the observations made in this chapter, we can conclude that 

marine fish gut act as a repository of antagonistic organisms waiting to be 

discovered, with myriad future applications. These studies suggest a role for 

the antibiotic-producing bacteria in effective control of microflora in the fish 

intestine. Moreover, these antibacterial substances may be supplied into 

aquaculture waters or the organism itself included as a probiotic, expanding 

the scope of its application.  
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Optimization of process conditions for 
bacteriocin production by one-factor-at-a-
time (OFAT) method 

4.1 Introduction 

Medium formulation is an essential stage in the design of successful 

laboratory pilot-scale development and manufacturing process. Medium 

constituents must satisfy all the elemental requirements for cell biomass as 

well as metabolite production, besides ensuring an adequate supply of energy 

for biosynthesis and cell maintenance. For an aerobic fermentation process: 

carbon and energy source + nitrogen source + O2 + other requirements 

 

biomass + products + CO2 + H2O + heat 

Medium optimization is an integral part of biopharmaceutical process 

development which involves the addition of different supplements to an 

existing basal medium. Detailed investigation is needed to establish the most 

suitable medium for an individual fermentation process. Every microorganism 

requires water, sources of energy, carbon, nitrogen, mineral elements, possibly 

vitamins as well as oxygen if aerobic, for growth. On a small scale it is 

relatively simple to devise a medium containing pure compounds, but the 

same may be unsuitable for use in large scale processes (Stanbury, 2013). But 

certain microorganisms are unable to synthesize specific nutrients like amino 

acids, vitamins or nucleotides. Once identified these nutrients can then be 

incorporated into the medium in adequate amounts as a pure compound or as a 

component of a complex mixture to aid growth or production processes. 

Medium optimization processes must meet the following eight criteria 

as much as possible: 
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i. Produce maximum yield of product or biomass per gram of substrate 

used. 

ii. Produce the maximum concentration of product or biomass. 

iii. Permit the maximum rate of product formation. 

iv. Give the minimum yield of undesired products. 

v. Should have consistent quality 

vi. Should be readily available throughout the year. 

vii. Should cause minimal problems during media preparation and 

sterilization 

viii. Should cause minimal problems in other aspects of the production 

process particularly in - aeration and agitation, extraction, purification 

and waste treatment. 

The meaning of optimization needs careful consideration. When only 

the biomass increase is considered, it should be noted that efficiently grown 

biomass produced by an optimized high productivity growth phase is not 

necessarily best suited for synthesizing the desired product. Different 

combinations and sequences of process conditions need to be investigated to 

determine growth conditions which produce the biomass with the 

physiological state best suitable for product formation.  

Media optimization include techniques such as borrowing, component 

swapping, biological mimicry, one-factor-at-a-time, factorial design, Plackett 

and Burman design, central composite design, response surface methodology, 

evolutionary operation, evolutionary operation factorial design, 

artificial neural network, fuzzy logic and genetic algorithms.  

One-factor-at-a-time is a close-ended system for fermentation process 

optimization. This method can be applied for optimization of medium 

components as well as for process condition since it is based on the classical 

method of changing one independent variable while fixing all others at a 

definite level. This strategy has the advantage of simplicity, ease as well as the 
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advantage of visualizing the individual effects of medium components and 

process conditions using graphs without the aid of high end statistical 

analysis. The limitations of this method are interactions between the 

components are ignored; extremely time consuming, expensive for large 

number of variables. Irrespective of all these disadvantages one-factor-at-a-

time method is the most popular method for improving fermentation medium 

and process conditions. 

Each optimization technique has its own advantages and 

disadvantages. There is an on-going debate within the industry as to the 

various advantages and disadvantages of both defined and undefined media as 

well as media components. The choice of the type of system to employ is 

often motivated by reducing adverse effect with respect to consistency of 

performance, against the highest possible product titers for any given system. 

The field application of various biomolecules requires their production in large 

quantities which necessitates optimization. 

In this chapter the effect of various process parameters like media, 

incubation time, pH, inoculum concentration, nitrogen sources, carbon 

sources, NaCl concentration, Tween 80 %, additional inorganic nitrogen 

source and Mg2+ ion concentration on production of two bacteriocins by their 

respective producer strains were studied. Activity was checked at each step, 

protein concentrations were estimated according to Lowry et al. (1951) to 

calculate specific activity (AU/mg). Thus the optimal media was selected 

based on the activity and specific activity of the bacteriocins. The optimized 

medium for production and other parameters were added in each subsequent 

optimization steps. Finally, the time course experiment was conducted to 

obtain yield. 
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4.2 Materials and Methods 

4.2.1 Bacterial strains and Medium  

The bacteriocin BaCf3 producing strain, Bacillus amyloliquefaciens 

BTSS3, and BpSl14 producing Bacillus pumilus SDG14, were used for 

optimizing production conditions. Bacillus circulans (NCIM No. 2107) was 

used as the indicator strain in all experiments to test the antimicrobial activity 

of the bacteriocin. The stock cultures were maintained at −70 °C in nutrient 

broth (Himedia, Mumbai, India) containing 30 % (v/v) glycerol. Modified 

minimal medium -M9G (Miller, 1992) was used unless otherwise specified, 

whose constituents include (per litre) 0.6 g Na2HPO4, 0.3 g KH2PO4, 2 g 

NaCl, 0.5 g Tryptone, 1 g glucose, 4 mM MgSO4 and 200 µM CaCl2. All the 

media components were purchased from Himedia (India) and/or Merck 

(Germany).  
 

4.2.2 Inoculum preparation  

 A single colony of each producer strain from Zobell agar (Himedia) 

was inoculated into 20 mL of Zobell broth and incubated at 30 °C at 150 rpm 

in orbital shaker (Orbitek®, India), cells collected by centrifugation (7000 X g, 

10 min) (Hermle, Germany) when culture OD600 = 1, CFU/mL = 3 x 108 

(Schimadzu, Japan), pellet was washed twice with sterile physiological saline 

(pH 7.4) and resuspended in physiological saline.  

4.2.3 Quantitative estimation of antibacterial titre by critical dilution 

assay 

Bacteriocin activity was determined by spot-on-agar method (van 

Reenen et al., 1998). The activity and specific activity was quantified as 

described in section 3.2.5. The reciprocal of the highest dilution was 

multiplied by 200 (1 mL/5 μL) to obtain activity units per mL (AU/mL). 

Colony forming units per millilitre (CFU/mL) was determined using standard 
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methods for every medium. These estimations were conducted for 

optimization of each process parameter. 

4.2.4 Effect of culture media on bacteriocin production  

Five different culture media, Tryptone Soya broth (TSB), Nutrient 

broth (NB), Luria Bertani (LB) broth, Zobell Marine broth and M9G (Mineral 

salt) medium (Himedia) supplemented with 1 % glucose and 0.5 % tryptone 

were compared for bacteriocin production by the two producer organisms, 

Bacillus amyloliquefaciens BTSS3 and Bacillus pumilus SDG14. 100 mL of 

each medium taken in 250 mL Erlenmeyer flasks was inoculated with 1.0 % 

inoculum prepared as described earlier. The initial pH of all media was 

adjusted to 7. The flasks were incubated with agitation of 150 rpm at 30 °C for 

24 h (Orbitek®, India). The medium effecting optimum production of 

bacteriocin was then used for further experiments.  

4.2.5 Effect of incubation time on bacteriocin production  

Minimal medium supplemented with glucose and tryptone was 

inoculated with 1 % inoculum in individual flasks, incubated at 30 °C and 150 

rpm for 36 h in an environmental shaker. Samples were drawn regularly at 6 h 

intervals and optimum incubation time for bacteriocin production was 

determined.  

4.2.6 Optimization of inoculum concentration for bacteriocin production 

To optimize the inoculum concentration of B. amyloliquefaciens 

BTSS3 and B. pumilus SDG14 on bacteriocin production, the inocula were 

prepared and added to the optimized medium at varying concentrations 

ranging from 1 % to 10 % (v/v) of the culture medium. The broth was 

incubated at the above optimized conditions and checked for activity as 

described in section 4.2.3. 
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4.2.7 Effect of media pH on production of bacteriocins 

The initial pH of the production medium was adjusted to pH 2 to 9 

with 1 M HCl or 0.1 M NaOH. The flasks were then inoculated with 1 % 

(w/v) inoculum and incubated at 30 °C for optimized incubation period, with 

agitation of 150 rpm. The culture free supernatants were assayed for activity 

(as described in section 4.2.3) to determine optimum pH for bacteriocin 

production.  

4.2.8 Optimization of nitrogen sources for bacteriocin production 

The influence of different organic nitrogen sources on bacteriocin 

production was determined by adding ammonium chloride, beef extract, yeast 

extract, tryptone, and peptone (Himedia) each to the basal medium at 0.5 % 

(w/v) and incubating at 30 °C. The medium, pH and incubation period are as 

optimized previously. Glucose was the carbon source in the basal medium. 

Medium without nitrogen source was the control. 

4.2.9 Optimization of carbon sources for bacteriocin production 

The effect of different carbon sources on bacteriocin production by B. 

amyloliquefaciens BTSS3 and B. pumilus SDG14 was examined. 5 % 

solutions of glucose, fructose, maltose, lactose, starch, sorbitol, inositol were 

individually sterilized at 10 lbs for 10 minutes and added at 1 % (w/v) 

concentration to basal M9 broth without an added carbon source. All other 

conditions were as previously optimized. M9 medium without carbon source 

served as control. 

4.2.10 Effect of temperature on bacteriocin production 

The effect of different incubation temperatures (25, 30, 35, 40 and 45 

°C) on bacterial growth and bacteriocin production was studied with agitation 

of 150 rpm. All other conditions were as previously optimized. 
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4.2.11 Effect of NaCl concentration 

The mineral content of the water is very important and critical in 

fermentation. In many media, magnesium, phosphorous, potassium, sulphur, 

calcium and chlorine are essential components and must be added as distinct 

components. Others such as cobalt, copper, iron, manganese, molybdenum and 

zinc are also essential but are usually present as impurities in other major 

ingredients. 

To study the effect of sodium chloride, different concentrations (10, 

20, 30, 40, 50 mg/mL) were added to the media, inoculated and kept for 

production in optimized conditions. Medium without NaCl acted as control. 

4.2.12 Effect of additional inorganic nitrogen sources 

The effect of additional inorganic nitrogen sources like ammonium 

chloride (NH4Cl), potassium nitrate (KNO3) and ammonium nitrate (NH4NO3) 

were also studied by adding in combination with tryptone in 1:1 proportion. 

Medium without inorganic nitrogen served as control. 

4.2.13 Effect of Tween 80 and Mg2+ ion concentration 

Different concentrations (0.02, 0.04, 0.06, 0.08 and 0.1 %) of Tween 

80 were added to previously optimized medium to investigate the effect of 

Tween 80, while varying concentrations (200, 300, 400 and 500 mM) of 

magnesium sulphate were added to the medium to study its effect on 

bacteriocin production. Medium without Tween 80 and without MgSO4 acted 

as controls respectively. 

4.2.14 Time course study 

To study the effect of optimized medium and production parameters on 

the production time of bacteriocins, the organisms were inoculated in 

respective optimized medium and incubated at the optimized conditions. 
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Samples were withdrawn every 2 h. The activity and biomass of each sample 

was noted. A graph was plotted with time in hour on X-axis and activity on Y-

axis.  

4.2.15 Statistical analysis 

Bacteriocin production (AU/mL) and specific activity (AU/mg) were 

determined for all the samples under different experimental conditions, 

conducted in triplicate. All the specific activity calculations and standard 

deviations were done in Microsoft Excel 2010 and the graphs were plotted by 

GraphPad Prism 6.0.  

4.3 Results and discussion 

Bacteriocin BaCf3 production by Bacillus amyloliquefaciens BTSS3 

and BpSl14 production by Bacillus pumilus SDG14, were optimized by one-

factor-at-a-time. The optimization of bacteriocin production by modification 

of growth conditions can greatly benefit efficient commercial application. 

4.3.1 Effect of culture media on bacteriocin production  

When different culture media were examined for BaCf3 production by 

B. amyloliquefaciens BTSS3, Zobell marine broth and mineral salt medium 

M9G supplemented with glucose and tryptone gave maximum activity of 800 

AU/mL, however  but a higher specific activity of 125.658±0.939 AU/mg was 

obtained in M9G All media tested however showed bacteriocin production to 

a lesser extent. Thus M9G mineral salt medium was selected for further 

studies considering also the ease of purification and optimization (Fig 4.1a).  

For the production of BpSl14, M9G medium gave maximum activity 

of 3200 AU/mL followed by Tryptone soya broth (TSB), Zobell marine broth 

and nutrient broth. In M9G media the specific activity was 1595.273±51.58 

AU/mg (Fig 4.1b).  
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Fig 4.1a. Effect of different media on bacteriocin BaCf3 production by 
Bacillus amyloliquefaciens BTSS3 

 

Fig 4.1b. Effect of different media on bacteriocin BpSl14 production by 
Bacillus pumilus SDG14 

From literature we can understand that different types of media 

promote bacteriocin production and clear cut evidence in support of a 

particular media could not be chalked out. Thus the optimized media depends 

on the producer organism as well as the type of bacteriocin produced. 
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Bacteriocin production by Bacillus subtilis 14 was in Luria Bertani broth 

supplemented with glucose (Anthony et al., 2009) where as cultivation in 

brain heart infusion broth promoted the production of cerein 8A by Bacillus 

cereus 8A (Bizani and Brandelli, 2004). 

Since both organisms gave maximum activity and specific activity in 

M9G medium, this was selected as production medium for further studies. The 

added advantage of using M9G is that the medium composition can be 

amended for further optimization of production. 

4.3.2 Effect of incubation time on bacteriocin production  

BaCf3 production increased with time and maximum activity of 800 

AU/mL was obtained for BaCf3 after 18 h of incubation (Fig 4.2a). A 

maximum specific activity of 119.581±10.401 AU/mg was observed at this 

time. After that the activity and specific activity decreased with further 

increase in incubation time. This decrease of bacteriocin activity was ascribed 

to proteolytic inactivation, protein aggregation, or adsorption of the 

bacteriocin molecules to the cell surface of the producer cells (Parente et al., 

1997). 

  

Fig 4.2a. Effect of incubation time on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 
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For BpSl14 the activity increased with increase in time, reached a 

maximum of 6400 AU/mL after 24 h of incubation and then maintained a 

steady activity. When we consider the specific activity we can see that it was 

maximum after 24 h of incubation, 2562.16±93.13 AU/mg (Fig 4.2b).  

 

Fig 4.2b. Effect of incubation time on BpSl14 production by Bacillus pumilus 
SDG14 

Production of pediocin AcH by Pediococcus acidilactici H started after 

8h of incubation at 30 °C and 40 °C, and continued till 24 h of incubation 

(Biswas et al., 1991). Balasubramanyam and Varadaraj (1998) studied the 

effect of incubation period on bacteriocin production by an active culture of 

Lact. delbruecki ssp. bulgaricus CFR 2028. The presence of antibacterial 

activity was detected only after 24 h, which increased up to 48 h of incubation. 

Maximum production of lichenin by B. licheniformis 26L-10/3RA isolated 

from water buffalo rumen was after 72 h of incubation (Pattnaik et al., 2005). 

Bac-IB17 production by B. subtilis KIBGE IB-17 from soil samples 

maximized at 37 °C after 24 h in medium with initial pH 7.0 (Ansari et al., 

2012). Bacteriocin activity of Bacillus sp. Sh10 was undetected during the 

exponential phase,  but was detected at the end of this phase (18 h), reaching  

1200 AU mL-1 during the mid-stationary phase (30 h),   and declining at the 

end of this phase (42 h) (Shayesteh et al., 2014). 
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4.3.3 Optimization of inoculum concentration for bacteriocin production 

The inoculum concentration also affected the production of 

bacteriocins. BaCf3 production was maximum of 800 AU/mL with 2, 6 and 7 

% inoculum, but 2 % inoculum was considered as optimum with a specific 

activity of 144.473 AU/mg (Fig 4.3a).  

 

Fig 4.3a. Effect of inoculum concentration on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 

 

Fig 4.3b. Effect of inoculum concentration on BpSl14 production by Bacillus 
pumilus SDG14 
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BpSl14 production by Bacillus pumilus SDG14 was at maxima with 

4% inoculum (Fig 4.5b). The activity obtained when inoculated with 4 % 

inoculum was 6400 AU/mL, with specific activity of 3742.27±18.935 AU/mg. 

2 %, 3 % and 5 % of inoculum was also comparable with an activity of 3200 

AU/mL. 

4.3.4 Effect of media pH on bacteriocin production  

The control of pH is extremely important if optimal productivity is to 

be achieved. Several media are buffered at about pH 7.0 and phosphates play a 

key role in buffering. 

Although maximum activity of 800 AU/mL was observed for BaCf3 

at pH 6, 7 and 8, maximum specific activity of 195.677±7.714 AU/mg was 

obtained at pH 6 with the specific activity decreasing along the increase in pH 

(Fig 4.4a). pH 8 was the optimal pH for BpSl14 production with an activity of 

6400 AU/mL followed by pH 7 with an activity of 1600 AU/mL (Fig 4.4b). 

The specific activity was 3807.077±34.29 AU/mg at pH 8. 

  

Fig 4.4a. Effect of media pH on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 

A pH dependent increase in bacteriocin production can be observed 

for both B. amyloliquefaciens BTSS3 and B. pumilus SDG14. The production 
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of both bacteriocins was good between pH 6 and 9. Similarly, cerein 8A 

production by Bacillus cereus

(Dominguez et al., 2007). Motta and Brandelli (2008) too observed maximum 

antimicrobial activity production at initial pH values between 6.0 and 8.0. This 

also suggests an alkaline pH requirement for BaCf3 production.

Fig 4.4b. Effect of media 

SDG14 

4.3.5 Optimization of nitrogen source

Antibiotic production by many microorganisms is influenced by the 

type and concentration of the nitrogen source in the 

of complex nitrogen sources for antibiotic production is commonly 

recommended. They are helpful in creating the correct physiological state of 

the microorganism and prepare them for production. However the complex 

nitrogenous sources may not be utilized by certain microorganisms and create 

problems in downstream processing and effluent treatment. These factors must 

be borne in mind before selecting a nitrogen source for production.

Despite testing several organic nitrogen sources, tr

the best source for bacteriocin production

BTSS3, with activity and 

  

of both bacteriocins was good between pH 6 and 9. Similarly, cerein 8A 

Bacillus cereus 8A was achieved at pH between 6.5 and 9.0 

., 2007). Motta and Brandelli (2008) too observed maximum 

antimicrobial activity production at initial pH values between 6.0 and 8.0. This 

also suggests an alkaline pH requirement for BaCf3 production. 

 

media pH on BpSl14 production by Bacillus pumilus

n of nitrogen sources for bacteriocin production 

Antibiotic production by many microorganisms is influenced by the 

type and concentration of the nitrogen source in the culture medium. The use 

of complex nitrogen sources for antibiotic production is commonly 

recommended. They are helpful in creating the correct physiological state of 

the microorganism and prepare them for production. However the complex 

s may not be utilized by certain microorganisms and create 

problems in downstream processing and effluent treatment. These factors must 

be borne in mind before selecting a nitrogen source for production. 

Despite testing several organic nitrogen sources, tryptone proved 

the best source for bacteriocin production by Bacillus amyloliquefacience

, with activity and specific activity being 800 AU/mL and 

  

of both bacteriocins was good between pH 6 and 9. Similarly, cerein 8A 

at pH between 6.5 and 9.0 

., 2007). Motta and Brandelli (2008) too observed maximum 

antimicrobial activity production at initial pH values between 6.0 and 8.0. This 

Bacillus pumilus 

Antibiotic production by many microorganisms is influenced by the 

culture medium. The use 

of complex nitrogen sources for antibiotic production is commonly 

recommended. They are helpful in creating the correct physiological state of 

the microorganism and prepare them for production. However the complex 

s may not be utilized by certain microorganisms and create 

problems in downstream processing and effluent treatment. These factors must 

proved to be 

Bacillus amyloliquefacience 

being 800 AU/mL and 
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279.67±2.115 AU/mg respectively. Tryptone was followed by peptone with an 

activity of 400 AU/mL and specific activity of 152.922±1.265 AU/mg. The 

addition of yeast extract and ammonium chloride did not promote bacteriocin 

production (Fig 4.5a). Tryptone was the best organic nitrogen source for 

bacteriocin production also for ST341LD production (Todorov and Dicks, 

2006), as well as for plantaricin 423 (van Reenen et al., 1998).  

Even though BpSl14 production was promoted by all the nitrogen 

sources tested, maximum production was observed with yeast extract with an 

activity of 6400 AU/mL (Fig 4.5b). All other nitrogen sources accounted a 

production of 3200 AU/mL. The specific activity while using yeast extract 

was also high, i.e., 2644.488±9.685 AU/mg. For commercially viable nisin 

production, pasteurized milk added with yeast extract is treated with a protease 

and used as a substrate in batch fermentation at controlled pH and temperature 

(Parente and Ricciardi, 1999). A De Vuyst and Vandamme (1992) comparison 

of nitrogen sources reported that nisin production was high (>2000 IU/mL) 

when using yeast extract and fish meal. 

 

Fig 4.5a. Effect of nitrogen sources on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 
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Fig 4.5b. Effect of nitrogen sources on BpSl14 production by Bacillus pumilus 
SDG14 

4.3.6 Optimization of carbon sources for bacteriocin production 

The main product of a fermentation process will often determine the 

choice of carbon source, hence an adequate supply of the carbon source is 

essential. The purity of the carbon source may also influence the choice of 

substrate. The method of media preparation, particularly sterilization may 

limit the suitability of carbohydrates for individual fermentation processes. 

The best choice is to sterilize sugars separately as they may react with 

ammonium ions and amino acids to form black nitrogen containing 

compounds which will partially inhibit the growth of many microorganisms 

(Wang and Hsiao, 1995).  

The change in the carbon source increased the bacteriocin production 

by Bacillus amyloliquefaciens BTSS3. The addition of monosaccharides 

(glucose and fructose) and disaccharides (maltose and lactose) produced 800 

AU/mL of bacteriocin with slight variations in specific activities, whereas the 

addition of polysaccharide like starch reduced the production. But there was a 

pronounced rise in BaCf3 production due to the addition of polyols like 

sorbitol and inositol as carbon sources (Fig 4.6a). The activities for sorbitol 
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and inositol were 800 AU/mL and 1600 AU/mL respectively with a high 

specific activity of 574.768±8.932 AU/mg and 639.193±30.817 AU/mg 

respectively. 

 

Fig 4.6a. Effect of carbon sources on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 

 

Fig 4.6b. Effect of carbon sources on BpSl14 production by Bacillus pumilus 
SDG14 
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Inositol, a pseudovitamin compound was the best carbon source for 

bacteriocin production by Bacillus amyloliquefaciens BTSS3. Inositol is 

present in cereals and vegetables as phytic acid, which is a combination of 

inositol and phosphorus, a major component of the phospholipid lecithin. 

Inositol phosphate utilizing bacteria are found in mammalian gut and are 

considered beneficial in mediating cross-kingdom dialog in cell signalling 

(Stentz et al., 2014). This is an indication in favour of the application of this 

bacterium as a probiotic. 

In the case of BpSl14, the activity was high with monosaccharides like 

glucose and fructose (Activity = 6400 AU/mL), while the production reduced 

drastically with disaccharides, polysaccharides and polyols (Fig 4.6b). The 

specific activity was 2658.181±23.883 AU/mg for glucose and 

2796.708±15.863 AU/mg for fructose as carbon sources in the fermentation 

medium. Owing to the high specific activity, fructose was selected as the best 

carbon source for production of BpSl14 by Bacillus pumilus SDG14.  

For the production of bacteriocin by Leuconostoc mesenteroides E131, 

glucose and fructose were equally good as carbon sources as is the case of 

BpSl14 by B. pumilus SDG14 (Dorsinos et al., 2005). Fructose was the second 

best carbon source for bacteriocin production by Pediococcus 

pentosaceus KC692718 (Suganthi and Mohanasrinivasan, 2015). Barcena et 

al., (1998) investigated production of Class I bacteriocin, Plantaricin C by 

Lactobacillus plantarum LL441, in continuous culture with different carbon 

sources. Fructose and sucrose as carbon sources showed activity much higher 

than glucose. Supplementation of MRS medium with fructose doubled the 

bacteriocin production by enteric Bifidobacterium isolate B2 (Al-Wendawi 

and Al-Saady, 2012).  

4.3.7 Effect of temperature on bacteriocin production 

The incubation at 35 °C and 40 °C showed maximum activity of 1600 

AU/mL for BaCf3 and specific activity of 887.87±89.08 AU/mg and 
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995.219±6.695 AU/mg respectively (Fig 4.7a). Hence 40 °C was selected as 

the optimum temperature for BaCf3 production by Bacillus amyloliquefaciens 

BTSS3. 

 

Fig 4.7a. Effect of temperature on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 

 

Fig 4.7b. Effect of temperature on BpSl14 production by Bacillus pumilus 
SDG14 

Incubation at 30 °C and 35 °C showed maximum activity of 6400 

AU/mL for BpSl14 and specific activity of 2345.958±126.317 AU/mg and 
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2883±2.810 AU/mg respectively (Fig 4.7b). Hence 35 °C was selected as the 

optimum temperature for BpSl14 production by Bacillus pumilus SDG14. 

Growth at optimal temperature usually results in optimal bacteriocin 

production but sometimes temperature stress and growth at sub-optimal 

temperature may result in an increased yield of bacteriocins (Lejeune et al., 

1998). Thus in both the cases we can see that the temperature stress may be a 

reason for increased production. Studies conducted on bacteriocins from some 

lactic acid bacteria, e.g. pediocin PD-1 (Nel et al., 2001), enterocin AS-48 

(Abriouel et al., 2001), enterocin P (Herranz et al., 2001), sakP (Aasen et al., 

2000), and bacteriocins, mesenterocin 52A and mesenterocin 52B, produced 

by Leuconostoc mesenteroides subsp. mesenteroides FR52 (Krier et al., 1998) 

have shown that production is often regulated by growth temperature. 

Maximum production of lichenin by Bacillus licheniformis 26L-10/3RA was 

at 39 °C (Pattnaik et al., 2005). Bacillus subtilis KIBGE IB-17 can produce 

bacteriocin Bac-IB17 at 37 °C (Ansari et al., 2012). Bacteriocin production by 

Bacillus sp. SH10 from marine clams was maximum at 30 °C and the 

production continued up to 40 °C (Shayesteh et al., 2014). 

4.3.8 Effect of NaCl concentration 

BaCf3 production increased with increasing NaCl concentration. The 

addition of 30, 40 and 50 mg/mL of NaCl showed a maximum bacteriocin 

production of 1600 AU/mL with specific activity 1198.8±40.78 AU/mg, 

1128.33±5.164 AU/mg and 1033.747±20.22 AU/mg correspondingly (Fig 

4.8a). In this study, 30 mg/mL NaCl was considered as optimum for 

production of BaCf3 since it was having maximum specific activity.  

BpSl14 production decreased with increasing concentration of NaCl. 

The control without NaCl, addition of 10 mg/mL and 20 mg/mL NaCl showed 

same activity of 6400 AU/mL. The addition of 30, 40 and 50 mg/mL of NaCl 

reduced bacteriocin production (Fig 4.8b). Specific activity was higher 
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without the addition of NaCl (Specific activity = 3437.709±28.26 AU/mg) and 

hence we concluded that NaCl is not required in the optimized production 

medium for BpSl14 even though it is a marine organism. The bacteriocin 

production diminished although Bacillus pumilus SDG14 could grow at higher 

salt concentrations. 

 

Fig 4.8a. Effect of NaCl on BaCf3 production by Bacillus amyloliquefaciens 
BTSS3 

 

 

Fig 4.8b. Effect of NaCl on BpSl14 production by Bacillus pumilus SDG14 
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Positive effect of NaCl on production of bacteriocin BaCf3 is in 

congruent with an earlier study on B. licheniformis AnBa9 antibacterial 

peptide (Anthony et al., 2009). NaCl concentration has a positive effect in the 

release of extra cellular bacteriocin from bacteria (Verluyten et al., 

2004; Delgado et al., 2005). Bacteriocin production by marine Bacillus sp. 

Sh10 required addition of 2 % NaCl, but production decreased with increasing 

concentration of NaCl (Shayesteh et al., 2014). The reduction in activity of 

BpSl14 at higher concentration (>2 %) of NaCl can be due to the interference 

with induction factors as seen in the case of Enterococcus faecium CTC492 

(Aymerich et al., 2000).  

4.3.9 Effect of additional inorganic nitrogen sources 

The addition of inorganic nitrogen source did not increase the activity 

of BaCf3 any further. Although activity of 1600 AU/mL remained the same as 

that obtained in the previous step, but there was a slight increase in specific 

activity to 1770.416±46.601 AU/mg with the addition of ammonium chloride 

(Fig 4.9a). 

  

Fig 4.9a. Effect of additional nitrogen sources on BaCf3 production by 
Bacillus amyloliquefaciens BTSS3 
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The addition of inorganic nitrogen source did not increase production 

of BpSl14 further. The activity 6400 AU/mL was the same as that activity 

obtained in the previous optimization step, but there was a slight increase in 

specific activity to 4729.212±128 AU/mg with the addition of ammonium 

nitrate (Fig 4.9b). 

 

Fig 4.9b. Effect of additional nitrogen sources on BpSl14 production by 
Bacillus pumilus SDG14 

Micrococcus MCCB 104, a marine isolate identified as a probiotic and 

antagonistic to Vibrio harveyi was positively affected by the concentration of 

ammonium chloride used in the medium (Preetha et al., 2007). Ammonium 

nitrate as a supplemental nitrogen source in the medium enhanced 

antimicrobial protein production by Bacillus amyloliquefaciens MBL27, 

(Vijayalakshmi et al., 2011). Among the different nitrogen sources tested by 

Verluyten et al. (2004), ammonium nitrate gave maximum bacteriocins 

activity, which may be attributed to the presence of two nitrogen atoms in 

NH4NO3. 

4.3.10 Effect of Tween 80 and Mg2+ ion concentration 

Addition of Tween 80 in the medium reduced the production of BaCf3 

to 50 % (Fig 4.10a). Thus for production of BaCf3 medium without Tween 80 
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showed an activity of 3200 AU/mL and specific activity of 1765.42±18.962 

AU/mg. Addition of Tween 80 in the medium was also a cause of >50 % 

reduction in bacteriocin ST151BR production (Todorov and Dicks, 2004). 

 

Fig 4.10a. Effect of Tween 80 on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3  

      

Fig 4.10b. Effect of Tween 80 on BpSl14 production by Bacillus pumilus 
SDG14 

The addition of 0.1 % Tween 80 increased the production of BpSl14, 

with an increased activity of 12800 AU/mL and specific activity of 

6569.02±116.67 AU/mg (Fig 4.10b). This is also supported by previous 
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studies for plantaricin 423 (Verellen et al., 1998), pediocin AcH (Biswas et 

al., 1991), lactacin B (Barefoot and Klaenhammer, 1984) and lactocin 705 

(Vignolo et al., 1995), proving that the effect of Tween 80 depends on the 

nature of the bacteriocin being produced. The addition of Tween 80, a 

surfactant, is thought to be helpful in discharging the bacteriocin molecules 

bound to the bacterial cell surface. 

BaCf3 production was almost constant with 200 to 500 mM Mg2+ 

concentration. The activity remained 3200 AU/mL for these concentrations 

where as the specific activity was slightly increased in 300mM MgSO4.
 It was 

2065.109±14.415 AU/mg. The optimum concentration of Mg2+ ions for BaCf3 

production was 300 mM (Fig 4.11a).  

 

Fig 4.11a. Effect of Mg2+ concentration on BaCf3 production by Bacillus 
amyloliquefaciens BTSS3  

BpSl14 production was maximal without Mg2+ ions (Fig 4.11b). The 

addition of Mg2+ ions in the fermentation medium reduced the activity to 6400 

AU/mL. This observation is backed by previous studies that metal ions 

regulate bacteriocin production in several bacterial strains. The production of 

Streptococcal bacteriocin SA-FF22 was controlled by magnesium 
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concentration (Jack and Tagg, 1992). This may be the case with BpSl14 also. 

The production of BpSl14 was diminished by the addition of magnesium 

sulphate. Thus the medium without Mg2+ ions was selected for production. 

 

Fig 4.11b. Effect of Mg2+ concentration on BpSl14 production by Bacillus 
pumilus SDG14 
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Table 4.1 Optimized Media composition and conditions 

4.3.11 Time course study 

The result of optimization studies is summarized in Table 4.1. These 

optimized conditions were incubated at 150 rpm for the time course study. The 

bacteriocin production increased with time in both cases. The production time 

of BaCf3 remained unchanged from the optimized time (Fig 4.12a) where as 

Component BaCf3 BpSl14 

Na2HPO4 (%) 0.6 0.6 

KH2PO4 (%) 0.3 0.3 

NaCl (mg/mL) 30 - 

MgSO4 (mM) 300 - 

CaCl2 (µM) 200 200 

Carbon Source (1%) Inositol Fructose 

Nitrogen Source (0.5%) Tryptone Yeast Extract 

Additional Nitrogen Source 
(0.5%) 

NH4Cl NH4NO3 

pH 6 8 

Inoculum Concentration (%) 2 4 

Temperature (°C) 40 35 

Incubation Period (h) 18 24 

Activity (AU/mL) 3200 12800 

Specific Activity (AU/mg) 2065.109±14.415 8435.919±396.4716 
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the production in terms of activity showed a fourfold increase (6400 AU/mL) 

with specific activity of 4514.307±96.417 AU/mg.  

The optimum incubation period for production of BpSl14 decreased 

from 24 h to 22 h for BpSl14 (Fig 4.12b). The final activity was 12800 

AU/mL while there was only a slight increase in specific activity 

9339.276±88.445 AU/mg.  

 

Fig 4. 12a. Time course study of BaCf3 production by Bacillus 
amyloliquefaciens BTSS3 using optimized media 

 

Fig 4. 12b. Time course study of BpSl14 production by Bacillus pumilus 
SDG14 using the optimized media 
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4.4 Summary 

We can see that before optimization the initial activity of BaCf3 was 

only 800 AU/mL with specific activity of 125.658±0.939 AU/mg. The activity 

remained steady in the subsequent optimization steps, but with only slight 

observable increase in the specific activity. When the carbon source was 

modified, there was a steep increase in the activity (1600 AU/mL) and specific 

activity (639.193±30.816 AU/mg). This increasing trend was observed in the 

final optimization step with varying concentrations of MgSO4 and the activity 

reached 3200 AU/mL with specific activity 2065.109±14.415 AU/mg. After 

time course study the activity was 6400 AU/mL with a specific activity of 

4514.307±96.417 AU/mg. Thus we can conclude that there was a four-fold 

increase in activity and 36 fold increase in specific activity after the media 

optimization for the production of BaCf3.  

The initial activity of BpSl14 was 3200 AU/mL with a specific activity 

of 1595.273±51.587 AU/mg. There was an increase in activity and specific 

activity when the incubation period was optimized but there was no further 

increase in activity for the seven optimization steps though the slight increase 

in specific activity cannot be ignored. The activity and specific activity 

increased steeply by the addition of 0.1 % Tween 80 to the fermentation 

medium. Thus after the final optimization, including time course study, for the 

production of BpSl14, the activity was 12800 AU/mL with a specific activity 

of 9339.276±88.445 AU/mg. There was a four-fold increase in activity and 

more than five-fold increase in specific activity. In conclusion, we can 

reaffirm that bioprocess optimization is an inevitable step for the production of 

bacteriocins. 
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Purification and characterization of the 
bacteriocins  

5.1 Introduction 

 Protein purification is one of the first steps towards understanding the 

function, characteristics, structure, and interactions of proteins. When a 

fermentation broth is analyzed, it is possible to detect a specific protein present in 

very low concentration among the 10,000 - 20,000 different proteins in an 

aqueous solution that contains intact microorganisms, cell fragments, soluble and 

insoluble media components and other metabolic products. The desired product 

may intracellular, heat labile or may easily be degraded by contaminating 

microorganisms. All these factors tend to increase the complexity of product 

recovery. To ensure good recovery or purification, speed of operation may be the 

overriding factor because of the labile nature of a product.  

The choice of the recovery process is based on the following criteria 

(Stanbury et al., 2013): 

1. The intracellular or extracellular location of the product. 

2. The concentration of the product in the fermentation broth. 

3. The physical and chemical properties of the desired product (as an aid to 

selecting separation procedures). 

4. The intended use of the product. 

5. The minimal acceptable standard of purity. 

6. The magnitude of bio-hazard of the product or broth. 

7. The marketable price for the product. 

The final degree of purity required depends upon the purpose for which 

the protein will be used. A sample is defined as ‘pure protein’ when it contains 
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only a single protein species, although it is more or less impossible to attain 100% 

purity.  Many studies on proteins can be carried out on samples that contain as 

much as 5 % -10 % impurities of other proteins.  A 90 % pure protein is sufficient 

for amino acid sequence determinations as the contaminants can be analyzed 

quantitatively.  

The main objective of the first stage for the recovery of an extracellular 

product is the removal of large solid particles and microbial cells usually by 

centrifugation or filtration. Afterwards, the product containing cell free 

supernatant is purified by fractional precipitation, chromatographic techniques 

and crystallization to obtain a product which is highly concentrated and 

essentially free from impurities. During protein purification specific activity 

guided purification is always advised.  

De novo is Latin word for, "over again", or "anew".  A popular definition 

for "de novo peptide sequencing" is, peptide sequencing performed without prior 

knowledge of the amino acid sequence. The introduction of MALDI-MS/MS 

(Matrix Assisted Laser Desorption Ionization - Mass spectroscopy/Mass 

spectroscopy) has strengthened the role of MALDI for amino acid sequence 

determination. In the case of peptides, although a wide variety of fragmentations 

may occur, there is a predominance of peptide bond cleavages. This means that 

the peptide fragments by losing one amino acid residue at a time give rise to 

peaks in the spectrum which differs sequentially by amino acid residue mass. 

These sequential mass differences represent exactly the amino acid sequence 

known as primary structure of the peptide. The post translational modifications 

are also part of primary structure. 

The biological properties of proteins are dependent on the tertiary 

structure of the proteins. The primary structure can form hydrogen bonds between 
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the amino acids which lead to the formation of secondary structure. The two main 

types of secondary structure are α helices and β sheets. The overall three 

dimensional structure of the entire protein/peptide molecule is the tertiary 

structure. The formation of disulphide linkages for stabilization is also grouped 

under this. The primary structure can be converted to tertiary structure or their 

spatial models. These models can be used for virtual screening of the molecule for 

bioactivities. 

This chapter discusses the purification, characterization and the 

mechanism of action of the bacteriocins. The bacteria grown in optimized 

production media was used for purification. The purification steps involved 

collection of supernatant, precipitation, dialysis and chromatography. SDS PAGE, 

zymogram and Matrix Assisted Laser Desorption Ionization- Mass Spectroscopy 

(MALDI-MS) were employed for characterization. Other characterizations 

included the effect of pH, temperature, metal ions, oxidizing and reducing agents 

on the activity and stability of the bacteriocins. The mechanism of action was 

studied by microscopic techniques. The primary sequences of the bacteriocins 

BpSl14 and BaCf3 were obtained from their MS/MS data, which was used to 

predict their secondary and tertiary structures. The sequences were searched for 

similarity using BLAST in the databases and multiple sequence alignment was 

done. The sequences were also searched for the formation of disulphide linkages 

for stabilization. 

5.2 Materials and methods 

5.2.1 Purification of bacteriocins 

 Purification of bacteriocins involved the steps in protein purification such 

as ammonium sulphate precipitation, dialysis and gel filtration chromatography 

(Fig 5.1).  
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Fig 5.1 Flow chart representing the purification steps followed in the present 
study 

5.2.1.1 Ammonium sulphate precipitation and dialysis 

Ammonium sulphate precipitation is a simple and effective means of 

protein fractionation. It is based on the fact that at high salt concentrations, the 

surface charges of proteins are neutralized and the proteins get aggregated. Due to 

charge neutralization the proteins tend to bind together, form large complexes and 

hence easy to precipitate out by centrifugation. Since each protein aggregates at a 

characteristic salt concentration, this approach provides a simple way of enriching 

a specific protein in a mixture.  

The organisms were grown in the appropriate optimized production 

medium as described in section 4.3.10 and 4.3.11. The cell free supernatant from 

the optimized production medium was collected by centrifugation (Sigma, India) 

at 10000 rpm for 15 minutes. Ammonium sulphate was added to the supernatant 

to obtain 0-30 %, 30-60 % and 60-90 % saturation, and mixed well using 

magnetic stirrer overnight at 4 ºC. After precipitation the pellet was collected by 



  Chapter 5 

105 
 

high speed centrifugation, 20000 rpm (36000 X g) for 20 minutes at 4 ºC and 

dissolved in minimum volume of 0.01 M phosphate buffer of pH 7. 

 The pellet dissolved in phosphate buffer was dialyzed using 2 kDa 

benzoylated dialysis tube (Sigma-Aldrich) against 0.01 M phosphate buffer of pH 

7 at 4 ºC, overnight with continuous stirring. The buffer was changed every hour 

to remove the salt from the sample. After dialysis, activity and total protein 

content of the sample was determined as described in section 3.2.5. 

5.2.1.2 Gel filtration chromatography  

The active fraction obtained after dialysis was further purified by gel 

filtration chromatography using Sephadex® G50 column. Econo Column (Biorad, 

India) was packed with Sephadex® G50 which was previously washed with water 

and subsequently equilibrated with thrice the column volume of 0.01 M phosphate 

buffer of pH 7. The dialyzed sample was filtered through 0.22 µm Millex® sterile 

filter (Merck Millipore, Germany) and added slowly through the sides of the 

column and eluted with the same buffer at a flow rate of 0.25 mL/min. 5 mL 

fractions were collected in labeled tubes and the elution was done until the 

column volume of sample was collected.  

The antimicrobial activity of each fraction was determined against 

Bacillus circulans NCIM 2107 by spotting 5 µL of each fraction on a MH agar 

plate. The protein concentration of active fractions was determined by measuring 

the absorbance at 280 nm using BioSpectrometer (Eppendorf, India) and elution 

profile of the bacteriocin was plotted against time. Samples which showed activity 

were pooled, checked the activity and protein concentration as per section 3.2.5.  

Speci ic activity (AU/mg) =
Total activity(AU/mL)

Total protein(mg/mL)
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Fold of puri ication =  
Speci ic activity (AU/mL)

Initial speci ic activity (AU/mL)
 

Yield of protein (%) =  
Total activity (AU/mL)

Initial total activity (AU/mL)
 × 100 

5.2.2 SDS-PAGE and silver staining 

The purity of the gel filtration fractions were checked using SDS-PAGE.  

5.2.2.1 Sample preparation 

Purified bacteriocin samples were mixed with sample buffer (5X) 

containing bromophenol blue as the tracking dye, in such a way that the final 

volume becomes 20 µL (protein concentration = 0.5 mg/mL). These samples were 

loaded carefully into the wells. The composition of sample loading buffer is given 

in Appendix III. 

 5.2.2.2 Protein markers for SDS PAGE 

GeNei (Bengaluru) Medium range molecular weight protein marker and 

broad range molecular weight protein marker of New England Biologicals® (UK) 

was used for detecting the approximate size. Details of markers are given in 

appendix- III. 

5.2.2.3 Gel preparation 

The gel was prepared according to method described by Laemmli (1970). 

The composition of the gel is given in table 5.1. The gel was cast in mini-

PROTEAN® (Biorad, India) casting unit. Standard molecular weight markers 

were also loaded according to the manufacturer’s instructions. Electrophoresis 

was conducted at a constant voltage (80 V in stacking gel and 100 V in resolving 
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gel). Gel was separated from the running unit and silver staining was carried out 

for visualization of protein bands (Appendix III).  

Table 5.1 Composition of gel preparation 

Constituents 12% separating gel 5% stacking gel 

Acrylamide –bisacrylamide 2 mL 0.425 mL 

1.5 M Tris HCl buffer (pH 8.8) 2.5 mL - 

0.5 M Tris HCL buffer (pH 6.8) - 0.625 mL 

MilliQ water 0.405 mL 1.425 mL 

SDS 50 µL 25 µL 

TEMED 7.5 µL 2.5 µL 

10 % Ammonium persulphate 37.5 µL 25 µL 

Silver staining of the gel after electrophoresis was performed by the method of 

Blum (1987) with slight modifications. The steps involved were as follows 

1. Fixed the gel with 50 % methanol and 5 % acetic acid for 30 minutes and 

incubated in 50 % methanol.  

2. Washed the gel five times in milliQ water for five minutes each to remove 

methanol.  

3. Incubated in sodium thiosulphate solution (20 %, freshly prepared) for 60 

seconds 

4. Rinse the gel twice with milliQ for 60 seconds. 

5. Submerged in silver nitrate solution (200 %) chilled to 4 ºC for 25 

minutes. 

6. Developer, anhydrous solution of Na2CO3 (3 %) containing 25 µL 

formaldehyde was added and waited till the bands became visible. 
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7. Stop solution Na2EDTA (14 g/100 mL) was added to stop the staining 

reaction.  

8. The gel was visualized and image was captured in ChemiDoc™ XRS 

System (Biorad, India). 

5.2.3 In-gel activity assay of bacteriocin activity 

The ammonium sulphate precipitated fraction after dialysis was subjected 

to SDS PAGE as described in section 5.2.2. The protein was loaded in two wells 

alongside the protein marker. After the electrophoresis, the gel was cut into two 

halves – one containing the marker lane and protein lane and the other with test 

protein lane alone. The portion of gel with test protein lane alone was washed 

thrice for thirty minutes with 0.01 % Tween 80 to remove SDS, followed thrice 

again with milliQ water for 30 minutes to remove Tween80. After washing the gel 

was carefully placed in a sterile petri-dish and overlaid with 0.8 % MH agar 

containing 1 % test organism (Bacillus circulans NCIM 2107). The plate was 

incubated at 37 °C overnight and examined for zone of inhibition (Yamamoto et 

al., 2003). 

The other half of the gel was used for silver staining as described in 

section 5.2.3. 

5.2.4 MALDI-TOF mass spectrometry  

The molecular mass of the purified antimicrobial peptides were 

determined by matrix-assisted laser desorption/ionization-time of flight (MALDI-

TOF) mass spectrometry. MALDI-TOF was performed by Ultraflex MALDI-

TOF/TOF mass spectrometer (Bruker Daltonics, Germany) equipped with smart 

beam solid state laser (337 nm) in reflectron positive ion mode using 19 KV 

acceleration voltage. The eluted peptides were co-crystallized with α-cyano-4-
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hydroxycinnamic acid matrix on the target plate (384-well ground steel plate, 

Bruker Daltonics, Germany) and external peptide mass calibration was applied 

(Peptide mixture 1) as per the manufacturer's instructions. 

5.2.5 Characterization of bacteriocins 

Bacteriocins are an extremely heterogeneous group of substances. Though 

they are chemically diverse, the unifying property is the presence of an essential 

protein component. Tests of sensitivity to specific enzymes (proteinases, 

amylases, etc.) are often used to identify important chemical components of 

bacteriocin molecules. Low molecular weight bacteriocins are generally more 

susceptible to trypsin digestion but are less sensitive to heat inactivation. 

Bacteriocins differ greatly with respect to their sensitivity to changes in pH. Many 

of the bacteriocins and bacteriocin-like substances are considerably more tolerant 

to acid than alkaline pH. 

5.2.5.1 Action of hydrolytic enzymes 

Ammonium sulphate precipitated fraction of bacteriocins (Activity = 

12800 AU/mL) were used to test the susceptibility of bacteriocin to enzymatic 

digestion, enzymes like proteinase K, trypsin, pepsin and α-amylase, were mixed 

with the bacteriocin at final concentrations of 1mg/mL and 5 mg/mL. The mixture 

was incubated for 1h at 37 °C and tested for bacteriocin activity as described in 

section 3.2.5. 

5.2.5.2 Effect of temperature on bacteriocins 

To evaluate heat stability, ammonium sulphate fraction of bacteriocin 

(Activity = 12800 AU/mL) was exposed to temperatures ranging from 40 °C to 

100 °C for 1 h and 40 °C to 121 °C per 105 kPa for 15 min. The treated samples 
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were tested for residual antimicrobial activity against the test organism as 

described in section 3.2.5. 

5.2.5.3 Effect of pH on bacteriocins 

 To study the effect of different pH, equal volume of purified bacteriocin 

(Activity = 51200 AU/mL) were added to buffers with pH range 2 - 13 and kept 

for 18 h at 4 °C. The buffer systems (Appendix-II) used included hydrochloric 

acid/potassium chloride buffer (pH 2), citric acid/sodium citrate buffer (pH 3 - 5), 

phosphate buffer (pH 6 - 7), Tris amino methane/hydrochloric acid buffer (pH 8 -

9), sodium bicarbonate/sodium hydroxide buffer (pH 10 - 11), sodium phosphate 

dibasic/sodium hydroxide buffer (pH 12 -13) (Vincent and John, 2009). The 

treated samples were tested for residual antimicrobial activity against the test 

organism as described in section 3.2.5.  

5.2.5.4 Effect of metal ions on bacteriocins 

 Equal volumes of 1mM solutions of Na2+, Ca2+, Mg2+, Ba2+, Co2+, Cu2+, 

Mn2+, Zn2+, Fe3+, Al3+ and  purified bacteriocins (Activity =512000 AU/mL) were 

mixed and incubated at 4 °C for 1 h. The untreated sample served as control. The 

treated samples were tested for residual activity against Bacillus circulans NCIM 

2107. 

5.2.5.5 Effect of oxidizing and reducing agents on bacteriocins 

 To examine the effect of oxidizing and reducing agents on bacteriocin 

activity 50 and 100 mM of DTT, β-mercaptoethanol and DMSO were prepared. 

Equal volume of purified bacteriocin samples (Activity = 512000 AU/mL) were 

mixed with these oxidizing/reducing agents and incubated for 1 h and assayed for 

activity.  
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Percentage residual activity was calculated by 

% Residual activity =
Activity(t)

Activity(c)
× 100 

5.2.6 Mechanism of action of bacteriocins 

The main target of bacteriocins is usually the lipid bilayer, where peptides 

can promote the cell depolarization and/or internalize in the cytosol in order to 

interact with inner targets. Many biophysical techniques can be conducted using 

model membranes in order to understand the peptide – membrane interaction 

mechanism. An understanding of the mechanisms of action of the bacteriocins 

against susceptible bacterial strains would be important for their effective 

utilization. Many microscopic techniques can also be used to find out the changes 

on target cell membrane. In this study we have used scanning electron microscopy 

(SEM), transmission electron microscopy (TEM) and confocal laser microscopy 

to understand the mechanism of action of the bacteriocins. 

5.2.6.1 Minimum inhibitory concentration (MIC) 

The minimum inhibitory concentrations of the bacteriocins, BaCf3 and 

BpSl14 were determined according to the protocol recommended by Sarker et al. 

(2007). The MIC was calculated for all the sensitive test organisms. To each well 

of a sterile 96-well U-shaped microtitre plate, 100 μL of double strength LB broth 

was added. Then, 100 μL of purified bacteriocin of known concentration (1 

mg/mL) was added to the first well of every row, mixed well, 50 μL was taken 

from the first well and serially diluted. Bacterial suspensions of 1 OD 600 prepared 

in LB broth (10 μL) was added to each well. The plate was incubated at 37 ºC for 

18 hours. After the incubation 2 µL of rezasurin was added into each well. Wells 

with live organisms convert blue rezasurin into pink color. The lowest 
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concentration of bacteriocin that inhibited the growth of the organisms was 

considered as the MIC. 

5.2.6.2 Bactericidal/Static mode of action 

The test organisms were grown in LB broth. To 1 mL of bacterial cultures 

of optical density 0.1 at 600 nm, purified bacteriocins were added at their MIC 

concentration. Tubes were incubated at 37 ºC, 120 rpm for 6 h and absorbance 

was noted at 600 nm. Tubes without bacteriocins acted as control.  

% Inhibition =
OD control − OD of test

OD of control
100 

5.2.6.3 Action of bacteriocins on bacterial membrane 

5.2.6.3.1 Scanning electron microscopy 

Overnight cover slip cultures of Bacillus circulans NCIM2107 was treated 

with MIC concentration of bacteriocin for 1 h and 2 h at 37 ºC. The cover slip 

without bacteriocin was used as control. The cover slips were fixed with 2.5 % 

gluteraldehyde in PBS, washed twice with PBS and dehydrated in a graded series 

of ethanol (50, 70, 80, 90, 100 %). These were dried in desiccators and used for 

scanning electron microscopy (Tescan VEGA3 SB).  

5.2.6.3.2 Transmission electron microscopy 

Bacillus circulans NCIM2107 culture of OD600 = 1 was mixed with 

bacteriocin, (BaCf3 and BpSl14 each) at its MIC concentrations and incubated at 

37 ºC, 120 rpm for 1 h. The liquid culture was mixed with 2 % solution of 

phosphotungstic acid in phosphate buffer of pH 7.4. This solution was loaded on 

the grid, dried and analyzed by transmission electron microscopy (Jeol/JEM 

2100). The culture without bacteriocin served as control.  
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5.2.6.3.3 Confocal laser scanning microscopy 

Bacillus circulans NCIM2107 cells (1 x 104 CFU/mL) were allowed to 

bind on StarFrost® glass slides (Knittel, Germany) with activated surface for 30 

minutes. The slide was then covered by bacteriocins at 1/4th of their MIC for 

30minutes. After the treatment, the slides were washed thrice with PBS, fixed 

with 2.5 % gluteraldehyde in PBS. The cells were stained with To-Pro-3 stain 

diluted 1:1000 in PBS for 20 minutes in dark at room temperature. They were 

observed and photographed using confocal imaging system (Leica TCS SP 5) 

(Anju et al., 2013). To-pro-3 is a nuclear stain; hence membrane compromised 

cells can be seen as red spots due to the far red fluorescence of the dye. Therefore, 

the pixel intensity of the red spots appearing in the images before (Control) and 

after (Treated) treatment with bacteriocin BaCf3 and BpSl14 was quantified using 

ImageJ software. 

5.2.7 De novo sequencing and modelling of the bacteriocins BpSl14 and 

BaCf3 

5.2.7.1 Sample preparation 

The protein band excised from silver stained SDS-PAGE gel (Section 

5.2.2) was used. The in-gel digestion of bacteriocins was done following the 

protocol of Shevchenko et al. (2006). Added 500 µL of acetonitrile and incubated 

tubes for 10 min until gel pieces became opaque and stuck together. The gel 

pieces were spun down to remove all liquid. 30 - 50 µL of DTT solution was 

added to completely cover gel pieces and incubated for 30 min at 56 °C. The 

tubes were chilled to room temperature (22 °C), again added 500 µL of 

acetonitrile and incubated for 10min. The liquid was removed from gel and added 

30 - 50 µL of the iodoacetamide solution in such a way as to cover the gel pieces 

and incubated for 20 min at room temperature in the dark. Again, shrunk the gel 
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pieces with acetonitrile and removed all liquid. Enzymatic digestion was carried 

out by incubating the reaction mixture with trypsin (40 ng/L of 25 mM 

NH4HCO3, Promega, Madison, WI, USA) and incubated out overnight at 37 °C. 

After digestion, the gel pieces were treated with 10 µL of 50 % acetonitrile/1 % 

trifluoroacetic acid (TFA). This extract was transferred to the primary 

supernatant, and repeated the extraction. The digests were concentrated using 

vacuum centrifuge. 

5.2.7.2 De novo sequencing by MS/MS 

The peptide mass fingerprinting (PMF) data was acquired in the mass 

range of 700-3500 m/z. The MS/MS fragmentation was carried out for the 

selected peptide in the LIFT™ mode of the instrument. This was performed by 

Ultraflex MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Germany) 

equipped with smart beam solid state laser (337 nm) in reflectron positive ion 

mode using 19 KV acceleration voltage. The in-gel digested peptides from 

previous section was co-crystallized with α-cyano-4-hydroxycinnamic acid matrix 

on the target plate (384-well ground steel plate, Bruker Daltonics, Germany) and 

external peptide mass calibration was applied (Peptide mixture 1) as per the 

manufacturer's instructions. 

The MS/MS data of selected trypsin digested fragments were analysed by 

mMass 5.5.0 (Niedermeyer and Strohalm, 2012). The sequence of the peptide 

fragments were derived manually by looking at the ‘a’, ‘b’ and ‘y’ fragments and 

hence the corresponding amino acids from their molecular mass (Wilson and 

Walker, 2000).  The sequences obtained from MS/MS data was validated for 

accuracy in Fragment Ion Calculator a free program for calculating masses of 

fragmentation ions from peptides provided by the institute for systems biology 

(http://db.systemsbiology.net:8080/proteomicsToolkit/).   
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5.2.7.3 Multiple sequence alignment 

The derived sequences were used for multiple sequence alignment with 

many known bacteriocins using Mega 6.0 (Tamura et al., 2013). The sequences 

were searched for similar sequences in PDB using PDBsum an online web server. 

PDBsum is a pictorial database that provides an at-a-glance overview of the 

contents of each 3D structure deposited in the Protein Data Bank (PDB). It shows 

the molecule(s) that make up the structure (ie., protein chains, DNA, ligands and 

metal ions).  

5.2.7.4 Amino acid composition of bacteriocins 

The amino acid composition of the bacteriocins BpSl14 and BaCf3 was 

calculated using protein analysis tool in ExPASy (http://web.expasy.org/ 

protparam/), the ProtParam tool (Gasteiger et al., 2005). ProtParam is a tool 

which allows the computation of various physical and chemical parameters for a 

given protein stored in Swiss-Prot or TrEMBL or for a user entered protein 

sequence. 

5.2.7.5 Secondary and tertiary structure prediction from the derived partial 

sequence 

The structure prediction of the de novo sequence was done using I-

TASSER (Iterative Threading ASSEmbly Refinement, https://zhanglab.ccmb. 

med.umich.edu/I-TASSER/), which is a hierarchal approach to protein structure 

and function prediction (Yang et al., 2015). This server provides the most 

accurate structural and functional predictions for small peptide sequences (Zhang, 

2008).  

I-TASSER modeling starts from the structure templates identified by 

LOMETS which is a meta-server threading approach containing multiple 
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threading programs, from the PDB library. I-TASSER uses only the templates of 

the highest significance in the threading alignments, which are measured by the 

Z-score (the difference between the raw and average scores in the unit of standard 

deviation). The top 10 templates are the 10 templates selected from the LOMETS 

threading programs. 

5.2.7.6 Prediction of disulphide bridge 

Disulphide bridges are involved in the stabilization of tertiary structures. 

DiANNA (DiAminoacid Neural Network Application) is a web server that 

provides disulfide connectivity prediction. DiANNA 1.1 determines the disulfide 

connectivity involving a novel architecture neural network (Ferre and Clote, 

2006). The neural network input includes evolutionary as well as secondary 

structure information. 

5.3 Results and discussion  

5.3.1 Purification of bacteriocins 

The initial volume of crude cell free extract of both bacteriocin BaCf3 and 

BpSl14 used for purification was 500 mL with a protein concentration of 1.36 

mg/mL and 1.4 mg/mL respectively.  

5.3.1.1 Ammonium sulphate precipitation and dialysis 

The initial activity of BaCf3 extract was 6400 AU/mL with a specific 

activity of 4705.88 AU/mg. The bacteriocin BaCf3 was precipitated in the 0-30 % 

ammonium sulphate fraction, dissolved in 0.01 M phosphate buffer of pH 7.4 and 

kept for dialysis in the same buffer. After dialysis the volume, activity and 

specific activity were determined to be 14 mL, 12800 AU/mL and 640000 AU/mg 
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respectively.  The yield of BaCf3 after this purification step was 5.6 % with a 136 

fold increase in purity. 

The crude culture supernatant of BpSl14 with activity 12800 AU/mL and 

specific activity 9175.63 AU/mg was partially purified using 0 – 80 % ammonium 

sulphate precipitation; this was dissolved in 0.01 M phosphate buffer of pH 7.4 

and dialysed using the same buffer.  The volume, activity and protein 

concentration of the extract were noted. After this step the activity and specific 

activity were 12800 AU/mL and 128000 AU/mg respectively. The yield of 

BpSl14 obtained after this step of purification was 6 %. 

Concentration by precipitation is the first step of purification of all 

bacteriocins.  Ammonium sulphate precipitation is a common step for bacteriocin 

purification. It is a method used for fractionation of proteins. Bacteriocin ISK-1 

was purified initially by addition of ammonium sulphate to 70 % saturation 

(Kimura et al., 1998) with 9.3 fold of purification. A bacteriocin like substance 

produced by Bacillus licheniformis 26L-10/3RA was also purified initially by 

ammonium sulphate precipitation with a yield of 50 % (Pattnaik et al., 2001). 

Entomocin 9, produced by Bacillus thuringiensis HD9 was also precipitated by 

the addition of 80 % ammonium sulphate. This shows that ammonium sulphate 

precipitation is an easy and reliable method for concentration of bacteriocins 

(Cherif et al., 2003). The bacteriocin from Lactobacillus murinus AU06 with 

broad antibacterial spectrum was concentrated by ammonium sulphate 

precipitation (Elayaraja et al., 2014). Bacteriocin produced by Weissella 

confusa A3 of dairy origin was precipitated with 80 % ammonium sulphate (Goh 

and Philip, 2015). A novel bacteriocin Paracin 1.7, synthesized by Lactobacillus 

papacasei HD1-7 isolated from Chinease sauerkraut juice required 70 % 

ammonium sulphate precipitation (Ge et al., 2016) for initial purification. 

Salivaricin CRL 1328, from Lactobacillus (Lb.) salivarius CRL1328 a probiotic 
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isolate from healthy human vagina, was precipitated to a yield of 21.7 % with 70 

% ammonium sulphate (Pingitore et al., 2007). 

5.3.1.2 Gel filtration chromatography  

The bacteriocins were further purified by gel filtration chromatography. 

Fractions of 5 mL each were collected, measured in BioSpectrometer® 

(Eppendorf) and elution profile was plotted. The elution profile showed that the 

bacteriocin BaCf3 was obtained in the 10 to 15 minutes time (Fig 5.2). Activity of 

BaCf3 after gel filtration chromatography was 51200 AU/mL and the specific 

activity was 1024000 AU/mg. The yield of BaCf3 after gel filtration 

chromatography was 1.6 % and the fold of purification after the purification was 

217.6. The details are depicted in Table 5.2. 

 

Fig 5.2 Elution profile of BaCf3. BaCf3 was eluted between 10 to 15 minutes 

The elution profile was also plotted for BpSl14 extract. The active 

component was obtained in fractions of 10 to 25 minutes (Fig 5.3). Activity of 

BpSl14 after gel filtration chromatography was 51200 AU/mL and the specific 

activity was 223581 AU/mg. The yield of BpSl14 after gel filtration 
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chromatography was 4 % and the fold of purification was 24.37. The details are 

depicted in Table 5.3. 

 

Fig. 5.3 Elution profile of BpSl14. BpSl14 was eluted between 10 to 25 minutes 

The BLIS produced by Bacillus licheniformis P40 was purified with 1.5M 

NaCl by gel filtration chromatography on Sephadex G-100 (Cladera-Olivera et 

al., 2004b). Lactacin F was concentrated by the addition of 40 % solid ammonium 

sulfate and was sized using 50 mM sodium phosphate (pH 7.2) on Sephacryl S-

300 gel filtration column with 369 fold of purity (Muriana and Klaenhammer, 

1991). Bacteriocins of Bacillus and Paenibacillus isolates from stomach contents 

of birds were purified from the crude antimicrobial preparations by gel filtration 

on a Superose® 12HR 16/50 column (Svetoch et al., 2005). The antimicrobial 

peptide BLS P34 produced by Bacillus sp. isolated from Amazon Basin was 

purified by ammonium sulphate precipitation, gel filtration, and ion exchange 

chromatography, and single band suggesting the homogeneity was obtained after 

the final purification step (Motta et al., 2007). 
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Gel filtration chromatography was also used for the purification of the 

bacteriocin Linocin M18 obtained from Brevibacterium linens and a single band 

was observed with a molecular mass of approximately of 31 kDa in silver stained 

SDS-polyacrylamide gels after the purification step (Valdés-Stauber and Scherer, 

1994). After gel filtration chromatography using Superdex  G-75, a single 2 kDa 

band showing bactericidal activity was obtained by 10 - 25 % acrylamide SDS-

PAGE electrophoresis with a very high yield (60 %) and increased specific 

activity (from 33.7 to 237.8 AU per mg of total proteins) with a purification factor 

of approximately 7 (Martirani et al., 2002). 

Bacteriocins Piscicocin CS526, Macedocin and Enterocin CRL35 purified 

by gel filtration chromatography gave yields of 7 %, 6 % and 2 % respectively 

(Farias et al., 1996; Georgalaki et al., 2002; Yamazaki et al., 2005). The novel 

bacteriocin Paracin 1.7 after Sephadex G-10 column gave 40 % yield with 2.87 

fold of purification (Ge et al., 2016).  
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Table 5.2 Purification table of bacteriocin BaCf3 

Sample 
Volume 

(mL) 

Protein 

(mg/mL) 

Total 

Protein 

(mg) 

Activity 

(AU/mL) 

Total 

Activity 

(AU) 

Sp. Activity 

(AU/mg) 

Fold of 

purification 
%yield 

Crude 500 1.36 680 6400 3200000 4705.88 1 100 

0-30%(NH4)2SO4 14 0.02 0.28 12800 179200 640000 136 5.6 

Gel Filtration 

Sephadex G50 
1 0.05 0.05 51200 51200 1024000 217.6 1.6 

 

Table 5. 3 Purification table of bacteriocin BpSl14  

Sample 
Volume 

(ml) 

Protein 

(mg/mL) 

Total 

Protein 

(mg) 

Activity 

(AU/mL) 

Total 

Activity 

(AU) 

Sp. Activity 

(AU/mg) 

Fold of 

purification 
%yield 

Crude 500 1.395 697.5 12800 6400000 9175.63 1 100 

0-80% (NH4)2SO4 30 0.1 3 12800 384000 128000 13.95 6 

Gel filtration 

Sephadex G50 
5 0.229 1.145 51200 256000 223581 24.37 4 
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5.3.1.3 SDS PAGE and silver staining 

SDS PAGE of the dialyzed ammonium sulphate precipitated fraction and 

the purified fraction from gel filtration chromatography is depicted in Fig 5.4 and 

5.5. In both bacteriocins, multiple bands were visible in the ammonium sulphate 

precipitated fraction but there was only single band in the gel filtration 

chromatography fraction. This demonstrates that purified bacteriocins were 

obtained after gel filtration chromatography. The molecular weight as estimated 

from SDS PAGE was 3kDa for BaCf3 and 6.5 kDa for BpSl14 (Fig 5.4 and 5.5).  

 

Fig 5.4 SDS PAGE of BaCf3 after silver staining. Lane 1- Purified fraction from 
gel filtration chromatography, Lane2- GeNei broad range protein marker. A single 
band was obtained in the 3 kDa region in lane 1.  
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Fig 5.5 SDS PAGE of BpSl14 after silver staining. Lane 1- Purified fraction from 
gel filtration chromatography, Lane2- GeNei broad range protein marker. A single 
band was obtained in the 6 kDa region in lane 1. 

The molecular weight of Paracin 1.7 based on Tricine-SDS-PAGE was 

identified as 10 kDa (Ge et al., 2016). Purified bacteriocin from Weissella 

confusa A3 was about 2.5 kDa on SDS PAGE compared to the marker (Goh and 

Philip, 2015).  

5.3.1.4 In-gel activity assay for detection of bacteriocin activity 

In-gel activity assay conducted for both the bacteriocins confirmed that the 

molecular weight of the bacteriocin BaCf3 was between 3 and 10 kDa (Fig 5.6 a 

and b). Zymogram and SDS PAGE shows that the molecular weight of the 

bacteriocin BpSl14 was approximately 6 kDa (5.7 a andb).  
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Fig 5.6 A) SDS PAGE of 0
NEB broad range protein marker; Lane 2
BaCf3 B) Zymogram of BaCf3
the sample used was 0-30

Fig 5.7 A) SDS PAGE and Zymogram of BpSl14. a) Lane
precipitate of BpSl14, Lane
of BpSl14 showing a clearing zone at a region of molecular weight 
kDa 

  

 
) SDS PAGE of 0-30 % ammonium sulphate fraction of BaCf3. Lane 1

NEB broad range protein marker; Lane 2- 0-30 % ammonium sulphate fraction of 
) Zymogram of BaCf3 showing a clearing zone between 3 and 10

30 % ammonium sulphate fraction of BaCf3. 

 

SDS PAGE and Zymogram of BpSl14. a) Lane-1 Ammonium sulphate 
14, Lane-2 GeNei low molecular weight marker. B) Zymogram 

of BpSl14 showing a clearing zone at a region of molecular weight 3 kDa and 10

  

% ammonium sulphate fraction of BaCf3. Lane 1- 
% ammonium sulphate fraction of 

showing a clearing zone between 3 and 10 kDa; 

1 Ammonium sulphate 
) Zymogram 
kDa and 10 
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The antibacterial activity of cerein 7 could be demonstrated by overlaying 

a similar gel with an indicator strain which exposed a growth inhibitory zone at 

the gel position where the single protein was visualized in the silver-stained 

control gel (Oscáriz et al., 1999). Antimicrobial activity of bacteriocin-like 

substance produced by B. amyloliquefaciens was also detected on polyacrylamide 

gels (Lisboa et al., 2006) and the apparent molecular mass was identified to be 5 

kDa. In- gel activity of BLS P34 produced by Bacillus sp. was observed on 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) (Motta 

et al., 2007).  

5.3.1.5 MALDI-TOF mass spectrometry  

From the MALDI-TOF mass spectroscopy the intact molecular weight of 

BaCf3 was 3028.422 Da (Fig 5.8) while that of BpSl14 as 6061.2 Da (Fig 5.9). 

 

Fig.5.8 MALDI TOF MS of purified sample of BaCf3 
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Fig. 5.9 MALDI TOF MS of purified sample of 

The molecular weights of many bacteriocins were identified by MALDI 

TOF MS. Subtilosin A1 has a molecular mass of 3412.5 Da as revealed by 

MALDI MS analysis (Sebei 

detected in a B. cereus isolate from water plant roots (Lewus 

molecular mass of 3137.93 Da (according to MALDI

capable of withstanding exposure to a wide range of pH values.

analysis of bacteriocin from

2.7 kDa (Goh and Philip, 

bacteriocins of Gram positive bacteria are <10

5.3.2 Characterization of 

Bacteriocins are an extremely heterogeneous group of substances. 

Although chemically diverse, the one unifying property is the presence of an 

essential protein component. Chemical analyses indicate that some bacteriocins 

  

MALDI TOF MS of purified sample of BpSl14 

The molecular weights of many bacteriocins were identified by MALDI 

Subtilosin A1 has a molecular mass of 3412.5 Da as revealed by 

MALDI MS analysis (Sebei et al., 2007). Cerein MRX1, a heat-stable bacteri

isolate from water plant roots (Lewus et al., 1992)

molecular mass of 3137.93 Da (according to MALDI-TOF MS analysis) 

capable of withstanding exposure to a wide range of pH values. MALDI

from Weissella confusa A3 of dairy origin gave a mass of 

and Philip, 2015). From literature it is noted that 

bacteriocins of Gram positive bacteria are <10 kDa in size. 

Characterization of bacteriocins 

Bacteriocins are an extremely heterogeneous group of substances. 

Although chemically diverse, the one unifying property is the presence of an 

essential protein component. Chemical analyses indicate that some bacteriocins 

  

 

The molecular weights of many bacteriocins were identified by MALDI 

Subtilosin A1 has a molecular mass of 3412.5 Da as revealed by 

stable bacteriocin 

., 1992), had a 

TOF MS analysis) was 

MALDI-TOF 

A3 of dairy origin gave a mass of 

 Class II 

Bacteriocins are an extremely heterogeneous group of substances. 

Although chemically diverse, the one unifying property is the presence of an 

essential protein component. Chemical analyses indicate that some bacteriocins 
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may be simple proteins; while many others, including certain Staphylococcal, 

Clostridial and Lactobacillus bacteriocins may be quite complex molecules with 

lipid and/or carbohydrate components in addition to protein. 

5.3.2.1 Effect of temperature on the activity of bacteriocins 

Bacteriocin BaCf3 was observed to be highly thermostable, as 100 % 

activity was retained even after treatment at 121 °C for 15 min (Fig 5. 10). But the 

activity was reduced to 50 % after an extended temperature treatment at 70 °C to 

100 °C for 1 h.   

The stability of bacteriocin BpSl14 at various temperatures ranging from 

40 ºC-100 ºC was studied. It was amazing that the bacteriocin retained complete 

activity even after incubating in these temperatures for 1 hour (Fig 5.10). The 

bacteriocin also retained 100 % of its activity after autoclaving at 15lbs, i.e. at 121 

°C for 15 minutes. 

 

Fig. 5.10 Temperature stability of bacteriocins BaCf3 and BpSl14 
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Martirani et al. (2002) isolated a thermophilic strain of Bacillus 

licheniformis (from dairy products) which produced bacillocin 490, inactivated by 

both pronase E and proteinase K. Bactericidal activity of bacteriocin-like 

substance produced by B. licheniformis P40 was stable at all temperatures tested, 

except 121°C and 103.5 kPa for 15 min and was remarkably stable in a wide pH 

range (Cladera-Olivera et al., 2004b). Thermal stability studies of bacteriocin 

BL8 produced by B. licheniformis revealed loss of activity only when exposed to 

very high temperature of 121 °C per 105 kPa for 15 min, but was retained when 

exposed to temperatures ranging from 40 to 100 °C for 30 min (Smitha and Bhat, 

2013). Curvacin A was also stable at pH 4.8 to 7.0 and resistant to temperature of 

100 °C for 3 min (Messens et al., 2003), while sakacin P was tolerant to 100 °C 

for 20 min. Criteria of thermostability of bacteriocins are difficult to define, 

particularly since this is dependent on the state of purification and also upon other 

factors such as pH, ionic strength, and presence of protective molecules (Albano 

et al., 2007). Although, bacteriocin of L. murinus AU06 was stable over 

temperature ranging from 30 - 80 °C, it retained only 60 % of its original activity 

at 60 °C for 30 min, and declined thereafter (Elayaraja et al., 2014). The 

antibacterial activity of Paracin 1.7 was not significantly affected by heat 

treatment at 40, 50, 60, 70, or 100 °C for 20 min; 82.48 % of its original 

inhibitory activity was retained even at 121 °C after 20 min. (Ge et al., 2016).  

5.3.2.2 Effect of pH on bacteriocin activity  

The bacteriocin BaCf3 retained its activity over a broad pH range (2.0 -

13.0) (Fig 5.11).  Its activity was reduced to 50 % at very high pH of 11 to 13.  

The BpSl14 sample showed no loss of activity in all different pH tested, 

indicating the broad range pH stability of this bacteriocin. Therefore it is clear that 

this bacteriocin can withstand both alkaline and acidic pH (Fig 5.11). 
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Fig. 5.11 Effect of pH on stability of bacteriocins. Both the bacteriocins are stable 
in a wide range of pH. 

Bacteriocins differ greatly in their sensitivity to changes in pH. Most 

bacteriocins and bacteriocin-like substances are considerably more tolerant of 

acid than alkaline pH extremes (Ellison and Kautter, 1970). But both the 

bacteriocins, BaCf3 and BpSl14, were stable at all the pH tested, suggesting 

suitability for applications in acid and alkaline conditions.  

Activity of BLIS produced by Bacillus amyloliquefaciens LBM5006 

isolated from Brazilian Atlantic forest was retained over a pH range of 3.0−8.0, 

but lost at alkaline pH values (pH 9.0 and 10.0) (Lisboa et al., 2006). Bacteriocins 

BS101 and BL8 isolated from Bacillus subtilis BTFK101 and Bacillus 

licheniformis BTHT8 could tolerate a pH range of 2 - 9 (Smitha and Bhat, 2013). 

Many more pH tolerant bacteriocins or bacteriocin like substances were isolated 

such as BLIS from B. subtilis LFB112 (Xie et al., 2009), BLIS Bac 14B from B. 

subtilis 14B (Hammami et al., 2009), Lichenin from B. licheniformis 26L-10/3RA 

(Pattnaik et al., 2001) and so on. The BLIS isolated by Cladera-Olivera et al., 

(2004) from Bacillus licheniformis P40 could also retain 100% of its activity in a 
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wide range of pH (3 - 11). The temperature and pH stability of antimicrobial 

peptides were also reported for Pumilicin 4 by B. pumilus (Aunpad and Na-

Bangchang, 2007). 

5.3.2.3 Effect of metal ions on the activity of bacteriocins 

Antibacterial activity of BaCf3 was nullified by the addition of Ca2+, Mg2+ 

and Mn2+ salts. Ba2+, Co2+, Cu2+, Zn2+, Fe3+ and Al3+ also diminished the activity 

of BaCf3 (Fig 5.12). 

Significant changes were not observed in the activity of BpSl14 after 

treatment with metal ions; except with Cu2+, Mn2+
 and Al3+ when activity was 

reduced to 50% for the treated samples (Fig 5.12). 

 

Fig.5.12 Effect of metal ions on the activity of bacteriocins 

Thus we can conclude that the treatment of BaCf3 with alkaline earth 

metals (Ca2+, Mg2+ and Ba2+) and transition metals (Mn2+, Co2+, Cu2+, Zn2+ and 
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Fe3+) affected its activity. Al3+reduced the activity of both the bacteriocins. 

Cu2+and Mn2+ reduced the activity of BpSl14 to 50 %.  

Metal atoms, especially the divalent ions, disturb salt bridges of proteins 

there by destabilize and precipitate them. Many metal ions can chelate amino 

acids of the bacteriocins and cause conformation changes. The effect of metal 

ions on bacteriocins are least studied, but their effect on enzymes and other 

biological peptides are well known.  

 It can be inferred that BpSl14 is more metal ion tolerant than BaCf3 

which may be due to the presence of disulphide bridge in BaCf3 (Section 5.3.2.5 

and 5.3.8). The broad spectrum bacteriocin isolated from Bacillus subtilis 

RLID12.1 also retained 100 % of its activity when treated with eight different 

metal ions (Ramachandran et al., 2014).  

5.3.2.4 Effect of hydrolytic enzymes on bacteriocins 

The activity of bacteriocin BaCf3 was affected by all the enzymes used. 

Activity was completely lost on treatment with trypsin and proteinase K, while 

fifty percent bacteriocin activity was retained with treatment of 1 mg/mL pepsin. 

On the other hand, 75 % activity was lost on treatment with α-amylase (1 

mg/mL), where after, with increasing enzyme concentrations, activity disappeared 

completely (Fig 5.13A). 

Bacteriocin BpSl14 was more stable than BaCf3 to enzyme treatment. 

Pepsin affected the bacteriocin even at a low concentration of 1 mg/mL. All other 

enzymes reduced the activity of BpSl14 to 50 % at a concentration of 5 mg/mL 

(Fig 5.13B).  

Trypsin cleaves peptide chains at the carboxyl side of the amino acids 

lysine or arginine when not followed by proline. Pepsin is efficient in 
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cleaving peptide bonds between hydrophobic and aromatic amino acids such as 

phenylalanine, tryptophan, and tyrosine preferentially after the N-terminal. The 

predominant site of cleavage of proteinase K is the peptide bond adjacent to the 

carboxyl group of aliphatic and aromatic amino acids with blocked alpha amino 

groups. Action of α-amylase shows the presence of carbohydrates in the active 

site of the bacteriocins.  

 

Fig. 5.13 Effect of hydrolytic enzymes on the activity of bacteriocins A) BaCf3 
B) BpSl14. 

Tests of sensitivity to specific enzymes (proteinases, amylases, etc.) are 

often used to identify important chemical components of bacteriocin molecules. 

The sensitivity of bacteriocin BaCf3 towards proteolytic enzymes proved its 

proteinaceous nature. The action of trypsin on BaCf 3 pointed to the presence of 

Argenine or Lysine residues in the peptide. Trypsin is a paradigm for the family 

of serine proteases that have evolved to cleave peptide bonds after Arg and Lys 

amino acid residues. But the sensitivity of BaCf3 to amylase indicates the 

presence of carbohydrates as a component of this bacteriocin. The loss of 

antibacterial activity of some bacteriocins following treatment with either 

carbohydrate- or lipid-hydrolyzing enzymes has been considered in some studies 

to be a sign of a carbohydrate or lipid moiety which is essential for antibacterial 
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activity. According to Klaenhammer (1993), such bacteriocins are classified as 

class IV, complex bacteriocins that contain essential lipid or carbohydrate 

moieties in addition to protein. An essential glycosidic bond was identified in 

plantaricin S, leuconocin S, lactocin 27 and pediocin SJ-1 bacteriocins. Its 

stability in pepsin and at low pH indicated its potential probiotic applications 

(Shukla and Goyal, 2014). While bacteriocin of L. murinus AU06 was completely 

inactivated by proteinase K, chymotrypsin, trypsin and pepsin confirming its 

proteinaceous nature (Elayaraja et al., 2014). Bacteriocin from dairy origin 

Weissella confusa A3 showed reduced activity after treatment with proteinase K, 

trypsin and peptidase (Goh et al., 2015). Paracin 1.7 produced by L. 

paracasei HD1-7 was degraded by trypsin and proteinase K, moderately sensitive 

to papain and insensitive to amylase (Ge et al., 2016). There was no loss of 

activity of Bacillus subtilis RLID 12.1 bacteriocin upon exposure to pronase E, 

trypsin, α-amylase, and lipase at a concentration of 10 mg/mL. However the 72 % 

activity was lost when treated with 10 mg/mL proteinase K (Ramachandran et al., 

2014).  

5.3.2.5 Effect of oxidizing and reducing agents  

The effect of oxidizing and reducing agents on bacteriocin activity was 

analyzed by incubating the sample with 50 mM and100 mM concentration of 

DTT, β-mercaptoethanol and DMSO at 4 ºC for 1 hour. There was no observable 

reduction in the activity of BpSl14 after the treatment (Table 5.4).  But the 

activity of BaCf3 was reduced due to the treatment. 
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Table 5.4 Effect of oxidising and reducing agents on the activity of 
bacteriocins 

 
Oxidising and 

reducing agents 

% Residual 
activity  in 50 

mM 

% Residual 
activity in 
100 mM 

% Residual 
activity 
Control 

BpSl14 

DMSO 100 100 100 

β-mercaptoethanol 100 100 100 

DTT 100 100 100 

BaCf3 

DMSO 12.5 12.5 100 

β-mercaptoethanol 12.5 12.5 100 

DTT 12.5 No activity 100 

From the table 5.3 we can conclude that the activity of BaCf3 was affected 

by both oxidizing agents and reducing agents, and a higher concentration (100 

mM) of DTT caused complete loss of activity which points to the presence of a 

crucial disulphide bond in the active region of the bacteriocin, whose reduction 

diminished the activity. This was supported by the de novo sequencing data 

(Section 5.3.4). The loss of activity on treatment with mild oxidizing agent 

DMSO also indicates of the presence of oxidation labile amino acids like 

asparagine, glutamine and methionine in its active site. The resistance of BpSl14 

may be attributed to the fold stabilization of the molecule. The folding 

stabilization may be due to the formation of hydrogen bonds and Vander Waals 

forces within the molecule. The solvent accessible areas are more in BaCf3 than 

in BpSl14. This accounts for the higher stability of BpSl14 than BaCf3. 

5.3.3 Mechanism of action of bacteriocins 

Microscopy techniques are suitable to study the behaviour of bacteriocins 

in intact cells. Combination of fluorescence techniques (CLSM) with electronic 

microscopy can give a very detailed picture of the mechanism of action of these 
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peptides. Transmission (TEM) and scanning electron microscopy (SEM) are 

conventional procedures that allow visualizing morphological changes at the 

membrane and cell wall ultrastructure at native conditions, while confocal 

microscopy provides, at a first glance, an overall picture of the viability of cells. 

5.3.3.1 Minimum inhibitory concentration (MIC) 

Minimum inhibitory concentrations of BaCf3 and BpSl14 against various 

test organisms were determined by microtitre plate assay incorporating resazurin. 

E. faecalis required minimum amount of bacteriocins to inhibit its growth, where 

as Proteus vulgaris required highest concentration of bacteriocins. E. coli was not 

inhibited by BaCf3 and hence could not find out MIC for it. A detailed report of 

MIC of both the bacteriocins is given in table 5.5. 

Table 5.5 Minimum Inhibitory Concentration (MIC) of the bacteriocins 

Bacteria BpSl14 (μg/mL) BaCf3 (μg/mL) 

Bacillus circulans 43.63±0.18 1.84±0.005 

Bacillus macerens 87.25±0.35 7.36±0.228 

Staphylococcus aureus 87.25±0.35 1.84±0.005 

Enterococcus faecalis 0.69±0.01 0.014±0.001 

Escherichia coli 174.50±0.70 - 

Proteus vulgaris 174.50±0.70 7.36±0.228 

5.3.3.2 Bactericidal/Static mode of action 

The effect of bacteriocins on the growth of different organisms was 

studied by incubating 0.1 OD600 culture of test organisms with bacteriocins at 
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their MIC concentration for six hours. The % inhibition was calculated for each 

organism and a graph was plotted. 

From the graph (Fig 5.14), it was evident that ≥80 % inhibition in growth 

of B. circulans, S. aureus and P. vulgaris by both bacteriocins. We can infer from 

that the bacteriocins have a bactericidal mode of action on these organisms. Both 

BaCf3 and BpSl14 act on E. coli, E. feacalis and B. macerans in a bacteriostatic 

manner. Thus the mechanism of action of bacteriocin can be concluded as 

bacteriostatic for E. coli, E. faecalis and B. macerans and bactericidal for B. 

circulans, S. aureus and P. vulgaris. 

 
Fig 5.14 Inhibition assay of bacteriocins on test organisms. The % inhibition was 
plotted on Y axis and organisms on X axis. 

Most of the bacteriocins are reported to have bactericidal mode of action. 

Mesentericin Y105 was shown to exhibit a bactericidal mode of action towards L. 

monocytogenes (Maftah et al., 1993). Plantaricin A, a 26 amino acid peptide 

synthesized by L. plantarum C11 exhibits both bactericidal and pheromone 

activities (Hauge et al., 1998). Subtilosin A (molecular mass of 3399.7 Da), 
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produced by Bacillus sp., showed by ATP efflux assay the bactericidal activity 

against Listeria monocytogenes, Gardnerella vaginalis and S. agalactiae and also 

against Gram-negative bacteria (Sutyak et al., 2008b).  

5.3.3.3 Action of bacteriocins on bacterial membrane 

5.3.3.3.1 Scanning electron microscopy 

The gold plated cover slips were observed under 15000X magnification. 

The changes in cell morphology in control and treated cells were compared 

(Fig.15 and Fig. 16). From the SEM analysis, it can be visualized that the cell 

wall of organism were deformed in the treated samples indicating the action of 

bacteriocins on cell wall (Fig 5.15 B and C; Fig 5.16 B and C). After 1h of 

incubation with the bacteriocins, the cell wall deformation is clearly visible and 

after 2 hours the cell wall ruptures in both the cases. 

 

Fig. 5.15 Action of BaCf3 on test organism by SEM. A) Control cells of B. 
circulans B) and C) After treatment with bacteriocin for 1h and 2 h respectively. 
The image was captured at a magnification of 15000X. 
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Fig. 5.16 Action of BpSl14 on test organism by SEM. A) Control cells of B. 
circulans B) and C) After treatment with bacteriocin for 1h and 2 h respectively. 
The image was captured at a magnification of 15000X. 

From the scanning electron micrographs, it can be noted that the 

deformation of target cells occurred in a time-dependent manner. Cells appeared 

collapsed, flat, and empty after the bacteriocin treatment for 2 h (Fig 5.16C). All 

these changes may reflect the efflux of the cell content through the pores created 

in the cell membrane. Similar observations were attained after the action of a nisin 

and pediocin mixture on Listeria monocytogenes (Kalchayanand et al., 2004). The 

morphological changes visualized by scanning electron microscopy showed that 

BaCf3 and BpSl14 act as bactericidal bacteriocins on Bacillus circulans thus 

confirming the results of inhibition assay. 

Subtilin exhibits bactericidal activity based on pore formation in the 

cytoplasmic membrane. Sublancin 168 (3877.78 Da) is a lantibiotic produced 

by B. subtilis 168  which exhibits bactericidal  activity  against other Gram-

positive bacteria, including pathogens such as B.cereus, Streptococcus 

pyogenes and Staphylococcus aureus (Paik et al., 1998; Stein, 2005). Sonorensin, 

a bacteriocin obtained from Bacillus sonorensis MT93 isolated from marine soil 

sample, induced an increase in the permeability of  S. aureus cytoplasmic 
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membrane over time. SEM image of sonorensin treated S. aureus displayed 

roughening of cell surface with accumulation of cell debris (Chopra et al., 2015). 

To gain insight into the mode of bactericidal action of the laterosporulin on 

indicator strain, Singh et al. (2012) performed scanning electron microscopy 

(SEM) of E. coli treated with lethal dose of bacteriocin. They have also noticed 

roughening of cell surface and accumulation of cell debris. 

5.3.3.3.2 Transmission electron microscopy 

Morphological changes were better observed with TEM micrographs. The 

changes in the cell wall integrity and formation of ghost cells could be clearly 

visualized (Fig 5.17 and Fig 5.18). The accumulation of membranous structures in 

the cytoplasm of the treated cells is visible in images. Disruptions with release of 

intracellular material associated with cells losing their cytoplasm (empty and 

flaccid cells) were also observed. The distortion of the physical structure of the 

cell caused the expansion and destabilization of the membrane and increased 

membrane fluidity, which in turn increases the passive permeability and manifest 

as a leakage of various vital intracellular constituents, such as ions, ATP, nucleic 

acids, sugars, enzymes and amino acids. Cell ghost is an empty intact cell 

envelope structure devoid of cytoplasmic content including genetic material. 

 

Fig. 5.17 Transmission electron microscopy showing different stages of 
bacteriocin BaCf3 action. The change in cell wall integrity is clearly visible. C) 
Shows the release of cell contents. E) Shows the ghost cell. 
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Fig. 5. 18 Transmission electron microscopy showing different stages of 
bacteriocin BpSl14 action. The changes in cell wall integrity is clearly visible  

The cell membrane separated from the cell wall and part of the cytoplasm 

appears concentrated and dispersed (Fig. 5.17E and 5.18E). After treatment for 2 

h, the cell surface collapsed with obvious debris around the cell. The microscopic 

studies show that the treatment of bacteriocins affects the membrane integrity of 

the target cells. Transmission electron microscopy (TEM) was used to study the 

mechanism of action of BLS P34 on L. monocytogenes and was indicative of 

cytoplasmic membrane alteration (Motta et al., 2008). Transmission electron 

microscopy also showed cell lysis of B.s cereus and Listeria monocytogenes after 

treatment with cerein 8A (Bizani et al., 2005). Similarly, nisin, pediocin, and 

epidermin, and many other amphiphilic antimicrobial peptides which belong to 

Type A lantibiotics, exert their activity by disrupting the functional barrier of 

microbial cytoplasmic membranes (Dalmau et al., 2002; McCafferty et al., 1999). 

The hydrophobic bacteriocin cerein 7, produced by B. cereus Bc7, has also been 

characterized as a membrane-active compound (Oscáriz et al., 1999). 

5.3.3.3.4 Confocal laser microscopy (CLSM) 

Confocal laser microscopy (CLSM) showed that the membrane damage 

occurs after 30 minutes of treatment. The red fluorescence was clearly visible in 

the treated cells indicating the membrane damage and To-pro-3 binding to the 

DNA (Fig 5.19). The pixel intensity also increased in the treated samples. 



  Chapter 5 

141 
 

 

Fig 5.19 Confocal imaging to study the action of bacteriocins on membranes of 
Bacillus circulans. A) Untreated B. circulans B) BaCf3 treated B. circulans C) 
BpSl14 treated B.s circulans. Membrane disruption occurred after 30 minutes of 
incubation with bacteriocins. This can be observed by increase in pixel intensity 
of treated samples due to the binding of To-Pro-3 on DNA of membrane 
compromised cells (scale bar - 250 µm).  

Viable cells having intact membrane do not allow penetration of ToPro3 

and thus are not stained, where as dead cells or cells with permeable and disrupted 

membrane give a fluorescent signal due to penetration of the dye and intercalation 

into cellular DNA or RNA. Thus the pixel intensity obtained is a measure of 

permeability of the target cells. 

Sample Pixel Intensity 

Control 4.312±0.776 

BaCf3 12.98±1.131 

BpSl14 16.525±3.077 

The assessment of bacterial cell viability by confocal microscopy is a 

good indicator to characterize the action of bacteriocins (Torrent et al., 2010). 

One of the advantages of CLSM is that statistical analysis can be performed in 
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order to derive quantitative measurements about viability by measuring the pixel 

intensity.  

5.3.4 De novo sequencing by MS/MS 

From the MS/MS pattern of BaCf3, it was observed that trypsin digested 

the proteins in to seven fragments having mass of 1173, 1304, 1640, 2451, 2474, 

2632, 2654 (Fig 5.20).  

 

Fig. 5.20 PMF of BaCf3 from mMass  

From the MS/MS pattern of 1173 and 1304 (Appendix IV), the partial 

peptide sequences were derived by manual calculation (Hunt et al., 1992). The 

other fragments, 2451, 2474, 2632, 2654, were overlapping and hence made the 

manual sequencing process difficult. The intensity of fragment 1640 was less 

hence omitted from sequence derivation.  

The amino acid sequence of BaCf3 was derived as GNHDCCMGQ 

LPKCMLGPGQGAATXQGK. The primary structure of BaCf3 was created using 

Discovery Studio 2016, is shown in fig. 5.21. The sequence could not find any 
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match in BLAST showing its novelty. MALDI-TOF MS/MS was used for partial 

sequencing of acidocin D20079 (Deraz et al., 2005).  

 

Fig 5.21 Primary structure of BaCf3. Blue indicates Nitrogen atoms, black balls 
indicate Carbon atoms, red balls indicate Oxygen atoms, orange balls indicate 
Sulphur atoms, and small grey balls indicate hydrogen atoms. 

From the MS/MS pattern of BpSl14, it was found that trypsin digested the 

protein in to seven fragments such as 1769, 1941, 1997, 2083, 2569 (Fig 5.22). 

The partial sequence of BpSl14 was derived from 1769 and 1941 

fragments (Appendix IV). In the PMF of BpSl14, we can see that the peaks of 

large molecular weight are missing even though the molecular weight of the 

bacteriocin is 6061 Da. This may be due to the presence of Tween 80 in the 

production medium. This may get co-purified with the bacteriocin and interfere 

with mass spectrometry analysis leading to suppression of the peptide and protein 

signals (Deraz, et al., 2005). This may also be the case for tryptic digest and 

hampered sequence analysis of the purified sample, limiting its success to a 

partial sequence. 

The sequence obtained for BpSl14 was AGGGFMEHEGSEPVGPGGP- 

KGDHMQDGKIPNDLCC which could be aligned to some known amino acid 

sequences of bacteriocins. But the peaks in the MS/MS spectrum of BpSl14 were 
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not pronounced enough to derive further sequences. Though Tween 80 is an 

essential component for BpSl14 production, it interferes with mass spectrometry 

analysis leading to suppression of peptide signals. 

 

Fig 5.22 PMF of BpSl14 from mMass 

The primary structure of BpSl14 constructed in Discovery Studio 2016, is 

shown in fig. 5.23. But the sequence could not find any match in BLAST showing 

its novelty.  

The fragment ion calculator server gave the result for BaCf3 sequence as 

shown in Fig 5.24, indicating that the MS/MS peaks and the fragments obtained 

from the calculator coincides and the derived sequence is of least error. 
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Fig 5.23 Primary structure of BpSl14. Blue indicates Nitrogen atoms, black balls 
indicate Carbon atoms, red balls indicate Oxygen atoms, orange balls indicate 
Sulphur atoms, and small grey balls indicate hydrogen atoms. 

 

Fig 5.24 Screen shot of Fragment Ion Calculator for the derived sequence of 
BaCf3 

While validating the BpSl14 sequence, the fragment ion calculator server 

gave the result as shown in fig 5.25 indicating that the MS/MS peaks and the 

fragments obtained from the calculator coincide and the derived sequence is of 
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least error. The slight change in the fragment ion values is due to the S-

methylation of Cysteine. The presence of unusual residues like SMC (S-

methylated Cysteine) adds to the presence of bioactive property. 

 

Fig 5.25 Screen shot of Fragment Ion Calculator for the derived sequence of 

BpSl14.  

5.3.5 Multiple sequence alignment 

The derived amino acid sequence of BaCf3 was aligned by Clustal w, with 

MEGA 6.0 to some of the known bacteriocin sequences and the alignment is 

shown in fig. 5.26, but sequence similarity could not be found. The derived 

sequence of BpSl14 was aligned with MEGA 6.0 to some of the known 

bacteriocin sequences and the alignment is shown in fig 5.27. 
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Fig 5.26 Alignment of BaCf3 sequence with some bacteriocin sequences.  

 

Fig 5.27 Alignment of BpSl14 sequence with some bacteriocin sequences. 

5.3.6 Amino acid composition of bacteriocins 

The analysis of sequence composition by ProtParam tool shows that the 

most prominent amino acid in both the bacteriocins was Glycine, 22.5 % in 

BaCf3 and 25.7 % in BpSl14. Cysteine and Glutamine form the next predominant 

amino acid of BaCf3 while Proline was the second predominant amino acid of 

BpSl14. The results of amino acid composition of bacteriocins are detailed in 

Table 5.6.  
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Table 5.6 Amino acid composition of bacteriocins as calculated by 

ProtParam tool 

Amino Acid BaCf3 (%) BpSl14 (%) 

Ala (A) 7.4 2.9 

Arg (R) 0 0 

Asn (N) 3.7 2.9 

Asp (D) 3.7 8.6 

Cys (C) 11.1 5.7 

Gln (Q) 11.1 2.9 

Glu (E) 0 8.6 

Gly (G) 22.2 25.7 

His (H) 3.7 5.7 

Ile (I) 0 2.9 

Leu (L) 7.4 2.9 

Lys (K) 7.4 5.7 

Met (M) 7.4 5.7 

Phe (F) 0 2.9 

Pro (P) 7.4 11.4 

Ser (S) 0 2.9 

Thr (T) 3.7 0 

Trp (W) 0 0 

Tyr (Y) 0 0 

Val (V) 0 2.9 

Pyl (O) 0 0 

Sec (U) 0 0 

X 3.7 0 
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Most of the AMPs are made up of hydrophilic and hydrophobic regions. 

The N terminal eighteen (from A1 to G18) amino acids of BpSl14 form the 

hydrophilic region of bacteriocin while the C terminal seventeen residues (from 

P19 to C35) is neutral or slightly hydrophobic in nature. The hydrophilic N-

terminal region interacts with the negatively charged phospholipids of the target 

membrane and the hydrophobic region helps in the pore formation in cytoplasmic 

membrane (Oscariz and Pisabarro, 2010).  

5.3.7 Secondary and tertiary structure prediction from the derived partial 

sequence 

The secondary structure of BaCf3 as predicted by I-TASSER shows that 

the sequence contain helix, coils and strands. The high score shows more 

confidence in the secondary structure prediction (Fig 5.28).  

 

Fig 5.28 Secondary structure of BaCf3 

The secondary structure of BpSl14 as predicted by I-TASSER shows that 

the sequence contain only coils. The high score shows more confidence in the 

secondary structure prediction (Fig 5.29).  

 

Fig 5.29 Secondary structure of BpSl14 
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The tertiary structures of both the bacteriocins were predicted using I-

TASSER. For each target, I-TASSER simulations generate a large ensemble of 

structural conformations, called decoys. To select the final models, I-TASSER 

uses the SPICKER program to cluster all the decoys based on the pair-wise 

structure similarity, and reports up to five models which corresponds to the five 

largest structure clusters. The confidence of each model is quantitatively 

measured by C-score that is calculated based on the significance of threading 

template alignments and the convergence parameters of the structure assembly 

simulations. C-score is typically in the range of [-5, 2], where a C-score of a 

higher value signifies a model with a higher confidence and vice-versa. The 

predicted models of BaCf3 are shown in Fig 5.30. 

Fig 5.30 Models of BaCf3 as predicted by I-TASSER. A) Model 1, B) Model 2, 
C) Model 3, D) Model 4, E) Model 5. The C-score of the models 1-5 were -1.78, -
2.56, -2.90, -2.64, -3.26 

The predicted tertiary structures of bacteriocin BpSl14 is shown in fig 

5.31. Tertiary structure of BpSl14 consists of α-helix and extended backbone. 

Among the predicted models of the bacteriocins, Model 1 is having the highest C-

score value and hence high quality.  
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 Fig 5.31 Models of BpSl14 as predicted by I-TASSER. A) Model 1, B) Model 2, 
C) Model 3, D) Model 4, E) Model 5. The C-score of the models 1-5 were -2.35, -
2.72, -4.25, -3.23, -2.91 

β- sheeted polyphemusin (PDB code 1RKK) like structure (Jenssen et al., 

2006) of BaCf3 can be clearly visualized in the models predicted by I-TASSER. 

Polyphemusin is a horse shoe crab peptide, with antimicrobial property. 

Polyphemusin is a membrane partitioning bioactive molecule and the resemblance 

in the tertiary structure sheds light to the mechanism of action of the bacteriocin 

BaCf3 (Powers et al., 2005). 

This structure is a combination of that of α-helical megainin-2 (PDB code 

2MAG) and extended indolicidin (PDB code 1G89) (Rozek et al., 2000). Both 

these bacteriocins act on cytoplasmic membrane thus illuminates the mechanism 

of action of the bacteriocin.  

5.3.8 Prediction of disulphide bridge 

DiANNA 1.1 predicted the possibility of disulphide formation in BaCf3 

between C6 and C13 (Fig 5.32), but there is no chance for disulphide formation in 

BpSl14 since it is having a methylated sulphur. The score for disulphide bridge 

formation between C6 and C13 is 0.45667. 

Many of the biologically active peptides contain one or multiple 

disulphide bridges, which are believed to contribute to the peptides’ stability and 
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activity. In BaCf3, a disulphide linkage can be formed between 6-13 Cysteine as 

in model 1. Disulphide bonds or the ability to form dimmers by forming 

disulphide bond accounts for the heat stability of bacteriocins. Disulphide bonds 

help in the stabilization of tertiary structures by reducing the number of possible 

unfolded structures (entropic effect).  

 

Fig 5.32 Disulphide bond prediction of BaCf3 by DiANNA 1.1.  

5.4 Summary 

The bacteriocins were purified to homogeneity by ammonium sulphate 

precipitation, dialysis and gel filtration chromatography. Yield for BaCf3 and 

BpSl14 was 1.6 % and 4 % respectively. Both bacteriocins proved to be highly 

thermostable and pH tolerant.  BpSl14 which was more stable than BaCf3 on 

enzyme treatment, action of oxidizing and reducing agents and 0.5mM metal ions, 

may be a glycol-peptide. Both bacteriocins have bactericidal mode of action on B. 

circulans, S. aureus, and P. vulgaris, as confirmed by confocal laser microscopy, 

scanning electron microscopy and transmission electron microscopy. The action 

of bacteriocins on the membranes of target cells could be visualized from the 

electron micrographs and confocal laser microscopy. 

The sequences of the bacteriocins BaCf3 and BpSl14 were derived from 

MS/MS data. Their primary, secondary and tertiary structures were scrutinized 

using web servers and softwares. From the observations we found out that even 
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though the sequences are novel, both the bacteriocins had structural similarities to 

some identified antimicrobial peptides (AMPs). The presence of disulphide 

linkages and the presence of unusual amino acids were desirable properties of 

bioactive peptides which can be attributed to these bacteriocins too. 
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Antibiofilm and anticancer action of 
bacteriocins BaCf3 and BpSl14 

6.1 Introduction 

In addition to antibacterial activity, bacteriocins show antibiofilm property 

as well as anticancer action; several have been studied for their application in 

food preservation.  

Food borne diseases and food contamination is always an issue for 

humanity. Though the type and severity of food borne diseases have changed 

through the ages, it is still a concern in all nations. According to WHO, almost 1 

in 10 people in the world fall ill eating contaminated food and 420000 die every 

year (WHO, 2017). One of the major causes of food contamination is bacteria and 

bacterial biofilms. In recent years it was noticed that the drinking water 

distribution system is a habitat for biofilm forming pathogenic bacteria 

(Wingender and Flemming, 2011). Biofilm formation imparts antibiotic resistance 

to the pathogens leading to complications. This difficulty of successful treatment 

of biofilm associated infections call for the hunt of novel compounds and 

technologies for biofilm eradication. Many natural products like antimicrobial 

peptides and bacteriocins have been successfully used as antibiofim agents in 

food preservation and medicine (Spizek et al., 2010). 

Bacteriocins as well as other antimicrobial peptides (AMPs) had 

anticancer potential against different cancer cell types, including colon and breast 

cancer. The antiproliferative effect of these bacteriocins is attributed to their 

bactericidal mode of action despite their narrow spectrum of action. Many peptide 

antibiotics act as lead compound for an effective cure for cancer. Hence study of 

anticancer activity of bacteriocins is vital. 
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In this chapter the antibiofilm actions and anticancer actions of both the 

bacteriocins were studied. Anticancer studies include MTT assay, differential 

staining and microscopic analysis. The docking studies of the peptide models on 

some cancer marker proteins were also attempted. 

6.2 Materials and Methods 

6.2.1 Antibiofilm assay 

The purified bacteriocins (BaCf3 and BpSl14) after gel filtration (Section 

5.2.1.2) were used for the assay.  

6.2.1.1 Standard strains used for antibiofilm assay 

The biofilm producers from NCIM culture collection, Pune were used for 

the assay. The cultures used were Escherichia coli, Bacillus pumilus, Clostridium 

perfringens, Bacillus coagulans and Salmonella Typhimurium.  

6.2.1.2 Antibiofilm assay on standard strains  

The antibiofilm assay was done by the modified method of Mohanty et al. 

(2012) and Jackson et al. (2002) using microtitre plates. The wells were filled 

with 200 µL of tryptone soy broth and 30 µL of bacteriocin (1mg/mL). The wells 

were then seeded with 20 µL culture OD600 =1 of the biofim producers in their log 

phase. The plate was incubated at 37 °C for 24 h. Tryptone soya broth served as 

negative control and microorganisms in tryptone soya broth without bacteriocin as 

positive control. After the incubation, contents were poured off, washed thrice 

with 0.01 M phosphate buffer of pH 7.4, attached biofilm fixed with methanol for 

15 minutes and air dried. Wells were then stained with 1 % crystal violet; excess 

stain was removed by rinsing under running tap water and air dried. The dye 
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bound to the adsorbed biofilm was extracted using 33 % (v/v) glacial acetic acid 

and absorbance was measured at 570  nm in BioSpectrometer (Eppendorf, India). 

6.2.1.3 Antibiofilm assay on food isolates 

The biofilm producers from different food sources were used for the assay. 

The biofilm formation of these nine isolates was previously studied (Laxmi and 

Bhat, 2014). The strains used were B. altitudinus BTMW1, Pseudomonas 

aeruginosa BTRY1, Bacillus sp. SD1, B. licheniformis SD2, Staphylococcus 

warneri DF2, Micrococcus luteus FF, Geobacillus stearothermophilus FF2, B. 

niacini DP3 and Brevibacterium casei DF1. 

The % reduction of biofilm formation was calculated using the formula 

(Chaieb et al., 2011) 

% Bio ilm reduction =
OD of Control –  OD of Test

OD 
of Control

× 100 

6.2.2 Biofilm inhibitory concentration  

Biofilm inhibitory concentration (BIC) can be defined as the lowest 

concentration of the compound which inhibits biofilm formation (Laxmi & Bhat, 

2016). Bacteriocins with initial concentration 100 μg/mL was serially diluted in 

microtitre plate and the biofilm producers at OD600 =1were added. The dilution 

without visible biofilm formation was considered as its BIC.  

6.2.3 Cytotoxicity Test 

3T3-L1, (from National Centre for Cell Science, Pune, India) a cell line 

derived from mouse 3T3 cells with a fibroblast-like morphology was used in 

cytotoxicity studies  using different concentrations of bacteriocins (40, 80, 120, 
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160, 200 μg/mL) for 24 h, 48 h and 72 h. Cell death was then tested by MTT 

assay (Alley et al., 1988).  

Cytotoxicity of the compound on the cells was calculated as cell growth inhibition 

(IR). 

IR = 100 – PR 

Where, 

PR =    
Absorbance of Test − Absorbance of Blank

Absorbance of Control − Absorbance of Blank
×  100 

6.2.4 Anticancer activity of bacteriocins 

6.2.4.1 Cell line 

A549 (adenocarcenomic human alveolar epithelial cell line from National 

Centre for Cell Science, Pune, India) was used for the experiments. Cell line was 

propagated in DMEM (Invitrogen, Carlsbad, CA, USA) and supplemented with 

10 % heat inactivated foetal calf serum (PAN-Biotech GmbH, Aidenbach, 

Germany) and antibiotics (100 IU/mL penicillin,100 μg/mL streptomycin), and 

maintained at 37 °C in 5 % CO2 atmosphere. 

6.2.4.2 Anticancer Activity of bacteriocins in cell culture by MTT assay 

The effect of bacteriocins on the proliferation of A549 cells was 

determined using MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide] assay (Alley et al., 1988). Briefly, cells were seeded (5000 cells/well) in 

96-well, flat-bottom microtiter plates along with different concentrations of 

bacteriocins (40, 80, 120, 160, 200 μg/mL) and incubated for 24, 48 and 72 hours 

at 37 °C in 5 % CO2 atmosphere. After incubation the medium was removed, 

wells washed with PBS, 100 μL of the working MTT dye in DMEM media was 

added and incubated for 2 hours. MTT lysis buffer (100 μL) was then added and 
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incubation continued for 4h. Absorbance was measured at 570 nm and the 

proliferation rate (PR) was calculated. 

6.2.4.3 Morphological evaluation of apoptosis 

The cell lines were treated with bacteriocins BaCf3 and BpSl14 and 

checked for apoptosis. Morphological assessments of apoptosis were done using 

phase contrast microscopy, acridine orange-ethidium bromide and Hoechst 33258 

staining following standard protocols (Pitti et al., 1996; Wang et al., 2009). 

Cells were seeded in a 96-well plate, different concentrations of 

bacteriocins (100 μg/mL) were added and incubated for 48h at 37 ºC in a 5 % 

CO2 incubator (McGahon et al., 1995). After incubation, medium was discarded 

and 25 μL acridine orange (7.5 μg) / ethidium bromide (25 μg) stain was added, 

mixed well and observed under fluorescent microscope with FITC filter. At least 

300 cells were examined in a fluorescence phase contrast microscope (Olympus 

IX51) using a fluorescein filter and a 40X objective. 

A549 cells were seeded in a 96-well plate and different concentrations of 

bacteriocins were added and incubated for 48 h at 37 ºC in a 5 % CO2 incubator. 

After incubation, medium was discarded and 50 μL Hoechst stain was added, 

mixed well and observed under fluorescent microscope with UV filter. 

Morphological assessment of the treated cells was also studied by 

fluorescence phase contrast microscope (Olympus IX51).  

6.2.4.4 In silico analysis of anticancer activity 

Four target proteins, which could be considered as the possible binding 

site of the bacteriocins were selected randomly from literature and are listed in 

table 6.1. PDB IDs of the four cancer target proteins (Table 6.1) were obtained 
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and these were docked against the models of the bacteriocins predicted from I-

TASSER (Section 5.3.7). The PDB Ids and the peptide models were loaded to the 

ClusPro 2.0 server and the results were obtained (Kozakov et al., 2017). ClusPro 

2.0 (http://nrc.bu.edu/cluster) uses a multi-stage approach to protein docking. 

First, a rigid body docking program based on the Fast Fourier Transform (FFT) 

correlation approach, PIPER extended to pair wise interaction potentials was used 

and then the 1000 best energy conformations were clustered with retained 

structures using pair wise Root Mean Square Deviation (RMSD) as the distance 

measure and the 30 largest clusters were retained for refinement (Fig. 6.1). A 

cluster is considered stable if a strong attraction exists and contained several low 

energy structures.  

 

Fig 6.1 Outline of ClusPro algorithm adapted from Kozakov et al., 2017. 

Discovery Studio® 2016 software (BIOVIA, San Diego, CA, USA) was 

used for visual representation, assessing the complex interaction, and measuring 

distances between the interacting amino acid residues. 
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Table 6.1 PDB ID’s of the cancer cell markers and their role in cancer 

PDB ID 
Name of the 

receptor 
Role in Cancer Reference 

1D0G  
Death 
Receptor 5 
(DR5)  

The tumour necrosis factor-
related apoptosis-inducing ligand 
(TRAIL) receptor, also called 
death receptor 5  

Valley et al., 
2012  

1Suk  
Glucose 
transporter 1  

Glucose uptake of tumour cells is 
mainly mediated by GLUT1  

Hauptmann 
et al., 2005  

3DKC  
MET receptor 
tyrosine 
kinase  

MET is a player in so many 
aspects of cancer development 
and progression, it is a strong 
candidate for targeted therapy  

Stellrecht & 
Gandhi, 
2009  

5E8T  

TGF-Beta 
Receptor Type 
1 Kinase 
Domain  

Transforming growth factor-beta 
(TGF-beta) is a growth regulator 
which affects multiple cellular 
functions through the TGF-beta 
type I and type II receptor (TGF-
beta RI and TGF-beta RII) 
serine/threonine kinases  

Heldin, 
2008  
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6.2.5 Statistical analysis  

All the experiments were repeated thrice for each test organism/ cell line. 

The results were expressed as mean ± standard deviation. Statistical analysis was 

done by ANOVA, Kruskal-Wallis test in GraphPad Prism 6.0. P-values less than 

0.05 were considered significant.  

6.3 Results and discussion 

6.3.1 Antibiofilm activity 

The antibiofilm activities of the two bacteriocins, BaCf3 and BpSl14 were 

tested on NCIM cultures as well as food pathogens (lab isolates from previous 

work). The graphs (Fig. 6.2a and 6.2b) show percentage of biofilm reduction 

caused by 100μg/mL of each bacteriocin.  

It was noted that while biofilm formation by Escherichia coli was 

unaffected by BaCf3, that by Bacillus coagulans was unaffected by BpSl14 

(Fig.6.2a).  It was also noted that Salmonella Typhimurium biofilm is least 

reduced by BpSl14. The antibiofilm action of BpSl14 against food pathogens was 

more than that of BaCf3, though both bacteriocins caused >50 % reduction in 

biofilm formation (Fig.6.2b). The tests were statistically significant with p<0.05 

(Appendix-V). 
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Fig. 6.2a Antibiofilm action of BaCf3 and BpSl14 on NCIM cultures 

 

Fig. 6.2b Antibiofilm action of BaCf3 and BpSl14 on food pathogens 
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The biofilm inhibitory concentrations (BIC) of both bacteriocins against 

the food pathogens were determined. A graph was plotted with bacteriocin 

concentration on Y axis and biofilm producers on X-axis (Fig.6.3). The BIC at 

0.0304±0.0118 μg/mL of BaCf3 was required for eradication of biofilm 

production by Micrococcus luteus FF1 and 0.486±0.189 μg/mL was required for 

Bacillus licheniformis SD2 and Gb. stearothermophilus FF2. It is also evident that 

higher concentrations of BpSl14 were required for the suppression of biofilms by 

all the food pathogens tested. A minimum concentration (0.497±0.085 μg/mL) of 

BpSl14 was required for the abolition of biofilm by Brevibacterium cassie DF1 

where as a minimum concentration of 3.977±0.7 μg/mL was required for Bacillus 

licheniformis SD2 biofilm. The tests were statistically significant with p<0.05 

(Appendix V). 

 

Fig. 6.3 Biofilm inhibitory concentration (BIC) of BaCf3 and BpSl14 on food 
pathogens 

Bacteriocins were added directly to cheese to prevent Clostridium and 

Listeria. AMS produced by B. firmus H2O-1 and B. licheniformis T6-5 strains 



  Chapter 6 

165 
 

added to prevent colonization, removed existing biofilms and impacted biofilm 

structure (Korenblum et al., 2008). Sonorensin from marine isolate Bacillus 

sonorensis inhibited S. aureus biofilm, preventing development of resistance by 

targeting both multiplying and non-multiplying bacteria (Chopra et al., 2015). 

Lipopeptides from B. subtilis also reduced biofilm formation by 88 % and 

dispersion of mature biofilm by 81 % (Moryl et al., 2015). The inhibition of 

biofilms of Pseudomonas aeroginosa and Brevibacterium casei by both BaCf3 

and BpSl14 is an added advantage since these bacteria are major contaminants of 

food sources. The biofilms by these bacteria were resistant to most antibiotics 

(Laxmi & Bhat, 2014) and other conventional treatments, hence their eradication 

pose a challenge for food industries. 

6.3.2 Cytotoxicity Test 

Cytotoxicity assay using MTT showed that 3T3-L1 cell growth was not 

much affected by the two bacteriocins, BaCf3 and BpSl14 (Fig.6.4). Even though 

there was growth inhibition, higher concentrations of bacteriocins (200 μg/mL) 

were required to cause 50 % or more inhibition of 3T3-L1 cells. Comparatively, 

BpSl14 was less cytotoxic than BaCf3. The growth inhibition was <40 % for all 

the concentrations tested even after 48 h of incubation. A significant growth 

inhibition is visible only after 72 h of incubation, pointing out its least cytotoxic 

effect on 3T3-L1 cells. The tests were statistically significant with p<0.05 

(Appendix V). 



Chapter 6   

166 
 

 

Fig. 6.4 Cytotoxicity assay of a) BaCf3 b) BpSl14 on 3T3-L1 cells 

While using bacteriocins for human or animal use, it is mandatory to study 

their effects on normal cells. 3T3-L1 cells with their fibroblast like morphology 

stand for normal cells. This rat primary cultured hepatocytes 3T3-L1 represents a 

valuable tool for screening of bioactive compounds (Wang et al., 2002). From the 

results we can notice that the bacteriocins do not show significant growth 

inhibition on 3T3-L1 cells indicating its applicability in humans/animal use and 

food preservation. Chumchalova and Smarda (2003) studied the inhibitory effects 

of four pure colicins - A, E1, U, and E3 on normal human fibroblast cell line 

MRC5 by MTT (tetrazolium bromide) assay; wherein Colicin A caused 36 % 

inhibition of  MRC5 whereas less sensitivity to Colicin E1 was. 

6.3.3 Anticancer activity of bacteriocins in cell culture 

6.3.3.1 MTT assay 

MTT assay is a colorimetric assay that measures the reduction of yellow 

3-(4, 5-dimethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) by 

mitochondrial succinate dehydrogenase. The MTT enters the cells and passes into 

the mitochondria where it is reduced to an insoluble, dark purple coloured 

formazan product. The cells are then solubilised with an organic solvent and the 



 

 

released, solubilized formazan reagent is measured spectrophotometrically at 570 

nm. Since reduction of MTT can only occur in metabolically active cells the level 

of activity is a measure of the viability of the cells.

MTT assay showed that proliferation of A549 cells was inhibited by 

increasing concentration of both BaCf3 and BpSl14, indicative their 

proliferation ability (Fig.

more significant after 48

% for all the concentrations after 72

acting anticancer compound (Fig.

with p<0.05 (Appendix-V

The proliferation 

right from the onset of incubation

bacteriocin concentration and 

applied ranged from 80 µg/mL to 200 

  
formazan reagent is measured spectrophotometrically at 570 

nm. Since reduction of MTT can only occur in metabolically active cells the level 

of activity is a measure of the viability of the cells. 

MTT assay showed that proliferation of A549 cells was inhibited by 

increasing concentration of both BaCf3 and BpSl14, indicative their 

.6.5). The proliferation rate of BaCf3 treated cells was 

more significant after 48 h of incubation. The proliferation rate was less than 50

% for all the concentrations after 72 h of incubation showing that it is a slow 

acting anticancer compound (Fig.6.5a). The tests were statistically significant 

V). 

proliferation rate of bacteriocin BpSl14 treated cells was very 

incubation, with a decline in proliferation with 

bacteriocin concentration and time. From the study, the bacteriocins dosage to be 

µg/mL to 200 µg/mL of BpSl14.  
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Fig 6.5 Anticancer activity of bacteriocins by MTT assay a) BaCf3 and b) BpSl14 
on A549 cell line. 

Colicins showed anticancer activities against several human tumour cell 

lines like breast cancer, colon cancer, bone cancer and uteri cell line HeLa (Kaur 

and Kaur, 2015). Pediocin PA-1 produced by P. acidilactici PAC1.0 and its 

recombinant product inhibited the growth of cell lines A-549 (Beaulieu, 2005). 

The dose and temperature dependent in vitro cytotoxicity of artificially 

synthesized plantaricin A (plnA) on Jurkat, human T cell leukaemia cell line was 

reported by Zhao et al. (2006). Chumchalova and Smarda (2003) observed that 

colicin E1 and A had 17- 40 % inhibition of 11 human tumour cell lines with 

small differences among individual cell lines. The fibrosarcoma HS913T was 

most sensitive to colicin A, E1 and U showing 50 % inhibition with colicin E1 

treatment. Colicin A had strong inhibitory effects varying from 16 to 56 % 

inhibition of tumour cell lines. Breast carcinoma cell lines; BT474, ZR75, and 

SKBR3 were found resistant to all tested colicins and the inhibition ranged from 

15 to 25 %.  
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6.3.3.2 Morphological evaluation of apoptosis 

There were several significant morphological changes in the cancer cells 

that were bacteriocins induced; including cell shrinkage and apoptotic body 

formation. Untreated cells showed green fluorescence indicating no apoptosis. 

The intact nuclei of control cells could be visualized in Fig 6.6 (A, B, C) and 6.7 

(A, B, C). Treatment with bacteriocins led to the appearance of red/orange 

fluorescence indicating onset of apoptosis. The condensed body inside the nucleus 

was clearly visible (Fig 6.6 & 6.7 D, E, F). The dead cells were visible as orange 

colour in the fluorescent microscopic image (6.6 & 6.7 D). All these indicated that 

there were some bacteriocin induced apoptotic pathways in A549 cells. 

Acridine orange/ethidium bromide dual staining is commonly used to 

detect apoptosis based on the differential uptake of the two fluorescent DNA 

binding dyes to determine the viable and non viable cells in a population. 

Acridine orange is a vital dye and will stain both live and dead cells. Ethidium 

bromide will stain only cells that have lost their membrane integrity. Live cells 

appear uniformly green. Early apoptotic cells will stain green and contain bright 

green dots in the nuclei as a consequence of chromatin condensation and nuclear 

fragmentation. Late apoptotic cells will incorporate ethidium bromide and 

therefore stain orange, but, in contrast to necrotic cells, the late apoptotic cells 

show condensed and often fragmented nuclei. Necrotic cells stain orange, but 

have a nuclear morphology resembling that of viable cells, without condensed 

chromatin. 
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Fig.6.6 Cytochemical staining of cancer cells treated with BaCf3 using fluorescent 
dyes reveal characteristic features of apoptosis. Cells were treated with BaCf3 
(100 μg/mL)  for 48 h and changes associated with apoptosis such as nuclear 
condensation and cell shrinkage were noted as obtained by the acridine-
orange/ethidium bromide dual staining (A-Control; D-Treated cells) B-Control 
cells after Hoechst 33342 staining; E-Treated cells after Hoechst 33342 staining. 
Bright fluorescence is evident in treated cells. C- Phase contrast image of control 
cells; F-Phase contrast image of treated cells, Rounding of affected cells is clearly 
visible. (Original magnification 40× for all the images) 

Moreover, Hoechst 33342 staining also indicated signs of apoptosis in 

bacteriocin treated cells. Figure 6.6 & 6.7 (B & E), revealed the apoptotic effects 

induced by BpSl14 on A549 human lung carcinoma cells. As compared to control 

cells which exhibited normal cell morphology, bacteriocin-treated cells showed 

chromatin condensation, DNA fragmentation, and membrane blubbing all 

characteristic of significant levels of apoptosis. As compared to control cells, 

treated cells showed bright fluorescence resulting from cleaved DNA.  

The Hoechst 33342 is a fluorescent stain for labelling DNA in 

fluorescence microscopy or flow cytometry as the dye label DNA and excited by 

UV light emitting blue/cyan fluorescence (Lizard et al., 1997). A cell that is 
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undergoing apoptosis demonstrates nuclear condensation and DNA 

fragmentation, which can be detected by staining with Hoechst 33342 and 

fluorescence microscopy.  

 

Fig.6.7 Cytochemical staining of cancer cells treated with BpSl14 using 
fluorescent dyes reveal characteristic features of apoptosis. Cells were treated 
with BpSl14 (100 μg/mL)  for 48h and changes associated with apoptosis such as 
nuclear condensation and cell shrinkage were noted as obtained by the acridine-
orange/ethidium bromide dual staining (A-Control; D-Treated cells) B-Control 
cells after Hoechst 33342 staining; E-Treated cells after Hoechst 33342 staining. 
Bright fluorescence is evident in treated cells. C- Phase contrast image of control 
cells; F-Phase contrast image of treated cells, Rounding of affected cells is clearly 
visible. (Original magnification 40× for all the images) 

Several researchers have studied anticancer activity of bacteriocins. The 

design and research on AMPs with antitumor properties have high medical value 

as tumour cells are selectively killed. The cytotoxicity of bacteriocins and their 

ability to differentially target cancer cells depend on their structural properties 

like number of positively charged amino acids, hydrophobicity and ability to form 

amphipathic structures or oligomerization as in case of other antimicrobial 

peptides (Gaspar et al., 2013). From section 5.3.6 we can observe that both the 

bacteriocins BaCf3 and BpSl14 are slightly hydrophobic which could allow them 
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to interact with the cell surface molecules which are negatively charged and are 

superiorly expressed on the cancer cells (Zhao et al., 2006). 

 The mechanisms of cytotoxicity of bacteriocins may include induction of 

apoptosis and/or depolarisation of the cell membrane leading to permeability 

changes. Sometimes bacteriocins also cause necrosis, another cell destructive 

process (Kaur & Kaur, 2015). When cells undergo apoptosis or programmed 

death, a dramatic change in morphology and interior contents occur like ruptured 

nucleus, broken chromosomal DNA, flipped phosphatidyl serine on the cell 

membrane, etc (Martelli et al., 2001). During apoptosis, there is no inflammatory 

response and hence no damage to surrounding cells, where as necrosis is 

damaging to both cancer cells and the surrounding normal cells (Majno & Joris, 

1995).  

6.3.3.3 In silico analysis of anticancer activity 

Docking studies with BaCf3 and BpSl14 used Death receptor DR5 (PDB 

ID - 1D0G), Glucose transporter GLUT1 (PDB ID - 1SUK), Tyrosine Kinase 

(PDB ID- 3DKC) and Transforming Growth Factor-β TGF-β (PDB ID - 5E8T) as 

a targets for anticancer activity. 

ClusPro 2.0 generated hundreds of conformational models by minimizing 

their energy with at least one near native model and was clustered. These clusters 

were ranked based on their size. All clusters that were unstable or having high 

energy after optimization were discarded. The Fig 6.8 and Fig 6.9 show the 

optimized complexes. They were then scored for interaction of ligand with 

receptor like balanced, hydrophobic, electrostatic and Vander Waals (vdw) scores 

(Table 6.2). The scores were expressed in terms of energy (kcal/mol). For 

template based docking without specified binding sites, the balanced score is 

more important. Lower the scores and energy, greater the interaction.  
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The primary function of DR5 is to induce apoptosis. Oligomerization of 

death domains generates homophilic interaction surfaces for death domain 

containing adaptor proteins like FADD, which in turn engage initiator caspases 

such as caspase 8, leading to subsequent activation of effector caspases that 

execute apoptotic death of the cell (Thornberry & Lazebnik, 1998). Because of 

the selectivity of TRAIL towards cancer cells, there has been significant interest 

in developing agents targeting TRAIL or DR5 for cancer therapy, including 

recombinant protein, agonistic antibodies and small molecules (Yang et al., 2010; 

Wang et al., 2013).  

 

Fig 6.8 Docked models of apoptotic receptors with BaCf3 A) 3DKC B) 1SUK C) 
1D0G D) 5E8T. Figures generated by BIOVIA Discovery Studio 2016. Ribbon 
structures indicate receptors, while the ball and stick models represent bacteriocin 
BaCf3. 

 

Fig 6.9 Docked models of apoptotic receptors with BpSl14 A) 3DKC B) 1SUK C) 
1D0G D) 5E8T. Figures generated by BIOVIA Discovery Studio 2016. Ribbon 
structures indicate receptors, while the ball and stick models represent bacteriocin 
BpSl14. 

Some studies with human tissue specimens indicate that DR5 is over 

expressed in several cancer types and significantly correlated with more 
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aggressive tumour behavior and poor survival of cancer patients (e.g., with breast, 

lung or renal cell cancer) (Spierings et al., 2003; Ganten et al., 2009). Knockdown 

of DR5 expression of human cancer cell line A549 significantly enhanced their 

invasive abilities and metastasis (Oh et al., 2015). 

GLUT1 cell surface marker is over expressed in many tumour cells such 

as hepatic, pancreatic, breast, esophageal, brain, renal, lung, cutaneous, colorectal, 

head and neck, endometrial, ovarian and cervical cancers (Yamamoto et al., 1990; 

Rudlowski et al., 2003). The expression of GLUT1 thus appears to be a potential 

marker for malignant transformation. The increased expression of GLUT1 

indicates an increased intake of glucose there by supplying the energy necessary 

for tumor cell proliferation. Positron emission tomography (PET) scans evaluated 

glucose uptake by cancer cells (Labak et al., 2016). Thus in order to properly 

target glucose transporters, it is crucial that GLUT inhibitors are identified. 

MET receptor Tyrosine kinases are frequently deregulated in cancer and 

promotes cell proliferation, progression, metastasis and therapeutic resistance. 

Activation of MET by mutation or gene amplification has been linked to kidney, 

gastric, and lung cancers, while autocrine activation was demonstrated in 

glioblastoma. Since MET is a target in so many aspects of cancer development 

and progression, the MET receptor tyrosine kinase has emerged as an important 

target for the development of novel cancer therapeutics. Numerous agents have 

been developed that are able to target MET expression and/or function. 
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Table 6. 2 Docking Scores for BaCf3 and BpSl14 

Receptor 

Score 
(Balanced) 

Score 
(Electrostatic) 

Score 
(Hydrophobicity) 

Score (vdw) 

BaCf3 BpSl14 BaCf3 BpSl14 BaCf3 BpSl14 BaCf3 BpSl14 

1SUK -903.1 -749 -899.1 -762 -1197.9 -1339.1 -137.5 -159.9 

5E8t -605.1 -580 -601.6 -604.7 -681.6 -816.5 -115.5 -162.6 

3DKC -703.6 -588 -594.9 -602.4 -744.8 -784.6 -115.3 -165.8 

1D0G -753.7 -578.5 -805.6 -756.5 -849.3 -841.6 -145 -184.1 

The biological and physiological function of TGF-β and its receptors are 

of prime importance in human diseases. They regulate cell growth, death and 

immortalization. In normal and early carcinomas TGF-β signalling pathways 

exerts tumour suppressor effects but as the tumours develop and progress the 

protective effect is often lost. The deregulation of signalling by TGF-β expression 

plays a role in tumour development and metastasis. Several in vivo studies 

demonstrated that the inhibitors of TGF-β and its receptors could reduce the 

invasive properties of experimental cancers (Dumont & Arteaga, 2003; Ge et al., 

2004; Zavadil & Böttinger, 2005).  

6.3.3.4 Docking interactions of bacteriocins 

The interactions of the ligands (Bacteriocins) with the receptor molecules 

were identified in BIOVIA Discovery studio 2016. The interacting amino acids, 

distance of the amino acids and the type of interactions were spotted out.  

These interactions included hydrogen bonds, hydrophobic interactions, 

electrostatic interactions and some others. The inhibition of a receptor by docking 

experiments is illustrated by the binding position, strength of interaction and also 

stearic hindrance caused by the binding of ligand. A table showing detailed list of 
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interactions, the atoms involved and distance in Angstrom is given in Appendix. 

VI. 

Docking studies showed that BaCf3 interacts with many amino acids of 

death receptor 5 (PDB ID - 1D0G). The interacting amino acids of the receptor 

include Glu124, Glu94, Trp120, Leu147, Glu144, GLn85, Leu73, Ser74, Asn81, 

Arg80 and Tyr211 (Fig 6. 10). 

The interaction study of BpSl14 with DR5 shows that the amino acids 

Glu94, Trp120, Glu144, Lys145, Cys84, Val83, Ser74, Thr64, Asn81, Arg80, 

Thr77 and Thr79 interacts with the ligand (Fig 6.11). 

 

Fig 6.10 Docking interaction of death receptor 5 (PDB ID - 1D0G) with BaCf3. 
A) Docked model, B) Interaction with the receptor C) Interacting amino acids of 
the ligand, showing the bacteriocin BaCf3 in stick model. 
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Complex formation between TRAIL (TNF-related apoptosis-inducing 

ligand) and DR5 triggers apoptosis by oligomerization of intracellular death 

domain of DR5.  Monoclonal antibodies targeting DR5 have been developed by 

Ichikawa et al. (2001) and are under clinical trials. Arg130, Gly131, Arg132, 

Lys145, Leu147, Gly148, Arg149, Lys150, Glu155 are some of the binding sites 

for DR5 activation. In the docked models we can see that BaCf3 interacts with 

Glu144, Tyr211, and Glu124 while BpSl14 interacts with Trp120, Glu144 and 

Glu145 which are proximal to the binding site of the monoclonal antibodies. 

 

Fig 6.11 Docking interaction of death receptor 5 (PDB ID - 1D0G) with BpSl14. 
A) Docked model, B) Interaction with the receptor C) Interacting amino acids of 
the ligand, showing the bacteriocin BpSl14 in stick model. 

Docking studies revealed that BaCf3 interacts with many amino acids of 

glucose transporter protein, GLUT1 (PDB ID - 1SUK). The interacting amino 
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acids of receptor are Ala405, Ala402, Pro401, Arg400, Gln397, Leu262, Glu261, 

Val257, Glu254, Arg253, Met252, Met251, Gln250, Lys225, His160, Phe152, 

Met142, Pro141, Gly138, Val87, Leu85 and Phe81 (Fig.6.12) some of which are 

involved in glucose transport. 

 

Fig 6.12 Docking interaction of Glucose transporter, GLUT1 (PDB ID-1SUK) 
with BaCf3. A) Docked model, B) Interaction with the receptor C) Interacting 
amino acids of the ligand, showing the bacteriocin BaCf3 in stick model. 

The docking study showed that the amino acids Arg153, His239, Leu241, 

Gln242, Glu243, Glu329, Arg330, Arg334, Arg333, Phe389, Ile390, Leu394 and 

Glu462 of GLUT1 receptor interacts with the ligand BpSl14 (Fig. 6.13). Increased 

glucose uptake by cancer cells has been studied for decades. Alo et al. (2001) 
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observed an increase in the expression of GLUT1 receptors in breast cancer cells. 

Both the bacteriocins showed many favourable interactions in the glucose 

transporting regions of the receptor though we can’t find any common interacting 

amino acid residues. From Fig 6.12A and Fig 6.12B it is evident that BaCf3 could 

block the glucose transport channel of GLUT1 receptor, while the interaction of 

BpSl14 with Arg153 could hinder the glucose transport (Fig 6.13C). 

Quercetin, a GLUT1 inhibitor, binds to Glu254 and Gln397 by hydrogen 

bonding (Cunningham et al., 2006). The docking study with BaCf3 also gives an 

idea about the involvement of these amino acids in the non-bond interaction. This 

indicates that BaCf3 could inhibit glucose transport to the cells there by reducing 

the metabolic rate of cancer tissue. Docking of D-Glucose and quercetin on 

GLUT1 receptor revealed that uncharged quercetin also bind one of the glucose 

binding sites in the inner vestibule of GLUT1, which is negatively charged  

(Cunningham et al., 2006). Studies show that this site likely involved Glu254 and 

Lys256 that hydrogen-bond to quercetin and glucose. The residues R330-R334 of 

GLUT1 are part of conserved motif (Sato and Mueckler, 1999). In patients with 

the glucose transporter-1 deficiency syndrome (De Vivo et al., 1991), S66, T310, 

G91, R126, E247, K256, E146 and R333 are the proposed eight crucial residues 

for glucose transport in both helical and loop regions (Klepper et al., 1999; 

Klepper and Voit, 2002; Pascual et al., 2002; Brockmann et al., 2001; Wang et 

al., 2000). BpSl14 shows non-bond interaction with R330-R333 residues, 

showing its ability to block glucose transport.  
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Fig 6.13 Docking interaction of Glucose transporter, GLUT1 (PDB ID-1SUK) 
with BpSl14. A) Docked model, B) Interaction with the receptor C) Interacting 
amino acids of the ligand, showing the bacteriocin BpSl14 in stick model. 

The docking sites of BaCf3 on tyrosine kinase (PDB ID-3DKC)  included 

14 residues such as Pro1158, Asp1222, Tyr1159, Lys1110, Met1211, Met1160, 

Arg1208, His1088, Val1092, His1094, Arg1166, Asn1167, Val1083 and Arg1170 

(Fig. 6.14). 
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Fig 6.14 Docking interaction of tyrosine kinase (PDB ID-3DKC) with BaCf3. A) 
Docked model, B) Interaction with the receptor C) Interacting amino acids of the 
ligand, showing the bacteriocin BaCf3 in stick model. 

Docking of BpSl14 with Tyrosine kinase receptor  also shows interactions 

with 14 residues such as Arg1114, Val1083, Arg1086, His1088, Lys1244, 

Ala1213, Asn1288, Asp1286, Pro1285, Lys1248, Arg1208, Arg1166, Arg1170 

and Ala1354 (Fig.6.15).  
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From the interactions (Fig. 6.14C and Fig. 6.15C) we can see that 

Arg1208, His1088, Arg1166, Val1083 and Arg1170 are the five amino acids of 

the Tyrosine kinase receptor that both bacteriocins interact with, showing some 

similarity in the binding region on the receptor with the bacteriocins. . 

 

Fig 6.15 Docking interaction of tyrosine kinase (PDB ID-3DKC) with BpSl14. A) 
Docked model, B) Interaction with the receptor C) Interacting amino acids of the 
ligand, showing the bacteriocin BaCf3 in stick model. 

Tyrosine kinases are frequently deregulated in cancer and this promotes 

tumor formation, progression and metastasis. The inhibition of ATP binding site 
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of the tyrosine kinases may inhibit it and hence prevent cancer metastasis. Thus 

many ATP analogues can act as cancer therapeutics (Buchanan et al., 2009). 

His1088, Lys1110, Asp1204, Pro1158, Asn1209, Arg1208, Met1160, Met1211, 

Val1092 are the ATP binding sites on MET receptor tyrosine kinase (Buchanan et 

al., 2009) According to the docking study, both bacteriocins bind to the ATP 

binding sites on tyrosine kinase; Arg1208 and His1088 in the case of BpSl14 and 

Arg1208, Pro1158, Asp1222 and His1088 for BaCf3. 

Docking BaCf3 and Transforming Growth Factor-β (TGF-β, PDB ID - 

5E8t) showed BaCf3 interacting with 11 amino acids residues of the receptor like 

Arg215, Phe216, Glu239, Arg240, Ser241, Ile367, Ala368, Asn370, His371, 

Val373, Lys376 (6.16).  

The docking sites of BpSl14 on TGF-β was found to be the following  10 

amino acids viz., Arg203, Val206, Leu207, Gln208, Glu209, Ser210, Trp220, 

Lys268, Asn270, Gln275 (Fig 6.17). TGF-β signalling simultaneously triggers 

several responses in cancer cells.  

Studies show that staurosporine, an apoptosis inducer, binding to TGF-β 

receptor could interact with the amino acids 212 to 216 at the tip of P-loop of the 

receptor and Gln275 in the crystal structure (Tebben et al., 2016). When we look 

at the interacting sites of BaCf3 we can notice that it could form hydrogen bonds 

with Arg215 and Phe216; and BpSl14 could interact with Gln275, thereby 

probably having the ability to induce apoptosis. 
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Fig 6.16 Docking interaction of Transforming Growth Factor-β (TGF-β, PDB ID - 
5E8t) receptor with BaCf3. A) Docked model, B) Interaction with the receptor C) 
Interacting amino acids of the ligand, showing the bacteriocin BaCf3 in stick 
model 

The morphological analysis studies using fluorescent microscopy 

described in section 6.3.3.2 is also an evidence of induction of apoptosis by 

BaCf3. TGF-β signalling is regulated by hundreds of factors which form a 

complex web, and the collapse of such networks leads to a crash of the signalling 

pathway, leading to the development and progression of malignant tumours. TGF-

β also regulates cytokine and chemokine secretion resulting in development of the 

inflammatory tumour microenvironment. TGF-β can induce a pro-angiogenic 

environment and stimulates tumour angiogenesis, and increased TGF-β 

expression has been linked to increased microvessel density in certain tumour 
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types (Derynck et al., 2001). Inhibition of TGF-β signalling inhibits tumour 

viability, migration, malignancy in breast cancer, melanoma and prostate cancer 

models (Kaminska et al., 2005). 

 

Fig 6.17 Docking interaction of Transforming Growth Factor-β (TGF-β, PDB ID - 
5E8t) receptor with BpSl14. A) Docked model, B) Interaction with the receptor 
C) Interacting amino acids of the ligand, showing the bacteriocin BpSl14 in stick 
model 

The docking parameters suggest that both the bacteriocins could bind to 

the tyrosine kinase (3DKC) effectively thereby possessing the capability of 

inhibiting the ATP binding and hence malignancy.  
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6.4 Summary 

In essence we can conclude that both the bacteriocins exhibited 

pronounced antibiofilm and anticancer action, with bacteriocin BpSl14 having 

enhanced antibiofilm and anticancer property. Both are required in very small 

concentrations for biofilm eradication. The anticancer assay along with 

microscopic studies and docking studies proved that both bacteriocins could 

induce apoptosis in cancerous cells and can help prevent malignancy. The 

docking studies also prove that both the bacteriocins could interact with the cell 

surface markers studied. 
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Characterization of bacteriocin producers 
Bacillus amyloliquefaciens BTSS3 and Bacillus 
pumilus SDG14 for their probiotic potential 

7.1 Introduction 

Probiotics benefit human and animal health by enhancing the gut 

microflora balance, representing a potential strategy to influence host immune 

system by modulating immune response. Administered as stand-alone or into food 

or feed systems (Fuller, 1989), they may exhibit antagonist action due to 

antimicrobial substances (Dunne et al., 1999). Immunomodulation by stimulating 

Gut-associated Lymphoid Tissue (GALT) cause cytokine production. Cell wall 

components of probiotic Bacillus strain (Bacillus coagulans GBI-30) reportedly 

had immunomodulatory properties (Fitzpatrick et al., 2012). Membrane 

Lipoteichoic acid (LTA) of Bacillus strains weakly induce Nitric oxide (NO) 

production, suggestive of immune system stimulation, but not to pathologic extent 

(Jones et al., 2005). Bacillus sp. possesses adhesion abilities, produce 

bacteriocins, and provide immuno-stimulation (Ravi et al., 2007) and hence often 

used as probiotic in aquaculture systems (Nakayama et al., 2009). 

Dysbiosis, an imbalance of the gut microbiota, is associated with several 

diseases (Martin et al., 2014), thus promulgating the use of probiotics in 

maintenance of gut microbial balance. Many bacteriocin producing bacteria find 

use as probiotics. The primary aim of this chapter was to characterize the 

bacteriocin producer strains Bacillus amyloliquefaciens BTSS3 and Bacillus 

pumilus SDG14, for their probiotic potential. 
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Certain physiological criteria, especially tolerance to low pH and bile salt, 

self aggregation and co-aggregation, as well as the capacity to adhere to intestinal 

mucus must be fulfilled by bacteria to qualify as probiotic (Table 7.1). 

Table 7.1 In vitro assays employed during screening for novel probiotic 
strains 

Probiotic Property Assays References 

Surviving stress within 
the host 

Low pH and bile salt Marteau et al., 1997 

Safety assays 

Antibiotic resistance 
Hemolytic activity 
Adhesion to mammalian 
cells 

Delgado et al., 2007 
Pisano et al., 2014 
Cravioto et al., 1979 

Colonization of the 
host 

Cell surface hydrophobicity 
Auto-aggregation screening 
Biofilm formation 

Ouwehand et al., 1995 
Del Re., 2000 
Jones & Versolovic., 
2009 

Antimicrobial assays 

Production of antimicrobial 
substances such as organic 
acids and bacteriocins; 
Coaggregation with 
pathogens  

 
Tagg et al., 1976 
 
 
Yuki et al., 2000 

Additional health 
benefits 

Cardiovascular effects 
Anticancer action 

De Smet et al., 1998 
Castro et al., 2010 

7.2 Materials and methods 

7.2.1 Low pH tolerance and bile salt tolerance 

 The bacteria (Bacillus amyloliquefaciens BTSS3 and Bacillus pumilus 

SDG14) were grown in Zobell marine broth at pH ranging from 3 to 9.  
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Bile salt tolerance was tested on Nutrient agar with 0.5 % bile salt 

(Sodium taurocholate). The organisms were streak plated on the agar and 

incubated at 37 °C for 24 h (Marteau et al., 1997). 

7.2.2 Haemolytic activity 

Haemolytic activity was determined by streaking on Blood agar plates 

with 5% defibrinated blood, after incubating at 37 °C for 24 h (Pisano et al., 

2014).  

7.2.3 Aggregation and co-aggregation assay 

 Aggregation assay was conducted according to Del Re (2000), wherein 

bacteria were cultured at 37 °C for 24 h in Zobell broth, cells harvested by 

centrifugation and suspended in PBS to get O.D600 = 0.5. After incubation for 2 h 

at 37 °C, 1 mL of the upper suspension was transferred to another tube and 

absorbance (λ=600 nm) was measured. Aggregation was expressed as 

Aggregation (%) = 1 - (Atime / Ainitial) x 100 

Where: 

Atime = Absorbance (λ=600 nm) at different incubation times (2 and 24 h). 

Ainitial = Absorbance (λ=600 nm) before incubation period.  

For co-aggregation assay (Yuki et al., 2000) B. amyloliquefaciens BTSS3 

and B. pumilus SDG14 strains were inoculated into Zobell broth, while the test 

pathogenic strains Escherichia coli, Pseudomonas aeruginosa, Vibrio harveyi, 

Salmonella Typhimurium and Klebsiella pneumoniae inoculated into Luria broth, 

and were incubated at 35 ± 2 °C for 24 h. The bacterial suspensions were then 

centrifuged at 7000X g for 10 min at 4 °C, cells washed three times with 0.1 M 
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PBS and resuspended in equal volume of buffer. Optical density (OD600) was 

adjusted to 1.0 for probiotic strains & pathogens. Mixtures were then made of 

BTSS3 and SDG14 with each test pathogen at 1 :1 ratio (total volume = 10 mL)  

and incubated at 35 ± 2 °C for 4 h. Absorbance (λ=600 nm) was measured for the 

mixtures, as well as for the individual strains.  

Coaggregation (%) =
Ap + Ab

2
− Amix ÷

Ap + Ab

2
× 100 

Where Ap and Ab are the absorption of pathogen and Bacillus sp 

respectively. Amix is the absorption of the mixture.  

Aggregation and co-aggregation was statistically evaluated by one way 

ANOVA assuming that variances are equal across groups or samples. Thus 

aggregation and co aggregation were tested for homogeneity by Brown and 

Forsythe test and Bartlett’s test. Aggregation was evaluated for correlation with 

time by Pearson’s correlation coefficient r. 

7.2.4 Biofilm formation assay 

Biofilms or adherent structured microbial communities of the 

gastrointestinal beneficial bacteria may have a protective role.  Quantification of 

biofilm formation by the bacteriocin producers were performed by modified 

micro-titre plate method (Rode et al., 2007).  

Sterile 96 well polystyrene microtitre plates were filled with 230 μL 

Tryptone soy broth (TSB), and added 20 μL of bacterial cultures (OD=1) to each 

well (triplicates for each organism),  and incubated without shaking at 37 °C for 

24 h. TSB alone was the negative control. The contents were poured off, wells 

washed three times with 0.01 M phosphate buffer of pH 7.2 and the attached 

biofilms were fixed with methanol for 15 minutes. The plates were decanted, air 
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dried and stained with 1 % crystal violet for 5 minutes. Excess stain was rinsed 

under tap water and air dried. The bound crystal violet was extracted from each 

well with 33 % glacial acetic acid and absorbance at 570 nm was measured using 

UV-Visible Spectrophotometer (Schimadzu, Japan). Based on the absorbance, the 

biofilm producers were graded as A=Ac= Non Biofilm producers, Ac< A = Weak 

biofilm producers; 2Ac<A= Moderate biofilm producers; 4Ac<A= Strong biofilm 

producers; where cut off absorbance Ac was the mean absorbance of the negative 

control. 

All tests were conducted thrice independently and statistically analyzed 

(Christensen et al., 1985; Stepanovic et al., 2007). All data from biofilm assays 

were expressed as mean ± SD with each assay conducted in triplicates. 

7.2.5 Cell adhesion assay 

Adherence was evaluated following Cravioto et al., (1979) using HEp-2 

cell monolayer at 80 % confluence in minimum essential medium (MEM). HEp-2 

(Human Epithelial type 2) cell line is valid for evaluating the adherence and 

colonization of bacteria in the GI tract. Cells were seeded onto a 24-well tissue 

culture plate at a concentration of 5 x 105 cells mL-1. After 24 h of incubation, a 

monolayer was obtained. 

The probiotic strains were inoculated into tubes with 5 mL Zobell marine 

broth and incubated at 30 ± 2 °C for 2 or 18 h. The cultures were centrifuged and 

resuspended in Zobell marine broth. The cell suspensions were mixed with equal 

volume of MEM (without antibiotic) to a final concentration of 5 x 107 cells/ mL, 

and 1 mL of each suspension was added to appropriate wells of the culture plate. 

After incubation at 37 °C, the monolayers were washed five times with 

phosphate-buffered saline (PBS) to remove bacteria unfastened to the HEp-2 

cells. The plates were stained by Gram staining and observed under inverted 
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microscope (Leica, Germany). The result of the adhesion assay is expressed as 

adhesion index for each strain. The adhesion index is defined as the number of 

adherent bacterial cells per 100 epithelial cells. The minimum adherence criterion 

is that at least ten bacteria should adhere per HEp-2 epithelial cell.  

The ANOVA and column statistics for cell adhesion were calculated.  

7.2.6 Statistical analysis 

 All the calculations were done in Microsoft Excel 2007 and statistical 

analysis mentioned in above sections were carried out using GraphPad Prism v 

6.0.  

7.3 Results and discussion 

7.3.1 Low pH tolerance and bile salt tolerance 

B. amyloliquefaciens BTSS3 and B. pumilus SDG14 could survive in pH 3 

to 8 (Fig 7.1). Their survival at low pH is considered a desirable probiotic trait as 

it helps the organisms to withstand the low stomach pH due to HCl. Though 

stomach pH is 1.5, survival even at pH 3 is desirable to consider an organism as 

probiotic. B. subtilis E20 isolated from natto, a B. subtilis fermented food, was 

considered as probiotic even though it could tolerate only a pH range of 5-10. 

This organism was studied as a probiotic on white shrimp, Litopenaeus vannamei 

and could enhance immunity and disease resistance (Liu et al., 2009). 

In addition, the lactic acid bacteria, Leuconostoc mesenteroides isolated 

from the intestine of snakehead fish (Channa striatus) showing growth at pH 3-7 

has also been considered as probiotic (Allameh et al., 2012).  
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Fig 7.1. pH tolerance of A) Bacillus amyloliquefaciens BTSS3 and B) Bacillus 

pumilus SDG14 

While studying their bile salt tolerance, it was noted that both BTSS3 and 

SDG14 could grow in nutrient agar with 0.5 % bile salt (Fig 7. 2).  

In vitro studies have demonstrated the cytotoxic and bacteriostatic effects 

of bile salts on biliary organisms (Sung et al., 1993). Thus bile salt tolerance is an 

indispensable feature for probiotic stains to colonize in small intestine. The five 

probiotic strains from small intestine L. plantarum (G95a and G96a) and L. 

rhamnosus (G92, G99c, and G119b) were pH tolerant and could grow on varying 

concentrations of bile salt (0.5 % to 2.0 %) (Tambekar and Bhutada, 2010). Three 

strains Bacillus amyloliquefaciens, Bacillus megaterium and Bacillus subtilis 

tolerated up to 0.037 % of bile salt for 24h and were considered as Direct-fed 

microbials (DFM) (Galarza-Seeber et al., 2015). Following oral administration, 

only few spores of B. cereus var. toyoi were observed in  pigs' stomach, where as 

there was a rapid increase in spore numbers in the duodenum and jejunum 

(Jadamus et al., 2001). B. subtilis, B. pumilus, B. licheniformis, B. clausii, B. 

megaterium, B. firmus and species of the B. cereus group, isolated from broiler 
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gastrointestinal tract were all resistant to bile salt and acidic pH (Barbosa et al., 

2005).  

 
Fig 7.2. Bile salt tolerance plate assay A) Bacillus amyloliquefaciens BTSS3 and 

B) Bacillus pumilus SDG14 

7.3.2 Haemolytic activity 

Haemolytic activity is one of the safety assessment methods for probiotic 

bacteria. The bacteria Bacillus amyloliquefaciens BTSS3 and Bacillus pumilus 

SDG14 were non-haemolytic on blood agar plates (Fig 7.3). Non-haemolytic 

bacteria are preferred as probiotic organisms; but certain Lactobacillus sp. that are 

haemolytic due to acid production in the medium are considered potential 

probiotics (Gómez et al., 2016).   
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Fig 7.3 Non haemolytic action of BTSS3 and SDG14 on blood agar plate 

Haemolytic reaction may be a clear zone of hydrolysis around the colonies 

(𝛽- haemolysis), a partial hydrolysis and greenish zone (𝛼- haemolysis), or no 

reaction (𝛾 - haemolysis). 𝛼 - haemolytic species cause oxidization of iron in 

haemoglobin molecules within red blood cells, giving it a greenish colour on 

blood agar. β - haemolytic species cause complete rupture of  red blood cells.  

7.3.3 Aggregation and co-aggregation assay 

Autoaggregation is an important attribute in the attachment of bacteria to 

various substrata, which can also explain the probiotic nature of the 

microorganism. An aggregation percentage of 27.22±2.01 % and 18.4±0.48 % 

after 3 h was observed for Bacillus amyloliquefaciens BTSS3 and Bacillus 

pumilus SDG14 respectively (Fig 7.4). The aggregation was statistically 

significant for both the organisms and was in correlation with time (Appendix-V). 
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Autoaggregation is a strain dependent specific trait. Lactobacillus 

plantarum ST8Sh had 51.32 % autoaggregation capacity (Todorov et al., 2017), 

while Collado et al., (2008) reported that L. rhamnosus GG, L. rhamnosus LC-

705 and L. fermentum ME-3 showed a highest autoaggregation percentage of 20 

% at 37 °C after 2 h of incubation and the autoaggregation percentage increased 

with time. Lactobacillus acidophilus M92 autoaggregation was not lost even after 

washing and suspending of the cells in PBS (Kos et al., 2003). 

 

Fig 7. 4. Aggregation of Bacillus amyloliquefaciens BTSS3 and Bacillus pumilus 

SDG14  

Both the organisms showed significant co-aggregation with pathogens 

(Fig 7.5 and &. Fig 7.6). Bacillus amyloliquefaciens BTSS3 aggregated more with 

Salmonella Typhimurium. The coaggregation pattern was similar for Vibrio 

harveyi, Klebsiella pneumoniae and E. coli. Least co-aggregation was for 

Pseudomonas aeruginosa (Fig 7.5). Bacillus pumilus SDG14 co-aggregated the 
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most with E. coli, also showing good co-aggregation pattern with Salmonella 

Typhimurium and Pseudomonas aeruginosa. Least co-aggregation was with 

Vibrio harveyi and Klebsiella pneumoniae (Fig 7.6). Statistical analysis by 

ANOVA shows that the p value is < 0.0001 was significant (Appendix- V). 

 

Fig 7.5 Co-aggregation of pathogens by Bacillus amyloliquefaciens BTSS3 

 ,    

 

Lactobacillus acidophilus M92 demonstrated marked co-aggregation 

with Enterococcus faecium L3 (19·46±2·63 %), E. coli 3014 (15·11±2·07 %) and 

S. Typhimurium (15·70±2·98 %) (Kos et al., 2003). Lactobacillus plantarum S1 

best coaggregated with enterohaemorrhagic Escherichia coli (EHEC), at 41.5 % 

while Lactobacillus plantarum A co-aggregation with Salmonella Typhimurium 

was 40.5 % and Lactobacillus plantarum B had good result with L. 

mononocytogenes (37.4 %) (Jankovic et al., 2012). These reports strongly suggest 

that the coaggregation properties shown by Bacillus amyloliquefaciens BTSS3 

and Bacillus pumilus SDG14 contribute to their use as probiotics. 
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Fig 7.6 Co-aggregation of pathogens by Bacillus pumilus SDG14  , 

    

Likewise, many volatile compounds such as volatile sulfur compounds (VSCs) 
and H2O2 produced by oral bacteria Fusobacterium nucleatum cause harmful 
effects on human health. An in vitro test developed by Kang et al., (2006) showed 
that inhibition of volatile compounds production was related to co-aggregation of 
the LAB strains with F. nucleatum.  

7.3.4 Biofilm formation assay 

Bacillus amyloliquefaciens BTSS3 proved to be a moderate biofilm 

producer (2Ac<A, A=0.2535±0.0898), while Bacillus pumilus SDG14 showed 

biofilm forming capacity of 4Ac<A (A= 0.5220±0.0622), indicating strong 

biofilm production (Fig 7.7). The relevance of the assay is that biofilms on either 

the gastrointestinal tract surface or food particles provide protection against some 

of the harshest physical and chemical stresses found in the gut, thereby promoting 

their survival and persistence. Thus biofilm formation is an advantage for 

probiotic bacteria. Biofilms also have a role in protecting gut epithelium from 
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adherence of pathogenic agents. Lebeer et al., (2007) studied and reported in vitro 

biofilm forming capacity of Lactobacillus rhamnosus GG (ATCC53103). Many 

natural isolates of B. subtilis could form complex biofilms, where spore formation 

occurs preferentially (Branda et al., 2001). Probiotic bacilli mostly occur in gut as 

spores, hence sporulation may occur in the gut (Hoa et al., 2001; Rhee et al., 

2004), with biofilms as the preferred site in this environment. 

The biofilm like communities of gastrointestinal and female urogenital 

tracts contain beneficial microorganisms considered to have a protective role. 

Biofilm formed by strains of probiotic Lactobacillus reuteri modulated human 

TNF production and the relative abilities to suppress TNF in monocytoid cells 

were directly correlated to their abilities to aggregate and form biofilms on 

polystyrene surfaces (Jones and Versalovic, 2009).  

 

Fig 7.7 Biofilm formation by Bacillus amyloliquefaciens BTSS3 and Bacillus 

pumilus SDG14 

The biofilms of bacteriocinogenic microbes which are beneficiary 

organisms, offer a means to counter the start of pathogenic biofilms based on 
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competitive exclusion principle. Lactobacilli with biofilm-forming aptitudes 

controlled Listeria monocytogenes on abiotic surfaces (Ibarreche et al., 2014). 

7.3.5 Cell adhesion assay 

Adhesion of probiotics to pathogenic organisms facilitate their elimination 

from the body and their ability to self-aggregate are advantageous in gut their 

distribution.  

 

Fig 7.8 Bacterial cell adhesion to HEp-2 cell line. Adhesion of Bacillus 
amyloliquefaciens BTSS3 to HEp-2 cell line after incubation. A) Control B) 60 
minutes and C) 90 minutes. The cells were viewed in inverted microscope at 40x 
magnification. 

The bacteria, Bacillus amyloliquefaciens BTSS3 showed pronounced 

adherence to HEp-2 cells even after 60 min (Fig 7.8). The adhesion index was 

14.91±3.45 after 60 minutes and 32±10.38 after 90 minutes. 
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Fig 7.9 Bacterial cell adhesion to HEp-2 cell line. Adhesion of Bacillus pumilus 
SDG14 to HEp-2 cell line after incubation. A) Control B) After 60 minutes and 
C) After 90 minutes. The cells were viewed in inverted microscope at 40x 
magnification. 

Bacillus pumilus SDG14 also showed very prominent adherence even 

after 1 h (Fig 7.9). The adhesion index was 36.82±5.93 after 60 minutes and 

45.54±9.55 after 90 minutes. ANOVA showed that the P values were significant 

(< 0.05) with significantly different standard deviations (Appendix-V). 

The intestinal mucus is a classic model for testing in vitro adherence since 

different receptors can be located in the small and large intestine mucus using the 

specific adherence. Bacteria have pili which adhere to intestinal epithelial cells 

and colonize the small intestine (Smith & Longgood, 1971). Several Bacillus sp. 

isolated from probiotic preparations had different adhesion properties. 

Biochemical analysis suggested the role of surface associated proteins in adhesion 

(Sa´nchez et al., 2009). The probiotic potential of 10 bacillus isolates from chick 

intestine was studied against Salmonella Enteritidis infection (Thirabunyanon and 

Thongwittaya, 2012). In 2004 Duc et al., reported Biosubtyl, a strain of Bacillus 

pumilus, a prospective probiotic agent producing antimicrobial agents. Several 

studies on adherence in potential probiotic LAB using the HEp-2 and Caco-2 cell 
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lines are reported (Forestier et al., 2001; Thornley et al., 1996). 112 LAB strains 

evaluated as probiotics showed significant autoaggregation and coaggregation, as 

well as strong adherence to HEp-2 cells (Ehrmann et al., 2002). Tuomola and 

Salminen (1998) demonstrated variable adherence among twelve Lactobacilllus 

strains using the Caco-2 cell line and attributed this to strain source or surface 

properties. 

7.4 Summary 

From this study we conclude that autoaggregation capacity ability to 

coaggregate with pathogenic strains, together with ‘low pH’ and bile salt 

tolerance, are important criteria for preliminary selection and identification of 

probiotic bacteria with potential applications in human and animal systems. 

Most Bacillus species are harmless and are in fact beneficial to mammals. Their 

aggregation, co-aggregation properties and ability to adhere on animal cell line 

make Bacillus amyloliquefaciens BTSS3 and Bacillus pumilus SDG14 promising 

probiotic organisms. Between the probiotic characteristics of the bacterium and 

bacteriocin producing capability, greater emphasis should be on the antimicrobial 

property, an added advantage in probiotics. 
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Summary and Conclusion 

Bacteriocins are ribosomally synthesized antagonistic peptides produced 

by bacteria against similar species. They are the latest additions to drugs and food 

preservatives using microbial technology. WHO encouraged research in the 

development of new peptide antibiotics not only due to increased antibiotic 

resistance in bacteria and the advent of new bacterial and viral diseases, but also 

due to increase in cancer patients.   

In this study the gut contents of two marine fishes were screened for 

bacteriocin producers. The fishes selected for the study included the deep sea 

shark and an Indian oil sardine. Table 8.1 depicts the summary of the screening 

and identification of fish and bacteriocin producers. 

Table 8.1 Summary of the screening and identification of fish and bacteriocin 
producers  

Out put Deep Sea fish Indian oil Sardine 

Identification of fish 
Centroscyllium fabricii 

(SSDSS1) 
Sardinella longiceps 

(SFF) 

Number of bacterial 
isolates 

72 25 

Identification of 
selected bacteriocin 
producing bacteria 

Bacillus 
amyloliquefaciens 

BTSS3 

Bacillus pumilus 
SDG14 

MCC Catalogue No. MCC2981 MCC3070 

Bacteriocin BaCf3 BpSl14 

Media was optimized for the production of BaCf3 by Bacillus 

amyloliquefaciens BTSS3 and BpSl14 by Bacillus pumilus SDG14. Time course 

study with the optimized media recalibrated the production time. The comparison 



Summary and Conclusion   

204 
 

of bacteriocin production in optimized production media is summarized in table 

8.2. 

Table 8.2 Production of bacteriocins after media optimization 

Both bacteriocins were purified by ammonium sulphate precipitation, 

dialysis and gel filtration chromatography final yield of 6.4% and 8% for BaCf3 

and BpSl14 respectively. The outcome of the characterization studies is 

summarized in table 8.3. 

The amino acid composition of the bacteriocin peptide by ProtParm tool 

revealed Glycine to be the most predominant amino acid in both bacteriocins, 

followed by Cysteine and Glutamine in BaCf3 and Proline in BpSl14. The 

presence of Glycine indicates the flexibility of the molecules while other amino 

acids help in their action on bacterial cell wall. The secondary and tertiary 

structures of the two bacteriocins were derived from the de novo sequences using 

I-TASSER server. DiANNA 1.1 server predicted the possibility of disulphide 

bridge formation between C6 and C13 of BaCf3. 

 

 

Component BaCf3 BpSl14 

Activity (AU/mL) 6400 12800 

Specific activity (AU/mg) 4514.307±96.417 9339.276±88.445 

Fold of increase in activity 
(AU/mL) 

8 4 

Fold of increase in specific 
activity (AU/mg) 

36 5.8 
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Table 8.3 Summary of characterization studies 

Characterization BaCf3 BpSl14 

Temperature 
stability 

30 to 100 °C for 1 h and 
121 °C, 15 lbs for 15 

minutes 

30 to 100 °C for 1 h and 
121 °C, 15 lbs for 15 

minutes 

pH stability** 2-13 2-13 

Action of 
hydrolytic enzyme 

Complete reduction in 
activity by 5 mg/mL of 

enzymes 

50 % reduction in activity 
by 5 mg/mL of enzymes 

Effect of metal 
ions* 

Affected by Ca2+, Mg2+, 
Mn2+, Ba2+, Co2+, Cu2+, 

Zn2+, Fe3+ and Al3+ 
Cu2+, Mn2+

 and Al3+ 

Effect of DTT 
12.5 % residual activity in 
50 mM and no activity in 

100 mM 
100 % residual activity 

Effect of DMSO 12.5 % residual activity 100 % residual activity 

Effect of β-
mercaptoethanol 

12.5 % residual activity 100 % residual activity 

Molecular weight 3028.422 Da 6061.2 Da 

Sequence 
GNHDCCMGQLPKCML

GPGQGAATXQGK 

AGGGFMEHEGSEPVGP
GGPKGDHMQDGKIPND

LCC 

Mode of action Cell wall acting Cell wall acting 

* Activity of BaCf3 was nullified by the addition of Ca2+, Mg2+, Mn2+ and 
reduced by Ba2+, Co2+, Cu2+, Zn2+, Fe3+, Al3+ 
* Activity of BpSl14 was reduced by Cu2+, Mn2+

 and Al3+ 
** 50 % reduction in activity of BaCf3 in  pH 11 to 13 

The bacteriocins had antibiofilm action on some of the standard NCIM 

cultures as well as some food spoilage organisms. The organisms included 

Escherichia coli, Bacillus pumilus, Clostridium perfringens, Bacillus coagulans 
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and Salmonella Typhimurium from NCIM and Bacillus altitudinus BTMW1, 

Pseudomonas aeruginosa BTRY1, Bacillus sp. SD1, Bacillus licheniformis SD2, 

Staphylococcus warneri DF2, Micrococcus luteus FF, Geobacillus 

stearothermophilus FF2, Bacillus niacini DP3 and Brevibacterium casei 

DF1which were lab isolates from different food sources. The biofilm inhibitory 

concentrations of both the bacteriocins were very low; <5 μg/mL of bacteriocin 

completely inhibited biofilm formation by all the biofilm producers studied. 

In order to ensure the broad application of the bacteriocins, their 

cytotoxicity was tested on normal mouse fibroblast cell line 3T3-L1. High 

concentration (>200 μg/mL) of bacteriocins was required for significant 

cytotoxicity on 3T3-L1 cells. Since the bacteriocins were non-cytotoxic, their 

anticancer activity was tested on A549 cell line by MTT assay, phase contrast and 

fluorescent microscopy. MTT assay revealed that cell proliferation of A549 was 

inhibited by both BaCf3 and BpSl14 in a concentration and time dependent 

manner. Fluorescent microscopy and phase contrast microscopy showed that 

bacteriocins induced morphological changes in the cancerous cells and apoptosis. 

Thick orange coloured apoptotic bodies were visible in the orange coloured dead 

cells. 

The bacteriocin model suggested by I-TASSER was docked to selected 

apoptotic receptors like Death receptor, DR5 (PDB ID - 1D0G), Glucose 

transporter, GLUT1 (PDB ID - 1SUK), Tyrosine kinase (PDB ID- 3DKC) and 

Transforming Growth Factor-β, TGF-β (PDB ID - 5E8T). The docking scores 

(balanced score) showed lowest with DR5 receptor for BpSl14 where as for 

BaCf3, docked models with TGF-β had lowest energy. When the interactions 

were studied both the ligands were predicted to interact with the amino acids in 

the active site of the receptors. 
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Bacteria with antagonistic potential are generally used as probiotics. 

Anticancer activity of the bacteriocins along with their antibiofilm potential 

against pathogens is an added advantage of a probiotic. Both Bacillus 

amyloliquefaciens BTSS3 and Bacillus pumilus SDG14 were sensitive to several 

antibiotics tested, showing their safety in use. Probiotic characterization of the 

organisms are summarized in table 8.4  

Table 8.4 Summary of probiotic characterization of the organisms 

Probiotic trait 
Bacillus amyloliquefaciens 

BTSS3 
Bacillus pumilus 

SDG14 
Bacteriocin production + - 

pH tolerance pH 3 pH 3 

Bile Salt tolerance + + 

Heamolytic activity non-haemolytic non-haemolytic 

Aggregation (%) 27.22±2.01 18.4±0.48 

Co-aggregation + + 

Biofilm formation 2Ac <A 4Ac <A 

Adherence capacity 
(after 90 min) 

32±10.38 45.54±9.55 

In a future perspective the bacteriocins could be studied for additional 

biological applications such as anti-inflammatory, enzyme inhibition and so on. 

The anticancer activity can be extensively studied for future clinical applications.  

The bacteriocins can be used to develop antibiofilm surfaces and can be 

incorporated in polymeric substances for biofilm prevention in food preservation 

and biomedical applications. The bacteriocins may be checked for their 

compatibility may then be used as medical catheter material. Medical catheters 

are considered as a general source of infection in immunologically weak 

individuals such as cancer and kidney patients. Researchers are in constant search 
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for innovative methods to combat such secondary infections, thus the use of 

modified polymers is a solution in itself than other methods of antibiotic 

administration. Bacteriocins could also be used for making antibacterial 

polyurethane films used for food preservation. 

The probiotic bacteria may be studied for feed application in aquaculture, 

poultry and others, to enhance their economic values. Probiotic feed development 

can be considered as one of the outcomes of the present study. A continuous study 

can be designed to develop an aquaculture feed supplement and its implications 

on the cultured fish. The study can be continued till the development of 

marketable probiotic feed. 
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APPENDICES 

APPENDIX – 1   

NUTRIENT BROTH  

Ingredients    g/L  
Peptone   - 5   
Sodium chloride  -  5   
Beef extract     -  1   
Yeast extract   -  2    

Suspended 13g of media (Himedia, Mumbai, India) in 1000mL distilled water. 
Mixed well, autoclaved at 15 lbs pressure for 15 minutes and cooled to 50-55°C. 
When used as solid agar medium, 2.0% agar (w/v) was added to the medium. 
Final pH 7.4 ± 0.2.   
 
LURIA BERTANI BROTH   

Ingredients     g/L  
Casein enzymic hydrolysate - 10  
Yeast extract    -  5   
Sodium chloride   -   10   

Suspended 25g of media (Himedia, Mumbai, India) in 1000 mL distilled water. 
Heated to dissolve the medium completely. Sterilized by autoclaving at 15 lbs 
pressure (121°C) for 15 minutes. Final pH is 7.5±0.2.   
  
SOYABEAN CASEIN DIGEST MEDIUM (TRYPTONE SOYA BROTH) 

Ingredients    g/L  
Pancreatic Digest of Casein  -  17   
Papaic digest of soyabean meal   -   3   
Sodium chloride    -   5   
Dipotassium hydrogen phosphate -   2.5   
Dextrose (Glucose)    -   2.5   
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Suspended 30 grams of media (Himedia, Mumbai, India) in 1000 mL distilled 
water. Heated to boiling to dissolve the ingredients completely. Sterilized by 
autoclaving at 15 lbs pressure (121°C) for 10 minutes. Final pH is 7.3 ± 0.2.   

MUELLER HINTON BROTH  

Ingredients    g/L  
Beef infusion    -  300  
Casein acid hydrolysate  -  17.5  
Starch    -  1.5  

Suspended 21 grams of media (Himedia, Mumbai, India) in 1000 mL distilled 
water. Heated to boiling to dissolve the ingredients completely. Sterilized by 
autoclaving at 15 lbs pressure (121°C) for 15 minutes. When used as solid agar 
medium, 2.0% agar (w/v) was added to the medium for agar plate preparation.  
Final pH (at 25 °C) -7.4 ± 0.2.   

ZOBELL MARINE BROTH  

Ingredients     g/L  
Peptic digest of animal tissue -  5  
Yeast extract         -  1  
Ferric citrate         -  0.1  
Sodium chloride        -  19.45  
Magnesium chloride        -  8.8  
Sodium sulphate        -  3.24  
Calcium chloride        -  1.8  
Potassium chloride        -  0.55  
Sodium bicarbonate        -  0.16  
Potassium bromide        -  0.08  
Strontium chloride        -  0.034  
Boric acid         -  0.022  
Sodium silicate         -  0.004  
Sodium fluorate         -  0.0024  
Ammonium nitrate         -  0.0016  
Disodium phosphate         -  0.008       
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Suspended 40.25g of media (Himedia, Mumbai, India) in 1000 mL distilled 
water. Heated to boiling to dissolve the ingredients completely. Sterilized by 
autoclaving at 15 lbs pressure (121°C) for 15 minutes. When used as solid agar 
medium, 2.0% agar (w/v) was added to the medium for agar plate preparation. 
Final pH -7.6 ± 0.2.   
MINIMAL MEDIA (M9G)  

Ingredients    g/ 100 mL  
Sodium phosphate   -  1.28  
Dipotassium phosphate   -  0.3  
Sodium chloride   -  0.5  
Tryptone   -  0.5  

Suspended the above ingredients in 100 mL distilled water and sterilized by 
autoclaving at 15 lbs pressure (121°C) for 15 minutes.   

To this add filter sterilized  
1M Magnesium sulphate  -  400 µL  
1M Calcium chloride   -    20 µL  
20% Glucose   -      4 mL  

BLOOD AGAR MEDIUM   

Ingredients      g/L  
Enzymatic digest of Casein   -  15   
Enzymatic digest of animal tissue  -  4   
Yeast extract    -   2  
Starch     -   1  
Sodium Chloride    -  5  
Agar      -  14   

Suspended 42 g of the blood agar base in one liter of purified water. Heated the 
agar base with frequent agitation and boiled for one minute to completely dissolve 
the medium. Final pH: 7.0 ± 0.2 at 25°C. Autoclaved the medium at 121°C for 15 
minutes and prepared 10% blood agar by aseptically adding the appropriate 
volume of sterile defibrinated blood to melted sterile agar medium, cooled to 45 – 
50°C and poured into sterile petriplates.  
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PHYSIOLOGICAL SALINE  

NaCl   -  0.85g  
Distilled water  -  100 mL   
Sterilized by autoclaving at 15 lbs pressure (121°C) for 15 minutes.    

STARCH AGAR  
Suspended 1.3 g of Nutrient Broth (Sigma Aldrich) in 1000 mL of distilled water. 
2.0 % agar (w/v) was added to the medium for agar plate preparation. Starch 
(Sigma Aldrich) (0.1 %) was made ready as an aqueous solution and sterilized 
(121°C for 15 min), separate from the rest of the medium components and 
supplemented to the agar when the temperature reached 55°C.  

GRAM’S IODINE SOLUTION  
Ingredients                 g/L  
Iodine                   -      1.0   
Potassium iodide  -      2.0    
Ingredients were dissolved in 1000 mL distilled water and stored in amber bottles.  
  
SKIMMED MILK AGAR  
Suspended 1.3 g of Nutrient Broth (HiMedia) in 1000 mL of distilled water. 2.0 
% agar (w/v) was added to the medium for agar plate preparation. Skimmed milk 
agar powder (HiMedia) (10 %) was made ready as aqueous solution and sterilized 
(121°C for 15 min) separate from the rest of the medium components and 
supplemented to the agar when the temperature reached 55°C.  
  
TRIBUTYRIN AGAR  
Suspended 1.3 g of Nutrient Broth (HiMedia) in 1000 mL of distilled water. 2.0 
% agar (w/v) was added to the medium for agar plate preparation. Tributyrin 
(HiMedia) (10 %) was made ready as an aqueous solution and sterilized (121°C 
for 15 min) separate from the rest of the medium components and supplemented 
to the agar when the temperature reached 55°C. 
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APPENDIX – II   

0.01 M Phosphate buffer (pH 7.5)   

Solution A: 0.2 M NaH2PO4   
Solution B: 0.2 M Na2HPO4   
Mixed 16 mL of solution A with 84 mL of solution B and the volume was made 
up to 200mL with distilled water. This is made upto 1L to get 0.01 M buffer.   

Sodium dodecyl sulphate (SDS) – 10%  

SDS     - 10 g  
Distilled water   - 100 mL  
Gently swirl.  

3 M Sodium acetate (pH 5.2)   

Sodium acetate.3H2O -   408.3 g   
Distilled water    -   800 mL  
pH adjusted to 5.2 with glacial acetic acid. Adjusted the volume to 1 litre with 
distilled water. Sterilized by autoclaving.  

Ethidium Bromide (10 mg/mL)  

Ethidium bromide   -  10 mg  
Distilled water   -  1mL  
Dissolved well and stored by wrapping in aluminium foil (to be kept in dark)  

TE buffer   

1M Tris-Cl (pH 8)   -   10mL   
500mM EDTA (pH 8.0)   -     2mL  

1 M Tris-HCl (pH 8)  

Tris base    -   60.57 g   
Deionised water     -    500mL  
Adjusted to desired pH using concentrated HCl   
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0.5 M EDTA (pH 8)   

EDTA     -   18.6 g   
Deionised water    -   100mL   
Adjust the pH to 8.0 with NaOH  

50 X TAE Buffer   

Tris base    -   121 g   
Glacial acetic acid          -   28.6mL   
0.5M EDTA pH 8.0   -   50 mL   
Deionised water added to make volume to 500mL.   

1 X TAE Buffer   

50X TAE buffer  -  10mL   
Deionised water  -  490mL  

 6x Gel-loading buffer   

0.25% (w/v) bromophenol blue   
0.25% (w/v) xylene cyanol FF   
40% (w/v) sucrose in H2O   
Stored at 4°C.  
  
Hydrochloric acid- potassium chloride buffer (pH 2)   

Solution A: 0.2 M KCl   
Solution B: 0.2 M HCl   
Mixed 50 ml of solution A with 10.6 ml of solution B and made up to 200ml with 
distilled water.   

Citrate buffer (pH 3 - 6)   

Solution A: 0.1 M Citric acid   
Solution B: 0.1 M sodium citrate   
Referring to the table below for desired pH, mixed the indicated volumes of 
solutions A and B, then diluted with distilled water to make up volume to 200 ml 
and then filter sterilized. 
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Desired pH Solution A 
(mL) 

Solution B 
(mL) 

3 46.5 3.5 
4 33.0 17 
5 20.5 29.5 
6 9.5 41.5 

 
Phosphate buffer (pH 7)   

Solution A: 0.2 M NaH2PO4   
Solution B: 0.2 M Na2HPO4   
Mixed 39 ml of solution A with 61 ml of solution B and the volume was made up 
to 200ml with distilled water, followed by filter sterilization.  

Tris (hydroxymethyl) amino methane buffer system (pH 8 and 9)   

Solution A: 0.2 M Tris buffer   
Solution B: 0.2 M HCl   
Referring to the table below for desired pH, mixed the indicated volumes of 
solutions A and B, then diluted with distilled water to 200 ml and filter sterilized.  

Desired pH Solution A 
(mL) 

Solution B 
(mL) 

8 50 26.8 
9 50 5 

Carbonate – bicarbonate buffer (pH 10 and 11)   

Solution A: 0.2 M Na2CO3   
Solution B: 0.2M NaHCO3   
Referring to the table below for desired pH, mixed the indicated volumes of 
solutions A and B, then diluted with distilled water to 200 ml and filter sterilized.  

Desired pH Solution A 
(mL) 

Solution B 
(mL) 

10 27.5 22.5 
10.7 45.0 5 
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Sodium hydroxide - Potassium chloride buffer (pH 12 and 13)   

Solution A: 0.2 M KCl   
Solution B: 0.2 M NaOH   
Referring to the table below for desired pH, mixed the indicated volumes of 
solutions A and B, then diluted with distilled water to 200 ml and then filter 
sterilized.  

 Desired pH Solution A 
(mL) 

Solution B 
(mL) 

12 50 12 
13 50 132 
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APPENDIX- III  

REAGENTS FOR GLYCINE SDS-PAGE  
1. Stock acrylamide- bisacrylamide solution (30% T and 0.8% C)  

Acrylamide (T)     -  30 g  
Bis-acrylamide  (C)     -  0.8 g  
Distilled water (DW)   -  100 mL  
Stored at 4°C in amber coloured bottle  

2. Stacking gel buffer stock   
Tris buffer (0.5 M)    -  6.05 g in 40 mL DW  
Titrated to pH 6.8 with 1M HCl and made up to 100 mL with DW. 
Filtered through Whatman No: 1 (Whatman, England) filter paper and 
stored at 4°C.  

3. Resolving gel buffer stock  
Tris buffer (1.5 M)    -  18.15 g  
Titrated to pH 8.8 with 1M HCl and made up to 100 mL with DW. 
Filtered through Whatman No: 1 filter paper and stored at 4°C.  

4. Running buffer for SDS-PAGE (pH 8.3)  
Tris buffer     -  3 g  
Glycine     -  14.4 g  
SDS     -  1 g  
Dissolved and made up to 1L with DW. Prepared in 10X concentration 
and stored at 4°C.   

5. Sample buffer for Non- Reductive SDS-PAGE  
Tris-HCl (pH 6.8)    -  1.25 mL  
Glycerol     -  2.5 mL  
SDS (10%, W/v)    -  2 mL  
Deionised water     -  3.55 mL  
Bromophenol blue (0.5%, w/v)   -  0.2 mL   
Samples were diluted with sample buffer prior loading into the gel  

6. SDS (10%)     -    1 g in 10 mL DW  

7. Ammonium persulfate (10%, w/v)    -   0.1 g of ammonium 
persulfate was dissolved in 1mL DW (prepared freshly).    
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COOMASSIE STAINING SOLUTIONS  
Protein staining solution  

Coomassie brilliant     -  100 mg blue (0.1%)   
Methanol (40%)   - 40 mL  
Glacial acetic acid (10%)   -  10 mL  
DW      -  50 mL  

Destaining solution    
Methanol (40%)    -  40 mL   
Glacial acetic acid (10%)   -  10 mL   
DW      -  50 mL  

REAGENTS OF SILVER STAINING  

1. Fixer   
Methanol (50%, v/v)    -  50 mL   
Acetic acid (5%, v/v)    -  5 mL   
Milli Q water     -  45 mL  

2. Wash   
Methanol (50%, v/v)    -  50 mL   
Milli Q water     -  50 mL   

3. Sensitizing solution   
Sodium thiosulfate (0.02%, w/v)  -  20 mg     
Milli Q water      -  100 mL  

4. Silver nitrate solution   
Silver nitrate (0.2%, w/v)  -  200 mg   
Milli Q water      -  100 mL  

5. Developer   
Sodium carbonate (6%, w/v)   -  3 g   
Formaldehyde     -  12.5 µL   
Milli Q water      -  100 mL  

6. Stop solution   
Sodium-EDTA     -  1.4 g   
Milli Q water      -  100 mL   
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PROTEIN MARKERS  
a.  Medium range protein molecular weight marker (GeNei) was mixed by 

tapping and 10µL taken. Mixed with 10µL sample buffer and 30µL 
distilled water. Incubated in boiling water bath for one minute and loaded 
on to SDSPAGE. 

Protein      MW (Da)   
Phosphorylase b    97,400    
Bovine serum albumin    66,000    
Ovalbumin     43,000    
Carbonic anhydrase    29,100    
Soyabean trypsin inhibitor   20,100    
Lysozyme     14,300  

 b.   Broad range molecular weight protein marker mix from New England 
BioLabs (UK) is a ready to load marker. The protein marker was mixed and 7µl 
taken in a tube. Heated for 5 min at 100oC. After a quick microcentrifuge spin, 
loaded directly on to a gel. The composition of the marker mix is as given below.    

Components     MW (Da)    
Myosin       212,000    
MBP-β- galactosidase    158,194   
β- galactosidase     116, 351    
Phosphorylase b    97,184    
Serum albumin     66,409    
Glutamic dehydrogenase   55,561    
MBP2      42,710    
Thioredoxin reductase    34,622    
Triosephosphate isomerase   26,972    
Trypsin inhibitor    20,000    
Lysozyme     14,313    
Aprotinin     6,517   
Insulin A     3,400    
B chain      2,340  
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APPENDIX- IV 

Peaks Patterns of MS’MS fragments 

 
Fig A.1 Pattern of peaks distribution of 1173 fragment of MS/MS of BaCf3 

 
Fig A. 2 Pattern of peaks distribution of 1304 fragment of MS/MS of BaCf3 
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Fig A. 3 Pattern of peaks distribution of 1769 fragment of MS/MS of BpSl14 

 

Fig A. 4 Pattern of peaks distribution of 1941 fragment of MS/MS of BpSl14 
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APPENDIX- V 

Table A.1 ANOVA table of Aggregation Assay 

Table Analyzed ANOVA 
Aggregation 

    

Repeated measures 
ANOVA summary 

     

Assume sphericity? No     
F 5.013     
P value 0.0869     
P value summary ns     
Statistically significant 
(P < 0.05)? 

No     

Geisser-Greenhouse's 
epsilon 

0.5124     

R square 0.5562     
Was the matching 
effective? 

     

F 10.56     
P value 0.0028     
P value summary **     
Is there significant 
matching (P < 0.05)? 

Yes     

R square 0.7009     

ANOVA table SS DF MS F (DFn, DFd) P value 

Treatment (between 
columns) 

1293 2 646.7 F (1.025, 
4.099) = 5.013 

P = 0.0869 

Individual (between 
rows) 

5450 4 1362 F (4, 8) = 
10.56 

P = 0.0028 

Residual (random) 1032 8 129.0   

Total 7775 14    
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Correlation analysis of Aggregation with time  

Pearson r  Time (h) 
vs. 
% Aggregation (Aa%) 
BTSS3  

Time (h) 
vs. 
% Aggregation (Aa%) 
SDG14  

r  0.9786  0.9750  

95% confidence interval  0.7051 to 0.9986  0.6634 to 0.9984  

R square  0.9577  0.9507  

P value  

P (two-tailed)  0.0037  0.0047  

P value summary  **  **  

Significant? (alpha = 0.05)  Yes  Yes  
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Table A.2 One-way ANOVA adhesion BTSS3 

Table Analyzed One-way ANOVA 
adhesion BTSS3 

Column B 1.5 h (BTSS3) 

vs. vs. 

Column A 1h(BTSS3) 

Unpaired t test 

P value < 0.0001 

P value summary **** 

Significantly different? (P < 0.05) Yes 

One- or two-tailed P value? Two-tailed 

t, df t=5.181 df=20 

How big is the difference? 

Mean ± SEM of column A 14.91 ± 1.040 N=11 

Mean ± SEM of column B 32.00 ± 3.130 N=11 

Difference between means 17.09 ± 3.299 

95% confidence interval 10.21 to 23.97 

R square 0.5731 

F test to compare variances 

F,DFn, Dfd 9.066, 10, 10 

P value 0.0017 

P value summary ** 

Significantly different? (P < 0.05) Yes 
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Table A.3 One-way ANOVA adhesion SDG14 

Table Analyzed One-way ANOVA 
adhesion SDG14 

Column B 1.5h (SDG14) 

vs. vs. 

Column A 1h (SDG14) 

Unpaired t test 
 

P value 0.0181 

P value summary * 

Significantly different? (P < 0.05) Yes 

One- or two-tailed P value? Two-tailed 

t, df t=2.574 df=20 

How big is the difference? 
 

Mean ± SEM of column A 36.82 ± 1.788 N=11 

Mean ± SEM of column B 45.55 ± 2.881 N=11 

Difference between means 8.727 ± 3.390 

95% confidence interval 1.655 to 15.80 

R square 0.2489 

F test to compare variances 
 

F,DFn, Dfd 2.596, 10, 10 

P value 0.1484 

P value summary ns 

Significantly different? (P < 0.05) No 
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Table A.4 ANOVA table for co-aggregation assay of Bacillus 
amyloliquefaciens BTSS3 

Table Analyzed coaggr 
BTSS3 

Repeated measures 
ANOVA summary 

 

Assume sphericity? No 

F 12.43 

P value 0.0037 

P value summary ** 

Statistically significant 
(P < 0.05)? 

Yes 

Geisser-Greenhouse's 
epsilon 

0.4239 

R square 0.7131 

Was the matching 
effective? 

 

F 71.97 

P value < 0.0001 

P value summary **** 

Is there significant 
matching (P < 0.05)? 

Yes 

R square 0.8377 

ANOVA table 
SS 

DF MS F (DFn, DFd) P value 
Treatment (between 
columns) 

324.0 4 81.00 F (1.696, 8.478) = 
12.43 

P = 
0.0037 

Individual (between 
rows) 

2345 5 469.1 F (5, 20) = 71.97 P < 
0.0001 

Residual (random) 130.4 20 6.518 
Total 2800 29 
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Table A.5 ANOVA table for co-aggregation assay of Bacillus pumilus SDG14 

Table Analyzed coaggr 
SDG14 

    

Repeated measures 
ANOVA summary 

     

Assume sphericity? No     

F 12.37     

P value 0.0024     

P value summary **     

Statistically significant 
(P < 0.05)? 

Yes     

Geisser-Greenhouse's 
epsilon 

0.4760     

R square 0.7122     

Was the matching 
effective? 

     

F 38.53     

P value < 0.0001     

P value summary ****     

Is there significant 
matching (P < 0.05)? 

Yes     

R square 0.7350     

ANOVA table SS DF MS F (DFn, DFd) P value 

Treatment (between 
columns) 

887.9 4 222.0 F (1.904, 
9.519) = 12.37 

P = 
0.0024 

Individual (between 
rows) 

3457 5 691.4 F (5, 20) = 
38.53 

P < 
0.0001 

Residual (random) 358.9 20 17.94   

Total 4704 29    
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Table A.6 ANOVA table of MTT assay for anticancer activity 

Table Analyzed Anticancer 

Repeated measures ANOVA 
summary 
Assume sphericity? No 

F 11.17 
P value 0.0160 

P value summary * 
Statistically significant (P < 
0.05)? Yes 

Geisser-Greenhouse's epsilon 0.5609 
R square 0.6908 

Was the matching effective? 

F 53.81 
P value < 0.0001 

P value summary **** 
Is there significant matching 
(P < 0.05)? Yes 

R square 0.8927 

ANOVA table SS DF MS F (DFn, DFd) P value 
Treatment (between 
columns) 1065 2 532.6 

F (1.122, 5.609) = 
11.17 

P = 
0.0160 

Individual (between rows) 12829 5 2566 F (5, 10) = 53.81 
P < 
0.0001 

Residual (random) 476.8 10 47.68 
Total 14371 17 
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Table A.6 ANOVA table of MTT assay for cytotoxicity 
Table Analyzed Cytotoxicity     

      
Repeated measures ANOVA 
summary 

     

Assume sphericity? No     
F 19.83     

P value 0.0058     
P value summary **     

Statistically significant (P < 
0.05)? 

Yes     

Geisser-Greenhouse's epsilon 0.5224     
R square 0.7986     

      
Was the matching effective?      
F 6.571     

P value 0.0059     
P value summary **     

Is there significant matching 
(P < 0.05)? 

Yes     

R square 0.3982     
      
ANOVA table SS DF MS F (DFn, 

DFd) 
P value 

Treatment (between 
columns) 

1579 2 789.6 F (1.045, 
5.224) = 
19.83 

P = 
0.0058 

Individual (between rows) 1309 5 261.7 F (5, 10) = 
6.571 

P = 
0.0059 

Residual (random) 398.3 10 39.83   
Total 3286 17    
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Table A.7 Two-way ANOVA table of  antibiofilm action 
 

Table 
Analyzed 

std strains      

      

Two-way 
ANOVA 

Ordinary     

Alpha 0.05     

      

Source of 
Variation 

% of total 
variation 

P value P value 
summary 

Significant?  

Interaction 25.71 0.0015 ** Yes  

Biofilm 
producers 

22.88 0.0036 ** Yes  

% reduction 
by 
Bacteriocin 

7.561 0.0060 ** Yes  

      

ANOVA 
table 

SS DF MS F (DFn, DFd) P value 

Interaction 950184 7 135741 F (7, 48) = 
4.020 

P = 0.0015 

Biofilm 
producers 

845731 7 120819 F (7, 48) = 
3.578 

P = 0.0036 

% reduction 
by 
Bacteriocin 

279455 1 279455 F (1, 48) = 
8.276 

P = 0.0060 

Residual 1.621e+006 48 33767   
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Table A.8 Two-way ANOVA table of  antibiofilm action 

Table 

Analyzed 

Food 

pathogens  

    

Two-way 

ANOVA 

Ordinary     

Alpha 0.05     

Source of 

Variation 

% of total 

variation 

P value P value 

summary 

Significant?  

Interaction 37.32 < 0.0001 **** Yes  

Biofilm 

Producers 

16.92 < 0.0001 **** Yes  

% Biofilm 

Reduction 

28.50 < 0.0001 **** Yes  

ANOVA 

table 

SS DF MS F (DFn, 

DFd) 

P value 

Interaction 7004 8 875.5 F (8, 61) = 

17.38 

P < 0.0001 

Biofilm 

Producers 

3176 8 397.0 F (8, 61) = 

7.883 

P < 0.0001 

% Biofilm 

Reduction 

5350 1 5350 F (1, 61) = 

106.2 

P < 0.0001 

Residual 3072 61 50.36   
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APPENDIX-VI 

Interaction Table of BaCf3 with 1D0G 

Name Distance category Types from 
chem 

To chemistry 

A:GLY18:HN - 
S:GLU124:OE1 

 2.70091 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN25:HE21 - 
S:GLU94:OE2 

2.01709 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LEU15:HN - S:TRP120 3.22253 Hydrogen Bond Pi-Donor 
Hydrogen Bond 

H-Donor Pi-Orbitals 

A:LEU147 - A:LEU10 5.36119 Hydrophobic Alkyl Alkyl Alkyl 
A:LYS27:HZ2 - 
A:GLU144:OE2 

1.69923 Hydrogen 
Bond;Electrostatic 

Salt 
Bridge;Attractive 
Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS27:HZ3 - 
A:GLU144:OE1 

1.74505 Hydrogen 
Bond;Electrostatic 

Salt 
Bridge;Attractive 
Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS27:HN - 
A:GLU144:O 

2.24985 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

S:GLN85:HE22 - 
A:GLY1:O 

2.02822 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:HIS3:CD2 - 
S:GLN85:OE1 

3.32962 Hydrogen Bond Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ASN2:HD22 - 
S:LEU73:O 

2.13671 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

S:SER74:HG - 1.95963 Hydrogen Bond Conventional H-Donor H-Acceptor 
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A:ASP4:OD1 Hydrogen Bond 
A:GLY8:CA - 
S:ASN81:OD1 

3.42947 Hydrogen Bond Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

S:ARG80 - A:MET7 4.99598 Hydrophobic Alkyl Alkyl Alkyl 
S:ARG80:HH11 - 
A:ASP4:OD1 

1.92585 Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:GLN9:HE22 - 
A:TYR211:OH 

2.03408 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

Interaction Table of BpSl14 with 1D0G 

Name Distance category Types from 
chem 

To chemistry 

A:HIS8:HD1 - 
B:GLU144:O 

2.96561 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

B:LYS145:NZ - 
A:GLU7:OE1 

2.58222 Electrostatic Attractive Charge Positive Negative 

B:LYS145:HZ1 - 
A:GLU7:O 

2.65585 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

B:LYS145:HZ1 - 
A:HIS8:O 

1.74955 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

B:LYS145:HZ3 - 
A:SER11:OG 

1.73601 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:MET6:SD - T:CYS84:O 3.27953 Other Sulfur-X Sulfur O,N,S 

T:VAL83 - A:MET6 4.83281 Hydrophobic Alkyl Alkyl Alkyl 

T:VAL83 - A:VAL14 4.66628 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BpSl14 with 1D0G 

A:GLY15:HN - 
T:SER74:OG 

2.43164 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

T:THR64:HG1 - 
A:GLU9:OE2 

1.89811 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

T:ASN81:HN - A:GLU9:O 2.44338 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

T:ARG80:HH11 - 
A:GLU12:OE1 

2.41588 Hydrogen Bond; 
Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

T:ARG80:NH2 - 
A:GLU12:OE2 

5.04634 Electrostatic Attractive Charge Positive Negative 

T:THR77:HG1 - 
A:GLU12:OE2 

2.17749 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

T:THR79:HG1 - 
A:GLU12:OE2 

1.92165 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN31:HD21 - 
T:GLU94:OE2 

2.13485 Hydrogen Bond Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:CYS35:SG - T:TRP120 3.50572 Hydrogen 
Bond;Other 

Pi-Donor 
Hydrogen 
Bond;Pi-Sulfur 

H-Donor; 
Sulfur 

Pi-Orbitals;Pi-
Orbitals 

A:CYS35:CA - T:TRP120 3.96747 Hydrophobic Pi-Sigma C-H Pi-Orbitals 

A:ALA1:HT1 - 
B:GLU144:OE2 

2.68281 Hydrogen Bond; 
Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 
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Interaction Table of BaCf3 with 1SUK 

Name Distance Category Types 
from 
chem 

To 
chemistry 

A:LEU85:HN - 
A:CYS24:SG 

2.74741 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LYS225:HZ1 - 
A:GLY18:O 

1.66753 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG253:HH22 - 
A:GLN25:OE1 

1.69203 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN397:HE22 - 
A:LEU15:O 

2.29124 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG400:HH22 - 
A:GLY1:O 

2.13858 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG400:HH22 - 
A:HIS3:NE2 

2.16162 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN2:HN - 
A:HIS160:NE2 

2.18033 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY8:HN - 
A:ALA405:O 

2.20693 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN19:HN - 
A:GLN250:OE1 

2.81476 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:CYS24:SG - 
A:PHE81:O 

2.68771 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN25:HE22 - 
A:MET252:O 

1.97279 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BaCf3 with 1Suk 

Name Distance Category Types from chem To chemistry 

A:GLY26:HN - 
A:GLU254:OE2 

2.85014 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY138:CA - 
A:ASP4:O 

3.1782 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:HIS160:CE1 - 
A:ASN2:OD1 

3.28494 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:PRO11:CD - 
A:GLU261:OE1 

3.63828 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:LYS12:CE - 
A:MET252:O 

3.11793 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:PRO141 - A:LEU15 4.27452 Hydrophobic Alkyl Alkyl Alkyl 

A:VAL257 - A:LYS12 5.38401 Hydrophobic Alkyl Alkyl Alkyl 

A:LEU262 - A:LEU10 5.44374 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO401 - A:MET14 5.38128 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA402 - A:PRO11 4.08387 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BaCf3 with 1Suk 

Name Distance Category Types from chem 
To 

chemistry 

A:ALA405 - A:MET7 5.26735 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA405 - A:PRO11 4.73364 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA405 - A:CYS13 4.38401 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA21 - A:MET251 4.54021 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:VAL87 5.26049 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:MET142 4.41994 Hydrophobic Alkyl Alkyl Alkyl 

A:CYS24 - A:LEU85 4.63144 Hydrophobic Alkyl Alkyl Alkyl 

A:PHE81 - A:CYS6 4.17266 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:PHE81 - A:LYS27 4.88927 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BaCf3 with 1Suk 
 

Name Distance Category Types from 
chem 

To chemistry 

A:PHE152 - A:PRO17 4.77991 Hydrophobic Pi-Alkyl 
Pi-
Orbitals Alkyl 

A:LEU85:HN - 
A:CYS24:SG 2.74741 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:LYS225:HZ1 - 
A:GLY18:O 1.66753 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:ARG253:HH22 - 
A:GLN25:OE1 1.69203 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:GLN397:HE22 - 
A:LEU15:O 2.29124 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:ARG400:HH22 - 
A:GLY1:O 2.13858 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:ARG400:HH22 - 
A:HIS3:NE2 2.16162 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:ASN2:HN - 
A:HIS160:NE2 2.18033 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:GLY8:HN - 
A:ALA405:O 2.20693 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 
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Interaction Table of BaCf3 with 1Suk 

Name Distance Category Types from chem To chemistry 

A:GLN19:HN - 
A:GLN250:OE1 2.81476 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:CYS24:SG - 
A:PHE81:O 2.68771 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:GLN25:HE22 - 
A:MET252:O 1.97279 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:GLY26:HN - 
A:GLU254:OE2 2.85014 Hydrogen Bond 

Conventional 
Hydrogen Bond H-Donor H-Acceptor 

A:GLY138:CA - 
A:ASP4:O 3.1782 Hydrogen Bond 

Carbon Hydrogen 
Bond H-Donor H-Acceptor 

A:HIS160:CE1 - 
A:ASN2:OD1 3.28494 Hydrogen Bond 

Carbon Hydrogen 
Bond H-Donor H-Acceptor 

A:PRO11:CD - 
A:GLU261:OE1 3.63828 Hydrogen Bond 

Carbon Hydrogen 
Bond H-Donor H-Acceptor 

A:LYS12:CE - 
A:MET252:O 3.11793 Hydrogen Bond 

Carbon Hydrogen 
Bond H-Donor H-Acceptor 

A:VAL87 - A:MET142 4.62653 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO141 - A:LEU15 4.27452 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BaCf3 with 1Suk 

Name Distance category Types 
from 

chemistry 
To chemistry 

A:VAL257 - A:LYS12 5.38401 Hydrophobic Alkyl Alkyl Alkyl 

A:LEU262 - A:LEU10 5.44374 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO401 - A:MET14 5.38128 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA402 - A:PRO11 4.08387 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA405 - A:MET7 5.26735 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA405 - A:PRO11 4.73364 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA405 - A:CYS13 4.38401 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA21 - A:MET251 4.54021 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:VAL87 5.26049 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:MET142 4.41994 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 

chemistry 
To chemistry 

A:ARG330:HH22 - 
A:GLU12:OE1 

2.0588 
Hydrogen Bond; 

Electrostatic 
Salt Bridge; 

Attractive Charge 
H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:ARG333:HH12 - 
A:GLU12:OE2 

1.82669 
Hydrogen Bond; 

Electrostatic 
Salt Bridge; 

Attractive Charge 
H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:ARG334:HH11 - 
A:GLU12:OE2 

1.94661 
Hydrogen Bond; 

Electrostatic 
Salt Bridge; 

Attractive Charge 
H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:ARG334:HH21 - 
A:GLU12:OE2 

1.84013 
Hydrogen Bond; 

Electrostatic 
Salt Bridge; 

Attractive Charge 
H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:ARG153:NH1 - 
A:GLU9:OE2 

2.63543 Electrostatic Attractive Charge Positive Negative 

A:ARG153:NH2 - 
A:GLU9:OE1 

5.0217 Electrostatic Attractive Charge Positive Negative 

A:ARG330:NH1 - 
A:GLU12:OE2 

5.0286 Electrostatic Attractive Charge Positive Negative 

A:ARG333:NH2 - 
A:GLU12:OE1 

5.29813 Electrostatic Attractive Charge Positive Negative 

A:ARG334:NH1 - 
A:GLU12:OE1 

4.43949 Electrostatic Attractive Charge Positive Negative 

A:LYS20:NZ - 
A:GLU462:OE1 

4.79 Electrostatic Attractive Charge Positive Negative 

A:LYS28:NZ - 
A:GLU243:OE1 

2.69541 Electrostatic Attractive Charge Positive Negative 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:GLN242:HN - 
A:PRO30:O 

2.09601 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HE - 
A:GLU12:OE1 

2.12445 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HH11 - 
A:SER11:O 

2.12281 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HH21 - 
A:SER11:O 

1.86451 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HE - 
A:GLU12:O 

2.64005 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HE - 
A:PRO13:O 

2.96152 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HH12 - 
A:GLY10:O 

2.25314 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HH22 - 
A:PRO13:O 

1.75797 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG153:CD - 
A:GLU9:OE1 

3.70627 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 

A:LEU241:CA - 
A:PRO30:O 

3.25136 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:ARG333:CD - 
A:GLU12:OE2 

3.27028 Hydrogen Bond Carbon Hydrogen Bond H-Donor 
H-
Acceptor 

A:ARG334:CD - 
A:GLU9:O 

3.61801 Hydrogen Bond Carbon Hydrogen Bond H-Donor 
H-
Acceptor 

A:GLY10:CA - 
A:GLU329:OE2 

3.01308 Hydrogen Bond Carbon Hydrogen Bond H-Donor 
H-
Acceptor 

A:ARG334 - 
A:MET6 

4.56361 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG334 - 
A:VAL14 

4.98904 Hydrophobic Alkyl Alkyl Alkyl 

A:ILE390 - 
A:MET6 

4.94935 Hydrophobic Alkyl Alkyl Alkyl 

A:LYS28 - 
A:LEU394 

5.12518 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU241 

4.59686 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU394 

4.89467 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS239 - 
A:ALA1 

4.49233 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:PHE389 - A:ILE29 5.10214 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:HIS8 - A:ARG153 5.17644 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:ARG330:HH22 - 
A:GLU12:OE1 

2.0588 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG333:HH12 - 
A:GLU12:OE2 

1.82669 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG334:HH11 - 
A:GLU12:OE2 

1.94661 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG334:HH21 - 
A:GLU12:OE2 

1.84013 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG153:NH1 - 
A:GLU9:OE2 

2.63543 Electrostatic Attractive Charge Positive Negative 

A:ARG153:NH2 - 
A:GLU9:OE1 

5.0217 Electrostatic Attractive Charge Positive Negative 

A:ARG330:NH1 - 
A:GLU12:OE2 

5.0286 Electrostatic Attractive Charge Positive Negative 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:ARG333:NH2 - 
A:GLU12:OE1 

5.29813 Electrostatic Attractive Charge Positive Negative 

A:ARG334:NH1 - 
A:GLU12:OE1 

4.43949 Electrostatic Attractive Charge Positive Negative 

A:LYS20:NZ - 
A:GLU462:OE1 

4.79 Electrostatic Attractive Charge Positive Negative 

A:LYS28:NZ - 
A:GLU243:OE1 

2.69541 Electrostatic Attractive Charge Positive Negative 

A:GLN242:HN - 
A:PRO30:O 

2.09601 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 

A:ARG330:HE - 
A:GLU12:OE1 

2.12445 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 

A:ARG330:HH11 - 
A:SER11:O 

2.12281 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 

A:ARG330:HH21 - 
A:SER11:O 

1.86451 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 

A:ARG334:HE - 
A:GLU12:O 

2.64005 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 

A:ARG334:HE - 
A:PRO13:O 

2.96152 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor 
H-
Acceptor 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types from chemistry 
To 
chemistry 

A:ARG334:HH12 - 
A:GLY10:O 

2.25314 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG334:HH22 - 
A:PRO13:O 

1.75797 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG153:CD - 
A:GLU9:OE1 

3.70627 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:LEU241:CA - 
A:PRO30:O 

3.25136 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG333:CD - 
A:GLU12:OE2 

3.27028 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:CD - 
A:GLU9:O 

3.61801 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:GLY10:CA - 
A:GLU329:OE2 

3.01308 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334 - 
A:MET6 

4.56361 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG334 - 
A:VAL14 

4.98904 Hydrophobic Alkyl Alkyl Alkyl 

A:ILE390 - 
A:MET6 

4.94935 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types from chemistry 
To 
chemistry 

A:LYS28 - 
A:LEU394 

5.12518 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU241 

4.59686 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU394 

4.89467 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS239 - 
A:ALA1 

4.49233 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:PHE389 - 
A:ILE29 

5.10214 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:HIS8 - 
A:ARG153 

5.17644 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:ARG330:HH22 
- A:GLU12:OE1 

2.0588 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG333:HH12 
- A:GLU12:OE2 

1.82669 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG334:HH11 
- A:GLU12:OE2 

1.94661 
Hydrogen 
Bond;Electrostatic 

Salt Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:ARG153:NH1 
- A:GLU9:OE2 

2.63543 Electrostatic Attractive Charge Positive Negative 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:ARG153:NH2 
- A:GLU9:OE1 

5.0217 Electrostatic Attractive Charge Positive Negative 

A:ARG330:NH1 
- A:GLU12:OE2 

5.0286 Electrostatic Attractive Charge Positive Negative 

A:ARG333:NH2 
- A:GLU12:OE1 

5.29813 Electrostatic Attractive Charge Positive Negative 

A:ARG334:NH1 
- A:GLU12:OE1 

4.43949 Electrostatic Attractive Charge Positive Negative 

A:LYS20:NZ - 
A:GLU462:OE1 

4.79 Electrostatic Attractive Charge Positive Negative 

A:LYS28:NZ - 
A:GLU243:OE1 

2.69541 Electrostatic Attractive Charge Positive Negative 

A:GLN242:HN - 
A:PRO30:O 

2.09601 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HE - 
A:GLU12:OE1 

2.12445 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HH1
1 - A:SER11:O 

2.12281 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG330:HH2
1 - A:SER11:O 

1.86451 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types 
from 
chemistry 

To 
chemistry 

A:ARG334:HE - 
A:GLU12:O 

2.64005 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HE - 
A:PRO13:O 

2.96152 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HH12 - 
A:GLY10:O 

2.25314 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG334:HH22 - 
A:PRO13:O 

1.75797 Hydrogen Bond 
Conventional Hydrogen 
Bond 

H-Donor H-Acceptor 

A:ARG153:CD - 
A:GLU9:OE1 

3.70627 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 

A:LEU241:CA - 
A:PRO30:O 

3.25136 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 

A:ARG333:CD - 
A:GLU12:OE2 

3.27028 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 

A:ARG334:CD - 
A:GLU9:O 

3.61801 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 

A:GLY10:CA - 
A:GLU329:OE2 

3.01308 Hydrogen Bond Carbon Hydrogen Bond H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 1Suk 

Name Distance Category Types from 
chemistry 

To chemistry 

A:ARG334 - 
A:MET6 

4.56361 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG334 - 
A:VAL14 

4.98904 Hydrophobic Alkyl Alkyl Alkyl 

A:ILE390 - 
A:MET6 

4.94935 Hydrophobic Alkyl Alkyl Alkyl 

A:LYS28 - 
A:LEU394 

5.12518 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU241 

4.59686 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO30 - 
A:LEU394 

4.89467 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS239 - 
A:ALA1 

4.49233 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:PHE389 - 
A:ILE29 

5.10214 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:HIS8 - 
A:ARG153 

5.17644 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BaCf3 with 3DKC 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:GLY1:N - 
A:ASP1222:OD2 

4.77538 Electrostatic 
Attractive 
Charge 

Positive Negative 

A:LYS1110:HZ2 - 
A:GLY1:O 

1.65507 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:TYR1159:HH - 
A:ASP4:O 

1.89269 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:MET1160:HN - 
A:ASP4:OD1 

1.99733 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1166:HH11 - 
A:GLY20:O 

1.84663 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN1167:HD22 - 
A:MET14:O 

1.99758 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1170:HE - 
A:ALA22:O 

1.98832 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1208:HH12 - 
A:GLY16:O 

2.01346 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY1:HT1 - 
A:ARG1208:O 

2.5904 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY1:HT3 - 
A:ARG1208:O 

2.6753 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BaCf3 with 3DKC 

Name Distance Category Types from chemistry 
To 
chemistry 

A:GLY1:HT3 - 
A:MET1211:SD 

2.84219 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN2:HD22 - 
A:PRO1158:O 

2.79951 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY8:HN - 
A:HIS1094:NE2 

2.76022 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:CYS24:HN - 
A:ASN1167:OD1 

1.92629 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1208:CD - 
A:GLY16:O 

3.21796 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LYS1110:NZ - 
A:HIS3 

4.79493 Electrostatic Pi-Cation Positive Pi-Orbitals 

A:ASP4:OD1 - 
A:TYR1159 

3.52768 Electrostatic Pi-Anion Negative Pi-Orbitals 

A:VAL1092:CG2 - 
A:HIS3 

3.80476 Hydrophobic Pi-Sigma C-H Pi-Orbitals 

A:VAL1083 - A:PRO11 5.43489 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG1208 - A:LEU15 4.88084 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:ARG1166 4.06894 Hydrophobic Alkyl Alkyl Alkyl 
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Interaction Table of BaCf3 with 3DKC 

Name Distance Category Types from chemistry To chemistry 

A:ALA22 - 
A:ARG1170 

4.38351 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS1088 - 
A:PRO17 

5.37463 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:TYR1159 - 
A:MET7 

5.10853 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:LYS1110:HZ1 - 
A:ASP1222:OD2 

1.77636 
Hydrogen 
Bond;Electrostatic 

Salt 
Bridge;Attractive 
Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS1110:HZ3 - 
A:ASP1222:OD1 

1.69744 
Hydrogen 
Bond;Electrostatic 

Salt 
Bridge;Attractive 
Charge 

H-
Donor;Positive 

H-Acceptor; 
Negative 

A:GLY1:N - 
A:ASP1222:OD2 

4.77538 Electrostatic Attractive Charge Positive Negative 

A:LYS1110:HZ2 - 
A:GLY1:O 

1.65507 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:TYR1159:HH - 
A:ASP4:O 

1.89269 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:MET1160:HN - 
A:ASP4:OD1 

1.99733 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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    Interaction Table of BaCf3 with 3DKC 

Name Distance Category Types from chemistry To chemistry 

A:ARG1166:HH11 
- A:GLY20:O 

1.84663 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN1167:HD22 
- A:MET14:O 

1.99758 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1170:HE - 
A:ALA22:O 

1.98832 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1208:HH12 
- A:GLY16:O 

2.01346 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY1:HT1 - 
A:ARG1208:O 

2.5904 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY1:HT3 - 
A:ARG1208:O 

2.6753 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY1:HT3 - 
A:MET1211:SD 

2.84219 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN2:HD22 - 
A:PRO1158:O 

2.79951 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY8:HN - 
A:HIS1094:NE2 

2.76022 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:CYS24:HN - 
A:ASN1167:OD1 

1.92629 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BaCf3 with 3DKC 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:ARG1208:CD - 
A:GLY16:O 

3.21796 
Hydrogen 
Bond 

Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LYS1110:NZ - 
A:HIS3 

4.79493 Electrostatic Pi-Cation Positive Pi-Orbitals 

A:ASP4:OD1 - 
A:TYR1159 

3.52768 Electrostatic Pi-Anion Negative Pi-Orbitals 

A:VAL1092:CG2 - 
A:HIS3 

3.80476 Hydrophobic Pi-Sigma C-H Pi-Orbitals 

A:VAL1083 - A:PRO11 5.43489 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG1208 - A:LEU15 4.88084 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:ARG1166 4.06894 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA22 - A:ARG1170 4.38351 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS1088 - A:PRO17 5.37463 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:TYR1159 - A:MET7 5.10853 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BpSl14 with 3DKC 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:ARG1114:HH21 
- A:GLU12:OE2 

1.95723 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-
Donor;Positive 

H-
Acceptor;Negative 

A:ARG1208:HH21 
- A:GLU9:OE2 

2.5165 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-
Donor;Positive 

H-
Acceptor;Negative 

A:LYS1244:HZ1 - 
A:GLU12:OE1 

1.95043 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-
Donor;Positive 

H-
Acceptor;Negative 

A:ARG1114:NH1 
- A:GLU12:OE1 

5.34765 Electrostatic Attractive Charge Positive Negative 

A:ARG1208:NH1 
- A:GLU9:OE2 

2.70558 Electrostatic Attractive Charge Positive Negative 

A:ARG1208:NH2 
- A:GLU9:OE1 

4.50715 Electrostatic Attractive Charge Positive Negative 

A:ARG1086:HH22 
- A:PRO16:O 

1.87377 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1170:HE - 
A:LYS28:O 

2.04012 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1170:HH22 
- A:LYS28:O 

1.80494 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN1288:HD21 
- A:GLU7:OE2 

2.8391 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 3DKC 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:HIS1088:CE1 - 
A:GLU9:OE2 

3.5173 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY10:CA - 
A:LYS1244:O 

3.23421 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG1166:NH1 - 
A:PHE5 

3.26847 Electrostatic Pi-Cation Positive Pi-Orbitals 

A:LYS1248:NZ - 
A:HIS8 

4.93842 Electrostatic Pi-Cation Positive Pi-Orbitals 

A:GLU9:C,O;GLY10:N 
- A:HIS1088 

4.3237 Hydrophobic 
Amide-Pi 
Stacked 

Amide Pi-Orbitals 

A:VAL1083 - 
A:PRO19 

4.82325 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG1086 - 
A:PRO16 

4.79523 Hydrophobic Alkyl Alkyl Alkyl 

A:ARG1170 - A:ILE29 5.4775 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA1354 - 
A:PRO30 

4.21004 Hydrophobic Alkyl Alkyl Alkyl 

A:ALA1 - A:PRO1285 5.25798 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS1088 - A:MET6 5.40475 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BaCf3 with 5E8T 

Name Distance Category Types from chemistry 
To 
chemistry 

A:ARG215:HE - 
A:ASN2:OD1 

2.06259 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG215:HH11 - 
A:GLY1:O 

3.03306 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG215:HH12 - 
A:ASN2:OD1 

1.75958 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG240:HE - 
A:CYS5:O 

1.93284 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG240:HH12 - 
A:CYS5:O 

2.03863 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ARG240:HH22 - 
A:LYS27:O 

2.14162 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:SER241:HG - 
A:MET7:SD 

2.48056 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ALA368:HN - 
A:PRO11:O 

1.98892 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN370:HD22 - 
A:CYS13:O 

2.12574 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LYS376:HZ1 - 
A:GLY1:O 

1.76502 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BaCf3 with 5E8T 

Name Distance Category Types from chemistry 
To 
chemistry 

A:ASP4:HN - 
A:ASP4:OD2 

2.02652 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN9:HN - 
A:ARG240:O 

2.31757 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN9:HE21 - 
A:GLU239:OE2 

1.99496 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LEU15:HN - 
A:ASN370:OD1 

2.0409 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:SER241:CA - 
A:MET7:O 

3.27753 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:HIS3:CE1 - 
A:HIS371:O 

3.3416 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLY8:CA - 
A:ARG240:O 

3.18192 Hydrogen Bond 
Carbon 
Hydrogen Bond 

H-Donor H-Acceptor 

A:MET7:SD - 
A:PHE216 

3.29862 Other Pi-Sulfur Sulfur Pi-Orbitals 

A:ALA368 - 
A:LYS12 

4.25136 Hydrophobic Alkyl Alkyl Alkyl 

A:PRO11 - A:ILE367 4.12716 Hydrophobic Alkyl Alkyl Alkyl 

A:HIS371 - 
A:PRO17 

5.02751 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:HIS3 - A:VAL373 4.77271 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Interaction Table of BpSl14 with 5E8T 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:ARG203:HH11 - 
A:GLU12:OE2 

1.83449 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS268:HZ1 - 
A:GLU9:OE1 

1.83883 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS268:HZ3 - 
A:GLU9:OE2 

1.80226 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:ARG203:NH2 - 
A:GLU12:OE1 

2.74568 Electrostatic Attractive Charge Positive Negative 

A:LYS28:NZ - 
A:GLU209:OE1 

5.47863 Electrostatic Attractive Charge Positive Negative 

A:LEU207:HN - 
A:PHE5:O 

2.76943 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:SER210:HN - 
A:LYS28:O 

1.92671 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN270:HD21 - 
A:HIS8:O 

1.90186 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN275:HE22 - 
A:GLU9:OE2 

2.02713 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:PRO30:CD - 
A:SER210:OG 

3.22257 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:CYS35:C - 
A:GLN208:O 

3.12744 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 5E8T 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:TRP220 - 
A:PHE5 

4.88304 Hydrophobic Pi-Pi T-shaped Pi-Orbitals Pi-Orbitals 

A:VAL206 - 
A:MET6 

4.4587 Hydrophobic Alkyl Alkyl Alkyl 

A:VAL206 - 
A:VAL14 

5.08216 Hydrophobic Alkyl Alkyl Alkyl 

A:TRP220 - 
A:ILE29 

5.30398 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:PHE5 - 
A:LEU207 

5.32961 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 

A:ARG203:HH11 - 
A:GLU12:OE2 

1.83449 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS268:HZ1 - 
A:GLU9:OE1 

1.83883 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS268:HZ3 - 
A:GLU9:OE2 

1.80226 
Hydrogen 
Bond;Electrostatic 

Salt Bridge; 
Attractive Charge 

H-Donor; 
Positive 

H-Acceptor; 
Negative 

A:LYS28:NZ - 
A:GLU209:OE1 

5.47863 Electrostatic Attractive Charge Positive Negative 

A:ARG203:HH22 - 
A:ARG203:O 

2.19709 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LEU207:HN - 
A:PHE5:O 

2.76943 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 
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Interaction Table of BpSl14 with 5E8T 

Name Distance Category Types 
from 
chemistry 

To chemistry 

A:SER210:HN - 
A:LYS28:O 

1.92671 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:LYS268:HN - 
A:GLN275:O 

1.92878 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:ASN270:HD21 - 
A:HIS8:O 

1.90186 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN275:HN - 
A:LYS268:O 

1.87634 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:GLN275:HE22 - 
A:GLU9:OE2 

2.02713 Hydrogen Bond 
Conventional 
Hydrogen Bond 

H-Donor H-Acceptor 

A:PRO30:CD - 
A:SER210:OG 

3.22257 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:CYS35:C - 
A:GLN208:O 

3.12744 Hydrogen Bond 
Carbon Hydrogen 
Bond 

H-Donor H-Acceptor 

A:TRP220 - A:PHE5 4.88304 Hydrophobic Pi-Pi T-shaped Pi-Orbitals Pi-Orbitals 
A:VAL206 - A:MET6 4.4587 Hydrophobic Alkyl Alkyl Alkyl 
A:VAL206 - 
A:VAL14 

5.08216 Hydrophobic Alkyl Alkyl Alkyl 

A:TRP220 - A:ILE29 5.30398 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
A:PHE5 - A:LEU207 5.32961 Hydrophobic Pi-Alkyl Pi-Orbitals Alkyl 
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Abstract The bacterial isolates from Centroscyllium

fabricii (deep sea shark) gut were screened for antagonistic

activity by cross-streak method and disc diffusion assay.

This study focuses on strain BTSS-3, which showed an-

timicrobial activity against pathogenic bacteria including

Salmonella Typhimurium, Proteus vulgaris, Clostridium

perfringens, Staphylococcus aureus, Bacillus cereus,

Bacillus circulans, Bacillus macerans and Bacillus pumi-

lus. BTSS3 was subjected to phenotypic characterization

using biochemical tests, SEM imaging, exoenzyme profil-

ing and antibiotic susceptibility tests. Comparative 16S

rDNA gene sequence analysis indicated that this strain

belonged to the genus Bacillus, with high (98 %) similarity

to 16S rDNA sequences of Bacillus amyloliquefaciens. The

chemical nature of the antibacterial substance was identi-

fied by treatment with proteolytic enzymes. The antibac-

terial activity was reduced by the action of these enzymes

pointing out its peptide nature. It was observed from the

growth and production kinetics that the bacteriocin was

produced in the eighth hour of incubation, i.e., during the

mid-log growth phase of the bacteria.

Keywords Bacillus amyloliquefaciens � Deep sea shark �
Bacteriocin � Phenotypic identification � Genotypic
identification

Introduction

Many bacteria elucidate antibacterial properties. The an-

tibacterial effect of bacteria is due to antibiotics, bacteri-

ocins, lysozymes, siderophores, proteases, and/or hydrogen

peroxide and the alteration of pH values by organic acids

produced either singly or in combination [1, 2]. Bacteri-

ocins are ribosomally synthesized peptides which kill

bacteria that are often closely related to the producer strain

[3]. They are heterogeneous compounds that display vari-

able molecular weights, biochemical properties, inhibitory

spectra and mechanisms of action [4]. They are found in

almost every bacterial species examined till date, and

within a species, different kinds of bacteriocins are pro-

duced [5, 6].

In fish, colonization of the microorganisms may start at

the egg and/or larval stage, and go on with the development

of the fish [7]. Thus, the numbers and range of microor-

ganisms present in the larval stage, on food and in water,

will influence the microbiota of the developing fish. Sev-

eral functions can be assigned to the resident symbiotic gut

microbiota. These include digestion of algal cells, provi-

sion of amino acids, and possibly prevention of coloniza-

tion by bacterial pathogens [8]. Bacteria particularly those

in the digestive tract, produce inhibitory compounds re-

sponsible for controlling the colonization of potential

pathogens in fish [9, 10]. Many studies have isolated bac-

teriocin and bacteriocin-like substances from fish associ-

ated bacteria. Vibrionaceae representatives, coliforms,

Bacillus sp. [11], Vibrio sp. [12] are a few among them.
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The present study aims at the screening and identifica-

tion of bacteriocin-producing culture-dependent bacteria

associated with deep sea fish gut. This study focuses on the

identification of the deep sea fish and the most potent

isolate, designated strain BTSS-3. The study also includes

monitoring of bacteriocin production kinetics.

Materials and Methods

Sampling of Deep Sea Organisms

The deep sea shark, Centroscyllium fabricii (KJ888145.1)

caught during the cruise no. 305 of FORV Sagar Sampada

using HSDT (High Speed Demersal Trawl) net from station

number 17 (8�11.400N and 75�54.900E) at a depth of 1000 m

was used. The gut contents of the deep sea fish were iso-

lated aseptically and diluted in a tenfold series, and a

100 lL sample of each dilution was spread onto Nutrient

Agar (Supplemented with 2 % NaCl) (HiMedia, Mumbai,

India). The plates were incubated at 28 �C for 1 week, and

all the isolated colonies were purified and maintained at

4 �C. The glycerol stocks were also made.

Bacterial Isolation and Screening for Antibacterial

Activity

The isolates were screened for antibacterial activity by cross-

streak method [13]. Also, the cell-free supernatants of the

cultures in Zobell marine broth (HiMedia), obtained by fil-

tering through 0.22-lm filter, were used to confirm the an-

tibacterial activity by disk diffusion method [14]. Twelve

hour old culture of test organisms (Table 1) grown in nutrient

broth (HiMedia) were swab-inoculated on Mueller–Hinton

agar (HiMedia) plates. Sterile filter paper discs (4 mm di-

ameter) loaded with 20 lL (total protein concentra-

tion = 3.88 mg/mL) of culture filtrate were placed on the

plates. Plates were incubated for 24 h at 37 �C, and the in-

hibition zones were measured. Un-inoculated Zobell marine

broth was used as control. Protein concentration was esti-

mated by Lowry’s method [15].

Ammonium Sulphate Precipitation and Action

of Proteolytic Enzymes

The cell-free supernatant was fractionated using ammoni-

um sulphate (0–30, 30–60 and 60–90 %) [16]. The pre-

cipitates obtained were dissolved in milliQ water and

dialysed using a 2-kDa benzoylated dialysis tubing (Sigma-

Aldrich, USA) against milliQ water at 4 �C for 36 h with

six changes of water. The activity of each fraction was

analysed. To confirm the presence of active peptide, the

effect of different enzymes such as proteinase K, trypsin,

and pepsin were mixed with the active fraction from am-

monium sulphate precipitation at final concentrations of 1

and 5 mg/mL. The mixture was incubated for 1 h at 37 �C
and used to check the activity.

Quantitative Estimation of Antibacterial Titres

by Critical Dilution Assay

Serial twofold dilutions were made from cell-free super-

natants (CFS) of the culture. From each dilution, 5 lL was

spotted on an indicator strain, swab-inoculated on Mueller–

Hinton Agar plate. The plates were incubated at the opti-

mum growth temperature of the indicator strain. The bac-

teriocin activity was expressed in activity units per mL

(AU/mL). One arbitrary unit (AU) of bacteriocin was de-

fined as 5 lL of the highest dilution yielding a zone of

growth inhibition on the indicator lawn [17]. The reciprocal

of the highest dilution was multiplied by 200 (1 mL/5 lL)
to obtain activity units per mL (AU/mL) [18].

Bacterial Characterization

Phenotypic Characterization

Gram staining was performed using a Gram-stain kit (Hi-

media, Mumbai) according to the manufacturer’s

Table 1 Antibacterial activity

of BTSS3
Test organisms NCIM no. Activity (AU/mL) Sp. activity (AU/mg)

Pseudomonas aeruginosa 2863 – –

Salmonella Typhimurium 2501 400 103.1918

Escherichia coli 2343 – –

Proteus vulgaris 2027 400 103.1918

Clostridium perfringens 2677 800 206.3836

Staphylococcus aureus 2127 800 206.3836

Bacillus cereus 2155 400 103.1918

Bacillus circulans 2107 800 206.3836

Bacillus macerans 2131 400 103.1918

Bacillus pumilus 2189 200 51.5959
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instructions. Cell motility was observed by the hanging-

drop method [19]. Different Biochemical tests were carried

out according to standard methods [20]. The optimal

growth temperature and pH of the media was determined

over a temperature range of 4–55 �C and pH 2–12, at 1 pH

unit intervals in Zobell Marine Broth. Tolerance to NaCl

was tested in minimal salt broth with varying NaCl con-

centrations of 0, 1, 2, 3, 4 and 5 % (w/v). Growth curve

was constructed. Antibiotic susceptibility tests were per-

formed using Combi 69 and G VIII plus octo-discs (Hi-

media, Mumbai). Carbohydrate utilization was tested using

HiIMVICTM (Himedia, Mumbai) kit according to the

manufacturer’s instructions. Growth of the organism was

studied by turbidimetry assay.

The cell morphology of the selected isolate was exam-

ined by field emission scanning electron microscopy

(JEOL/EO) operated at 20.0 kV and a magnification of

70009. One millilitre sample from 12-h old culture was

centrifuged at 80009g for 10 min. The pellet containing

cells was dissolved in 1 ml of sterile saline solution

(0.85 %, w/v) and fixed with equal volume of glutaralde-

hyde (2.5 %, v/v) for 4–5 h. Glutaraldehyde was removed

by centrifuging at 80009g for 10 min, and cells were de-

hydrated using different concentrations of acetone and fi-

nally dried in vacuum desiccator.

Genotypic Identification

Bacterial DNA was isolated according to the protocol de-

scribed by Ausubel et al. [21]. The 16S rRNA gene (1.5 kb

size) was amplified from the genomic DNA using thermal

cycler (Bio-Rad, CA, USA) with universal primers for 16S

rDNA [22]. PCR was carried out with an initial denatura-

tion at 94 �C for 1.5 min, followed by 35 cycles of [94 �C/
30 s, 56 �C/30 s, 72 �C/20] and a final extension at 72 �C
for 10 min.

Average Nucleotide Identity (ANI)

The ANI between the most similar sequences was calcu-

lated using J Species (V1.2.1) [23].

Agarose Gel Electrophoresis and Sequencing

PCR products were visualized on 1.5 % agarose gels, and

the most intense products were selected for sequencing by

ABI Prism 310 genetic analyser (Applied Biosystems,

Carlsbad, CA, USA) using big dye terminator kit. The

identity of the sequences was determined by comparing the

sequences in the NCBI database using Basic Local

Alignment Search Tool (BLAST) software [24]. The se-

quence was submitted to GenBank, and accession number

was secured.

Phylogenetic analysis was performed using MEGA

version 6.0 [25]. Clustering using the neighbour-joining

[26] were determined using bootstrap values based on

1,000 replicates.

Growth and Production Kinetics

Zobell marine broth was inoculated with Bacillus sp.

BTSS3 (inoculum 1 %, v/v) and incubated at 37 �C for

24 h in a rotary shaker. Growth was assessed by measuring

the optical density at 600 nm at 2 h intervals. Antibacterial

activity of each sample was assayed by the twofold dilution

method as described above. Protein concentration was es-

timated [15]. The specific activity was calculated as the

activity units per milligram of protein in the cell-free su-

pernatant (CFS).

Results and Discussion

Bacterial Isolation and Screening for Antibacterial

Activity

Among the one hundred and thirty-seven isolates obtained

by culture-dependent methods from fish gut, several were

observed to exhibit antibacterial potential. The cell-free

supernatant was subjected to ammonium sulphate pre-

cipitation and action of proteolytic enzymes.

Ammonium Sulphate Precipitation and Action

of Proteolytic Enzymes

The antibacterial substance was precipitated in the 0–30 %

ammonium sulphate fraction. The active fraction was

found to be affected by all the proteolytic enzymes used.

The activity was totally lost when the active fraction was

treated with trypsin and proteinase K, while 1 mg/mL of

pepsin could reduce the activity to 50 %. This leads to the

confirmation that the active substance is a peptide antibi-

otic generally termed as bacteriocin. The organism labelled

BTSS3 was identified as a bacteriocin producer and se-

lected for further studies. The antibacterial spectrum of

BTSS3 was quantified by twofold dilution method and is

represented in Table 1.

Phenotypic Characteristics

Strain BTSS3 was observed as Gram-stain positive, spore-

forming, rod-shaped motile bacteria, which could grow at

varying concentrations (0–5 %) of NaCl and 8–42 �C,
(optimum 30–42 �C). Strain BTSS3 could tolerate pH of

4–9. The detailed biochemical characteristics are mounted

in Table 2. The organism was found to be sensitive to most

Probiotics & Antimicro. Prot. (2015) 7:157–163 159
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of the antibiotics tested. The scanning electron microscopic

analysis showed that the isolate was phenotypically ho-

mogeneous with rod-shaped cells with an average length of

1.41 lm and an average breadth of 673.6 lm (Fig. 1).

From the growth curve (Fig. 2), it was observed that the

exponential growth started after two hours of incubation

and the generation time of the bacteria was 120 min.

The antibiotic susceptibility test showed that the or-

ganism is sensitive to all the antibiotics tested, except

bacitracin (Table 3). Kinetic studies of bacteriocin showed

that the production starts in the mid-log phase with max-

imum production after 8 h of incubation. The activity de-

clined as the culture reached stationary phase.

Genotypic Identification

Comparative 16S rDNA gene sequence analysis indicated

that strain BTSS3 belongs to the genus Bacillus, with high

(98 %) similarity to 16S rDNA sequences of Bacillus

amyloliquefaciens. The sequence was submitted to Gen-

Bank, and the accession number is KF018921.1. The

phenotypic characterization also confirmed the identifica-

tion of strain BTSS3 as KJ870199.1 B. amyloliquefaciens

B9. The phylogeny based on partial 16S rDNA sequences

of strain BTSS3 and related Bacillus sp. is shown in Fig. 3.

The optimal tree with the sum of branch length =

5.61153123 is shown. The analysis involved six nucleotide

sequences. Codon positions included were 1st ? 2nd ?

3rd ? Noncoding. All positions containing gaps and

missing data were eliminated. There were a total of 894

Table 2 Biochemical characteristics of the strain BTSS3

Biochemical characteristics of the organism

Gram-staining ?

Shape Short rod

Indole production -

Methyl red -

Voges Proskauer -

Citrate utilization -

Triple sugar iron test Alkaline

MoF test Fermentative

Catalase ?

Urea utilization ?

Starch utilization ?

Casein hydrolysis ?
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Fig. 1 SEM image of Bacillus amyloliquefaciens BTSS3
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Fig. 2 Growth of Bacillus amyloliquefaciens BTSS3 and corre-

sponding production rate. Triangles indicate growth curve and

rhombus indicate bacteriocin production

Table 3 Antibiogram of the isolate BTSS3

Antibiotic Concentration Activity

Combi 69

Ciprofloxacin (CIP) 5 lg Sensitive

Ofloxacin (OF) 5 lg Sensitive

Sparfloxacin (SPX) 5 lg Sensitive

Gatifloxacin (GAT) 5 lg Sensitive

Aztreonam (AT) 30 lg Sensitive

Azithromycin (AZM) 15 lg Sensitive

Vancomycin (VA) 30 lg Sensitive

Doxycycline Hydrochloride (DO) 30 lg Sensitive

G VIII Plus

Bacitracin (B) 10 Unit Resistant

Chloramphenicol (C) 30 lg Sensitive

Co-Trimoxazole (COT) 25 lg Sensitive

Penicillin-G (P) 10 Unit Sensitive

Polymyxin-B (PB) 300 Unit Sensitive

Gentamicin (GEN) 10 lg Sensitive

Neomycin (N) 30 lg Sensitive

Tetracycline (TE) 30 lg Sensitive
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positions in the final dataset. It shows that the bacteria

come under B. amyloliquefaciens.

Discussion

Marine environment represents a largely untapped source

for isolation of new microorganisms with potential to

produce bioactive compounds. The host organism synthe-

sizes these compounds as primary or secondary metabo-

lites, to protect themselves and to maintain homeostasis in

their environment. Marine bacteria constitute ap-

proximately 10 % of the living biomass of carbon in the

biosphere [27]. However, only a small percentage of

marine bacteria have been studied for their bioactive

potential.

The fish gut acts a microenvironment for bacteria since

it facilitates the growth of a mixture of microorganisms

both pathogenic and probiotic. Deep sea fishes are the least

explored area for research. The environments in which they

survive are also less explored. The screening has pointed

towards the presence of several bacteria with antimicrobial

activity in the deep sea fish gut. Moreover, the strain

BTSS3 showed activity against almost all the Gram-posi-

tive bacteria tested.

According to Sugita et al. [28], 11.2 % of the bacteria

isolated from fish intestine could inhibit fish pathogens.

Smith and Davey [29] reported that Pseudomonas

fluorescence isolated from fish, reduced diseases caused by

Aeromonas salmonicida. Austin et al. [30] too observed

that Vibrio alginolyticus, when used as a probiotic strain,

reduced diseases caused by A. salmonicida, V. anguillarum

and Vibrio ordalii. These reports strongly suggest the ef-

fective control of microbiota in the fish intestine by using

antibiotic-producing bacteria. The results suggest that B.

amyloliquefaciens BTSS3 may be a suitable candidate as a

biocontrol agent in fish intestines and culture water.

The action of proteolytic enzymes on the antibacterial

compound strongly points out the presence of peptide

antibacterial substance, indicating that the compound is a

bacteriocin. The antibacterial substance produced by

Bacillus licheniformis P40 was identified as bacteriocin-

like substance by the action of proteolytic enzymes [31]. In

1982, Hoyt and Sizemore [32] showed that harveyicin, an

antibiotic produced by Vibrio harveyi, was a proteinaceous

substance sensitive to trypsin and papain.

Bacillus species are found in diverse environments such

as soil and clays, rocks, dust, aquatic environments,

vegetation, food and the gastrointestinal tracts of various

insects and animals [33]. Bacillus species produce a large

number of bacteriocins, subtilosin by B. amyloliquifaciens

[34], haloduracin by B. halodurans [35], thuricin by B.

thuringiensis [36], bacillocin 490 by B. licheniformis [37],

cerein by B. cereus [38], and subtilin by B. subtilis [39], all

of which are mostly active against Gram-positive organ-

isms. They are widely used in industrial and agricultural

production because of their ability to produce various en-

zymes [40], antimicrobial compounds [41], and so on.

The kinetic study shows that the bacteriocin production

is growth related. Maximum production occured after 8 h

of incubation; during the mid-log phase of the growth

curve. Thus, the bacteriocin can be considered as the pri-

mary metabolite of the organism like the BLS and bacte-

riocins produced by Bacillus licheniformis P40 [31],

Enterococcus faecium [42] and Lactobacillus amylovorus

[43] BL8 by B. licheniformis [44].

The activity reduced after the tenth hour. In a study by

Naclerio et al. [45], the bactericidal activity of bacteriocin

produced by Bacillus cereus appeared at the beginning of

stationary growth and declined after 2–3 h of its appearance.

The loss of activity may be due to the action of proteolytic

enzyme produced by the bacteria as indicated in Table 1. The

activity of the bacteriocin produced by BTSS3 was suscepti-

ble to proteolytic enzymes like trypsin, pepsin and proteinase

K. Such a reduction can be overcome by cloning and over

expression of the bacteriocin gene, which will be attempted.

These results suggest that B. amyloliquefaciens BTSS3

may be a suitable candidate as a biocontrol agent and its

Fig. 3 Phylogenetic tree

analysis of BTSS3. The

optimal tree with the sum of

branch length = 5.61153123 is

shown. The organism shows

more similarity to Bacillus

amyloliquefaciens B19
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potential as a probiotic in fish intestines and culture water

needs to be evaluated.
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