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CHAPTER 1 INTRODUCTION

Pseudomonas aeruginosa is a gram negative, opportunistic pathogen, which is an
inhabitant in broad host range and diverse environments due to its vast genome size
(Palleroni 1984; Stover et al., 2000). P. aeruginosa is associated with a number of
diseases in immuno-compromised hosts such as septicemia, myocarditis, pneumonia,
chronic lung infection, endocarditis, dermatitis and osteochondritis. Several studies,
illustrate that P. aeruginosa is equipped with a number of virulence factors which enable
them to penetrate the host immune system and intoxicate host cells leading to chronic
infections. These virulence factors include extracellular toxins (extracellular A,
phospholipase C and elastase), which cause severe damage of host tissue by their
enzymatic activity (Bitter, 2003). Other virulence factors are flagella, pili and alginate
which are responsible for the adherence of cells to the substratum (Arora et al., 1998).
Alginate helps in the formation of expolysaccharide, which provides protection to cells
from host clearance and from environmental stresses (Arora et al., 1998; Govan, and
Deretic. 1996; Manson et al., 1998; Mattick, 2002).

P. aeruginosa often exist in the form of biofilm in nature on biotic as well as on
the abiotic surfaces. Biofilm can also be formed on indwelling medical devices and
subcutaneous biomedical implants such as cardiac pacemakers, heart valves, urinary tract
prosthesis, peritoneal membranes and peritoneal dialysis catheters, vascular grafts and
stents, joint prostheses and cerebrospinal fluid stunts (O’Toole et al., 2000; Mah and
O’Toole 2001; Donlan and Costerton 2002). Biofilm is a complex community of
microorganisms in which microbes are embedded inside the matrix of exopolymeric
substances (Costertone et al., 1999; Davies 2003). Biofilm is made up of exopolymeric
substances (polysachharides, humic substances, nucleic acids, proteins and water) and
microbes (Casterton, 1978). Microbes acquire such kind of living style to protect
themselves from environmental stresses. Biofilm provide 100-1000 times more protection

to biofilm cells than the planktonic cells (Donlan and Costertone, 2002).
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Pseudomonas aeruginosa is well known for its ability to develop resistance
against most of the commercially available antibiotics. Several studies have suggested
that resistance could arise through several mechanisms, including antibiotic-modifying
enzymes and intrinsic resistance mechanisms (such as decreased outer membrane
permeability and up-regulation of multidrug efflux pumps). P. aeruginosa have lower
outer membrane permeability than any other gram negative bacteria and this feature
provides slow diffusion of drug through the outer membrane (Hancock, and Speert,
2000).

Another mechanism employed by P. aeruginosa is to pump out undesirable
chemicals, including anionic detergent and various antibiotics through a group of
membrane-localized multidrug efflux pumps which is found in various gram-negative
bacteria. To date, four such efflux pumps have been characterized in P. aeruginosa:
MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM; along with several
important regulatory factors (MexR/NalB, NfxB, NfxC/MexT, and MexZ), which

controls the expression of these genes (Hocquet et al., 2003).

Antibiotic modifying enzymes such as B-lactamase and aminoglycoside plays an
important role in antibiotic resistance mechanism of P. aeruginosa directly by modifying
or breaking down the antibiotic substrates. These enzymatic genes are commonly carried
by mobile genetic elements such as plasmids and transposons, and in other cases these

are chromosomally encoded (Bryan,1988).

However, the planktonic mode of life of these organisms can be controlled by the
application of the latest class of antibiotics with high dose, but biofilm cells cannot be
controlled. As we know biofilm embedded microbes are one thousand times more
resistant for any antimicrobial compound than the planktonic cells (Foley and Gilbert
1996; Donlan and Costerton, 2002). Thus, it is difficult to remove biofilm cells with
commercially available antimicrobials. Several protective mechanisms have been
proposed to explain the biofilm resistance, including impaired penetration of antibiotics
into the biofilm matrix, reduced growth rates of the bacteria within the biofilm, and an

induced expression of specific resistance genes (Costerton 1999; Gilbert et al., 2002;

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimyrao Ambedkar, University, Lucknow) 2|Page



Mah et al.,, 2003). Thus, the failure of antibiotics in the control of biofilm forming

pathogens has encouraged the researcher to search for the alternative methods.

Lytic bacteriophage has drawn the attention of researchers to control such type of
pathogens (Theil 2004; Skurnik et al., 2007). Bacteriophages are most abundant obligate
bacterial parasite with an estimate of about 10%* phage over 10%° bacteria (Whitman et al.,
1998; Rohwer and Edwards 2002). Bacteriophages were first observed by de’Herelle in
1919, and he introduced phages in the medical practices for the control of bacterial
pathogens. Hence, bacteriophage is not a new idea for the control of pathogens; it was
common in practice in the early 19™ century in many countries such as France, Georgia,
Soviet united and Russia. France was the pioneer country for the introduction of phages
in medical practices. Afterwards, many countries accepted that phage can help in
controlling pathogens until the discovery of antibiotics. But after the discovery of
antibiotics the use of phage therapy got limited due to lack of knowledge about the
pharmacokinetics and pharmacodynamics. Smith and Huggins rediscovered
bacteriophage therapy in 1980. Thereafter, phage therapy was accepted by Europe and
Asia in controlling pathogens. To date, phages and its cocktails are commercially
available.

Bacteriophage can control planktonic as well as sessile form of microbial growth.
Phage associated enzymes like dispersin B, depolymerases and alginases are helpful in
degrading the biofilm matrix (Hughes et al., 1998, Harper et al., 2014). Phages are self-
replicating with lot of advantages over antibiotics i.e. antibiotic acts only upon the
actively dividing cells while phages can lyse cells at any stage. Use of phage therapy is
an ecofriendly and economical technique.

Hence, in the present research, attempt has been made to control the biofilm
formation of multiple drug resistant P. aeruginosa isolates with isolated bacteriophages.
To see the impact of P. aeruginosa on the biofilm, first of all five multiple drug resistant
P. aeruginosa isolates were isolated from patients with burn wound infections.
Pathogenicity tests were performed to know about the pathogenicity of isolates. All the
isolates were high biofilm former; hence to control the biofilm of pathogens six lytic
bacteriophages were isolated from different sewage sources such as hospital drainage and

sewage treatment plant around Kanpur city and Ganges river water, Kanpur, Uttar
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Pradesh, India. All the phages were characterized for their stability to pH, and
temperature. Furthermore, electron microscopy of phages was performed to know the
morphology of phages. After characterization, phages were applied on the different
stages of biofilm formation and found that all the phage has potential to inhibit P.

aeruginosa biofilm at any stage, as verified by SEM and TEM studies.
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CHAPTER 2 REVIEW OF LITERATURE

2.1. About the P. aeruginosa

P. aeruginosa is a ubiquitous microorganism, can inhabit in broad environmental
conditions. It is an opportunistic pathogen, can cause number of infections in a wide
range of eukaryotic organisms including plants, invertebrates and vertebrates (Vasil,
1986; Rahme et al., 1995; Walker et al., 2004). Infections caused by P. aeruginosa can
either be acute or chronic (Furukawa et al., 2006). Acute infections such as ventilator-
associated pneumonia and urinary tract infections are characterized by rapid bacterial
growth, eventually followed by sepsis, and if untreated, frequently death of the host may
occur (Parrillo et al., 1990). Chronic infection such as cystic fibrosis, which is caused by
P. aeruginosa (Lee et al., 2005; Smith et al., 2006; Jelsbak et al., 2007). Infections are
often severe, life threatening and are very difficult to control because of the limited
susceptibility to antimicrobials, consequence of that emergence of high number of
antibiotic resistant microorganisms (Carmeli et al., 1999; Garner et al., 1988).
Emergence of antibiotic resistance in P. aeruginosa is a severe threat to the medical
society. Multiple drug resistance in pathogens is most common in fashion, which is a
consequence of uptake of irregular and intermittent dose of antibiotics. Details about the

drug resistance and their mechanism in bacteria have been discussed in the next section.
2.2. Emergence of Antibiotic resistance in P. aeruginosa

According to the survey of NNIS (National Nosocomial Infection Surveillance)
organization in 2004, the problem of emergence of antibiotic resistant P. aeruginosa is
increasing. High level of drug resistance is a consequence of de novo emergence of
resistance after exposure to a specific organism (Carmeli et al., 1999) as well as of
patient to patient spread of resistant organisms (Fridkin and Gaynes, 1999).
Accumulation of resistance after exposure to various antibiotics and cross-resistance

between agents may result in multidrug-resistance (MDR) P. aeruginosa. Usually, P.

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimrao Ambedkar University, Lucknow) 5|Page



aeruginosa employs a different type of mechanism to escape themselves from commercial

antibiotics.

2.3.Mechanism of antibiotic resistance in P. aeruginosa

Excessive and irregular use of antibiotics causes the emergence of multiple drug
resistance in bacteria. Microorganisms employ a number of mechanisms to defend
themselves from antibiotics. Resistance mechanism in bacteria can be acquired or
intrinsic in nature. In P. aeruginosa, intrinsic resistance mechanisms have been evolved
to protect themselves from antibiotics. According to Hancock and Speert (2000), efflux
mechanism in P. aeruginosa is the only important element of the intrinsic resistance
mechanism. Two efflux systems have been described, which have a role in the intrinsic
antibiotic resistance mechanism based on their apparent constitutive expression and the
influence of knockout mutations and inhibition. The first of these to be studied in the
MexAB-OprM system (Zhao, 1998). This system is a prototype of RND (resistance-
nodulation-division) system with a cytoplasmic pump protein, MexB, a periplasmic
linker protein, MexA, and an outer-membrane protein, OprM. Mutations that prevent
expression of any or all of these genes results in hyper-susceptibility to quinolones,
tetracyclines, chloramphenicol, sulfamethoxazole, trimethoprim, and some B-lactams, but
not aminoglycosides, erythromycin, polymyxins or imipenem and other p-lactams
(Nikaido, 1994: Zhao, 1998). On the other hand, another efflux pump operon, MexXY, in
apparent collaboration with OprM, was recently discovered and it has have the capability
to efflux many of the same substrates as MexAB-OprM, but have a primary role in
intrinsic resistance to aminoglycoside antibiotics and erythromycin (Aires et al., 1999;
Westbrock-Wadman 1999). Thus, mutation of MexXY led to increased susceptibility to
aminoglycoside and erythromycin antibiotics.

P. aeruginosa strains produce an AmpC-like inducible chromosomal B-lactamase that can
inactivate PB-lactams by hydrolysis (Hancock and Speert, 2000). Induction of this B-
lactamase, which occurs upon exposure to some B-lactams can result in increased
resistance to the other p-lactams. However, not all B-lactams are strong inducers.

According to some studies, the susceptibility of P. aeruginosa to some B-lactams (e.g.
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ceftazidime, cefepime, piperacillin and aztreonam) is more strongly influenced by efflux,
whereas susceptibility to others (imipenem and panipenem) is more strongly affected by
the presence of pB-lactamase, while a third group (ceftriaxone, meropenem and
moxalactam) is influenced only by knockout of both efflux and B-lactamase (Masuda,
1999; Nakae, 1999). In contrast, in depressed mutants, knockout of efflux has no
apparent effect. Acquired resistant mechanism in bacteria is a trait in which bacteria
previously sensitive to an antibiotic, display resistance further, either by mutation or
acquisition of DNA or a combination of the two ( VVogel et al., 2003).

Methods of acquiring antibiotic resistance in bacteria are further given below:

Krasovec and Jerman, (2003), reported that mutations in bacteria can be either
spontaneous or adaptive. Spontaneous mutation may be either by replication error or due
to DNA damage in actively dividing cell responsible for antibiotic resistance (Martinez
and Baquero, 2000). Several studies reported that mutations in the genes encoding the
targets of rifamycins and fluoroquinolones, i.e. RpoB and DNA-topoisomerases
respectively, results in resistance against those compounds (Mascaretti, 2003; Schwarz et
al., 1995). Prolonged exposure of bacterial species to sublethal concentration of antibiotic
switches a small population of bacteria to generate a brief state of high mutation
(Blazquez et al., 2012; Gullberg et al., 2011). This stage of mutation in bacteria is called
‘hypermutation’ in which they acquire to relieve the selective pressure, they grow,
reproduces and exits the state of high mutation rate (Dalhoff, 2012; Macia, 2005).
Krosovec and Jerman (2003) reported that, bacteria overcome such selective pressure
related problem by induction of a special type of SOS inducible mutator DNA
polymerase (pol) IV.

Hypermutation in bacteria play a significant role in the evolution of antibiotic resistance
and may also be responsible for the multi-resistant phenotype which has been reported in
several literature (Blazquez, 2003; Chopra et al., 2003; Malik et al., 2006; Mascaretti,
2003). These mutations, known as adaptive mutations, have been associated with the
evolution of antibiotic resistant mutants under natural conditions (Bjedov, et al., 2003;

Lewin et al., 1991; Tomasz and Munaz, 1995). Adaptive mutagenesis is regulated by the

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimrao Ambedkar University, Lucknow) 7|Page



stress responsive error prone DNA polymerase V (umuCD) and IV (dinB) (Patel et al.,
2010; Sutton et al., 2003; Rosche, 2009).

Bacterial biofilm also provide protection from environmental stresses and make the
embedded cells resistant to antibiotic 1000 fold more than planktonic cells (Donlan,
2002). Biofilm is the most preferable lifestyle of microbial cells; more than 99% of all
bacteria exist in nature as biofilms (Costerton, 1987). Biofilms are defined as an
assembly of microbial cells that are irreversibly associated with a surface (either inert or
living) and enclosed in a matrix of primarily polysaccharide material, which allow to
grow bacterial cells in that environment. The term biofilm was coined by Costerton in
1978. Since then, it has been well documented that biofilm-associated microbes differ
from their planktonic relatives in terms of the genes that are transcribed (Donlan, 2002).
In nature, biofilms constitute a protected growth modality that allows the bacteria to
survive in hostile environments. Bacteria can develop biofilm on a number of surfaces
such as indwelling medical devices and subcutaneous biomedical implants - cardiac
pacemakers, heart valve, urinary tract prosthesis, peritoneal membrane and peritoneal
dialysis catheters, vascular graft and stent, joint prostheses and cerebrospinal fluid stunts
living tissues, medical devices (Donlan, 2001; Flemming and Wingender, 2001). Biofilm
of medical implants is a serious cause of concern for medical practitioners, and it is very
difficult to control the biofilm of pathogens because biofilm cells are highly resistant than
planktonic cells for antimicrobial compounds. Along with these resistant mechanisms,
biofilm also contribute in the emergence of a multiple drug resistance in bacteria against
a range of antimicrobials. The details about the biofilm and its role in antimicrobial

resistance are given below.

2.4. Biofilm and its structure:

Formation of biofilm is characterized as the most prominent survival strategy of
microbes under the stressed condition. Nevertheless, the detailed studies of sessile
communities in different environments have led the conclusion that planktonic growth
of microbes rarely exists in nature (Costerton, 1999). Most of bacteria live in

microenvironment known as biofilm. EPS of biofilm, allow biofilm cells to grow by
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rendering it resistant against harsh environments, biofilm associated microbes differ
from planktonic cells with respect to their physical and molecular working mechanism
(Donlan, 2002).

Biofilm is composed of microbial cells and EPS. EPS of biofilm contains
polysaccharides, uronic acids, proteins, nucleic acids, lipids, phospholipids and humic
substances (Jahn and Nielsen, 1998; Sutherland, 2001; Wingender et al., 1999).
According to Tsuneda (2003), proteins and polysaccharides account for 75-89% of the
biofilm EPS composition, indicating that they are the major components. Bacterial
population in biofilms is accompanied by extracellular DNA (eDNA) (Dubnau, 1999;
Lorenz et al., 1991) and because most bacterial species bind to DNA, it appears that
eDNA may serve as a cell-to-cell interconnecting compound in many different biofilms.
However, exopolymers, outer membrane proteins and a variety of cell appendages such
as pili and flagella may also function as a part of the biofilm matrix. The components of
the biofilm matrix are usually, but not always, produced by the bacteria themselves. This
is why biofilm formation in natural and industrial environments allows bacteria to
develop resistance to amoebae, chemically diverse biocides, host immune responses and
antibiotics (Costerton, 1999). Biofilm science and engineering is an emerging field
which helps us in understanding the complexity of biofilm structure and their

characteristic (Costerton et al., 2003).
2.5. Steps of biofilm formation:

Biofilm formation is carried out in following steps as shown in Figure. 1
) Attachment to the surface
i) Formation of microcolonies (Facilitated by quorum sensing)
iii) Formation of Matrix (Facilitated by quorum sensing and molecular signaling)

iv) Formation of Macrocolony (Maturation of biofilm)

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimrao Ambedkar University, Lucknow) 9|Page



5) Dispersed of
Biofilm cells

Dispersal of biofilm
mediated by
secondary messenger
molecule released by
mature by biofilm

1) Attachment 1-Formation of 3) Formation of 4) Mature
Microcolony matrix biofilm

N N\

Adherence of bacteriatoa  Motility factor inhibited after ~ EPS and Quorum sensing
surface is mediated by its formation of microcolony molecule help in maturation
surface appendages like, consequence of inhibition of ~ of biofilm

flagella, pili, curli and OMPs swimming motility

Figure.1 Steps of biofilm formation

(i) Attachment to the surface:

The initial stage of biofilm formation is the attachment of planktonic cells to a surface.
The process of attachment is reversible and dynamic. During this stage bacteria may
rejoin or detached from the surface (Anderson et al., 2004; Banin et al., 2005; Wu and
Outten, 2009). This process is facilitated by repulsive and weak interaction forces.
Eventually the attachment of cells to surface gets irreversible. In some cases, pili is
involved in attaining the irreversible attachment to the surface. In P. aeruginosa type IV
pili facilitate the irreversible attachment (O'Toole and Kolter, 1987; Klausen et al., 2003).

EPS: EPS provides strength and hydrodynamic environment to the biofilm. EPS of
biofilm is very complex in nature and it is composed of humic substances,

polysaccharides, lipids, proteins and nucleic acids. It impart the three dimensional
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structure to the biofilm. EPS of biofilm is act as diffusion barrier which prevents the

penetration of any type of harmful substance inside the biofilm (Donlan, 2002).

(i) Formation of microcolonies: After attachment to the surface, bacteria start the
formation of microcolony. Microcolony facilitated by quorum sensing. Details about the

quorum sensing in bacteria is given bellow.

Quorum sensing: Bacterial biofilm is just like a house. As in a house, people use
different kind of language to communicate with each other, in the same manner bacteria
use quorum sensing based mechanism for communication. Quorum sensing is a density
based mechanism in which bacteria interact with each other through the chemical signal.
Quorum sensing is a vital component for the formation of biofilm. At high density,
microbes secrete autoinducer molecules in the extracellular environment, which turn on
the quorum sensing system (Kjelleberg and Molin 2002). Activation of quorum sensing
circuit occurs when the concentration of autoinducer exceeds beyond the threshold
(Fig.2). The luxl/luxR system is a prototype of a quorum-sensing system used by many
gram-negative bacteria (Henke and Bassler, 2004). The quorum sensing system is quite

different in gram positive and gram negative bacteria (figure. 2).
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The details of this system were first elucidated in the luminescent marine bacterium
Vibrio fischeri, in which quorum sensing regulates light production (Fuqua et al., 2001;
Losick et al., 2001). Bioluminescence in such bacterium is achieved when the cells reach
a threshold density in the system. Bioluminescence in V. fischeri is controlled by lux
genes (Henke and Bassler, 2004; Fuqua et al., 2001; Losick et al., 2001). At right side in
Lux operon, genes present which are required for the synthesis of autoinducer (Luxl) and
for bioluminescence. Lux gene is responsible for the production of autoinducer which
synthesizes N-(3 oxohexanoyl)-L-homoserine lactone (OHHL) (Losick et al., 2001 ).
Binding of the autoinducer to the N-terminal regulatory domain enhances multimer
formation by LuxR, which inducing the C-terminal domain to activate transcription from
both the Lux operons (Koch et al., 2005). Here the Lux CDE encode products that form
the multi enzyme complex which synthesizes aldehyde substrate utilized by luciferase.
Lux G gene encodes flavin reductase and is followed by a transcription termination site
(Nealson and Hastings, 1979).

Hybrid quorum sensing system:

Vibrio harveyi uses hybrid systems with components of both the gram-positive and gram-
negative prototype of quorum-sensing systems (Bassler, 2002; Bassler et al., 1993).
Hybrid quorum sensing system cause bioluminescence in V. harveyi (Bassler et al.,
1994), type 111 secretion in E. coli (Sperandio et al., 1999), production of virulence factor
vir B in Shigella (Day et al., 2001) and recently it has been proposed that dental bacteria
use this system for biofilm formation (Li et al., 2002; McNab et al., 2003). In this
systems, Acyl Homoserine Lactone (AHL) -type autoinducers are present. In addition to
the AHL-type autoinducers, which is species specific, an interspecies autoinducer called
Al-2, a furonosyl borate ester, has been also identified as a signaling molecules for hybrid

guorum-sensing systems (Henke and Bassler, 2004).
Quorum sensing system in Gram Positive bacteria:

Gram positive bacteria use secretary proteins as an autoinducer molecule for activation of
guorum sensing system. Different bacterial species such as Bacillus subtilis,

Staphylococcus aureus and Streptococcus pneumonia employ quorum sensing system to
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regulate phenotypic expression (Novick, 2003). When the density of microbial cells
reaches at a threshold level, then the secreted autoinducing peptide (AIP) signal is
detected by two component sensor kinase. This activates the response regulator,
facilitating DNA binding and alters the transcription of target genes involved in quorum
sensing (Novick et al., 1995).

AlP-deficient mutants form more robust biofilms than the wild-type strain (Vuong et al.,
2004; Yarwood et al., 2004), leading to the conclusion that the AIP gquorum-sensing
system negatively regulates biofilm formation. It has been observed that biofilm
formation in S. aureus is highly dependent on the glucose availability in culture medium.
Regassa et al., 1992 reported that S. aureus biofilm has gone detached in glucose
deficiency by increasing AIP level and activating agr quorum-sensing system. This may
be partially supported that glucose is necessary supplement carbon source for S. aureus
biofilm formation (Boles and Horswill, 2008).

Quorum sensing in Gram Negative Bacteria

In gram negative bacteria, quorum sensing system play vital for expression of virulence
traits. In P. aeruginosa quorum sensing system comprises two circuits Las and Rhl which
used N-acyl homoserine lactone signal molecules 30C12-HSL and C4-HSL respectively
(Chugani and Greenberg, 2015) for signalling. Acyl homoserine lactone (AHL) type of
quorum sensing system is involved in direct interaction with plants and animals (Parsek
et al., 1999). AHLs are synthesized by enzymes, which are member of Luxl family of
acyl-HSL synthases (Fuqua et al., 1994; Schaefer et al., 1996; Parsek et al., 1999; Fuqua
et al., 2001). Different Luxl homologs generate different acyl-HSLs. P. aeruginosa
produces Rhll, primarily catalyzes the synthesis of N-butyryl- HSL (C4-HSL), and Lasl
directs the synthesis of N-(3-oxododecanoyl)-HSL (30C12-HSL) (More et al., 1996).
Acyl-HSL signaling is critical for virulence in the plant pathogen Erwinia carotovora
(Schaefer et al., 2001) and for virulence of P. aeruginosa in mouse models of lung
(Pirhonnen et al.,, 1993), in burn infections (Tang et al., 1996), in invertebrates
(Rumbaugh et al., 1999), and in plants (Tan et al., 1999). LasR is a transcriptional
regulator that responds primarily to Lasl generated signal and 30C12-HSL, while RhIR
responds best to the Rhll generated signal, C4-HSL (More et al., 1996). RhIR then
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activates expression of genes required for production of a variety of secondary
metabolites such as hydrogen cyanide and pyocyanin (Rahme et al., 1995). Quorum
sensing plays a very important role in biofilm formation in P. aeruginosa. Mutation in
Lasl imparts a dramatic change in biofilm formation by suppressing the synthesis of
30C12-HSL. Lasl mutant's biofilm formation is arrested after microcolony (More et al.,
1996).

Signaling inside biofilm at molecular level:

C-di GMP: Cyclic di-GMP is a secondary messenger molecule which controls biofilm
formation as well as virulence expression in a bacterial cell. Cyclic di-GMP was first
discovered as a regulator of cellulose synthesis in Glucoacetobacter xylinus and it
emerged as a major bacterial secondary messenger (Ross et al., 1990; Huang et al., 2003;
Rice et al., 2005; Romling et al., 2005). The intracellular concentration of cyclic di-GMP
is controlled by the GGDEF domain proteins with diguanylate cyclase (DGC) activity
and the EAL domain proteins with cyclic di-GMP-specific phosphodiesterase activity
(Huang et al., 2003). GGDEF domains catalyze the condensation of two molecules of
GTP to generate cyclic di-GMP, while the EAL domain catalyzes the hydrolysis of cyclic
di-GMP to generate dinucleotide 5'-pGpG.

EAL domain contains a large number of proteins. Several proteins which contain EAL
and GGDEF domains regulate virulence gene transcription, biofilm formation, motility
and adhesion in various pathogenic bacteria. VieA and CdgC proteins, which are
involved in biofilm formation, motility and virulence factor production in the human
pathogen Vibrio cholera (Tamayo et al., 2007; Jenal and Malone, 2006; Karatan et al.,
Lim et al., 2006). EAL domain protein was found to control lateral flagellar-gene
expression and swarming behaviour in Vibrio parahaemolyticus (Tischler and Camilli,
2004). In Salmonella enterica, the disruption of the EAL domain protein CdgR weakens
bacterial resistance to hydrogen peroxide and accelerates bacterial killing by
macrophages (Kim and McCarter, 2007). In the opportunistic pathogen P. aeruginosa,
the EAL domain-containing protein FimX controls twitching motility and biofilm
formation (Rice et al., 2005; Hisert et al., 2005) and the BifA protein controls biofilm
formation and swarming (Kazmierczak, et al.,, 2006). A systematic analysis of the
GGDEF and EAL domain proteins in P. aeruginosa identified several other EAL domain
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proteins as being involved in virulence expression and biofilm formation (Hisert et al.,
2005; Kuchma et al., 2007).

(IV) Maturation:

Microcolony of bacterial biofilm is converted to mature form by multiplication of cells
and secretion of polymeric substances. Quorum sensing also play a very important role in
the maturation of biofilm. Klausen et al., (2003) showed non-motile and a migrating
subpopulation of P.aeruginosa, which formed stalks, while the motile subpopulation
which formed mushroom-shaped caps on these stalk by migrating with type IV pili. Boles
et al., (2004) reported functional diversification of P. aeruginosa cells in the biofilm,
with a subpopulation which form a wrinkle colony on the agar surface while another form
a mini colony. The matured biofilm is characterized by a complex architecture (Davey et
al., 2003; Boles et al., 2004; Wood et al., 2010).

V) Dispersal of biofilm:

There are several factors which are responsible for the dispersal of biofilm for eg. oxygen
and , nutrient depletion and presence of toxins (Bridier et al., 2011; Sauer et al., 2004;
Rowe et al., 2010; Hong et al., 2010). Biofilm can be dispersed in the form of bulk and
in the form clumps from the attached surface. Nutrient depletion can also be cause of
dispersal of biofilm in Pseudomonas species (Karatan and Watnick, 2009; Hunt et al.,
2004). Bacteriophage associated enzyme can also dissolved the matrix of biofilm, which
eventually leads to dispersal of biofilm (Gjermansen et al., 2005). Secondary messenger
molecule cyclic-di GMP plays a pivotal role in the formation of biofilm but reduced the
level of these molecule switch the cells sessile form to planktonic form (Hanlon et al.,
2001; Boles et al., 2004; Morgan et al., 2006; Pruss et al., 2006).

2.6. Significance of Biofilm:

Persistent infection is a global problem for medical practitioners, and it is reported that

biofilm play a significant role in persistant infections. Bacterial cells that cause
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infections, affect internal organs such as P. aeruginosa affects lungs (cystic fibrosis;
Barraud et al., 2009), E. coli causes urinary tract infections (Klausen et al., 2003) and
Mycobacterium tuberculosis causes human tuberculosis (Ojha et al., 2008) have been
associated with biofilm formation. A spectrum of indwelling medical devices or other
devices used in the healthcare have been shown to harbor biofilms, resulting in
measurable rates of device associated infections (Donlan, 2001). The role of biofilms in
the contamination of medical implants has been well established. Early electron
microscopic studies of medical implants revealed the signs of bacteria residing in the
form biofilms (Neu et al., 1994; Busscher et al., 1998; Gristina et al., 1988; Singh et al.,
2000).

It is evident that bacterial biofilms on prosthetic valves are the leading cause of
endocarditis in patients who have undergone heart valve replacement. Amongst patients
who develop these infections have high mortality rate of about 70% (Nickel et al., 1987).
Millions of catheters (e.g., central line, intravenous and urinary catheters) used in the
medical field are potential source of infection and ideal surfaces for the formation of
biofilm. Biofilm formation can also occur on contact lenses and these biofilms are
thought to contribute keratitis (Hyde et al., 1998; Gorlin et al., 1996; Elder et al., 1995).
Another example of a biofilm-mediated infection is chronic ear infection (otitis media).
These infections are often caused by biofilm bacteria (McLaughlin-Borlace et al., 1998).

Thus, biofilms are the major cause of damage in medical and social resources every year.

2.7. Resistance Mechanism of biofilm against antimicrobial compounds:

The bacterial cells enclosed within the biofilm matrix are extremely resistant to antibiotic

treatment. Such resistance can be explained hypothetically given by (Figure.3).
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Figure.3 Biofilm resistance mechanisms

1) EPS of biofilm acts as a physical/chemical barrier, thus preventing many
antimicrobials (Dingman et al., 1998; Costerton et al., 1995; O’Toole et al., 2000;
Lewis, 2001). Moreover, EPS is negatively charged due eDNA and functions as an
ion-exchange resin which is capable of binding a large number of the antibiotics such
as streptomycin, gentamicin, tobramycin and neomycin and tetracycline (Chopra et
al., 1992) etc. have positive charge that are attempting to reach the embedded biofilm
cells.

2) Embedded biofilm bacteria generally not divide rapidly, virtually antibiotics only act
on rapidly dividing cells (Thien and O’toole, 2001; Brown et al., 1998; Wingender et
al., 1999). Slow growth rate inactivates the RelA protein which regulates synthesis of
ppGpp. In bacterial cells, ppGpp inhibits the anabolic processes as well as suppresses
the activity of autolysin, SLT, which makes cells resistant to antibiotic and autolysin
respectively (Wentland et al., 1996; Betzner et al., 1990; Cashel et al., 1996).
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3) EPS of biofilm matrix contains the B lactamase enzyme in the immobilized form,
which degraded B lactame antibiotics. Biofilm of P. aeruginosa contain 32 times more
B lactamase enzyme than the planktonic cells (Prakash et al., 2003).

4) Up to 40% of the cell-wall protein composition of bacteria in biofilms is altered from
planktonic cells (Tuomanen et al., 1986; Costerton et al., 1995). The membranes of
bacteria embedded in biofilm might be better equipped to pump out antibiotics to
protect themselves from the antimicrobials.

5) Biofilm matrix deactivates antimicrobials faster than its diffusion, for example,
reactive oxidants such as hypochlorite and hydrogen peroxide (Costerton et al., 1995;
Lewis, 2001; Potera, 1999; Chen and Stewart, 1996; De Beer et al., 1994). These
antimicrobial oxidants are product of the oxidative burst of phagocytic cells and poor
penetration of these may partially account for the inability of phagocytic cells to
destroy biofilm microorganisms.

6) Biofilms also provide an ideal environment for the exchange of extrachromosomal
DNA (Plasmid) responsible for antibiotic resistance, virulence factors and survival
capabilities at accelerated rates, all these things make it prefect milieu for emergence
of drug resistance pathogens (Donlan, 2002; Collet et al., 2007; Xu et al., 1996).

7) Formation of persister cells inside the biofilm provides resistance against antibiotics
(Hausner, and Wuertz, 1999). Persister cells are characterized as non growing cells.
However, the target of antibiotics is actively dividing cells (Lewis, 2010). They are
extremely resistant to antibiotics as well as host immune response (Jayaraman, 2008).

9) Quorum sensing system in bacterial biofilm contributes in antibiotic tolerance and

resistance to the host immune system (Lewis, 2008).

2.8. Characteristics of biofilm that can be important in infectious disease processes
include-
a) detachment of cells or biofilm aggregates may result in bloodstream or urinary tract
infections or the production of emboli (Dufour et al., 2012).
b) increased resistance to antimicrobials and immune system: Cells may additionally

exchange resistance plasmids within biofilm leading to exaltation of virulence factors,
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or antibiotic resistance (Raad et al.,1992; Murga et al., 2001; Sedor et al., 1999;
Donlan, 2000).

c) production of toxins: Gram negative bacteria within the biofilm produce endotoxins
(Sedor and Mulholland, 1999). Endotoxins can transport in the dialysis membrane of
dialyzer through dialysate in hemodialysis patients (Vincentet al., 1989).
Measurement of the level of endotoxin in the hemodailysis tube indicates a correlation
with bacterial colonization (Holland et al., 2000). Endotoxin release from the biofilm
increase the biocompatibility of dialysis fluid and leads to chronic inflammatory
complications in patients (Marion-Ferey et al., 2005).

d) Quorum sensing systems contribute in expression of multiple virulence factors in

microorganism (Lewis, 2008).

2.9. Strategies used for the control of biofilm:

Bacterial biofilm are very difficult to control or eradicate from surfaces, therefore for
the removal of biofilm alternative approaches of conventional antibiotics have been
used.

There are a range of small molecular compounds which can inhibit the biofilm
formation of gram positive as well as gram negative bacteria. Opperman et al. (2009),
screened a number of molecules and found that aryl rhodanines inhibit the early stage
of biofilm formation in gram positive and gram negative bacteria. Sambanthamoorthy
et al., (2011) reported that benzimidazole inhibit the biofilm formation by inhibition of
second messenger molecule C-di GMP. Davies and Marques, 2009, reported dispersal
of biofilm by cis-2-decenoic acid.

Brominated furanones is a natural compound isolated from the marine algae Delisea
pulchra that have very good antibiofilm property against S. aureus, P. aeruginosa,
Enterococcus feacalis, S. mutan, S. epidermidis (Pereira et al., 2014). cis-9-
octadecenoic acid also exhibits very good antibiofilm activity, which is isolated from
rhizospheric bacterium Stenotrophomonas maltophilia BJO1 (Singh et al., 2013).

Many heavy metals also have antimicrobial activity and can inhibit biofilm formation,

for example, silver ion inhibits the biofilm formation; but biofilm matrix proteins
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degrade silver ions. Application of silver nanoparticles for the control of bacterial
biofilm is a good approach. Thuptimdang et al., 2015 reported that biofilm is more
susceptible for nanoparticle when EPS is stripped from it. Kalishwarlal et al., 2010
reported that biofilm formation of P. aeruginosa and S. epidermidis are controlled by
silver nanoparticles. Mohanty et al., 2012 reported the control of biofilm of P.
aeruginosa with starch mediated synthesized silver nanoparticles. Habash et al., 2014
reported control of biofilm of P. aeruginosa PAO1 biofilm with citrate capped
nanoparticles. Gum Arabic capped silver nanoparticle control biofilm formation of
clinical isolates P. aeruginosa in concentration dependent manner.

Furanones is a chemical compound isolated from the red alga Delisea pulchra; it
inhibits the biofilm formation (Khan et al., 2002). Coating of such biofilm inhibitor can
limit the biofilm formation in the medical implants. Dispersin B produced by a gram
negative Actinobacillus actinomycetemcomitans, disperses the biofilm by targeting the
matrix of biofilm (Kaplan et al., 2004).

In addition of these chemical compounds, there are some biological agents which can
limit the biofilm formation. These include bacteriophage and their associated enzyme.
Phage control biofilm by production of depolymerases, dispersin B and alginases
enzymes which help in the breakdown of the biofilm EPS (Yan et al., 2013; Harper et
al., 2014; Sharp et al., 2006). There are two strategies employed by bacteriophage for
control biofilm is blocking of biofilm development and eradication and removal of
existing biofilm cells (Rézalska et al., 2010). The most advantageous feature of
bacteriophage is that they are host specific, self replicating entities, and once
administered they self replicate in the host and destroyed them (Parasion et al., 2014).
Moreover, bacteriophage cocktails can remove mixed biofilms of bacteria (Lu and
Collins, 2007; Lehman and Donlan, 2015). Use of bacteriophage is more economical,

ecological and ecofriendly.

2.10. Control of Biofilm of P. aeruginosa:

As discussed above that emergence of multiple drug resistance pathogens are very

fast and development of new antibiotics for their control is under pipeline. Lytic
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bacteriophages have drawn special attention in controlling the MDR superbugs.

Bacteriophage are obligate parasite of bacteria are ubiquitous in nature.

2.10.1. What are bacteriophages?

Bacteriophages are obligate parasite of bacteria, are found wherever their host is
present such as water, soil, air, sewage, ocean, feces, urine, saliva, rumen and serum
(Higgins et al., 2007; Gantzer et al., 2002; Caroli et al., 1980; Bachrach et al., 2003;
Nigutova et al., 2008; Keller and Traub, 1974). It is estimated that approximately 10
bacteriophage exist for one bacterial cell on the earth (Suttle, 2005; Fuhrman and
Noble, 1995; Fuhrman, 1999). Phages are highly specific to their host. Due to host
specific nature, phages can be a good antibacterial agent. In India, people have faith
that by taking bath in the holy river (Ganges) all the skin diseases get cured. The
actual tenet working behind this tradition is that Ganges river is rich source of phage
and on exposure to its water bacterial pathogens are Kkilled by phages (Fig.4 shows

the tradition of taking bath in Ganges river).

Figure. 4 People are taking bath in Ganges river
2.10.2. Historical background of phage and their implication in control of infections:

In 1896, a British scientist, Ernest Hanbury Hankin demonstrated that Indian river
Ganges and Yamuna contained some kind of agent that causes lysis of bacterial
pathogen Cholera. He also demonstrated that destructive agent can pass through

filter membrane and can reside in bacteria. In 1915, British Microbiologist, Twort
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demonstrated that bacterial culture may associate with filter pass substances which is
transparent and can destroy the bacterial cell. This demonstration was performed on
the Micrococcus bacteria isolated from vaccinia (material of some colonies which
could not be cultured but can infect new cells). According to him the bacteria
associated non-filterable agent are able to infect pure culture for several generations.
Twort described that these agents are as ferment which secreted by bacteria for some
purpose and it was not clear at that time. After two year of Twort finding, Felix
d’Herelle independently described similar finding, while studying on patients
suffering or recovering from the bacillary dysentery. d’Herelle isolated that agent
from the shigellosis patient and named them shiga-toxins, he filtered shiga-toxin and
incubated for 18 h after that applied them on the fresh culture, and found that shiga-
toxin can limit the growth of bacteria by lysis of bacterial cells. He demonstrated
these agents as obligate parasite of bacteria. d’Herelle introduced this in medical
practices and published non-randomized trials all over the world (figure-5), while
Twort due to lack of fund could not pursue his study in the same domain. He even
introduced treatment with intravenous phage for invasive infections, and he
summarized all these findings and observations in 1931 (d’Herelle, 1931).

Several contributions of other investigators supported the d’Herelle idea that phage
are the living entity and they can replicate inside of the bacterial cell. In 1925,
Bordet and Bail proposed the phenomenon of phage lysogeny. Frank Macfarlane
was an Australian scientist awarded Noble Prize in 1960, described the lysogeny as
well as presented that phage is viral particle which can interact with their host
(Sankaran, 2010). Schlesinger confirmed the biochemical nature of phages
nucleoproteins (Pennazio, 2006; Schlesinger, 1934; Ruska, 1940), and allowed the
existing theories to join together: phages are viral particles that are made of
nucleoproteins.

After the invention of Electron Microscope by Helmut Ruska, it was demonstrated
that spherical shaped as well as sperm shaped particle found to adhere on bacterial
membrane are actually bacterial parasites (Kruger, 2000). After one year description
of phage by electron microscopy, Luria and Anderson in Camden, New Jersey,

described roughly spherical shape particle associated with a tail like structure (Luria
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et al.,, 1943; Smith and Huggins, 1982). They also described different stages of
bacteria on phage infection: adsorption which increases with time, extensive

bacterial damage and appearance of a large number of newly formed bacteriophages.
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Figure. 5 Bacteriophage injection now commercially available in the
market was launched by George Eliavia Institute, Georgia

2.10.3. Structural morphology and classification of bacteriophage:

Bacteriophage are made up of nucleic acid (DNA or RNA), capsid and envelope.
Bacteriophages have been classified into 13 families, three of them are well known
(Myoviridae, Siphoviridae and Podoviridae). The classification of phage into
families was done with regard to their morphology and size as shown in Table 1 and
figure-6 respectively. About 96% of them are tailed, but filamentous and
pleomorphic phages may exist as well (Ackermann, 2007; Hendrix, 2002).
Generally, the phage virion consists of two basic components: nucleic acid (double-
or single-stranded RNA or DNA) and a protein envelope. Some have lipids as

components of the envelope (Ackermann, 2003).
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Table 1 Classification of bacteriophages
Family® Members? Nucleic acid structure®
Myoviridae T2 Linear dsDNA
T4 Non-enveloped, contractile
DdgspC tail, consisting of a Sheath
PFpW-3 and a central tube
CP-51
C16
MBO08
Siphoviridae A Linear dsDNA
T1 Non-enveloped, long non-contractile tail
T5
PFpW-8
TSP4
P001
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P008

MBO7
Podoviridae T3 Linear dsDNA
T7 Non-enveloped, short
PFpW-6 non-contractile tail
28B
Kpn5
N22
Microviridae dX174 Circular SDNA Non-enveloped, isometric
Corticoviridae PM2 Superhelical, circular dSDNA
Non-enveloped, isometric, lipid layer in capsid
Tectiviridae MS2
PP7
Qp
2
Leviviridae MS2 Linear ssSRNA
Qp Non-enveloped, isometric
f2
PP7
Cystoviridae Phi6 Linear segmented Lipoprotein envelope, spherical
Inoviridae M13 Circular ssDNA Non-enveloped, filamentous
Fd
Pfl
V£33
Lipothrixviridae TTV1 Linear dsDNA Enveloped, rod-shaped
SIFV
Rudiviridae AFV-1 Linear dsSDNA Non-enveloped, rod-shaped
SIRV1
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Plasmaviridae L2 Circular superhelical dsSDNA Enveloped, pleomorphic

Fuselloviridae Ssvi Circular superhelical dsDNA
SSv2 Non-enveloped, lemon
SSV3 shaped, short spikes at one end
Hisl

®Based on Ackermann, 2003

2.10.4. Bacteriophage Life cycle:

Bacteriophages have an alternative option to complete their life cycle in their host. These
are lytic and lysogenic option, to complete their life cycle by lysis of host cells (lytic life
cycle), by incorporating their genome in the host cells or dividing with host cells
(lysogenic), pseudo-lysogenic and in chronic infections they carry out both types of life
cycle (Weinbauer, 2004; Drulis-Kawa et al., 2012). Phages can be divided in to three
groups on the basis of their life cycle-lytic, lysogenic and pseudolysogenic.
Bacteriophage life cycle starts from the attachment with the host cells. On exposure to the

host a series of events occurs which leads to the infection of host cells.
a. Attachment:

The first event of lytic life cycle is attachment of phage to the host cell surface receptors.

Attachment is common for all type of cycle of phage. There are a variety of receptors
available on the surface of bacteria such as lipopolysaccharides, flagella and different
type of proteins such as Lam B proteins which is used by Lamda bacteriophage for
attachment (Chatterjee and Rothenberg, 2012). Some phages also are able to synthesize
specific enzymes (such as hydrolases or polysaccharidases and polysaccharide lyases),
which are able to mortifying exopolysaccharide structure or capsules (Drulis-Kawa et al.,
2012).
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b. Adsorption:

After attachment to the host cells, the second event comes up, which is adsorption, by the

binding to receptor of host, phage induces hole in the bacterial cell wall and injects DNA
into the host.

c. Expression of phage genome and assembly:

This is followed by the expression of phage early genes, in which the lytic phages
redirects the bacterial synthetic machinery to the reproduction of viral nucleic acids and
proteins (Wittebole et al., 2014). Assembly and packing of phages is then scrutinized
before bacterial cell lysis and release of phage progeny occurs.

il A virus infects
a host cell.
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Figure-7 Expression of gene in phage life cycle
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d. Luysis of host cell and release of phage progeny:

Phage’s late enzymes such as lysins, holins, and murein are employed for the release of
virion in the extracellular environment (Wittebole et al., 2014). The number of released
viral particles is (burst size) greatly varies according to the phage, the state of the
bacterial host, and other environmental factors such as nutritive components affect the
host lyis and release of phage (Weinbauer, 2004).
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Figure.8 Life cycle of bacteriophage

2.10.4.1. Lysogenic life cycle:

Lysogenic life cycle, is also known as temperate life cycle, operate by temperate
bacteriophage by incorporation of phage genome with bacterial chromosome, where it
remain silent and replicate along with bacteria and pass to the progeny. This prophage
DNA is vertically transmitted along with the whole bacterial genome to its progeny until
the lytic cycle is induced (Weinbauer, 2004). Fig.2 depicted lysogenic life cycle of

bacteriophage:
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2.10.5. Role of bacteriophages against multiple drug resistant bacteria

The limitation of therapeutics focused the researcher to search for alternative agent for
the control of (MDR) bacteria, known by the acronym as the ESKAPE pathogens (for
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, P. aeruginosa, and Enterobacter spp.), which has now become a looming
health care crisis in many ICUs worldwide (Pendleton et al., 2013).

Antibiotic resistance is now recognized as a health care emergency and appeals for the
development of novel strategy to combat, it have been voiced by many people. However,
antibiotics are developed on the basis of free market criteria, rather than on the basis of
direct benefit to the public (Aiello et al., 2006).

The need for phage applications certainly exceeds due to its use in human infections.
Indeed the use of bacteriophages has been described in various situations, including (but
not limited to): food safety (Mahonty et al., 2007), agriculture (Haq et al., 2012),
veterinary applications (Atterbury et al., 2009), industry (Mahonty et al., 2007), and
clinical diagnostic applications for detection and typing of bacteria in human infections.

2.10.5.1. Use of bacteriophage in food industry:

There are five main microorganisms which cause spoilage of food material in the food
industries. These are E. coli, Campylobacteria, Salmonella, Listeria monocytogens and
S. aureus. Food industries are going through a huge economical loss every year due to
the spoilage and contamination of food.

Listeria monocytogens is a gram positive bacterium which causes spoilage of food and
therefore for their control, bacteriophages are administered on the approval of US food
and drug administration (FDA) as a name Listshield TV, Intralytix (Golkar et al., 2014).
E. coli is a gram negative bacterium causes a number of disease associated with its
toxins. The most common way of transmission of infection is via undercooked,
contaminated food, while water and milk contamination are related to direct or indirect
contact with feces. E. coli multiply in ruminants and because they can survive better in

intestine and if proper care not taken during slaughtering, the contents of the intestines,
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fecal material, or dust on the hide may contaminate meat (Kaper, 1999). E. coli
contamination can be lethal some time, because they can’t be prevented by commercially
available antibiotics. Therefore, for the control of such deadly pathogen, phage therapy
came into play. Phage therapy is successfully employed against E. coli in ruminants,
cattle and to poultry (Huff et al., 2002, 2003).

Campylobacter is a genus of gram-negative, spiral, motile, and microaerophilic bacteria.
It is most common in zoonotic in Europe (EFSA, 2004). Campylobacter commonly
multiplied in the intestine of poultry and cattle, though infection most commonly
associated with fecal contamination (Evans and Sayers, 2000; Oliver et al., 2005).
Campylobacter causes campylobacteriosis, typically characterized by fever, bloody
diarrhoea and acute abdominal pain (Humphrey et al., 2007). The World faces every year
handsome amount of economical loss and agricultural loss due this microorganism.
Therefore, for the control of Campylobacter, phage therapy has been introduced (Carrillo
et al. ,2005; El-Shibiny et al., 2009; Carvalho et al., 2010; Reich et al., 2008 ). Phage
therapy is very successful against drug resistant bacteria and it has no side effects.
Salmonella is a gram negative facultative intracellular bacterium; it is a principal cause
of zoonotic disease worldwide. Salmonella serovars can colonize and persist within the
gastrointestinal tract and so human salmonellosis is commonly associated with
consumption of contaminated foods of animal origin (Sillankorva et al., 2012).
Salmonella enteric serovars, Enteritidis and Typhimurium, are responsible for the
majority of Salmonella outbreaks, and most events are reported to be due to consumption
of contaminated eggs and poultry, pig, and bovine meats, respectively (EFSA, 2009).
Salmonella is also a known spoilage bacterium in processed foods. Once ingested, this
microorganism can cause fever, diarrhoea, abdominal cramps, and even life-threatening
infections (Barbara et al., 2000). Phage therapy became very successful against
Salmonella. Valuable outputs have been made in the last couple of years in terms of using
phages for Salmonella biocontrol. Today, two phage products are available: (1)
BacWash from OmniLytics Inc. which received, in 2007, USDA’s Food Safety and
Inspection Services approval to be commercialized and applied as a mist, spray, or wash
on live animals prior to slaughter; (2) BIOTECTOR S1 phage product from Cheil

Jedang Corporation that is to be applied on animal feed to control Salmonella in poultry.
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S. aureus is a gram positive bacterium which is a major threat to food safety and also
causes mastitis in cow’s milk (Le Loir et al., 2003). The contamination of food by this
organism can be by human as well as animal activity. It causes toxin oriented disease on
the consumption of contaminated food. The annual estimated loss worldwide due to
mastitis in adult dairy cows is about 35 billion US dollars (Wellenberg). Phage research
has focused on the treatment of mastitis in lactating dairy cows and mostly in dairy food
products. Use of bacteriophage against S. aureus has been proved as beneficial and
economical. Phage therapy significantly reduces the chances of spoilage of dairy
products without any side effect. Therefore, phage therapy has proved as magical

biocontrol element, which do not have any side effects on consumption.

2.10.5.2. Use of bacteriophage in agriculture:

Food demand is increasing with the increment in human population. Plant pathogens such
as bacteria can reduce the plant growth as well as crop yield. For instance, citrus greening
of orange, which is caused by bacteria belonging to genus Candidatus (Scortichini et al.,
2012) while canker of kiwifruit caused by Pseudomonas syringae causes disease in two
crops (Kiwifruit Vine health, 2012). Both diseases cause major loss of crop and result in
an economical loss (Cooksey, 1990). However, these pathogens can be controlled with
copper and antibiotics. There are a stacks of methods reported for control of these
pathogens such as pesticides, insect vectors vector control, antibiotics (e.g., tetracycline
and streptomycin), and copper (McManus et al., 2002; Dye, 1953). Copper has been used
over 100 years for the control of pathogens. Antibiotic streptomycin is used against
Pseudomonas spp.. But the increasing use of such antimicrobials cause the emergence of
resistant microorganisms as well as accumulation of metals in the environment which
eventually has reached a toxic level. Hence the introduction of bacteriophage is more
effective and advantageous for control of such pathogens.

Phages are viruses that specifically infect bacteria, yet have no direct negative effects on
animals or plants (Gilligan, 2008).. Infection of a bacterium by a virulent phage typically
results in rapid viral replication, followed by the lysis of the bacterium and the release of

numerous progeny phages. These phages can then proceed to infect neighbouring
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bacteria. Therefore, the numbers of phage will expand when target pathogens are
encountered and the therapy will essentially be amplified in response to the bacterial
infection.

Revival of interest in phage therapy for the control of phytopathogens has been seen in
recent years (Balogh et al., 2010; Jones et al., 2007; Svircev et al., 2010). Apparently,
this renewed interest is due to the nontoxic nature of phages and their ability to infect
antibiotic or heavy metal resistant bacteria. Successful phage therapy is being applied
commercially to processed and packaged foods by Intralytix and Micreos Food Safety
(formerly EBI Food Safety) and to agricultural crops by Omnilytics. There has been
enhancement in interest in the use of phage in the detection of phytopathogens. Many of
the phages against plant pathogens have been isolated for diagnosis and strain typing of
plant pathogens (Klement, 1959; Petty et al., 2007; Schofield et al., 2012). Interestingly,
in the EU (Commission decision, 2004) and the USA Listex (ListexTM, 2012) has been
employed for the plant pathogens. In the agricultural sector Omnilytics has developed
AgriPhage and a range of phage products for the control of Xanthomonas campestris pv.
vesicatoria, for the treatment of bacterial spot of tomatoes and peppers, and
Pseudomonas syringae which is the causative agent of bacterial speck on tomatoes
(Frampton et al., 2012).

Phage in agriculture is being applied as a biopesticide to control plant pathogens of
tomato (Jones et al., 2012), citrus (Balogh et al., 2008), and onion (Lang et al., 2007).
Phages have potential to control fire blight infections, as lytic phages have been highly

infective against plant pathogens.

2.10.5.3. Use of bacteriophage in veterinary:

As humans, animals also suffer from microbial infections and some time these infections
become fatal. Slanetz and Jawetz in 1941 first time published report of isolation of
bacteriophage against S. aureus from cow’s milk. Slanetz and Jawetz studied about the
effectiveness of phage against mastitis. Salmonella and E. coli are most important animal
pathogens, and the improper treatments of infected animal are major cause of mortality.

Salmonella is a major food contaminant which is severe public health concern. In
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commercial poultry, including chickens (Fiorentin et al 2005, Toro et al 2005, Atterbury
et al 2007, Filho et al 2007, Borie et al., 2008a, Borie et al., 2008b), turkeys (Higgins et
al., 2007) and laying hens (Borie et al., 2011), they are most common intestinal
microorganisms.

Campylobacter is the most commonly reported zoonotic in Europe (EFSA 2011), and C.
jejuni estimated to cause approximately 845,000 illnesses, 8,400 hospitalizations, and 76
deaths each year in the USA(Carrillo, et al., 2005). This widespread infection is
explained because ingestion of low doses (400-500 cells) (EI-Shibiny et al., 2009) can
cause campylobacteriosis typically characterized by fever, bloody diarrhea, and acute
abdominal pain (Carvalho et al., 2010). Campylobacter is capable of colonizing the
intestine of poultry and cattle, and thus infection is mostly acquired by fecal-oral contact,
ingestion of contaminated foods (i.e., raw meat and milk contaminated through feces),
and waterborne through contaminated drinking water (Evans et al., 2000; Oliver, et al.,
2005; Reich et al.,).

Hence, bacteriophage is an alternative biocontrol agents which are employed by
veterinarian to control the deadly pathogens of animals.

2.10.5.4. Use of bacteriophage in clinical field:

Pathogenic microbes are spreading their claws every day to capture their host worldwide.
Many of bacterial pathogens, which are associated with epidemics are highly Multiple
Drug Resistant (MDR) (Davies and Davies, 2010). Some threat for the clinical society
are Acinetobacter baumannii, Burkholderia cepacia, Campylobacter jejuni, Citrobacter
freundii, Clostridium difficile, Enterobacter spp., Enterobacter faecium, Enterococcus
faecalis, E. coli, Haemophilus influenzae, Klebsiella pneumonia, Proteus mirabilis, P.
aeruginosa, Salmonella spp., Serratia spp., S. aureus and Streptococcus pneumonia
(Davies and Davies, 2010). These microbes have evolved resistant mechanism for
different class of antibiotics and they called as ‘superbugs’. Superbugs enhanced
mortality and morbidity by acquiring multiple mutations to get resistant against different
class of antibiotics. The therapeutic options for the control of such microbes are limited,

while the time period of hospital care as well as cost are usually extended. Hence, to
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overcome from the stress of microbial drug resistance, medical practitioners have
diverted their attention from antibiotics to bacteriophage. Bacteriophage therapy has
become successful in controlling the multiple drug resistant microbes. After the
rediscovery of phage therapy by Smith and Huggins in 1980, phage therapy employed by
many countries for controlling multiple drug resistant microbes.

If we look upon the history of phages, then we found that in France from 1919, phage
therapy was in practice. France was the leading country for phage therapy by 1978.
Theodore Mazure, son in law of d’Herelle was produced several types of phage cocktails,
which were commercially available named Bacte-Coli-Phage, Bacte-Intesti-Phage,
Bacte-Dysenterie-Phage, Bacte- Pyo-Phage and Bacte-Rhino-Phage.

Mikeladze was discussed in his review in 1936, about the treatment of diverse disease
such as typhoid fever, acute colitis, peritonitis, prostate and urinary tract infections,
furunculosis, sepsis and otolaryngology with bacteriophage. He described the phage
treatment of acute colitis caused Shigella or Salmonella. In 1990, Lyon, Chief Clinical
Microbiologist of Pasteur institute and with his team prepared an antistaphylococcal
vaccine and therapeutic phage. He had stated in his review published in 2002 that phage
therapy is safe for human and it is without side effect, at that time phage therapy was
boom in Georgia and Russia.

Phage therapy is not just started from the 19" century, however, it is reported in Biblical
book about the recovery of prophet Elisa from Naaman’s disease by getting seven time
bath in the Jordan river. France was the pioneer country which applied phages for the
clinical purposes, aftert that United State started the use of phage therapy against animal
and human. In 1959, after completion of safety trials, SPL was licensed for the human
therapeutic (Salmon and Symonds, 1963) and was administrated for several different
routes, for example intranasal application by aerosol, topically, orally, subcutaneously,
and intravenously.

In US, one of the first study of subcutaneous phage administration was carried out at the
Michigan Department of Health, where Larkum reported treatment of 208 patients with
chronic furunculosis; 78% of the patients had no recurring infections for at least six
months after treatment with phage and only 3% showed no improvement. They have been

reported remarkable success with staphylococcal septicemia and meningitis.

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimrao Ambedkar University, Lucknow) 3|Page



Additionally, several studies (Schless, 1932) reported the treatment of MRSA using
phages, which can be accomplished by local application for local infections. If necessary,
more caution, more systemic dosing, including intraperitoneally for systemic infections
should be administered (Straub and Applebaum, 1933).

Another type of major infectious agent Klebsiella pneumoniea causes respiratory problem
in United States was limited by phage therapy. K. pneumonia was associated with
community acquired infection was first reported in Asia (Podschun and Ullmann, 1998)
and after that worldwide (Fung et al., 2002). K. pneumonia causes nosocomial diseases
such as septicemia, pneumonia, and urinary tract infection in immunocompromised
individuals (Abuladze et al., 2008).

In the initial 19™ century phage therapy was boomed in curing of bacterial infection.
After the Second World War when the antibiotic was discovered the craze of phage
therapy was got down. But still some countries continued their practices with phage
therapy. In the next section, the countries which continued their practices with phage

therapy after the discovery of antibiotic will be discussed.

France was the pioneer country for the discovery of phages and its application in
controlling microbial infections. d’Herelle who discovered the phage in 1919 was from
the France. Since then, d’Herrele carried out his work on the phage, he treated many
children who were suffering from diarrhea and typhoid (Sulakvelidze and Kutter, 2005;
Kutter, 2008; Pirnay et al., 2011 ). He wrote many books on the combating of infection
with bacteriophage (d’Herrele, 1921, 1922, 1923, 1924, 1926, 1926, 1929, 1930, 1933,
1938). The first trial of phage therapy against Staphylococcus was carried out by him and
this article was reported in 1921 (Bruynoghe et al., 1921).

Grorgia or Russia, in the mid 1990, started production of phage cocktail (Dublanchet,
2009). Mikeladze cured typhoid patients by intravenous injection of phage; he also
described the complete treatment of acute colitis by phage therapy in Georgia (Mikeladze
et al., 1936). In addition, they noted that phages caused a decrease in temperature and an
improvement in the patient’s feeble and rapid pulse, intestinal pain and tenesmus
(Mikeladze et al., 1936).
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Gougerot and Peyre, (1936) described the treatment of skin infection by applying the
phage; they rubbed the phage on the lesion and apply the phage bandage on the infected
area and they found that skin infection get cured eventually. In cases of bacterial
infection of the dermis and epidermis, such as impetigo, they recommended unroofing the
lesions, removing the crusts, opening bullous lesions and rubbing a bit roughly in order to
introduce the phages into the skin, then applying a large compress moistened with the
same bacteriophages and they found that after some time the infection get cured.

In Poland phage was successfully cured thousands of patients. Slopek et al., (1985)
reported that phage therapy given 84.6% positive results from severe disease. Since 2005,
the Hirszfeld Institute of Immunology and Experimental Therapy in Wroctaw (founded in
1954) itself has had a phage therapy center dedicated especially to treating antibiotic
resistance infections. Poland is now a member of the European Union, this clinical phage
application is being conducted officially within the purview of a western medical

regulatory system.

Schultz, (1929) and Schless, (1932), reported remarkable success with Staphylococcal
septicemia and meningitis, respectively. Squibb and Sons and a division of Abbott Labs
were started production commercial therapeutic phage. These all study from the United
States which also started using phage therapy for controlling bacterial infection. But
unfortunately, they found that all of them had problems with quality control, stability and
establishment of efficacy. Eaton and Bayne-Jones, (1934) were explored over the 100
studies of Journal of American Medical Association (JAMA) thoroughly about the phage
therapy. Their discouraging JAMA report found consistent, convincing data only for the
treatment of localized Staphylococcal infections and for cystitis, and the review generally
had a dramatically negative impact on the opinions of the medical and scientific
communities (Sulakvelidze and Kutter, 2005).

In 1941, JAMA was reviewed by Krueger and Scribner (1941, 1941a) and it’s all
reflected the lack of care in the research of available data, it is not outright personal bias
in the conclusions. Further review reports refuted the JAMA many more reviews
conclusions. Even after the discovery of antibiotic in 1940, phages were still used
successfully to treat typhoid fever, which was refractory to the antibiotics available at that

time. MacNeal et al., 1942 subsequently reported very positive results in the cumulative
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treatment of 500 patients with Staphylococcal bacteremia, using cocktails of phages that
were lytic in vitro. More details of the early work on Staphylococcus are included in the
sections on MRSA and on purulent infections under Treatment of Specific Diseases. In
the initial 1990s renewed realizes in the US that Phages can be an alternative solution for
the antibiotic, therefore formation of several companies was occurred at that time.
Among these companies were Intralytix and Exponential Biotherapies; both initially
targeted Vancomycin Resistant Enterococcus (VRE) (Abedon et al., 2011).

In Georgia, Phage therapy came after the foundation of Eliava Institute in Thilisi by
George Eliava in 1930s in association with Felix d’Herelle. At that time several
infections associated with bacteria was cured by phage cocktail at Eliava institute.
Georgian military employed canister of phage cocktail during 1991 and 1992 war for
battle infections to cure injured soldier. Phage treatment was again used extensively
during the battles between Georgia and Russia. Instiphage and Pyophage were publically
available without any prescription in Georgia and Russia. Instiphage can almost control
20 pathogenic gastrointestinal microbes while Pyophage can control Staphylococcus,
Streptococcus, Pseudomonas, Proteus and E. coli produced by a second Georgian
company, Biochimpharm, and in several cities in Russia, such as Ufa and Perm, where
factories also flourished.

In addition, phage therapy was also use to treat the burn wound infection for example
Abdul-Hassan et al. 1990, reported the treatment of 30 cases of burn-wound associated
antibiotic-resistant P. aeruginosa sepsis. Recently, a group of Belgian surgeons and
scientists have developed an extensive collaboration with phage biologists in both
Moscow and Thilisi to explore the possibilities of using phages in burn applications. In
preparation, they carried out a year-long study of P. aeruginosa colonization and
infection during which a total of 441 patients were treated at the 32-bed Burn Wound
Centre of the Queen Astrid Military Hospital in Brussels.

On the basis of above studies it is clear that phage therapy is a prominent alternative of
antibiotics and it is an economical and ecofreindly strategy to control pathogens.
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CHAPTER 3 OBJECTIVES

The proposed study entitled “Isolation and characterization of host specific
bacteriophages and determination of their potency to inhibit multiplication of
multiple drug resistance biofilm forming Pseudomonas aeruginosa isolates” had been

taken with the following objectives.

» Isolation of host cell P. aeruginosa and their characterization.

> Isolation and purification of host specific (P. aeruginosa) bacteriophage from
sewage and river water.

» Characterization of isolated bacteriophage.

» Interaction of bacteriophage with host cell P. aeruginosa and their biofilms.
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CHAPTER 4 MATERIALS AND METHODS

This chapter provides the detail discussion about the methodology to address the
objectives of the current study. The objectives of the present study were control of
biofilm formation of P. aeruginosa with bacteriophages which has been accomplished

using the materials and methods as discussed in the given sections in this chapter.

All the media used were of high quality obtained from Hi Media, India while the
chemicals and reagents used were of analytical grade and obtained from Merck, India,

molecular grade chemicals were obtained from Bangalore Genei and Sigma.

Methods and protocols used in the study have been described in the present chapter and
most of them are standard protocols used as such or with slight modifications which are
mentioned in the concerned sections. Chapter also describes the source of biological

materials used in the present study and their isolation techniques and characterization.

» Composition of media: Different media’s used in the present study with their
composition are listed below alphabetically. All the quantities mentioned are in g I

and distilled water used is 1000 ml, unless mentioned otherwise.

» Pseudomonas agar medium

Casein enzymic hydrolysate 10.0
Pancreatic digest of gelatin 16.0
Potassium sulphate 10.0
Magnesium chloride, anhydrous 1.4
Agar 15.0
pH 7.0
Distilled Water 1000.0
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Use in the present study: This medium was used for the isolation of bacteria

» Tryptone Soy Agar Medium:

Trypticase 20.0
Peptone 5.0
Sodium chloride 5.0
Agar 15.0
Distilled water 1000.0

Use in the present study: This medium was used for the maintenance of isolated

culture and for further study

» Mueller Hinton Agar

Beef, infusion medium 300
Casein acid hydrolysate 17.50
Starch 1.50
Agar 17.00

Use in the present study: Used for antibiotic sensitivity test and for MIC test

» Blood Agar Medium

Infusion from beef heart 500.0
Tryptone 10.0
NaCl 5.0
Agar 15.0
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Distilled water 1000.0
pH 7.3

Use in the present study: Medium was used for determination of hemolytic activity of

isolates

» Congo Red Agar (for 100 ml):

Brain heat infusion Agar medium 5.2gm
Sucrose 5gm
Congo red 0.08gm
Agar 1.5gm

Use in the present study: Medium was used for the determination of presence of

amyloid fiber for on the cell wall of bacteria for the formation of biofilm

Media and chemicals used for biochemical characterization of isolates: Biochemical

characterization of isolates were done by using following medium and reagents

»  Glucose Phosphate Broth:

Peptone 7.0
Glucose 5.0
Potassium 5.0
Distilled Water 1000.0

pH 6.9

» Starch Agar Media:
Starch 20.0

Beef Extract 3.0
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Peptone 5.0
Agar 15.0
Distilled Water 1000.0

> Gelatin Media:

Gelatin 120.0
Beef Extract 3.0
Peptone 5.0
Distilled Water 1000.0

» Triple Sugar Iron Medium:

Peptone 20.0
Lactose 10.0
Sucrose 10.0
Dextrose 10.0
NaCl 5.0
Ferrous ammonium sulphate 0.2
Na-thiosulphate 0.2
Phenol Red 0.025
Agar 15
Distilled Water 1000.0
pH 7.3

» Simmon’s Citrate Agar:
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Sodium citrate 2.0

MgSO, 0.2
(NHz)HzPO4 1.0
NaCl 5.0
Bromothymol Blue 0.08
K2HPO4 1.0
Agar 15.0
Distilled Water 1000.0
pH 7

» Tryptone Broth:

Tryptone 10.0
NaCl 5.0
Distilled Water 1000.0

» Swimming Motility medium:

Peptone 5.0
Beef Extract 3.0
NaCl 5.0
Agarose 3.0
Distilled Water 1000.0

» Swarming Motility medium:

Peptone 5.0
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Beef Extract 3.0
NaCl 5.0
Agarose 5.0
Reagent’s used in Biochemical characterization:
» Kovac’s reagent:
p-Dimethyleaminobenzaldehyde 5.0
Isoamyl Alcohol 150 ml
HCI 75 ml
» Barritt’s Water:

VP (1) reagents 5% n-naphthol dissolved in
VP (2) reagents 40% KOH solution

» Methyl Red Reagents:

Methyl Red 50ml
Ethanol 300ml
Distilled Water 200ml

Material used in the biofilm formation of isolates:

» Phosphate buffer solution 100 ml

» Crystal violet 0.3%

» DMSO solution

> 96 wells polystyrene microtiter plate

Distilled Water 1000.0 ml

alcohol
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For Determination of minimal inhibitory concentration (MIC) of isolates following

antibiotics were used:
Ciprofloxacin stock solution 500mg in 1ml water

Imipenem stock solution 1gm in 1ml water

Material used for the phage isolation:

» Soft agar:
Trypticase 20.0
Peptone 5.0
Sodium chloride 5.0
Agar 8.0
Distilled water 1000.0

Use in the present study: This medium was used for the Double layer agar assay.

» SM buffer (1L)

NaCl 5890
MgS0,.7H,0 2.0g
1M TrisHCI(pH-7.4) 50 ml
2% gelatin 5mi

Use in the present study: This buffer was used for the enrichment of isolated
bacteriophage
» Phosphate buffer saline (PBS)

NaCl 0.4gm

KCI 0.2gm
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NaHPO, 1.44gm

KH,PO, 0.24gm
Distilled water 1000.0ml
pH 7.8

Use in the present study: This buffer was used for the enrichment of isolated
bacteriophage with host cells for the short duration

4.1.1. Materials used for the characterization of phages:

Phage protein isolation by SDS PAGE:

» Stacking gel for SDS-PAGE (12 ml)

H,0 3.07ml
0.5M Tris-HClI 1.25ml
20% (w/v) SDS 0.025ml

Acrylamide/Bisacrylamide (30% / 0.9% w/v)  0.67ml
10 %( w/v) APS (ammonium per sulphate) 0.025ml
TEMED 0.005ml
pH 6.8

» Running buffer

Tris HCI 3.0
Glycine 14.4
SDS 1.0
Millipore water 1000 ml

» Coomassie staining solution for SDS-PAGE
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Methanol 15ml

Acetic acid 10ml
CBBG 0.125gm
Water

75ml

For isolation of phage DNA:
» Agarose gel electrophoresis:
Agarose (1%)

TAE buffer

Sample loading buffer
Ethidium bromide dye

Gel casting trays and combs
DNA samples

Equipments used in the present study: Different instruments used in the present study

are listed below along with their make/model:

e Autoclave (MAC)

e Spectrophotometer (THERMO))

e Phase contrast microscope(OLYMPUS)
e Incubator shaker (REMI)

e Bacterial incubator (REMI)

e ELISA Reader (THERMO)
e Hot air oven (MAC)

e Refrigerator (REMI)

¢ Biosafety hood (YORCO)
e Centrifuge (GENEI)
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e Electrophoresis unit (GENEI)
e UV Transilluminator (GENEI)

4.2. Isolation of bacterial host

Bacterial isolates used in the present study were isolated from patients with burn wound
infections. A total of 12 isolates were isolated and based on antibiotic resistance pattern,
five isolates were selected for further study.

Pus samples from burn wound infections of three patients (Lala Lajpat Rai Hospital,
Kanpur, India) were collected using sterilized cotton swab in the year 2012. These swabs
were used for spreading the sample on Pseudomonas Agar medium as Pseudomonas was
the target organism for the present study. Medium with sample was incubated at 37°C for
24 hours. Shining and transparent colonies appearing after 24 hours were selected and
purity checked using Gram staining reaction.

a) Maintenance and storage of culture:

All the twelve isolates were maintained on Tryptone Soy Agar (TSA) or Tryptone Soy
Broth (TSB) medium (Hi Media, India) at 4 °C for further study. While for the long term
storage cultures were mixed with glycerol stock (1:1 in phosphate buffer saline) and kept
at -20 °C.

b) Morphological characterization of bacterial isolates:

Isolated cultures were characterized for their morphological features as well as to
ascertain the purity of cultures. Two features were studied- staining and culture

characteristics.

Staining: Gram staining (Gram’s Method) is an empirical method for the differentiation
of bacteria into two large groups (gram positive and gram negative) based on their
physical and chemical properties of the cell wall (Holt et al., 1994). The method is named
after the Danish scientist Sir Hans Christian Gram (1853-1938), who developed the

technique to differentiate bacteria with similar clinical symptoms.
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Procedure:

Smear of culture was made on glass slide
!
Smear was stained with the crystal violet
145 seconds
After the incubation, stain was removed by washing with water
1
After washing, a drop of iodine was put on the crystal violet stained smear
145 seconds
After incubation iodine was removed by washing with the water

!

After using iodine, decolourizer was used for 10 seconds

!

Decolourizer was removed by washing with water

!

Safranin was used to counterstain the bacterial cells for 10 seconds
!
After staining procedure, sample was observed using immersion oil lens and mineral oil

under the light microscope

c) Culture characterization: A loop full culture was streaked on Pseudomonas agar
plate and incubated for 37 °C for 24 h. After incubation, the colony morphology of all

twelve isolates was recorded.

4.3. Determination of antibiotic sensitivity profile of the isolates:

Antibiotic sensitivity test was performed to know the resistant profile of isolates for the
various classes of antibiotics. Antibiotic sensitivity test was performed by Kirby Bauer
disk diffusion method. Culture of 1X10® CFU/mI was spread on Mueller Hinton Agar
(MHA) plates and then antibiotic discswere placed and incubated for 18 h at 37 °C .A

total of 14 antibiotics upto third generation antibtioics were used to assess the multiple
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drug resistance pattern of the bacterial isolates. The antibiotics used in the current study
were- Azithromycin (15 mcg), Cefaxime (5mcg), Ceftriaxone (15mcg), Chloramphenicol
(30 mcg), Co-Trimoxazole (25 mcg), Ciprofloxacin (5mcg), Moxifloxacin (5mcg),
Gentamicin (10 mcg), Imipenem (10mcg), Levofloxacin (30 mcg), Meropenem (10 mcg),
Oflaxacin (5mcg), Streptomycin (10 mcg), Tobramycin (10mcg). After incubation,

inhibition zone by antibiotics was recorded.

Classes of the tested antibiotics are as given:

Azithromycin (15 mcg) - Advance generation antibiotic
Cefixime (5mcg), - Third generation antibiotic
Ceftriaxone (15 mcg), - Third generation antibiotic
Chloramphenicol (30 mcg), - Third generation antibiotic
Co-Trimoxazole (25 mcg), - Third generation antibiotic
Ciprofloxacin (5mcg), - Second generation antibiotic
Moxifloxacin(5mcg), - Fourth generation antibiotic
Gentamicin (10 mcg), - Second generation antibiotic
Imipenem (10mcg), - First generation antibiotic
Levofloxacin (30 mcg), - Third generation antibiotic
Meropenem (10 mcg) , - Second generation antibiotic
Oflaxacin (5mcg), - Second generation antibiotic
Streptomycin (10 mcg), - First generation of drug
Tobramycin (10 mcg). - Third generation antibiotic
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Selection of five bacterial isolates for further study
Based on antibiotic resistance pattern, five bacterial isolates having multiple drug

resistance as seen in the above experiment were selected for further study.
4.4. Biochemical characterization of the selected isolates:

For confirmation of isolates whether they belong to Pseudomonad group or not, different
biochemical tests were performed.

4.4.1 Catalase Test: This test was performed to detect for the presence or absence of
catalase enzyme. Most of aerobes and facultative anaerobes have characteristic
catalase activity. Aerobic microbes usually utilize oxygen and produce hydrogen
peroxide, which are toxic to nucleic acid and many cellular proteins. Hence, this
test is used to detect for the presence of catalase enzyme in bacteria. A few drops of
0.3% H,0, solution was poured on bacterial colony. Presence of bubbles is an
indication of the catalase production.

4.4.2. Oxidase Test: To differentiate certain groups of bacteria, oxidase test is generally
performed. It uses disks impregnated with a dye tetramethyl-p-phenylenediamine
(TMPD) dihydrochloride. The reagent is a dark-blue/purple colored when
oxidized, and colorless when reduced. Oxidase-positive bacteria possess
cytochrome oxidase or indophenol oxidase (an iron-containing hemoprotein).
These both catalyze the transport of electrons
from donor compounds (NADH) to electron Fig.: TMPD

acceptors (usually oxygen). The test dye, H,C__ _CH,

N
TMPD dihydrochloride acts as an artificial
electron donor for the enzyme oxidase. The
oxidized reagent forms the colored compound
indophenol blue. The cytochrome system is
. . . N

usually only present in aerobic organisms that -

y only p g H,C”™ ~CH,

are capable of using oxygen as the terminal
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4.4.3.

4.4.4.

4.4.5.

electron acceptor. The end-product of this metabolism is either water or hydrogen

peroxide.

Gelatin hydrolysis Test: Gelatin is a polymer of amino acid. Protein is used as a
nitrogen and carbon source for microorganisms. Gelatin is generally broken down
into peptides of short amino acid polymer and amino acid which can be
transported easily. The enzyme that acts on Gelatin is protease (Gelatinase). The
property of gelatin is to remain solid below 22°C while the degraded form loses
its consistency and turns into semi-solid to liquid form below 22°C. For the
analysis of presence of Gelatinase enzyme in the isolates this test was performed.
Gelatin medium was prepared (20% gelatin in nutrient broth) and poured into test
tubes. Test tubes were stabbed with culture and then incubated for 48 h at 37°C.
After incubation, liquefaction of media was analyzed. If the medium become
liquid, then test is positive, if there is no change in consistency of the medium

then the test is negative.

Starch hydrolysis Test: Starch is insoluble polymer of glucose. Some bacteria
have ability to degrade it into maltose with the help of enzyme amylase. Degraded
form of maltose is transported across the cell membrane. For detection of amylase
enzyme, plates containing starch agar media were prepared. Culture was streaked
on the plate and incubated for 24 h at 37 °C. After incubation, iodine was poured
on the streaked zone; appearance of blue to black color around streak zone
indicates the formation of complex starch and iodine. If area around the streak

zone is clear than this test is positive.

Indole production test from tryptophan by bacteria: Some enteric bacteria that
produce indole during the hydrolysis of tryptophan this production is facilitated
by tryptophanase enzyme. Indole production can be detected by using Kovac’s
reagent that give cherry red color layer of reagents. For detection of indole
production by bacteria, a broth medium was prepared which contains tryptone.
Tryptone broth was inoculated with culture and incubated at 37 °C for 48 h. After
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4.4.6.

4.4.7.

incubation, 0.5 ml of reagent was added and appearance of red color indicates

presence of tryptophanase enzyme.

Methyl red and Voges-Proskaur (MR-VP) test: All enteric bacteria initially
produce pyruvic acid from glucose metabolism. Some enterics subsequently use
the mixed acid pathway to metabolize pyruvic acid to other acids, such as lactic,
acetic and formic acids. These bacteria are called methyl-red positive while the
other group subsequently uses the butylenes glycol pathway to metabolize pyruvic
acid to neutral end products and are termed as methyl red negative bacteria. If the
test bacteria produces substantial amount of organic acid as the end product, on
addition of methyl red, red color develops indicating positive reaction and if the
medium turns yellow, it’s an indication of a negative test; it is all because of pH
of medium increased due to production of ethylene. To perform this test, peptone
water broth was prepared and inoculated with the culture and incubated it at 37 °C
for 48 h. After incubation, 10 drops of VP-1 reagent (Barritt’s reagent with 5%
alpha-napthol in 95% methyl alcohol) and VP-2 (40% KOH in distilled water)
reagent were added, after that the mixture was shaken gently. Appearance of red
color indicates positive test. If MR test is positive, then VP should be negative.
Sometime MR and VP both become positive. Methyl red (2-(N,N-dimethyl-4-
aminophenyl) azobenzenecarboxylic acid), also called C.I. Acid Red 2, is an
indicator dye that turns red in acidic solutions. It is an azo dye, and is a dark red
crystalline powder. Methyl red is a pH indicator; it is red in pH under 4.4, yellow

in pH over 6.2, and orange in between, with a pKa of 5.1

Citrate utilization test: Microorganism utilizes citric acid as sole carbon source.
Citric acid is intermediate metabolite of Kreb’s cycle which oxidizes pyruvic acid
to carbon dioxide. The bacteria must have ability to transport across the
membrane. For this experiment, slants were prepared containing Simmon’s citrate
agar medium and were streaked with culture and incubated at 37 °C for 48 h.
After incubation, appearance of change in color of medium was observed.

Simmons' Citrate Agar is a defined, enrichment medium that tests for an

Sadhana Singh Sagar (Environmental Microbiology, Babasaheb Bhimrao Ambedkar University, Lucknow) 53 | P a g e


https://en.wikipedia.org/wiki/Pyruvic_acid
https://en.wikipedia.org/wiki/PH_indicator
https://en.wikipedia.org/wiki/Acid
https://en.wikipedia.org/wiki/Azo_dye
https://en.wikipedia.org/wiki/PH_indicator
https://en.wikipedia.org/wiki/Acid_dissociation_constant

organism'’s ability to use citrate as a sole carbon source and ammonium ions as the
sole nitrogen source. The medium contains citrate, ammonium ions, and other
inorganic ions needed for growth. It also contains bromothymol blue, a pH
indicator. Bromothymol blue is green at pH below 6.9, and then turns blue at a pH
of 7.6 or greater.

Organisms growing on Simmons Citrate Agar are capable of using citrate as the
sole carbon source and they can metabolize the ammonium salt in the medium.
Use of citrate results in the creation of carbonates and bicarbonates as byproducts,
thus increasing the pH of the medium. The increase in pH then causes color
change in the bromothymol blue indicator, turning it blue. Under acidic condition
it changes to yellow color. This color change is useful because growth on
Simmons Citrate Agar is often limited and would be hard to observe if it were not
for the color change. Sometimes, it is possible to detect growth on the Simmons
Citrate Agar without the accompanying color change to blue due to insufficient

incubation but is also considered as positive.

4.5. Molecular Characterization of the test isolates using 16sRNA sequencing:
Molecular characterization of the five bacterial isolates established to be
Pseudomonas aeruginosa by biochemical characterization were further sequenced
partially using 16S rDNA sequencing. For 16S rDNA sequence analysis, isolated
genomic DNA was amplified using PCR consensus primers (Bangalore Genei,
India). The DNA sequences obtained were analyzed using National Center for
Biotechnology Information server and BLASTnN tool and corresponding sequences
downloaded (www.ncbi.nih.nlm.in). Phylogenetic tree was constructed using the
neighbor joining method in MEGA 3.1. All the five sequences have been

submitted to NCBI database and accession number is due.

4.6. Pathogenicity test-

4.6.1 Blood agar test for hemolytic activity: Blood agar test was performed to check

the hemolytic activity of isolates. Briefly, a blood plate was prepared with 5%
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4.6.2

4.6.3

b.

(v/v) of blood in blood agar, culture were streaked on the blood agar plate and
observed after 24 h. Appearance of clear zone around the streak area indicates the
B hemolytic activity, while appearance of slightly green area indicates «

hemolytic activity.

Congo red binding assay: Congo red dye binds with the proteinaceous amyloid
curli fibers. Amyloid fibers present on the extracellular surface of bacteria, help in
attachment of bacteria and also cause infection by adhering on the epithelial cells.
For detection of amyloid fibers, congo red binding assay was performed (Kay et
al., 1985). Congo red agar plate was prepared with 0.3% congo red dye in Brain
Heart Infusion (BHI) Agar with 5% (v/v) sucrose, cultures were streaked on the
plate and incubated for24 h at 37 °C. Appearance of reddish black color shows

that bacteria have high content of amyloid fiber.

Biofilm formation assay:

a.Crystal violet assay-Static biofilm formation assay was done in 96 well
polystyrene microtiter plate as per O’Toole et al., 1998. In brief, 24 h old log
culture of isolates were grown in the microtiter plate containing 200 pl tryptone
soy broth (TSB) for 24 h at 37 °C. After 24 h incubation, planktonic cells were
removed using sterile microtips. Subsequently, the adherent biofilm (including
biofilm forming bacterial cells) were washed with 0.75% saline to remove any
trace of planktonic cells, followed by staining with 0.3% crystal violet for 20
minutes. Washed thrice with 0.75% saline, to remove unbound crystal violet.
This was followed by detaching of stained and adhering cells using 200 pl of
dimethyl sulfoxide and solubilized biofilm was measured by using ELISA
microreader (Rayto, USA) at 630 nm.

MTT assay- Biofilm formation was also checked using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay as per Abate et al.,
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4.6.2.

(1998). Herein, 24 h log culture of isolates were grown in the microtiter plate
containing 200 pl tryptone soy broth (TSB) for 24 h at 37°C. After 24 h
incubation, planktonic cells were removed using sterile microtips. Subsequently,
the adherent biofilm was washed with 0.75% saline to remove any trace of
planktonic cells, followed by staining with 0.3% MTT dye in PBS for 2 h. After
staining, excess MTT was removed by washing thrice with saline. Stained and
adhering cells were then removed using 200 pl of dimethyl sulfoxide and
solubilized biofilm was measured by using ELISA microreader (Rayto, USA) at
620 nm.

MTT assay-In this research work viability test of phage or antibiotic treated
biofilm was done by MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) assay as per Abate et al.,(1998). Herein, 24 h phage or antibiotic treated
biofilm cells were washed with PBS, and washed biofilm were incubated in 0.3%
MTT dye in PBS for 2 h after incubation biofilm cells was detached and
solubilized by using dimethylesulfoxide and solubilized biofilm were measured
using ELISA microreader at A540. MTT is a tetrazolium redox dye, metabolically

active cells turned in to purple color in the presence of dye.

Motility test of planktonic as well as biofilm cells: Motility test was performed
for determination of motility in the cells which are engaged in biofilm formation
and compared with the planktonic cells. Static biofilm was formed on the
microtiter plate for 24 h, after incubation planktonic cells were separated and
biofilm was dissolved with 1M-10mM Na-EDTA solution. For the swimming and
swarming motility test, media was prepared with 0.3 and 0.5% agarose
respectively, planktonic and dissolved biofilm cells were inoculated on the poured
plated containing swimming and swarming medium and then incubated for 24 h.
Results were observed after incubation in the form of zone size of motile area of

bacteria on the agar plate.
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4.7.
4.7.1

4.7.2.

Isolation of host(bacterial) specific phages

River Ganges water sample for isolation of phage: Water sample was collected
from river Ganges in sterile water collection bottles in the from Kanpur region
during the month of April, 2012.

Sewage water: Sewage water for isolation of phages was collected from hospitals
and Panki Power House sewage treatment plant, Kanpur, India during April, 2012
in sterile containers.

Water and sewage water samples were transported to the laboratory within one
hour of collection for further isolation.

Procedure:

The enrichment method of Cerveny et al., (2000) was adopted for the isolation of
phages specific to P. aeruginosa from sewage as well as river water samples. All
the phages were isolated in separate experiments from independent samples.

Samples were centrifuged (10,000 rpm, 10 min, 4°C) and supernatants were filter
sterilized (0.45 pum pore size Millipore filter). 5 ml filtrate, 5 ml sterile SM buffer
and 5.0 ml overnight culture of P. aeruginosa were mixed and incubated at 37°C
for 24 h. The bacteria were removed by centrifugation (12,000 rpm, 10 min, 4°C);

supernatant was filter sterilized and checked for the presence of phages.

Phage propagation and purification

All the isolated phages were purified by successive single-plaque isolation until
homogenous plaques were obtained by the standard procedure described by
Sambrook et al., (1989). Briefly, one well separated phage was picked with sterile
micro tip with the surrounding cell mass and inoculated into 5.0 ml Tryptone Soy
Broth ( TSB), in which overnight culture of 10° host cells was added and
incubated at 37°C for 24 h with agitation at 140 rpm. After complete lysis, the
mixture was centrifuged (10,000 rpm, 10 min, 4°C), filter sterilized and treated
with chloroform (1% v/v) to remove any bacterial contamination. Purified phages
were stored in 60% glycerol at -20°C for long term storage. Short term stock

preparations were maintained at 4°C.
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4.7.3.

4.7.4.

4.7.5.

4.7.6.

Spot test for lytic activity of isolated bacteriophages:

To detect the presence of phages in supernatant, spot test was carried out as
described by Chang et al., (2005) with some modifications. Briefly overnight
culture of isolated bacteria was mixed with soft agar and poured on the TSA plate
and after solidifying of soft agar isolated bacteriophages were spotted on the

upper layer of plate containing soft agar and culture.

Plaque assay for determination of purity of bacteriophages:

The phage titer was determined by plaque assay by employing double layer agar
(DLA) overlay technique. Briefly, each of the phage suspension was serially
diluted. 10 pl diluted phage were spot inoculated on molten agar (0.8% agar, w/v)
containing host cells of 10’ CFU/mI. Clear zones of plaques were observed after

incubating the plates overnight at 37°C.

Titration of bacteriophages: Phages were concentrated according to the method
of Yamamoto et al., (1979) with some modifications. Briefly, P. aeruginosa host
cells were added to phage preparation at a MOI (Multiplicity of Infection) of 0.1
and vigorously shaken for 24 h at 37°C, resulting in complete lysis of bacteria.
The lysate was centrifuged (10,000 rpm for 10 min, 4°C) and filter sterilized. 1 M
NaCl and 10% polyethylene glycol (PEG) 8000 were added to filtered lysate and
kept at 4°C overnight. The precipitates were collected by centrifugation, re-
suspended in 5 ml SM buffer and treated with equal volume of chloroform to

remove PEG 8000 and bacterial cell debris from the bacteriophage suspension.

Determination of host range of phage for bacteria: To determine the infectivity
of phages for the various hosts, this test was performed. In this experiment, lawn
of host bacteria Pseudomonas aeruginosa, Escherichia coli, Enterobacter
aerogens, Salmonella typhi, Staphylococcus epidermidis, Staphylococcus arlettae,

Burkholderia cepacia and Staphylococcus aureus was formed by pouring soft
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agar with host (100 pl of 10’ cfu/ml) on the agar medium to determine bacterial
susceptibility to phages. After drying of the host amended soft agar, a drop of the
phage suspension (10’pfu/ml) was spotted over it, incubated at 37 °C for 24 h and
then lysis of bacteria was analyzed at the spotted place. Spot testing is a rapid and
efficient method for determining the host range in large collection of bacteria,
Clokie et al., 20009.

4.8 Characterization of the phages

4.8.1.

4.8.2.

Features studied in this section are mentioned in subsequent sections.

Burst size determination by one step growth curve: A one step growth curve of
isolated phages was performed to determine the various stages of phage such as
eclipse period, latent period and burst size. This test was performed according to
the method of Pajunen et al., (2000) with modifications. The density of a mid
exponential bacterial culture (TSB) was adjusted to 1x10%fu/ml. An equal
volume of bacterial suspension and phage diluted to 10%-10° pfu/ml were
incubated at 37°C for 5 min, after that time the mixture was diluted to 10°, and

samples in triplicate were taken at 2 min interval for titration.

Phage adsorption procedure: The adsorption of phages to bacterial host cells
was examined as previously described with some modifications as per Ackermann
and Du Bow, 1987. Overnight cultures of P. aeruginosa grown on TSA were
used. Cells from the agar medium were suspended in enrichment broth (TSB) to
an optical density at 620 nm of approximately 0.9-1.0. An equal volume of
bacterial suspension and phage diluted to 10 - 10° pfu/ml were incubated at 37 °C
for 5 min. After incubation, the culture was filtered (0.22 pm) and the numbers of
free phages were determined at every 2 minute time interval, in duplicate, by
double agar layer method. The reduction in phage titer was observed which is an

indication of absorbance of phages to the cells.
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4.8.4.

4.8.5.

Determination of stability of phages to temperature and pH: This test was
performed to determine the stability of phages for variable temperature and pH.
To perform this experiment, filter-sterilized bacteriophages (10" pfu/ml) were
incubated at 37, 55, 75 and 95°C respectively for 10 min with intermittent
shaking. After incubation at different temperatures, 10" cfu/ml cells were added to
each bacteriophage preparation and DLA (Double Layer Agar) assay was
performed and plates were observed after 24h. For pH stability, phages
(10’pfu/ml) were incubated at pH 3.0, 5.0, 7.0, and 9.0 respectively for 30 min at
37°C with intermittent shaking. Post incubation DLA was performed with
10"cfu/ml host cells. After all these experiments, the bacteriophage titer was

assessed, Adams, 1959.

SDS-PAGE of bacteriophages: For separation of proteins on the sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS- PAGE),ultracentrifuged P.
aeruginosa specific phages were mixed with equal volume of sample buffer
(0.0625 M Tris-HCI; pH 6.8, 1% SDS, 15% glycerol, 1% Beta-mercaptoethanol
and bromophenol blue), heated in a boiling water bath for 3-5 min (Sen and
Ghosh, 2005) and loaded on a SDS polyacrylamide gel (12%) by the standard
method (Chopra et al., 1996). After loading, sample was run for 6 h at 75 V. After
completion of the process, protein bands were visualized by staining the gel with
coomassiebrilliant blue. Medium range protein molecular weight marker
(Bangalore Genei, India) was used for determination of molecular weight of

phage proteins.

DNA isolation from Bacteriophage and its restriction digestion analysis:
Purified phage particles (10*° pfu/ml) were treated with 1 ng of DNase I and
RNase A (Bangalore Genei, Bangalore, India) at 37°C for ¥ h. To the mixture,
Proteinase K (Bangalore Bangalore Genei, India) and SDS were added at a final
concentration of 0.05 mg/ml and 0.5% respectively and incubated at 65°C. After 1

h incubation, an equal volume of phenol: chloroform was added to remove
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proteinaceous material. The extraction was repeated thrice with phenol-
chloroform (1:1). The nucleic acid was precipitated with chilled 70 % ethanol and
suspended in 20 pl of TE buffer (10 mM Tris-HCI, pH 7.0, 1.0 mM EDTA, and
pH 7.0) according to standard procedure by Sambrook et al., (1989). Restriction
enzyme digestion of isolated phage DNA was carried out by following the
instructions provided by suppliers. Type 1l restriction endonucleases, PsutYl and
BamHI (MBI Fermentas and Bangalore Genei, Bangalore, India, USA) were
added to purified bacteriophage DNA. The restriction digests were separated on
1% agarose gel in 1x TAE buffer (40 mM tris-acetate and 1 mM EDTA, pH 8.0)
containing 0.5 pg/ml of ethidium bromide (Hi- Media) at 75 V for 2 h.

Morphological characterization of phages using Transmission Electron
microscopy: To observe phage morphology, transmission electron microscopy of
P. aeruginosa PAO01 specific phages was performed as described by Goodridge et
al., (2003) with some modification. Drops of ultracentrifuge phage samples were
dropped on copper coated grids (diameter, 3 mm; 300 meshes). After 5 min, the
phage particles were stained with 2% (w/v) phosphotungstic acid (PTA) for 10 s.
The grids were allowed to dry for 20 min and examined under a transmission

electron microscope (FEI Tecnai S Twin) at 200 Kv.

Determination of MIC of ciprofloxacin for biofilm of Pseudomonas isolates by
MTT assay: Minimum inhibitory concentration of Pseudomonas isolates were
determined for ciprofloxacin, cells were treated with 2 fold dilutions (100, 50, 25,
12.5, 6.25, 3.125, 1.5 and 0.75 pg/ml) respectively. For biofilm formation assay,
antibiotic treated isolates cells were harvested post 24 h incubation at 37 °C. For
MIC of biofilm of isolates, 24 h log culture of isolates were treated with varying
concentrations of antibiotic and incubated in the microtiter plated for the formation
of biofilm formation under static condition for 24 h. After incubation planktonic
cells were removed and their absorbance was taken at 540 nm and attached biofilm
cells were washed with PBS, and incubated in 0.3% MTT dye in PBS for 2 h.
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After incubation, biofilm cells were solubilized by using dimethyl sulfoxide and

solubilized biofilm were measured using ELISA microreader at 540 nm.

Determination of susceptibility of Pseudomonas isolates biofilm to phages by
viability assay (MTT assay):Since the potent antibiotic ciprofloxacin, having low
molecular weight and therefore better penetration power could not completely
inhibit the biofilm cells as well as the planktonic cells even at the 100 mcg
concentration ml™, test phages were employed in the present experiment to test for
the efficacy of phages to inhibit bacterial hosts Ps. 1 to Ps. 5 (planktonic as well as
biofilm cells).

In order to determine effect of phage treatment, 10 pl of different MOI (0.01) was
used for the treatment. For biofilm formation assay, phage treated isolated cells
were harvested post 24 h incubation at 37 °C. After incubation phage treated
biofilm cells were washed with PBS, and washed biofilm were incubated in 0.3%
MTT dye in PBS for 2 h. After incubation, biofilm cells were detached and
solubilized by using dimethyl sulfoxide and solubilized biofilms were measured

using ELISA microreader at 540 nm.

Scanning Electron Microscopy of bacteriophage treated biofilm: For the
qualitative analysis of killing of biofilm by phage, scanning electron microscopy
was performed. For this experiment, biofilm of isolates was formed on the cover
slip and then treated with 0.1MOI of bacteriophage. After treatment, cover slip
containing biofilm was prepared for scanning electron microscopy. Biofilm formed
on cover slip was rinsed gently in sterile PBS and then fixed in 5% (v/v)
glutaraldehyde in PBS buffer (pH 6.2) for 2 h followed by post fixation by 1%
osmium tetroxide for 1h, dehydrated through a graded series of 10-min ethanol
immersions (30, 50, 70, 90 and 100%). Specimens were mounted on aluminum
stubs, coated with gold (JFC 1600, Auto Fine Coater, JEOL, Japan), and observed
on SEM (JEOL-JSM-6490 LV, Japan). The entire cover slip surface was

examined, and images were chosen that represented the typical field of view.
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Interaction of Phage P1 with most promising host Pseudomonas aeruginosa

Ps. 5

4.12 Electron microscopy of phage treated biofilm: Biofilm formed by the test
bacterial isolates on the microtiter plate was taken, treated with bacteriophage for
24 h at 37 °C. After incubation, biofilm was detached using sodium EDTA solution
and was analysed using Transmission Electron Microscopy as described by
Goodridge et al., (2003) with some modifications. Drops of phage treated biofilm
samples were dropped on copper coated grids (diameter, 3 mm; 300 meshes). After
5 min, the sample was stained with 2% (w/v) phosphotungstic acid (PTA) for 10 s.
The grids were allowed to dry for 20 min and examined under a transmission

electron microscope (FEI Tecnai S Twin) at 200 Kv.
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CHAPTER 5 RESULTS

This chapter embodies the results obtained in the present study entitled “Isolation and
characterization of host specific bacteriophages and determination of their potency
to inhibit multiplication of multiple drug resistant (MDR) biofilm forming

Pseudomonas aeruginosa isolates”.

5.1) Isolation of bacterial host: A total of twelve bacterial isolates were isolated from
wound samples of patients on Pseudomonas isolation agar medium. Transparent
and sticky consistency colonies giving green fluorescence were selected and further
purified.

All the bacterial isolates were maintained on Tryptone soy agar (TSA) at 4 °C. The
colony characteristics of bacteria are provided in table 1.

5.1.1) Morphological characterization of isolated bacteria: Cultural characteristics of
all the twelve isolates on Pseudomonas isolation agar incubated at 37 °C for 24 h is
mentioned in Table-1. Furthermore, the isolates were characterized for their
morphology by gram staining method. On the basis of gram staining it was
confirmed that all the isolates were gram negative (Table-1).

Table-1) Bacterial isolates and their morphological characteristics

Name
Gram’s Photograph of colony
S. No. . of Colony morphology Characteristics characteristics
isolates
Green fluorescent ,
1. Ps.1 transparent and Gram negative
sticky
Green fluorescent,
2. Ps.2 transparent and Gram negative
sticky
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Green fluorescent,
transparent and

sticky

Gram negative

4. Ps.4

Green fluorescent,
transparent and

sticky

Gram negative

S. Ps.5

Green fluorescent,
transparent and

sticky

Gram negative

6. Ps.6

Shiny, transparent and

sticky

Gram negative

Shiny, transparent and

sticky

Gram negative

8. Ps.8

Green fluorescent,
transparent and

sticky

Gram negative
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Shiny, transparent and
Ps.9 ] Gram negative
sticky

10. Ps.10 Gram negative

Shiny, transparent and

sticky

11. Ps.11 Gram negative

Shiny, transparent and

sticky

Green fluorescent ,

transparent and

Ps.12 sticky Gram negative

5.2) Antibiotic susceptibility of isolates: Out of 12 isolates tested for antibiotic

sensitivity, only five isolates were having multiple drug resistance for the tested
antibiotics.  Isolate Ps.1 was resistant to chloramphenicol, co-trimoxazole,
ceftriaxone and cefixim while sensitive to azithromycin, ciprofloxacin, gentamicin,
imipenem, moxifloxacin, ofloxacin and levofloxacin and intermediate to
streptomycin. Isolate Ps.2 was resistant to chloramphenicol, co-trimoxazole,
ceftriaxone, streptomycin and cefixim and sensitive to azithromycin, ciprofloxacin,
gentamicin, imipenem, moxifloxacin, ofloxacin, levofloxacin and meropenem. Ps.3
was resistant to chloramphenicol, co-trimoxazole, ceftriaxone and cefixim while
sensitive to azithromycin, gentamicin, imipenem, ofloxacin, levofloxacin and

meropenem while intermediate to ciprofloxacin, moxifloxacin and streptomycin.
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Table- 2) Antibiogram of isolates

Sr. Antibiotics Generation | Concentration | Ps. 1 Ps.2 | Ps.3 Ps.4 | Ps.5 Ps.6 Ps.7 Ps.8 Ps.9 Ps.10 | Ps.11 | Ps.12
No. of of Antibiotics
antibiotic
(zone size in mm)
1 Azithromycin Advance 15 mcg 29(S) | 28(S) | 25(S) | 20(S) | 15(R) | 30(S) | 32(S) | 27(S) | 36(S) | 23(S) | 24(S) | 26(S)
2 Cefixime e 5 mcg 0(R) 0(R) 0(R) 0(R) 0(R) 19(S) | 28(S) | 21(S) | 10(R) | 22(S) | 28(S) | 26(S)
3 Ceftriaxone e 15 mcg 0(R) 0(R) 0(R) 0(R) 0(R) 22(S) | 10(R) | 19(S) | 27(S) | 12(R) | 24(S) | 20(S)
4 | Chloramphenicol 1 30 mcg 0 (R) 0(R) 0(R) 0(R) 0(R) 19(S) | 20(S) | 18(S) | 21(S) | 26(S) | 28(S) | 10(R)
5 Ciprofloxacin i 5 mcg 35(S) | 38(S) | 30 | 30(D 30D 39(S) | 40(S) | 42(S) | 38(S) | 43(S) | 46(S) | 38(S)
6 | Cotrimoxazole 1 25 meg 0 (R) 0(R) 0(R) 0(R) 0(R) 10(R) | 19(S) | 12(R) | 10(R) | 16(R) | 20(R) | 24(S)
7 Gentamicin e 10 mcg 19(S) | 21(S) | 22(S) | 20(S) | 15(R) | 24(S) | 29(S) | 28(S) | 26(S) | 30(S) | 18(S) | 29(S)
8 Imipenem I 10 mcg 30(S) [ 25(S) | 25(S) | 27(D) | I1O0(R) | 39(S) | 40(S) | 42(S) | 38(S) | 38(S) | 30(S) | 36(S)
9 Levofloxacin e 30 mcg 30(S) | 28(S) | 27(S) | 24(D | 12(R) | 29(S) | 28(S) | 32(S) | 30(S) | 34(S) | 29(S) | 38(S)
10 Meropenem T 10 mcg 27(S) | 28(S) | 28(S) | 24 | 12(R) | 30(S) | 28(S) | 32(S) | 27(S) | 39(S) | 40(S) | 36(S)
11 Moxifloxacin VA 5 mcg 27(S) | 26(S) | 24(@ | 22D | 11 (R) | 30(S) | 32(S) | 28(S) | 26(S) | 38(S) | 40(S) | 39(S)
12 Ofloxacin T 5 mcg 28(S) | 28(S) | 25(S) |23(S)| O(R) 25(S) | 20(S) | 26(S) | 28(S) | 30(S) | 29(S) | 27(S)
13 Streptomycin I 10 mcg 24(M) |20R) | 24D | 24D | 12(R) | 20R) | 22(D) | 21(R) | 28(S) | 23(S) | 19(R) | 18(R)
14 Tobramycin ™ 10 mcg 30(S) ND ND ND 20(R) ND ND ND ND ND ND ND
Note: S- Sensitive, I- intermediate, R- resistant, ND- not done
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Ps.4 was resistant to chloramphenicol, co-trimoxazole, ceftriaxone, cefixim and
sensitive to azithromycin, gentamicin and ofloxacin, while intermediate for
ciprofloxacin, moxifloxacin, streptomycin, levofloxacin and meropenem, Ps.5 was
intermediate for ciprofloxacin and resistant for rest of the antibiotics which were
used in the current study. Rests of the seven isolates were susceptible for almost all
antibiotics. Susceptibility zone of the bacterial isolates to different antibiotics is

depicted in Table-2.

Based on the above susceptibility pattern, it can be seen that only five bacterial
isolates (Ps. 1, Ps. 2, Ps. 3, Ps. 4, Ps. 5) were having resistance to more than three

class of antibiotics and were selected for further studies.
5.3) Biochemical characteristics of isolates:

All the five selected isolates were characterized biochemically. Results are depicted
in Table 3. All the five isolates were positive for catalase, oxidase, gelatinase
production and citrate utilization while negative for methyl red, voges proskaur and

amylase (Table-3).

On the basis of morphological characteristics as depicted in Table 1 and biochemical
characteristics as seen in table 3, it can be concluded that all the five isolates may be
P. aeruginosa. For further confirmation about the isolates, molecular
characterization was performed wherein 16S rRNA sequencing was undertaken for

the bacterial isolates.

Table-3 Biochemical characterization test of isolates:

Biochemical tests Ps. 1 Ps. 2 Ps. 3 Ps. 4 Ps.5
Catalase test + + + + +
Oxidase test + + + + +
Methyl Red test _ _ _ _ 3

Voges—Proskauer
Citrate Utilization test + + + + +
Amylase test

Gelatinase test + + + + +

+ = Positive, - = Negative
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5.3.1) 16S rRNA sequencing of isolated bacteria: For identification of isolates, 16S
rRNA sequencing was carried out. 16S rRNA fragment was amplified using
universal primers and sequenced. The sequences showed 98% similarity to P.
aeruginosa. Figure 2 shows the phylogenetic tree (drawn using the neighbor
joining programme in MEGA 3.1) between different members of the
Pseudomonas genus and the isolates. On the basis of the 16S rRNA gene
sequence analysis, the isolates (labeled Ps.1, Ps.2, Ps.3, Ps.4 and Ps.5) were

identified as P. aeruginosa (Figure 1a-e).

a) Phylogenetic tree of isolate P. aeruginosa Ps.1: Phylogenetic tree illustrate that the

isolate Ps. 1 is P. aeruginosa

Pseudomonas aeruginosa strain SNP0614

Pseudomonas ofitidis strain MCC10330

26

15 L Sample

Pseudomonas aeruginosa strain DSM 50071

Pseudomonas aeruginosa strain DSM 50071

Pseudomonas aeruginosa PAO1 strain PAO1

100

Pseudomonas resinovorans NBRC 106553 strain NBRC 106553

Pseudomonas aeruginosa strain ATCC 10145

18 —— Pseudomonas guezennei strain RA26

32

Pseudomonas aeruginosa strain NBRC 12689

50

Pseudomonas resinovorans strain ATCC 14235

Figure-1.a) Phylogenetic tree of Ps.1 Isolate
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b) Phylogenetic tree of isolate P. aeruginosa Ps.2: Phylogenetic tree illustrate that the

isolate Ps. 2 is P. aeruginosa

MR 113599.1| Pseudomonas aeruginosa strain NBRC 12689
7] MR 114471.1) Pseudomonas aeruginosa strain ATCC 10145
1) MR 117678.1| Psaudomonas aeruginosa strain DSM 50071
il MR 074828.1| Pseudomonas aeruginosa PAO1 strain PACT
MR 118644, 1] Pseudomonas aeruginosa strain SNPJG14
NR 026078.1| Pseudomonas aeruginosa strain DSM 50071

Sample 02

Figure-1.b) Phylogenetic tree of Ps.2 Isolate

¢) Phylogenetic tree of isolate P. aeruginosa Ps.3: Phylogenetic tree illustrate that the

isolate Ps. 3 is P. aeruginosa

i NR 117678.1| Pseudomonas aeruginosa strain DSM 50071

15 —— NR 026078.1| Pseudomonas aeruginosa strain DSM 50071

i ———— NR 118644.1| Pseudomonas aeruginosa strain SNP0614

Sample 03

NR 074828.1| Pseudomonas aeruginosa PAO1 strain PAO1

NR 113599.1| Pseudomonas aeruginosa strain NBRC 12689

NR 114471.1| Pseudomonas aeruginosa strain ATCC 10145

W NR 043289.1| Pseudomonas otitidis strain MCC10330

—— NR 114957.1| Pseudomonas guezenneistrain RA26

—— NR 103921.1| Pseudomonas resinovorans NBRC 106553 strain

—— NR 112062.1| Pseudomonas resinovorans strain ATCC 14235

Figure-1.c) Phylogenetic tree of Ps.3 Isolate
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d) Phylogenetic tree of isolate P. aeruginosa Ps.4: Phylogenetic tree illustrate that the

isolate Ps. 4 is P. aeruginosa

o~ NR 113599.1| Pseudomonas aeruginosa strain NBRC 12689
4 { NR 026078.1| Pseudomonas aeruginosa strain DSM 50071
4 L——————— NR074828.1| Pseudomonas aeruginosa PAO1 strain PAO1
5 Sample 04
iL: NR 118644.1| Pseudomonas aeruginosa strain SNP0614

NR 117678.1| Pseudomonas aeruginosa strain DSM 50071

NR 114471.1| Pseudomonas aeruginosa strain ATCC 10145
NR 114957 .1| Pseudomonas guezennei strain RA26

NR 043289.1| Pseudomonas otitidis strain MCC10330

100

100
{ NR 103921.1| Pseudomonas resinovorans NBRC 106553 strain NBRC 106553

77

NR 112062.1| Pseudomonas resinovorans strain ATCC 14235

Figure-1.d) Phylogenetic tree of Ps.4 Isolate

e) Phylogenetic tree of isolate P. aeruginosa Ps.5: Phylogenetic tree illustrate that the
isolate Ps. 5 is P. aeruginosa

KF964355.1_Bacterium_AW1_2013_ strain_AW1

KF751674.1_Pseudomonas_ sp._ SSKSD6

KM263617.1_Pseudomonas_sp._A1_2014

KM659186.1_Pseudomonas_ aeruginosa_strain_ 184

KC959478.1_Pseudomonas_ aeruginosa_strain_hqd_01

KM384036.1_Pseudomonas_sp._ HY5

KF956583.1_Pseudomonas_ aeruginosa_strain_S$20410

JN999891.1_Pseudomonas_ aeruginosa_strain_HNYM41

KC212090.1_Pseudomonas_ aeruginosa_strain_Z91

Ps5

HQ844502.1_Pseudomonas_ aeruginosa_ strain_
S2QPS8

Figure-1.e) Phylogenetic tree of Ps.5 Isolate
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5.4) Pathogenicity results of the bacterial host Ps.1 to Ps. 5: Pathogenicity tests were
performed to determine the virulence characteristics of the Pseudomonas strains by
using hemolytic activity test, congo red binding assay and biofilm assay (result
shown in table-4 and figure-2, 3 and 4).

5.4.1) Blood agar test for hemolytic activity: All the five bacterial host strains were
found to have B hemolytic activity (zone of clearance) as compared to control strain

Pseudomonas aeruginosa PAO1 (Table-4 and Figure-2).

Figure-2) Hemolytic activity test of isolates on Blood Agar

5.4.2) Congo red binding assay for amyloid fiber presence: Congo red binding assay
was done for determination of presence of amyloid fiber on the extracellular
surface of bacteria. All the five strains appeared dark reddish in color as compared
to control strain, confirming presence of high amyloid fiber with high adhering
efficiency (Figure-3). Presence of high amyloid fiber not only helps in attachment

of cell to the surface but also is an indication of good biofilm forming capability.

Figure-3 Congo red binding assay of isolates on Blood Agar
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Table-4) Pathogenicity tests of isolates:

Pathogenicity tests
Isolates Blood Agar test Congo Red test
Ps.1 + +
Ps.2 + +
Ps.3 + +
Ps.4
Ps.5
+ = Positive

5.4.3) Biofilm formation assay:

5.4.3.1) Crystal violet assay- Absorbance of crystal violet dye by the test isolates is
shown in Figure-4, More the biofilm formation, more will be the absorption of the
dye by the biofilm of the bacterial strains. As seen in the Figure-4, all the five

strains absorbed crystal violet dye better than the control strain PAOI.

Biofilm formation of assay of Pseudomonas
aeruginosa isolates by CV assay

B Biofilm

Absorbance 620nm

Figure-4 Biofilm formation assay of

isolates
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5.4.3.2) MTT assay: MTT assay is more specific and therefore was performed to further
confirm the biofilm formation. MTT dye is absorbed by the biofilm formed by
the host cells. Here, all the strains produced biofilm and the amount of biofilm
formed by all the test strains Ps.1 to Ps.5 except Ps.2 was more as compared to

the control culture PAO1 (Figure-5).

Biofilm formation assay of Pseudomonas
aeruginosa isolates by MTT assay

1.5
@Biofilm

Absorbance 540nm

PAO1 Ps. 1 Ps.2 Ps.3 Ps.4 Ps.5

Figure-5 Biofilm formation assay of

isolates

5.5) Motility test: This test was done to know the swimming and swarming motility of
isolates results shown in Table-5 and 6.
5.5.1) Swimming motility: In TSB with 0.3% agarose, all the strains were highly motile

with swimming motility, results shown Table-5

Table-5) Swimming motility by Pseudomonas strains:
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Swimming Motility

Planktonic cells motility Biofilm cells motility
Ps.1 Ps.1
Ps.2 Ps.2
Ps.3 Ps.3

Ps.4 Ps.4
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Ps.5 Ps.5

5.5.2) Swarming motility: In TSB with 0.5% agarose, all the strains were highly motile

with swarming motility
Table-6) Swarming motility of Pseudomonas strains:

Swarming Motility

Planktonic cells motility Biofilm cells motility

Ps.1 Ps.1

Ps.2 Ps.2
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Ps.3 . Ps.3

Ps.4 Ps.4

Ps.5 Ps.5

As seen in the above tables, swimming motility was observed in planktonic cells
while the cells which formed biofilm depicted swarming motility. Swimming motility
is necessary for the initial step of biofilm formation and attachment to a substrate.
Therefore, the planktonic cells showed swimming motility, while as they formed
biofilm, they started showing swarming motility which is helpful in dispersal of

biofilm.

5.6) Isolation of host specific (bacterial) Bacteriophages:
Bacteriophages (phages) are obligate parasites of bacteria and are highly specific to
their host. Hence in the present study Pseudomonas specific phages were isolated

from Ganges river water, Panki sewage treatment plant and hospitals, all sites in the
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Kanpur region of Kanpur District, Uttar Pradesh, India. Nine phages as shown

Table-7 and were isolated from different sites.

Table-7 Sources of phage collection and their plaque characteristics:

in

Number of type
Sample source for phage isolation Type of phage
of plaque

Ganges water T, C 4
Lala Lajpat Rai Hospital, Kanpur T 2
Rama Dental Hospital, Kanpur Nil 0
LPS institute of Cardiology, Kanpur Nil 0
Panki Sewage treatment Plant Kanpur C 3

Note-C- Clear plaque, T- Turbid plaque

5.6.1) Spot test for lytic ability: Lytic ability of pure phages was tested by spot and

plaque assay.

Spot assay: Six bacteriophages with the lytic ability as shown in Figure-6

(showing clear zone on bacterial lawn PAO1) were selected for the present study

and numbered as P1, P2, P3, P4, PS5 and P6. While the other three phages were

without any clear zone i.e. depicted turbidity, hence not shown in the figure.

Figure-6 Spot assay of phages for lytic activity
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Plaque assay for purity testing: Plaque assay was performed on TSA to test for
the purity. All the phages if seen are of same size then they are assumed to be pure.
A plaque assay figure for phage P6 is shown in the figure-7 where all phages of

same size, which establishes its purity.

Figure-7 Plate showing plaque test of P6 phage|

5.6.2) Titer value determination for isolated phages: Isolated bacteriophages were
concentrated by enrichment method. Isolated phages were concentrated and titer
value was determined by using double layer agar overlay method. Phages P4 and
PS5 had the highest titer value of 10" (Table-8).

Table-8- Titration of phages

S. No. Name of isolated Titer
phages
1. Pl 10"
2. P2 10"
3. P3 10"
4. P4 107
5. P5 10°
6. P6 10"
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5.6.3) Host range of isolated phages: Host range was determined to check the lytic

activity of test phages for different hosts other than their own host. Table-9

represents the % host range of isolated bacteriophage for P. aeruginosa,

Burkholderia cepacia, Escherichia coli, Enterobacter aerogens, Salmonella typhi,

Staphylococcus aureus, Stphylococcus epidermidis, and Staphylococcus arlettae.

Presence of clear plaque (C) indicates phages ability to lyses of the host, while

turbid plaque (-) is indication of lysogeny i.e. phage is in-effective against that host.

Of the eight different hosts tested, two strains S. aureus and S. arlettae were

reference strains while P. aeruginosa was standard/control strain in the present

study. Percentage of host infection with the test phages varied from 62.5 to 75.

Table-9) Host range of phages:

Host

Phages

v

4

Pseudomonas aeruginosa

Escherichia coli

Enterobacter aerogens

oliolielke!

oliolieolke!

oliolieolke!

olieoliolke!

olioliolke!

Salmonella typhi

olioliolielke!

Staphylococcus epidermidis

Staphylococcus arlettae

aQll

Burkholderia cepacia

oliell

All

aQll

aQll

Staphylococcus aureus _

Percentage of host range 75

62.5

62.5

62.5

62.5

C- clear plaque

5.7) Characterization of the phages- characterization of phage was done by following

methods-

5.7.1) Burst size determination using one step growth curve: The burst size was

determined by one step growth curve which indicates the average number of phage

progeny per infected cell at the end of one infection cycle. The existence of an

optimal lysis time can be understood as a consequence of the trade-off between

generation time and burst size. Longer the generation time, larger is the burst size and

the number of progeny’s will also be more, but their ability to cause infection in
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bacteria will be delayed while the ones with shorter cycle will have faster infection
ability and less burst size. Burst size of P1, P2, P3, P4, P5, and P6 was 314, 228, 226,
153, 289 and 275 pfu/infected cell respectively. The burst size of phage P5 is very
low 157 while phage P1 had very large burst size. Hence, phage P1 has great

potential to infect cells very frequently than other phages (figure 8 a-f).

a) One step growth curve of P1 b) One step growth curve of P2
—&-P
12 L
S 12 Ly 2 10
é 8 1 S 6 © B
,E 6 <> B = 4
S 5 1E E ol E
2 2 =
a 0 & 0
0 4 8 12° 16 20 0 4 8 12" 16' 20
Time interval in minutes Time interval in minutes

Figure-8a one step growth cure Figure-8b one step growth cure

¢) One step growth curve of P3 d) One step growth curve of P4
12, L ~12 L
2 '8 ..“"“ll'.%. = 10
] =
2 6 B ot 2
£ 4B E 4, E
=) 2 2
E 0 &~ 0
0 4 8 12' 16" 20 0 4 8 12' 16' 20'
Time interval in minutes Time interval in minutes

Figure-8c one step growth cure Figure-8d one step growth cure
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e) One step growth curve of P5S f) One step growth curve of P6

89
= 8.6 4
g L 284 B
B N’
T 76 T 79
= 71 e )
=
& o6 & 74 E

0 4 8 12 16 20’ 0 4 8 12' 16" 20
Time interval in minutes Time interval in minutes

Figure-8e one step growth cure Figure-8f one step growth cure

5.7.2) Adsorption of isolated phages: Adsorption is the first event in the life cycle of
phages. It has been divided into two stages. Reversible and irreversible attachment.
In this study, irreversible adsorption rate was defined. Phage, which has minimum
adsorption time has high adsorption rate i.e. in less time more phages will be
adsorbed. Here, phage P2 has the minimum adsorption time i.e. 6 minutes while
phage P5 and P6 have 8 minutes and rest phages have 10 minutes adsorption time
(Figure-9 a-f).

(a) Adsorption of phage P1

PFU/ml (log 10)

0 2 4 6 8 10 12 14 16 18 20

Time interval in minutes

Figure-9a Adsorption of phage P1
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b) Adsorption of phage P2

S 3
en
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2 4
E
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=
&
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0 2 4 6 8 10 12 14 16 18 20
Time interval in minutes

Figure-9b Adsorption of phage P2

¢) Adsorption of phage P3

12

10
8

0 2 4 6 8 10 12 14 16 18 20

Time interval in minutes

Figure-9c Adsorption of phage P3

d) Adsorption of phage P4

10
8

0 2 4 6 8 10 12 14 16 18 20
Time interval in minutes

Figure-9d Adsorption of phage P4

PFU/ml (log 10)
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e) Adsorption of phage P5

12
10

PFU/ml (log 10)
SN B~ N0

0 2 4 6 8 10 12 14 16 18 20
Time interval in minutes

Figure-9e Adsorption of phage PS

(f) Adsorption of phage P5

12

PFU/ml (log 10)

(=3 S NN

0 2 4 6 8 10 12 14 16 18 20
Time interval in minutes

Figure-9f Adsorption of phage P6

5.7.3) Determination of stability of phages to physic-chemical stresses:
Phages were subjected to variation in temperature and pH to see their effectiveness

at different temperature and pH.

5.7.3.1) Temperature tolerance of test phages: This test was performed to determine
the sensitivity of isolated phages towards the variation in temperature. Assessment
was made using the changes in the titer value on the basis of double layer agar
assay. Phage P1, P3, P4 and P6 were able to maintain their multiplication at 95° C,
with P1 phage (isolated from river Ganges) being the best while others showed
minor loss in titer value. This is something very important as the temperature of

the river water never goes to such a high temperature but still phages with high
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thermo-tolerance limit are present in water. At 75° C, all phages except P5
(isolated from Panki, Kanpur thermal power plant sewage water) were able to
multiply. At 37 and 55 °C, all the phages were able to multiply (Figure-10). This
variation in tolerance limit is important for the phages P2 and P5 were unable to
survive at this temperature. All the phages were stable at 75 °C with minor loss in
titer, while phage P5 was unable to survive at this temperature as shown in Figure-

10.

12
10
W 370C
0550C
B8750C
B8950C

PFU /log 10

PSS TSI TS

TIIILLIIIIIIIISY,
SIIIIIIIIIII S
IILSSSIIIIISS S

S Nk~ O ®

P1 P2 P3 P4 P5 P6

Figure-10 Temperature tolerance of phages

5.7.3.2) pH sensitivity of phages: On looking for activity of phages at varying pH, all
phages were stable at pH 9 except phage P5. Better survival rate of phages was
observed at neutral and less acidic conditions while at highly acidic conditions,

only phage P1 and P3 were able to survive and multiply (Figure- 11).

EpH 3
OpHS5
BpH 7
OpHO

PFU /log 10

SIIISIIISIIF7 ]
TSI TIIIIII

]
E;*
SN
SN
SN
SN
SN
SN
SN
SN
SN
N
SN

SSSSSSSSSSSS)

P1 P2 P3 P4 P5 P6

Figure-11 pH sensitivity of phages
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5.7.4) SDS-PAGE of phages proteins:
Phages were analyzed for structural proteins composition and it was found that P1
phage had structural proteins of 40 kDa, 20 kDa and ~14.3 kDa, Phage P2 had 40
kDa, 20.1 kDa, 15 kDa, 14.3 kDa and minor protein of 3.5 kDa, Phage P3 contained
30 kDa, 14.3 kDa and 10 kDa, P4 phage had 35 kDa and 10 kDa, while phage P5 had
30 kDa, 20 kDa, 14.3 kDa and 10 kDa, Phage P6 had proteins of 35 kDa, 20.1 kDa
and 10 kDa molecular weight (Figure-12). Structural protein analysis of phages
reveals that all six isolated bacteriophages are six different entities having different

protein composition.

Marker P1 P5 P3 P2 P4 P6
43 KD —>
29 KD —>
201KD —P Figure-12 Image of SDS
PAGE of phage proteins
143KD  —p
35KD

5.7.5) Isolation and restriction digestion of bacteriophage: DNA of bacteriophages
was isolated and electrophoresed on 1% agarose gel along with [T DNA / EcoRl /
HindIII double digested DNA marker. Molecular weight of all the phage DNA was
found to be ranging from 21.0 kb to 35.0kb.

For molecular characterization of phages, the isolated phage DNA samples were
further subjected to digestion with restriction enzymes BamHI and PsutYl. The
results revealed that all phages were sensitive to BamHI and PsutY1 except P1 and
P4, exhibited different banding patterns, which confirming that all phages were

genetically different and harbored ds DNA as genetic material shown in (Figure
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13). However, lane 4 and 12 were loaded with RE digested DNA of phage P2 and
P6 respectively, which clearly indicate that BamHI and PsutY1 completely digested
the DNA, while Lane 10 of phage PS5 RE digested DNA had shown 6 bands
ranging from 17 kb to 564bp, Lane 12 of phage P6 loaded DNA shown 1 band of
Skb.

Marker  pj P2 P3 P4 P5 P6

21,226bp

4973 bo
3,530 bp

1,904 bp
1.584bp
1,374bp

Figure-13 Picture of phages DNA and their restriction digestion

5.7.6) Morphological characterization of isolated phage by Electron Microscopy:
Morphological characterization is generally regarded as one of the important
criteria used to place phages into specific families owing to the fact that clear
differences in the size and structure of tailed phages which can be easily
established and there is a great deal of information available for comparison
purposes. Some of the challenges which are however faced with this criterion are:
structures such as collars may be present in one instance and absent in another,
related phages may have varying tail dimensions, the majority (about 61%) of
tailed phages belong to the Siphoviridae family (Ackermann et al., 1992).
Measurement of isolated phages according electron micrograph revealed that

phage P1, P2, P3 P4, P5 and P6 had head of 49+2.14, 45+1.89, 28+2.86, 30+1.86,
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31+1.97, and 24+3.14 nm respectively while they had tail of 15£1.56, 65+2.14,
43+2.45, 60£2.76, 50+3.14 and 45+1.96 nm respectively. Phage P1 belonged to
Pyoviridae because it had short tail while rest of the phages belonged to

Myoviridae tamily because they had long tail (figure-14).

100nm

100nm 100nm

Figure-14 Electron microscopy of isolated bacteriophage
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5.8) Minimum Inhibitory Concentration (MIC) determination of ciprofloxacin
antibiotic for inhibition of Pseudomonas aeruginosa biofilm formation:
Biofilm is a complex structure and it protects microbial cell from antimicrobial
compounds. Therefore, for the control of biofilm formation, ciprofloxacin antibiotic
was selected because this antibiotic is low in molecular weight and therefore can
penetrate the biofilm matrix easily. All the isolates were sensitive for this antibiotic;
therefore this antibiotic was chosen for the inhibition of biofilm formation of
isolates. For the inhibition of biofilm formation, variable ranges (1.56-100 pg/ml)
of ciprofloxacin were used.
When host P. aeruginosa (Ps.1) was treated with varying concentration (1.56 mcg
to100 pg/ml) of ciprofloxacin, it was observed that high concentration of antibiotic
inhibits / kills the planktonic cell as well as biofilm cells (Figure-15a). MIC in the
present case is beyond 100 pg/ml. Similarly, MIC of ciprofloxacin for other test
hosts Ps2, Ps.3, Ps.4, Ps.5 was also tested in the same way. In all cases planktonic
as well as biofilm cells were inhibited to the maximum by 100 pg/ml concentration
of ciprofloxacin (Figure-15a-e).

Graph of MIC of ciprofloxacin antibiotic for inhibition of Pseudomonas aeruginosa

biofilm formation
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Figure 15 (a). At initial stage of biofilm formation, Ps.1 treated with

varying concentration of ciprofloxacin
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Figure 15(b). At initial stage of biofilm formation, Ps.2 was treated with varying
concentration of antibiotic ciprofloxacin
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Figure 15(c). At initial stage of biofilm formation Ps.3 was treated with

varying concentration of ciprofloxacin
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B Planktonic Biofilm

Absorption 540nm

Figure 15(d). At initial stage of biofilm formation Ps.4 was treated with varying

concentration of antibiotic

B Planktonic Biofilm

Absorption 540nm

Figure 15(e). At initial stage of biofilm formation Ps.5 was treated

with varying concentration of ciprofloxacin
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5.9) Control of biofilm formation of P. aeruginosa strains with isolated
bacteriophages: From the above results, it is clear that high concentration of
antibiotic can control biofilm formation to some extent, but even a very high dose
of 100 pug/ml was able to inhibit only upto a certain extent and not completely
therefore test phages were employed in the present experiment to test for the
efficacy of phages to inhibit bacterial hosts Ps.1 to Ps.5 (planktonic as well as
biofilm cells).

Phage mediated control of biofilm formation and inhibition of Pseudomonas
1solates was performed on the microtiter plate. After phage treatment, live cell of
biofilm was analyzed by MTT dye. MTT is a redox dye which turns purple
coloured formazone compound by metabolically active cells, while dead cells are

not able to form formazone compounds and appear yellow as shown in Figure- 16.

Pseudomonas isolates

Ps.1 Ps.2 Ps.3 Ps.4 Ps.5

P1
P2
P3

P4

v o g & =g

P5

P6

Figure- 16 Microtiter plate containing biofilm of host stained with MTT dye

The detailed result about the effect of phage on the Pseudomonas strains and biofilm

inhibition are given below:
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a) When the host Ps.1 was exposed at the initial stage of biofilm formation with
0.0IMOI of phages then it was found that all the phages efficiently controlled
biofilm of isolate Ps.1. Phage P1 was more potent (94% killing) as compared to

other phages with phage PS5 being the least effective (Figure-17 a).

94

92
90
) I
86
P1 P2 P3 P4 Ps P6

% inhibition
o]

Fig 17 a) Inhibition of biofilm formation of Ps.1 with isolated bacteriophage P1, P2,

P3, P4, PS and P6

b) In this experiment, Ps2 was exposed to phages at the initial stages of biofilm

formation. In this case also, Phage P1 was more effective controller as compared

to other phages (Figure-17 b).

94

92

9
8
86
P1 P2 P3 P4 Ps P6

o

% inhibition
[o¢]

Fig 17 b) Inhibition of biofilm formation of Ps.2 with isolated bacteriophage P1, P2,

P3, P4, P5 and P6

¢) In case of Ps. 3, all the phages were effective in controlling biofilm formation

with P1 being the best and P6 almost comparable to P1 in its efficacy (Figure-
17¢).
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Fig 17 c¢) Inhibition of biofilm formation of Ps.3 with isolated bacteriophage P1, P2,

P3, P4, P5 and P6

d) All the phages were able to control biofilm forming cells approximately by 92%
(Figure-17d).

94

92
9
8
86
P1 P2 P3 P4 Ps P6

% inhibition
o

0o

Fig 17 d) Inhibition of biofilm formation of Ps.4 with isolated bacteriophage P1, P2,

P3, P4, P5 and P6

e) Ps.5 is highly resistant isolates for different class of antibiotics and when this strain

was exposed to phages, it was found that phage P1 inhibits the cells and biofilm
formation by 92% while rest of the phages killed biofilm cells up to 91% (Figure-
17e).
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Fig 17 e) Inhibition of biofilm formation of Ps.5 with isolated bacteriophage P1, P2,
P3, P4, P5 and P6

In all the above findings, it was observed that Phage P1 was the best (upto 94%
efficiency) in controlling biofilm forming cells and inhibited biofilm formation by

these cells better as compared to other phages P2-P6.

5.10) SEM analysis of Pseudomonas isolates biofilm treated with bacteriophages:
From the above experiments it was completely clear that phage P1 is most potent
because it had high potential to inhibit biofilm formation of the entire host
Pseudomonas Ps.1, Ps.2, Ps.3, Ps.4 and Ps.5. Therefore, qualitative analysis of killing
efficiency of phage P1 against biofilm of host Ps.1-Ps.5 was done by SEM.

SEM images of biofilm treated with phage P1 indicated that P1 phage is most potent
phage and had high efficiency to control the biofilm of multiple drug resistant

Pseudomonas isolates as shown in figure-18 (a-e).

Untreated biofilm of Ps.1 Biofilm of Ps.1 treated with bacteriophage P 1
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Biofilm of Ps.3 treated with bacteriophage P 1

Untreated biofilm of Ps.4

Biofilm of Ps.4 treated with bacteriophage P 1
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Untreated biofilm of Ps.5 Biofilm of Ps.5 treated with bacteriophage P 1

Figure-18 SEM analysis of P1 phage mediated inhibition of biofilm

formation of Ps.1, Ps.2, Ps.3, Ps.4 and Ps.5

Interaction of Phage P1 with most potent Pseudomonas aeruginosa Ps. 5 strain for
confirmation of above SEM results

5.11) Electron Microscopy of initial stage of biofilm formation of Ps.5: In this
experiment, at the initial stage, attachment of biofilm forming cells was observed.
EPS matrix started surrounding the cell which protects cells from antimicrobial
compounds and environmental stresses as shown in figure-19.
At the initial stage of biofilm formation, planktonic cells started adhering to the
substratum and after that they formed microcolony (Fig. 19). Microcolony led to
the formation of mature biofilm which later on dispersed.

Again the repetition of above cycle started with the dispersed biofilm cells.
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Figure-19 Electron Microscopy of initial stage of biofilm formation of Ps.5

5.11.1) Interaction of phage P1 and their host Ps.5: Attachment of phage with the host
is carried out with the help of receptors, which are present on the cell surfaces
such LPS, pilli and antigens etc. After the successful attachment of phages onto
the host surface, adsorption of phage DNA takes place eventually leading to
initiation of phage life cycle in the host cell (Fig. 20).
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Figure-20 Electron Micros 7 of initial stage of biofilm formation of Ps.5 isolate

5.11.2) Lysis of infected P1 infected Ps.5 host cell:
The last stage of infection cycle of phage is lysis of the host cell and release of virion
(Fig. 21). After lysis of the host, release of phage particle is the last step of phage
lytic life cycle, in the figure-21, phage particle released by lysed host cell can be seen.
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5.11.3) Release of phage particle after lysis of host Ps.5:

Figure- 21 Electron Microscopy of released of phage P1 after lysis of host Ps.5

The results obtained in this chapter are discussed in detail in the next chapter entitled

“Discussion”.
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CHAPTER 6 DISCUSSION

P. aeruginosa is an opportunistic pathogen which causes infections such as
common acute septicemia in burn or surgical wound, urinary tract infection, corneal
ulceration (from wearing contact lenses), endocarditis (caused by intravenous drug use,
etc.), and pneumonia (from use of ventilator and endotracheal tube) (Bodey et al., 1983).
P. aeruginosa is well known microorganism for its expertise to resist commercially
available antibiotics and this resistance could arise through several mechanisms such as
efflux pump, enzymatic degradation of antibiotics and by alteration in membrane
permeability. In addition, P. aeruginosa exist in nature in the form of biofilm. Biofilm
embedded P. aeruginosa cells are 1000 times more resistant for any antimicrobial than
planktonic cells. These features make P. aeruginosa highly resistant for commercially
available antibiotics and therefore P. aeruginosa is a major cause of concern for the
medical practitioners.

In the current research work, 12 bacterial strains isolated from patients with burn
wound infections were isolated, characterized for their antibiotic resistance pattern and
other features. Based on antibiotic resistance potential, five Pseudomonas strains having
multiple drug resistance against most of the antibiotics tested were selected for further
studies. The strains were characterized morphologically, biochemically, 16SrRNA
sequencing, their pathogenicity tested for determination of virulence trait on blood agar,
congo red binding assay, biofilm formation using crystal violet and MTT assay. All the
strains were found to be MDR strains and possessed pathogenicity and biofilm forming
ability which conferred resistance in them that could not be controlled by commercially
available therapeutic molecules. So, in quest of searching safe and effective technique to

control such MDR strains, bacteriophage therapy was employed.

So, primary concern was to target different habitats for isolation of phages which
could target these strains as their host. In this quest, six different phages from phages
from diverse environments (river Ganges and sewage water, Kanpur, Uttar Pradesh,

India) were isolated, characterized and tested as parasite on these hosts (Pseudomonas
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strains). Ability of these phages to control biofilm formation in the hosts was checked by
interaction between phages and the host using quantitative (MTT assay of biofilm treated
with bacteriophage) and qualitative (SEM and TEM of phage treated biofilm). Results
obtained already described in Chapter 5 (Results) are discussed here in this chapter.

Twelve different bacterial strains supposed to be Pseudomonas were isolated on
Pseudomonas agar as has been used earlier by LaBauve et al., 2012. Isolated strains were
morphologically characterized and tested for determination of multiple drug resistance.
The goal of current study was the selection of multiple drug resistant bacteria and their
control, so further study was on selection of MDR strains from the 12 isolates. Hence
antibiotic susceptibility test was performed using Azithromycin (15 mcg), Cefixime (5
mcg), Ceftriaxone (15 mcg), Chloramphenicol (30 mcg), Co-Trimoxazole (25 mcg),
Ciprofloxacin (5 mcg), Moxifloxacin (5 mcg), Gentamicin (10 mcg), Imipenem (10
mcg), Levofloxacin (30 mcg), Meropenem (10 mcg), Ofloxacin (5 mcg), Streptomycin
(10 mcg) and Tobramycin (10 mcg) for sensitivity test. On the basis of antibiotic
sensitivity test five multiple drug resistant isolates (Ps.1, Ps.2, Ps.3, Ps.4 and PS.5) were
chosen for the further study (Table-5.2). Biochemical tests were performed for
identification of isolates (table-3). On the basis of biochemical results, it was clear that
isolates were Pseudomonas sp. as per Bergey’s manual of systematic bacteriology for
identification of bacteria. A similar biochemical result for Pseudomonas has been
reported earlier by Ranjbar et al., 2011. For further confirmation of isolate’s species, 16S
rRNA sequencing of all five isolates was done using universal primer. On the basis of
16S rRNA, it was confirmed that all the isolates were P. aeruginosa. 16S rRNA
sequencing and comparison with NCBI database has been performed earlier also to
establish the identity of the strain (Kumar et al., 2014).

Furthermore, the determination of pathogenic characteristics of P. aeruginosa
strains (Ps.1, Ps.2, Ps.3, Ps.3, Ps.4 and Ps.5), hemolytic test, congo red binding and
biofilm assay were done (table-4 and figure-2, 3 and 4). These tests were performed to
know whether the isolates are pathogenic or not. Pathogenicity tests defined that all five
isolates possessed virulence traits and can cause disease in immuno-compromised host.

These pathogenicity tests have been used by earlier workers to ascertain the virulence of
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the strains (Satoh et al., 2004; Sharma and Sihag 2013). In addition, motility test was
performed to know the biofilm forming efficiency of strains. In reality, for the biofilm
formation, bacteria should be motile, therefore two type of motility, swimming and
swarming were analyzed. Bacteria use swimming motility for the initial stage of biofilm
formation which is mediated by fimbriae, while swarming motility is used for the
dispersal of biofilm cells. In the current study, planktonic cells possessed swimming
motility i.e. had high biofilm forming efficiency (shown in table-5). Whereas, once the
biofilm is formed, cells have poor swimming motility but dominant swarming motility.
This swarming motility helps the biofilm cells to disperse as planktonic cells / biofilm
associated planktonic cells. These cells can move from one place to another and can form
biofilm (Table 6). Similar findings with respect to motility has been reported by Murray
et al., 2010; Caiazza et al., 2007.

On the basis of above analysis, it was confirmed that all the five P. aeruginosa
strains were multiple drug resistant biofilm forming pathogens. Thus, the infection
caused by such bacteria can be fatal. P. aeruginosa have evolved resistance for currently
available antimicrobials (Bentzmann and Plésiat, 2011). Therefore, for control of such
biofilm forming pathogens, other strategies have to be used.

Phage therapy has been used since long to control the pathogenic infections in the
wounds more effectively than most of the antimicrobials as evident from the review and
therefore was used for control of pathogenic strains (test strains) of Pseudomonas
aeruginosa in the present study.

Bacteriophages are an alternate to antibiotics, which can control microbial
growth. Several studies have shown about the potential of phages to treat infectious
diseases in animals (Loc, 2005; McVay et al., 2007; Nakai and Park, 2002; Wagenaar et
al., 2005) and humans (Weber et al., 2001), even those caused by antibiotic resistant
bacteria (Weber et al., 2003). Phages arose as a good alternative of antibacterial agents to
cure such type of pathogenic bacteria. Phages are obligate parasite of bacteria and they
multiply along with lysis of their host. Thus, it can be an ideal strategy for the control of
microorganisms.

Thus, for the control of biofilm forming multiple drug resistant P. aeruginosa

strains, phages were isolated from Ganges river and sewage water form hospital and
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Panki sewage treatment plant, Kanpur, Uttar Pradesh, India in the year 2012. In all, six
different lytic phages were isolated and their host range was determined using spot assay
against various hosts. Six lytic P. aeruginosa specific phages were found and named as
P1, P2, P3, P4, P5 and P6 phages. Phages had ability to increase in number during the
infectious process, and this property make them excellent diagnostic and therapeutic
agent for fighting against bacterial diseases. According to Adam, 1959, appearance of big
clear plaques is characteristic feature of lytic virulence phages, and in the present study,
all the isolated phages exhibited clear plaque activity (figure-7.

Most of the phages are restricted by their host and the defense mechanism
includes adsorption resistance (which results in reduced interaction between phage and
the bacterium) and restriction including abortive infection. In restriction, bacteria (host)
survive while the phages die. In case of abortive infection, both bacteria and the phages
die. Adsorption resistance includes loss of phage receptor molecules on hosts as well as
physical barriers hiding receptor molecules (e.g. capsules). Restriction mechanisms
include phage-genome uptake blocks, superinfection immunity, restriction modification,
and CRISPR (cluster regulatory interspaced palindromic repeats). CRISPR regions have
been implicated in bacterial resistance to lytic bacteriophage infection (Barrangou et al.,
2007; Sorek et al., 2008). Barrangou and colleagues recently described the association of
acquired immunity to a lytic bacteriophage infection with the presence of DNA
sequences derived from the infecting phage in the spacers of CRISPRs and furthermore
demonstrated that mutations in those spacers resulted in a loss of phage resistance
(Barrangou et al., 2007). They also found that mutation of certain cas genes resulted in
the loss of resistance to lytic phage in previously resistant strains, while mutations in
different cas genes produced strains that were unable to acquire phage resistance
(Barrangou et al., 2007). The mechanism by which phage DNA is incorporated into
CRISPR spacers, and how these spacers confer resistance to infection by the same phage,
have not been established (Hyman and Abedon, 2010; Zegans et al., 2009; Barrangou et
al., 2007). Due to these mechanisms, phages are specific for their host.

In the present study, Phage P1 and P2 had host lytic activity against gram positive
bacteria S. epidermidis and S. arlettae respectively. Hence phage P1 and P2 exhibited

broad host range.
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Growth characteristic of phages were determined by one step growth curve as
well as by adsorption rate, shown in figure-8 and 9. The burst size was determined by one
step growth curve which determines the average number of phage progeny that will be
released per infected cell at the end of one infection cycle. According to Wang et al.,
(1996), phage which has longer generation time has large burst size. But a good phage is
that which have short generation time and large burst size, feature is responsible for high
efficiency to infect host cells frequently. In the present study, phage P1 had the large
burst size 314 pfu/infected cell, while phage P4 had the smallest burst size 153
pfu/infected cell (figure-8). Adsorption of phage to the host is the first event in the
infection process. Here in, irreversible adsorption rate was studied and it was found that
phage P2 has minimum absorption time of 6 min while rest of the phages had absorption
time up ranging from >6 to 10 min (fig. 9a-e).

P. aeruginosa is an euritherm organism that can grow in temperature range from
10 to 44 °C, with an optimum around 35 °C (Pitt and Simpson, 2006). With respect to
physic-chemical activity of phages, Knezevic et al., (2011) reported that phages can
absorb to P. aeruginosa in a temperature range from 7- 44 °C. In the present study,
multiplication of phages was observed at different temperature ranging from 37 to 95 °C.
Phage P1, P3, P4 and P6 maintained their multiplication at 37, 55, 75 and 95 °C, while
phage P2 and P5 were unable to sustain beyond 75 °C (Figure-10). If we look for pH
stability of phages, then it was observed that all phages were stable at pH 9 except phage
P5. Present findings with respect to growth at neutral to alkaline pH are in conformity to
the earlier findings of Adams, 2009, Amin and Day, 1988 except in case of phage P1 and
P3 in the present study. Phages P1 and P3 were able to survive at pH 3 (figure-11).

Capsid protein analysis of isolated phages was undertaken to detect the types of
protein present in the phages to protect themselves from the environmental stresses. SDS
PAGE data shows that the proteins carried by the test phages ranged from 14.3 Kd to
~45Kd as shown in figure-12. Various workers have reported different sized proteins in
the phages, Kumari et al., 2007 reported 20kDa to 205kDa proteins in P. aeruginosa
specific phages, while Radhakrishnan et al., 2012 reported phage proteins ranged from 14
to 97 kDa.
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Restriction digestion of isolated phages was done to determine the similarity
between different phages. Although the gel figure is not very clear but it depicts different
banding pattern leading to conclusion that the isolated/test bacteriophages are different
with different properties (figure- 13).

Morphological characteristics of phage are usually seen under the electron
microscope and these observations are very important to classify the taxonomy of a
phage (Ackermann, 1996). Approximately 96% of all investigated phages in the last 45
years have come in the members of Siphoviridae, the Myoviridae, and Podoviridae
(Ashelford et al., 1965). Thus it was not surprising that isolated phages come in the
categories of these three morphological families. In the present study, head and tail
dimension of Phage P1 closely resembled Podoviridae family, Kumari et al., 2009
reported the similar type of Pseudomonas specific phages in their study, while rest of the
isolated phages belonged to Myoviridae family according to Ackerman, 1996
classification of phages, because all the phages exhibited long tail (figure-14).

On the basis of above characterization of phages, it is confirmed that all the
phages are highly stable and have high potential to control their host P. aeruginosa.
Therefore, these phages were further subjected against the biofilm formation of their
hosts i.e. the interaction studies.

For the control of biofilm formation of P. aeruginosa isolates, ciprofloxacin
antibiotic was used because it is a low molecular antibiotic and can penetrate matrix of
biofilm (Nesar et al., 2012). Nesar et al., 2012 reported about the emergence of resistance
to fluoroquinolones in P. aeruginosa clinical isolates. In the present study, different
concentrations (100, 50, 25, 12.5, 6.25, 3.125, 1.5, 0.75 pg/ml) of ciprofloxacin which is
commonly used in practices for the control of pathogens were used for the screening of
dose of antibiotic. From this experiment, it was clear that high concentration of
ciprofloxacin (100 pg/ml) can control the biofilm at some level but as the concentration
of antibiotic decreases, persistence of biofilm cells increases. Thus, current data about the
antibiotic mediated control of biofilm illustrate that currently available commercial
antibiotics cannot remove biofilm completely and discovery of new antibiotic is still
under pipeline. Therefore for the control of pathogens, phage therapy can be employed as

they are effective and are from natural sources and environment friendly.
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Bacteriophage emerges as an ideal antimicrobial agent for the control of biofilm
formation. Phages are obligate parasite of bacteria and they are host specific in nature.
Hence, keeping this phenomenon in mind, the isolation and characterization of phages
were performed.

In addition to characterization, phages were further subjected to study the control
of biofilm formation of P. aeruginosa strains by quantitative (MTT assay) and qualitative
(SEM and TEM) tests.

When Phages were applied on initial stage of biofilm formation of host, it was
found that Phage P1 had high efficiency to inhibit biofilm formation up to 94% in case of
all the five isolates while rest of the phages though inhibited biofilm formation but the
percentage of inhibition was less as compared to phage P1 as shown in figure-18 a-e.
According to Pires et al., 2011, 50% inhibition of biofilm formation of P. aeruginosa
PAO1 biofilm with bacteriophage was found, while Alves et al., 2015 reported 95%
killing of biofilm cells of P. aeruginosa with 10 MOI of phage cocktail. Knezevic et al.,
2011 reported 95% Kkilling of P. aeruginosa biofilm as well as planktonic cells with 10
MOI of isolated bacteriophage. However, in this study killing of biofilm cell was
achieved by just 0.01MOI of phage, which is a very low concentration, which can be
effectively used for killing of biofilm cells.

Furthermore, the Scanning electron microscopy (SEM) of biofilm treated with P1
was done. P1 phage is a very potent phage that has high efficiency to inhibit biofilm
formation of isolates at any stage with a very low MOI 0.01. Hence, to see the impact of
P1 phage on the biofilm, scanning electron microscopy was performed to study the
interaction. From the SEM images it is absolutely clear that P1 can remove biofilm cells
of P. aeruginosa strains as shown in figure-19 a-e.

In addition to SEM, transmission electron microscopy of Phage P1 treated Ps.5
isolate was done. This experiment shows that how bacteriophage attacks the host cell, for
adsorption and after completion of lytic life cycle, lysis of the host cells take place
(figure-20-22). No one has reported this type of study till date. Here, only one host and
only one phage was used for the study, to confirm the above findings of SEM for the

adsorption of phage on the host, its multiplication and lysis of the host cell.
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There are two strategies employed bacteriophage in fighting biofilm, which are by
blocking of biofilm development and eradication and removal of existing biofilm cells by
using enzymes dispersinB, depolymerase and alginase for the degradation of EPS of
biofilm (Yan et al.,, 2013; Harper et al., 2014). The most advantageous feature of
bacteriophage are that they are host specific self replicating entities, once administered

they self replicate in the host and destroyed them (Parasion et al., 2014).
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CHAPTER 7 CONCLUSIONS

Antibiotic resistant bacteria have evolved before the discovery of antibiotics, since then
resistant bacteria have been reported worldwide. There are six bacteria ESKAPE (E. coli,
S. aureus, Klebsiella, Acinetobacter, P. aeruginosa, Enterobacter) identified as multiple
drug resistant bacteria reported by CDC (Center for disease control and preservation).
These bacteria are highly pathogenic and cause fatal diseases. Therefore, P. aeruginosa
was chosen for the current study. In the present study, 5 Multiple drug resistant
Pseudomonas bacteria were isolated and characterized. All the isolated bacteria were
drug resistant biofilm forming pathogens. Ps.5 P. aeruginosa was highly resistant to the
fourth generation moxifloxacin. When MIC test was performed with ciprofloxacin that it
was found that MIC of biofilm of isolates (Ps.1, Ps. 2, PS.3, Ps.4 and Ps.5) was greater
than 100pg/ml. For the control of such fourth generation drug resistant bacteria another
strategy was employed which was the use of lytic bacteriophage for the control of

multiple drug resistant bacteria.

In this study, 6 bacteriophages (P1, P2, P3, P4, P5 and P6) were isolated from
Ganges river water, sewage water from sewage treatment plant Panki and hospital
drainage system around the Kanpur city. All phages had very good lytic activity.
Bacteriophages were morphologically characterized to determine the shape, on the basis
of electron microscopy it was confirmed that all phages were tailed phages with
icosahedral head and belonged to Pyoviridae and Myoviridae family. Furthermore,
bacteriophages were characterized to check their efficiency, after characterization, it was
confirmed that phages were highly stable at different pH and temperature and have high
burst size. Phage P1 gave best efficiency at 95 °C and was functional in both acidic and
alkaline pH.

Isolated phages were used to test their efficacy for inhibition of biofilm formation
by P. aeruginosa strains and it was found that all the phages caused killing of biofilm
cells with phage P1 giving the maximum Kkilling of all the host upto 94% at 0.01MOI.
Hence, this study illustrates how bacteriophage therapy can be an effective technique for
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control of MDR strains and inhibition of their biofilm forming ability which confers upon

them more stability or resistance.

Due to limitation of discovery of new antibiotics, phage therapy can be a good
choice for clinicians. Phage therapy can be a better choice than that of any antimicrobial
because it is pathogen specific, self replicating, ecofreindly, economical and without any
side effect. Phages have the potential to control the biofilm of multiple drug resistant
bacteria. Thus, phages hold ideal position in the medical world for the control of drug

resistant bacteria.
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Summary

Pseudomonas aeruginosa is a motile, Gram negative, facultative, rod-shaped bacterium
resistant to high concentration of salts and dyes, and many commonly used antibiotics. P.
aeruginosa produces two types of soluble pigments, pyoverdin, and pyocyanin. Pyocyanin
plays a vital role in iron metabolism and is produced in abundance in low-iron content
media.

P. aeruginosa produces cell-surface polysaccharides which serve as a barrier between the
cell wall and the environment, mediates host-pathogen interactions, and form structural
components of biofilm. Lipopolysaccharide (LPS) plays a central role in maintaining the
integrity of cell and acts as an important mediator of host pathogen interactions during
disease. P. aeruginosa is a nosocomial pathogen and is described as an opportunistic
human pathogen which can evade host defense to initiate infection. It causes infection in
immune-compromised host such as those with cystic fibrosis, cancer, or AIDS and
produces endocarditis, respiratory infections, bacteremia, septicemia, infections in central
nervous system, ear and eye, bone and joints, urinary tract, gastrointestinal, and skin and
soft tissues.

P. aeruginosa is classified as a dangerous pathogen because it is resistant to therapeutics.
The resistance in P. aeruginosa is due to the impermeability of its outer membrane to
antibiotic penetration; its ability to form an exopolysaccharide protected (EPS) biofilm,
the presence of multidrug efflux pumps in the cytosol, and chromosomally encoded
antibiotic resistance genes. In addition to these intrinsic resistance factors, P. aeruginosa
can easily acquire resistance by mutation of its chromosomally encoded genes or through
horizontal gene transfer of antibiotic resistance determinants from plasmids. Recent
studies have shown that phenotypic resistance associated with biofilm formation and the
emergence of small-colony variants also may be important factors in its development of
resistance. Thus, for the control of such pathogens, more specific, economical, and
environment friendly therapy is required for management of this pathogen and the

infections caused by it. Phage therapy, which has been used since long can be an effective
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therapy against this MDR pathogen and other pathogens which are becoming resistant due
to injudicious use of antibiotics.

Phages are obligate parasite that infects bacteria. Advantages of phage therapy include
continuous self replication at the site of infection and host specificity that leaves other
bacterial and body cells undisturbed. Some phages have depolymerases as tail or spike
fibers and this enables them to reach the bacterial cell wall when an EPS coating is
present. Through their interaction with host cells, phages may cause biofilm disruption,
lysis, and degradation of the EPS. Phage therapy is potentially broad in its application and
can be particularly important in the treatment of bacterial infections that display multidrug
resistance. It is currently being used in the food industry for the prevention of poultry
infection, wound healing therapy, allergy prevention therapy, and in the control of
opportunistic bacterial infections present in immuno-compromised mice.

The current research work entitled “Isolation and characterization of host specific
bacteriophages and determination of their potency to inhibit multiplication of
multiple drug resistant (MDR) biofilm forming Pseudomonas aeruginosa isolates”
was carried out by isolation of host P. aeruginosa and their characterization. Isolation of
host bacteria was done from the patient with burn wound infections. During the isolation
12 bacteria isolates were isolated from the samples collected from patients. Morphological
characterization of 12 isolates was done by gram staining and from gram staining data it
was clear that all the isolates were gram negative.

After morphological characterization, antibiotic sensitivity test was performed and this test
determined that from 12 isolates only 5 isolates were multiple drug resistant. Therefore,
further study was continued with these 5 multiple drug resistant isolates numbered as Ps.1,
Ps.2 Ps.3, Ps. 4, and Ps. 5. Biochemical tests were performed for the identification of 5
multiple drug resistant bacteria. 16S rRNA sequencing was performed for further
confirmation of characterized isolates. 16S rRNA sequencing data illustrated that all 5

isolates were P. aeruginosa.

Apart from the identification of P. aeruginosa strains, pathogenicity traits were also
determined by hemolysis test on blood agar, by congo red binding assay and by biofilm

formation assay. Blood agar test determined that all five strains Ps.1, Ps.2, Ps.3, Ps.4 and
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Ps.5 had  hemolytic activity, and this can be fatal to those who come in contact with such
microbes. Congo red binding assay was done for the detection of presence of amyloid
fiber. Curli proteins are matrix-associated proteins which are assembled in to the fiber
known as amyloid fiber. Amyloids contribute to the attachment of bacteria to surfaces and
the raising of aerial structures, and they have a role in pathogenic processes such as
adhesion to host cells and induction of toxicity to host cells. Amyloid protein has been
shown to be an important functional component of a biofilm matrix. These amyloid fibers
render resistance to biofilm embedded cells to environmental attacks such as proteolysis
as well as the ability to bind certain dyes for example congo red, and this property has
been commonly exploited to detect amyloids in vitro and in vivo. In the present study,
Congo red binding assay elucidates that all the five strains have very high content of
amyloid fiber. Biofilm is a complex community of microorganisms and it provides
protection to the cells from the environmental conditions. Therefore biofilm forming
capability of P. aeruginosa strains was analyzed by the crystal violet assay and MTT
assay and these both tests determined that all the five P. aeruginosa were high biofilm
former. Furthermore, motility test was also performed for the assessment of presence of
motility factor responsible for the biofilm formation. Herein, swimming and swarming
motility test was performed. Motility test described that planktonic cells of all five strain
have very good swimming motility while biofilm cells have very good swarming motility.
Swimming motility is responsible for the formation of biofilm, while swarming motility is
responsible for the dispersal of biofilm. By this experiment it was clear that planktonic
cells had the capability to form the biofilm by using swimming motility while biofilm
cells had capability to disperse by swarming motility factor and further forms biofilm at
other place. Above analysis about the P. aeruginosa strains illustrate that all the five
strains are multiple drug resistant biofilm forming pathogens and they cannot be
controlled with 4™ generation of antibiotics because biofilm is 100-1000 more resistant for

the commercial antibiotics.

Thus for the control of such pathogenic bacteria, phage therapy was employed. For the
isolation of bacteriophage, Ganges river water, which has been shown to possess good
antimicrobial properties and phages specific to Vibrio was selected for isolation of phages,

while sewage water from hospital waste was selected so that the chances of isolating
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phages parasitic to drug resistant bacterial hosts are more. In all, six bacteriophages named
P1, P2, P3, P4, P5, and P6 were isolated from the collected samples of Kanpur, India as
discussed above. These phages had a good lytic activity for their host P. aeruginosa.
Isolated phages were further purified by single plaque isolation method and their
concentration was defined by titration of phages. Phage P4 and P5 had highest titer while
rest of phage had low titer. Furthermore, host range was also analyzed for the
determination of infectivity range of phages for the variable hosts, and this test illustrated
that all phages had infectivity for gram negative bacteria while phage P1 and P2 had lytic
activity for Staphylococcus epidermidis and Staphylococcus arlettae  respectively.
Characterization of isolated phages was done by one step growth curve, adsorption assay,
temperature and pH stability test, SDS PAGE analysis of their proteins and by electron
microscopy. One step growth curve determined that phage P1 had large burst size ~ 314
pfu/infected cells, while phage P2, P3, P4, P5 and P6 had the burst size ~ 228, 226, 153,
289 and 275 pfu/infected cell respectively. Adsorption test determined that phage P2 had
the minimum adsorption time i.e. 6 minutes while phage P5 and P6 have 8 minutes and
rest phages have 10 minutes adsorption time. Temperature stability test concludes that
phage P1, P3, P4 and P6 had high potential to multiply at high temperature 55, 75 and 95
°C while phage P2 and P5 were unable to maintain their multiplication at 95 °C. pH
sensitivity data explained that phage P1 was able to maintain its multiplication at variable
pH range (3, 5, 7 and 9) while rest of phages were unable to survive in acidic pH and
could survive at neutral to alkaline pH. SDS PAGE analysis determined that all the
phages posses proteins with variable molecular weight. This variability in protein provides
the evidence for survival of phages in varied environments from which they were isolated.
Phage DNA analysis explained that all the phages possesed different molecular weight
DNA which accounts for protection in harsh environmental conditions. Electron
microscopy was done for the determination of phage morphology. In this study phage
electron micrograph revealed that all the isolated phages were the tailed phages with
icosahedral head and all the phages belonged to two different families with phage P1 to
Pyoviridae because it had short tail while phage P2, P3, P4, P5 and P6 to Myoviridae

family because they had long tail.
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After characterization of phage it was confirmed that all the phages were very potent
phages with high lytic activity to their host and therefore these phages were applied for the
control of biofilm formation of their host P. aeruginosa. As it was mentioned in the earlier
section that P. aeruginosa strains were multiple drug resistant biofilm forming pathogens
and their biofilm cannot be controlled with commercial available antibiotics with routine
dose of antibiotics. In this study, the effect of different range of ciprofloxacin antibiotic
for the control the biofilm formation of P. aeruginosa strains was also examined and it
was found that high dose (100 pg/ml) of ciprofloxacin although reduced the biofilm
formation to some extent but could not completely inhibit it, while with the decreasing
antibiotic concentration of ciprofloxacin, Killing efficiency of antibiotic reduced. Hence,
isolated phage were employed for the control of biofilm formation and it was found that
phage P1 had high potential to control of biofilm formation of all the strains up to 94%
while rest of the phage had the potential to control the biofilm formation with maximum
upto 92% and that too varied from host to host. Thus this data suggests that Phage P1 had
high potential to control the biofilm formation better than the other phages.

Overall, this study concludes that P. aeruginosa is an opportunistic pathogen and has got
ability to form biofilm which cannot be controlled effectively even by advance
antimicrobials, but phage therapy in low doses of phages can control these pathogenic
strains by producing enzymes such as depolymerase, dispersin B and alginase for the
degradation of biofilm matrix, which confers on them more resistance. The current study
illustrates that bacteriophages can be an ideal alternative of antibiotics in controlling the
pathogens and their biofilm. Phage therapy is devoid of side effects, economical and

environment friendly.
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