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CHAPTER 1

INTRODUCTION

Microorganisms are often viewed as simple life forms when compared
with “higher” organisms. The study of microbial development however, has
shown that microorganisms are capable of complex differentiation and behaviors;
mostly working as communities rather than as individuals. Biofilms are defined
simply and broadly as communities of microorganisms attached to a surface.

The  discovery of biofilms was credited to  Anton
van Leeuwenhoek who discovered microbial attachment on his own tooth surface
(Kokare et al., 2009). Biofilms as they occur in nature consist primarily of viable
and nonviable microorganisms embedded in polyanionic extracellular polymeric
substances anchored to a surface (Wimpenny, 2000). Extracellular polymeric
substances (EPS) may contain polysaccharides, proteins, phospholipids, teichoic
and nucleic acids, and other polymeric substances hydrated to 85 to 95% water
(Sutherland,1999). EPS provide protection to the biofilm inhabitants by
concentrating nutrients, preventing access of biocides, sequestering metals and
toxins, and preventing desiccation (Carpentier and Cerf, 1993). The ability of
many bacteria to adhere to surfaces and to form biofilms has major implications in
a diversity of industries including the food industry, where biofilms create a
persistent source of contamination. Food industry biofilms in addition may also
have high food residue and mineral content originating from product and process
water. These constituents also provide protection to microorganisms held within
the biofilm (Chmielewski and Frank, 2003).

Biofilms may also be considered as ‘The city of microbes’. There are
several steps that must be taken to optimize lives in a city. The first is to choose
the city in which to live, select the neighborhood in the city that best suits our
needs, and finally make our home amongst the homes of many others.
Occasionally, when life in the city sours, we leave. The same steps occur in the
formation of a bacterial biofilm. First, the bacterium approaches the surface so

closely that motility is slowed. The bacterium may then form a transient
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association with the surface and other microbes previously attached to the surface.
This transient association allows it to search for a place to settle down. When the
bacterium forms a stable association as a member of a microcolony, it has chosen
the neighborhood to live in. Finally, the buildings go up and a three-dimensional
biofilm is erected. Occasionally, the biofilm-associated bacteria detach from the
biofilm matrix. Thus, in addition to fixed cells, there are motile cells that maintain
their association with the biofilm for long period of time, swimming between
pillars of biofilm-associated bacteria. The biofilm, therefore, demonstrates a level
of activity similar to that of a bustling city (Watnick and Kotler, 2000).

Biofilms comprising of single or multiple microbial species can form
on a range of biotic and abiotic surfaces. Although mixed-species biofilms
predominate in most environments, single-species biofilms exist in a variety of
infections and on the surface of medical implants (Dickinson and Bisno, 1993).
These single species biofilms are the focus of most current research. Pseudomonas
aeruginosa has emerged as the most studied single-species  biofilm-forming
Gram negative bacterium. The Gram positive biofilm forming bacteria that have
been mostly studied include Staphylococcus epidermidis, Staphylococcus aureus,
and the enterococci.

Biofilms consist of microorganisms and their self-produced
extracellular polymeric substances (EPS). A fully developed biofilm contains
many layers including a matrix of EPS with vertical structures, and a conditioning
film. Vertical structures of microorganisms sometimes take the form of towers or
mushrooms which are separated by interstitial spaces. Interstitial spaces allow the
bulk of the biofilm to easily and rapidly take in nutrients from the surrounding
liquid and move byproducts away from the biofilm (Percival et al., 2011).
Formation of biofilms are rather complex, but can be generalized in four basic
steps: deposition of the conditioning film, microbial (planktonic) attachment to the
conditioning film, growth and bacterial colonization and finally biofilm formation
followed by dispersion (Deb et al., 2014).

Multiple studies have shown that during the course of time when a

biofilm is being created, the pathogens inside can communicate with each other,
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by a phenomenon called quorum sensing. Although the mechanisms behind
quorum sensing are not fully understood, the phenomenon allows a single celled
bacterium to perceive how many other bacteria are in close proximity. If a
bacterium can sense that it is surrounded by a dense population of other
pathogens, it is more inclined to join them and contribute to the formation of a
biofilm (Singh et al., 2000). Bacteria which engage in quorum sensing
communicate their presence by emitting chemical messages that their fellow
infectious agents are able to recognize. When the messages grow strong enough,
the bacteria respond en masse. Quorum sensing can occur within a single bacterial
species as well as between diverse species. It can regulate a host of different
processes, essentially serving as a simple communication network. A variety of
different molecules can act as signals (Hall-Stoodley et al., 2004). Biofilm
bacteria can move in numerous ways: Collectively, by rippling or rolling across a
surface, or by detaching in clumps. Individually, through a “swarming and
seeding” dispersal whereby a biofilm colony differentiates to form an outer “wall”
of stationary bacteria, while the inner region of the biofilm “liquefies”, allowing
planktonic cells to “swim” out of the biofilm and leave behind a hollow mound
(Hall-Stoodley et al., 2005).

The beneficial aspects of biofilms are many: (1) They can act as
pollutant monitors-biodegrade toxic compounds, (2) They are natural forms of
immobilization, that increase the ability of fermentation, (3) There is application
in the field of industrial production. e.g.: acetic acid, ethanol, polysaccharides, (4)
they are part of gut flora and thus have probiotic effect. The adverse effects are:
(1) They are harmful if found in water distribution systems (2)Reduces
permeability of membranes in filtration units, (3) Cause corrosion of metal
surfaces eg: sulphate reducing or acid producing bacteria (4) Biofouling has an
economic impact on the marine and naval transport and eventually the food
industry (Kokare et al., 2009)..

Different pathogenic mechanisms of the biofilms have been proposed
(Hall-Stoodley et al., 2006; Ward et al., 1992; Sritharan and Sritharan, 2004).
These include: attachment to a solid surface; “Division of labor” thereby
increasing metabolic efficiency of the community; evading host defenses such as

phagocytosis; a repository of high density of microorganisms; exchange of genes

3
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that can result in emergence of more virulent strains of microorganisms;
production of large concentration of toxins; protection from antimicrobial agents;
detachment of microbial aggregates thereby transmitting microorganisms to other
sites.

Biofilms are found to have immense impact in the infections through
medical devices, deterioration of water quality and in the contamination of food
industry. Bacterial biofilms are now commonly recognized as problematic for
food industry. Recent years have showed that the scientific interest in biofilms has
undoubtedly elevated bringing valuable information about the biofilm mode of
existence by bacteria. The more we learn about the biofilm formation, the more
we understand about the forces that holds the biofilm cells than planktonic cells.
Certainly, microscopic techniques can be incorporated in most of experimental
conditions concerning biofilms. Microscopic approaches are very useful not just to
understand biofilm formation, but to study the efficacy of antimicrobials against
biofilms. The understanding of bacterial attachment to solid surfaces and factors
which influence this process, such as stainless steel, may help in the development
of surfaces with reduced attachment for cells. Besides the development of
effective sanitation procedures in food processing units also helps in reducing the
potential contamination of foods, can be also achieved. Microscopic techniques
can also allow locating viable cells in respect to different physiological functions
within a food tissue, in order to assess the risk of food contamination and indicate
factors which influence bacterial attachment to products. Further development of
different techniques can support inspections for biofilm contaminants occurring on
food processing surfaces in order to ensure food quality and safety (Olszewska,
2013).

Bacterial biofilms are problematic for several food industry branches,
including dairy processing, poultry and red meat processing, brewing, fresh
produce (Simoes et al., 2010), as they may pose a risk of food contamination and
transmission of foodborne pathogens (Lindsay and von Holy, 2006; Shi and Zhu,
2009). A consequence of biofilm existence is that it may lead to food process

perturbations and technological problems that are difficult to control (De Araujo et
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al., 2011). Bacterial biofilms are difficult to eliminate from food processing
environments, which makes biofilm control a big challenge in this industry
(Simoes et al., 2010). The emergence of resistant cells within the biofilm clearly
shows the need of novel approaches for bio control. In order to select suitable
antimicrobials and adjust the dosing, it is crucial to examine and compare the
antimicrobials’ behavior on biofilms, primarily on carefully selected ‘persister’
cells. The combination of several antimicrobials may be a strategy to improve
biofilm control efficiency and this strategy has to be comprehensively studied. In
this background, attention should be focused on better understanding of the
interaction between different antimicrobial agents and persisting biofilm cells. The
susceptibility of these elusive cells in biofilms to antimicrobials, especially to non-
antibiotic agents is not well-understood and has yet to be resolved (Olszewska,
2013). The recognition of spoilage or pathogenic bacteria on food-contact surfaces
as they build up and thereby form biofilms is an important area of focus towards
their elimination from food processing environments.

The presence and persistence of biofilm on food processing surfaces
may pose a risk of food spoilage or food poisoning that has been a cause for great
public concern . A better understanding of bacterial adhesion and resistance of
biofilms is needed to ensure microbiological quality and safety of food products.
The discovery of new biofilm control strategies, following the specifications
required by the food industry, the use of biologicals-based solutions with high
antimicrobial activity and specificity, seems to be a rational step ahead in
overcoming the biofilm resistance issue (Chari et al., 2014).

The present study was focused on applying different strategies for the
biocontrol of bacterial biofilms. These involve use of bioactive antimicrobial
compounds, namely pyocyanin, rthamnolipids, melanin and bacteriocin, and the
use of bacteriophages in controlling biofilm produced by food borne pathogens
originating from certain common foods. The foods were sourced from the local

markets in and around Kochi, Kerala.
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Objectives of the study:

L.

To screen for food pathogens originating from certain common foods,
sourced from the local markets and to test their biofilm forming
capability.
Characterization of the strong biofilm producers based on

e 16S rRNA based identification

e Antibiogram.

e Exoenzyme profile
Isolation, purification and partial characterization of pyocyanin and
rhamnolipids from Pseudomonas aeruginosa BTRY 1.
Biocontrol of biofilm by different biomolecules - pyocyanin,
rhamnolipids, melanin and bacteriocin
Isolation, purification and characterization of bacteriophages.

Biofilm mitigation using bacteriophages.



Chapter 2

Review of Literature

Biofilms are microbially derived sessile communities characterized by
numerous cells attached to an abiotic or living surface, and embedded in matrix of
extracellular polymeric substances. Biofilm formation has been reported in the
fossil record (~3.25 billion years ago) (Maric and Vranes, 2007). The first
published report of biofilms in 1943 was made by Zobell, using buried slide
culture method to obtain an attachment of microorganisms (Kokare et al, 2009).

Until the 1920s, the concept of bacterial biofilms was not formulated.
Angst (1923) showed that marine bacteria on hull surfaces of ships was higher in
number than surrounding floating cells; and proposed that bacterial biofilms led to
serious corrosion of these hulls. By 1980s, bacteria were observed on solid
surfaces in many ecological environments including the waste water treatment
systems, equipments used to manufacture vinegar, industrial water systems, tooth
decay, urinary tract and also on other implanted medical devices (Zottola and
Sasahara, 1994). These observations led to the development of new electronic
techniques including scanning electron microscopy, transmission electron
microscopy and laser scanning confocal microscopy.

Recent advances show that biofilms are structurally complex, dynamic
systems with attributes of both multicellular organisms and are multifaceted
ecosystems. The formation of biofilm represents a protected mode of growth
allowing cells to survive in hostile environments, to disperse and colonize new
niches (Stoodley et al, 2004). The most important feature of every biofilm formed
is that they are highly resistant to antibiotics.

Biofilms are responsible for chronic bacterial infections, infections on the
medical devices, deterioration of the water quality and the contamination of food.
This study is focused on the importance of biocontrol of the biofilms in food
industry.

The formation of a biofilm is a complex and dynamic process involving

different steps (Costerton et al., 1987; Melo et al., 1992)
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2.1. Steps in biofilm formation
2.1.1 Conditioning of a surface

Biofilm formation usually occurs on submerged surfaces in any
environment, where bacteria are present. In food processing environments,
bacteria along with organic and inorganic molecules including proteins from milk
and meat etc gets adsorbed to the surface forming a conditioning film. The
conditioning also alters the physico-chemical properties of the surface viz., surface
free energy, changes in hydrophobicity and electrostatic charges affecting the

subsequent sequence of microbial events.

2.1.2 Adhesion of cells

The second step in the biofilm formation is the attachment of
microorganisms to the conditioned surface. This process may be active or passive,
depending on the bacterial motility, transport diffusion or fluid dynamic forces
from the surrounding environment. The initial attachment of microorganisms is
reversible in nature, due to the weak interactions like Vander Waals forces,
electrostatic forces and hydrophobic interactions. The next crucial step is the
irreversible attachment. In irreversible adhesion, the various short-range forces
involved include the dipole-dipole interactions, hydrogen, ionic and covalent
bonding, as well as hydrophobic interactions. In some cases, mechanical methods
like scrubbing or scrapping can remove the attached cells at this point of time. The
pH and temperature of the surface also influence the attachment in case of certain
organisms. For eg: Pseudomonas fragi grows well at pH 7-8 on stainless steel
surface and another pathogen Yersinia enterocolitica adhere firmly to the steel
surface at 21°C (Herald and Zottola, 1988a).
2.1.3 Formation of microcolony

The irreversibly attached bacterial cells grow and divide by obtaining the
nutrients present in the conditioned film and the surrounding environment. This
can lead to the formation of microcolonies that enlarge and coalesce to form a
layer of cells covering the surface. During this period, they also produce additional
polymers called extracellular polymeric substances (EPS), which help anchoring
the cells to the surface, thereby stabilizing the colony from the environmental

fluctuations (Characklis and Marshall, 1990).
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Extracellular Polymeric Substances (EPS) - After the initial contact, the microbes
start producing thin fibers that become thicker with time, leading to a biofilm
matrix. It is also reported that within the biofilm matrix many other organic,
inorganic substances, and particulate matter get entrapped along with the
microbial products and other microorganisms, linking together to form a
consortium protected by the glycocalyx (Bryers, 1984). Glycocalyx is an integral
element of the outer membrane of the Gram negative cells and the peptidoglycan
of the Gram positive cells. This is known either as slime or capsule, and is
composed of fibrous polysaccharides or globular glycoproteins (Costerton et al.,
1978)

Terms like glycocalyx, slime, capsule and sheath have often been used to
refer to the EPS associated with the biofilms (Geesey, 1982; Characklis and
Cooksey, 1983). In case of P. aeruginosa, alginate forms the major constituent of
the glycocalyx and is important for the development of monospecies biofilms
(Boyd and Chakrabarty, 1995). The EPS produced by the microorganisms play an
important role in initial adhesion, as well as firm anchorage of bacteria to solid
surfaces (Marshall, 1992). It can protect bacteria from dehydration, as it can retain
water several times its own mass and only slowly become desiccated (Roberson
and Firestone, 1992; Ophir and Gutnick, 1994). For example, in P.aeruginosa, the
presence of acetylated uronic acids in the bacterial alginate increases its hydration
capacity. In addition, the biofilm polysaccharides are critical for the persistence
and survival in hostile environments (Rinker and Kelly, 1996). This also helps in
trapping and retaining nutrients for biofilm growth and protecting cells from

antimicrobial agents.

2.1.4 Biofilm formation

The continuous attachment of bacterial cells to the surface and its
subsequent growth along with associated EPS production forms biofilm. It is a
slow process and the composition of biofilms is highly heterogenous due to the
colonization of different microorganisms possessing different nutritional

requirements (Fig.2.1)
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2.1.4.1. Effect of interspecies microbial interactions

The interactions of various microbes during the initial stages of adhesion
play a significant role in both structure and physiology of the biofilm. In nature,
microbial interactions are complex and are often of mixed type, wherein more
than one type of interaction occurs between species (Bull and Slater, 1982). In
addition, the initial colonizing species may potentially encourage colonization of
physiologically compatible species. While inhibiting attachment of others. The
biofilm formed by the microbial communities are mostly mixed species biofilms,
which are often thicker and more stable than mono species biofilms. The EPS
mainly helps in the colonization of other organisms to surfaces. It is presumed that
in mixed species biofilm, the EPS produced by one species may enhance the
stability of other species within a biofilm and enable stable interactions between
polymers of different species (McEldowney and Fletcher, 1987).

In a study, Sasahara and Zottola (1993) observed an extended biofilm
formation by Listeria monocytogenes in association with a primary a colonizing
organism, Pseudomonas fragi, than with when either is grown individually.

Intercellular communication of bacterial cells is provided by extracellular
signalling molecules called autoinductors. Accumulation of signalling molecules

in the medium enables each and every single bacterial cell to estimate the total
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number of bacteria, i.e., cell density.this phenomenon is known as quorum sensing

(Waters and Bassler, 2005).

2.1.4.2. Molecular basis of Biofilm formation

Signalling molecules in Gram-negative bacteria are non-essential amino
acids called acyl-homoserine lactones (acyl-HSL) Synthetized acyl-HSL produce
acyl-HSL molecules that diffuse through the cell membrane and gradually get
accumulated in the medium. When the concentration of signalling molecules in
the medium becomes high, they enter the cell and bind to the HSL receptor. A
complex consisting of a signalling molecule and a receptor bind to suitable target
genes and activates transcription. Gram-positive bacteria commonly use
oligopeptides as their signalling molecules. Protein complex ABC transports the
oligopeptides out of the cell into intercellular space. At sufficiently high
concentrations of autoinducers in the medium, the signal is sensed by a protein
system consisting of protein kinase and a regulatory protein. After binding the
signalling molecules, this kinase becomes activated and phosphorylates. The
activated protein kinase activates the regulatory protein which thereafter binds to
specific target genes and activates their transcription (Faqua and Winans, 1996)
(Fig 2.2 (a).
Davies et al., (1998) first reported the role for quorum sensing in the formation of
biofilms, and also launched a period of active research of cell-to-cell signaling in
biofilms. He showed that lasl- mutant cells of Pseudomonas aeruginosa that were
unable to synthesize 30C12-HSL (3-oxododecanoylhomoserine lactone) were
able to attach and initiate the biofilm formation similar to that of wild type cells,
but the mature biofilms were continuous sheets lacking the differentiated
architecture with microcolonies and water channels. The biofilms were also
sensitive to SDS in contrast to the wild type biofilms. When 30C12-HSL was
added the mutant cell formed biofilms that resisted detergent wash, the
architecture was noted to be similar to that of wild type biofilms. Similarly,
biofilm development of Aeromonas hydrophila and Burkholderia cepacia also
involved AHL-mediated signalling (Lynch et al., 2002). The addition of 7,8-cis-
tetradecenoyl-HSL to aggregates of Rhodobacter sphaeroides mutant cells caused
the cells to disperse and grow as individual cells in suspension (Greenberg, 1999).

Similarly, AHLs and/or another factor present in stationary-phase culture
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supernatants mediated a reduction of P. fluorescens biofilm and loss of EPS
(O’Toole et al., 2000). These studies suggest that AHL signals may be involved in

biofilm dispersal. In mixed-species biofilms AHLs have been shown to mediate

interspecies communication (Riedel et al., 2001) (2. 2 (b))

2.2 (a) Mechanism of quorum 2.2 (b) Mechanism of quorum
sensing in Gram-positive bacteria.  sensing in Gram-negative bacteria.

ABC = transporter protein complex, ~ Pentagons = acylated homoserine

H = histidin kinase, D =regulator ~ lactone (acyl-HSL), S = acyl- HSL

protein synthases, R= acyl-HSL binding
protein

Fig .2.2. (a) & (b): Fig adapted from Maric and Vranes, 2007

In addition to quorum-sensing molecules, a variety of other signals also trigger
biofilm formation. These include secondary metabolites like antibiotics, pigments,
and siderophores. For eg: It is found that sub-inhibitory concentrations of the
antibiotic Imipenem induced expression of the polysaccharide alginate in
Pseudomonas aeruginosa biofilms (Bagge et al., 2004). Similarly, sub-inhibitory
concentrations of the aminoglycoside antibiotic tobramycin, induced biofilm
formation not only in P. aeruginosa but also in E. coli (Hoffman et al., 2005).
However, the mechanism of this signaling process is not understood

In the case of S. aureus, the activation of quorum-sensing system inhibits
biofilm formation. Thus, small molecules that inhibit quorum sensing also favor
biofilm formation. This was recently described for the furanones, which are
natural products derived from marine algae (de Nys et al., 2006), and able to
inhibit the quorum-sensing systems of many Gram-negative bacteria (Wu et al.,

2004) Australian macroalga called Delisea pulchra produced halogenated
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furanone compounds that interfere with the AHL-mediated quorum sensing, and
in this way protect the macroalga from bacterial fouling (Hentzer et al., 2002).
Also, addition of a synthetic furanone compound made P. aeruginosa biofilms
thinner and less virulent, and enhanced bacterial detachment. Thus furanones are
attractive candidates for biofilm control in the future.

A large number of bacteria have a common quorum sensing system
mediated by autoinducer 2 (Al-2), which is present in both Gram-negative and
Gram-positive bacteria. Al-2 is a product of the enzyme, LuxS, which is involved
in the activated methyl cycle or AMC pathway and generates S-adenosyl
methionine, the major methyl donor (Vendeville et al., 2005). Toxic S-ribosyl
homocysteine is produced as part of the AMC pathway. One of the roles of LuxS
is to detoxify S-ribosylnomocysteine by forming 4, 5—dihydroxy-2, 3-pentanedione
(DPD) and homocysteine. The DPD cyclizes with boron to form AI-2. AI-2 can be
considered as a byproduct of the AMC cycle (McDougald et al., 2007). LuxS
therefore has a role in quorum sensing as well as in cellular metabolism. Boron-
containing AI-2 was reported to be involved in bioluminescence of Vibrio harveyi.
On the other hand, AI-2 in S. enterica serovar Typhimurium and E. coli do not
contain boron.

The dual role of LuxS makes it necessary to separate the metabolic role of
the enzyme from the quorum sensing activity of Al-2, a product of LuxS action
(Doherty et al., 2006). Certain bacterial phenotypes may be due to metabolic
defects owing to the loss of LuxS function in the activated methyl cycle, rather
than due to a defect in signaling. Thus for a proper study of the effects of LuxS
and AI-2, experiments must include complementation with both luxS gene and
purified AI-2. Such procedures will separate the effects of AI-2 as a quorum
sensing compound from metabolic effects under the control of the luxS gene
(Hardie et al., 2003).

Certain foodborne enteric pathogens such as E. coli, Shigella, Salmonella,
Yersinia, and other Gram-negative bacterial species have the autoinducer-
3/epinephrine/norepinephrine (Al-3/epi/norepi) signaling system (Walters and
Sperandio, 2006). Epinephrine and norepinephrine which are both mammalian
hormones, cross talk with AI-3 and are recognized by the same receptor(s). So
there may be quorum sensing systems through which host cells communicate with

bacteria (Sperandio et al., 2002). AI-3 is chemically distinct from AI-2, and AI-3
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synthesis is not dependent on luxS (Walters et al., 2006). The AI-3/epi/norepi
system has an important role in the virulence of E. coliO157:H7 (Sperandio et al.,
2002). AI-3 activates transcription of the genes found on the locus of enterocyte
effacement (LEE) chromosomal pathogenicity island in enterohemorrhagic E. coli.
Other types of signaling molecules have also been described, and these include
indole; 3,4-dihydroxy-2-heptylquinolone (PQS); butyrolactones; 3-hydroxy
palmytic acid methyl ester (30H PAME); and cyclic dipeptides (Yang et al.,
2007).

Salmonella, E. coli, Shigella, and Klebsiella do not possess members of
the luxI family and thus do not produce AHLs. These organisms carry sdiA
(suppressor of cell division inhibition), a LuxR homologue; thus they can detect
AHLs produced by other bacterial species (Michael et al., 2001). Several genes
are regulated by sdiA in Salmonella, including rck found on the virulence plasmid
and involved in resistance to human complement (Ahmer, 2004). In E. coli, the
sdiA gene cloned on a multicopy plasmid upregulated expression of genes
involved in cell division, ftsQAZ, and in enterohemorrhagic E. coli,
overexpression of sdiA caused abnormal cell division and reduced adherence to
epithelial cells and expression of the intimin adherence protein (Karnetova et al.,
2000). The 5- to 13-fold upregulation of ftsQAZ was noted when SdiA was
overexpressed on a multicopy plasmid, but sdiA was only slightly activated when
expressed as a single copy on the chromosome compared to an sdiA mutant. The
sdiA mutant did not show notable defects in cell division. Overexpressed SdiA
positively regulated the multidrug resistance pump AcrAB, and it was suggested
that AcrAB may play a role in the export of quorum sensing molecules (Rahmati
et al., 2002). The amino acid identity shared by E. coli and Salmonella sdiA is
only 69%. Indole is formed from tryptophan by the tryptophanase enzyme and is
secreted in large quantities by E. coli during growth in rich medium. It can also act
as a signaling molecule in E. coli and Salmonella, regulating the expression of a
number of genes. It may have a role in adaptation of bacterial cells to nutrient-
poor environment in which amino acid catabolism is an important energy source.
Using E. coli with mutations in genes that control indole synthesis, Lee et al.,
(2007) showed that indole controls biofilm formation by repressing motility,
inducing SdiA, and influencing acid resistance. They found that indole signaling

decreased biofilm formation in E. coli while it was increased in Pseudomonads.
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Indole and AHLs are signals in E. coli biofilm formation, and the mechanism of
inhibition of motility and biofilm formation in E. coli was through SdiA.

There is evidence that in many bacteria biofilm formation is a carefully
orchestrated process controlled by quorum sensing. The use of bacterial strains
with mutations in genes involved in the production of signaling molecules and the
analysis of temporal differential gene expression in biofilms are revealing
information on the molecular mechanisms of biofilm formation and the role of
quorum sensing. While most research supports the role of quorum sensing in
biofilm formation and in the resulting characteristics of the biofilm community,
other studies indicate that it does not affect biofilms formation. Moreover,
knowledge of the chemical structures of different types of signaling molecules
allows identification of compounds that can modulate quorum sensing-related
processes, including biofilm formation. Additional research is needed to
understand how quorum sensing works mechanistically in biofilms and how cell-
to-cell signaling may influence the virulence and antimicrobial resistance of
biofilm communities. This information is important to identify possible targets
and to design strategies that control biofilm formation on industrial, medical, and

food and food processing surfaces.

2.1.5 Detachment and dispersal of biofilms

As the biofilm ages, the attached bacteria for its survival and colonization
of new niches, must be able to detach and disperse from the biofilm. Sloughing is
a discrete process where the periodic detachment of relatively large particles of
biomass from the biofilm occurs. This can be due to various factors including the
stress responses, altered physicochemical properties of the surface and
environmental fluctuations. The released bacteria may be transported to newer
locations and enable restart of the biofilm formation. (Marshall, 1992).These are

the important steps in biofilm formation.

2.2 Regulation of biofilm by genetic and environmental factors

Biofilm formation is regulated by different genetic and environmental
factors. In the context of evolution and adaptation, it is likely that biofilms provide
homeostasis in the face of fluctuating, harsh conditions of primitive earth (extreme

temperatures, pH and exposure to ultraviolet (UV) light), thereby facilitating the
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development of complex interactions between individual cells and providing an
environment sufficient for the development of signalling pathways and
chemotactic motility. Significant roles in biofilm formation are played by bacteria
mobility, cell membrane proteins, extracellular polysaccharides and signalling
molecules.

Bacterial mobility is enabled by two types of protein growths on the cell
surface, flagella and fimbriae. In Escherichia coli and Pseudomonas aeruginosa
both kinds of bacterial mobility are necessary for biofilm formation (Pratt and
Kolter, 1998; O’Toole and Kolter, 1998). Stable connection between bacteria and
substrate surface is maintained by specific cell membrane proteins called adhesins.
If this activity is inhibited, there is no biofilm formation, which was proved in E.
coli and Vibrio cholerae (Watnik and Kolter, 1999). In Pseudomonas aeruginosa
activation of genes necessary for extracellular polysaccharide synthesis took place
after establishing stable connection between bacteria and substrate surface (Davies
et al.,1998) In Staphylococcus epidermidis, the bacteria lose ability to form
biofilm if the genes responsible for EPS matrix synthesis are inactivated. Different
signals from environment, such as availability of certain nutrients, presence of
oxygen, temperature and pH, take part in regulation of a biofilm formation.
Phosphates and sugars like mannose & trehalose effected biofilm formation in
Listeria monocytogenes (Kim et al., 1995); while environmental pH was important

for biofilm formation byVibrio cholera (Hommais et al., 2002).

2.3. Roles of Biofilm in microbial community
In microbial communities biofilms play different roles (Kokare et al., 2009):
1. Protection of microbes from the harsh environmental conditions.
2. Increase nutrient availability,
3. Acquisition of new genetic traits through horizontal gene transfer
mechanisms inside the biofilm microbial communities,

4. Provision of barriers for the penetration of antimicrobial agent.

Different factors affect the biofilm formation, including substratum effect,
conditioning of the surface, hydrodynamics, characteristics of aqueous medium,

horizontal gene transfer and quorum sensing signals.
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2.4. Biofilm resistance to antibiotics:

Biofilms are notoriously difficult to eradicate, are a source of many
recalcitrant infections and therefore the cause of numerous chronic diseases
(Lewis 2001).Three hypothesis described to date justify this type of resistance
(Decho, 1990; Evans et al., 1991)

1. Slow or incomplete diffusion of antibiotics into biofilm inner layers.

2. Based on changes that occur in biofilm microenvironment.

3. There is a subpopulation of cells within the biofilm whose differentiation
resembles the process of spore formation.

The protective mechanisms at work in biofilms appear to be distinct from
those responsible for conventional antibiotic resistance. In biofilms, poor
antibiotic penetration, nutrient limitation, slow growth, adaptive stress responses,
and formation of persister cells are hypothesized to constitute a multi-layered
defense. The genetic and biochemical details of these biofilm defenses are only
now beginning to emerge. Each gene and gene product contributing to this
resistance may be a target for the development of new chemotherapeutic agents.
Disabling biofilm resistance may enhance the ability of existing antibiotics to
clear infections involving biofilms that are refractory to current treatments
(Stewart 2002). The mechanisms of resistance in biofilms are different from the
now familiar plasmids, transposons, and mutations that confer innate resistance to
individual bacterial cells. In biofilms, resistance seems to depend on multicellular

strategies (Stewart and Costerton, 2001).

Restricted penetration- Biofilms are enclosed within an exopolymeric matrix
which restricts diffusion of substances and bind antimicrobials. This provides an
effective resistance for biofilm cells against large molecules such as antimicrobial
proteins. The diffusion barrier is probably effective against smaller peptides like
the numerous defensins and their analogs. The negatively charged
exopolysaccharide is very efficient in protecting cells from positively charged
aminoglycoside antibiotics by restricting their permeation, mostly through binding
(Ishida et al., 1998). In most cases involving small antimicrobial molecules, the
barrier of the polysaccharide matrix could only postpone the death of cells rather
than afford useful protection. A case in point is fluoroquinolone antibiotics, which

readily equilibrate across the biofilm (Watnik and Kolter, 1999) proving effective
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in inhibiting biofilm. At the same time, restricted diffusion can protect the biofilm
from a degradable antimicrobial agent. Retarded diffusion will decrease the
concentration or the amount of the antibiotic entering the biofilm, helping an
enzyme like B-lactamase to destroy the incoming antibiotic. This synergy between
retarded diffusion and degradation provides a very effective resistance to
Pseudomonas aeruginosa biofilms expressing a B-lactamase (Brooun et al., 2000).
Decreased growth rate- Some antibiotics have an absolute requirement for cell
growth in order to kill. Penicillin and ampicillin do not kill nongrowing cells at all,
and the rate of killing is proportional to the rate of growth. Some of the advanced
B-lactams, cephalosporins, aminoglycosides, and fluoroquinolones kill
nongrowing cells, but they are distinctly more effective in killing rapidly dividing
cells. Slow growth undoubtedly contributes to biofilm resistance (Hoyle and
Costerton, 1991). Similarly, slow growth can be a major factor in the increased

resistance of stationary planktonic cells.

Expression of possible biofilm-specific resistance genes- Multiple Drug Resistance
(MDR) pumps play a role in biofilm resistance at low antibiotic concentrations
and there is reason to believe that unknown MDR pumps might be overexpressed
in certain biofilms (Maira et al.,2000). It can be hypothesized that a certain
mechanism is specifically over expressed in a biofilm, until a broad range of
conditions that planktonic cells grow under has been examined. The majority of
cells in a biofilm may not necessarily be more resistant than planktonic cells, and
hence die rapidly when treated with a cidal antibiotic that kill slow-growing cells.
Persisters survive and are actually preserved by the presence of an antibiotic that
inhibits their growth. Paradoxically, the antibiotic helps the persisters to persevere.
The role of persisters in biofilms’ resistance to killing has not been much studied,
but numerous reports over the years show similar biphasic dose-dependent or
time-dependent killing of planktonic microbial cells (Lewis, 2001). In E. coli,
increasing concentrations of ciprofloxacin or imipenem caused an initial decrease
in live cell number, while the remaining small population was essentially
insensitive to further increase in drug concentration (Ashby et al., 1994). This
pattern was also observed with amoxicillin and clindamycin in Lactobacillus
acidophilus; with erythromycin and metronidazole in Gardnerella vaginalis

biofilms, in which initial rapid killing was followed by a plateau of resistant cells
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(Stewart and Franklin, 2008). It is possible that biofilms produce more persisters
than the planktonic populations. Increased number of persisters however is not the
main factor responsible for the vastly better survival of biofilms than planktonic
cells in vivo.

If the concentration of the antibiotic temporarily drops or if symptoms
disappear due to the eradication of planktonic cells and therapy is discontinued,
the persisters will reform the biofilm, which begin to shed off new planktonic
cells. This dynamics explains the relapsing nature of biofilm infections and the
need for a lengthy antibiotic therapy. This view of biofilm infection suggests,
somewhat counter intuitively, that the recalcitrance of biofilms does not
necessarily depend on their higher levels of intrinsic resistance to killing by
antibiotics, rather than the level of intrinsic resistance of planktonic cells. Indeed,
if a biofilm of a particular species under given conditions in vivo happens to be
just as sensitive or even more sensitive to killing by the antibiotics than a
planktonic population, it will still survive better than planktonic cells, since it is

invulnerable to immune attack (Lewis, 2001).

2.5 Biofilms and pathogenesis
2.5.1 Biofilms, human body and device associated infections

According to the recent public announcement from the National Institutes
of Health, more than 80% of all microbial infections are by biofilms. This seems
high in such common infections as urinary tract infections (caused by E. coli and
other pathogens), catheter infections (caused by Staphylococcus aureus and other
gram-positive pathogens), child middle-ear infections (by Haemophilus influenza,
etc), common dental plaque formation and gingivitis; all of which are caused by
biofilms which are very hard to treat or that are frequently relapsing. The less
common but certainly more threatening is the biofilm infections that cause serious
morbidity and mortality. These include endocarditis due to S. aureus; infections
due to permanent in- dwelling devices, such as joint prostheses and heart valves,
also caused by S. aureus; and infections in cystic fibrosis patients caused by P.
aeruginosa (Otto, 2008).
There are many microorganisms forming biofilms on the in-dwelling medical

devices and include both Gram positive and Gram negative organisms.
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Table 2.1. Common biofilms forming microorganisms on in-dwelling medical

devices
Medical devices Causative organisms
1. Urinary catheter, Intrauterine devices, Coagulase negative
prosthetic heart valves, central venous staphylococci
catheter
2. Urinary catheter, central venous Klebsiella pneumoniae
catheter Pseudomonas aeruginosa
3. Artificial hip prosthesis, Urinary
catheter, central venous catheter Candida albicans
4. Artificial voice prosthesis, Urinary
catheter, Intrauterine devices Staphylococcus aureus

5. Artificial hip prosthesis, central venous
catheter, Intrauterine devices, prosthetic Enterococcus spp
heart valves

6. Artificial hip prosthesis, Urinary
catheter, prosthetic heart valves

Table 2.1. Table adapted from Kokare et al., 2009

Primary infections also occur in the presence of intravenous catheters,
urinary catheters and implantable devices. Secondary infections from a biofilm
source may affect brain, kidneys, joints and inter vertebral spaces.In cystic
fibrosis, excess mucus production in the airways, hosts bacteria such as
Pseudomonas aeruginosa, which mop up dead white blood cells from the immune
system, enabling them to construct their protective biofilm coat.

There are different implants in different systems in human body where the
infections are due to biofilm formation. There are different primary sites and
secondary sites of infections. The primary sites include artificial hip implant, and
the subvenous catheter, while the secondary sites of infections include brain,
kidneys, hip, intervertebral spaces, to name a few ((Fig.2.3(a) and Fig 2.3 (b))

demonstrates the infections caused in humans due to formation of biofilms.
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Biofilms and human body

Sites of Primary and Secondary Infection

Fig 2.3.(a).Schematic showing three examples of possible points of entry into the body
for infectious biofilms; catheter, hip replacement, and periodontal disease. Fig adapted
from Stoodley et al., 2004
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Biofilms are mostly involved in endocarditis, a rare but serious heart
disease, in which one of the four heart valves, the heart lining, or heart muscle are
infected by bacteria, usually the streptococci and become inflamed. The formation

of an endocarditic plaque is unique, involving bacteria, platelets, coagulation
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factors and leucocytes, and is considered a special kind of biofilm. Since the
biofilm is much resistant to antibiotics and the immune system’s white blood cells,
often the only option is surgery to replace a damaged valve. Greater knowledge
may allow new strategies to be developed that break up the biofilm.Chronic ear
infections and tonsillitis in children have been mainly linked to biofilm formation
as the causative agent. Other chronic biofilm infections include prostatitis,
Legionnaire’s disease and peritonitis (Lebeaux et al., 2012).

A new endoscope does not contain biofilm but shortly after the first use, a
conditioning film is created on the biomaterials of the endoscope. The film may be
composed of the bodily fluids proteins, polysaccharides and other components.
This alteration of the surface characteristic allows bacteria to commence growth
and colonization.The initial stages of biofilm formation, i.e. surface conditioning
from patient secretions, microbial attachment, growth and colonization, are very
much similar to natural biofilm buildup. However, medical devices including
gastrointestinal endoscopes are repeatedly used daily, with cyclic exposure to high
levels of microbes, due to contact with the mucosal surface of the gut. In addition,
each procedure reprocessing cycle involves scope exposure to hydrated phases,
post patient cleaning and disinfection, as well as drying phases between
procedures and during storage.

The data in different studies showed that a combination of an organic
matrix and aldehyde (fixative) disinfection quickly produced a protective buildup
biofilm that facilitated high levels of organism survival. A key finding was that
once established, the microbial load in a buildup biofilm formed by glutaraldehyde
exposure had a faster rate of accumulation than in a natural biofilm formation.
However, if an oxidizing agent such as peracetic acid or AHP (accelerated
hydrogen peroxide) was used for disinfection and if the organic levels were kept
low, organism survival did not occur (Muscarella, 2010).

If initial biofilm is not removed, repeated instrument use can facilitate
biofilm formation over time, with different layers of dried organic material with
embedded microorganisms. Deep within the biofilm structure, organisms are
protected from the disinfectant challenge, particularly from glutaraldehyde (Grobe
and Stewart, 2000). This supports the current concerns regarding the exposure of
low concentrations or activities of biocides to organisms embedded within biofilm

and the selection of tolerant bacteria.
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The results of buildup biofilm models indicate that high disinfection level
is effective in killing bioburden within young biofilm, but not within a mature one.
It also highlights the value of analysing biofilm formation in reprocessed scopes
over extended periods of time. The buildup biofilm model demonstrated for the
first time that although a longer time was needed for organisms to be detected
within the biofilm, outgrowth of surviving bioburden was faster and the ultimate
level achieved was greater. This provide a possible explanation for the published
reports describing the persistence of residual levels of organisms in scope
channels even when proper reprocessing is followed.

The findings suggest that biofilm is difficult to eliminate during
endoscopic reprocessing. They also stress the importance of reducing bioburden
during pre-cleaning and the imperative to maintain a contaminant-free, dry scope
during storage. In an Australian study, the channels of thirteen endoscopes were
examined using endoscope. Biofilm was present on the suction/biopsy channels of
five out of the thirteen scopes. Biofilm was also present on the air/water channels
of twelve scopes, with a level of contamination determined to be extensive on nine
(Pajkos et al., 2004). A better method to remove bioburden from these channels,
either with more effective detergents or through changes in scope design and
channel accessibility, would help to eliminate this risk factor.

Using proper procedures, an initial biofilm should be removed with
manual pre-cleaning, brushing accessible channels, followed by high level
disinfection and thorough drying. The drying step must take place between cases
as well as at the end of the day. If the biofilm is not completely removed, it will
continue to grow and develop through repeated cycles of use and cleaning.
Research has shown that under minimal growth conditions, 67% of adherent
Pseudomonas aeruginosa strains remained metabolically active (Lazar and
Chifiriuc, 2010).

2.5.2. Impact of Biofilms on deterioration of water quality

The old misconception of free floating microbes is invalidated by a
different knowledge pattern: the great majority of terrestrial microorganisms live
in communities associated to surfaces termed to be biofilms (Costerton et al.,
1987; Wingender and Flemming, 2008). This organization mode is associated with

all surfaces in contact with water in drinking water processing, storage and its

23



Review of Literature

distribution. Such biofilms are mostly represented by structured consortia of
sessile microorganisms characterized by surface attachment, self-produced
exopolymeric matrix, structural, metabolic and functional heterogeneity, capable
of intercellular communication by quorum-sensing and plurispecific composition.
Biofouling in drinking and industrial water systems has many detrimental effects
such as microbiological and chemical deterioration in water quality, corrosion
induction, drinking water treatment yield loss, efficiency reductionin cooling and
heat exchange and transport, as well as in membrane processes (Le Chevallier et
al.,2004; Coetser and Cloete, 2005).
There are two important factors responsible for deterioration of water quality-
1. Introduction of bacteria from external sources (through open reservoirs or
breakage of pipelines)
2. Bacterial number may increase due to internal regrowth(occurs due to the
use of biodegradable compounds)

Formation of biofilm in water distribution system may also depend on
piping material, temperature, type of disinfectants and the resistance of bacteria to
the disinfectants. The resistance is mainly due to indiscriminate use of
disinfectants-genes acquired by Horizontal gene transfer mechanisms (Momba et
al., 2000). Pathogenic microorganisms can also emerge in drinking water systems
by intrusion, due to external contamination in different steps of water treatment,
storage and transportation like cross connections, backflow events, pipe breaks,
negative pressure and because of improper flushing and disinfection procedures.

The most alarming consequences of biofouling in drinking water
distribution systems is the presence, multiplication and dispersion into water of
bacterial pathogens, opportunistic pathogens, parasitic protozoa, viruses and
toxins releasing fungi and algae. They can also appear as primary colonizers
promoting the adhesion at the interface and subsequent biofilm formation
(Costerton et al., 1994), but more often found as secondary colonizers in
ecological microniches offered by the existent attached community.

Emerging pathogens are those that have appeared in a human population
for the first time, or had occurred previously but are increasing in incidence or
expanding to areas, where they have not previously been reported over the last 20
years. They include bacteria (pathogenic E. coli, Helicobacter pylori,

Campylobacter jejuni and Mycobacterium avium complex), parasitic protozoa
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(Cryptosporidium spp., Cyclospora cayetanensis, Toxoplasma gonidii), viruses
(noroviruses, hepatitis E) and toxic cyanobacteria (Hunter, 2003). Opportunistic
pathogens are commonly members of water microbiota that are normally harmless
to healthy individuals but which can infect a compromised host (US EPA, 2002).
In drinking water carefully treated and distributed at high standards, pathogenic
contamination and disease outbreaks might occur (Wimpenny et al., 2000;
Wingender & Flemming, 2011) demonstrating the imperative requirement for
comprehensive water safety plans implementation.

Some of the recommended strategies in drinking water associated biofilm
control include source waters protection, appropriate treatment, infrastructure
contamination prevention, reservoirs and pipes maintenance, corrosion control,
appropriate disinfection practices, nutrient levels reducing, water quality
monitoring, personnel training, water safety plans implementation. Having in
mind the virtual idea of self-cleaning surfaces, researchers in nanotechnology field
are targeting innovative repellent materials with a wide range of applications, for
the biofouling control in water distribution systems. The super hydrophobicity
models such as “the lotus effect” characterizing the lotus (Nelumbo nucifera) leaf,
offered by natural patterns are investigated at a nanoscale. The interdependence
between surface roughness, reduced particle adhesion and water repellence has
been proved to be the keystone in the self-cleaning mechanism of many biological
surfaces (Barthlott and Neinhuis, 1997).

Microbial communities in water networks and biofilms represent complex
ecosystems; their ecology is influenced by a series of abiotic and biotic factors
such as raw water sources quality, temperature, flow rate and system hydraulics,
nutrient concentration, pipe material, particles accumulation, ingress and intrusion,
water treatment, water disinfection and microbial interactions. Further research is
required to understand attached microbial consortia for biofouling prevention and
control in drinking water industry, as a matter of public security.

As with most areas, opportunities exist for research on the health impacts
associated with drinking water distribution systems. For the better control of
pathogen survival and growth in the biofilm and other public health problems
associated with the biofilm in the distribution system, research in the link between
organisms in distribution system biofilms and human health impacts, the

effectiveness of potential indicators of extensive biofilm growth, including loss of
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disinfectant residual, high AOC levels, pipe corrosion, and the presence of red or
black water, identifying the potential problems created by cleaning deteriorated
pipes, study on the level of public health protection provided by adding
disinfectant residuals to the distribution system, are all necessary. Some specific
research opportunities related to drinking water distribution systems are outlined
in two reports being prepared for EPA as part of Comprehensive Drinking Water
Research Strategy and the Microbial/Disinfection Byproducts (M/DBP) Research

Council.

2.5.3Biofilms and food industry

Biofilms food-processing environments are of special importance since
they have the potential to act as a persistent source of microbial contamination
leading to food spoilage or transmission of diseases. Poor sanitation of food
contact surfaces, equipment, and processing environments has been a contributing
factor in many foodborne disease outbreaks, especially those involving Listeria
monocytogenes and Salmonella. Improperly cleaned surfaces promotes oil
buildup, and in the presence of water, contribute to the development of bacterial
biofilms containing pathogenic microorganisms (Boulange-Peterman et al.,
1997).Cross contamination occurs when food passes over contaminated surfaces
or via exposure to aerosols or condensate that originate from contaminated
surfaces (Boulange-Peterman 1996; Bower and Daeschel, 1999). Type of food
contact surface and topography plays a very significant role in the inability to
decontaminate a surface (Frank and Chmielewski, 1997; Holah et al., 1990).
Abraded surfaces accumulate soil and are more difficult to clean than smoother
surfaces. Surface defects provide protection against the removal of soil and
bacteria (Mafu et al., 1990), with the result that surviving bacteria can regrow and
produce a biofilm.

Bacteria within a biofilm are more resistant to disinfectants, thereby
assisting the survival of Listeria spp. and other food borne pathogens in food
processing environment (Bower and Daeschel, 1999). Direct evidence that
pathogen-containing biofilms play a role in the spread of foodborne illness is
lacking, as identification and characterization of biofilms has not been included in

foodborne illness investigations.
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The formation of microbial biofilm is a very complex process. Firstly,
organic molecules from food are deposited on equipment surfaces. Secondly,
biologically active microorganisms are attracted to the conditioned surfaces.
Thirdly, some of the microbial cells remain even after cleaning and sanitizing, and
initiate growth. Lastly, larger biofilms are formed with the help of gene expression
and quorum sensing. In the process of biofilm formation, properties of substrata
and cell surfaces, surrounding environmental factors and genetic regulation of
bacteria play an important role in reversible or irreversible attachment, micro-

colony formation to a large biofilm.

Physical properties of the substratum- The physical characteristics of solid
surfaces in the food-processing industry are much important for biofilm formation
because they influence initial cell attachment. Bryers (1987) indicated that
bacterial attachment depends on the critical surface tension of a solid surface.
High free energy and wet surfaces promote bacterial adhesion (Boulange-
Petermann et al., 1997). More cells attach to hydrophilic surfaces (like stainless
steel, glass etc.) than hydrophobic surfaces (like Buna-N rubber and other plastics)
(Bendinger et al., 1993). In contrast, Baker (1984) found no difference between
the hydrophilic glass slides and polystyrene petri plates in cellular adhesion of
freshwater bacteria. In addition, Busscher and Mei, (2000) reported that bacterial
colonization happened at the hydrophilic region of the hydrophobic interface of
the stainless steel surface. Even though contradictory observations have been
reported, hydrophobic interaction apparently occurs between the cell surface and
the substratum.

Stainless steel type 304, used in the food-processing industry is an ideal
material for fabricating equipments due to its physico-chemical stability and high
resistance to corrosion. Teflon and other plastics are mainly used for gaskets and
accessories of instruments. These surfaces become rough or creviced with
continuous reuse and form a harborage to protect bacteria from shear forces in the
food fluid. Marshall (1990) observed that the extent of microbial attachment
correlates to the surface roughness. Additional studies by Jones et al., (1999) also
demonstrated that surface defects were associated with a significant increase in

bacterial adhesion.
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The conditioning of substratum also plays a key role in the rate of
bacterial attachment. The substratum would be covered by a film of organic
molecules such as proteins from milk, pork, beef and even EPS produced by
bacteria .Numerous food-contact surfaces namely stainless steel and Teflon are
known to attract milk proteins and form conditioned substrata (Mcguire and
Swartzel, 1989; Speers and Gilmour, 1985), which may encourage or inhibit
bacterial attachment according to the concentration of milk. The substratum
conditioned by diluted milk was better for attachment of pathogens than that of
whole milk (Hood and Zottola, 1997). It was assumed that some proteins like
bovine serum album (BSA) inhibited bacterial attachment to various surfaces. In
summary, initiation of bacterial attachment depends on the surface properties of

the conditioned substrata (Bryers, 1987).

Physiochemical properties of bacterial cells- The physiochemical properties of
cell surfaces are an important aspect in the active bacterial adhesion. The surfaces
of most bacterial cells are negatively charged, and the extent of this charge varies
with growth environments. The net negative charge of the cell surface is adverse
to the bacterial adhesion due to electrostatic repulsive forces. This keeps cells a
short distance away from the surface. However, the bacterial cell-surface
possesses hydrophobicity due to fimbriae, flagella and lipopolysaccharide (LPS).
The importance of a hydrophobic surface is to reduce the repulsive force of

interaction between two surfaces.

Environmental factors- Environmental factors including pH, temperature, nutrient
composition and population characteristics of bacteria play an important role in
the phenotypic changes from planktonic cells to the sessile form. It was shown
that maximum adhesion to stainless steel surfaces at 3°C occurred at pH 7 for L.
monocytogenes and pHS8-9 for Y. enterocolitia (Herald and Zoottola, 1988a;
1988b). Kim and Frank (1995) have suggested that the low levels of phosphates
initially stimulated Listeria biofilm formation. The presence of NaCl in the food
matrix (Weigel et al., 2007), the use of alcohol as a disinfecting agent (Gravesen
et al., 2005), or the presence of other bacteria (Carpentier and Chassaing, 2004)

may also enhance the adhesion and biofilm maturation.
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In food industry, the term biofouling is used and it causes serious
problems such as impeding the flow of heat across the surface, increase in the
fluid frictional resistance at the surface and increase in the corrosion rate at the
surface leading to energy and product losses. The biofilms due to spoilage and
pathogenic microflora formed on food surfaces such as poultry, other meat
surfaces and in the processing environments, cause considerable problems of cross
contamination and post-processing contamination.

Biofilms have been of considerable interest in the context of food hygiene.
The attachment of the bacteria to the food product or the product contact surfaces
leads to serious hygienic problems and economic losses due to food spoilage. In
food systems, the attachment of microorganisms leading to the formation of
biofilms may be undesirable and also detrimental. The majority of data generated
to date indicate the attachment of bacteria to food contact surfaces are under
simulated conditions. The following tables (Table 2.2 (a) & (b)) show food borne

pathogens and the spoilage organisms in the biofilm:

Table 2.2 (a): Food pathogens on different growing surfaces. Table adapted from
Kokare et al., 2009

Food borne pathogen Growing surface

Listeria monocytogens Dairy processing plant,
conveyor belt

Bacillus sp Pipeline, Food processing
environments

Salmonella sp Poultry processing
environment

Pseudomonas sp Vegetables and meat surfaces
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Table 2.2 (b): Microbial species in biofilms in various food environments. Table
adapted from Shi & Zu, 2009.

Place Biofilm forming
isolates

Dairy processing plant, Bacillus cereus,

Pasteurization lines E.coli, Shigella sp,

Staphylococcus aureus
Ice cream plant, conveyor belt, Listeria

feeding unit monocytogens,
Shigella

Fish industry Neisseriaecae,
Pseudomonas,Vibrio
sp, Listeria

Shrimp factory Pseudomonas

fluorescens,
Pseudomonas putida

These said investigations revealed that biofilms were often established by
various microorganisms on equipment surfaces of production lines. It was also
indicated that biofilms containing pathogens like L. monocytogenes became one of
the major causes of contamination of food products or transmission of diseases.
Thus it is very important to develop cleaning and disinfection methods, and
control systems in food-processing plants and environments.

The problems induced by the biofilms mainly affect many of the food
industries listed below, which lead to the screening of the food items in the present

study for food pathogens.

2.5.3.1. Produce industry (Caron, 2011; Fransisca et al., 2011)

Currently, microbial control strategies are not efficient to provide
complete eradication of hazardous microorganisms without affecting product
qualities. Trimming, cutting, washing, rinsing, dewatering and packaging are all
used in produce industry and are considered to be the primary source of cross-
contamination. In 2011, there was an outbreak linked to whole cantaloupe
contaminated with L. monocytogenes. It is speculated that the root cause of the
outbreaks was the unsanitary condition of the packing shed. Moreover, the
microorganisms were also found in other places including the conveyor belt,
drying area and floor drain.

30



Review of Literature

2.5.3.2. Dairy industry

Milk and milk products are perishable products and is truly vulnerable to
contamination from improperly cleaned and sanitized equipment. It is speculated
that type of bacteria in milk samples may show biofilm formation. For instance,
the larger amount of thermoduric Streptococci and Bacillus sp.in pasteurized milk
compared to raw milk could due to contamination by dispersion of biofilm. Dairy
products are very susceptible to contamination by biofilms and it is challenging to
eliminate those microorganisms. (Lattore et al., 2010; Sharma and Anand, 2010).
2.5.3.3. Fish processing industry
In the fish processing industry, both equipment and water quality are major
concerns. Many types of fish-contaminating-bacteria are reported to be biofilm-
forming. Many genera including Vibrio spp., L. monocytogenes, Salmonella spp.,
Bacillus spp., Aeromonas, and Pseudomonas spp., are known biofilm formers in
fish and seafood processing. It also indicated that the level of biofilm formation
can be affected by environmental factors and natural microflora (Rajkowski, 2009;
Shikongo-Nambabi et al., 2010)
2.5.3.4. Poultry industry

Many studies have been carried out on the biofilm formation in the
poultry processing industry. Under many investigations, it has been identified that
dust, surfaces, feces, poultry feed, and transportation of live poultry between
production and processing units are the important risk factors. Salmonella spp. and
Campylobacter spp. are the most commonly found pathogens in poultry and
poultry processing. (Marin et al., 2009; Park et al., 2011).
2.5.3.5. Meat industry

Organic residues in food processing could be a niche for microorganism
accumulation and biofilm formation as it is a source of cross-contamination, and
has become quite a concern for numerous researchers. It is now well documented
that multispecies biofilms may increase opportunities for pathogens to thrive in
the food industry (Dourou et al., 2011; Simoes, 2010).
2.5.3.6. Ready-to-eat (RTE) industry

Due to lifestyle changes, RTE foods have become very popular. However,
RTE foods can be considered as relatively high risk foods, since the products will
be consumed directly without any bactericidal processes. Even though RTE foods

have been well processed, the chances of contamination are relatively high.
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Furthermore, the storage times and conditions are known to be important factors
affecting RTE foods quality. RTE foods could potentially be susceptible to cross
contamination during processing and handling. The surveys conducted show that
there is more chance of contamination for unpackaged or repackaged RTE foods;
furthermore, raw meat sausages were postulated to be potentially contaminated.

(Osaili et al., 2011; Antunes et al., 2010).

2.6. Methods to study biofilms

A single standard method for the study of biofilm susceptibility is not
available, and this is impeding progress in this field. It is very difficult, if not
impossible to compare results obtained with biofilms of even the same species
cultured and assayed under vastly different conditions. It is hoped that a unified
method will emerge.

The enumeration of biofilms helps in confirming the source and extent of
contamination and the types of microorganisms involved as contaminating agents.
The different methods employed for sampling and enumeration of biofilms are
swabbing, rinsing, agar flooding and agar contact method (Kumar and Anand,
1997).

A popular method used to study biofilms is the Robbins device (Tyler
Instruments, Calgary, Alberta, Canada), that is mainly based on passing a bacterial
suspension through a flow cell that has 24 detachable coupons to which cells
adhere and grow into a biofilm (Kharazmi et al.,1999). Once a biofilm is formed,
the feeding liquid can be switched to a culture medium that contains the test
compounds. After incubation period, the device is taken apart and the cells are
dislodged by sonication and plated. This method enables reproducible biofilm
formation and the observation of biofilm dynamics. The coupons can be then used
for microscopic observations of biofilm structure. The strengths of this approach
are in the well-controlled conditions that emulate in vivo biofilm formation and in
the ability to characterize the formed biofilm by a variety of techniques. However,
this method is ill suited for susceptibility studies, which require hundreds and
often thousands of samples to be examined.

Tube method is a qualitative method for biofilm detection (Christensen et
al., 1982). A loopful of test organisms was inoculated in 10 mL of trypticase soy

broth (TSB) with 1% glucose in test tubes. The tubes were incubated at 37°C for
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24 h. After incubation, the tubes were decanted and washed with phosphate buffer
saline (pH 7.3) and dried. Tubes were then stained with crystal violet (0.1%).
Excess stain was washed with deionized water. Tubes were dried in inverted
position. The scoring for tube method was done according to the results of the
control strains. Biofilm formation was considered positive when a visible film
lined the wall and the bottom of the tube. The amount of biofilm formed was
scored as 1-weak/none, 2-moderate and 3-high/strong. The experiment was
performed in triplicate and repeated three times. But the method was not much
validated.

A simple qualitative method to detect biofilm production by using Congo
Red Agar (CRA) medium was also described (Freeman et al., 1989). CRA
medium was prepared with brain heart infusion broth (Oxoid, UK) and Congo Red
indicator (Oxoid, UK). First Congo red stain was prepared as a concentrated
aqueous solution and autoclaved (121°C for 15 min) separately from the other
medium constituents. Then it was added to the autoclaved brain heart infusion
agar with sucrose at 55°C. CRA plates were inoculated with test organisms and
incubated at 37°C for 24 h aerobically. Black colonies with a dry crystalline
consistency indicated biofilm production (Reid, 1999). The experiment was
performed in triplicate and repeated three times.

Several reports suggested that Tissue culture plate (TCP) method was a
quantitative and reliable method to detect biofilm forming microorganisms
(Mathur et al.,2006; Hassan et al.,2011), since the other two qualitative assay
probably gave many false positive results, for example in coagulase negative
staphylococci (Oliveira and Maria, 2010). When compared to TM and CRA
methods, and TCP can be recommended as a general screening method for
detection of biofilm producing bacteria in laboratories.

The microtiter plate method or the tissue culture plate (TCP) method has
been introduced for the study of biofilm development. It was successfully used to
search for genes participating in the biofilm development of several Gram-
negative species (Genevaux et al., 1996; O’Toole et al., 2000). Wells of microtiter
plates are inoculated with a bacterial suspension, following which biofilms form
on the well surfaces. After 24 to 48 h incubation, the planktonic cells are removed
by rinsing the wells. A solution of crystal violet is then added to stain the cells.

The wells are then rinsed, and the bound dye is extracted with acetone-ethanol and
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quantified spectrophotometrically. This provides a quantitative measure of the
mass of biofilm cells. It would be very useful to adapt this simple method to
antimicrobial susceptibility measurements.

A promising apparatus for susceptibility testing is the Calgary-Biofilm
Device (Ceri et al., 1999). This disposable apparatus ingeniously combines a
shearing force that makes a robust biofilm with the microtiter plate capability. The
device looks like a 96-prong replicator with plastic pins. It inserts into a grooved
tray that is filled with growth medium inoculated with cells. The apparatus is then
placed on a tilting shaker platform, and the growing cell suspension washes the
pins, on which biofilms grow. Importantly, any cell or cell mass that is not
clinging well to the pin is washed away. As a result, one can form a robust biofilm
that can be rinsed without loosing its integrity. After the biofilm is formed, the lid
with pins can be placed into a microtiter plate for susceptibility testing. After a
period of incubation with antibiotics, the cells can be dislodged from the pins by
mild sonication and plated for determination of colony counts. But the challenge is
that the round pins do not make it easy to perform microscopic observations of the
biofilms and thus the most reliable method for quantification of biofilm formation
is the standard microtiter assay (Rode et al., 2007).

Different methods in microscopy including Scanning FElectron
Microscopy (SEM), Transmission Electron Microscopy (TEM), Atomic Force
microscopy (AF), Confocal Laser Scanning Microscopy (CLSM) etc can be used,
of which, SEM of surfaces has gained considerable attention in the study of
biofilms. For analysing microstructure and metabolism of biofilms, Flourescent in
Situ Hybridisation (FISH) can be used (Donlan and Costerton, 2002).

In the recent past, environmental scanning electron microscopy (ESEM)
has also been widely used which helps in visualizing samples without the need of
conventional microscopic procedures like dehydration, fixation and staining. Very
recently, cellular automation models have also found application for the study of
biofilms. The most commonly used method is direct viable count method. There
are some limitations that arise during sampling of biofilms.

There are certain limitations while studying the biofilms. Grooves,
crevices, dead ends, corrosion patches, etc. are some of the areas where the
biofilms can grow and are very hard to access. Some of the bacteria present in

biofilms on the surfaces in food and dairy environments are subjected to various
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stresses including starvation, chemicals, heat, cold and desiccation that injure the
cells, rendering them non-culturable. There is a chance that a small proportion of
bacteria may also escape counting by the usual conventional culturing techniques,
for which appropriate media and culture methods should be adopted (Wong and
Cerf, 1995).

2.7 Control and removal strategies

The control of biofilms poses one of the most persistent challenges within
food and industrial environments. Since biofilms are a great concern in the food
sectors, many studies are being done to gain a better understanding of their
development and spread. Consequently, many studies have also come up with
different countermeasures. The first and the foremost is to prevent biofilm
formation by regular cleaning and disinfecting, disallowing cells to attach firmly
to contact surfaces (Midelet and Carpentier, 2004; Simoes et al., 2006). Three
different strategies were suggested: (i) disinfection “in time”, before biofilm
develops, (ii) disinfection of biofilms using harsh disinfectants, and (iii) inhibition
of the microbial attachment by selecting surface materials that do not promote
attachment or by supplementing with nutrients (Meyer, 2003).

Many other researchers have accounted for the incorporation of
antimicrobial products in the surface materials themselves (Knetsch and Koole,
2011; Park et al., 2004) by coating surfaces with antimicrobials (Thouvenin et al,
2003) or by modifying the physiochemical properties of the surfaces (Chandra et
al., 2005; Rosmaninho et al., 2007). In a study on biofilm control, microparticles
(eg: CaCOj;) coated with benzyldimethyldodecyl ammonium chloride were
effectively in inactivating biofilm formation (Ferreira et al., 2013). Many others
had reported inhibition of biofilm formation by silver coating surfaces
(Hashimoto, 2001). Pre-conditioning the surface with any surfactant has also been
reported to prevent bacterial adhesion (Chen, 2012; Choi et al., 2011). The
research of Zeraik and Nitschke (2010) demonstrated that after conditioning with
a surfactant, the surface became more hydrophilic. The data illustrated the
decrease in hydrophobicity on the treated surfaces and thus showed a significant
decrease in bacterial attachment. However, other factors are still considered for

contributing to the reduction of bacterial attachment.
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2.7.1. Cleaning and disinfection

In the food industry, there is debris everywhere that promotes the
accumulation of microorganisms and thereby encourage biofilm formation.
Therefore, regular cleaning is essential to prevent the contamination of food
products. A good cleansing process that can remove food residues and other
compounds that promote bacteria proliferation and biofilm formation is
particularly effective (Simoes et al., 2010). Many different chemical products can
be used in cleansing, including surfactants or alkali products, or used to suspend
and dissolve food debris by decreasing its surface tension, emulsifying fats, and
denaturing proteins (Forsythe and Hayes, 1998). Cleaning should be carried out in
away that can dissolve the EPS matrix associated with the biofilms so that
disinfectants can gain access to the bacterial cells (Simoes et al., 2006). It is
evident that the use of high temperatures can reduce physical force such as water
turbulence or scrubbing required inactivating biofilm cells (Chmielewski and
Frank, 2006). Besides, cleaning only allows the removal of approximately 90% of
bacteria from any of the surfaces and does not kill. They might later re-attach to
other surfaces and thus form a biofilm, there by disinfection is indispensable with
the intention of eliminating those (Graham et al., 2002). Antimicrobial agents are
used in the disinfection process so as to kill the microorganisms and to reduce
surface population along with microbial growth. However, the effectiveness of
disinfectants is limited by the presence of organic material like fat, carbohydrates
and protein-based materials. Other than these, pH, temperature, water hardness,
chemical inhibitors, concentration, and the contact time are also important factors
influencing effectiveness of disinfectants (Bremer et al., 2002; Cloete et al., 2003;
Kuda et al., 2008). There are many types of disinfectants including chlorine,

hydrogen peroxide, iodine, ozone, peracetic acid (Chmielewski and Frank, 2007).

2.7.2. Clean-in-Place (CIP)

Clean-in-Place (CIP) is a process allowing a complete system to be
cleaned without dismantling it or without the manual involvement of the operator.
It includes jetting and spraying on the surfaces or the circulation of cleaning
solutions throughout the plant with an increased turbulence and flow velocity
(Romney, 1990). There are so many factors that can influence CIP efficacy,

including the nature of the biofilm layer, cleaning chemical composition and
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concentration, time (Jullien et al., 2004), cleaning temperature (Lelievre et
al.,2001), cleaning flow rate and hydrodynamic (Benezech et al., 2002), as well as
the cleaning surface characteristics (Blel et al., 2009). Relatively, Walton (2008)
also summarized the basic principles of cleaning (i) to consider the physical nature
and construction of the equipment to be cleaned, (ii) to assess the nature of the soil
to be removed; (iii) to select a detergent appropriate to the removal of that soil,
(iv) to bring the soil and the detergent together, (v) to rinse away all traces of
detergent and soil, with the objective of achieving the standard of cleanliness
appropriate to the duty for which the equipment is destined to be used, (vi) to
always undertake cleaning as soon as possible after completion of the production
operation, and (vii) when necessary, undertake a disinfection or sterilization
process immediately before the equipment is returned to processing or production
duties in order to reduce the level of contamination to one consistent with the
hygienic standard required for that duty.

It was found that the CIP methods with small volumes and low
temperatures, like enzyme-based cleaning and one-phase alkaline cleaning, were
the most highly recommended alternative methods (Eide et al., 2003).The study
on biofilm removal of bacterial isolates sampled in the food industry by enzymes
proposed that the implementation of enzymatic control of bacterial biofilms in the
food industry would present a noteworthy alternative, while the conventional CIP
using chemical agents is not providing any satisfactory hygienic results (Lequette
etal., 2010).

The different strategies currently used for biofilm control can be divided

as physical, chemical and biological methods.

Chemical methods

The conventional control strategies are chemical-based, however, it is
possible that microorganisms hold a certain degree of resistance to such strategies,
or may acquire it later through mutation or genetic exchange. In the study on the
effect of mechanical stress on biofilms challenged by different chemicals, it was
stated that most of the chemical agents would react with the EPS complex which
would enhance the mechanical biofilm removal. The removal rate was
significantly improved after treating the biofilm with chemical agents (Simoes et

al., 2005). However, in another study, bacterial cells were destroyed after being
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subjected to chemical agents, while these matrix was left unaffected. The best
result was attained by applying both chemical and mechanical treatment (Exner et
al., 1987). Accordingly, it was suggested that mechanical treatment cannot remove
bacterial cells (Jessen and Lammert, 2003). As such, it can be postulated that
chemical and mechanical treatment has a synergistic effect and both play an
important roles in biofilm and bacterial cell removal.

Detergents containing chelating agents like EDTA and ethylene glycol-bis
(b-aminoethyl ether) N,N,N9,NO-tetracetic acid (EGTA) helped in removal of
biofilms (Wirtanen and Mattila-Sandholm, 1996, 1994). Some detergents are
bactericida