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Chapter 1 

Review of literature 

Still there is a lack of information on biofilms, further studies are 

required in order to understand their mechanism of formation . 
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1.1 History of biofilm 

Van Leeuwenhoek was the first scientist to observe microorganisms on tooth 

surface using simple microscope and thus can be credited for the discovery of 

biofilms (Donlan, 2002). Heukelekian & Heller, (1940) observed that growth and 

activity of marine microorganisms were substantially enhanced by the 

incorporation of a surface to which these organisms could attach. Zobell, (1943) 

observed that the number of bacteria on surfaces were dramatically higher than 

in the seawater. Jones et al, (1969) used electron microscopy and showed the 

presence of matrix material surrounding and/or enclosing cells in the biofilms 

formed on trickling filters in a wastewater treatment plant. Characklis, (1973) 

studied the effect of chlorine on microbial slimes in industrial water systems and 

showed that they were highly resistant to disinfectants. Costerton et al, (1978) 

proposed a theory of biofilms, based on the observations on dental plaque and 

sessile communities in mountain streams. This theory explains the mechanism of 

microbial adherence to living and non-living materials, as well as the benefits of 

this mode of living (biofilm). Several studies on biofilms have been conducted in 

various systems including industrial, ecological and environmental settings. 

However, two major thrusts in the past few decades have dramatically impacted 

our understanding of biofilms. For example, use of the confocal laser scanning 

microscope to characterize biofilm ultrastructure, and an investigation of the 

genes involved in cell adhesion and biofilm formation. 
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1.2 Biofilm 

A biofilm is defined as "a microbially derived sessile community characterized by 

cells that attach to a substratum or interface or to each other, with the help of 

gelatinous extracellular polymeric substances". The special gelatinous 

extracellular adhesive is known as "biofilm matrix" (Allison, 1998). The biofilm 

matrix provides protection against environmental changes, biocides, and 

antibiotics (Costerton et al., 1995). Furthermore, it forms a nutrient rich micro 

niche for bacterial cells inside the biofilm by capturing and concentrating 

essential nutrients, such as carbon, nitrogen, and phosphorus (Bevaridges et al., 

1997). Moreover, during biofilm formation bacterial cells undergo numerous 

changes at gene regulation level and thus become phenotypically and 

metabolically different from their planktonic counter parts (0" Toole, 2000). 

Biofilms occur on wide variety of surfaces, such as living tissues, medical 

implants, industrial or potable water system piping, and natural aquatic systems. 

1.3 Basic steps of biofilm formation 

1.3.1 Conditioning Films or molecular film formation 

As soon as surfaces are immersed in aquatic environment adsorption of 

dissolved organic matter onto surfaces takes place. This is defined as the 

conditioning film or the molecular film (Baier, 1972; Loeb & Neihof, 1975; Taylor 

et al., 1997; Bhosle et al., 2005). Conditioning film is mainly composed of 

glycoprotein's (Baier, 1980), humic material (Loeb & Neihof, 1975), proteins, 

lipids, nucleic acids, polysaccharides and aromatic amino acids (Taylor et al., 
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1997; Bhosle et al., 2005; Garg et al., 2008) and/or unspecified macromolecules 

(Zaidi et al., 1984). The formation of conditioning film modifies the chemical 

composition of substratum surface which leads to change in physical properties 

such as surface charge, wettability, hydrophobicity, surface roughness (Barth, 

1989; Hogt et al., 1985; Oga et al., 1988; Bakker et al., 2003). The overall 

change in physico-chemical properties of the surface due to the conditioning film 

affects 	bacterial attachment to a great extent (Dexter, 1979; Absolom et al., 

1983). Bakkers et al. (2004) used multiple regression analysis and suggested the 

role of hydrophobicity and surface roughness of conditioned glass in bacterial 

adhesion. However, the role of biochemical composition such as carbohydrates, 

protein and uronic acid of conditioning film in bacterial adhesion is still poorly 

understood. These biochemical components of conditioning film can also modify 

the biological properties of the surface which can induce specific responses in 

bacteria, such as chemotaxis and attachment through specific receptors. 

1.3.2 Bacterial adhesion to surfaces 

1.3.2.1 Transport of bacteria to surfaces 

Before understanding the process of bacterial adhesion to surfaces, it is 

important to know the means of bacterial transport from bulk liquid towards 

surface. The mechanism of bacterial transportation to surface mainly depends 

upon the hydrodynamic conditions of the bulk liquid i.e. quiescent or turbulent. 

During quiescent conditions or low shear in the bulk liquid, settlement of large 

bacteria or aggregates of normal bacteria to surface can occur (Marshall, 1998). 
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However, according to Characklis, (1981) sedimentation of bacteria is unlikely to 

occur under turbulent flow conditions. Under turbulent flow conditions a zone of 

relatively still water exists near a solid surface known as viscous sub-layer. 

Bacteria in turbulent flow system are transported by eddy diffusion to the region 

of viscous sub-layer. Finally, the transportation of non-motile bacterial cells within 

viscous sub-layer is caused by molecular diffusion or Brownian motion. 

However, motile bacteria are transported within viscous sub-layer by chemotaxis 

which allows them to move either toward or away from concentration of 

attractants or repellants at the solid-liquid interface (Alder 1969; Marshall et al., 

1971; Doetsch & Seymour, 1970; Young & Mitchell, 1973). 

1.3.2.2 Types of bacterial adhesion 

The first step in biofilm formation after conditioning film development onto 

surfaces is initial bacterial adhesion. This is subsequently followed by the 

microcolony formation, maturation and detachment (Figure 1.1). 

Figure (1.1). Stages of biofilm formation on surface (reproduced from website 
http://bioloay.binohamton.edu/).  
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Therefore, bacterial adhesion to surfaces is considered as a key process in the 

biofilm formation. Bacterial adhesion is basically of two types, reversible and 

irreversible adhesion. 

1.3.2.2.1 Reversible adhesion of bacteria 

In reversible adhesion, bacterial cells are weakly held to a surface by physical 

attractive forces such as Van der Waals forces of mass attraction and 

electrostatic forces caused by ionic groups interacting on or around the 

approaching bacterial cells and the substratum surface (Dempsey, 1981). During 

this stage the bacteria reach a state of equilibrium between the attractive and the 

repulsive forces that surround them. In this state bacteria continue to exhibit 

Brownian motion and can be readily removed from the surface by the shearing 

effects of bulk liquid or by the violent rotational motion by motile bacteria (Zobell, 

1943; Marshall et al., 1971; Hamada, 1977; Blenkinsopp & Costerton, 1991). 

However, after a few hours of contact with a substratum surface, bacterial cells 

begin to form more secure bonds with the surface. This marks the beginning of 

irreversible adhesion. 

1.3.2.2.2 Irreversible adhesion 

Zobell, (1943) suggested that, following attraction to a surface, bacterial cells 

become firmly attached to the surface as a result of the synthesis of extracellular 

adhesive materials. Hirsch & Pankratz, (1970) described a variety of amorphous, 

granular, and fibrous "holdfast" like structures produced by bacterial cells firmly 
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adhering to electron microscope grids that had been immersed in aquatic 

habitats. Marshall et al. (1971) defined irreversible adhesion as a time 

dependent firm adhesion wherein bacteria no longer exhibited Brownian motion 

and could not be removed by washing. These researchers also suggested that 

polymer bridging was responsible for the firm anchoring of bacteria to a surface 

(Figure 1.2). 

ADVELTIVE 
	

REVERSIBLE 	 IRREVERSIBLE 
TRANSPORT ADSORPTION DESORPTION ADSORPTION 

Figure (1.2). Schematic diagram showing reversible and irreversible adhesion of bacterial cell 
(Characklis, 1990) (reproduce from http:// www.edstrom.com/  ). 

However, the direct evidence for the involvement of polymer bridging between 

bacteria and solid surfaces was obtained by sectioning the bacterial cells 

attached to a surface (Marshall & Cruickshank, 1973; Fletcher & Floodgate, 

1973). The sections were then visualized under electron microscope. This 

technique confirmed the presence of polymers in between bacterial cell and 

substratum surface. 
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1.3.2.2.3 Mechanism of bacterial adhesion 

Mechanism of bacterial adhesion to surfaces is explained by biochemical and 

physicochemical processes. The former involves specific interaction (such as 

lectin-sugar, ligand-receptor) between bacterial cell and substratum surface 

(Dalton & March, 1998). The latter involves non-specific interactions that are 

explained by thermodynamic model and DLVO (Derjaguin, Landau, Verwey, 

Overbeek) theory. The thermodynamic model uses interfacial free energies of the 

interacting surfaces (bacterial cell surface and substratum surface), and does not 

include the role of electrostatic interaction (Absolom et al., 1983; Busscher et al., 

1984). Alternatively, classical DLVO theory describes the interaction energies 

between interacting surfaces, based on electrostatic interaction and Van der 

Waals force and their decay with separation distance (Rutter & Vincent, 1980; 

Tadros, 1980). Both approaches have proven merits for microbial adhesion, 

when certain collection of strains and species are considered. However, the 

above processes have failed so far to yield a generalized aspect of microbial 

adhesion valid for each and every strain (Van loosdrecht et al., 1989). Van Oss 

et al. (1986) introduced extended DLVO theory by including short-range Lewis 

acid-base interactions in the classical DLVO approach. This theory includes 

'hydrophobic attractive' (Van Oss et al., 1986; Wood & Sharma, 1995) and 

'hydrophilic repulsive' (Pashley & Israelachvili, 1984; Elimelech, 1990) forces in 

explaining bacterial adhesion to surfaces. Van Merode et al. (2008) reported that 

initial deposition of bacteria is mainly governed by attractive Lifshitz—Van der 

Waals forces that overwhelm the electrostatic repulsion energy barrier. 
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1.3.3 Biofilm growth and maturation 

Once the bacterial cells firmly attached to the surface they start multiplying. This 

growth is mainly followed by the overproduction of the EPS which holds the 

dividing cells together, and forms a typical biofilm structure. However, there are 

marked differences in the structure of biofilm formed during initial stages of 

development and the mature biofilm. The mature biofilm is mainly characterized 

by the presence of voids or water channels, cells imbedded in the self secreted 

polymeric matrix and typical 3D structure. These voids or water channels allow 

water and nutrient supply in the deeper part of mature biofilm. However, water 

and nutrient transport into the interior of biofilm is limited during earlier stages of 

biofilm development. 

In mature biofilms, generally polymeric matrix remains porous at the top 

and denser in the core (Bishop, 1997). Mostly metabolically active cells are found 

in the top layers of the biofilm matrix and near water channels. Mature biofilms 

possess good mechanized systems for the better survival of microorganisms. But 

it reverts back to planktonic state by the process called detachment (Figure 1.1). 

1.3.4 Biofilm detachment 

Transport of bacterial cells from the attached biofilm phase to bulk liquid phase is 

known as biofilm detachment. The process of detachment allows the bacterial 

cells or aggregates to colonise new surfaces and to avoid population density 

mediated starvation within biofilm. Rittman, (1982) suggested that continuous 

biofilm detachment maintains balance in biofilm growth, enabling the biofilm 
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thickness to reach a pseudo steady state. Brading et al. (1995) suggested the 

three main processes of biofilm detachment including erosion (continuous 

removal of small portions of the biofilm) (Figure 1.3A), sloughing (rapid and 

massive removal) (Figure 1.3B & C), and abrasion (detachment due to collision 

of particles from the bulk fluid with the biofilm). 

Starved cells 

Figure (1.3). Schematic diagram of different mechanism of biofilm detachment (A) Erosion, (B) 
shear induced sloughing, (C) enzymatic degradation of polymer. 
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All the three processes occur due to shear stress on biofilm. However, sloughing 

is more random than erosion, and is thought to result from nutrient or oxygen 

depletion (Brading et al., 1995) or due to enzymatic cleavage of biofilm polymers 

within the biofilm structure (Allison et al., 1998). Characklis, (1990) noted that the 

rate of erosion from the biofilm increases with increase in biofilm thickness and 

fluid shear at the biofilm-bulk liquid interface. Sloughing is more commonly 

observed with thicker biofilms developed in nutrient-rich environment (Characklis, 

1990). Biofilms in fluidized beds, filters, and particle-laden environments (surface 

waters) may be subject to abrasion. Detachment is probably also species 

specific. For example, Pseudomonas fluorescens disperses and recolonizes a 

surface (in a flow cell) after approximately 5 h, Vibrio parahaemolyticus after 4 h 

and Vibrio harveyi after only 2 h (Korber et al., 1989; 1995). 

Biofilm detachment can be ascribed to nutrient levels, quorum sensing, 

and shearing of biofilm due to high flow rate in bulk liquid. However, the 

mechanisms of biofilm detachment are not well understood. Gilbert et al. (1993) 

showed that surface hydrophobicity of cells spontaneously detached from the 

Eschericliia coli or Pseudomonas aeruginosa biofilm differ substantially from 

biofilm cells or resuspended cells. It appears that the decrease in the 

hydrophobicity of the attached cells is the reason for the detachment of cells. 

Boyd & Chakrabarty, (1994) studied alginate lyase expression in Pseudomonas 

aeruginosa in order to find out the effect of enzyme production on size of the 

alginate molecules and biofilm detachment. They found that with increase in 

alginate lyase expression there was substantial decrease in the amount of 
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alginate produced. This was followed by significant increase in the number of 

detached cells. Similar results were also reported by Allison et al. (1998) using 

Pseudomonas fluorescens as model organism. Yarwood et al. (2004) suggest 

the possible role of quorum sensing in detachment of Staphylococcus aureus 

biofilm. Bole et al. (2005) suggested the role of rhamnolipids in detachment of 

Pseudomonas aeruginosa biofilm. Recently, Bole et al. (2008) reported Agr 

(quorum sensing system) mediated biofilm detachment in Staphylococcus aureus 

biofilnns. 

1.4 Factors affecting bacterial adhesion and subsequent biofilm 

formation 

The bacterial adhesion and biofilm formation is a complicated process in nature 

and influenced by several factors. The type of bacteria, substratum surface and 

environmental conditions are the most important factors that influence biofilm. 

1.4.1 Substratum surface characteristics 

1.4.1.1 Surface topography 

One of the major factor influencing bacterial adhesion and biofilm development is 

the surface roughness. Bacterial attachment increases with increase in surface 

roughness (Characklis et al., 1990b; Scheuerman et al., 1998). Therefore, rough 

surfaces are more prone to fouling than the smooth surfaces (Bott, 1993; Hunt & 

Parry, 1998). This is because bacterial cells get more surface area to attach as 

well as they hide in the crevices to remain unaffected by the shear forces. Chin et 
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et al. (2007) indicated that biofilm formation on clinical orthodontics micro-

implants was governed by roughness of implant. Similarly, Teughels et al. (2008) 

studied the effect of surface free energy and surface roughness on biofilm 

development. From these studies, it was evident that surfaces with higher 

roughness and/or surface energy support more biofilm biomass. Nevertheless, 

Beyth et a/. (2008) showed that Streptococcus mutans growth on resin-

composite increaseA  surface roughness and further accelerate biofilm 

accumulation. 

1.4.1.2 Physicochemical properties of surface 

The physicochemical properties of the substratum surface such as wettability or 

critical surface tension (Dexter, 1979), hydrophobicity (Fletcher & Loeb, 1979; 

Bidle et al., 1993), and surface charge influence bacterial adhesion to surfaces. 

Bacteria attach more rapidly to hydrophobic, non-polar surfaces such as Teflon 

and other plastic materials than hydrophilic surfaces such as glass and metals 

(Dexter, 1979; Fletcher & Loeb, 1979; Bidle et al., 1993). However, the results of 

these studies have been contradicted because microbial adhesion to surfaces is 

also influenced by the properties of different substrates and methods used to 

quantify attachment (Flint et al., 1997; Cowell et al., 1998; Chae et al., 2006; 

Borucki et al., 2003). Recently, Choi & How yung, (2008) reported that 

membrane hydrophobicity was not a dominant factor affecting membrane-

aerated biofilm reactor (MBR) fouling. Moreover, adsorption of the molecules 

from the bulk liquid onto surface mask the original surface properties, thereby 
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influencing bacterial adhesion irrespective of the type of surface (Compere et al., 

2001). 

1.4.2 Role of bulk aqueous phase 

1.4.2.1 Effect of pH and salt 

Bulk aqueous phase affects the bacterial adhesion to surfaces directly by 

influencing the physicochemistry of the adhesion process or indirectly by 

modifying the physiological process of bacteria itself. Several earlier studies have 

shown seasonal effect on bacterial adhesion and biofilm formation in different 

aqueous systems (Fera et al., 1989; Donlan et al., 1994). Increase in NaCI 

concentration of the bulk liquid or aqueous phase leads to the increase in 

bacterial cell adhesion to surfaces (Delaquis et al., 1988; Fletcher, 1988; Roller, 

1991; Sonak, 1998; Briandet et al., 1999b). This was because of reduction in the 

repulsive forces between the negatively charged bacterial cells and the glass 

surfaces (Sheng et al., 2008). Yet another reason may be the altered 

hydrophobicity of the bacterial cell surface due to the effect of salt (Mafu et al., 

1990; Bereksi et al., 2002). 

Several earlier studies have reported the effect of pH on bacterial 

adhesion to surfaces (Corpe, 1974; Brown et al., 1977; Stanely, 1983). Sonak, 

(1998) reported an increase in bacterial adhesion to the test surfaces with 

increase in pH from 5 to 7. However, when the pH was increased further, a 

decrease in bacterial adhesion to test surface was observed. This was explained 

on the basis of decrease in viscosity of the bacterial cell surface polymer with the 
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increase in pH (Herald & Zottola, 1988). Conversely, adhesion of the Listeria 

monocytogenes cells to surfaces increases at lower pH. It was believed that 

negative groups on the cell surface become protonated as the pH decreases, 

thus explaining the increase in adhesion of Listeria monocytogenes to surfaces 

at low pH (Mafu et al., 1991; Duffy & Sheridan, 1997; Smoot & Pierson, 1998 a,b; 

Briandet et al., 1999a,b). Zilm & Roger, (2007) reported that Fusobacterium 

nucleatum co-adheres and forms a homogeneous biofilm when growth medium 

pH was 8.2. Song & Leff, (2006) reported the effect of magnesium ions on biofilm 

formation by Pseudomonas fluorescens. They reported that surface colonization 

and depth increased with increasing Mg +2 concentrations. 

1.4.2.2 Effect of nutrients 

Nutrient levels in the growth medium can have variable effects on bacterial 

adhesion to surfaces probably due to different materials and strains (Brown et a/., 

1977; Ronner & Wong, 1993; Hood & Zottola, 1995,1997; Blackman & Frank, 

1996; Sheng et al., 2008). Nutrient conditions in the bulk aqueous phase 

influence bacterial cell surface charge and hydrophobicity, thereby affecting 

bacterial adhesion to surfaces. For example, Kim & Frank, (1994) found that the 

adhesion of Listeria monocytogenes to stainless steel decreased because of 

alteration in the physicochemical state due to decrease in iron concentration in 

the growth medium. Several factors including growth conditions, growth phase 

and temperature are known to influence bacterial cell surface hydrophobicity 

(Sonak, 1998). 
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The rate of EPS production and biofilm formation are also influenced by the 

nutrient concentration in the medium (Hood & Zottola, 1995; Herald & Zottola, 

1988, D'Souza, 2004). For example, D'Souza, (2004) studied the effect of carbon 

and nitrogen source, pH, temperature, culture condition and growth kinetics on 

EPS production by Bacillus sp SS-15. Kim & Frank, (1995) found that 

replacement of glucose with trehalose and mannose stimulated biofilm formation 

of Listeria monocytogenes on stainless steel. Tsai et al. (2004) observed high 

amount of biofilm biomass and bulk bacteria with the increase in assimilable 

organic carbon (AOC) concentration (up to 1.0 mg L -1 ). Giaouris & Nychas, 

(2006) reported that air—liquid interface with adequate nutrients provides the best 

environment for Salmonella enteritidis PT4 to form biofilms on stainless steel. 

Rinaudi et al. (2006) reported that increase in concentrations of sucrose, 

phosphate and calcium enhanced while increase in temperature and pH reduced 

biofilm formation. Conversely, Oh et al. (2007) found faster biofilm formation by 

Escherichia co/i 0157:H7 on glass surface and with higher bacterial number in a 

low nutrient medium. Similarly, Rochex & Lebeault, (2007) reported that higher 

glucose concentration (1 g L -1 ) reduced Pseudomonas putida biofilm 

accumulation rate because of a higher detachment. Detachment is a key 

parameter that influences biofilm accumulation and strongly depends on nutrient 

conditions. In practice, controlling nutrient levels may be interesting to control 

biofilm formation. 
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1.4.2.3 Effect of shear forces 

Shear forces of bulk liquid not only helps in the transportation of bacterial cells 

towards the surface (described earlier) but in some case enhance adhesion. For 

example in case of enteric bacteria adhesion to host cells is often promoted 

when subjected to high shear (Thomas et al., 2002, 2004; Isberg et al., 2002). 

High shear even leads to the increase in EPS production by the microorganisms 

which enhance their attachment probabilities (Lazarova et al., 1994). For 

example, Chen et al. (2005) reported that the adhesive strength of Pseudomonas 

fluorescens biofilm increases with increase in the fluid velocity (0.6-1.6 m s -1 ). 

Cowan et al. (1991) showed that the flow in bulk liquid influences biofilm 

structure. Laminar flow causes patchy and rounded cells aggregates that are 

separated by cell free spaces, whereas, turbulent flow produces patchy and 

elongated structures with streamers (Figure 1.4). Stoodley et al. (1999) 

suggested that rheology of biofilm determines shape and mechanical stability of 

biofilm structure. It appears that the biofilms can behave like viscoelastic solid or 

viscoelastic fluid, and have elastic modules (Eapp) depending on the shear at 

which they were grown (Stoodley et al., 1999). Furthermore, biofilm structure can 

be permanently deformed when shear stress exceeds the elastic modules. For 

example, formation of migratory ripples in Pseudomonas aeruginosa biofilms 

(Purevdorj et al., 1999). 



Figure (1.4). Effect of high shear stress on biofilm structures. Turbulent flow produceelongated 
structures known as streamers, where as laminar flow cause ripple like structures in biofilms. 
Moreover, high shear may leads to biofilm detachment, dispersal of individual cells and rolling of 
detached biofilm on surface (reproduced from http:// www.erc.montana.edu/ ). 

Bacterial abundance in water, and flow velocity in the water distribution pipes 

(copper and plastic) affects biofilm development (Lehtola et al., 2006). Greater 

(0.07 cm s - 1 ) and lower (0.007 cm s-1 ) flow velocities result in thicker 

(36 ± 3 pm) and thinner (16 ± 2 pm) Salmonella enterica biofilms, respectively 

(Mangalappalli-Illathu et al., 2008). Similarly, biofilms consist of large bacterial 

mounds interspersed by water channels, whereas they had diffusely-arranged 

microcolonies when grown under high and low velocities, respectively. 

18 
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1.4.3 Effect of bacteria 

1.4.3.1 Cell surface characteristics 

1.4.3.1.1 Physicochemical properties 

Bacterial adhesion to surfaces is influencex by the physicochemical properties of 

the bacterial cell surface such as cell surface hydrophobicity and surface charge 

(Ly et al., 2006). These physicochemical properties are affected by factors such 

as microbial growth rate, growth medium, and culture conditions (time and 

temperature) (Briandet et al., 1999). Bacteria usually behave as hydrophobic 

particles with a net negative surface charge, but the degree of hydrophobicity can 

change with growth phase. Hydrophobicity generally decreases with the increase 

in growth rate (Boulange & Peterman, 1996; Sonak, 1998) and increases during 

the stationary phase (Haznedaroglu et al., 2008). There are studies which have 

correlated bacterial cell adhesion with cell surface charge and hydrophobicity 

(Carpentier & Cerf, 1993; Bower et al., 1996). For example, Sonak & Bhosle, 

(1995) reported a highly significant positive correlation between the cell surface 

hydrophobicity of 12 different marine bacterial cultures and their adhesion to 

aluminium panels. Similarly, hydrophobicity of two bacterial strains 

Pseudomonas stutzeri and Staphylococcus epidermidis was involved in the initial 

cell adhesion to surfaces (Bayoudh et al., 2006). Conversely, the adhesion of 

Escherichia coli was inversely proportional to the degree of negative surface 

charge, and not influenced by the hydrophobicity (Gilbert et al., 1991). Whereas, 

cell surface hydrophobicity and cell surface charge did not play any role in the 
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attachment of Listeria monocytogenes, and Streptococcus mutans to surfaces 

(Chae et al., 2006; Buergers et al., 2007). 

1.4.3.1.2 Cell surface appendages 

Bacterial surface components fimbriae, flagella, lipopolysaccharide (LPS), pill, 

and curli may be involved in adhesion as they serve to overcome electrostatic 

repulsive forces between substratum surface and bacterial envelope. These 

surface appendages reduce the effective radius of interaction between the 

surface and the cell, thereby lowering the energy barrier (Van Loosdrecht et al., 

1990; Heilmann et al., 1997; Briandet et al., 1999b; Watnick & Kolter, 1999). The 

loss of these cell appendages changes cell surface properties, which may lead to 

decreased bacterial adhesion to surfaces (Gilbert et al., 1991; Nallapareddy et 

al., 2006; Manetti et al., 2007). Moreover, the role of Escherichia coli curli in 

adhesion, and biofilm formation and bacterial auto-aggregation onto a variety of 

human host proteins has been reported (Olsen et al., 1989; Hammar et al., 1995; 

Vidal et al., 1998). Curli are the major proteinaceous component of a complex 

extracellular matrix produced by members of Enterobacteriaceae family. 

Escherichia coli also produce highly viscous capsular polysaccharide, colanic 

acid (CA) which protects cells under stress conditions and promotes adhesion to 

inert surfaces (Jones et al., 1969; Fletcher & Floodgate, 1973; Costerton et al., 

1978; Allison & Sutherland, 1984; Ophir & Gutnick, 1994; Sledjeski & Gottesman, 

1996; Roberts, 1996). Moreover, capsular polysaccharides are known to promote 

adhesion process in Staphylococcus epidermidis (Muller et al., 1993) and in 
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stabilizing the three-dimensional biofilm structure in Vibrio cholerae (Watnick & 

Kolter, 1999). Recently, Malcova et al. (2008) found that overproduction of 

capsular polysaccharide was used as an alternate strategy by Salmonella 

enterica serovar typhimurium for biofilm formation. 

1.4.3.1.3 Motility and chemotaxis. 

Motile bacteria can swim along a chemical concentration gradient with movement 

directed towards a higher concentration of a nutrient. The movement of 

organisms in response to a chemical (nutrient) gradient is called chemotaxis. 

Flagellar mediated motility has often been associated with the initial step of 

biofilm development, particularly in Pseudomonas sp. (Stanley 1983; DeFlaun 

et al., 1990; Korber et al., 1994; O'Toole & Kolter, 1998a, b). Recently, Toutain et 

al. (2007) reported the role of flagellar motility in Pseudomonas aeruginosa 

adhesion and biofilm formation, under both static and flowing conditions. 

Moreover, Kato et al. (2008) reviewed the chemotactic behavior of Pseudomonas 

aeruginosa in various ecosystems. 

1.5 Features of biofilms 

1.5.1 Extracellular polymeric substances (EPS) 

Bacterial cells yield irreversible adhesion through the production of extracellular 

polymeric substances (EPS) (Neu & Marshall, 1991; Sutherland, 1997). More 

than 90% of the EPS volume consists of water (Sutherland, 1997; Schmitt & 

Flemming, 1999). EPS has long been considered to consist only of 
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polysaccharides, but considerable amounts of proteins, as well as humic 

substances, nucleic acids and lipids have been identified as EPS constituents 

(Cooksey, 1992; Bhosle et al., 1995; Bhosle et al., 1996; Nielsen et al., 1997; 

Flemming & Wingender, 2001). However, it has been found that attachment to an 

inert substratum stimulates bacterial EPS synthesis (Vandevivere & Kirchman, 

1993; Allison & Sutherland, 1987). EPS components, like polysaccharides 

(Fletcher & Floodgate, 1973; Costerton et al., 1985; Azeredo et al., 1999; 

Azeredo & Oliveira, 2000) and proteins (Dufrene et al., 1996), enhance bacterial 

adhesion, while lipopolysaccharides (Williams & Fletcher, 1996), uronic acids 

(Pringle et al., 1983) and biosurfactants (Velraeds et al., 1998; Van Hoogmoed et 

al., 2000; Heinemann et al., 2000) discourage adhesion. 

At an individual cell level, EPS occurs in two basic forms, one as capsular, 

wherein the EPS is intimately associated with the cell surface, the second as 

slime which is only loosely associated with the cell (Figure 1.5). However, 

differences in chemical composition as well as in function of the different kinds of 

EPSs have been reported (Omar et al., 1983; Beech et al., 1999). For example, 

in case of Gram-negative bacteria the presence of uronic acids in EPS (such as 

D-glucuronic, D-galacturonic, and mannuronic acids) or ketal-linked p jruvates 

confers the anionic property (Rodrigues & Bhosle, 1991; Majumdar et al., 1996; 

Khandeparker & Bhosle, 2001; Sutherland, 2001; D'Souza, 2004). In the case of 

some gram-positive bacteria, such as the Staphylococci, the chemical 

composition of EPS may be quite different and may be primarily cationic in 

nature (Hussain et al., 1993). 
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Figure (1.5). Bacterial cell with surface associated capsular EPS and loosely associated slime. 

Sutherland, (2001) noted that structure of the EPS has a marked effect on the 

biofilm formation. For example, many bacterial EPS has backbone structures that 

contain 1,3- or 1,4-13-linked hexose residues and tend to be more rigid, less 

deformable, and in certain cases poorly soluble or insoluble. Biofilm EPS is not 

generally uniform but may vary spatially and temporally. In laboratory 

experiments, mature biofilms of alginate-producing mucoid Pseudomonas 

aeruginosa have been shown to display a highly structured architecture under 

conditions whereas, isogenic non-mucoid strains developed homogeneous 

biofilms (Nivens et al., 2001; Hentzer et al., 2001; Matz et al., 2004). The 

acetylated alginate was supposed to contribute to the mature biofilm architecture 

of mucoid Pseudomonas aeruginosa (Nivens et al., 2001; Hentzer et al., 2002; 

Tielen et al., 2005), while alginate was not involved in biofilm formation of the 
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non-mucoid wild-type strains. Izano et al, (2007) reported role of N-acetyl-D-

glucosamine (GIcNAc) residues in i3 (1,6) linkage (poly-6-1,6-GIcNAc or PGA) in 

biofilm formation of Actinobacillus pleuropneumoniae on abiotic surfaces. 

Recently, Li et al. (2008) reported the role of EPS in the biofilm structure of 

membrane-aerated biofilms (MABs). Interestingly, Honma et al. (2007) reported 

the inhibitory role of glycosylated surface-glycoprotein in Tannerella forsythia 

biofilms. 

Leriche et al. (2000) used the binding specificity of lectins to simple sugars 

to evaluate bacterial biofilm development. It appears that different organisms 

produce varying amounts of EPS. Further, the amount of EPS increased with the 

age of the biofilm. EPS may play important role in the detoxification of toxic 

chemicals, and metal ions. EPS can adsorb divalent cations and other 

macromolecules (such as proteins, DNA, lipids, and even humic substances) 

(Flemming & Wingender, 2001). EPS production is affected by nutrient status in 

the growth medium, with excess available carbon and limitation of nitrogen, 

potassium, or phosphate enhance EPS production (Sutherland, 2001). Slow 

bacterial growth will also enhance EPS production (Sutherland, 2001). Because 

EPS is highly hydrated, it prevents desiccation of biofilms in some natural 

environments. EPS may also provide protection against antibiotics by 

impeding the mass transport of antibiotics through the biofilm and probably by 

binding directly to these agents (Donlan, 2000). 
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1.5.2 Biofilm architecture 

Although some structural attributes can be considered universal, every microbial 

biofilm community is unique (Tolker-Nielsen & Molin, 2000). Biofilms are very 

heterogeneous, containing microcolonies of bacterial cells encased in an EPS 

matrix and separated from other microcolonies by interstitial voids (water 

channels) (Lewandowski, 2000) (Figure 1.6) Liquid flows through these water 

channels, allowing diffusion of nutrients, oxygen, and even antimicrobial agents. 

Figure (1.6). A typical mushroom shaped biofilm architecture, showing the flow of nutrients and 
water through water channels (reproduced from http:// www.erc.montana.edu/  ). 

This concept of heterogeneity is observed not only for mixed culture biofilms 

(such as found in biofilms formed in natural environment) but also for pure culture 

biofilms commonly seen on medical devices and those associated with infectious 
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diseases (Stoodley et al., 1997). The organisms present in the biofilm may also 

have a marked effect on the biofilm structure (Jones et al., 1969). James et al. 

(1995) showed that biofilm thickness could be affected by the composition of 

organisms. Pure cultures of either Klebsiella pneumoniae or Pseudomonas 

aeruginosa biofilms in a laboratory reactor were thinner (15 pm and 30 pm 

respectively), whereas, a biofilm of these two species was thicker (40 pm). 

Biofilm architecture is heterogeneous both in space and time, constantly 

changing because of external and internal processes. Tolker-Nielsen et al. 

(2000) investigated the role of cell motility in biofilm architecture using flow cell by 

examining the interactions of Pseudomonas aeruginosa and Pseudomonas 

putida by confocal laser scanning microscopy. When these two organisms were 

added to the flow cell system, each organism initially formed small microcolonies. 

With time, the colonies intermixed, showing the migration of cells from one 

microcolony to the other. The microcolony structure changed from a compact 

structure to a looser structure over time, and when this occurred the cells inside 

the microcolonies were observed to be motile. Motile cells are ultimately 

dispersed from the biofilm, resulting in dissolution of the microcolonies. 

1.5.3 Quorum sensing 

1.5.3.1 Bacterial signalling 

Bacteria are often considered as simple unicellular organisms, but the recent 

research has shown that many bacteria possess ability to communicate with one 

another and to organize into groups with characteristics not exhibited by 
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by individual cells (Greenberg, 1997). Bacteria produce diffusible extracellular 

signaling molecules, e.g., acylated homoserine lactones (AHLs; gram-negative 

bacteria) and oligopeptides (gram-positive bacteria), to monitor their own 

population density and to coordinate expression of specific sets of genes in 

response to the cell density. This type of cell-density-dependent gene regulation 

is termed as "quorum sensing" (Fuqua et al., 1994). The AHL compounds of 

gram-negative bacterial species differ in substitutions at C-3 position and length 

of acyl side chain. AHLs are constitutively synthesized in minute amounts and 

their concentration in the cell surroundings is monitored. At low cell density the 

AHLs are diluted in the medium, but at sufficient population densities these 

signalling molecules reach the threshold concentration required for gene 

activation (Figure 1.7). 

Figure (1.7). Schematic diagram showing quorum sensing in bacteria (reproduce from http:// 
www.quonova.com/quorum-sensind/).  
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It has been found that AHLs are involved in regulation of a wide range of cell 

functions, including bioluminescence in Vibrio species, conjugal transfer of Ti 

plasmid in Agrobacterium tumefaciens, production of virulence factors in 

Pseudomonas aeruginosa and several other species, fruiting-body formation in 

Myxococcus xanthus, swarming motility in Serratia liquefaciens, and production 

of extracellular hydrolytic enzymes in many species (Greenberg, 1997; O'Toole 

et al., 2000; Riedel et al., 2001). Unlike AHLs, which are mostly considered 

species-specific, a boron-containing quorum-sensing molecule is produced by a 

large number of bacterial species and appears to serve as a "universal" signal for 

interspecies communication (Chen et al., 2002). 

1.5.3.2 What benefit bacteria get from quorum sensing? 

Bacteria can limit production of a set of molecules to situations when these 

molecules are really required. This is beneficial for pathogenic bacteria because 

they do not need to reveal their weapons (exotoxins) before they have massively 

colonized the host and can thus overwhelm the host defenses (Greenberg, 

1997). At times it may be useful for one group of bacteria to disrupt quorum 

sensing of another competing group of bacteria, thereby gaining a competitive 

advantage in the environment. All of the tested strains of Bacillus thuringiensis 

and the closely related species Bacillus cereus and Bacillus mycoides produced 

a lactonase that inactivates AHL activity by hydrolysing the ester bond of the 

homoserine lactone ring (Dong et al., 2000). Transgenic plants expressing AHL 
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lactonase quenched cell-to-cell signaling of pathogenic bacteria and showed 

enhanced resistance to infection (Dong et al., 2001). 

1.5.3.3 Signalling in biofilms 

Davies et al. (1998) published the first study that showed the role of quorum 

sensing in the formation of biofilms, and launched a period of active research on 

cell-to-cell signalling in biofilms. Davies et al. (1998) showed that las I- mutant 

cells of Pseudomonas aeruginosa deficient in 3-oxo-C12-HSL (3- 

oxododecanoylhomoserine lactone) synthesis were able to attach and form 

biofilm similar to the wild type cells. However, the mature biofilm of las I- mutant 

consisted of continuous sheets of cells lacking the differentiated architecture with 

microcolonies and water channels. Moreover, the biofilm was also sensitive to 

the SDS treatment in contrast to the wild type biofilm. When 3-oxo-C12-HSL was 

added exogenously to medium, the las I- mutant cells formed biofilm that was 

resistant towards detergent wash and had architecture similar to the wild type 

biofilm. Similarly, biofilm development of Aeromonas hydrophila and Burkholderia 

cepacia involved AHL-mediated signalling (Lynch et al., 2002). In mixed-species 

biofilms, AHLs have been shown to mediate interspecies communication (Riedel 

et al., 2001). Recently, Wang et al. (2007) reported the role of ClPp protease 

regulated by quorum sensing molecules in biofilm formation and virulence of 

Staphylococcus epidermidis. Addition of 7, 8 -cis -tetradecnoyl -HSL to 

aggregates of Rhodobacter sphaeroides mutant cells causes cells to disperse 

and to grow as individual cells in suspension (Greenberg, 1997). Similarly, AHLs 
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and/or another factor present in stationary-phase culture supernatants mediated 

reduction of Pseudomonas fluorescens biofilm and loss of EPS production 

(O'Toole, 2000). These studies suggest that AHL signals may be involved in 

biofilm dispersal as well. 

The Australian macroalga Delisea pulchra produces halogenated furanone 

compounds that interfere with the AHL-mediated quorum sensing, and in this 

way protect the macroalga from bacterial fouling (Hentzer et al., 2002). 

Moreover, the addition of the synthetic furanone made Pseudomonas aeruginosa 

biofilms thinner and less virulent, and enhanced bacterial detachment. It is 

possible that the furanones are likely attractive candidates for the biofilm control 

in the future. 

1.5.4 Gene transfer within biofilm 

Gene transfer occurs frequently and effectively in many bacterial biofilms, both in 

natural environments and in more artificial settings. This phenomenon is 

stimulated or enhanced in surface bound microorganism rather then the free 

floating organism. Gene transfer affects population's potential to meet and exploit 

new environmental conditions. Conjugation (Normander et al., 1998; Bjorklof et 

al., 2000; Robert et al., 1999; Beaudoin et al., 1998; Springael et al., 2002; 

Geisenberger et al., 1999; Tormo et al., 2005; Maiques et al., 2007) and 

transformation are the two ways by which gene transfer occurs in biofilms 

(Lorenz & Wackernagel, 1994; Baur et al., 1996; Demaneche et al., 2001; 

Dubnau, 1999). 
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1.5.4.1 Conjugation in biofilm 

High plasmid transfer rates through conjugation were observed in Aeromonas 

eutrophus biofilms independent of the nutrient levels in the growth medium 

(Hausner & Wuertz, 1999). Similar results were reported by Ehlers & Bouwer, 

(1999) in a more complex biofilm set-up. Licht et al. (1999) reported that plasmid 

transfer is efficient and results in a significant fraction of transconjugants in 

Escherichia coli biofilms, as compared to the suspended cells. Moreover, Ghigo, 

(2001) suggested that bacteria that contain conjugative plasmids more readily 

develop biofilms. He showed that the conjugative pilus acts as an adhesion factor 

for both cell-surface and cell-cell interactions, resulting in a three dimensional 

biofilm of Escherichia coll. 

1.5.4.2 Transformation in biofilm 

Transformation is the ability of cel
A
I
s
to uptake exocellular DNA (chromosomal or 

plasmid DNA). The ability of the bacteria and archaea to uptake macromolecular 

DNA is known as competence (Lorenz & Wackernagel, 1994). The uptake of 

chromosomal or plasmid DNA occurs by the same mechanisms (Dubnau, 1999). 

Most of the bacteria release DNA during their growth in standard media (Lorenz 

& Wackernagel, 1994). It appears that bacteria possess a DNA release program 

coupled to the development of competence (Lorenz et al., 1991). In the case of 

Streptococcus pneumoniae and Acinetobacter calcoaceticus evidence was 

presented that DNA release is caused by cell lysis (Palmen & Hellingwerf, 1995; 

Steinmoen et al., 2002). During biofilm formation Streptococcus mutans cells 
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were transformed at a frequency up to 4x10 -3  per cell, and generally at rates 10- 

to 600-fold higher than planktonic Streptococcus mutans cells (Li et al., 2001). 

Transfer of a non-conjugative plasmid from Treponema denticola to 

Streptococcus gordonii growing in a mixed-species biofilm was demonstrated by 

Wang et al. (2002). Hendrickx et al. (2003) investigated transformation in biofilms 

of Acinetobacter sp. BD413 using plasmid carrying a gene encoding green 

fluorescent protein (GFP). This was done in order to monitor temporal and spatial 

aspects of transformation in the biofilms using non-destructive confocal laser 

scanning microscopy (Figure 1.8). 

Figure (1.8). Spatial distribution of green fluorescent transconjugants (green/yellow) relative to the 
non-infected Pseudomonas putida RI cells and Acinetobacter C6 in a biofilm analysed after eight 
days (reproduced from Molin & Nielsen 2003). 
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The role of extracellular DNA as cell-to-surface adhesin and/or cell-to-cell 

adhesin in the initial phase of biofilm formation was also reported earlier 

(Heilmann et al., 1997; Fournier & hooper, 2000; Loo et al., 2000; Li et al., 2002; 

Whitchurch et al., 2002; Yoshida & kuramitsu, 2002). 

1.6 Biofilm impact 

1.6.1 Advantages of biofilms. 

The presence of biofilm at solid-liquid interface in man-made system can be 

beneficial. For example, biofilms are useful to remove toxic chemicals and metal 

ions to improve the quality of water (Lappinscott & Costerton, 1989; Blenkinsopp 

& Costerton, 1991). The presence of bacterial biofilms of a normal inhabitant 

bacterium protects the animal tissue from colonization by pathogenic bacteria. 

This autochthonous population is highly competitive. Hence, the pathogenic 

bacteria are prevented from attaching to the tissue surface. The bacteria that 

colonize on the intestinal epithelium of rumen produce large amount of urease 

that is important for the conversion of urea to less toxic ammonia. Thus the 

adherent autochthonous bacterial population makes an important physiological 

contribution to the health of the animal. 

1.6.1.2 Applications of biofilms in bioremediation 

Successful application of a bioremediation process relies upon an understanding 

of interactions among microorganisms, organic contaminants and soil or aquifer 

materials. Physiological properties of the microorganisms such as biosurfactant 
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production and chemotaxis enhance bioavailability and, hence, degradation of 

hydrophobic compounds (Pandey & Jain, 2002; Paul et al., 2005). 

Microorganisms that secrete polymers and form biofilms on the surface of 

hydrocarbons are especially well suited for the treatment of recalcitrant or slow 

degrading compounds because of their high microbial biomass and ability to 

immobilize compounds by biosorption (passive sequestration by interactions 

with biological matter), bioaccumulation (increased accumulation of microbes 

under influence) and biomineralization (formation of insoluble precipitates by 

interactions with microbial metabolic products) (Barkay & Schaefer, 2001) (Table 

1.1). Biofilms support a high biomass density that facilitates the mineralization 

processes by maintaining optimal conditions of pH, localized solute 

concentrations and redox potential in the vicinity of the cells. This is achieved by 

the unique architecture of the biofilm and controlled circulation of fluids within it 

(Flemming, 1995; Horn & Morgenroth, 2006). Biofilm-based reactors are 

commonly used for treating large volumes of dilute aqueous solutions such as 

industrial and municipal wastewaters (Nicolella et al., 2000) (Table 1.2). 



Experirnental4 conditfons 	 Methods 	of Heavy metals Reference 

remediation 	remediation 

Anaerobic —anoxic-oxic biofilm process 	 Biosorption 	Zn,Cd,Ni 	Chang et al., 2006 

Table (1.1). Bioremediation of hydrocarbon using biofilms in bioreactors (reproduced from Singh et al., 2006). 

Biofilm formed on moving bed sand filter 	 Biosorption, 	Cu,Zn,Ni , Co 	Diels et al., 2003 

Bioprecipitation 

Rotary biofilm reactor for algae immobilization 	Immobilization 	Co 	 Travieso et al., 

2002 

Biofilm development over granular activated carbon 	Adsorption 	Cd,Cu,Zn,Ni 	Scott & Karanikar, 

1998; 

Scott et al., 1995 

Bacteria immobilized composite membrane reactor 	Bioprecipitation 	Cd,Zn,Cu,Pb,Co, Diels et al., 1995 

Ni, Pd,Ge 
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Experirnental conditions :,...‘Organism:or.culture 

50% (pyrene), 
98% 
(Phenanthrene) 

65% 
100% 

84%, 65% 

60% 

82% 

Partial 

Eriksson et a/., 2002 

Vayenas et al., 2002 

Yamaguchi et a, 1999 
Jin et al., 1998 

Parvatiyar et al., 1996; 
Arcangeli & Arvin, 1995 

Zhang et al., 1995 

Kapdan et a/., 2002 

Oh et al., 1994 
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Table (1.2). Biodegradation of chlorophenols, Azo dyes, herbicides, under different experimental conditions, using different microorganism 

(reproduced from Singh et al., 2006). 

Reference Effkiency of 
degradation 

Chlorophenols 
2 chlorophenol 

4-Chlorophenol 

2,4, dichlorophenol 

2,4,6,- Trichlorophenol, 
2,3,4,6- Tetrachlorophenol, 
Pentachlorophenol 

Pyrene, phenanthrene 

0-cresol, Naphthalene, 
phenol, 1,2,3 trimethly 
benzene 
n-alkane 
Carbon tetrachloride 

Toluene 

Azo dyes 
Acid orange 10,14 

Everzol Turquoise 

Herbicides 
2-(2-methyl)-4- 
chlorophenoxyl propionic 
acid (MCPP) 

Silicone tube membrane 
bioreactor 
Granular activated-carbon 
biofilm reactor 

rotating perforated tube biofilm 
reactor 
Fluidized bed biofilm reactor 

Biofilm grow directly on liquid 
medium 

Biofilm grown in NAPLs 

Rotating biological contactors 
Continuous flow fixed biofilm 
reactor 
Hollow-fiber membrane biofilter 
reactor, continuously fed 
biodrum reactor 

Laboratory-scale rotating drum 
biofilm reactor 
Laboratory —scale activated 
sludge unit 

Granular activated carbon 
biofilm reactor 

Anaerobic sludge from a swine 
waste treatment plant 
Bacterial consortium from 
rhizosphere of Phragmites 
australis 

Pseudomonas putida 

Pseudomonas sp, 
Rhodococcus sp 

Polaromonas sp, Sphingomonas 
sp, Alcaligene sp, Caulobacter 
and Variovorax sp 
Pseudomonas fluorescens 

Prototheca zopfii 
Providencia stuartii, 
Pseudomonas cepacia 
Secondary sludge from waste 
water treatment plant, various 
aerobic and anaerobic bacteria 

Methylosinus trichosporium 

Coriolus versicolor 

Mixed culture of herbicide 
degrading bacteria 

90% 
	

Chang et a/., 2003, 
2004) 

70-100% 
	

Caldeira et al., 1999; 
Carvalho et a/., 2001 

100% 
	

Kargi and Eker, 2005 

100% 
	

Puhakka et al., 1995 
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1.6.2 Disadvantages 

1.6.2.1 Shipping vessels and marine structures. 

Biofilm in marine waters is a costly problem for ship operators and owners of off-

shore structures, including oil rigs and offshore platform (Callow, 1986). Fouling 

on ship hulls increaseA the frictional drag on the vessel there by increasing the 

fuel consumption (Characklis, 1973). This necessitates expensive dry-docking to 

remove the marine fouling and also the application of toxic biofouling paints 

(Blenkinsopp & Costerton, 1991). Lewthwaite et al. (1985) found that a 1-mm 

thick slime layer that developed on a 23-m fleet tender caused an 80% increase 

in skin friction coefficient, together with a 15% loss in ship speed, compared with 

values obtained for the clean hull. Bohlander, (1991) ran full-scale power trials on 

a frigate and found that biofouling, mainly in the form of microfilms, caused an 

increase of 8-18% in drag. Schultz & Swain, (1999, 2000) observed penalties in 

local skin friction coefficients of 33-87% on flat plates fouled with biofilms. An 

understanding of the development of microfouling communities is therefore an 

important aspect in the selection and management of antifouling coatings for ship 

operations. This has become especially important as regulations are now in 

effect (International Maritime Organization, 2003) that will force a change from 

the highly successful self-polishing copolymer organotin systems to alternative 

copper-based and silicone fouling release technologies. 
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1.6.2.2 Navigation buoys. 

Moored structures such as buoys are even more prone to microbial fouling than 

ships, since they remain permanently in seawaters. The tidal currents to which 

the structures are often exposed also appear to favor the growth of the fouling 

organisms. 

1.6.2.3 Underwater sound equipments. 

These equipments are commonly associated with navel and commercial ships, 

and are permanently installed under water for costal defense. These are neither 

protected with antifouling paints nor are they constructed with fouling resistant 

metals. Their functions as well as life may be seriously impaired due to microbial 

fouling on their surface. 

1.6.2.4 Heat exchangers and cooling towers. 

Industrial cooling towers and heat exchangers are also adversely affected by 

biofilms (Melo & Bott, 1997) (Figure 1.9). Biofouling of heat exchanger surfaces 

represents a serious operational problem. Fouling leads to reduced heat transfer 

efficiency, increased fluid frictional resistance, additional maintenance and 

operational costs (Lappin-Scott & Costerton, 1989; Bott & Tianqing, 2004). The 

choice of type of heat exchangers and cooling water systems invariably depends 

upon its mitigation or ease of cleaning. Mitigation techniques broadly fall into (a) 

mechanical (Melo & Bott, 1997; Bott & Tianqing, 2004; Schmid et al., 2004) and 

(b) chemical methods (Ormerod & Lund, 1995; Butterfield et al., 2002; Prince et 
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al., 2002; Meyer, 2003; Ludensky, 2003; Walsh et al., 2003; Rajagopal et al., 

2003; Sohn et al., 2004). For example, in case of plate heat exchangers online 

mechanical cleaning is economically non-viable and technically unfeasible. 

Therefore chemical treatments are required to clean them. 

Figure (1.9). Impacts of biofilm in various systems such as cooling tower, food industries, etc 
(reproduced from http:// www.erc.montana.edu/ ) 

1.6.2.5 Water distribution system. 

Biofilm formation by the commonly occurring water borne bacteria on the inner 

surfaces of water distribution pipes significantly increases the use of 

concentrated disinfectants (Pyle & Mac Feters, 1990; Block, 1992; Vess et al., 

1993; Le Chevallier et al., 2004). This leads to the discoloration and deterioration 
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in the taste of water supplied through these pipes (Bays et al., 1970; Ratsack, 

1997). In addition, biofilms provides protection to the pathogenic bacteria, 

immobilise particulate matter and heavy metals, and increase corrosion process 

(LeChevallier et al., 1987; Beech et al., 1994; Camper et al., 1996; Kobrin et al., 

1997; Percival et al., 1997; Gauthier et al., 1999; Zacheus et al., 2001). 

1.6.2.6 Dental plaque. 

Dental plaque is the community of microorganisms found on a tooth surface, and 

contributes to the normal development of the physiology and defenses of the 

host (Marsh, 1995; Socransky & Haffajee, 2000; Marsh, 2003). However, the 

repeated intake of fermentable sugar in the diet produces low pH in the plaque 

which inhibits the growth of bacterial species associated with dental health. This 

selects acidogenic (acid-producing) and aciduric (acid-loving) bacterial species 

(mutans streptococci and lactobacilli) associated with dental caries (Welin et al., 

2004; Marsh, 2005). Plaque is less susceptible to antimicrobial agents because 

of slow growth and its biofilm structure which restricts the penetration of 

antimicrobial agents (Van Steenbergen et al., 1984; Gilbert et al., 2002). 

1.6.2.7 Medical devices. 

Modern medical practice implants large number of plastics and metal prostheses 

into patients. Microorganisms colonize the surface of these prostheses and grow 

as coherent biofilms. This often necessitates the removal of the prostheses 

(Costerton et al., 1988; Gristina, 1994). Most of the medical implants such as 
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joint replacement (Stocks & Janssen, 2000), urinary catheters (Kauffman et al., 

2000), intra venous catheters (Richards et al., 2000), intrauterine devices (IUDs) 

are infected by Candida. 

1.6.2.7 Food and canning industry 

Food processing and canning industries also face the problem of microbial 

adhesion and biofilm formation (Notermans, 1994; Bower et al., 1996). However, 

poor sanitation of food contact surfaces, equipment, and processing 

environments are responsible for food borne disease outbreaks, especially those 

involving Listeria monocytogenes and Salmonella (Boulange-Peterman et al., 

1993; Boulange-Peterman, 1997; Bower et al., 1996; Barnes et al., 1999). The 

type of food contact surface and topography play a significant role in the inability 

to decontaminate a surface (Holah et a/., 1990; Frank & Chmielewski, 2001). The 

surface defects provide protection against the removal of bacteria which results 

in regrowth and biofilm formation on the surface (Mafu et al., 1990; Boulange-

Peterman et al., 1997; Bower et al., 1996). 

1.6.2.8 Microbially Induced Corrosion (MIC). 

MIC was reported by Garrett (1891), while studying the action of water on lead. 

According to him bacterial metabolites could have been responsible for the 

corrosion of lead covered cables. And since then MIC has emerged as an 

important economic problem. The corrosion of metals in aqueous environment is 

an electrochemical phenomenon involving an anode, cathode and an electron 
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path, The electrons liberated by anodic dissolution are taken up by hydrogen 

present at the cathode or dissolved oxygen. Other corrosion products formed 

may also contribute to the overall corrosion reaction. 

Anaerobic corrosion of ferrous metals buried in soils by sulphate reducing 

bacteria was reported by Von Wolzogen Kuhr & Van der Vlugt, (1934). Non-

metallic structures like concrete are also subject to microbial degradation (Bock & 

Sand, 1993). The main organism involved here belongs to Thiobacillus speices 

which are sulphur oxidizing bacteria (Kempner, 1966). Several papers have been 

published on microbially induced corrosion (Miller & king 1975; Deshmukh et al., 

1992; Lee et al., 1993; Gouda et al., 1993; Walker et al., 1998; D'Souza, 2004). 

The corrosion products formed may also contribute to the overall corrosion 

reaction. In most cases, the resulting products are loose and bulky and are 

precipitated. Some corrosion products like Fe2O3 embedded in the EPS may 

remain firmly attached to the metal surface, thereby reducing corrosion (Bhosle & 

Wagh, 1992). A typical example of this phenomenon is the well preserved 

archaeological iron objects covered with a thin, compact and firmly adherent film 

of ferric and ferrous phosphates. Many researchers have debated the validity of 

cathodic depolarization theory (King & Miller, 1971; Stott, 1993). They provided 

evidence for the presence of alternative mechanisms such as involvement of the 

metabolite sulphide and iron sulphide galvanic cells. Thus, even before 1980, 

anaerobic corrosion of iron and steel by SRB could be explained in 

electrochemical terms. 
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Costello, (1975) modified the theory developed by Miller & King, (1975) and 

replaced H + by H2S. Some studies (Schaschl, 1980) also indicate that the 

elemental sulphur appears to promote corrosion by a concentration cell 

mechanism similar to differential aeration cell. An anode may develop 

underneath any material which shields the metal from dissolved sulphur. The 

corresponding cathodic area is the adjacent region where dissolved sulphur is 

easily available as a cathodic reactant. The bacterial colonies may provide 

shielding action needed for this concentration cell. While working with 

Desulfovibrio, Iverson, (1968) found that the corrosion product was iron 

phosphide (Fe2P). Further results indicate that the corrosive agent was a volatile 

phosphorus compound produced by SRB (Iverson & Olson, 1983). Iverson et al. 

(1972) proposed that the break down of iron sulphide film allows corrosive 

phosphorus compounds to come into contact with iron surface and initiate 

corrosion. Inorganic and organic acids produced by microorganism are known to 

induce corrosion of metals (Iverson, 1974). For example, bacteria of the genus 

Thiobacillus oxidize sulphur to strong sulphuric acid which play an important role 

in the degradation and corrosion of building material. The most well known 

examples are the corrosion of archaeological structures like Parthenon in Greece 

and temples of Cambodia (Pochon & Jaton, 1968). Numerous fungal species are 

also capable of producing organic acids. For example, Hormoconis resinae is 

involved in the corrosion of aluminium fuel tanks of aircraft. 
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1.7 Biofilm control 

Generally, effective cleaning and sanitation program, when included in the 

process from the very beginning inhibits accumulation of particulates and 

bacterial cells on the equipment surface. This controls subsequent biofilm 

formation on the equipment surface (Czechowski & Banner, 1990). However, an 

inappropriate cleaning strategy would lead to biofilm formation (Czechowski & 

Banner, 1990; Hood & Zottola, 1995). Since, removal of biofilms is a very difficult 

and demanding task, a complete and cost-effective cleaning procedure should be 

developed (Zottola & Sasahara, 1994). A number of methods can be used to 

prevent microbial biofilm and biofouling. These measures fall into three 

categories i.e. physical, chemical, and biological methods. 

1.7.1 Physical methods 

When no mechanical treatment is given during cleaning procedure, the 

disinfectants leave the slime intact, which may favor biofilm buildup in crevices 

and seams (Pontefract, 1991; Hood & Zottola, 1995). Therefore, newer physical 

methods are used for the control of biofilms_ Such as super-high magnetic fields 

(Pothakamury et al., 1993), ultrasound treatment (Qian et al., 1997), high pulsed 

electrical fields (Pothakamury et al., 1996). The pulsed electrical field in 

combination with biocides or antibiotics or organic acids showed highest 

antimicrobial effects on biofilms (Liu et al., 1997). The possible mechanism for 

the bioelectric effect is that the electric current drive the charged molecules and 

antibiotics into the cells in potentially lethal concentrations through the biofilm 
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matrix, thereby increasing the effectiveness of the method (Costerton et al., 

1994; Rajnicek et al., 1994). Biofilm age and activity also play an important role 

in limiting the antibiotic effectiveness (Jass et al., 1995b). The traditional strategy, 

i.e. the use of a mechanical method like brushing, obviously should not be 

neglected (Exner et al., 1987). 

1.7,2 Chemical methods 

The chemical breakage of the polysaccharide matrix is essential for successful 

biofilm control, as the matrix protects the microorganisms from detergents and 

sanitizers (Wirtanen & Mattila-Sandholm, 1994). Moreover, the microorganisms 

become more sensitive to disinfectants once they are detached from the surface 

to which they were adhering. Detergents which depolymerise the biofilm EPS are 

peracetic acid (Holah et al., 1990), chlorine (Characklis, 1989), iodine (Cargill et 

al., 1992) and hydrogen peroxide (Juven & Pierson, 1996). Detergents containing 

chelating agents like EDTA and ethylene glycol-bis (13-aminoethyl ether) 

N,N,N',N'-tetracetic acid (EGTA) also showed effective removal of biofilms 

(Camper et al., 1985). These chelators bind calcium and magnesium ions and 

destabilize the outer membrane of the bacterial cells (Turakhia et al., 1983). 

Monolaurin (glycerol monolaurate) (50 pg/ml) along with acetic acid at 65°C 

completely destroyed the biofilm formed by Listeria monocytogenes. (Oh & 

Marshall, 1996). Cetylpyridinium chloride (CPC) was used as an effective agent 

for the reduction of attached Salmonella on poultry skin (Breen et al., 1997). 
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The impregnation of materials with biocides resists the bacterial colonization as 

the antibacterial agents are released from the surfaces (Rogers et al., 1995). 

Methyl-1-butylcarbamoy1-2-benzimidazole-carbamate (Halek & Garg, 1989) and 

imazalil, are incorporated in polyethylene films that are used for cheese 

packaging to inhibit surface fouling by molds (Weng & Hotchkiss, 1992). 

Moreover, anhydrides and benzoyl chloride are also used in food packaging 

materials to control biofilms (Weng et al., 1997). 

1.7.3 Biological methods 

Adsorption of bioactive compounds like bacteriocins and Nisin onto food-contact 

surfaces reduces bacterial adhesion (Ming et al., 1997). Enzyme mixtures have 

also proved effective in cleaning and removal of biofilms (Kumar, 1997). Endo H 

(endoglycosidases) had a unique property to remove bacteria (Staphylococci and 

E. cols) from glass and cloth surfaces, and thus can be used in buffers and 

detergent solutions (Lad, 1992). Colanic acid-degrading enzymes, derived from a 

Streptomyces isolate are also used for the removal and prevention of biofilm 

formation (Van Speybroeck et al., 1996). 

In marine system the surface of marine benthic organisms act as potential 

place for the settlement of fouling organism, including bacteria, algae and 

invertebrates (Willemsen, 1996). However, benthic marine organisms have 

developed a great variety of potential defenses against fouling organisms, 

including possession of spines, surface sloughing (Davis et al., 1989), production 

of mucus (Dyrinda, 1986), low surface energy (Davis & Wright, 1990), and the 
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production of secondary metabolites (Pawlik, 1992). The secondary metabolites 

exhibiting antifouling properties have been isolated from several marine 

organisms including bacteria, seaweeds, seagrasses, sponges, ascidians, 

bryozoans, and gorgonians (Michalek & Bowden, 1997). These metabolites, 

open a new perspective on preventing overgrowth by epibionts and could 

potentially be used as commercial anti-foulants (Willemsen & Ferrari, 1993). A 

vast range of these substances has been patented as anti-foulants. However, the 

majority of tests have been performed under laboratory conditions, using the 

larvae of fouling organisms such as barnacles and bryozoans (Willemsen, 1994, 

1996; De Nys et al., 1995). Moreover, there are only few studies where the test 

has been performed under ecological setting, using natural concentrations of 

metabolites found in source organisms (Da Gama et al., 2002). 

In fact, mechanisms by which marine organisms inhibit the establishment 

of fouling can be investigated at a variety of levels, from the molecular to the 

ecological (Steinberg et al., 1998). From a molecular perspective, marine 

secondary metabolites appear to inhibit bacterial colonization by interfering with 

bacterial AHL-acylated homoserine lactone regulatory processes (Kjelleberg et 

al., 1997). In a biological approach, a settlement of fouler's on gels containing 

extracts of marine organisms is measured under field conditions (Henrikson & 

Pawlik, 1995, 1998). 
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1.8 Antifoulant and their impact on environment 

In order to inhibit the attachment and growth of marine organisms, the surfaces 

immersed in sea are usually treated with chemical compounds, known as 

antifoulants. These compounds are generally added in the paints. Organotin 

compounds particularly tributyltin oxides are very effective as antifoulants and 

have been the antifoulants of choice for many years. Some of the organotins are 

also widely used in agricultural, wood and plastics industries. The effectiveness 

of organotin is a result of the fact that it gradually leaches from the hull killing the 

fouling organisms in the surrounding area. Although organotin compounds were 

effective antifoulants, in 1980's it was recognized that organotin based antifoulant 

have relatively long half-lives in the environment (half-life of organotins in 

seawater is > 6 months). The significant amount of these compounds can be 

found in ocean sediments as well as the water column (Bhosle et al., 2004; 

Bhosle et al., 2006). They tend to accumulate in the marine organisms and may 

enter the food chain. As a result of bioaccumulation, the concentrations of 

organotins in marine organisms are 104 times greater than in the surrounding 

water column (Garg & Bhosle, 2005). These compounds are not only persistent 

pollutants, but they are also chronically toxic to marine life at the parts per 

thousand (ppt) level concentrations. Organotins can cause harmful effects such 

as deformations and thickening of oyster shells, sex changes (imposex) in 

whelks, snails and gastropods. In addition the immune systems in dolphins, fish 

and other marine organisms may be compromised as a result of the 

bioconcentration of organotin compounds. Because of these environmental 
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antifoulants are being phased out globally, with the IMO (International Maritime 

Organization) in the process of banning the application of organotins as 

antifouling agents as of 2008. 

1.9 Aim and scope of the present research 

el 
As soon as surfaces are immersed in marine water they adsorb dissolve 4organic 

matter onto their surfaces. This is known as the conditioning film, is the first stage 

in the process of biofilm formation. Numerous studies have been carried out on 

the development of conditioning film on different types of surfaces immersed in 

marine waters. However, most of the studies have dealt mainly with 

physicochemical properties and elemental composition of the conditioned 

surface, using various surface analytical techniques. These studies have 

provided useful information on the bulk chemical composition of the conditioning 

film. Nevertheless, little information is available on the composition and temporal 

variability of the carbohydrates and non-carbohydrate constituents of the 

conditioning film. Furthermore, the exact role of these constituents of the 

conditioning film on bacterial adhesion is also not well understood. This type of 

study will provide a better picture of the role of conditioning film in bacterial 

adhesion. Therefore, one of the aims of this study was to assess the seasonal 

changes, if any, in the concentrations of carbohydrates, proteins and uronic acids 

of the marine conditioning film on glass panels, and to evaluate the effect of 

these biochemical's on the adhesion of the marine bacteria to the conditioned 

glass panels. 
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Once the bacterial cells attached to the surface, they start multiplying and form 

cell aggregates enmeshed in exopolymeric substances known as biofilms. 

However, in nature biofilm formation is a complicateA  process influenced by 

various environmental signals. Therefore, most of the studies on biofilms were 

conducted under laboratory (in-situ) or controlled or well defined conditions. In-

situ studies provide many advantages such as the nutrient control, use of known 

organism, and the ability to follow developmental phases of biofilms from the 

initial colonization to detachment of the biofilm biomass. So the other aspect of 

this research was to test biofilm forming abilities of some marine bacterial 

cultures, under laboratory conditions on stainless steel coupons. The biofilm 

matrix components and structure were also evaluated using epifluorescence and 

scanning electron microscopy. This information was then used to study the role 

of exopolymers in the biofilm structure. Further, a few laboratory studies 

indicated that the linkages between the subunits of the polymers give functional 

specificity to biofilm EPS, especially 13 -1 4, linkages. Nevertheless, our 

understanding of the role of such polymers in biofilm formation and maintenance 

is far from complete. Therefore, it is essential to characterize the role of polymer 

linkages in the biofilm process. This question was addressed by analyzing the 

presence of 13 -1 4, linkages and their role in biofilm structure and formation on 

steel coupons. 

Biofilm cells undergo enormous changes at their gene expression level. 

During biofilm formation some specific sets of genes are up-regulated while 

some are down regulated with respect to planktonic cells. However, the change 
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in gene expression during biofilm formation does not necessarily be reflected in 

the change in phenotype of the cells. This implies that just estimating the overall 

change in transcriptome does not give accurate picture of changes taking 

places at biochemical level in biofilm cells. Therefore, one of the aims of the 

research work presented in this thesis was to assess the biochemical differences 

between biofilm and planktonic cells. 

Bacterial adhesion to surfaces is the key process, leading to the formation 

of biofilms and ultimately fouling of the surfaces. Toxic chemicals offer a solution 

to control biofouling of surfaces by reducing the cellular metabolism and growth 

of viable bacterial cells available for adhesion to surfaces. However, there is a 

lack of information on the effect of toxic chemicals or antifoulant on other factors 

such as cell surface hydrophobicity, cell surface charge, and EPS production that 

are involved in bacterial adhesion to surfaces. This will provide a better insight to 

understand the mechanism of inhibition of bacterial adhesion to surfaces that will 

help us in designing appropriate new antifouling strategies. Therefore, another 

aspect of the research presented here was to assess the effect of the 2,4 

dinitrophenol (DNP) on bacterial cell surface hydrophobicity, cell surface charge, 

and EPS production, and its affect on bacterial attachment to glass and 

polystyrene. The research presented in this thesis provides some basic aspects 

of the bacterial adhesion, biofilm formation and mechanism of control. It is 

believed that such studies will provide a better foundation to understand the 

biofilm formation under laboratory conditions. This information may be further 

421 
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used to develop suitable methods to control biofouling and corrosion of 

economically important surfaces. 
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2.1 Introduction 

Bacterial adhesion to surfaces immersed in marine waters can lead to 

deleterious effects (Callow, 1986). For example, fouling can influence fuel 

consumption in ships, heat transfer efficiency of the heat condensers, and 

corrosion of metals (Walker, 1998). However, before bacterial adhesion, 

adsorption of dissolved organic matter onto surfaces takes place (Bradshaw et 

al., 1997; Meyer et al., 1988; Baier, 1972; Loeb & Neihof, 1975; Taylor et al., 

1997; Bhosle et al., 2005). This is defined as the conditioning film or the 

molecular film (Baler, 1972; Loeb & Neihof, 1975; Taylor et al., 1997). 

Conditioning film is composed of glycoprotein's (Baler, 1980), humic acids (Loeb 

& Neihof, 1975), proteins (Compere et al., 2001; Bakker et al., 2004), aromatic 

amino acids (Taylor et al., 1997; Bhosle et al., 2005), carbohydrates and uronic 

acids (Garg et al., 2008) and/or unspecified macromolecules (Zaidi et al., 1984). 

Development of conditioning film on surfaces may play an important role 

in microbial adhesion (Chamberlain, 1992; Bakker et al., 2003; 2004), and 

subsequent development of biofouling on surfaces (Dexter, 1979; Edwards, 

1983; Absolom et al., 1983; Bhosle et al., 1990; Baty et al., 1996). Bacterial 

adhesion to conditioned surfaces is explained in terms of the physico-chemical 

properties. For example, conditioning
A 
 film appear to influence substratum surface 

tension (Dexter, 1979), interfacial free energy (Baler, 1980; Fletcher & Marshall, 

1982; Schneider, 1997), hydrophobicity (Ista et al., 2004; Bakker et al., 2004), 

and surface roughness (Bakker et al., 2004). These changes in substratum 

surface properties may influence the bacterial adhesion. Similarly, a few 
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laboratory studies have implicated the importance of adsorbed proteins and 

carbohydrate polymers on bacterial adhesion (Fletcher, 1980; Fletcher & 

Marshall, 1982; Abbott et al., 1983; Frolund et al., 1996; Azeredo & Oliveira, 

2000; Gubner & Beech, 2000). 

Carbohydrates account for - 10 to 50 % of dissolved organic carbon in 

marine waters (Pakulski & Benner, 1994; Amon & Benner, 2003). They are one 

of the most abundant constituents of the conditioning film organic matter 

(Compere et al., 2001; Bhosle et al., 2005; Garg et al., 2008). These compounds 

are known to play an important role in bacterial adhesion and biofilm 

development (Danese et al., 2000; Kaplan, 2004; Chang et al., 2007). However, 

little is known about the seasonal variation of carbohydrates and non-

carbohydrate constituents of marine conditioning film and the effect of these 

components on the bacterial adhesion. Such studies will provide better insights 

to explain the importance of carbohydrates of the conditioning film in bacterial 

adhesion and to formulate effective antifouling strategies. The main aim of this 

study was to assess the seasonal changes, if any, in the concentrations of 

carbohydrates, proteins and uronic acids of the marine conditioning film, and to 

evaluate the effect of these biochemical components, on the adhesion of three 

marine bacterial isolates to the conditioned glass panels. 

2.2 Material and methods 

2.2.1 Chemicals and reagents 
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Phenol, Sulphuric acid, Sulphamic acid, and Sodium tetraborate were purchased 

from s.d fine Chemicals, Mumbai. Dowex 50W-X8, BCA reagent and m-

hydroxydiphenyl were obtained from Sigma-Aldrich, USA. Distilled water was 

purified using UV-Milli-Q water purification system (Millipore, Bangalore, India). 

Peptone and yeast extract were purchased from Hi-media, INDIA and other 

chemicals described in this chapter were obtained from s.d.fine Chemicals, 

Mumbai, India 

2.2.2 Preparation of glass panels 

Glass cover slips (20 mm X 50 mm) were purchased from Corning, USA. 

Coverslips (here after glass panels) were prepared according to the method 

described by Bhosle et al, (2005). The glass panels were immersed in the 

chromic acid solution for 24 hours and washed with UV treated Milli-Q water 

followed by methanol. The panels were dried in an oven at 60 °C. Finally, they 

were then covered with aluminum foil and kept in a muffle furnace for ashing at 

450 °C for 5 hours. 

2.2.3 Development of conditioning film on glass panels in laboratory 

Surface seawater samples were collected every month from January 2007 to 

January 2008 from the Dona Paula jetty (15° 27' N, 73° 48' E), west coast of 

India (Figure 2.1) (D' Souza & Bhosle, 2001). Immediately after collection, 

seawater was filtered through GF/F, followed by 0.4 pm and 0.2 pm filters 

(Millipore, USA) to remove microorganisms. A known volume (300 ml) of the 
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Figure (2.1). Location of the sampling station (•) in Dona Paula Bay, west coast of India. 

filtered seawater was transferred to a series of 500 ml beakers. To develop 

conditioning film, ashed glass panels were deployed vertically for 4 hours in the 

beaker containing filtered seawater. Subsequently, the panels were removed and 

rinsed with Milli Q water, and dried in oven at 60 °C. Finally, panels were stored 

at — 20 °C in clean test tubes (25 mm diameter, Borosil, India) until analysis. All 

analyses described below were done in triplicate, using set of five individual 

glass panels as one replicate. 
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2.2.4 Estimation of dissolved carbohydrate, proteins and uronic acids in 

seawater 

Dissolved carbohydrate (DCHO) was estimated following the phenol-sulphuric 

acid method (Dubois et al., 1956). One ml sea water sample was vacuum dried 

and 500 pl Milli Q water was added. To this, 1 ml of 2.5 % phenol (ice cold) was 

added followed by 2.5 ml of concentrated H2SO4. The absorbance of the sample 

was read at 490 nm, using UV-VIS spectrophotometer (Shimadzu, Japan). 

Dissolved protein (DP) was estimated using the method of Smith et a/, (1985). 

One ml sea water was vacuum dried and 500 pl of Milli Q water was added to the 

sample followed by 2 ml bicinchoninic acid (BCA) reagent. The sample was 

incubated at 35 °C for 30 min and the absorbance was measured at OD 565 nm, 

using UV-VIS spectrophotometer. Dissolve uronic acids (DURA) were estimated 

by the method of Filisetti-Cozzi & Carpita, (1991) following the procedure 

described for sea water samples by Hung et al. (2003). Thirty ml of seawater 

was passed through a cation exchange column (AG 50W-X8, 50-200 mesh, 

hydrogen form). The column was washed thrice with 10 ml Milli-Q water. The 

filtrate (sea water passed through column) and the Milli Q water (obtained after 

washing) were combined and vaccum dried. Milli Q water (400 pl) was added 

followed by 40 pl of 4 M sulfamic acid to the vaccum dried sample. The sample 

was then vortexed and 2.4 ml of 7.5 mM sodium tetraborate (prepared in 

concentrated H2SO4) was added. After adding sodium tetraborate, the sample 

was vortexed and heated at 100°C for 20 min in stoppered tube. Subsequently, 

the sample was cooled in ice bath, 80 pl of m-hydroxydiphenyl (0.15 %) was 
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added, and mixed. The absorbance of the sample was measured at 525 nm with 

1 ml disposable polystyrene cuvetts using UV-VIS spectrophotometer. 

2.2.5 Estimation of carbohydrate, proteins and uronic acids of the 

conditioning film 

Conditioning film carbohydrates (CFCHO), protein (CFP) and uronic acids 

(CFURA) were estimated using the methods described above. However, before 

analysis the glass panels were crushed using a clean glass rod. 

2.2.6 Bacterial cultures 

Three marine bacterial cultures namely, CE-2 (Pseudomonas sp), CE-10 

(Pseudomonas sp) and SS-10 (Bacillus sp) were selected due to differences in 

their cell surface hydrophobicities. The bacterial cultures used in the present 

study were obtained from the culture collection of the Marine Corrosion and 

Materials Research Division, NIO, Goa (India). These cultures were isolated from 

the biofilm developed on copper and stainless steel panels immersed in the 

surface coastal waters of the Dona Paula Bay, west coast of India. The cultures 

were identified on the basis of their morphological, biochemical, and 

physiological characteristics as described in the Appendix - I. 

2.2.7 Culture growth conditions and preparation of bacterial cell 

suspension 
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Basal salt solution (BSS) medium containing (g 1 -1 ): 1.0 glucose, 5.0 Peptone, 1.0 

Yeast Extract, 25.0 NaCI, 0.75 KCI, 7.0 MgSO4, 0.9 NH4CI, 0.2 CaCl2, 7.0 

K2HPO4 , 3.0 KH2PO4, and 1.0 ml 1-1  trace metal solution was used to grow 

bacteria (Bhosle, 1981). The culture was inoculated from the slant to flask 

containing 10 ml BSS medium. The flask was incubated for 24h at room 

temperature (28 ° C ± 2). This step was repeated once more, and the culture 

obtained was used to inoculate another flask containing 100 ml BSS medium. 

The flask was incubated for 24h at room temperature (28 °C ± 2). Subsequently, 

the bacterial cells were harvested by centrifugation at 10,000 g for 10 min, and 

washed thrice with phosphate buffer saline (PBS). Finally, the bacterial cells 

were re-suspended in the PBS and the absorbance was adjusted at OD 540 nm of 

0.2 ± 0.04 (2 x 10 6  cells m1-1 ), using UV-VIS spectrophotometer (Shimadzu, 

Japan). 

2.2.8 Bacterial cell surface hydrophobicity 

The hydrophobicity of the bacterial cultures was measured following the bacterial 

adherence to hydrocarbon (BATHS) assay (Rosenberg et al., 1980). In brief, 100 

pl of n- hexadecane (Sigma, USA) was added to 3 ml bacterial cell suspension 

(OD54Onm = 0.2 ± 0.03). The suspension was vortexed for 1 minute to ensure 

mixing and then left to stand for 15 minutes to allow separation of the two 

phases. The aqueous layer was transferred in 1 ml and the absorbance (OD) of 

aqueous phase was measured at 400 nm using UV-VIS Spectrophotometer. The 
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percentage of the cells bound to n hexadecan e was calculated using the 

following formula: 

Bacterial cell Adherence to hexadecane (%) = (1 — A / A o) x 100 

Where Ao  is the OD at 400 nm of the aqueous cell suspension before mixing 

hexadecane and A is the OD at 400 nm after mixing. 

2.2.9 Bacterial adhesion experiment 

Bacterial cell suspension (150 ml) prepared as above was transferred in two 250 

ml beakers. In one beaker conditioned and in other non- conditioned glass 

panels were immersed vertically for 2h. Subsequently, the panels were removed 

and rinsed thrice with PBS and dried in an oven at 60 °C for 30 min. Finally, the 

panels were stained with 0.1% acridine orange in dark for 30 min. Bacterial cells 

attached to the panel were counted in 10 randomly chosen fields using, the 

Image Pro-Plus 6.1 software (Media-Cybernetics, USA). Before counting, the 10 

randomly chosen fields were photographed under 100 X oil immersion objective 

of epifluorescence microscope (Nikon 80 i, Japan), using FITC filter (excitation 

465/465nm, emission 515/555nm) and a CCD camera (Evolution VF, Media-

Cybernetics, USA). All the adhesion experiments were conducted using triplicate 

panels. 

2.2.10 Statistical analysis 

Differences in bacterial adhesion to conditioned and non-conditioned glass 

panels were assessed using one-way analysis of variance (ANOVA). A Linear 
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regression analysis was carried out to find the relationships between the bacterial 

adhesion (measured as cell numbers) and the concentrations of CFCHO, 

CFURA, and CFP in the conditioning film. Linear regression analysis was also 

carried out to find out the relationships between the concentrations of DCHO, 

DP, and DURA of seawater and the concentrations of CFCHO, CFP, and 

CFURA of the conditioning film on glass panels. Furthermore, backward multiple 

regression analysis was performed to find out the most important component of 

the conditioning film influencing bacterial adhesion to glass panels. The bacterial 

adhesion was used as a depended variable, while concentrations of CFCHO, 

CFP and CFURA were entered as independent variables. ANOVA was 

performed using Microsoft excel software while backward multiple regression 

analysis was performed using "Statistica 6". Numbers of bacterial cells attached 

to the non-conditioned glass panels were subtracted from the numbers of 

bacterial cells attached to the conditioned glass panels before the cell numbers 

were used for statistical analyses. 

2.3 Results 

2.3.1 Seasonal variation of DCHO, DP and DURA in sea water 

Strong seasonal variations in DCHO concentration were recorded in the surface 

waters of the Dona Paula jetty. DCHO, DURA, and DP varied from 1.3 to 5.1 mg 

L-1 , 0.22 to 1.64 mg L -1  and 0.33 to 1.75 mg L-1 , respectively (Figure 2.2 A). In 

surface waters of the Dona Paula Bay, DCHO concentrations were greater than 
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Figure (2.2). Seasonal variations in dissolve carbohydrate (DCHO), dissolve protein (DP) and 
dissolve uronic acid (DURA) of surface sea water of Dona Paula Bay (A) and conditioning film 
carbohydrate (CFCHO), conditioning film protein (CFP) and conditioning film uronic acid 
(CFURA) adsorbed onto glass panels immersed in (0.2 p) filtered natural surface seawater of 
Dona Paula Bay. 
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those recorded for DURA and DP, and showed peaks in January, April, and July 

(Figure 2.2A). 

2.3.2 Seasonal variation of CFCHO, CFP and CFURA in conditioning film 

CFCHO of the conditioning film on glass panels exhibited strong seasonal 

changes, and the concentrations varied from 0.11 to 0.34 pg cm -2 . Similarly, CFP 

and CFURA varied from 0.077 to 0.188 pg cm-2  and 0.04 to 0.18 pg cm -2 , 

respectively (Figure 2.2B). Moreover, as observed for seawater samples, 

CFCHO was the most abundant component of the conditioning film. The CFCHO 

showed peaks during January, April and July. The seasonal trends demonstrated 

by the CFCHO were similar to those recorded for DCHO. This suggests strong 

correspondence between these two parameters (Figure 2.2 A & B). 

2.3.3 Bacterial cell surface hydrophobicity 

There were some differences in the hydrophobicity of the bacterial cultures used 

in this study. Based on the adhesion of cells to n hexadecane, CE-2 (5 %) and 

CE-10 (6 %) were found to be hydrophilic, while SS-10 (48 %) was hydrophobic. 

2.3.4 Bacterial adhesion 

Adhesion of all three bacterial cultures to the conditioned glass panel was greater 

than that observed for the non-conditioned glass panel (Figure 2.3). ANOVA also 
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Figure (2.3). Adhesion of the CE-2 (A), CE-10 (B) and SS-10 (C) to the conditioned and non—
conditioned glass panels. 
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suggested significant increase in the adhesion of CE-2 (p = 0.01), CE-10 (p = 

0.02) and SS-10 cells (p = 0.05) to the conditioned glass panels. Moreover, the 

concentration of the CFCHO in the conditioning film showed significant positive 

correlations with the adhesion of CE-2 (r = 0.718) and CE-10 (r = 0.790) (Table 

2.1), and a significant negative correlation with the attached cells of SS-10 (r = - 

0.635) (Figure 2.4C). 
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Figure (2.4). Relationships of CFCHO concentration of the conditioning film with the adhesion 
(measured as cell numbers) of CE-2 (A), CE-10 (B) and SS-10 (C) to the conditioned glass 
panels. 
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However, CFURA of the conditioning film showed significant positive relationship 

(r = 0.807) with the numbers of CE-10 cells attached to the conditioned glass 

panels (Figure 2.5 B). CFURA showed positive but not significant correlation (r = 

0.259) with attached CE-2 cells (Figure 2.5 A) and a negative but not significant 

correlation (r = -0.213) with the attached SS-10 cells (Figure 2.5 C). 
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Figure (2.5). Relationships of CFURA concentration of the conditioning film with the adhesion 
(measured as cell numbers) of CE-2 (A), CE-10 (B) and SS-10 (C) to the conditioned glass 
panels. 
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Table (2.1). Coefficient of correlation (r) values for the relationships between CFCHO, CFP, 

CFURA and bacterial adhesion. 

Parameters 	 Bacterial adhesion 

CE -2 	 CE -10 	 SS 10 

CFCHO 	 r = 0.718 * 	 r = 0.790 * 	 r = - 0.635 * 

CFP 	 r = 0.518 	 r = 0.459 	 r = - 0.417 

CFURA 	 r = 0.259 	 r = 0.807 * 	 r = -0.213 

* These value are significant at level 0.05 

Z3.5 Backward multiple regression analysis 

Backward multiple linear regression analysis indicated that the CFCHO 

influenced the adhesion of all three bacterial cultures to conditioned glass panels, 

whereas, CFURA appear to influence the adhesion of CE-10 to the conditioned 

glass panels. Furthermore, CFCHO accounted for 54% and 40% variance (R 2) in 

the adhesion of CE-2 and SS-10 to conditioned glass panels, respectively (Table 

2.2). CFCHO and CFURA together accounted for 93% of the variance for the 

adhesion of CE-10 to the conditioned glass panels. 



Variables Bacterial:adhesion 

p-value 

CE-2 

13  p-value 

CE-10 

13  p-value 

SS10 

13 

CFCHO 0.012 0.718 0.003 0.629 0.035 - 0. 63 

CFP _. _. _* _* 

CFURA 0.002 0.473 _* _* 

Variance 54% 93% 40% 

(R2) 
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Table (2.2). Standardized coefficient ((3) and P- values after backward multiple regression 

analysis between the biochemical composition of the conditioning film and the adhesion of the 

three cultures to the conditioned glass panels. 

* These variables do not play a significant role in determining the bacterial adhesion of the three 
marine bacteria. 

2.4 Discussion 

This research implicates the importance of the CFCHO, CFP and CFURA of the 

marine conditioning film on glass panels in marine bacterial adhesion. 

Conversely, most of the previous studies have indicated the role of proteins of 

the conditioning film in bacterial adhesion (Compere et al., 2001, Bakker et al., 

2004). 

Our study suggests that the CFCHO was the abundant component of the 

conditioning film (Figure 2.2 B). This compares well with the earlier studies 

reporting the relative abundance of carbon compared to organic nitrogen. For 

example, Compere et al. (2001) observed high abundance of organic carbon 
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compared to organic nitrogen in the conditioning film developed on stainless 

steel. Similarly, Bhosle et al. (2005) reported relatively higher concentrations of 

organic carbon compared to organic nitrogen in the conditioning film developed 

on glass panels deployed in surface seawaters of the Dona Paula Bay, west 

coast of India. Recently, Garg et al. (2008) also observed high C/N ratio of the 

marine conditioning film on the glass panels deployed in the surface waters of 

the Dona Paula Bay, west coast of India. Therefore, the high C/N ratio may 

indicate the presence of degraded and/or terrestrial organic matter in the 

conditioning film (D'Souza & Bhosle, 2001; Bhosle et al., 2005). 

We observed strong seasonal variations in the concentration of both 

DCHO and CFCHO. Interestingly, the peaks in the CFCHO concentration 

coincide with the peaks in DCHO concentration (Figure 2.2 A & B). This similarity 

suggests that the higher concentrations of DCHO may lead to the greater 

adsorption of DCHO onto the panels. Bakker et al. (2003) suggested that higher 

concentration of DOM in seawater speed up the formation of a more contiguous 

conditioning film with high degree of surface coverage and thickness. However, 

we observed positive but not highly significant relationship (r = 0.408, p> 0.1) 

between the concentrations of CFCHO and DCHO. This probably indicates the 

involvement of other factors such as salinity, temperature and pH in the 

adsorption of DOM of natural seawater onto glass panels (Li et al., 2002). 

Dona Paula Bay experiences periodic blooms of diatoms during 

December — January and April — May (Devassy & Goes, 1988; Padmavati & 

Goswami, 1996; D' Souza et al., 2005; Bhaskar & Bhosle, 2006; Garg et al., 
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2008). Moreover, during monsoon the study area receives fresh water run-off 

from the Mandovi and Zuari rivers (June - September) (D Souza & Bhosle, 2001; 

Shetye et al., 2007). Therefore, river run-off and diatom blooms in the study area 

may be responsible for the observed peaks of DCHO and CFCHO during 

January, April and July. 

Our results indicate that the conditioning film formed on glass panels 

strongly influence the adhesion of three bacterial strains. One- way ANOVA 

showed significant increase in the adhesion of CE-2 (p = 0.01), CE-10 (p = 0.02) 

and SS-10 (p = 0.05) to the conditioned glass panels. Gubner & Beech, (2000) 

observed increase in the attachment of Pseudomonas NCIMB 2021 to steel 

panels conditioned with its own exopolymers rich in carbohydrates. This 

suggests the importance of carbohydrate polymers in bacterial adhesion to 

surfaces. Conversely, bacterial adhesion to the protein rich conditioning film was 

inhibited (Fletcher, 1980; Fletcher & Marshall, 1982; Abbott et al., 1983; Husmark 

& Ronner, 1993). It appears that proteins of the conditioning film modify the ionic 

micro-environment on the surface thereby making the surface less suitable for 

microbial adhesion (Brooks & Seamann, 1973). Furthermore, proteins of the 

conditioning film form macromolecular scaffolding to which the bacteria are 

unable to attach (Maroudas, 1973, 1975a). 

Linear regression analysis indicates that adhesion of two hydrophilic 

cultures (CE-2 and CE-10) increased with the increase in CFCHO concentration. 

Conversely, adhesion of hydrophobic culture (SS-10) decreased with the 

increase in CFCHO concentration. Immersion of glass in seawater makes it 
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hydrophobic (Loeb & Neihof, 1975; Schneider et al., 1997; Bakker et al., 2003). If 

this is so, then the adhesion to the conditioned glass panels of two hydrophilic 

cultures (CE-2 and CE-10) should decrease, and the hydrophobic culture (SS-

10) should increase. However, this was not the case. Similarly, Schneider et al. 

(1997) reported that the number of bacterial cells attached to the conditioned 

surfaces did not correlates with any of the physicochemical parameters 

especially, hydrophobicity of the conditioned glass panels. This probably 

indicates the involvement of polymeric interactions and/or chemical attraction or 

repulsion i.e. positive or negative chemotaxis rather than the involvement of 

physico-chemical parameter such as hydrophobicity in the adhesion of these 

cultures to the conditioned glass panels (Chet et al., 1975; Gubner & Beech, 

2000). 

Our results suggest that the adhesion of CE-10 increased with the 

increase in CFURA concentration in the conditioning film. The presence of 

CFURA in the conditioning film would give an overall negative charge to the 

surface. This should have repelled Pseudomonas sp CE-10 cells thereby 

reducing their adhesion to the conditioned glass panels (Pringle et al., 1983; 

Busscher et al., 1997; Van Hoogmoed et al., 2000; Gomez-Suarez et al., 2002). 

However, it was interesting to note that the adhesion of the CE-10 cells to the 

conditioned glass panels increased. In view of this, it can be hypothesized that 

the cell surface polymers of the CE-10 may have developed polymeric bridges 

with conditioning film carbohydrates. Such polymeric interactions may have 

overcome the energy barrier created by the repulsive electrostatic forces 
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resulting in increased adhesion of the CE-10 cells to the conditioned glass panels 

(Van Loosdrecht et al., 1990; Tsuneda et al., 2003). Furthermore, it is possible 

that hydrogen bonds also may have played an important role in enhancing such 

interactions. 

Multiple regression analysis was used to understand the effect of changes 

in the composition of the conditioning film on the bacterial adhesion (Bruinsma et 

al., 2002; Bakker et al., 2004). Our results suggest that CFCHO can explain 54% 

and 40% variance in the adhesion of CE-2 and SS-10 to the conditioned glass, 

respectively. Furthermore, CFCHO and CFURA together can explain 93% 

variance in adhesion of CE-10 to the conditioned glass. This indicates the 

importance of CFCHO in the adhesion of the all three bacterial cultures to the 

conditioned glass panels. 
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Chapter 3A 

In-vitro biofilm formation by some marine 

bacterial cultures on 304-stainless steel 

coupons 

The structure of every microbial community (biofilm) 
is unique. 
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3A.1 Introduction 

Scientific studies in last few decades have shown that the majority of 

microorganisms in the aquatic environments prefer to live as attached 

communities on surfaces rather free floating individuals (Costerton et al., 

1999). This process is known as biofilm formation and leads to the huge 

economic losses to various industries (Callow, 1986; Blanco et al., 1996; Kolari 

et al., 2003; Mattilla & Wireman, 1992; Le Chevallier et al., 1987; Keevil, 1989; 

Addy et al., 1992). Therefore, it is important to study biofilm formation and their 

mechanism of formation. However, studying biofilm in their natural habitat (in-

vivo) is a challenging task. Since studies from the natural environment do not 

reveal how the microorganisms respond to the various environmental signals and 

eventually results in formation of complex biofilm communities. 

In order to understand the basic steps of biofilm formation, it is essential to 

study biofilms under controlled or well defined conditions. This is only possible by 

growing bacteria under laboratory systems such as flow chambers, microplate, 

biofilm reactors and/or immersing surface in any container (flask or beaker or 

tubes). The major advantages of some of these systems are (1) the controllable 

nutrient conditions, (2) the use of known organism, and (3) the ability to follow 

developmental phases of a microbial community from the initial colonization 

steps to terminal events leading to detachment of the biofilm biomass. 

In-vitro, biofilm studies over a past few decades have revealed the role of 

various factors in biofilm development under different environmental settings. For 

example, the role of surface topography (Chin et al., 2007; Beyth et al., 2008), 
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surface physico-chemical properties (Choi & How yung, 2008), pH (Zilm & Roger, 

2007), ionic strength (Sheng et al., 2008), nutrients (Rochex & Lebeault, 2007; 

Sheng et al., 2008), and shear stress (Lehtola et al., 2006; Mangalappalli-Illathu 

et al., 2008) in biofilm formation have been discussed in earlier publications. 

Furthermore, in-vitro biofilm development assessed using the scanning electron 

(SEM) and confocal scanning laser microscope (CSLM) have provided detailed 

knowledge on the structural features of the biofilms. However, it is still unclear 

that what leads to spatial organization of the microorganisms in biofilms. 

Therefore, the present research was planned to assess the biofilm forming ability 

of some marine bacterial cultures and to define their biofilm matrix components 

and structure using epifluorescence and scanning electron microscopy. 

3A.2 Material and methods 

3a.2.1 Chemicals and reagents 

Acridine orange, 4,6—diamidino-2-phenylindole (DAPI), N-acetyl glucosamine, N-

acetyl galactosamine, fluorescein isothiocyanate (FITC) labelled lectins such as 

Concanavalin A (Con A), wheat germ agglutinin (WGA), Pisum sativum (PS) and 

Bandeiraea simplicifolia (BSI) were purchased from Sigma-Aldrich, USA. D-

glucose and D-mannose were obtained from s.d.fine Chemicals, Mumbai, India. 

3a.2.2 Coupon preparation 

Coupons of 304-stainless steel (SS) (1.2 mm diameter) were purchased from 

Biosurface Technologies, Bozeman, USA. The coupons were immersed in liquid 
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detergent (1% Labolene; Qualigens Fine Chemicals, India) for 24 h and scrubbed 

in distilled water using a nylon brush. Then, they were again rinsed with distilled 

water and dried in an oven at 60 °C. The coupons were then covered with 

aluminium foil and sterilized in autoclave at 121 °C, 15 lbs for 20 min. 

3a.2.3 Growth media, bacteria and inoculum preparation 

Pseudomonas sp CE-2, Pseudomonas sp CE - 10, Alicaligene sp DW-7, 

Aeromonas sp F8, and Bacillus sp Ti 2, Bacillus sp Ti 4, Bacillus sp Ti 6, Bacillus 

sp BAC were used in the present study. All the nine cultures were from culture 

collection of Marine Corrosion and Material Research Division, NIO, Goa. The 

cultures were identified as described in the Appendix - I. Basal salt solution 

(BSS) medium was used to grow these cultures. The composition of the BSS 

medium is described in section 2.2.7 of chapter 2. 

3a.2.4 Assessment of biofilm formation 

The ability of the 9 cultures to form biofilm on stainless steel (SS) coupons was 

evaluated using 24 well polystyrene microplates (Corning, USA). In each of the 

24 wells of a microplate one coupon was placed horizontally using a sterile 

forcep under sterile conditions in a laminar flow bench (Micro filter, India). 

Subsequently, 1 ml BSS medium already inoculated with 1% of one of the 9 pre-

grown cultures was dispensed to each well. Each culture was grown in 1m1 BSS 

medium with one SS coupon in triplicates i.e. in three separate wells. The 

microplate was incubated for 24h, at room temperature (28 °C ± 2 °C). 

Subsequently, the coupons were removed using sterile forcep and the biofilm 



78 

formed was evaluated as described below. Of the 9 nine cultures screened, the 

cultures DW-7, F8 and CE-2 showed the same pattern of biofilm formation 

(measured as cell numbers per mm 2) consistently during three separate 

experiments. These cultures were identified and used for further studies on 

formation and structural analysis of biofilms. 

3a.2.5 Quantification of biofilm formation 

Biofilm formed on the SS coupons was quantified by estimating bacterial cell 

numbers. Coupons were removed and rinsed thrice with phosphate buffer saline 

(PBS) (10 mM PBS). The coupon was placed in a sterile clean Petri plate 

containing 5 ml sterile TE buffer (10 mM Tris — HCI, pH 8, 10 mM EDTA and 1.5 

M NaCI). The coupon was held with a sterile forceps and thoroughly scraped 

using nylon brush for one minute (Sonak & Bhosle, 1995; D'Souza & Bhosle, 

2003; D'Souza et al., 2005). The entire content was transferred to the sterile test 

tube and 150 pl filtered (0.22 pm) formaldehyde (40%) was added as fixative. 

Two ml aliquot of this sample was sonicated for 30 seconds and vortexed for 1 

min, in order to disintegrate cell aggregates, if any. To this 200 pl of 0.1% 

acridine orange was added and the sample was incubated for 10 min in dark. 

The sample was filtered onto 0.22 pm black polycarbonate filter paper (Millipore, 

USA). After filtration the paper was placed over a drop of immersion oil placed on 

the glass slide. The number of bacteria was counted in 10 randomly chosen 

fields under 100 X oil immersion objective of epifluorescence microscope (Nikon 

80 i, Japan) using FITC filter (excitation 465/465nm, emission 515/555nm). 
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3a.2.6 Biofilm formation over a period of time by selected cultures 

The selected cultures (DW 7, F 8 and CE-2) were allowed to form biofilm on SS 

coupons, separately, using method described in section 3a.2.4. The coupons 

were sampled at a fixed time interval such as 6h, 12h, 24h, 48h, 72h, 96h, and 

120h, following incubation. Biofilm formed on SS coupons was removed and 

quantified following the method described in section 3a.2.5. Biofilm biomass was 

expressed as total cells per mm 2 . In order to assess the structural arrangement, 

biofilm was stained with 0.1 % acridine orange for 30 min in dark and observed 

under epifluorescence microscope, using FITC filter set. The images were 

captured using CCD camera (Evolution VF) and stored as separate digital files. 

3a.2.7 Lectin binding to biofilms of selected cultures 

Biofilms of the selected cultures DW 7, F8 and CE-2 were grown on SS coupons 

upto 24h, 48h and 72h, respectively and were stained with 100 pl 4,6—diamidino-

2- phenylindole (DAPI) (1mg m1 -1 ) for 20 min in dark at room temperature (28 °C 

± 2). DAPI was used to stain the nucleic acid of the bacterial cells in biofilms so 

as to demonstrate the location of glycoconjugates stained with FITC lectins 

relative to the cells in the biofilms. FITC labelled lectins such as Concanavalin A 

(Con A) from the jackbean Canavalia ensiformis, wheat germ agglutinin (WGA) 

from Triticum vulgaris, PS from Pisum sativum and BS I from Bandeiraea 

simplicifolia were used to stain glycoconjugates in DW-7, F8, and CE-2 biofilms 

formed on SS coupons. Stock solutions of the above lectins (1 mg m1 -1 ) were 

prepared in 10 mM PBS (pH 7.5) and stored frozen. Before use, the lectins were 
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thawed and diluted using PBS to get a concentration of 10 pg m1 -1  (Strathmann et 

al., 2002). Biofilms on the SS coupons was stained following the procedure of 

Hamilton, (2003). Briefly, 100 pl of the lectin solution was added on the top of the 

biofilms on SS coupons. The samples were kept in dark for 30 min at room 

temperature, excess of lectin was removed by washing with PBS. The samples 

were air-dried and counter stained with 100p1 of DAPI (0.01 mg m1 -1 ). The 

samples were again incubated in dark for 30 min followed by washing with PBS. 

Immediately, after staining the samples were visualized under epifluorescence 

microscope. Signals for lectins were recorded using FITC filter (excitation 

465/465 nm, emission 515/555 nm) and DAPI was recorded using DAPI filter 

(excitation 340/380 nm, emission 435/485 nm). The images were captured 

through 100 X oil immersion objective, using CCD camera (Evolution VF) and 

images were stored as separate digital files. 

3a.2.8 Pre-incubation of lectins with target sugars 

DW-7 biofilm showed positive interaction with all the tested lectins (Table 3a.2). 

Therefore, DW-7 biofilm formed over SS coupons was used to evaluate the 

lectins binding specificity to their target sugars. The target sugars were selected 

as suggested by the suppliers or manufacture (Sigma-Aldrich, USA) (Table 3a. 

4). Lectins ( 0.1 mg m1 -1 ) (100 pl) were incubated with equal volume of their 

respective target sugars (1 mg m1 -1 ) for 1 h in dark at room temperature (28 ° C 

2). Similarly, lectins (0.1 mg m1 -1 ) (100 pl) were also incubated with equal volume 

of distilled water without target sugars. Both sugar-treated and non-treated lectin 
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solutions were diluted 10 times. Then, 100 pl of these solutions and 100 pl of 

DAPI were used to stain DW-7 biofilms on SS coupons, using the above 

procedure. 

3a.2.9 Epifluorescence microscopy 

Biofilms formed on SS coupons were viewed by transmitted light generated from 

fluorescence illuminator (EXFO, Canada) passed through FITC and DAPI (Nikon, 

Japan) filters fitted in Nikon Eclipse 80i upright microscope using plan-fluro 

objectives. The CCD camera (Evolution VF, Media-Cybernetics, USA), and the 

Image Pro-Plus 6.1 software (Media-Cybernetics, USA) were used to capture the 

images. 

3a.2.10 Scanning electron microscope 

Biofilms of the selected cultures DW-7, F8 and CE-2 were grown on SS coupons 

upto 24h, 48h and 72h respectively. SS coupons containing biofilms were fixed 

with 2% glutaraldehyde in filtered (0.22 pm) phosphate buffer saline (PBS) for 2 

hours and dehydrated using ethanol gradient (beginning with 20 %, 40 %, 60 %, 

80% and ending with 100 % ethanol). The samples were then air-dried, sputter 

coated with gold using a sputter coater, and then the samples were observed 

with Joel SEM 5800-LV microscope. 
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3A.3 Results 

3a.3.1 Screening of cultures for biofilm forming ability 

Nine fouling cultures were randomly selected and screened for biofilm forming 

ability on SS coupons (Figure 3a.1). 
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Figure (3a.1). Biofilm biomass (cells x10 5  mm2) of different cultures on 304-stainless steel 
coupons. Note that the cultures DW 7, F8 and CE-2 show small error bar as compared to the 
other cultures. Error bar represents the deviation between cell numbers per mm 2  on SS coupons 
in three different experiments performed using fresh inoculums of these cultures. 

All the cultures attach to SS coupon and form biofilms. However, three cultures 

DW 7, F 8 and CE-2 showed similar amounts of biofilm formation (measured as 

cells per mm 2) in three different experiments. Furthermore, rest of the cultures 

showed different amount of cells per mm 2  on SS coupons during each of the 

three different experiments. 
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3a.3.2 Biofilm formation by selected cultures over a period of time 

All the three cultures showed different biofilm formation pattern on SS coupons 

over a period of time. DW 7, F8 and CE-2 showed maximal biofilm biomass 

(measured as total cells per mm 2) on SS coupons at 24 h, 48 h and 72h, 

respectively after incubation (Figure 3a.2 & 3a.3). Thereafter, the biofilm biomass 

of these cultures on SS coupons generally decreased over the period of 

incubation, and the biofilm biomass was least at 120 h following incubation. 

Figure (3a.2). Development of biofilms (measured as cells x 10 5  mm -2) of DW-7 (•), F8 ( ❑) and 
CE-2 (•) on SS coupons over the period of incubation. 
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Fig (3a.3). Epifluorescence photographs showing the development of biofilm of DW-7, 
F8 and CE-2 on 304-stainless steel coupons. . 
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3a.3.3 Lectin binding to biofilms of selected cultures 

DW 7 biofilm showed positive interaction with all four FITC labelled lectins (Table 

3a.1 and Figure 3a.4). Moreover, Con A, WGA and PS lectins showed bright 

green fluorescence around the blue colored bacterial cells in the DW 7 biofilm. 

Where as, BS I showed bright green cloudy appearance in the center of 

DW 7 biofilm, surrounded by blue colored cells (Figure 3a.4). BS I and WGA 

showed positive interaction with F8 biofilm (Table 3a.1 and Figure 3a.4). While 

Con A and PS showed positive interaction with CE-2 biofilm (Table 3a.1 and 

Figure 3a.4). 

Table (3a.1). Lectin interaction with the biofilms of DW 7, F8 and CE-2 on SS coupons. 

Lectins Cultures 

DW 7 F8 CE-2 

BSI 

Con A + -s + 

WGA + + -s 

PS + - + 

-s  represents the non-specific binding of lectin (seen as slight green color in background of 
photograph) 



86 

Cultures 
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Figure (3a.4). Epifluorescence photographs of the Wilms developed by DW 7, F8 and CE-2 on 
SS coupons after staining with FITC labelled ConcaMlin A (Con A), Bandeiraea simplicifolia (BS 
I), Pisum sativum (PS) and Wheat germ agglutatibin (WGA). Green fluorescence represents 
lectins and blue represent DAPI. Scale bar = 10 pm. 
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3a.3.4 Pre-incubation of lectins with target sugars 

The lectins (ConA, PS, WGA, BS I) were pre-incubated with their respective 

target sugars to block the binding sites as a confirmation of the specificity of 

lectin binding to DW-7 biofilms (Table 3a.2). There was a reduction in the binding 

of all the lectins to DW-7 biofilms after preincubation with their respective target 

sugars (Figure 3a.5). However, some non-specific binding of ConA, PS and 

WGA lectins to DW-7 biofilm was also observed (Table 3a.2) (Figure 3a.5). 

Table (3a.2). Effect of preincubation of lectins (ConA, PS, WGA, BSI) with the target sugars on 

their binding to DW-7 biofilms on SS coupons. 

Binding to DW-7 Lectins (0.1 mg 	 Target sugars (1 m 

ConA 	 D- glucose 

PS 	 D-mannose 

WGA 	 N-acetyl glucosamine 

BS I 	 N-acetyl galactosamine 

* represents non-specific binding 

3a.3.5 Scanning electron microscopy of biofilms 

The structure of mature biofilms of DW 7, F8 and CE-2 were studied using a 

scanning electron microscopy. DW-7 and F8 forms flat, monolayer biofilms, 

whereas CE-2 forms biofilm with typical 3- D structure (Figure 3a.6). 
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Non-treated lectins (A) 	 Sugar treated lectins (B) 

BS I 

Con A 

WGA 

PS 

Figure (3a.5). Staining of DW-7 biofilms on SS with non-treated FITC labelled lectins (A), and 
sugar -treated lectins. Green color represents the lectin binding and blue represents the bacterial 
cells stained with DAPI. Scale bar represents 10 pm. 
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DIN 7 20pm 

F8 20pm 

Figure (3a.6). Scanning electron micrographs of the mature biofilms of DW 7, F8 and CE-2. Note the typical 3 D structure of CE-2 biofilm under 
lower magnification. 
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3A.4 Discussion 

Nine marine bacterial cultures were studied for their potential to form biofilms on 

SS coupons. All the cultures formed biofilms on SS coupons. However, biofilm 

biomass (measured as cell number) of the cultures DW-7, F 8 and CE-2 on SS 

coupons showed low standard deviation, and therefore these biofilms were defined 

as consistent biofilms. Since these three cultures formed consistent biofilms they 

were selected for the further studies on the biofilm development. 

The pattern and the intensity of bacterial biomass on SS panels differed 

for the three selected cultures. Biofilm biomass on SS increased over the 

incubation period and the highest biofilm biomass was recorded at 24h, 48h and 

72h for DW-7, F8 and CE-2, respectively. The increase in biofilm biomass on 

surfaces can occur by two different mechanisms. One is by the binary division of 

the attached cells (Heydorn et al., 2000). As cells divide, daughter cells spread 

outward and upward from the attachment surface to form cell clusters, in a similar 

manner to colony formation on agar plates. Second mechanism is by the 

recruitment of cells from the bulk fluid to the developing biofilms (Suh et al., 1999). 

It is unlikely that the second mechanism was involved in the increase of the biofilm 

biomass of DW-7, F8 and CE-2 on SS coupons. This was because SS coupons 

with biofilms were rinsed several times with the PBS to remove free or loosely 

attached bacterial cells before estimating biofilm biomass. However, as the period 

of incubation increased, biofilm biomass of all the three cultures on SS decreased 

rapidly. The decrease in biofilm biomass was probably due to the detachment 

process. Lamed & Bayer, (1986) reported increased detachment of Clostridium 
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thermocellum biofilm during stationary phase. Similarly, Allison et al. (1998) 

observed reduction in biofilm biomass and EPS concentrations in Pseudomonas 

fluorescens biofilms over the period of incubation. Mechanisms of biofilm 

detachment are not well understood. However, detachment in the biofilms grown 

under batch conditions can be explained on the basis of two hypotheses. One, 

increased incubation results in nutrient depletion or starvation condition in the 

medium. Such starvation condition may be responsible for the detachment of 

biofilms. Such detachment process may be a survival strategy used by biofilm cells 

because detached cells start dispersing in search of new nutrient rich habitat 

(O'Toole et al., 2000). According to the second hypothesis increased concentration 

of an inducer molecule releases matrix polymer-degrading enzymes, resulting in 

detachment of cells from the biofilms (Yarwood et al., 2004). 

Epifluorescence microscopic observation revealed that biofilms of DW 7 

showed positive interaction with all the lectins (Con A, WGA, PS and BS I) (Figure 

3a.4). This implies the presence of terminal a — D- mannose and a — D - glucose, 

N -acetyl- D- glucosamine, N-acetyl - D- galactosamine and N-acetyl - D-

neuraminic acid in the DW 7 biofilm matrix (Table 3a.3). The biofilm of CE-2 

showed positive interaction with Con A and PS. This suggests the presence of 

terminal a - mannose and a - glucose in the CE-2 biofilm matrix. Goldstein et al. 

(1965) reported that ConA reacts only with terminal a — D- mannose and a — D - 

glucose unit of polysaccharides and that there is a linear relationship between the 

extent of branching in polysaccharides and the degree of binding of ConA. 

Moreover, biofilm of F 8 showed positive interaction with only two lectins BS I and 
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WGA (Figure 3a.4). This suggests that F 8 biofilm matrix is rich in N-acetyl 

glucosamine or N-acetyl- D- galactosamine or N-acetyl-D- neuraminic acid. Izano 

et al. (2007) reported the presence of N-acetyl-D-glucosamine (GIcNAc) residues 

in biofilm matrix and their role in formation of Actinobacillus pleuropneumoniae 

biofilm on abiotic surfaces. 

Table (3a.3). Sugar specificity of lectins (according to Sigma catalog 2008) 

Abbreviation 	Gorfirnon, 	, Source microorganism 	• Specificity 

of lectins 	name 

Con A 	Concanavalin A Canavalia ensiformis 	a- D-mannose, 

a- D-glucose 

WGA 	Wheat germ 	Triticum vulgaris 	N- acetyl- D- glucosamine, 

agglutatinin 	 N-acetyl-D-neuraminic 

acid 

PS 	 Pisum sativum 	 a- D- mannose 

BS I 	 Bandeiraea simplicifolia 	a-D- galactose, 

N -acetyl -D-galactosamine 

In order to test the lectin binding specificity for their target sugars and their non-

specific binding, if any, to the DW-7 biofilm. The lectins pre -incubated with 

target sugars were used to stain DW-7 biofilm. BS-I did not show binding to the 

DW-7 biofilm, after pre-incubation with N-acetyl galatosamine. On the other 

hand, ConA, WGA and PS showed some non-specific binding to DW-7 biofilm 
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preincubation with D- glucose, N acetyl glucosamine and D- mannose, 

respectively (Figure 3a.5). Johnsen et al. (2000) reported non-specific binding of 

WGA, after pre-incubation with target sugar. Conversely, Sigma product 

information sheet indicated that agglutination by ConA of a 1.3% suspension of 

red blood cells could be inhibited by glucose and mannose at concentrations of 

78 to 625 pg/ml. Moreover, Bockelmann et al. (2002) reported reduction in 

binding of WGA pre-incubated with the target sugar. Therefore, it appears that 

lectin specificity towards target sugars is a critical issue and needs further 

consideration. 

Scanning electron microscopic observation indicates that the DW 7 and F 

8 forms flat monolayer biofilm on SS coupons. On the other hand, CE-2 

produced a typical 3 D biofilm structure (Figure 3a.6). Tolker-Nielsen & Molin, 

(2000) proposed two hypotheses to explain the formation of typical 3D biofilm 

structure. According to first hypothesis (based on mathematical modelling), 

heterogeneous biofilm structures develop when biofilm growth occurs under 

substrate-transfer-limited conditions. Local consumption of substrate creates 

substrate gradients, whereby organisms situated on "mounds" have more 

substrate available than organisms situated in "valley" (Picioreanu et al., 1998; 

Wimpenny & Colasanti, 1997). The second hypothesis explains the role of 

differential gene expression, encoding the production of exopolymers and/or 

production of intercellular communication molecules (Davies & Geesey, 1995; 

Davies et al., 1998). Since CE-2 produced 3D biofilm structure, it was selected 
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for further studies to understand the role of polymers in biofilm development 

maintenance. 
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Chapter 3B 

Role of P 1-4 linked polymers in biofilm structure 

of marine Pseudomonas sp CE-2 on 304 - stainless 

steel coupons. 

Exopolymers play an important role in biofilm formation 
and structure. 
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3B.1 Introduction 

Microorganisms readily attach to surfaces immersed in aquatic environments, 

and form biofilms enmeshed in extracellular polymeric matrix (Costerton et a/., 

1999). Although the appearance and functions of biofilm in various environments 

may be different, the steps leading to biofilm formation are the same (Escher & 

Characklis, 1990). The first step is the development of the conditioning film (Loeb 

& Neihof, 1975; Bhosle et al., 2005). Microorganisms then colonize the 

conditioned surfaces. Attached microorganisms grow and develop into biofilms 

with the help of exopolysaccharides (EPS) and/or other cellular appendages 

(Busscher et al., 1995). 

Bacteria produce different types of EPS that vary in size, configuration and 

linkages (Allison, 1998). Several functions have been ascribed to EPS. However, 

protection and maintenance of biofilm structure appear to be the most important. 

For example, colonic acid (6, 1-3 linkage), alginate (6, 1-4 linkage), and 

polysaccharide intercellular adhesin (PIA) (6, 1-6 linkage) produced by 

Escherichia coli, Pseudomonas areuginosa, and Staphylococcus aureus and 

Staphylococcus epidermidis, respectively are known to play important role in the 

formation and maintenance of the biofilm (Danese et al., 2000; Kaplan, 2004; 

Chang et al., 2007). Similarly, production of calcofluor binding ((3, 1-4 linked) 

polymers or cellulose type polymers by Acetobacter xylinus, Agrobacterium 

tumefaciens, Rhizobium sp, Hyphomonas sp, Escherichia coli, Salmonella 

typhimurium, and Salmonella enteritidis, and the role of these polymers in biofilm 

formation have been reported earlier (Ross & Witter, 1983; Quintero, 1995; Zogaj 
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et al., 2001; Solano et al., 2002). From these studies, it appears that the linkages 

between the subunits of the polymers give functional specificity to biofilm EPS. 

Nevertheless, our understanding of the role of such polymers in biofilm formation 

and maintenance is far from complete. It is possible that bacteria may produce 

polymers with different linkages for adhesion and biofilm formation. Therefore, in 

order to better understand the process of biofilm formation, it is essential to 

characterize the polymer linkages involved in biofilm formation onto surfaces. 

The objectives of the present research were to study the biofilm formation and 

EPS production by the CE-2 biofilms, and to identify the involvement of 

polysaccharide linkages in biofilm formation. 

3B.2 Materials and methods 

3b.2.1 Chemicals and reagents 

Calcofluor, protease (Bacillus polymyxa), lipase (Candida rugosa), and cellulase 

(Trichoderma reesei) were purchased from Sigma- Aldrich, USA. 

3b.2.2 Coupon preparation 

Coupons of 304-stainless steel (SS) (1.2 mm diameter) were prepared following 

the method described in section 3a.2.2 of the chapter 3A. 
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3b.2.3 Growth media, bacteria and inoculum preparation 

Basal salt solution (BSS) medium was used in the present study. The medium 

composition was described in the section of 2.2.7 of the chapter 2. Pseudomonas 

sp CE-2 was used in the present study. 

3b.2.4 Biofilm formation by CE-2 

The culture CE-2 biofilms were formed on the SS coupons (1.2 mm diameter), 

over a period of time, using the method described in the section 3a.2.4 of the 

chapter 3A. 

3b.2.5 Quantification of CE-2 biofilm formation 

Biofilm formed on the SS coupons was quantified by estimating total bacterial cell 

counts using the procedure described in section 3a.2.5 of the chapter 3A. 

3b.2.6 Estimation of extracellular polysaccharides (EPS) of the CE -2 

biofilms 

Biofilm material developed on the SS coupons was scraped in 2 ml TE buffer, 

using nylon brush and made to a known volume (Sharma et al., 1990; D'Souza, 

2004; Jadadish & Anil, 2005). The scraped biofilm material was vortexed and 

allowed to stand for 20 min. Cell free supematant was obtained by centrifuging 

the above sample for 15 min at 10,000 g and 4 °C. A known aliquot (500 pl) of 

the cell free supematant was transferred to a clean test tube and 1 ml phenol 

(2.5 %) followed by 2.5 ml concentrated sulphuric acid were added, and the 
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absorbance was read at 490 nm using a UV-VIS spectrophotometer (Shimadzu-

1601) so as to estimate total carbohydrates (Dubois et al., 1956). Alternatively, 

biofilm material developed on SS coupon was used directly without any pre-

treatment so as to estimate total carbohydrates using phenol-sulphuric acid 

method. These two approaches helped us to assess efficiency of the nylon brush 

to remove EPS from the coupons. 

3b.2.7 Calcofluor staining of the CE -2 biofilms 

Biofilm formed by CE-2 on the SS coupons over a period of time as described 

above was stained with calcofluor. Hundred micro liters of the calcofluor (250 pg 

ml -1 ) were added directly on the top of the CE-2 biofilm formed on SS coupons. 

The coupons were incubated in dark for 30 min at room temperature (28 ° C ± 2). 

Subsequently, the coupons were rinsed thrice with PBS so as to remove the 

excess stain. The dye taken up by the biofilm sample was visualized under 100X 

oil objective of the epifluorescence microscope using DAPI filter set (excitation 

340/380 nm, emission 435/485). The images were captured using CCD camera 

(Evolution VF) and stored as separate digital files. 

3b.2.8 Effect of calcofluor on growth of CE-2 cells 

Growth of CE-2 cells was monitored in the presence and the absence of 

calcofluor to find out, if it was toxic to CE-2 cells. Calcofluor solution (2 mg m1 -1 ) 

was prepared in PBS, and the solution was sterilized by passing through 0.22 pm 

filter (Millipore, USA). From this, 5 ml was added to the flask containing 50 ml 



100 

BSS medium to get a final concentration of 200 pg m1 -1 . Similarly, 5 ml sterile 

PBS was added to other flask containing 50 ml BSS medium and was used as a 

control. Both the flasks were inoculated with 500 pl of pre-grown CE-2 culture 

(OD 540 nm = 1.6 ± 0.2), and incubated at room temperature (28 °C ± 2). 

Samples were removed in triplicates at regular intervals over a period of 48 h. A 

known amount of sample (500 pl) from both the flasks was serially diluted in 4.5 

ml sterile PBS, and 50 pl from the last three highest dilutions were spread plated 

on the Zobell marine agar plates. The plates were incubated at room temperature 

for 24 h and colonies were counted manually and expressed as log CFU m1 -1 . 

3b.2.9 Effect of lectins and calcoflour on CE-2 biofilm formation 

Stock solutions (2 mg m1 -1 ) of Con A, WGA lectin and calcofluor were prepared in 

PBS. Before use, these chemicals were sterilized by filtering through 0.22 pm 

filter (Millipore, USA). A known amount (100 pi) of each of these chemicals was 

added individually to the well containing a SS coupon and 1 ml of the culture 

prepared as above. The microplates were incubated for 72 h at room 

temperature. The biofilm biomass (measured as total cell number mm -2) on SS 

surface was evaluated as described above. The % biofilm inhibition was 

calculated by dividing the number of cells on the SS coupons after chemical 

treatment by the total cells on the control coupons. The value obtained from 

above was subtracted from 1 and multiplied by 100. 
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3b.2.10 Lectin-staining of CE-2 biofilms 

CE-2 biofilms on SS coupons were stained with FITC labelled lectins using the 

method described in the section 3a.2.7 of the chapter 3 A. 

3b.2.11 Enzyme treatment of CE-2 biofilms 

In order to evaluate type of polymers involved in the development of CE-2 

biofilm, it was treated with protease (Bacillus polymyxa), lipase (Candida rugosa), 

and cellulase (Trichoderma reesei). For this purpose the biofilm was allowed to 

form on SS coupons for 72 h as described above and then treated with the above 

mentioned enzymes. Biofilms containing coupons were immersed in 1m1 of 

cellulase (60 and 120 U m1 -1 ) solution, prepared in 0.05 M sodium citrate buffer 

(pH 5.0), and incubated at 45 °C for 72 h (Solano et al., 2002). Similarly, coupons 

were immersed in 1 ml of protease (2.4 and 4.8 U m1 -1 ) and lipase (175 and 350 

U m1-1 ) prepared in 10 mM PBS buffer (pH 7.2), and incubated for 3 hours at 28 ° 

C and 37°C, respectively. In order to avoid the effect of buffer, incubation time 

and temperature, coupons with biofilms were immersed in 1m1 buffer solution 

without enzyme solution. For each enzyme treatment separate sets of control 

coupons (in triplicates) were incubated, under similar conditions. Biofilm biomass 

was estimated following the procedure described above. 

3b.2.12 Epifluorescence microscopy 

Biofilms formed by CE-2 on SS coupons were monitored using Nikon Eclipse 80i 

upright microscope, as described in section 3a.2.9 of the chapter 3 A. 
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3b.2.13 Statistical analysis 

One-way analysis of variance (ANOVA) was used to evaluate the effect of 

calcofluor on growth of cells. A simple linear regression analysis was carried out 

to assess the relationships between EPS and biofilm biomass on SS coupons. All 

calculations were performed using Excel software. 

3B.3 Results 

3b.3.1 Biofilm formation and EPS production 

The culture CE-2 formed biofilms on SS coupons. Biofilm biomass measured as 

total bacterial counts generally increased over the period of incubation and the 

highest biomass on SS was achieved at 72 h following inoculation (Figure 3b.1). 

Biofilm biomass gradually decreased for the remaining period of incubation 

(Figure 3b.1). EPS concentration also increased over the period of incubation 

and the highest concentration was recorded at 72 h following inoculation. 

Thereafter, there was a gradual decrease in EPS concentration until 120 h 

following inoculation (Figure 3b.1). Both biofilm biomass and EPS concentration 

showed similar trends, and there was a significant positive correlation between 

these two parameters (r = 0.979, p > 0.001). 
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Figure (3b.1). Biofilm formation (A) and EPS production (o) by CE-2 on 304-SS coupons as a 
function of the incubation period. 

3b.3.2 Staining of the biofilms with calcofluor 

Calcofluor bound to CE-2 biofilm matrix and produced blue fluorescence (Figure 

3b.2). Moreover, it appears from epifluorescence photographs that fluorescence 

intensity of the dye was highest at 72 h following inoculation (Figure 3b.2). 
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Figure (3b.2). Calcofluor stained CE-2 biofilms on SS over 120 h period of incubation. Note that, 
at 72h the fluorescence intensity of calcofluor stained biofilm is highest. Scale bar represents 10 
pm. 
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3b.3.3 Effect of calcofluor on growth of CE-2 cells 

There was not much variation in the growth of CE-2 cells in presence and 

absence of calcofluor (Figure 3b.3). Moreover, one way analysis of variation 

(ANOVA) suggest that there was no significant decrease in cell viability (log CFU 

Time (hours) 

Figure (3b.3). Effect of calcofluor (200pg ml -1 ) on the growth of CE-2 cells. 

m1-1 ) of CE-2 cells (p = 0.8315) in the presence of calcofluor. Thus the growth 

and viability of CE-2 cells were not influenced to a great extent by the 

concentration of calcofluor (200 pg/mI) used to conduct inhibition experiments 

described below. 
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3b.3.4 Effect of lectin and calcofluor on the inhibition of CE-2 biofilms 

When grown in the presence of calcofluor (200 pg m1 -1 ), CE-2 biofilm biomass on 

SS coupons decreased by - 85%. Conversely, when treated with Con A or WGA 

at the same concentration (200 pg m1 -1 ), CE-2 biofilm biomass was reduced 

marginally by 7% and 1%, respectively (Table 3b.1). 

Table (3b.1). Effect of calcofluor, Con A and WGA on CE-2 biofilms on SS 304. 

Percentage biofilm 
Treatment 
	

Cells x 10 5  per mm 2 	inhibition* (%) 

Control 	 65 ± 3 	 0 

Calcofluor 	 9.5 ± 2 	 85 ± 15 

Con A 	 61 t 1.4 	 7 ± 3 

WGA 	 64 ± 0.4 	 1 ± 0.5 

* Mean of percentage of biofilm inhibition data from 3 replicates coupons (± standard deviation). 

3b.3.5 Lectin binding to CE-2 biofilms 

Con A lectin binds to the CE-2 biofilm matrix, and produced bright green cloudy 

appearance around fluorescent blue microcolonies (Figure 3b.4 A). However, 

cloudy green background in between blue cells was also observed. It may be 

because of weak fluorescent signals from glycoconjugates present in deeper 

layers of biofilm matrix. 
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(A) 

(8) 

Figure (3b.4). Photographs of CE-2 biofilm after staining with con A (A) and WGA (B). The green 
fluorescence represents the lectin staining and blue fluorescence represents the staining due to 
DAPI. Scale bar = 10 pm. 
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While WGA lectin showed weak green fluorescent signals and only fluorescent 

blue cells were predominantly seen in the photographs (Figure 3b. 4 B). 

3b.3.6 Enzyme treatment of biofilms 

The amount of biofilm removal by each enzyme treatment was evaluated with 

respect to their respective controls. Control biofilm coupons without enzyme 

treatments appear similar under epifluorescence microscope (Figure 3b.5). 

However, a small decrease in biofilm biomass (cells mm -2) was observed for the 

cellulase treated control biofilms as compared to lipase and protease treated 

controls. About 48 % of the biofilms were removed from SS coupons when 

treated with cellulase enzyme (120 U m1 -1 ) (Table 3b.2). Furthermore, it was 

interesting to note that after cellulase treatment, microscopic observation 

revealed the presence of a central hollow in the microcolonies of CE-2 (Figure 

3b.5 B). Protease and lipase treatment removed 23 % and 17% of the biofilms, 

respectively (Table 3b.2). 

3B.4 Discussion 

Removal of biofilms from test coupons is perhaps the most critical step in 

evaluating the biomass and other aspects of the biofilms. Removal of biofilms by 

brushing is one of the commonly employed techniques (Bhosle et al., 1989; 

Sharma et al., 1990; D'Souza & Bhosle, 2003; D'Souza et al., 2005; Jadadish & 

Anil, 2005). A nylon brush removed about 89 ± 2.19 % of the biofilm biomass 

(measured as bacterial numbers, chlorophyll-a, organic carbon and nitrogen, and 
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Figure (3b.5). Treatment of CE-2 biofilm using various enzymes stained with acridine orange. 
Biofilm not treated with enzyme (control) and after treatment with enzymes (B). Note the central 
hollow in microcolonies after treatment with cellulase. Scale bar represents 10 pm. 
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protein) from metal and non-metal surfaces (Sharma et al., 1990; D'Souza & 

Bhosle, 2003; Jadadish & Anil, 2005). In the present study, we evaluated the 

removal of EPS (as total carbohydrate) from the SS coupons. It was possible to 

remove 80% ± 6% of the biofilm EPS (measured as total carbohydrates) using 

nylon brush.. A nylon brush was therefore fairly efficient to remove biofilm 

material from SS coupons. 

Table (3b.2). Removal of CE -2 biofilms from SS-304 coupons using cellulase, protease and 

lipase treatment. 

Cellu lase 

Control 37 ± 0.1 0 

60U 26 ± 4.9 22 ± 11 

120U 19 ± 2.8 48 ± 8 

Protease 

Control 45 ± 2.6 0 

2.4 41 ± 1.0 9 ± 2 

4.8 35 ± 6.2 23 ± 4 

Lipase 

Control 46.5 ± 4.9 

175U 41 ± 1.4 12 ± 3 

350U 38.5 ± 2.2 17 ± 5 

* Mean of percentage of biofilm removal data from 3 replicates coupons (± standard deviation) 
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Our results indicate that CE-2 cells attached to the SS coupons, produced EPS 

and formed biofilms. Biofilm biomass on SS increased by at least 15 fold over the 

72 h period of incubation. The observed increase in biofilm biomass was 

probably due to the growth of attached bacterial cells or increase in settlement of 

suspended cells from the bulk medium. The later seems unlikely because the 

biofilm containing coupons were rinsed several times with sterile PBS to remove 

unattached or loosely attached bacterial cells. When the incubation period was 

further increased to 120 h, biofilm biomass on SS decreased (Figure 3b.1). This 

decrease probably indicates nutrient starvation and/or production of the enzymes 

(polysaccharide lyases) involved in the detachment of biofilms (Allison et al., 

1998). Moreover, EPS concentrations showed a trend similar to that observed for 

the biofilm biomass over the period of incubation. This implies strong 

correspondence between the biofilm biomass and the EPS production. This was 

also evident from the highly significant relationship (r = 0.9797, p > 0.001) 

between the biofilm biomass and the EPS concentrations. 

Epifluorescence microscopic observation revealed the binding of 

calcofluor to CE-2 biofilm matrix (Figure 3b.2). This implies production of 

cellulose like polymers containing 13, 1-4 linkages by CE-2 cells (Zogaj et al., 

2001). Calcofluor has a highly conjugated and planar structure, which enableAit to 

bind cellulose type polymers (13, 1-4 linked polymers) via hydrogen bonding, 

dipolar interactions, and Van der Waals forces. Moreover, it is clear from the 

epifluorescence photographs that at 72 h calcofluor stained biofilms have highest 

fluorescence intensity as compared to the biofilm collected at different time 
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interval (Figure 3b.2). This is in agreement with earlier reports suggesting a 7-

fold increase in fluorescence intensity of calcofluor stained cellulose like 

polymers (Wood, 1980). The high fluorescent intensity of calcofluor also probably 

signifies high abundance of the 13, 1-4 linked polymers (Wood, 1980). Therefore, 

it appears that after the initial attachment to SS coupons, CE-2 cells produced 

copious amounts of 13, 1-4 linked polymers, especially at 72 h following 

inoculation. Such polymers may play important role in biofilm formation and 

maintenance. For example, the role of 13, 1-4 linked polymers in the development 

of marine Hyphomonas sp biofilm has been well documented (Quintero & lveiner, 

1995). 

In order to further evaluate the role of 13, 1-4 linked polymers, development 

of CE-2 biofilms on SS coupons was studied in the presence and absence of 

calcofluor (200 pg m1 -1 ). It was interesting to note that when grown in the 

presence of calcofluor (200 pg m1 -1 ), CE-2 biofilm biomass on SS was reduced 

by — 85 %. Similarly, — 85 % reduction in the Hyphomonas sp biofilm biomass on 

glass was recorded when it was grown in the presence calcofluor (75 pg m1 -1 ) 

(Quintero & lveiner, 1995). Nevertheless, it could be argued that the observed 

reduction in biofilm biomass was due to toxicity of calcofluor (200 pg m1 -1 ) to CE-

2 cells. However, calcofluor did not inhibit growth and viability of the CE-2 cells 

implying that it was not toxic (Figure 3b.3). Moreover, Ross, (1983) reported that 

calcofluor is not very toxic to many microorganisms. This strongly supports the 

above conclusion that [3, 1-4 linked polymers were involved in CE-2 biofilm 

development and maintenance. 
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The observed reduction in CE-2 biofilm formation on SS coupons was probably 

due to the binding of the calcofluor with 13, 1-4 linked polymers. Such interaction 

might have changed the polymer conformation, probably resulting in the 

production of weak biofilms (Haigler et al., 1980; Roberts et al., 1982). These 

weak biofilms could not withstand the shear exerted during washing that 

ultimately lead to the removal of the biofilms. Our data strongly indicate the 

possible role of 13 1-4 linked polymers (may be cellulose type) in maintenance of 

the CE-2 biofilm. 

Biofilm biomass did not decrease in the presence of both Con A and WGA 

lectins, (Table 3b.1). Epifluorescence microscopic observation revealed the 

binding of Con A but not of WGA to the CE-2 biofilms (Figure 3b.4). These 

results indicate the presence of terminal a-D-mannose and/or a-D-glucose 

residues and the absence of N-acetyl glucosamine residues in the CE-2 biofilm 

matrix. However, from our results, it was evident that these molecules did not 

play any major role in the formation and maintenance of the CE-2 biofilms on SS 

coupons. 

In order to further assess the possible role of 13, 1-4 linked polymers in CE-

2 biofilm structure, it was treated individually with protease, lipase and cellulase. 

It appears from total cell mm -2  of control biofilm that buffer, incubation time and 

temperature did not affect biofilms significantly during each enzyme treatment. 

This suggests that the effect seen on biofilm after enzyme treatment was purely 

because of enzyme activity. Protease and lipase treatment removed small 

amounts (- 20 %) of CE-2 biofilms from SS coupons (Table 3b.2). In contrast, 
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of the CE-2 biofilms from the SS coupons (Table 3b.2). After cellulose treatment, 

a central hollow was recorded in the microcolonies of CE-2 biofilms when 

5 
observed under epifluorescence microscope. This observation suggest A  that 

cellulase hydrolyzed calcofluor binding 13, 1-4 linked polymers present in the CE-

2 biofilms (Figure 3b.5 B). Role of calcofluor binding and cellulase sensitive 

polymers in biofilms of Pseudomonas fluorescence, Escherichia coli, Salmonella 

enteritidis, Salmonella typhimurium, and Yersinia pestis has been reported 

(Zogaj et al., 2001; Darby et al., 2002; Spiers et al., 2002; Solano et al., 2002). 

Moreover, our data are in accordance with the above observations indicating that 

calcofluor binding and cellulase sensitive R , 1-4 linked polymers were involved ink 

formation and maintenance of CE-2 biofilm on SS coupons. Thus, understanding 

the types of linkages in EPS and their role in maintenance of marine biofilm 

structure are of particular interest to develop techniques to control the problem of 

biofilms on marine structure. However, biofilm development on solid surfaces has 

been studied only for a few bacteria. Therefore, further studies using different 

bacteria and growth media are needed to better understand the mechanism of 

bacterial adhesion. 
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Chapter 4 

Biochemical differences in planktonic and biofilm 
cells. 

Planktonic cell Biofilm cell 

There are morphological and biochemical differences between biofilm and 

planktonic cells. 
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4.1 Introduction 

As soon as bacteria attach to surfaces, they start undergoing enormous changes 

at their gene expression level (Dagostino et al., 1991; Davies et al., 1993). This 

initiates the process of biofilm formation (Costerton et al., 1995). During biofilm 

formation some specific sets of genes are up-regulated such as quorum sensing 

and polysaccharide production genes (Davies et al., 1993; Whiteley et al., 2001; 

Tremouler et al., 2002). On the other hand, some other genes are down 

regulated with respect to planktonic cells such as motility, co-aggregation and 

carbohydrate metabolism genes (Gilmore et al., 2003, Svensater et al., 2001; 

Whiteley et al., 2001). The changes in gene expression (Genomics) lead to the 

change in the transcriptional profile (Proteomics) of biofilm cells. A large number 

of proteins were found to be differentially produced during different stages of 

Pseudomonas aeruginosa biofilm development (Sauer et al., 2002). These 

processes lead to the change in overall metabolism of the biofilm cells as 

compared to the planktonic cells (Fiehn et al., 2001). 

Sauer, (2003) reported that the change in gene expression during biofilm 

formation does not necessarily be reflected in the change in phenotype. This 

implies that just estimating the overall change in genome and proteome does not 

give accurate picture of changes taking places at biochemical level in biofilm 

cells. In view of the above Gjersing et al. (2007) studied the difference between 

planktonic and biofilm cells at metabolite level using NMR metabolomics. These 

researcher reported similar profile for extracellular metabolites and marked 

differences in intracellular metabolites of biofilm and planktonic cells. However, 
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the metabolites were not identified. Moreover, in different studies different genes, 

proteins and metabolites are up- and down- regulated in biofilm and planktonic 

cells. Therefore, much more work is still needed in order to completely describe 

the physiological changes that occur during biofilm formation, especially at 

biochemical level. Therefore, the main aim of the present work was to assess the 

biochemical differences in the biofilms and planktonic cells. EPS production and 

its monosaccharide composition and both D- and L- amino acid composition 

were employed to find out if there are difference, between the planktonic and SS 

attached CE-2 cells. 

4.2 Material and methods 

4.2.1 Panel preparation 

Stainless steel — 304 (SS-304) (20 mm x 50 mm) were used in the present study. 

The SS-304 panels were prepared using the procedure described in the section 

3a.2.2 of chapter 3A. 

4.2.2 Growth media, bacteria and inoculum preparation 

BSS medium was used to grow Pseudomonas sp CE-2. The medium 

composition was described in section 2.2.7 of chapter2. 

4.2.3 Biofilm formation 

CE-2 was allowed to form biofilm on SS-304 panels using 90 mm pre-sterile 

polystyrene Petri plates (Trason, INDIA). In brief, BSS medium was inoculated 

with 1% of the pre-grown culture and 20 ml of this suspension was dispensed 
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into each of the Petri plate. Subsequently, one SS-304 panel was placed flat into 

each Petri plate using a sterile forceps using laminar flow (Micro filter, India). The 

panels were incubated for 72 h at room temperature (28 °C ± 2 °C). 

4.2.4 Isolation of biofilm EPS 

Biofilm material developed on the SS-304 panels was scraped in 5 ml TE buffer, 

using nylon brush. The scraped biofilm material was vortexed and allowed to 

stand for 20 min. Cell free supematant was obtained by centrifuging the above 

sample for 15 min at 10,000 g and at 4 °C. The cell free supernatant was 

dialysed using 8000 KDa dialysis bags (Sigma, USA) against distilled water for 

48 h at 4°C. In order to precipitate the EPS, ice cold iso-propanol was added to 

the dialysed sample in 3:1 ratio. This sample was kept for 24 h at 4 °C and 

centrifuged at 4,000 g for 10 min to separate the precipitated EPS. The EPS was 

collected, lyophilized and stored at - 20 °C until analysis. 

4.2. 5 Isolation of planktonic EPS 

CE-2 cells were grown in 100 ml BSS medium for 72 h at room temperature (28 

± 2°C). Cell free supematant was collected and EPS was isolated using the 

procedure described in section 4.2.4. 

4.2.6 Collection of biofilm cells 

Biofilm material was scraped from the SS-304 panels as described in section 

4.2.3 was centrifuged and cell pellet was collected. The cells were washed thrice 
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with PBS and centrifuged at 10,000 g for 10 min. Subsequently, the cell pellet 

was lyophilized and stored at -20 °C. 

4,2.7 Collection of planktonic cells 

CE-2 cells were grown as described in section 4.2.5 and centrifuged at 10,000 g 

for 10 min. The cell pellet was washed thrice with PBS and again centrifuged at 

10,000 g for 10 min. Subsequently, the cell pellet was lyophilized and stored at - 

20 °C. 

4.2.8 Estimation of carbohydrates, proteins and uronic acids in EPS of the 

biofilm and planktonic cells 

One mg of the isolated lyophilized EPS (biofilm and planktonic) was dissolved in 

10 ml of distilled water. Carbohydrates, proteins and uronic acids were estimated 

using the methods described in section 2.2.4 of chapter 2. 

4.2.9 Monosaccharide composition 

Monosaccharide composition of the EPS (biofilm and planktonic) was determined 

by the capillary gas chromatographic technique described earlier (Bhosle et al., 

1990; 1993). In brief, 2 mg of sample was hydrolyzed with 2N HCI for 3 h at 100 

°C in glass ampoules flushed with nitrogen before sealing. After cooling an 

internal standard (myo-inositol) was added to the hydrolyzed sample. The 

sample was evaporated to dryness under reduced pressure at 40 °C. One ml of 

distilled water was added and the pH of the resulting solution was raised to 8-9 
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by adding 10 % VN triethylamine solution in water for the hydrolysis of lactones. 

The neutral sugars were converted to their alditol acetates and were analyzed by 

capillary gas chromatography. 

4.2.10 Gas Chromatography (GC) 

A capillary gas chromatograph (Agilent 6890 series) equipped with a fused silica 

capillary column coated with CP Sil-88 (25 m, i.d. = 0.32mm) and flame ionization 

detector (FID), was used to separate the alditol acetate mixture. Sample (0.4 1.1.1) 

was injected using an on column injector when the initial temperature was 70 °C. 

The oven temperature was then rapidly raised to 150 °C and further raised at 3 

°C/min to 230 °C and maintained at this temperature for 15 min. The injector and 

the detector temperatures were kept at 300 °C. Quantification of the component 

was achieved by peak area integration of the GC results using a HP Chemstation 

Data Handling System installed in the instrument. 

4.2.11 Sample preparation for amino acid analysis 

Two milligram of the freeze-dried cells (biofilms and planktonic cells) was 

transferred to the glass ampoule and 3 ml of 6N HCL followed by 20 pl ascorbic 

acid was added to the ampoule. The samples were flushed with dry nitrogen gas 

and sealed. Hydrolysis of the sample was carried out at 110 °C for 24 hrs. After 

hydrolysis, the sample was neutralized using 6N NaOH and centrifuged at 2500 

g for 10 min. The supernatant was collected and completely dried. The residue 
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was dissolved in 2m1 of HPLC grade distilled water, and filtered through 0.45 pm 

polycarbonate filter. The samples were stored at 4 °C until analysis. 

4.2.12 D- amino acid analysis in biofilm and planktonic cells by HPLC 

D- Amino acids were analyzed by using method described in Fitzner et al. 

(1999). A suitable aliquot from the sample (prepared as described above) was 

then taken for the analysis of D-amino acids (D-AA). Three solvent systems 

consist of 25 mM sodium acetate buffer pH 7 and pH 5.3 as solvent A and C, 

respectively and HPLC grade methanol as solvent B was used to separate amino 

acids. The best separation of amino acids was obtained with a flow rate of 1m1 

min " 1  using a 56 min gradient elution beginning with 5% solvent B, 4% solvent C 

and 91% solvent "A". Amino acids were fluorometrically detected at an excitation 

wavelength of 335 nm and an emission wavelength of 450 nm. 

4.2.13 L- amino acid analysis in biofilm and planktonic cells by HPLC 

L- Amino acids were analysed by following the method of Lindroth & Mopper, 

(1979) as described in Bhosle et al. (2005). In brief, an aliquot of the sample 

(prepared as described above) was then derivatized with O-phthaldialdehyde 

(OPA) and 2-mercaptoethanol reagent and subsequently the derivative was 

injected over the 5 pm reversed phase Shim — Pack, HRC-ODS C-18 column. A 

dual solvent system consisting of solvent A comprising of 50 mM sodium acetate 

buffer (pH 6.5) with 3% tetrahydrofuran and solvent - B of methanol was used to 

separate the individual amino acids from the sample mixture. The amino acids 
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were detected by fluorescence (excitation A = 328 nm; emission A = 450 nm) and 

identified by their retention time. 

4.2.14 Processing samples for L- and D- amino acids 

The identification of individual L-amino acids and the D- amino acid in the sample 

was determined separately. Retention time of the sample peaks were compared 

with those of the standard peaks. Concentrations of the amino acids were 

calculated from peak area relative to known internal standard and a standard 

calibration using data handling system (Shimadzu Class-VP 6.14 SP1) available 

with the instrument. 

4.2.15 High performance liquid chromatography (HPLC) 

A HPLC system (Shimadzu Model 1) consisting of a quaternary solvent delivery 

pump, degasser, auto-injector, column oven, fluorescent detector , ODS guard 

column (4.6 ID, 4.5 cm length, 10 pm particle size) and a reversed phase Shim-

Pack HRC-ODS analytical column (4.6 mm ID, 15 cm length, 5 pm particle size) 

was used. 

4.3 Results 

4.3.1 Carbohydrate, protein and uronic acid in biofilm and planktonic EPS 

Carbohydrates, proteins, uronic acid and pyruvate content of the EPS of the 

biofilm and planktonic cell were measured in triplicate (pseudoreplication) and 

expressed in pg (mg of dry EPS material) " 1 . Our results indicate that 



Blochernical's 	 Amount (pg per mg of EPS 

Planktonic 

Carbohydrates 
	

845 ± 20 
	

603 ± 15 

Proteins 
	

13.7 ± 2 
	

16.8 ± 4 

Uronic acids 
	

21.9 ± 3 
	

18.2 ± 2.5 

Pyruvate 
	

45 ± 5 
	

35.1 ± 3.4 
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carbohydrate content of the biofilm-associated EPS (845 ± 80 pg (mg of EPS) -1 ) 

was higher than the planktonic EPS (600 ± 50 pg (mg of EPS) -1 ) (Table 4.1). 

Conversely, protein content of planktonic EPS (16.8 ± 4 pg (mg of EPS) -1 ) was 

slightly more as compared to the biofilm EPS (13.7 ± 2 pg (mg of EPS) -1 ) (Table 

4.1). Moreover, uronic acids and pyruvate content was slightly more in biofilm-

associated EPS (21.9 ± 3; 45 ± 5 pg (mg of EPS) -1 ) than in planktonic EPS (18.2 

± 2.5; 35.1 ± 3.4 pg (mg of EPS) -1 ). 

Table (4.1). Biochemical composition of the biofilm and planktonic EPS 

4.3.2 Monosaccharide composition of biofilm and planktonic EPS 

There was 2 fold increase in glucose (Glu) concentration in biofilm—associated 

EPS (4.4 ± 0.06 pg (mg of EPS) -1 ) as compared to the planktonic EPS (2.04 ± 

0.07 pg (mg of EPS) -1 ) (Table 4.1). Moreover, there was 3 fold increase in 
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rhamnose (Rham) concentration in biofilm EPS (0.28 ± 0.01 pg (mg of EPS) -1 ) 

as compared to the planktonic EPS 0.08 ± 0.01 pg (mg of EPS) -1 ). Conversely, 

there was a 4 fold increase in mannose (Man) concentration in planktonic EPS 

(1.6 ± 0.31 pg (mg of EPS) -1 ), compared to the biofilm — associated EPS (0.44 ± 

0.04 pg (mg of EPS) -1 ) (Figure 4.1). 
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Figure (4.1). Monosaccharide composition of the biofilm and planktonic EPS. 

4.3.3 Monosaccharide composition of bioffim and planktonic cells 

There was a significant decrease in the concentrations of glucose, galactose 

(Gal), rhamnose, and ribose (Rib) in the biofilm cells as compared to the 

planktonic cells. (Figure 4.2). Moreover, arabinose (Arb), xyiose (Xyl), mannose 

were not detected in the biofilm cells (Figure 4.3). 
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Figure (4.2). Monosaccharide composition of the biofilm and planktonic cells. 

4.3.4 D- Amino acid composition of biofilm and planktonic cells 

There was 3 to 5.3 folds increase in the D- alanine (D-Ala) and D- aspartic acid 

(D-Asp) concentration in the biofilm cells as compared to the planktonic cells 

(Table 4.2). Conversely, D- glutamic acid (D-Glu) concentration was 2.6 times 

more in planktonic cells (22.9 ± 6 M %), compared to the biofilm cells (8.7 ± 2.2 

M %). Moreover, D- serine (D-Ser) was not detected in the biofilm cells (Figure 

4.4). 



Figure (4.3). Capillary Gas Chromatographic separation of the monosaccharides including 
rhamnose (Rham), fucose (Fuc), ribose (Rib), arbinose (Arb), xylose (Xyl), mannose (Man), 
galactose (Gal), glucose (Glu) and inositol (Internal standard) of (A) standards, (B) biofilm cells 
and (C) planktonic cells of Pseudomonas sp CE-2. 
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Figure (4.4). D-Amino acids composition of biofilm and planktonic cells 

4.4.5 L - Amino acid composition of biofilm and planktonic cells 

Higher concentrations of amino acids L- lysine (L-Lys), L- ornithine (L-Orn), beta-

alanine (I3-Ala) and gamma- amino butyric acid (y —ABA) were recorded for the 

biofilm cells as compared to the planktonic cells (Table 4.2). Moreover, a slight 

increase in L-Serine (L- Ser) concentration in biofilm cells was also observed. 

Conversely, L-amino acids such as asparatic acid (L- Asp), glutamic acid (L-Glu), 

threionine (L-Thr), glycine (L-Gly), arginine (L-Arg), alanine (L-Ala), tyrosine (L-

Try), valine (L-Val), phenylalanine (L-Phe), leucine (L-Leu) and lysine (L-Lys) 

concentrations were more in planktonic cells as compared to the biofilm cells 

(Figure 4.5). 
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Table (4.2). Composition of D/L amino acids in biofilm and planktonic cells 

,Amihd acids . 

ti:

D- Amino acids 

Biofi[m ells 	fanktbnic cells 

D-Ala 58.8 ± 1.7 20.8 ± 2.8 

D-Asp 30.9 ± 1.6 5.8 ± 0.2 

D-Glu 8.7 ± 2.2 22.9 ± 6.0 

D-Ser 0.0 ± 0.0 1.8 ± 0.4 

L-Amino acids 

Asp 9.5 ± 1.9 10.1 ± 0.12 

Glu 10.2 ± 0.6 16.4 ± 0.02 

Ser 6.0 ± 2.4 4.3 ± 0.58 

Thr 2.0 ± 0.6 3.1 ± 0.03 

Gly 7.0 ± 0.5 7.8 ± 0.06 

Arg 4.7 ± 0.2 4.4 ± 0.0 

b-Ala 0.2 ± 0.1 0.0 ± 0.0 

Ala 6.3 ± 0.5 11.9 ± 0.20 

g-ABA 0.4 ± 0.0 0.1 ± 0.03 

Try 1.9 ± 0.5 3.4 ± 0.17 

Val 5.1 ± 1.3 7.8 ± 0.27 

Phe 2.7 ± 0.7 3.8 ± 0.04 

Ile 4.6 ± 1.3 6.5 ± 0.20 

Leu 7.1 ± 2.0 9.2 ± 0.23 

Om 5.6 ± 2.6 1.4 ± 0.28 

Lys 26.7 ± 1.1 9.9 ± 0.33 
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Figure (4.5). L-Amino acid composition of biofilm and planktonic cells. 
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4.5 Discussion 

Our results suggest that both biofilm associated—EPS and planktonic EPS were 

rich in carbohydrates rather then proteins, uronic acids and pyruvates. Moreover, 

carbohydrate content in biofilm-associated EPS was more than planktonic EPS. 

This observation is also supported by others. For example, Davies et al. (1993) 

reported that Pseudomonas aeruginosa biofilm cells produce alginate rich polymer 

as compared to the planktonic cells. Similarly, Vandevivere & Krichman, (1993) 

reported 2.5 fold increase in total carbohydrate content in the biofilm exopolymer 

as compared to planktonic exopolymer. Moreover, production of carbohydrate rich 

exopolymer during biofilm formation has been observed for a number of bacterial 

species (Decho, 1990). These includes colonic acid production in E. soli (Prigent-

Combaret et a/., 1999), alginate synthesis in Pseudomonas aeruginosa (Davies & 

Geesey, 1995) and secretion of a galactoglucan EPS in Vibrio cholerae (Watnick & 

Kolter, 2000). Recently, Harneit & Sand, (2007) reported four time increase in the 

EPS production of Acidithiobacillus ferrooxidans A2 in presence of solid 

substratum. 

Protein content of both the exopolymers were almost same and uronic acid 

content of biofilm-associated EPS was slightly more than the planktonic EPS. 

Conversely, Davies et al. (1993) reported 3 fold increase in the uronic acid content 

of the biofilm exopolymer as compared to planktonic exopolymer. Similarly, Kives 

et al. (2006) observed that biofilm-associated EPS contains more uronic acid than 

planktonic EPS. 
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There was an increase in the glucose concentration in CE-2 biofilm—associated 

EPS (4.4 ± 0.06 pg (mg of EPS) -1 ) as compared to the planktonic EPS (2.04 ± 

0.07 pg (mg of EPS) -1 ). This implies that during biofilm formation CE-2 produced 

EPS rich in glucose. Moreover, our pervious study confirms the presence of 

calcofluor binding (may be cellulose type) polymer in CE-2 biofilm (chapter 3B). 

Nevertheless, positive interactions of FITC labelled Concanavalin A lectin with 

CE-2 biofilm also confirm the presence of glucose in the CE-2 biofilm matrix 

(Chapter 3 A, Figure 3a.4). Similarly, Kives et al. (2006) reported increase in the 

glucose concentration of biofilm-associated EPS compared to the planktonic EPS. 

Galactose and rhamannose were present in a minute quantity in both the 

polymers. However, the concentration of both the sugars was higher in biofilm-

associated EPS as compared to the planktonic EPS. Moreover, mannose 

concentration in the biofilm-associated EPS was less than the planktonic EPS. 

Interestingly, the glucose concentration in the planktonic cells was much 

higher than the concentration in the biofilm cells (Figure 4.2 & 4.3). Moreover, the 

concentration of the sugars such as ribose, galactose and arbinose in biofilms cells 

were also less then in the planktonic cells. This suggests an overall change in the 

metabolism of CE-2 cells during biofilm formation as compared to the planktonic 

cells. Moreover, it appears that higher intracellular glucose concentration in the 

planktonic cells may lead to the catabolic repression of the other sugars (Figure 

4.3). Catabolic repression occurs, when higher intracellular glucose concentration 

leads to the decrease in 3'-5-cyclic adenosine monophosphate (cAMP) 

concentrations and vice-versa (Nelson & Cox, 2001). Conversely, lower 

concentration of glucose in biofilm cells may have caused an increase in the 3'-5- 
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cyclic adenosine monophosphate (CAMP) concentrations (Nelson & Cox, 2001). 

This increase in CAMP concentration can lead to increase in ATP synthesis using 

adenyl cyclase enzyme. The energy generated in the form of ATP during the 

process may have been used by the CE-2 biofilm cells for other cellular function 

such as amino acid synthesis and EPS production. Moreover, the role of EPS in 

CE-2 biofilm development has been already proved in the earlier study (chapter 

3B). Therefore, it can be hypothesized that carbohydrates metabolism in 

planktonic and biofilm cells differ significantly and may play an important role in the 

CE-2 biofilm formation. Moreover, the role of carbohydrate metabolism especially 

catabolic repression in biofilm formation have been well documented in the earlier 

studies (O'Toole et al., 2000; Wen & Bume, 2002; Jackson et al., 2002; Kalivoda et 

a/., 2008). 

We observed marked differences in the D/L- amino acid composition of the 

biofilm and planktonic cells. However, there were important differences in the D-

Ala/ D-Glu and L-Lys / L-Ala ratio. These amino acids are known to be present in 

the peptidoglycan molecule. It was observed that D-Ala/ D-Glu and L-Lys I L-Ala 

ratios were - 1 in planktonic and - 5 in biofilm cells. This abnormal increase was 

due to high concentration of the D-Ala and L-Lys in the biofilm cells. Moreover, the 

concentration of amino acids (Table 4.2) do not exactly represents the quantitative 

ratios required for the peptidoglycan synthesis. This was observed because whole 

cells were used and not the purified peptidoglycan for the analyses. 

These results suggest normal peptidoglycan synthesis in planktonic cells 

and with the present data set it was difficult to comment on the peptidoglycan 

synthesis in the biofilm cells. However, it is possible that elevated concentrations of 
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the D-Ala, D-Asp, and L-Lys in biofilm cells may have other metabolic functions in 

biofilm development. 



Your father was a great warrior son. 

He sacrificed his life for all of us. 

He fought bravely with antifoulant. 

I will take revenge. 

I will foul the whole surface 

Killing is not the solution, stop adhesion 
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Chapter 5 

Effect of 2,4-dinitrophenol (bNP) on the cell 

surface properties of marine bacteria and its 

implication for adhesion to surfaces. 
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5.1 Introduction 

Bacterial adhesion to submersed surfaces in marine water is considered as a 

primary step in surface colonization by microorganisms in the biofouling process 

(Callow, 1986). Biofouling of surfaces cause serious economic problems such as 

increase in fuel consumption by ships, impair heat transfer and may induce and/or 

inhibit metal corrosion (Walker, 1998). Thus, initial bacterial adhesion to surfaces is 

probably the key to understand the fouling process. Such understanding will help in 

developing suitable techniques to control the problem of biofouling. 

To prevent bacterial adhesion, marine structures are coated with toxic 

chemicals known as antifoulants. For the last few decades, the use of antifoulants 

has been considered as the most effective method to prevent bacterial attachment 

to submerged surfaces (Townsin, 2003). Each antifoulants inhibits bacterial 

attachment by certain mechanisms of action. The most important mechanism of 

action are inactivation of essential enzyme (Chapman, 2003; Cross et al., 2003), 

oxidation of organic constituents in cells (Chapman, 2003), destabilization of cell 

membranes and cell lysis (Chapman, 2003; Walsh et al., 2003), and uncoupling 

the membrane potential (Zhao et al., 1998). Interestingly, it appears that most of 

the antifoulants reduce (affects) cellular metabolism and growth thereby reducing 

the number of viable bacterial cells available for adhesion to surfaces (Hague et 

al., 2005). However, there is a lack of information on the effect of antifoulants on 

other factors such as cell surface hydrophobicity, cell surface charge, and EPS 

production that are involved in bacterial adhesion to surfaces. Therefore, 

understanding the effect of antifoulants on cell surface properties, and EPS 
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production may provide a better insight to explain the mechanism of the inhibition 

of bacterial adhesion to surfaces that will help us in designing appropriate new 

antifouling strategies. 

The 2, 4-dinitrophenol (DNP), a un-coupler of oxidative phosphorylation, is 

known to inhibit the bacterial adhesion to surfaces (Fletcher, 1980; Paul, 1984). 

The low release rate (0.5 to 4.0 pg cm - 2  d-1 ) of DNP from simple copolymer film 

inhibits bacterial activity, whereas, high release rate (15 to 70 pg cm -2  d-1 ) inhibits 

both bacterial activity as well as attachment (Eighmy et a/.,1992). Recently, it was 

reported that DNP inhibits biofllm accumulation by blocking EPS synthesis 

(Cammarota & Sant Anna, 1998; Masak et al., 2002). However, it is well 

documented that initial bacterial attachment to surfaces is influenced by several 

other factors such as cell surface hydrophobicity and cell surface charge (Fletcher, 

1980; Handley et al., 1987; Van loosdrecht et al., 1987; Sorongon et al., 1991). 

The aim of this research was to assess the effect of the DNP on bacterial cell 

surface hydrophobicity, cell surface charge, and EPS production, and its affect on 

bacterial attachment to glass and polystyrene. 

5.2 Materials and methods 

5.2.1 Chemicals and reagents 

2,4 dinitrophenol (DNP), dowex 1 x 8 resin , dowex 50W x 8 resin, n-hexadecane 

were obtained from the Sigma-Aldrich, USA. The other chemicals used in this 

chapter were described in earlier chapters. 
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5.2.2 Panel preparation 

Polystyrene and glass panels (3.5 x 1.5 cm 2) were used for the experiments. 

Polystyrene panels were cut (Engineering workshop, NIO, Goa, India) from the 

autoclavable polystyrene Petri plates (Hi media, India), whereas glass panels were 

obtained from the Corning, USA. Panels were treated with liquid detergent 

(Labolene; Qualigens fine chemicals, India), washed thoroughly with distilled water 

and air dried. The panels were then covered with aluminum foil and sterilized at 15 

Ibs, 121 °C for 15 minutes. 

5.2.3 Bacterial cultures and growth media 

Pseudomonas sp CE-2, CE-10, SS 15 and Bacillus sp Ti 2, Ti 6, Ti 4 used in the 

present study were collected from Marine Corrosion and Material Research 

Division, NIO, Goa. The cultures were grown in modified basal salt solution (BSS) 

medium without peptone and yeast extract. Rest of the medium composition was 

described in the section 2.2.7 of the chapter 2. The cultures were identified upto 

generic level as described in the Appendix - I. 

5.2.4 Minimum inhibitory concentration (MIC) of DNP 

The minimum inhibitory concentration of DNP was determined separately for each 

of the six cultures. A series of test tubes containing 5 ml of modified BSS medium 

and various concentrations (4 x 10 -3  M to 6 x 10 -4  M) of DNP were inoculated with 

the individual culture prepared as above. The tubes were incubated for 72 h in dark 

at room temperature (28 °C ± 2). After incubation period the absorbance of each 
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culture was measured at 540 nm using a UV- VIS spectrophotometer (Shimadzu, 

Model 1601). 

5.2.5 DNP treatment and preparation of bacterial suspension 

For assessing the effect of DNP on growth, EPS production, bacterial cell surface 

properties, and attachment, each culture was grown separately in 150 ml modified 

BSS medium in 500 ml conical flasks, with and without 25% of the respective MIC 

of the DNP for each culture. The flasks were incubated for 72 hours in dark at room 

temperature. At the end of incubation period, two sub samples of 500 pl each were 

removed, to estimate viable cell count and EPS production as described below. 

The remaining culture broth was centrifuged at 5000 rpm for 20 min. The cell pellet 

obtained after centrifugation was washed thrice with phosphate buffer saline (PBS) 

(10 mM) and resuspended in the same buffer so as to obtain OD 540 = 0.2, using 

UV- visible spectrophotometer. This Cell suspension was used to evaluate effect of 

DNP on cell surface properties and attachment to glass and polystyrene, as 

describe below. 

5.2.6 Viable cell counts 

In order to enumerate viable cell counts, an aliquot of 500 pl from culture prepared 

as above serially diluted in 4.5 ml of the sterile PBS. The appropriate dilutions were 

spread on ZMA containing Petri plates. The plates were incubated at room 

temperature (28 °C ± 2) for 24 hours, and colonies were counted manually. 
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5.2.7 Estimation of extracellular polysaccharides (EPS) 

Amount of EPS produced by the cultures grown as above was estimated by the 

modified phenol- sulphuric acid method, using glucose as a calibration standard 

(Dubois et al., 1956). In brief, 1 ml culture broth was centrifuged and supernatant 

was filtered through 0.22 pm (Millipore filter). Filtered sample was then dialyzed 

against distilled water for 48 hours, using 13000 MW cut-off dialysis bags. After 

dialysis the sample was made to a known volume. A known aliquot (500 pl) of the 

sample was removed in a test tube and 1 ml phenol (2.5%) followed by 2.5 ml 

concentrated sulphuric acid was added. The absorbance of the sample was read at 

490 nm using a spectrophotometer. 

5.2.8 Estimation of cell surface charge 

Cell surface charge of bacteria was determined using the method of Pedersen, 

(1980). Pasteur pipettes (15 cm length and 5 mm inner diameter) were plugged 

with clean glass wool and washed with PBS. Anion exchange resin Dowex 1 x 8 or 

cation exchange resin Dowex 50W x 8, (100 — 200 pm), was suspended in PBS (1 

g/ml). Each ion exchange resin in PBS was packed separately in Pasteur pipettes. 

Prior to use column was washed with 5 ml PBS. One ml of the bacterial 

suspension was added to the column and the cells were eluted with 5 ml PBS. The 

affinity of bacteria for ion exchange column was calculated as below 

Relative surface charge (r/e) = (1 — X / Xo) 

Where, X is the OD (540 nm) of the eluant, and Xo is the OD (540 nm) of cell 

suspension before it was loaded on the column. 
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5.2.9 Measurement of hydrophobicity 

Hydrophobicity of the bacterial cell suspension prepared as above was evaluated 

using BATHS assay following the procedure described in section 2.2.8 of the 

chapter 2. 

5.2.10 Bacterial attachment assay 

Cell attachment assay was performed by immersing glass and polystyrene panels 

in a beaker (50 ml) containing 40 ml bacterial suspension (0D540 = 0.2) prepared 

as above. Panels were removed after 2 hours of immersion and rinsed thrice with 

PBS to remove the loosely attached bacterial cells. Enumerations of attached cells 

were done by modified method of Sonak & Bhosle, (1995). In brief, panels were 

stained with 0.1% crystal violet for 15 minutes and rinsed with distilled water. 

Attached bacteria were counted under oil immersion 100 x objectives in 10 

randomly chosen fields, using Olympus, upright light microscope. 

5.2.11 Statistical analysis 

Each experiment was done twice using duplicate samples. One-way analysis of 

variance (ANOVA) was used to evaluate differences between cultures, and the 

effect of DNP. A simple linear regression analysis was carried out to assess the 

relationships between cell surface hydrophobicity, cell surface charge, 

extracellular polysaccharides, and cell adhesion to glass and polystyrene panels. 

All calculations were performed using XLSTAT2006 (version 2006.3). 
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5.3 Results 

5.3.1 MIC of DNP 

In the present study, the MIC defined as the minimum concentration of DNP at 

which bacterial growth was inhibited. For the six bacterial cultures MIC varied 

between 3x 10 -4  to 6 x 10 -4  M (Table 5.1). 

Table (5.1). Minimum inhibitory concentration (MIC) of DNP and the actual concentration (25% MIC) 

used to assess effects on marine bacterial isolates. 

Minimum inhibitory  
concentration (M(C)(M) 

Ti- 2 4.0 x 10 -4  1 x 10 

SS- 10 6.0 x 10 "4  1.5x10"
4 

 

Ti- 6 4.0 x 10"
4 

 1.0 x 10 -4  

SS- 15 6.0 x 10 -4  1.5 x 10 

CE-2 6.0 x 10 "4  1.5 x 10 -4  

CE-10 3.0 x 10 "4  0.7 x 10 "4  

5.3.2 Effect of DNP on bacteria! growth 

It was found that, at 25% of the MIC of DNP the growth of all six cultures was 

inhibited. However, the percentage decrease in growth varied from 10 — 30% 

(Figure 5.1A). 
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5.3.3 Effect of DNP on EPS production 

EPS production by the six marine isolates in the presence and absence of DNP 

varied from 0.5 — 3.8 pg logCF1.1 1  and from 0.46 — 3.3 pg logCFU -1 , respectively 

(Figure 5.1B). Three of the six cultures (Ti 2, SS 15 and CE- 2) showed a decrease 

in EPS production. One-way ANOVA for EPS production showed that there was no 

significant change in EPS production of cultures grown in the presence of DNP (p 

= 0.188) (Table 5. 2). 

E Control 

❑ DNP 
(A) 	 (B) 

6 12 
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Ti 2 	SS 10 	Ti 6 	SS 15 	CE-2 	CE 10 

Cultures 
Ti 2 	SS 10 	11 6 	SS 15 	CE-2 	CE 10 

Cultures 

Figure (5.1). Effect of DNP on growth (A) and EPS production (B) of six cultures. 

5.3.4 Effect of DNP on hydrophobicity 

Based on the values of percentage adhesion of cells to hexadecane, three out of 

six strains were found to be moderately hydrophobic (Ti 2, SS 10 and Ti 6), while 

the other three were strongly hydrophilic (SS 15, CE-2 and CE-10). Two cultures 

(Ti2 and SS10) showed a maximum decrease in hydrophobicity after DNP 
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treatment (Figure 5.2A). Results from the one-way analysis of variance (ANOVA) 

for moderately hydrophobic and strongly hydrophilic cultures showed a significant 

decrease in hydrophobicity after DNP treatment (Table 5.2). Linear regression 

analysis showed a significant positive correlation between the hydrophobicity of 

cultures and cell attachment to glass (p = 0.01) and to polystyrene (p =0.05) (Table 

5.4). 

Ti 2 	SS 10 	Ti 6 	SS 15 	CE-2 	CE 10 
	

112 	SS 10 	Ti 6 	SS 15 	CE-2 	CE10 

Cultures 
	

Cultures 

Figure (5.2). Effect of DNP on hydrophobicity (A) and cell surface charge (B) on six cultures. 

5a.3.5 Effect of DNP on cell surface charge 

The relative surface charge (r/e) of six marine isolates, grown in presence and 

absence of DNP, showed high anion r/e values than cation r/e values (Table 5.3) 

(Figure 5.2 B). Results from the one-way ANOVA, showed no significant change (p 

= 0.79) in the cell surface charge values of the cultures after DNP treatment (Table 

5.4). Linear regression analysis, showed no significant correlation between cell 
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Surface charge of cultures and bacterial cell adhesion to glass (p > 0.1) and 

polystyrene (p = 0) panels (Table 5.4). 

5a.3.6 Effect of DNP on bacterial cell attachment 

Two cultures (Ti 2 and SS 15), showed maximum decrease in attachment, after 

growth on DNP, to both the surfaces (Figure 5.3 A & B). 
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Figure (5.3). Effect of DNP on cell adhesion of six bacterial isolates onto glass (A) and polystyrene 
(B). 

After DNP treatment, all the six cultures, showed decreased adhesion to glass and 

polystyrene panels (except Ti 2 and SS 15). One-way ANOVA suggests significant 

decrease in the cell attachment of all the six cultures grown in presence of DNP, to 

glass (p > 0.01) as well as polystyrene panels (p > 0.02) (Table 5.2). 
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5.4 Discussion 

For the six bacterial cultures MIC varied between 3 x 10 -4  and 6 x 10 -4  M (Table 

5.1). However, the effect of DNP on bacterial cultures was evaluated using 25% of 

their respective MIC. At the 25% MIC, small inhibition (10 to 30%) in the growth of 

each culture was observed (Figure 5.1A). This corroborated with earlier 

observation suggesting 10 to 30% inhibition in the growth of an estuarine 

bacterium Vibrio sp at 1.2 x 10-4 M DNP (Paul, 1984). DNP at 25% of the MIC 

concentrations was used to evaluate its effect on EPS production, cell surface 

charge, and hydrophobicity of the six bacterial cultures. 

Production of EPS in the presence and absence of DNP is shown Figure 

(5.1B). From the results it was evident that DNP had a variable effect on EPS 

production by these cultures. For example, EPS production by three cultures (Ti 2, 

SS 15 and CE-2) decreased, while in the others it was not influenced. It was 

reported earlier that DNP inhibits EPS production in attached cells (biofilm) and not 

in planktonic cells (Cammarota & Sant Anna, 1998). Moreover, EPS production did 

not correlate with bacterial attachment to glass or polystyrene (Table 5.4). 

Therefore, it can be concluded that polymeric interactions were not involved in 

attachment of these cells to glass or polystyrene. 

The relative surface charge values (r/e) of the six cultures, grown with and 

without DNP, showed higher anion (r/e) values compared to cation (r/e) values, 

indicating an overall net negative surface charge on the cell surface of each 

bacterium (Table 5.3). However, the anion r/e values obtained for all six isolates 

were less, suggesting a low negative charge on the cell surface. There was no 
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significant difference (p = 0.794) in the cell surface charge values of the six 

cultures after DNP treatment (Table 5.2). 

Table (5.2). One way analysis of variance (ANOVA) (p values) for hydrophobicity, surface charge 

and EPS production, of six cultures and their attachment to glass and polystyrene. 

Moderately 
hydrophobic 

cultures 
p= 0.01* p= 0.89 p= 0.33 p= 0.05* p= 0.07 

Highly 
Hydrophilic 

cultures 
p= 0.05* p= 0.34 p= 0.32 p= 0.03* p= 0.22 

All six 
isolates 

p= 0.104 p= 0.794 p= 0.188 p= 0.02* p= 0.03* 

On the other hand, the cell surface charge did not show any significant correlation 

with the bacterial cell attachment to glass or polystyrene (Table 5.4). From these 

results it was evident that DNP did not influence the cell surface charge and 

electrostatic interaction did not play a major role in the attachment of these 

bacterial cells to either glass or polystyrene. 

There was a significant positive correlation between bacterial cell surface 

hydrophobicity and cell adhesion (Table 5.4). This suggests the importance of 

hydrophobic interactions in the attachment of the cells to glass and polystyrene. 

The hydrophobicity of both moderately hydrophobic (p = 0.01) and strongly 

hydrophilic (p = 0.05) cultures showed a significant decrease after DNP treatment 

(Table 5.2). 
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Table (5.3). Cell surface charge (ESIC r/e values) of six cultures in control and DNP treatment. 

Anion value Cation value Anion value Cation value 

Ti 2 0.4 ± 0.1 0.3 ± 00 0.44 ± 0.02 0.26 ± 0.02 

SS 10 0.07 ± 	0.03 0.04 ± 0.01 0.09 ± 0.01 0.06 ± 	0.01 

Ti 6 0.4 ± 0.1 0.2 ± 0.01 0.41 ± 0.12 0.24 ± 	0.03 

SS 15 0.03 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 

CE 2 0.2 ± 00 0.0 0.16 ± 0.08 0.07± 0.01 

CE10 0.20 ± 0.02 0.0 0.02 ± 0.0 0.0 

*The differences was considered as significant at p S. 0.05 

It is difficult to explain the observed decrease in bacterial hydrophobicity and 

adhesion to surfaces as little is known about the effect of antifouling compounds on 

bacterial cell surface hydrophobicity. Nevertheless, Teo et al. (1998) suggested 

that DNP treatment destabilises sludge granules due to a decrease in hydrophobic 

interactions. These authors proposed that a metabolic inhibitor like DNP can cause 

inhibition of proton translocation across the bacterial cell surface. This results in 

decreased dehydration of the cell surface leading to a decrease in hydrophobicity. 

This may be the reason for the observed decease in hydrophobicity and 

subsequent bacterial adhesion to surfaces in the present study. 
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Table 5.4. Coefficient of correlation (r values) between cell adhesion and the hydrophobicity, cell 

surface charge and EPS production of six bacterial cultures. 

Glass Polystyrene Glass Polystyrene 

Hydrophobicity r = 0.86* r = 0.81* r = 0.73* r = 0.73* 

Surface-

charge 

r = 0.66 r = 0.34 r = 0.63 r = 0.52 

EPS r = 0.75* r = 0.014 r = 0.44 r = 0.18 

* Represent significant "r" values. 

According to the physicochemical theory for bacterial adhesion (Bos et al., 1999; 

Busscher & Van der Mei, 2000), a decrease in cell surface hydrophobicity of 

bacteria should result in greater adhesion to hydrophilic surfaces including glass. In 

contrast to this, it was observed in the present study that DNP treatment reduced 

cell surface hydrophobicity of all the bacteria used. However, despite the decrease 

in cell surface hydrophobicity, a substantial increase in the adhesion of bacterial 

cells to glass was not observed. From this, it was apparent that there were factors 

other than hydrophobicity which were involved in adhesion to glass. These factors 

were perhaps affected by DNP treatment thereby reducing adhesion to glass. In 

summary, the results indicate that in additional to EPS production, DNP affects 

marine bacterial cell surface hydrophobicity, thereby reducing adhesion to glass 

and polystyrene. 
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Summary 

> In this thesis, studies on bacterial adhesion and biofilm development on 

abiotic surfaces (glass, polystyrene, stainless steel) were carried under 

laboratory conditions using different marine bacterial isolates. Based on 

these studies some novel mechanisms of bacterial adhesion and biofilm 

formation onto surfaces are reported. 

> As soon as surfaces are immersed in aquatic environments adsorption of 

dissolved organic matter on surfaces takes place. This is known as 

conditioning film. Microorganisms then colonise conditioned surfaces 

either by physicochemical and/or biochemical processes. Attached 

microorganisms grow and develop into biofilms with the help of 

exopolysaccharides (EPS). The biofilm formation is influenced by type of 

bacteria, substratum surface and environmental conditions. Biofilms 

possess some unique features including EPS production, three 

dimensional structures, quorum sensing, gene transfer, etc. The presence 

of biofilm may be beneficial for the environment. For example, biofilms on 

the surfaces immobilize the toxic compounds by biosorption, 

bioaccumulation and biomineralization. Therefore, they are used in 

treatment of industrial and municipal waste water. Nevertheless, the 

biofilms play an important role in biofouling of different surfaces. For 

example, ship hull, offshore structures, cooling tower pipes, teeth, medical 

implants etc. The unwanted biofilm formation on above surfaces causes 
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huge economic losses. Thereby, create an immense opportunity for the 

research on the mechanism of bacterial adhesion, biofilm formation and its 

control. 

D Conditioning film is the first step in the development of biofilm. 

Biochemical changes in the conditioning film were monitored and the 

effect of these changes on bacterial adhesion was assessed. 

Carbohydrate (CFCHO) was the most abundant component of the marine 

conditioning film formed on glass panels followed by protein (CFP) and 

uronic acid (CFURA). Seasonal variation in seawater composition 

influenced the conditioning film composition. Moreover, the peaks in 

CFCHO concentrations coincide with the peaks in dissolve carbohydrates 

(DCHO) of seawater, especially during January, April and July. This 

suggests that the change in concentration of dissolved organic matter 

(DOM) of the seawater greatly influenced the biochemical composition of 

the conditioning film. Concentrations of CFCHO and DCHO showed 

positive but not highly significant correlation. This probably suggests the 

involvement of other factors such as salinity, temperature and pH, in the 

adsorption of DOM of natural seawater onto glass panels. A significant 

increase in the adhesion of Pseudomonas sp CE-2 (p = 0.01), 

Pseudomonas sp CE-10 (p = 0.02) and Bacillus sp SS-10 (p = 0.05) to the 

conditioned glass panels was observed. Linear regression analysis 

indicates that adhesion of hydrophilic cultures (Pseudomonas sp CE-2 and 

Pseudomonas sp CE-10) increase with the increase in CFCHO 
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concentrations. Conversely, adhesion of hydrophobic culture (Bacillus sp 

SS 10) decreases with the increase in CFCHO concentration. This 

probably suggests the importance of polymeric interactions and/or 

chemical attraction or repulsion i.e. positive or negative chemotaxis in 

adhesion of these cultures to glass panels. Moreover, multiple regression 

analysis showed that CFCHO can explain 54% and 40% variance in 

adhesion of Pseudomonas sp CE-2 and Bacillus SS 10 to the conditioned 

glass panels, respectively. Furthermore, CFCHO and CFURA can explain 

93% variance in the adhesion of Pseudomonas sp CE-10 to the 

conditioned glass. From these data, it was evident that CFCHO was the 

main component influencing the adhesion of these three bacterial isolates 

to conditioned glass panels. 

➢ A number of bacterial isolates were screened for their ability to form 

consistent biofilms on 304- stainless steel coupons (SS). Of these the 

cultures DW 7, F 8, and CE-2 produced consistent biofilms on SS 

coupons. The biofilm forming ability differed significantly between the three 

cultures. For example, DW 7, F8 and CE-2 took 24 h, 48 h and 72 h to 

achieve highest biofilm biomass on SS coupons, respectively. Thereafter, 

biofilm biomass of all the cultures on SS decreased until 120 h. The 

decrease in biofilm biomass was probably due to nutrient starvation and/or 

production of biofilm polymer degrading enzymes (polysaccharide lyases) 

in the biofilms. Moreover, scanning electron microscopy revealed that DW 
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7 and F 8 biofilm structures were consisted of monolayer of cells. 

Whereas, CE-2 biofilm showed a typical 3 D structure on SS coupons. 

➢ In order to understand the role of (3, 1-4 linked polymers in biofilm 

formation and maintenance of biofilm structure, Pseudomonas sp CE-2 

was used as model organism. CE-2 produces EPS and forms biofilm on 

SS coupons. Both biofilm density and EPS concentration increased over 

the period of incubation and the highest values for both biofilm and EPS 

were recorded at 72 h following incubation. Calcofluor and Concanavalin 

A (Con A) lectin showed positive interaction with 72 h old CE-2 biofilms. 

This indicates the presence of (3, 1-4 linked polymers, and a-D-glucose 

and a-D-mannose in the CE-2 biofilm matrix. Moreover, when the CE-2 

cells were grown in the presence of calcofluor (200 pg m1 -1 ), biofilm 

formation was significantly reduced (— 85 %). Conversely, Con A, or 

Triticum vulgaris lectin (WGA), did not influence the CE-2 biofilms on SS 

coupons. This implies the role of calcofluor binding (3, 1-4 linked polymers 

in biofilm formation of CE-2 on SS. Furthermore, treatment with cellulase, 

an enzyme specific for the degradation of f3, 1- 4 linked polymers, 

removed substantial amounts of CE-2 biofilms from SS coupons. These 

results strongly suggest the involvement of (3, 1- 4 linked polymers in the 

formation and maintenance of Pseudomonas sp CE-2 biofilms on SS 

coupons. 
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> Pseudomonas sp CE-2 was grown on the SS-304 panels and in liquid 

medium. The cells and extracellular polymeric substances (EPS) were 

collected from SS panels and medium. EPS from biofilm and planktonic 

cells were biochemically analysed for carbohydrates, uronic acids, 

proteins and pyruvates. Biofilm—associated EPS was found to be rich in 

carbohydrates compared to the planktonic EPS. Moreover, glucose was 

dominant in Biofilm—associated EPS as compared to the planktonic EPS. 

This suggests that EPS produce during biofilm formation has different in 

composition then planktonic EPS. Monosaccharide composition of 

planktonic cells showed increased concentration of glucose as compared 

to the other sugars. Conversely, in biofilm cells glucose concentration was 

less and some other sugars were not detected. This suggests the 

catabolic repression in both biofilm and planktonic cells. Moreover, marked 

differences were also observed in D/L-amino acid composition of biofilm 

and planktonic cells. Especially, D-Ala, D-Asp, and L-Lys concentration 

were more in biofilm cells. However, with the present data set it was not 

possible to explain the observed increase. Our results indicate that CE-2 

biofilm cells differ biochemically with their planktonic counter cells. 

➢ Six bacterial cultures (3 moderately hydrophobic and 3 highly hydrophilic) 

were used to study the effect of 2,4-dinitrophenol (DNP) on cell surface 

properties (hydrophobicity and cell surface charge) and EPS production. 

Subsequently, the effect of changes in these parameters on bacterial 

adhesion to glass and polystyrene was evaluated. In presence of DNP, a 
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significant decrease in the hydrophobicity of moderately hydrophobic (P = 

0.01) and highly hydrophilic (P = 0.05) cultures was observed. However, 

no significant change was observed in the cell surface charge and EPS 

production by these cultures. In absence of DNP a positive linear 

correlation was obtained between hydrophobicity and cell attachment to 

glass (r = 0.865, p < 0.001), as well as polystyrene (r = 0.8190, p < 0.01). 

A similar correlation was obtained between hydrophobicity and cell 

adhesion to glass (r = 0.737, p < 0.02) and polystyrene (r = 0.733, p < 

0.02) when the cells were grown in presence of DNP. However, surface 

charge and EPS production, showed no correlation with cell adhesion to 

both the surfaces. This implies that the DNP reduced the cell surface 

hydrophobicity and subsequent, cell attachment to glass and polystyrene. 
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Appendix - I 

Morphological, physiological and biochemical characterization of the cultures 

used in the present thesis. 

Thin 
long rods 

Small rods Thin rods Rods Rods Long rods Short rods 
in chain 

Thin long 
rods 

Thin long 
rods 

Short 
rods 

Short rods 

+ + + + + 
+ — — + + — + 
+ — + - + 
+ + + + + + 
+ + + + + + 
+ + + + — 
+ + — + + + + 
F 0 NC F 0 F 0 0 F 0 NC 

— — — - + — 	. — - - — 
+ — A + + + + + + + + + 

+ — A + + + + + + + + + 

+ — A + - + S + +S + 

Biochernica 
tests 
Grams 
reaction 
Morphologic 
al character 
Motility 
Gelatin 
Starch 
Catalase 
Oxidase 
Nitrate 
Citrate 
Hugh- 
lesifson 
Indole 
Glucose 
Sucrose 
Inositol 
Galactose 	— A 	 — A 	 + 	 + 	 + 	 + 	 - 	 + 	 + 

Lactose 	 — A 	 — A 	 + 	 - 	 + S 	 — A 	 + s 
Mannitol 	 + 	+ 
Tentative 	Pseudomonas 	Pseudomonas 	Bacillus sp 	Alicaligene Aeromonas 	Bacillus Bacillus 	Bacillus Bacillus 	 Bacillus 	Pseudomonas  

Genus 	 sp 	 sp 	 sp 	 sp 	 sp 	 sp 	 sp 	 sp 	 sp 	 sp 

NC = No change; F = Fermentative; 0 = Oxidative; — A  = Alkaline; + s  = Slightly alkaline 
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Effects of DNP on the cell surface properties of marine bacteria 
and its implication for adhesion to surfaces 
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Abstract 
The effect of 2, 4-dinitrophenol (DNP) on the extracelluar polysaccharides (EPS), cell surface charge, and the 
hydrophobicity of six marine bacterial cultures was studied, and its influence on attachment of these bacteria to glass and 
polystyrene was evaluated. DNP treatment did not influence cell surface charge and EPS production, but had a significant 
effect on hydrophobicity of both hydrophilic (p = 0.05) and hydrophobic (p = 0.01) cultures. Significant reduction in the 
attachment of all the six cultures to glass (p = 0.02) and polystyrene (p = 0.03) was observed after DNP treatment. Moreover, 
hydrophobicity but not the cell surface charge or EPS production influenced bacterial cell attachment to glass and 
polystyrene. From this study, it was evident that DNP treatment influenced bacterial cell surface hydrophobicity, which in 
turn, reduced bacterial adhesion to surfaces. 

Keywords: Biofilm, 2, 4-dinitrophenol, hydrophobicity, surface charge, EPS, cell attachment, glass and polystyrene coupons 

Introduction 

Bacterial adhesion to submersed surfaces in marine 
water is considered the primary step in surface 
colonisation by microorganisms in the biofouling 
process (Callow, 1986). Biofouling of surfaces cause 
serious economic problems such as increase in fuel 
consumption by ships, impairment of heat transfer 
and induction and/or inhibition of metal corrosion 
(Walker, 1998). Thus, initial bacterial adhesion to 
surfaces is key to understanding the fouling process 
and the development of suitable techniques to 
control the problem of biofouling. 

To prevent bacterial adhesion, marine structures 
are often treated with toxic chemicals known as 
antifoulants. The use of antifoulants over the last 
few decades has been considered the most effective 
method to prevent bacterial attachment to submerged 
surfaces (Townsin, 2003). The various antifoulants 
inhibit bacterial attachment by different mechanisms 
of action. The most important of these are inactivation 
of essential enzymes (Chapman, 2003; Cross et al. 
2003), the oxidation of organic constituents in cells 
(Hassett et al. 1999; Chapman, 2003), the destabilisa-
tion of cell membranes and cell lysis (Chapman, 2003; 
Walsh et al. 2003), and uncoupling the membrane  

potential (Zhao et al. 1998). Interestingly, it appears 
that most of the antifoulants reduce cellular metabo-
lism and growth thereby reducing the number of 
viable bacterial cells available for adhesion to surfaces 
(Hague et al. 2005). However, there is a lack of 
information on the effect of antifoulants on other 
factors such as cell hydrophobicity, cell surface 
charge, and EPS production that are involved in 
bacterial adhesion to surfaces (Chae et al. 2006). 
Thus, understanding the effect of antifoulants on cell 
surface properties and EPS production may provide a 
better insight into the mechanism of inhibition of 
bacterial adhesion to surfaces that will help in the 
design of appropriate antifouling strategies. 

The 2,4-dinitrophenol (DNP), an un-coupler of 
oxidative phosphorylation, is known to inhibit 
bacterial adhesion to surfaces (Fletcher, 1980; Paul, 
1984). A previous study by Eighmy et al. (1992) 
reported that a low release rate (0.5 —4.0 pg 
cm —2d — I ) of DNP from a simple copolymer film 
inhibited bacterial activity, whereas, a high release 
rate (15 — 70 lig cm -2d — I ) inhibited both activity 
and attachment. More recently, it was reported that 
DNP inhibited biofilm accumulation by blocking 
EPS synthesis (Cammarota, 1998). However, it is 
well documented that initial bacterial attachment to 

Correspondence: Anand Jain, Marine Corrosion & Material Research Division, National Institute of Oceanography, Dona Paula, Goa, India. 
Fax: + 91(832) 2450 602. E-mail: ajain@nio.org  
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surfaces is influenced by several other factors such as 
cell surface hydrophobicity and cell surface charge 
(Fletcher & Pringle, 1985; Handley et al. 1987; 
Van Loosdrecht et al. 1987; Sorongon et al. 1991). 
Therefore, the aim of this research was to assess the 
effect of the DNP on bacterial cell surface hydro-
phobicity, cell surface charge, and EPS production, 
and its affect on bacterial attachment to glass and 
polystyrene coupons. 

Materials and methods 

Coupon preparation 

Coupons (3.5 x 1.5 cm 2) were cut (Engineering 
workshop, NIO, Goa, India) from autoclavable 
polystyrene Petri plates (Hi media, India) and glass 
slides (Coming, USA). Coupons were prepared 
according to the modified method of Sonak and 
Bhosle (1995a). Briefly, coupons were treated with 
liquid detergent (Labolene; Qualigens Fine Chemi-
cals, India), washed thoroughly with distilled water 
and air dried. The coupons were then covered 
with aluminum foil and sterilised at 121°C for 
15 min. 

Growth media, bacterial strains and inoculum 
preparation 

Throughout the course of this study a modified 
basal salt solution (BSS) medium was used. The 
medium contained (g 1 -1 ): 25.0 NaCl, 0.75 KC1, 
7.0 MgSO4, 0.9 NH4C1, 0.2 CaC12, 7.0 K2HPO4, 
3.0 KH2PO4, 1.0 glucose and 1.0 ml 1 -1  trace 
metal solution (Bhosle, 1981). All media were 
sterilised as above. 

The six bacterial cultures used in the present study 
were from the culture collection of the Marine 
Corrosion and Materials Research Division, NIO, 
Goa (India). The cultures were isolated from the 
biofilm developed on coupons (steel, titanium and 
copper) immersed in the surface coastal waters of 
Dona Paula Bay, west coast of India. Biochemical 
and physiological characteristics were used to identi-
fy the cultures up to generic level (Table I). The 
cultures were maintained on Zobell marine agar 
(ZMA) slants at 4°C. For inoculum preparation, a 
loop of culture from a slant was sub-cultured using 
BSS medium for 3 d at room temperature 
(28 ± 2°C). This step was repeated once more and 
the culture was used as a source of inoculum for the 
experiments described below. 

Minimum inhibitory concentration (MIC) of DNP 

The MIC of DNP was determined separately for 
each of the six cultures. A series of test tubes 
containing 5 ml of BSS medium and various con-
centrations (4 x 10 -3  M to 6 x 10 -4  M) of DNP 
were inoculated with the individual culture prepared 
as above. The tubes were incubated for 72 h in the 
dark at room temperature. After the incubation 
period the absorbance of each culture was measured 
at 540 nm using a UV-VIS spectrophotometer 
(Shimadzu Model 1601). 

DNP treatment and preparation of bacterial suspension 

The effect of DNP on growth, EPS production, 
bacterial cell surface properties, and attachment of 
each culture was evaluated. For this, cultures were 
grown separately in 500 ml conical flasks having 

Table L Biochemical and physiological characteristics of the six marine bacterial isolates used in the present study. 

Culture CE-2 CE-I0 Ti 2 Ti 6 SSIO SS15 

Gram stain — — — 
Morphology Thin long rods Small rods Short rods in chains Long rods Thin rods Short rods 

Motility + + 
Gelatin + — — + 
Starch + — 

Catalase + + 

Oxidase + + 
Nitrate + + — + + 
Citrate + + + + — + 
Hugh-lesifson F 0 0 F NC NC 

Indole — — 
Glucose + — A + + 
Sucrose + — A 
Inositol + — A +s 
Galactose — A - A 
Lactose — A -A A +s +s 
Tentative genus Pseudomonas Pseudomonas Bacillus Bacillus Bacillus Pseudomonas 

NC = no change; F = fermentative; 0 = oxidative; —A = alkaline; + s  = slightly alkaline. 
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150 ml BSS medium containing 25% of the respec-
tive MIC of DNP. Cultures grown on the same 
medium without the addition of the DNP were used 
as controls. All the flasks were incubated for 72 h in 
the dark at room temperature. At the end of the 
incubation period, two sub-samples of 500 pl each 
were removed, to estimate viable cell count and EPS 
production as described below. The remaining 
culture broth was centrifuged at 5000 rpm for 
20 min. The cell pellet obtained after centrifugation 
was washed three times with phosphate buffer saline 
(10 mM PBS), and re-suspended in the same buffer 
to obtain OD 540 = 0.2, using UV-visible spectro-
photometer. This cell suspension was used to 
evaluate the effect of DNP on cell surface properties 
and attachment to glass and polystyrene, as de-
scribed below. 

Viable cell counts 

In order to enumerate viable counts, an aliquot of 
500 pl from culture described above was serially 
diluted using sterile seawater. The appropriate 
dilutions were spread on ZMA containing Petri 
plates. The plates were incubated at room tempera-
ture (28 ± 2°C) for 24 h, and colonies were counted 
manually. 

Estimation of extracelluar polysaccharides (EPS) 

The amount of EPS produced by the cultures was 
estimated by the modified phenol-sulphuric acid 
method, using glucose as a calibration standard 
(Dubois, 1956). In brief, 500 tzl of culture broth 
were centrifuged and the supernatant filtered 
through a 0.22 pm (Millipore filter). The filtered 
sample was then dialysed against distilled water for 
48 h, using 13,000 MW dialysis bags. After dialysis 
the sample was made up to a known volume. A 
known aliquot (500 pl) of the sample was removed in 
a test tube and 1 ml phenol (2.5%) followed by 
2.5 ml concentrated sulphuric acid were added. The 
absorbance of the sample was read at 490 nm using a 
spectrophotometer. 

Estimation of cell surface charge 

The cell surface charge of bacteria was determined 
using the method of Pedersen (1980). Briefly, 
Pasteur pipettes 15 cm length and 5 mm inner 
diameter were plugged with glass wool and washed 
with PBS. Anion exchange resin Dowex 1 x 8 or 
cation exchange resin Dowex 50 W x 8, (100 — 
200 pm), was suspended in PBS (1 g m1 -1). Each 
ion exchange resin in PBS was packed separately in 
Pasteur pipettes. Prior to use the column was washed 
with 5 ml PBS. One ml of the bacterial suspension 

was added to the column and the cells were eluted 
with 5 ml PBS. The affinity of bacteria for ion 
exchange column was calculated as: 

Relative surface charge (r/e) = (1 — X/Xo) (1) 

where X was the OD (540 nm) of the eluant, and X 0 
 was the OD (540 nm) of the cell suspension before it 

was loaded onto the column 

Measurement of hydrophobicity 

The hydrophobicity of the bacterial cell suspension 
prepared as above was evaluated using BATHS assay 
following the procedure described by Rosenberg 
et al. (1980). In brief, 100 pi of n-hexadecane 
(Sigma, USA) were added to 3 ml of bacterial cell 
suspension (0D540 = 0.2) prepared as above. The 
suspension was vortexed for 1 min to ensure mixing 
and then left to stand for 15 min to allow separation 
of the two phases. The absorbance of the aqueous 
phase was taken at 400 nm using a spectrophot-
ometer and 1 ml polystyrene cuvettes (Brand, USA), 
and the percentage of the cells bound to n 
hexadecance was calculated using: 

Bacterial cell adherence to hexadecane(%) 

= (1 — A/A0 ) x 100 	 (2) 

where A0  was the OD (400 nm) of the aqueous cell 
suspension before adding hexadecane and A was the 
OD (400 nm) after adding hexadecane. 

Bacterial attachment assay 

The cell attachment assay was performed by immer-
sing glass and polystyrene coupons in a beaker 
(50 ml) containing 40 ml bacterial suspension 
(0D540 = 0.2) prepared as above. Coupons were 
removed after 2 h immersion and rinsed three times 
with PBS to remove the loosely attached bacterial 
cells. The enumeration of attached cells was done by 
a modified method of Sonak and Bhosle (1995b). In 
brief, coupons were stained with 0.1 % crystal violet 
for 15 min and rinsed with distilled water. Attached 
bacteria were counted under a x 100 oil immersion 
objective in 10 randomly chosen fields, using an 
Olympus upright light microscope. 

Statistical analysis 

Each experiment was performed in replicate using 
duplicate samples. One-way analysis of variance 
(ANOVA) was used to evaluate differences between 
cultures, and the effect of DNP. A simple linear 
regression analysis was carried out to assess the 
relationships between cell surface hydrophobicity, 
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cell surface charge, EPS, and cell adhesion to glass 
and polystyrene. All calculations were performed 
using XLSTAT2006 (version 2006.3). 

Results 

MIC of DNP 

In the present study, the MIC was defined as the 
minimum concentration of DNP at which bacterial 
growth was inhibited. For the six bacterial cultures 
MIC varied from 3 x 10 -4  to 6 x 10 -4  M (Table II). 

Effects of DNP bacterial growth 

It was found that, at 25% of the MIC of DNP the 
growth of all six cultures was inhibited. However, the 
percentage decrease in growth varied from 10-30% 
(Figure la). 

EPS production 

EPS production by the six marine isolates in 
the presence and absence of DNP varied from 
0.5-3.8 pg log CFU -1  and from 0.46— 3.3 itg log 
CFU -1 , respectively (Figure lb). Three of the six 
cultures (Ti 2, SS 15 and CE- 2) showed a decrease 
in EPS production. One-way ANOVA for EPS 
production showed that there was no significant 
change in EPS production of cultures grown in the 
presence of DNP (p = 0.188) (Table III). 

Hydrophobicity 

Based on the values of percentage adhesion of cells to 
hexadecane, three out of six strains were found to be 
moderately hydrophobic (Ti 2, SS 10 and Ti 6), 
while the other three were strongly hydrophilic (SS 
15, CE-2 and CE-10). Two cultures (Ti2 and SS10) 
showed a maximum decrease in hydrophobicity after 
DNP treatment (Figure lc). Results from the one-
way analysis of variance (ANOVA) for moderately 
hydrophobic and strongly hydrophilic cultures 
showed a significant decrease in hydrophobicity after 
DNP treatment (Table III). Logarithmic regression 

Table II. MIC of DNP and the actual concentration (25% MIC) 
used to assess effects on marine bacterial isolates. 

Culture MIC DNP (M) 25% MIC (M) 

Ti 2 4.0x 10 -4  1.0x 10 -4  
SS 10 6.0x 10 -4  1.5 x 10 -4  
Ti 6 4.0 x 10 -4  1.0 x 10 -4  
SS 15 6.0 x 10 -4  1.5 x 10 -4  
CE 2 6.0 x 10 -4  1.5 x 10 -4  
CE 10 3.0 x 10 -4  0.7 x10 -4  

analysis showed a significant positive linear correla-
tion between the hydrophobicity of cultures and cell 
attachment to glass (p > 0.01) and to polystyrene 
(p > 0.05) (Table IV). 

Cell surface charge 

The relative surface charge value (r/e) of the six 
marine isolates grown in the presence and absence 
of DNP showed higher anion r/e values than cation 
r/e values (Table V). Results from the one-way 
ANOVA, showed no significant change (p = 0.79) in 
the cell surface charge values of cultures after DNP 
treatment (Table III). Logarithmic regression analy-
sis, showed no significant correlation between the 
cell surface charge of cultures and bacterial cell 
attachment to glass (p > 0.1) and polystyrene (p = 0) 
(Table IV). 

Bacterial cell attachment 

Two cultures (Ti2 and SS 15) showed a maximum 
decrease in attachment, after growth on DNP, to 
both the surfaces (Figure 1 d, le). Also, all six 
cultures after DNP treatment showed almost the 
same decrease in attachment to glass and polystyrene 
(except Ti 2 and SS 15). Results from one-way 
ANOVA for cell attachment showed that there was a 
significant decrease in cell attachment of all cultures 
grown in the presence of DNP to glass (p > 0.01) an 
to polystyrene (p > 0.02) (Table III). 

Discussion 

For the six bacterial cultures the MIC varied between 
3 x 10 -4  and 6 x 10 -4  M (Table II). However, the 
effect of DNP on the cultures was evaluated using 
25% of their respective MIC as done by earlier 
workers (Paul, 1984). At the 25% MIC, a slight 
inhibition (10-30%) in the growth of each culture 
was observed (Figure la). This corroborated earlier 
observation suggesting 10— 30% inhibition in the 
growth of an estuarine bacterium (Vibrio sp.) at 
1.2 x 10 -4  M DNP (Paul, 1984). DNP at 25% of 
the MIC concentration was used to evaluate its effect 
on EPS production, cell surface charge and the 
hydrophobicity of the bacterial cultures. 

Production of EPS in the presence and absence of 
DNP is shown Figure lb. From the results it was 
evident that DNP had a variable effect on EPS 
production by these cultures. For example, EPS 
production by three cultures (Ti 2, SS 15 and CE-2) 
decreased while in the others it was not influenced. 
It was reported earlier that DNP inhibits EPS 
production in attached cells (biofilm) and not in 
planktonic cells (Cammarota, 1998). Moreover, 
EPS production did not correlate with bacterial 
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Figure 1. Effect of DNP on growth (a), EPS production (b), cell surface hydrophobicity (c), cell surface charge (d), attachment of six 
bacterial cultures to glass (e) and polystyrene (f). 

Table HI. One-way analysis of variance (ANOVA) (p values) for hydrophobicity, surface charge and EPS production, of six bacterial cultures 
and their attachment to glass and polystyrene. 

Culture Hydrophobicity Surface charge EPS production 

Attachment 

Glass Polystyrene 

Moderately hydrophobic cultures p= 0.01* p= 0.89 p= 0.33 p = 0.05* p= 0.07 
Highly hydrophilic cultures p= 0.05* p = 0.34 p=0.32 p = 0.03* p= 0.22 
All six isolates p= 0.104 p = 0.794 p = 0.188 p=0.02* p = 0.03* 

*The difference was considered as significant at p< 0.05. 
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Table IV. Coefficients of correlation (r values) between cell 
adhesion and the hydrophobicity, cell surface charge and EPS 
production of six bacterial cultures. 

Cell attachment 

Parameter 

Control DNP treatment 

Glass Polystyrene Glass Polystyrene 

Hydrophobicity r= 0.86 r = 0.81 r=0.73 r=0.73 

Surface charge r=0.66 r = 0.34 r= 0.63 r= 0.52 

EPS production r = 0.75 r = 0.014 r=0.44 r=0.18 

Table V. Cell surface charge (ESIC r/e values) of six cultures in 
control and DNP treatment. 

ESIC (r/e values) 

Cultures 

Control DNP treatment 

Anion 
value 

Cation 
value 

Anion 
value 

Cation 
value 

Ti 2 0.4 + 0.1 0.3 + 00 0.44 + 0.02 0.26 + 0.02 
SS 10 0.07 + 0.03 0.04 + 0.01 0.09 + 0.01 0.06 + 0.01 

Ti 6 0.4 + 0.1 0.2 + 0.01 0.41 + 0.12 0.24 + 0.03 
SS 15 0.03 + 0.01 0.05 + 0.01 0.04 + 0.01 0.05 + 0.01 
CE 2 0.2 + 00 0.0 0.16 + 0.08 0.07 + 0.01 
CE10 0.20 ± 0.02 0.0 0.02 + 0.0 0.0 

attachment to glass or polystyrene. Therefore, it can 
be concluded that polymeric interactions were not 
involved in attachment of these cells to glass or 
polystyrene. 

The relative surface charge values (r/e) of the six 
cultures, grown with and without DNP, showed 
higher anion (r/e) values compared to cation (r/e) 
values, indicating an overall net negative surface 
charge on the cell surface of each bacterium 
(Table V). However, the anion r/e values obtained 
for all six isolates were less, suggesting a low negative 
charge on the cell surface. There was no significant 
difference (p = 0.79) in the cell surface charge values 
of the six cultures after DNP treatment (Table III). 
On the other hand, the cell surface charge did not 
show any significant correlation with the bacterial 
cell attachment to glass or polystyrene (Table IV). 
From these results it was evident that DNP did not 
influence the cell surface charge and electrostatic 
interaction did not play a major role in the 
attachment of these bacterial cells to either glass or 
polystyrene. 

There was a significant positive correlation be-
tween bacterial cell surface hydrophobicity and cell 
adhesion (Table IV). This suggests the importance of 
hydrophobic interactions in the attachment of the 
cells to glass and polystyrene. The hydrophobicity of  

both moderately hydrophobic (p = 0.01) and strongly 
hydrophilic (p = 0.05) cultures showed a significant 
decrease after DNP treatment (Table III). It is 
difficult to explain the observed decrease in bacterial 
hydrophobicity and adhesion to surfaces as little is 
known about the effect of antifouling compounds on 
bacterial cell surface hydrophobicity. Nevertheless, 
Teo et al. (1998) suggested that DNP treatment 
destabilises sludge granules due to a decrease in 
hydrophobic interactions. These authors proposed 
that a metabolic inhibitor like DNP can cause 
inhibition of proton translocation across the bacterial 
cell surface. This results in decreased dehydration of 
the cell surface leading to a decrease in hydropho-
bicity. This may be the reason for the observed 
decease in hydrophobicity and subsequent bacterial 
adhesion to surfaces in the present study. 

According to the physicochemical theory for bacter-
ial adhesion (Bos et al. 1999; Busscher & Van der Mei, 
2000), a decrease in cell surface hydrophobicity of 
bacteria should result in greater adhesion to hydro-
philic surfaces including glass. In contrast to this, it was 
observed in the present study that DNP treatment 
reduced cell surface hydrophobicity of all the bacteria 
used. However, despite the decrease in cell surface 
hydrophobicity, a substantial increase in the adhesion 
of bacterial cells to glass was not observed. From this, it 
was apparent that there were factors other than 
hydrophobicity which were involved in adhesion to 
glass. These factors were perhaps affected by DNP 
treatment thereby reducing adhesion to glass. 

In summary, the results indicate that in additional 
to EPS production DNP affects marine bacterial cell 
surface hydrophobicity, thereby reducing adhesion to 
glass and polystyrene. 
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Pseudomonas sp CE-2 cells attach and form biofilms on 304-stainless steel (SS) coupons. A series of experiments 
were carried out in order to understand the role of exopolysaccharides (EPS) in the formation and maintenance of 
CE-2 biofilms on SS coupons. The biofilm density and EPS concentration increased over the period of incubation 
and the highest values for both were recorded after 72 h. Calcofluor and the lectin concanavalin A (Con A) showed a 
positive interaction with 72-h old biofilms, indicating the presence of /3 1-4 linked polymers, and a-D-glucose and a-a-
mannose in the biofilm matrix of CE-2. When the CE-2 cells were grown in the presence of calcofluor (200 itg m1 -1), 
biofilm formation was significantly reduced (-85%). Conversely, the lectins Con A or WGA did not influence the 
CE-2 biofilms on the SS coupons. Furthermore, treatment with cellulase, an enzyme specific for the degradation of /3 
1-4 linked polymers, removed substantial amounts of CE-2 biofilm from SS coupons. These results strongly suggest 
the involvement of # 1-4 linked polymers in the formation and maintenance of Pseudomonas sp. CE-2 biofilms on SS 
coupons. 

Keywords: Pseudomonas sp.; biofilms; calcofluor; /3  1-4 linked polymer; cellulase 

Introduction 
Microorganisms readily attach to surfaces immersed in 
aquatic environments, and form biofilms enmeshed in 
an extracellular polymeric matrix (Costerton et al. 
1999). Although the appearance and functions of 
biofilms in various environments may be different, 
the steps leading to their formation are the same 
(Escher and Characklis 1990). The first step is the 
development of the conditioning film (Loeb and 
Neihof 1975; Bhosle et al. 2005). Microorganisms 
then colonise the conditioned surfaces. Attached 
microorganisms grow and develop into biofilms with 
the help of exopolysaccharides (EPS) and/or other 
cellular appendages (Busscher et al. 1995). 

Bacteria produce different types of EPS that vary in 
size, configuration and linkages (Allison 1998, 2003). 
Several functions have been ascribed to EPS, however, 
protection and maintenance of biofilm structure appear 
to be the most important. For example, colonic acid 
(/3 1-3 linkage), alginate (/3 1-4 linkage), and poly-
saccharide intercellular adhesin (PIA) (/3 1-6 linkage) 
produced by Escherichia coli, Pseudomonas areuginosa, 
and Staphylococcus aureus and Staphylococcus epider-
midis, respectively are known to play important roles in 
the formation and maintenance of the biofilm (Danese 
et al. 2000; Kaplan 2004; Chang et al. 2007). Similarly, 
production of calcofluor binding (3 1-4 linked)  

polymers or cellulose type polymers by Acetobacter 
xylinus, Agrobacterium tumefaciens, Rhizobium sp., 
Hyphomonas sp., E. coli, Salmonella typhimurium and 
Salmonella enteritidis, and the role of these polymers in 
biofilm formation have been reported (Ross and Witter 
1983; Quintero and lveiner 1995; Zogaj et al. 2001; 
Solano et al. 2002). From these studies, it appears that 
the linkages between the subunits of the polymers give 
functional specificity to biofilm EPS. Nevertheless, 
understanding of the role of such polymers in biofilm 
formation and maintenance is far from complete. It is 
possible that bacteria may produce polymers with 
different linkages for adhesion and biofilm formation. 
To better understand the process of biofilm formation, 
it is essential to characterises the polymer linkages 
involved in biofilm formation on surfaces. Therefore, 
the main objectives of the present study were (i) to 
study biofilm formation by cultures of Pseudomonas sp. 
CE-2 cells, (ii) to evaluate EPS production by the CE -2 
biofilms, and (iii) to identify the involvement of 
linkages in biofilm formation. 

Materials and methods 

Chemicals and reagents 

Calcofluor, 4,6-diamidino-2-phenylindole (DAPI) and 
the FITC labelled lectins concanavalin A (Con A) from 
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the jackbean Canavalia ensiformis and wheat germ 
agglutinin (WGA) from Triticum vulgaris were pur-
chased from Sigma—Aldrich, USA. Zobell marine agar 
(ZMA), Zobell marine broth (ZMB), peptone, yeast 
extract and other chemicals were purchased from Hi-
media, India. 

Coupon preparation 

Coupons of 304-stainless steel (SS) (1.2 mm diameter, 
BioSurface Technologies, Bozeman, MT) were pre-
pared following the method described in Jain et al. 
(2007). Briefly, coupons were immersed in liquid 
detergent (1% Labolene; Qualigens Fine Chemicals, 
India) overnight and scrubbed with distilled water 
using a nylon brush. Then they were again rinsed 
with distilled water and dried in an oven. The 
coupons were then covered with aluminium foil and 
sterilised in an autoclave at 121°C and 15 lb for 
20 min. 

Growth media, bacteria and inoculum preparation 

Throughout the course of this study a modified basal 
salt solution (BSS) medium was used. The medium 
contained (g 1 -1 ): 5.0 peptone, 1.0 yeast extract, 25.0 
NaC1, 0.75 KC1, 7.0 MgSO4, 0.9 NH4C1, 0.2 CaC12, 
7.0 K2HPO4, 3.0 KH2PO4, 1.0 glucose and 1.0 ml 1 -1 

 trace metal solution (Bhosle 1981). All media were 
sterilised as described above. The bacterial culture used 
in the present study was obtained from the culture 
collection of the Marine Corrosion and Materials 
Research Division, NIO, Goa (India). The culture was 
isolated from the biofilm developed on copper panels 
immersed in the surface coastal waters of Dona Paula 
Bay, west coast of India. For routine use the culture 
was maintained over ZMA slant and preserved at 
—4°C in a refrigerator. Inoculum was prepared by 
transferring a loop of culture from slant to flask 
containing 10 ml of BSS medium. The flask was 
incubated at room temperature (28 ± 2°C) for 24 h. 
This step was repeated once more, and the culture was 
used as a source of inoculum for the experiments 
described below. 

Biofilm formation 

Biofilm was formed on the SS coupons using 24-well 
polystyrene microplates (Corning, USA). In brief, 
25 ml of BSS medium was inoculated with 250 id 
of the pregrown culture (0D 540  nm = 1.6 ± 0.2; cell 
density = 4.5 x 10 8  cells m1 -1). One millilitre of this 
suspension was dispensed into each well of the 
microplate. Subsequently, one coupon was placed flat 
into each well using sterile forceps under laminar flow 

(Micro filter, India), and incubated at room tempera-
ture (28°C ± 2°C) over a period of 120 h. 

Quantification of biofilm formation 

Biofilm formed on the SS coupons was quantified by 
estimating total bacterial counts. Briefly, coupons were 
removed in triplicate at fixed intervals over a period of 
120 h and then rinsed thrice with phosphate buffer 
saline (10 mM PBS). The coupon was placed in a clean 
Petri plate with 5 ml TE buffer (10 mM Tris-HC1, pH 
8, 10 mM EDTA and 1.5 M NaC1). The coupon was 
held with sterile forceps and firmly scraped with nylon 
brush for about 1 min (Sonak and Bhosle 1995; 
D'Souza and Bhosle 2003; D'Souza et al. 2005). The 
entire content was transferred to a clean test tube, and 
150 id formaldehyde (40%) was added as fixative. Two 
millilitre aliquots of this sample were sonicated for 30 s 
and vortexed for 1 mM, in order to get individual cells. 
Two hundred microliters of 0.1% acridine orange 
(Sigma—Aldrich, USA) were added and the sample was 
incubated for 10 min in the dark. The sample was then 
filtered onto 0.22 gm black polycarbonate filter paper 
(Millipore, USA). After filtration, the paper was 
placed over immersion oil on a glass slide. The number 
of bacteria was counted in 10 randomly chosen fields 
under a 100 x oil immersion objective with an 
epifluorescence microscope (Nikon 80 i, Japan) using 
an FITC filter (excitation 465/465nm, emission 515/ 
555 nm). 

Estimation of the EPS of CE-2 biofilms 

The biofilm on SS coupons was scraped into TE 
buffer using a nylon brush and made up to 2 ml 
(Sharma et al.1990; Jadadish and Anil 2005). The 
scraped biofilm material was vortexed and allowed to 
stand for 20 mM. Cell-free supernatant was obtained 
by centrifuging the above sample for 15 min at 
10,000g at 4°C. A known aliquot (500 pl) of the cell 
free supernatant was transferred to a clean test tube 
and 1 ml phenol (2.5%) followed by 2.5 ml concen-
trated H 2SO4  was added and the absorbance was 
read at 490 nm using a UV—vis spectrophotometer 
(Shimadzu-1601) to estimate total carbohydrates 
(Dubois et al. 1956). In addition, the biofilm on SS 
coupon was used to estimate total carbohydrates 
directly by first rinsing with PBS buffer, then 
transferring the coupons individually into test tubes. 
To these test tubes, 1 ml phenol (2.5%) and 2.5 ml of 
concentrated H 2SO4  were added and allowed to reach 
room temperature. Subsequently, absorbance was 
read at 490 nm. These two approaches helped in 
assessing the efficiency of nylon brushing in removing 
EPS from the coupons. 
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Calcofluor staining of the CE-2 biofilms 

Biofilm on the SS coupons over the time periods 
described above were stained with 100 gl of calcofluor 
(250 pg m1 -1). The dye was added directly onto the 
biofilm on the SS coupons, and the coupons were then 
incubated in the dark at room temperature for 30 min 
before rinsing thrice with PBS and air-drying. The dye 
taken up by the biofilm sample was visualised by 
epifluorescence microscopy under a 100 x oil immer-
sion objective using a DAPI filter set (excitation 340/ 
380nm, emission 435/485 nm). The images were 
captured using a CCD camera (Evolution VF) and 
stored as digital files. 

Effect of calcofluor on growth of CE-2 cells 

Growth of CE-2 cells was monitored in the presence 
and absence of calcofluor to determine whether it was 
toxic to CE-2 cells. Calcofluor solution (2 mg ml -1) 
was prepared in PBS and the solution was sterilised by 
passing through 0.22 pm filter (Millipore, USA). From 
this, 5 ml was added to the flask containing 50 ml BSS 
medium to get a final concentration of 200 pig ml -1 . 
Similarly, 5 ml sterile PBS were added to other flask 
containing 50 ml BSS medium and used as a control. 
Both the flask were inoculated with 500 pl of pregrown 
CE-2 culture (0D540 nm  = 1.6 ± 0.2), and incubated 
at room temperature (28°C ± 2°C). Samples were 
removed in triplicate at regular intervals over a period 
of 48 h. A known amount of sample (500 pl) from 
both the flasks was serially diluted in 4.5 ml sterile 
PBS, and 50 pi from the last three highest dilutions 
were spread plated on the ZMA plates. The plates 
were incubated at room temperature for 24 h and 
colonies were counted manually and expressed as log 
CFU m1 -1 . 

Effect of lectins and calcofluor on biofilm formation 

Stock solutions (2 mg m1 -1) of calcofluor and the 
lectins Con A and WGA were prepared in PBS. Before 
use, these were sterilised by filtering through 0.22 gm 
filter (Millipore, USA). A known amount (100 pl) of 
each was added individually to the well containing a SS 
coupon and 1 ml of the culture prepared as above. The 
microplates were incubated for 72 h at room tempera-
ture. The biofilm biomass (measured as total cell 
number mm -2) on the SS surfaces was evaluated by 
first removing biofilm by brushing as described above. 
The percentage biofilm inhibition was calculated by 
dividing the number of cells on the SS coupons after 
chemical treatment by the total number of cells on the 
control coupons. The value obtained from above was 
subtracted from 1 and multiplied by 100. 

Biofouling 	285 

Lectin binding 

Biofilms of CE-2 were stained with 4,6—diamidino-2- 
phenylindole (DAPI) specific for nucleic acid to 
demonstrate the location of glycoconjugates relative 
to cells and microcolonies in the biofilms. The FITC 
labelled lectins Con A and WGA were used to stain 
glycoconjugates in the CE-2 biofilm formed on the SS 
coupons. Con A is specific for a-D-mannose or a-D-
glucose whereas WGA is specific for N-acetyl-D-
glucosamine (Goldstein and Hayes 1978). Stock 
solutions of the above lectins (1 mg m1 -1) were 
prepared in 10 mM PBS (pH 7.5) and stored frozen. 
Before use, the lectins were thawed and diluted using 
PBS to achieve a concentration of 10 pg m1 -1 

 (Strathmann et al. 2002). Biofilms on the coupons 
were stained following the procedure of Hamilton et al. 
(2003). Briefly, 100 pl of the lectin solution were added 
to the biofilms and the samples were kept in dark for 
30 min at room temperature, after which excess lectin 
was removed by washing with PBS. The samples were 
air-dried and counter stained with 100 pi of DAPI 
(0.01 mg m1 -1). The samples were again incubated in 
the dark for 30 min followed by washing with PBS. 
Immediately, after staining the samples were visualised 
under an epifluorescence microscope. Signals for 
lectins were recorded using an FITC filter (excitation 
465/465nm, emission 515/555 nm) and DAPI was 
recorded using a DAPI filter (excitation 340/380nm, 
emission 435/485 nm). The images were captured 
through a 100 x oil immersion objective, using a 
CCD camera (Evolution VF) and the images were 
stored as separate digital files. 

Enzyme treatment of CE-2 biofilms 

To evaluate the type of polymer produced during 
development CE-2 biofilm was treated with protease 
(B. polymyxa), lipase (C. rugosa) and cellulase 
(T. reesei). The biofilm was allowed to form on SS 
coupons for 72 h as described above and then treated 
with the enzymes. In brief, biofilms containing 
coupons were immersed in 1 ml of cellulase (60 and 
120 U m1 -1 ) solution, prepared in 0.05 M Na citrate 
buffer (pH 5.0), and incubated at 45°C for 72 h 
(Solano et al. 2002). Similarly, coupons were immersed 
in 1 ml of protease (2.4 and 4.8 U m1 -1) and lipase 
(175 and 350 U m1 -1) prepared in 10 mM PBS buffer 
(pH 7.2) and incubated for 3 h at 28°C and 37°C, 
respectively. To control for the effect of buffer, 
incubation time and temperature, coupons with 
biofilms were immersed in 1 ml of buffer solution 
without enzyme solution. For each enzyme treatment 
separate sets of control coupons (in triplicate) were 
incubated, under similar conditions. Biofilm biomass 
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was estimated following the procedure described 
above. 

Epifluorescence microscopy 

Biofilms formed on SS coupons were viewed by 
transmitted light generated from a fluorescence illumi-
nator (EXFO, Canada) passed through FITC and 
DAPI (Nikon, Japan) filters fitted in a Nikon Eclipse 
80i upright microscope using plan-fluro objectives. A 
CCD camera (Evolution VF, Media-Cybernetics, 
USA), and an Image Pro-Plus 6.1 software (Media-
Cybernetics, USA) were used to capture the images. 

Statistical analysis 

One-way analysis of variance (ANOVA) was used to 
evaluate the effect of calcofluor on growth of cells. A 
simple linear regression analysis was carried out to 
assess the relationships between EPS and biofilm 
biomass on the coupons. All calculations were 
performed using Excel software. 

Results 

Biofilm formation and EPS production 

CE-2 formed biofilms on the SS coupons. Biofilm 
biomass measured as total bacterial counts generally 
increased over the period of incubation and the highest 
biomass was achieved 72 h after inoculation (Figure 1). 
Thereafter, biofilm biomass gradually decreased 
(Figure 1). EPS concentration also increased over the 
period of incubation and the highest concentration was 
again recorded after 72 h inoculation, after which there 
was a gradual decrease up to 120 h following inocula-
tion (Figure 1). Both biofilm biomass and EPS 
concentration showed similar trends, and there was a 

24 	48 	72 	98 
	

120 

Time (hours) 

Figure 1. Biofilm formation and EPS production by CE-2 
on 304-SS coupons as a function of the incubation period. 

significant positive correlation between these two 
parameters (r = 0.979, p > 0.001). 

Staining of the biofilms with calcofluor 

Calcofluor bound to the CE-2 biofilm matrix and 
produced blue fluorescence which was highest at 72 h 
after inoculation (Figure 2). 

Effect of calcofluor on the growth of CE-2 cells 

There was not much variation in the growth of CE-
2 cells in the presence and absence of calcofluor 
(Figure 3). Moreover, ANOVA suggested that there 
was no significant decrease in cell viability (log CFU 
m1 -1 ) of CE-2 cells (p = 0.8315) in the presence of 
calcofluor. Thus, the growth and viability of CE-2 cells 
were not influenced to a great extent by the calcofluor 
concentration (200 pig m1 -1 ) used in the inhibition 
experiment described below. 

72H 

98H 

!NH 

48H 

Figure 2. Calcofluor stained CE-2 biofilms on SS over the 
period of incubation. Note that at 72 h the fluorescence of 
calcofluor was highest compared with other time intervals. 
Scale bar = 10 Am. 
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Effect of lectin and cakofhior on the inhibition 
of CE-2 biofilms 

The CE-2 biofilm biomass on SS coupons decreased by 
85% when grown in the presence of calcofluor 

(200 pg m1 -1). Conversely, when treated with Con A 
or WGA at the same concentration, the CE-2 biofilm 
biomass was reduced marginally by 7% and 1%, 
respectively (Table 1). 

Lectin binding to CE-2 biofilms 

Con A lectin bound to the CE-2 biofilm matrix and 
produced a bright green cloudy appearance around 
fluorescent blue microcolonies [Figure 4A]. However, a 
cloudy green background in between blue cells was 
also observed, maybe because of weak fluorescent 
signals from glycoconjugates present in deeper layers 
of biofilm matrix. Another possibility is non-specific 
binding to the biofilm matrix. Although WGA lectin 
showed weak green fluorescent signals fluorescent blue 
cells were predominantly seen in the photographs 
[Figure 4B]. 

Time (hours) 

Figure 3. Effect of calcofluor (200 pig ml —t ) on the growth 
of CE-2 cells. 

Table I. The effect of calcofluor, Con A and WGA on 
biofilm formation by CE-2 on SS-304 coupons. 

Cells x 	 Percentage biofilm 
Treatment 	10 5  mm -2 	inhibition* (%) 

Control 	 65 ± 3 
	

0 
Calcofluor 	9.5 ± 2 

	
85 + 15 

Con A 	 61± 1.4 
	

7 + 3 
WGA 	 64 + 0.4 

	
1 + 0.5 

*Mean of percentage biofilm inhibition data from three replicate 
coupons (± SD). 
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Enzyme treatment of biofilms 

The amount of biofilm removed by each enzyme 
treatment was evaluated with respect to their 
respective controls. Control biofilm coupons without 
enzyme treatments appeared similar under the epi-
fluorescence microscope (data not shown). However, 
a small decrease in biofilm biomass (cells mm -2) 
was observed for the cellulase-treated control biofilms 
as compared with lipase- and protease-treated 
controls. About 48% of the biofilms were removed 
from the SS coupons when treated with cellulase (120 
U ml -1) (Table 2). Furthermore, after cellulase 
treatment, microscopic observation revealed the pre-
sence of a central hollow in the CE-2 microcolonies 
[Figure 5B]. Protease and lipase treatment re-
moved 23% and 17% of the biofilms, respectively 
(Table 2). 

Figure 4. Photographs of 72-h-old CE-2 biofilms after 
staining with Con A (A) and WGA (B). The green 
fluorescence represents lectin staining and blue fluorescence 
represents DAPI. Scale bar = 10 pm. 
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Table 2. 	CE-2 biofilm removal from SS-304 coupons by 
cellulase, protease and lipase treatment. 

Enzyme 
treatment Cells x 10 5  mm -2  

Percentage biofilm 
removal* (%) 

Cellulase control 37 ± 0.1 0 
60 U 26 ± 4.9 22 ± 11 
120 U 19 ± 2.8 48 + 8 

Protease control 45 ± 2.6 0 
2.4 41 + 1.0 9 + 2 
4.8 35 ± 6.2 23 + 4 

Lipase control 46.5 ± 4.9 
175 U 41 + 1.4 12 + 3 
350 U 38.5 ± 2.2 17 ± 5 

*Mean of percentage of biofilm removal data from three replicate 
coupons (±SD). 

10X 

40X 

(A) 
	

(B) 

Figure 5. Cellulase treatment of CE-2 biofilm stained with 
acridine orange. Biofilm under control condition (A) and 
after treatment with cellulase (B). Note the central hollow 
in microcolonies after treatment with cellulase. Scale 
bar = 10 pm. 

Discussion 

Removal of biofilms from the test coupons is perhaps 
the most critical step in evaluating their biomass and 
other aspects of biofilms. Removal of biofilms by 
brushing is one of the commonly employed techniques, 
and is routinely used in the authors' laboratory (Bhosle 
et al. 1989; Sharma et al. 1990; D'Souza and Bhosle 
2003; D'Souza et al. 2005; Jadadish and Anil 2005). A 
nylon brush removed about 89% ± 2.19% of the 

biofilm biomass (measured as bacterial numbers, 
chlorophyll a, organic carbon and nitrogen and 
protein) from metal and non-metal surfaces (Sharma 
et al. 1990; D'Souza and Bhosle, 2003; Jadadish and 
Anil, 2005). In the present study, the removal of EPS 
was evaluated as total carbohydrate from the SS 
coupons. Using a nylon brush 80% ± 6% of the EPS 
was removed from the coupons used in the present 
study. A nylon brush is therefore fairly efficient in 
removing biofilm material from SS coupons. 

The results indicate that CE-2 cells attached to the 
SS coupons, produced EPS and formed biofilms. Biofilm 
biomass on SS increased by at least 15 fold over the 72-h 
period of incubation. When the incubation period was 
further increased to 120 h, biofilm biomass on SS 
decreased (Figure 1). The EPS concentrations showed 
a similar trend to that observed for the biofilm biomass. 
There was a good correlation between the biofilm 
biomass and EPS production (r2  = 0.9797, p > 0.001). 

Epifluorescence microscopic observation revealed 
the binding of calcofluor to the CE-2 biofilm matrix 
(Figure 2). This implies production of cellulose-like 
polymers containing /3 1-4 linkages by the CE-2 cells 
(Zogaj et al. 2001). Calcofluor has a highly conjugated 
and planar structure, which enables it to bind cellulose 
type polymers ($ 1-4 linked polymers) via hydrogen 
bonding, dipolar interactions, and van der Waals 
forces. 

Moreover, it is clear from the epifluorescence 
photographs that at 72 h calcofluor had the highest 
fluorescence compared with the other time intervals 
(Figure 2). This is in agreement with earlier reports 
suggesting a 7-fold increase in fluorescence intensity 
of calcofluor-stained cellulose-like polymers (Wood 
1980). The high fluorescent intensity of calcofluor also 
signifies a high concentration of 16 1-4 linked polymers 
(Wood 1980). Therefore, it appears that after the initial 
attachment to the SS coupons, CE-2 cells produced 
copious amounts of /3 1-4 linked polymers, especially 
72 h after inoculation. Such polymers may play an 
important role in biofilm formation and maintenance. 
For example, the role of /3 1-4 linked polymer in the 
development of biofilm by a marine Hyphomonas sp. 
has been well documented (Quintero and Iveiner 1995). 

To further evaluate the role of 1-4 linked 
polymers, development of CE-2 biofilms on SS 
coupons was studied in the presence and absence of 
calcofluor (200 pg m1 -1). When grown in the presence 
of calcofluor, the CE-2 biofilm biomass on SS was 
reduced by 85%. Similarly, an — 85% reduction in 
the biofilm biomass of Hyphomonas sp. on glass was 
recorded when it was grown in the presence calcofluor 
(75 tig m1 -1) (Quintero and Iveiner 1995). Never-
theless, it could be argued that the observed reduction 
in biofilm biomass was due to toxicity of the calcofluor 

100 
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to CE-2 cells. However, calcofluor did not significantly 
inhibit the growth and viability of the CE-2 cells, 
implying that it was not toxic (Figure 3). Moreover, 
Ross and Witter (1983) reported that calcofluor was 
not very toxic to many microorganisms. This strongly 
supports the above conclusion that /3 1-4 linked 
polymers were involved in CE-2 biofilm development 
and maintenance. 

The observed reduction in CE-2 biofilm formation 
on SS coupons was probably due to the binding of the 
calcofluor with 1-4 linked polymers. Such an 
interaction would change the polymer conformation 
(Haigler et al. 1980; Roberts et al. 1982) probably 
resulting in the production of weak biofilms. These 
could not withstand the shear exerted during washing 
that ultimately lead to their removal. The data suggest 
that 1-4 linked polymers have a role in the 
maintenance of the CE-2 biofilm. 

Biofilm biomass did not decrease in the presence of 
either Con A or WGA (Table 1). Epifluorescence 
microscopy revealed the binding of Con A but not of 
WGA to CE-2 biofilms (Figure 4). These results 
indicate the presence of terminal a-c-mannose and/or 
oc-c-glucose residues and the absence of N-acetyl 
glucosamine residues in the CE-2 biofilm matrix. 
However, from the results, it was evident that these 
molecules did not play any major role in the formation 
and maintenance of CE-2 biofilms on the SS coupons. 

To further assess the possible role of /3 1-4 linked 
polymers in CE-2 biofilm structure, biofilms were 
treated individually with protease, lipase and cellulase. 
It appeared from the total cells mm -2  in the control 
biofilms that buffer, incubation time and temperature 
did not affect the biofilms significantly during enzyme 
treatment. This suggests that the effect seen on the 
biofilms after enzyme treatment was caused by enzyme 
activity. Protease and lipase treatment removed small 
amounts (-20%) of CE-2 biofilms from the coupons 
(Table 2). In contrast, cellulase treatment removed 
relatively large amounts ( - 48% ± 8%) of the CE-2 
biofilms from the coupons (Table 2). After cellulase 
treatment, a central hollow was recorded in the 
microcolonies of CE-2 biofilms when observed by 
epifluorescence microscopy. This observation suggests 
that cellulase hydrolysed calcofluor-binding 1-4 
linked polymers present in the biofilms [Figure 5B]. 
A role for calcofluor binding and cellulose-sensitive 
polymers in the formation and maintenance of biofilms 
of P. fluorescence, E. colt, S. enteritidis, S. typhimurium 
and Y. pestis has been reported (Zogaj et al. 2001; 
Darby et al. 2002; .Solano et al. 2002; Spiers et al. 
2002). The present data are in agreement with the 
above observations, indicating that cellulose-sensitive 
/3 1-4 linked polymers were involved in the formation 
and maintenance of CE-2 biofilm on SS coupons. 
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Understanding the types of linkages in EPS and their 
role in the maintenance of marine biofilm structure are 
of particular interest in order to develop techniques to 
control the problem of biofilms on marine structures. 
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The conditioning film formed on glass panels was analysed for total carbohydrates (CFCHO), total proteins (CFP) 
and total uronic acids (CFURA). The influence of these compounds on the adhesion of three marine bacterial 
cultures, Pseudoinonas sp. CE-2, Pseudotnonas sp. CE-10 and Bacillus sp. SS-10 was also evaluated. One-way 
analysis of variance suggested a significant increase in the attachment of all three cultures to conditioned glass 
panels. Moreover. CE-2 (r = 0.874) and CE-10 (r = 0.879) showed a significant positive correlation with CFCHO. 
Conversely, SS-10 (r = —0.69) showed a significant negative correlation with CFCHO. Backward multiple linear 
regression analysis indicated that CFCHO were the most predictive component of the conditioning film in explaining 
bacterial adhesion to the conditioned glass panels. 

Keywords: conditioning film; carbohydrates; uronic acid; bacterial adhesion; multiple regression 
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Introduction 

Bacterial adhesion to surfaces immersed in marine 
waters can cause deleterious effects. For example, 
fouling can influence fuel consumption by ships 
(Schultz 2007), heat transfer efficiency of the heat 
condensers and corrosion of metals (Walker 1998). 
However, prior to bacterial adhesion, adsorption of 
dissolved organic matter onto surfaces usually takes 
place (Baier 1972; Loeb and Neihof 1975; Meyer et al. 
1988; Bradshaw et al. 1997; Taylor et al. 1997; Bhosle 
et al. 2005). This is defined as the conditioning film or 
the molecular film (Baier 1972; Loeb and Neihof 1975; 
Taylor et al. 1997). The conditioning film is composed 
of glycoproteins (Baier 1980), humic acids (Loeb and 
Neihof 1975), proteins (Compere et al. 2001; Bakker 
et al. 2004), aromatic amino acids (Taylor et al. 1997; 
Bhosle et al. 2005), carbohydrates and uronic acids 
(Garg et al. 2008) and/or unspecified macromolecules 
(Zaidi et al. 1984). 

Formation of the conditioning film on surfaces 
may play an important role in microbial adhesion 
(Chamberlain 1992; Bakker et al. 2003, 2004), and the 
subsequent development of biofouling on surfaces 
(Dexter 1979; Absolom et al. 1983; Edwards 1983; 
Bhosle et al. 1990; Baty et al. 1996). Bacterial adhesion 
to conditioned surfaces is explained in terms of their 
changed physico-chemical properties. For example, the 
conditioning film appears to influence substratum  

surface tension (Dexter 1979), interfacial free energy 
(Baier 1980; Fletcher and Marshall 1982; Schneider 
1997), hydrophobicity (Bakker et al. 2004) and surface 
roughness (Bakker et al. 2004). Such changes in 
substratum surface properties may influence bacterial 
adhesion. Similarly, a few laboratory studies have 
implicated the importance of adsorbed proteins and 
carbohydrate polymers on bacterial adhesion (Fletcher 
1980; Fletcher and Marshall 1982; Abbott et al. 1983; 
Frolund et al. 1996; Azeredo and Oliveira 2000; 
Gubner and Beech 2000). 

Carbohydrates account for 	10 to 50% of 
dissolved organic carbon in marine waters (Pakulski 
and Benner 1994; Amon and Benner 2003) and are one 
of the most abundant constituents of the conditioning 
film organic matter (Compere et aL 2001; Bhosle et al. 
2005; Garg et al. 2008). These compounds are known 
to play an important role in bacterial adhesion and 
biofilm development (Danese et al. 2000; Kaplan et al. 
2004; Chang et al. 2007; Jain and Bhosle 2008). 
However, little is known about the seasonal variation 
of carbohydrates and non-carbohydrate constituents 
of marine conditioning films and the effect of these 
components on bacterial adhesion. Such studies will 
provide better insight in explaining the importance of 
carbohydrates of the conditioning film in bacterial 
adhesion and in formulating effective antifouling 
strategies. 
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Therefore, the aims of this study were 1) to 
assess the seasonal changes in the concentrations of 
carbohydrates, proteins and uronic acids of marine 
conditioning films formed on glass panels, and 2) to 
evaluate the effect of conditioned glass panels on the 
adhesion of three marine bacterial isolates. 

Material and methods 
Development of conditioning film on glass panels in 
laboratory 

Glass coverslips (20 mm x 50 mm, Corning, USA), 
hereafter called glass panels, were prepared according 
to the method described by Bhosle et al. (2005). 
Surface seawater samples ( -1 m depth) were collected 
from Dona Paula jetty (15' 27' N, 73° 48' E). on the 
west coast of India at monthly intervals from January 
2007 to January 2008 (D'Souza and Bhosle 2001). 
Immediately after collection, the seawater was filtered 
through a glassfibre filter, followed by 0.4 pm and 
0.2 pm filters (Millipore, USA) to remove microorgan-
isms. A known volume (300 ml) of the filtered seawater 
was transferred to a series of 500 ml beakers. In each 
beaker, 8 panels were deployed vertically for 4 h to 
develop a conditioning film. Subsequently, the condi-
tioned panels were removed and rinsed with Milli Q 
water, and dried in an oven at 60°C (Bhosle et al. 
2005). Finally, panels were transferred in clean test 
tubes (25 mm diameter, Borosil, India) and stored at 
- 20°C until analysed. All analyses described below 
were done in triplicate, using a set of five individual 
glass panels as one replicate. 

Estimation of carbohydrate, proteins and uronic acids 

Dissolved carbohydrates (DCHO) were estimated 
following the phenol-sulphuric acid method 
(Dubois et al. 1956). Dissolved proteins (DP) were 
analysed using the method of Smith et al. (1985). 
Dissolved uronic acids (DURA) were estimated by the 
method of Filisetti-Cozzi and Carpita (1991) following 
the procedure described for seawater samples by Hung 
et al. (2003). Conditioning film carbohydrates 
(CFCHO), proteins (CFP) and uronic acids (CFURA) 
were also estimated using the same methods, but 
before analysis, the glass panels were crushed using a 
clean glass rod. 

Bacterial cultures, growth conditions and preparation of 
bacterial cell suspension 

Three marine bacterial cultures, CE-2 (Pseudomonas 
sp.), CE-I0 (Pseudomonas sp.) and SS-10 (Bacillus sp.) 
were selected due to differences in the hydrophobicity 
of their cell surfaces. Details of the biochemical 

characteristics of these cultures are described in Jain 
et al. (2007). Basal salt solution (BSS) containing 
(g 1 I ): 1.0 g glucose, 5.0 g peptone, 1.0 g yeast 
extract, 25.0 g NaCl, 0.75 g KCI, 7.0 g MgSO 4 , 0.9 g 
NH4C1, 0.2 g CaC12, 7.0 g K,HPO4, 3.0 g KH2PO4 

 and 1.0 g ml I- I  trace metal solution was used as the 
growth medium (Bhosle 1981). Each culture was 
grown in 100 ml of BSS medium on a rotary shaker 
(100 rpm) for 24 h at room temperature (28°C ± 2'). 
Subsequently, bacterial cells were harvested by centri-
fugation at 10,000g for 10 min, and washed three times 
with phosphate buffered saline (PBS). Finally, the 
bacterial cells were re-suspended in PBS to an absor-
bance of 0.2 ± 0.04 at 540 nm (2 x 10 6  cells ml I ) 
using a UV-Vis spectrophotometer (Shimadzu, Japan). 

Bacterial cell surface hydrophobicity 

The hydrophobicity of the bacterial cultures was 
measured using the BATHS assay (Rosenberg et al. 
1980) as described earlier (Jain et al. 2007). In brief, 
100 pl of n-hexadecane (Sigma, USA) were added to 
3 ml of bacterial cell suspension prepared as above. 
The suspension was vortexed for 1 min and then left to 
stand for 15 min to allow separation of the two phases. 
The absorbance of the aqueous phase was measured at 
400 nm using UV-Vis spectrophotometer and the 
percentage of the cells bound to n-hexadecane was 
calculated as described below. 

Bacterial cell adherence to hexadecane (%) 
-- (1 - AIA 0 )x 100, 

where A °  is the absorbance at 400 nm of the aqueous 
cell suspension before mixing n-hexadecane and A is 
the absorbance at 400 run after mixing. 

Bacterial adhesion experiment 

A bacterial cell suspension (150 ml) prepared as above 
was transferred to two 250 ml beakers, one containing 
conditioned glass panels and the other non-condi-
tioned glass panels. Panels were immersed vertically 
for 2 h and then rinsed three times with PBS before 
staining with 0.1% acridine orange in the dark for 
30 min. Bacterial cells attached to the panels were 
counted in 10 randomly chosen fields using Image Pro-
Plus 6.1 software (Media-Cybernetics, USA). Before 
counting, the 10 randomly chosen fields were photo-
graphed under a x 100 oil immersion objective on an 
epifluorescence microscope (Nikon 80 i, Japan) fitted 
with FITC filters (excitation 465/465 nm, emission 
515/555 nm) and a CCD camera (Evolution VF, 
Media-Cybernetics, USA). All the adhesion experi-
ments were conducted using triplicate panels. 
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Statistical analysis 

Differences in bacterial adhesion to conditioned and 
non-conditioned glass panels were assessed using one-
way analysis of variance (ANOVA). A linear regres-
sion analysis was carried out to find the relationships 
between bacterial adhesion (measured as cell numbers) 
and the concentrations of CFCHO. CFURA and CFP 
in the conditioning film. Linear regression analysis was 
also carried out to determine the relationship between 
the concentrations of DCHO, DP and DURA of the 
seawater and the concentrations of CFCHO, CFP and 
CFURA in the conditioning film on the glass panels. 
In addition, backward multiple regression analysis was 
performed to find out the most important component 
of the conditioning film that influenced bacterial 
adhesion to the glass panels. Bacterial adhesion was 
used as the dependent variable and the concentrations 
of CFCHO, CFP and CFURA were entered as 
independent variables. ANOVA was performed using 
Microsoft excel software while backward multiple 
regression analysis was performed using "Statistica 
6". The number of bacterial cells attached to the non-
conditioned glass panels was subtracted from the 
number of bacterial cells attached to the conditioned 
glass panels prior to statistical analyses. 

Results 
Seasonal variation of DCHO, DP and DURA in 
seawater 

Marked seasonal variations in DCHO concentrations 
were recorded in the surface waters of the jetty at Dona 
Paula. DCHO, DURA and DP varied from 1.3 to 
5.1 mg 1 - 1 , 0.22 to 1.64 mg 1 -1  and DP from 0.33 to 
1.75 mg 1 -1 , respectively (Figure 1A). In the surface 
waters of Dona Paula Bay, DCHO concentrations were 
greater than those recorded for DURA and DP and 
showed peaks in January, April and July (Figure IA). 

Seasonal variation of CFCHO, CFP and CFURA in 
conditioning film 

CFCHO in the conditioning film on the glass panels 
exhibited strong seasonal changes, the concentrations 
varying from 0.11 to 0.34 pg cm -2. CFP and CFURA 
also varied from 0.077 to 0.188 pg cm -2  and 0.04 to 
0.18 pg cm -2, respectively (Figure 1B). Moreover, as 
observed for the seawater samples, CFCHO was the 
most abundant component of the conditioning film. 
CFCHO peaked during January, April and July. 
The seasonal trends demonstrated by CFCHO were 
similar to those recorded for DCHO, suggesting 
strong correspondence between these two parameters 
(Figure IA and B). 

Jan Feb Mar April May June July Aug Sept Oct Dec 

Figure 1. Seasonal variation in the biochemical composition 
of seawater (A) and the conditioning film (B). 

Bacterial cell surface hydrophobicity 

Bacterial cell surface hydrophobicity was calculated 
based on the percentage adhesion of cells to n-

hexadecane. It was observed that CE-2, CE-10 and 
SS-10 showed 5%, 6% and 48% adhesion to n-
hexadecane, respectively. Therefore, it was concluded 
that the cells of CE-2 and CE-10 were hydrophilic, 
while SS-10 cells were hydrophobic. 

Bacterial adhesion 

Adhesion of all three bacterial cultures to the condi-
tioned glass panels was greater than that observed for 
the non-conditioned glass panel (Figure 2). ANOVA 
also suggested a significant increase in the adhesion of 
Pseudomonas sp. CE-2 (p = 0.01), Pseudomonas sp. 
CE-10 (p = 0.02) and Bacillus sp. SS-10 cells 
(p = 0.05) to the conditioned glass panels. Moreover, 
the concentration of CFCHO in the conditioning film 
showed significant positive correlations with the 
adhesion of Pseudomonas sp. CE-2 (r = 0.874) and 
Pseudomonas sp. CE-10 (r = 0.879) (Table 1), and a 
significant negative correlation with the number of 
attached cells of Bacillus sp. SS-I0 (r = —0.69). 
Moreover, CFURA in the conditioning film showed 
a significant positive relationship (r = 0.80) with the 
numbers of Pseudomonas CE-I0 cells attached to the 
conditioned glass panels. 

4 
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Figure 2. Bacterial adhesion to conditioned and non—
conditioned glass panels by Pseudomonas sp. CE-2 (A), 
Pseudomonas sp. CE-10 (13) and Bacillus sp. SS-10 (C). 

Table 1. Coefficient of correlation (r) values for the 
relationships between CFCHO, CFP, CFURA and bacterial 
adhesion. 

Parameters 

Bacterial adhesion 

'CE-2 CE-10 SS 10 

CFCHO r = 0.718* r = 0.790* r = —0.635* 
CFP r = 0.518 r = 0.459 r = —0.417 
CFURA r = 0.259 r = 0.807* r = 0.213 

*These values are significant at the 0.05 level. 

Backward multiple regression analysis 

Backward multiple linear regression analysis indicated 
that CFCHO influenced the adhesion of all three 
bacterial isolates to the conditioned glass panels, 
whereas CFURA appeared to only influence the 
adhesion of Pseudomonas sp. CE-10. Furthermore, 
CFCHO accounted for 54% and 40% of the variance 
(R2) in the adhesion of Pseudomonas sp. CE-2 and 
Bacillus sp. SS-10, respectively (Table 2), whereas 
CFCHO and CFURA together accounted for 93% of 
the variance in adhesion of Pseudomonas sp. CE-10 to 
the conditioned glass panels. 

Discussion 

This study implicates the importance of CFCHO. CFP 
and CFURA in marine conditioning films developed 
on glass panels to the adhesion of marine bacteria. By 
contrast, most previous studies have indicated the 
importance of proteins in conditioning films to 
bacterial adhesion (Compere et al. 2001; Bakker 
et al. 2004). 

The present study suggests that CFCHO were the 
abundant component of the conditioning film 
(Figure 1B), which compares well with earlier studies 
that reported the relative abundance of carbon 
compared with organic nitrogen in marine condition-
ing films (Compere et al. 2001; Bhosle et al. 2005). 
Recently, Garg et al. (2008) also observed a high C/N 
ratio in a marine conditioning film on glass panels 
deployed in the surface waters of Dona Paula Bay. 
Thus, the high C/N ratio may indicate the presence of 
degraded and/or terrestrial organic matter in the 
conditioning film (D'Souza and Bhosle 2001; Bhosle 
et al. 2005). 

A marked seasonal variation in the concentrations 
of both DCHO and CFCHO was observed. Interest-
ingly, the peaks in CFCHO concentration coincided 
with the peaks in DCHO concentration (Figure IA 
and B). This similarity suggests that the higher 
concentrations of DCHO may lead to greater adsorp-
tion of DCHO onto the panels. Bakker et al. (2003) 
suggested that the higher concentration of dissolved 
organic matter (DOM) in seawater speeded up the 
formation of a more contiguous conditioning film with 
a high degree of surface coverage and thickness. 
However, a positive but not highly significant relation-
ship (r = 0.408, p > 0.1) between the concentrations 
of CFCHO and DCHO was observed. This probably 
indicates the involvement of other factors such as 
salinity, temperature and pH in the adsorption of 
DOM from natural seawater onto glass panels (Li 
et al. 2002). 

Dona Paula Bay experiences periodic blooms of 
diatoms during December to January and April to May 
(Devassy and Goes 1988; Padmavati and Goswami 
1996; D'Souza et al. 2005; Bhaskar and Bhosle 2006; 
Garg et al. 2008). Moreover, during the monsoon, the 
study area receives fresh water run-off from the 
Mandovi and Zuari rivers (June to September) 
(D'Souza and Bhosle 2001; Shetye et al. 2007). There-
fore, river run-off and diatom blooms in the study area 
may be responsible for the observed peaks of DCHO 
and CFCHO during January, April and July. 

The results indicate that the conditioning film 
formed on glass panels strongly influences the adhesion 
of three bacterial strains. One-way ANOVA showed a 
significant increase in the adhesion of Pseudomonas sp. 
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Table 2. Standardised coefficient ((3) and p-values after backward multiple regression analysis of three cultures. 

Bacterial adhesion 

CE-2 
	

CE-10 	 SSIO 

Variables 	 p-Value 	 fi 
	 p-Value 
	

/3 
	

p-Value 

*These variables do not play a significant role in determining the bacterial adhesion of the three marine bacteria. 
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CE-2 (p = 0.01), Pseudomonas sp. CE-10 (p = 0.02) 
and Bacillus sp. SS-10 (p = 0.05) to the conditioned 
glass panels. Gubner and Beech (2000) observed a 
significant increase in the attachment of P.veudomonas 
NCIMB 2021 to steel panels conditioned with its own 
exopolymers that were rich in carbohydrates. This 
suggests the importance of carbohydrate polymers in 
bacterial adhesion to surfaces. Conversely, bacterial 
adhesion to a protein-rich conditioning film was 
inhibited (Fletcher 1980; Fletcher and Marshall 1982; 
Abbott et al. 1983; Husmark and Ronner 1993). It 
appears that the proteins of the conditioning film 
modify the ionic microenvironment on the surface 
thereby making the surface less suitable for microbial 
adhesion (Brooks and Seamann 1973). Furthermore, it 
has been suggested that proteins in the conditioning 
film form macromolecular scaffolding to which the 
bacteria are unable to attach (Maroudas 1973, 1975). 

Linear regression analysis indicated that adhesion 
of two hydrophilic cultures (Pseudomonas sp. CE-2 
and Pseudomonas sp. CE-10) increased with an 
increase in CFCHO concentration. Conversely, adhe-
sion of the hydrophobic culture (Bacillus sp. SS-10) 
decreased with an increase in CFCHO concentration. 
Immersion of glass in seawater makes it more 
hydrophobic (Loeb and Neihof 1975; Schneider 1997; 
Bakker et al. 2003), so it would be expected that 
adhesion to the conditioned glass panels of the two 
hydrophilic cultures (Pseudomonas sp. CE-2 and 
Pseudomonas sp. CE- 10) should decrease, and adhe-
sion of the hydrophobic culture (Bacillus SS-10) should 
increase. However, this was not the case. This probably 
indicates the involvement of polymeric interactions 
and/or chemical attraction or repulsion, ie positive or 
negative chemotaxis rather than the involvement of 
physico-chemical parameters such as hydrophobicity 
in the adhesion of these cultures to the conditioned 
glass panels (Chet et al. 1975; Schneider and Marshall 
1994; Gubner and Beech 2000). 

The results suggest that the adhesion of Pseudo-
monas sp. CE-10 increases with an increase in CFURA  

concentration in the conditioning film. The presence of 
CFURA in the conditioning film would give an overall 
negative charge to the surface, which would have been 
expected to have repelled adhesion of Pseudomonas sp. 
CE-10 cells to the conditioned glass panels (Pringle 
et al. 1983; Busscher et al. 1997; Van Hoogmoed et al. 
2000; Gomez-Suarez et al. 2002). However, the 
adhesion of the CE-10 cells to the conditioned glass 
panels increased. In view of this, it can be hypothesised 
that the cell surface polymers of the Pseudomonas sp. 
CE-10 may have developed polymeric bridges with 
conditioning film carbohydrates. Such polymeric 
interactions may have overcome the energy barrier 
created by the repulsive electrostatic forces resulting in 
increased adhesion of the CE-10 cells to the condi-
tioned glass panels (Van Loosdrecht et al. 1990; 
Tsuneda et al. 2003). Furthermore, it is possible that 
hydrogen bonds also may have played an important 
role in enhancing such interactions. 

Multiple regression analysis indicated that CFCHO 
can explain 54% and 40% variance in the adhesion of 
Pseudomonas sp. CE-2 and Bacillus sp. SS-10 to the 
conditioned glass, respectively. Moreover, CFCHO 
and CFURA can explain 93% of the variance in 
adhesion of Pseudomonas sp. CE-10 to the conditioned 
glass. This suggests the importance of CFCHO in the 
adhesion of the three bacterial cultures to the condi-
tioned glass panels. 

In conclusion, the biochemical composition of the 
conditioning film showed strong seasonal variations. 
The adhesion of all the three bacterial cultures to the 
conditioned glass panels was strongly influenced by the 
changes in CFCHO concentrations. 
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