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Abstract 

In nature, bacteria usually exist as aggregates, in order to withstand changes in 

environmental conditions. Bacterial aggregation is of great significance in the field 

of biotechnology, environmental studies and medicine. Bacterial aggregation is 

thought to be governed by physical forces such Van der Waals and electrostatic 
interaction. However, extracellular polymeric substances (EPS), and the ability of 
bacteria to participate in cell-to-cell communication via quorum sensing molecules 
have also been implicated in the bacterial aggregation process. Despite the wealth 

of knowledge available, a detailed understanding of bacterial aggregation still 

remains unclear. The overall aim of this work therefore, is to understand bacterial 

aggregation at the cellular and sub-cellular level using existing colloidal 

characterisation techniques and post genomic methods. This will enable both the 

biological and the physical aspects of aggregation to be studied together. 

E. co1i strains (AB1157, MG1655 and MG1655 IuxS) were cultivated in Luria- 

Bertani (LB) medium at 30°C supplemented with or without 0.5 w/v (%) glucose at 

the beginning of growth phase. Depletion aggregation studies were carried out 

using E. coli AB 1157 and E coli MG 1655 harvested at different growth phases 

using a non-adsorbing polymer, sodium polystyrene sulphonate (SPS) and 
biological produced extracellular polymeric substances (EPS) respectively. The 

content of EPS produced by E. co1i MG1655 during their growth in different media 

was quantified and characterized using Fourier transformation infrared 

spectroscopy (FTIR), SDS-PAGE and an electrospray ionization-tandem mass 

spectrometry. The changes in cell surface properties of Eco1i strains during 

growth, changes in media composition and quorum sensing were elucidated using 

potentiometric titration, FTIR and electrophoretic mobility. 

Neither quorum sensing, nor the addition of 0.5 w/v (%) glucose affected the 

growth pattern for the strains. However, the addition of 0.5 w/v (%) glucose to the 

medium affected the measurable amount of quorum sensing molecule present in 

the supernatant. Aggregation of E. coli was found to be dependent on the 
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concentration and type of polymer used, as well as the surface chemistry of the 

cell. The cell surface functional groups, such as such as, hydroxyl, phosphoryl, 

amines and carboxylate groups varied with respect to different growth phase and 

changes in media. The protein content of free-EPS was found to significantly 
increase due to changes in growth phase and media composition. The growth 

phase, changes in media and quorum sensing all affected the cell surface properties 

and hence played a role in the aggregation capability of E. co1i. 

xiv 



Chapter 1 Introduction 



I. I. Introduction 

In nature, bacteria do not usually exist as a single entity but are either attached to 

each other (i. e. aggregates) and/or surfaces (i. e. a biofilm). Bacteria that exist in 

aggregates or a biofilm, are able to respond and adapt to changes in the 

environment or perform highly specialised tasks similar to multicellular organisms 

(1). Recently, studies have shown that over 90% of bacteria that exist in the 

environment are aggregates attached to a surface. forming sessile communities (2). 

Figure 1.1 demonstrates the variety of environments in which aggregated cells can 

be found. 

Hydro4 ermar notspnng 

~' .. " 

$ritot. erm Es hot spring 

ý. --: ý . .. Fitshwlter n ver 

1, HIMI , 

Figure 1.1 Bacteria exist as aggregates or biofilm in the natural environment and 

laboratory (reproduced from Hall-Stoodley et al (3)) 
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Research into the field of bio-aggregation/biofilm formation can be found as early 

as the 1870s, where Pasteur first described yeast aggregation (flocculation) in the 

production of beer (4). Aggregation of brewing yeast usually occurred when the 

sugar component of the liquor in the brewery bioreactor had been converted into 

alcohol by the yeast. Hence the ability of the yeast to flocculate is desirable in the 

brewery industry, since it facilitates an efficient and easy way of separating the 

yeast cells from the beer produced. The aggregation phenomena have also been 

shown to occur in other biological systems such as bacteria, fungi, blood cell and 

algae (5-7). 

Microbial aggregation is of great significance in the biotechnology field, 

environmental applications and medicine. There are several well known 

aggregation systems, which include (i) aggregation of the activated sludge 

microbial community in wastewater treatment, (ii) flocculation of yeast in the 

brewery industries (8-10), (iii) coaggregation of oral bacteria in dental plaque (iv) 

coaggregation of aquatic bacteria into biofilms (11-13), (v) aggregation of 

myxobacteria (14), (vi) formation of aggregate during conjugation in Escherichia 

coli (15), (vii) aggregation of bacteria onto a various solid surfaces (biofilm 

formation), and (viii) formation of clumps in liquid cultures. 

Some of the advantages of microbial aggregation include: enhancing the selective 

separation of microbes, and allowing a high amount of microbes to be used in 

continuous fermentors. Conversely, bacterial aggregation can also have a 
detrimental effect to the environment. Unwanted microbes can attach to an 

artificial surface, and if the surface is in contact with water for a period of time, a 

phenomenon known as biofouling occurs. They can corrode metal such as pipes, a 

process generally termed Microbiologically Influenced Corrosion (MIC) or 
biocorrosion. Biocorrosion or biofouling can lead to contamination of industrial 

processes. The annual worldwide process engineering cost for aggregation or 
biofilm related problems is in the region of hundreds of millions of pounds (16). 

. 
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Several pathogenic bacteria have also been shown to be able to form aggregates in 

order to withstand unfavorable environmental conditions, such as phagocytosis, 

antibiotics or biocides in their host organisms (17-20). Hence, pathogens which 

are able to form aggregates are less susceptible to antibiotics than bacteria that 

exist as a single entity. Bacteria can also colonize on medical devices, paving the 

way for dangerous sources of infection (21), which is now responsible for 

approximately 65% of hospital infections (22). 

The process of bacterial cell-to-cell interaction leading to aggregation, or cell-to- 

surface interaction forming biofilms involves several biological and physical 

processes (23). Bacterial aggregation has been suggested to be controlled by 

biological factors like growth conditions (24), the presence of extracellular 

polymeric substances (EPS) (25,26) and the ability to communicate among 
themselves (quorum sensing) (27,28). Physical factors have also been linked to 

aggregation, such as Van der Waals and electrostatics interactions (29,30). These 

interactions are governed by the presence of macromolecules such as outer 

membrane proteins, lipoproteins and lipopolysaccharides on the cell surface (31). 

Hence from a linked bio-physical point of view, bacterial aggregation consists of 
different stages which are controlled by biological and/or physical factors (Figure 

2.1). Firstly, bacteria in a dispersed solution may come into close proximity due to 

Brownian motion, convectional transportation of microbes as a result of air and 
liquid flow, and/or the active motion of the microbes with their flagella (Figure 

2.1 a). Once bacteria are in close proximity, the next stage is the initial cell-to-cell 

adhesion, which may be reversible or irreversible (Figure 2.1b). Initial adhesion is 

thought to be governed by physical interactions such as Van der Waals and 

electrostatic interactions (29,30). The third stage involves bacteria becoming 

firmly attached to themselves (or a surface) mainly by secreting extracellular 

polymeric substances (EPS) (32,33) (Figure 2.1c). The final step is the increase in 

cell growth and further aggregation. Aggregation involves an increase in cell's 

proximity to each other and hence the cell-to-cell interaction within the bacteria 

communities may occur via a cell density dependent process, . 
termed quorum 

sensing (Figure 2.1d). This cell-to cell communication allows the bacterial 

4 



community to perform several metabolic activities such as gene expression, 

antibiotic resistance, gene expression and bioluminescence (34-38). 

OO 
Cells disperse in CD 
solution 

i 
OO (a) Cells in close proximity due 

to Brownian or active OO 
motion 

1 (b) Initial cell-to-cell adhesion 
governed by physical 
interaction 

Cells filmily attached sue to 
(c) secretion of EPS 

1 

Increase in cell number and 
cell-to-cell interaction 

: dý leading to aggregation EPS 

Figure 1.2 Potential model for understanding bacterial aggregation including the different 

stages of biological aggregation governed by both biological and physical factors 

Bacteria exist as aggregates or biofilm in the natural environment and laboratory 

Bacterial aggregation is not a new discovery, what is new is the molecular, 

colloidal and imaging techniques, now available, for understanding the important 

mechanisms that drives the process. These include techniques such as genetic (39, 

40), and proteomics analysis (41,42), which have been used to explain biological 

processes involved in bacterial aggregation. Potentiometric titration (43), x-ray 

Photoelectron spectroscopy (44), Infrared spectroscopy (45) and electrophoretic 
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mobility (46) have also been developed and applied to study the physical 

properties of bacteria. Although, these techniques have been useful for elucidating 

the physical factors involved in aggregation, most of the studies have usually been 

performed under a specific single non-changing biological condition. Hence, our 
knowledge on the relationships between biological and the physical processes, 

which control aggregation is limiting. In addition, little is known about how 

physical properties of bacteria vary as a function of biological factors (e. g. growth 

conditions, EPS, quorum sensing), which are known to be involved in the 

aggregation process (33,47). Unlike non-biological colloids, bacteria are dynamic 

in nature and their physiology may change as result of aggregation or dispersion. 

Hence it is paramount to address the effect of different biological factors, as it may 

provide further insight into the aggregation process. 

1.2. Objective Research questions 

Although a significant amount of research has been done in the area of bacterial 

aggregation, our understanding of the aggregation process still remains unclear. 

This is mainly due to a lack of understanding of the relationships between the 

physical and biological processes involved in aggregation. In an attempt to 

increase our understanding of bacterial aggregation, it is paramount to consider 

together both the physical and the biological processes involved since both can 

control aggregation. The overall aim of this work is to combine existing colloidal 

characterization techniques with post genomic methods to develop a deeper 

understanding of aggregation. Understanding the processes involved in bacterial 

aggregation is paramount to the development of future engineering and medical 

solutions to control these processes. 

To develop a combined approach, both biological and physical processes involved 

in aggregation are investigated in order to reveal the fundamental steps that govern 
the process of aggregation. In so doing, key biological factors that affect bacterial 

activities including aggregation will be addressed such as growth phase, media 

composition, extracellular polymeric substances (EPS) and the ability of the 

bacteria to participate in cell-to-cell communication. The influence of these 
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biological factors on the physical properties i. e. surface chemistry, of the bacteria 

will also be measured. This will allow the relationship between the biological and 

the physical aspects of aggregation to be studied. 

1.3. Thesis outline 

In order to address the overall aim, the thesis the thesis is structured as follows. 

Chapter 2: The aim of this chapter is to review the current literature in the area of 
bacterial aggregation. The chapter also describes the biological factors that may 

affect bacterial aggregation, such as, growth phase, media composition, 

extracellular polymeric substances produced during bacteria growth, quorum 

sensing. This chapter also gives insight into how these biological factors may 
influence bacterial aggregation. Physical aspects of bacterial aggregation, as well 

as suitable techniques for studying aggregation are also discussed here. 

Chapter 3: The first major task was to choose suitable model bacteria for this 

study. Escherichia cola strains (AB1157, MG1655, and MG1655 luxS') were 

selected for this purpose. Their growth patterns under different media, and their 

ability to participate in cell-to-cell communication is presented in this chapter as a 

precursor to aggregation studies in subsequent chapters. 

Chapter 4: In non-biological colloids, the addition of a non-absorbing polymer 

causes an imbalance in the osmotic pressure, which in turn drives the particles 

closer together. Thus, a net attractive potential is set up between the particles 

enhancing the chance of aggregation, a process known as depletion attraction (48, 

49). In this chapter, it is hypothesised that bacteria may display a similar 

phenomena upon addition of non-adsorbing polymer. The effect of non-adsorbing 

polymer on aggregation capability of E. soli AB 1157 during growth was 
investigated and the results are discussed. The changes in the surface properties of 
Ecoli as a function of growth were also investigated and correlated with the 

aggregation pattern of E. col i. 
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Chapter 5: Bacteria produce polymers known as extracellular polymeric 

substances (EPS) during growth. The focus of this chapter is to elucidate the ability 

of EPS to induce aggregation in Ecoli MG1655. The EPS composition produced 
by E. coli MG1655 was determined and characterized using infrared spectroscopy. 

The effect of EPS extracted at different stages of growth and media on E. coli 

MG1655 aggregation was also investigated. 

Chapter 6: In this chapter, further characterisation of the composition of EPS 

produced by E. coli MG1655 is achieved using proteomics. A major component of 
E. coli MG1655 EPS, extracellular proteins, was investigated further here by 

identifying extracellular proteins as a function of the media type and stages of 

growth. 

Chapter 7: The effect of growth phase and media on the cell surface properties of 
Eco1i MG1655 is the main focus of this chapter. This was achieved by identifying 

and quantifying the functional groups on Ecoli MG1655 using potentiometric 

titration and Fourier Transform Infra Red (FTIR) spectroscopy. The variation of 

the surface functional groups as a function of growth and media was correlated 

with the aggregation pattern of Eco1i. The profile of major macromolecules (outer 

membrane proteins and lipopolysaccharides) was also investigated using FTIR and 

SDS-PAGE. 

Chapter 8: The focus of this chapter is to elucidate the effect of cell-to-cell 

communication (quorum sensing) on the cell surface properties of E. coli MG1655, 

and how this affects the aggregation ability. This was achieved by comparing the 

electrokinetic properties of E. co1i MG1655 with its mutant E. co1i MG1655 IuxS', 

which lacks the ability to participate in quorum sensing. 

Chapter 9: This chapter summaries the findings and conclusions generated from 

this study. Future work is also recommended. 
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Chapter 2 Literature Review and 

Research Hypothesis 



2.1. Introduction 

2.1.1. Outline 

This chapter will briefly describe the different definitions and terminology used to 

describe aggregation before detailing the methods currently available to measure 

aggregation. Both the physical (i. e. van der Waals and electrostatics due to cell 

surface properties) and biological factors (growth phase, nutrient, EPS and quorum 

sensing) which influence aggregation are discussed. 

2.1.2. Terminology and Definition 

Bacterial aggregation can be defined as the act of clustering microbes to form 

fairly stable, contiguous, multicellular associations under different physiological 

conditions. They exist as consortia, enabling them to communicate between 

themselves and unify their metabolic functions such that they are greater than the 

sum for each individual organism. 

Bacterial aggregation is of great interest to chemists, biologists, and biochemical 

engineers. Due to this, different scientific disciplines provide varied definitions. In 

addition to the overall definition given above, different scientific disciplines have 

defined bacterial aggregation as the gathering together or collection of bacterial 

cells in intimate contact (7,50) or more simply, the clustering together of units to 

make bigger ones. Hence, the later definitions imply that the process of forming 

microbial aggregates is not only as a result of biological response but may also be 

due to external physical factors. The first definition appears to be mainly restrictive 

to biological understanding, whilst the last two attempt to integrate the biological 

and physical processes involved in microbial aggregation. 

Although there has been great interest from different disciplines, one major 
drawback has been the various terminologies adopted by different disciplines to 

explain the aggregation process. Common names include flocculation, biofilm, 

clumping, coagulation, biogranulation, coadhesion, agglomeration and many more. 
In fact, all the different names can be a hindrance to exchanging information 

between different research disciplines. For example, the term flocculation is used 

10 



instead of aggregation mainly in the bioengineering disciplines to describe the 

aggregation process observed in the brewery industries and wastewater 

management (8,10,51). The term biogranulation has also been used to describe 

the microbial aggregation process occurring in wastewater treatment processes 

(52). Biogranulation was defined as a "cell-to-cell interaction leading to the 

formation, of biogranules" (52,53). These biogranules can be considered as 

aggregates since they consist of a mixed community of different bacteria specie. 

Biofilms are aggregates of cells bound by extracellular polymeric substances, 

which are attached to a surface (1). Hence biofilm formation can be regarded as an 

advanced form of the aggregation process. Other forms of aggregation, which have 

been described, include coaggregation, coadhesion, and autoaggregation. 

Coaggregation is a type of microbial aggregation involving recognition and 

adhesion of genetically distinct bacterial partners (54). It was first discovered 

amongst bacteria isolated from dental plaque (12,55,56) but has also been shown 

in bacteria isolated from other environments such as the water supply system (55). 

This area has been extensively studied, and has recently been reviewed by 

Kolenbrander et al (56,57). Autoaggregation involves the recognition and 

adhesion between microbes of the same strain (58). Coadhesion occurs when 

microbes aggregate with other genetically distinct microbes that are already 

attached to a biofilm. 

Although the above processes may evolve differently, they all lead to the formation 

of a cluster of cells, hence they are all forms of aggregation (59). Furthermore, 

despite the fact that different disciplines have different terminologies to describe 

the process of aggregation, knowledge obtained from the observation of 

aggregation in one area, can be transferred to another. This is the overriding 

concept of this thesis, where knowledge from physical and biological science is 

combined to further our understanding of bacterial aggregation. 

2.2. General methods for observing aggregation 

There are many different ways presented in the literature to observe and measure 

aggregation. The choice of technique mainly depends on the microbial aggregation 
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system to be investigated. A well-known method is by visual inspection of the 

aggregates in a transparent flask, or container, over a specific period (60-63). This 

is a non specific pattern for observing aggregation, where the investigator ascribes 
their findings by using an arbitrary scoring system of "0" (no aggregation) to "4" 

(maximum aggregation). Although this method is cheap and fast, it may not be 

suitable for cases were the aggregation is not significantly pronounced, as it would 
be difficult to achieve reproducible data. A turbidity method automates the visual 

scoring method, and has been widely used (5,60,63,64). This method is based on 

monitoring the sedimentation of aggregates in a transparent container or cuvette 

over a period of time using a spectrophometer. The difference between the initial 

and final optical density (OD) of the upper part of the transparent container or 

cuvette is presented in the form of a percentage of aggregation (Figure 2.1). 

OD at time 0 

ýº 

OD at time, t 

Figure 2.1 Diagram showing the used of turbidity method to measure aggregation 

The percentage aggregation is the difference in OD readings taken at time (O. Do) 

and time (O. Dt) divided by the initial OD at time 0 multiply by 100% (Equation 

2.1). The rate of-aggregation can also be measured by recording the optical density 

at regular time intervals. 

aggregatiac - 
OD -OD, X100 OD,, Equation 2.1 

Another example is the measurement of yeast aggregation, which is generally 
investigated using the Helm's sedimentation test (65). This. involves counting the 

number of freely dispersed cells in a culture containing aggregates, and then 

comparing it with the total number of cells. The percentage aggregation or 
flocculation is then given by 
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% aggregation = [1-(no. free cells/ total no. of cell)] x 100% Equation 2.2 

For oral microbes, aggregation is usually observed by using an aggregation or a 

coaggregation assay, which is a modified version of the turbidity method described 

above (66). 

Another method for investigating microbial aggregates is the use of imaging and 

microscopic techniques. Borrego et al. (67) used both light and electron 

microscopy to investigate mycobacterium aggregates under different growth 

conditions. The authors showed that different nutrients affected the aggregation 

capability of mycobacterium and the microscopic and turbidity methods were in 

full agreement. Shen et al. (60) compared the coaggregation capability of four 

bacterial strains obtained from a root surface, using scanning electron microscopy. 
The authors also observed a good relationship between the microscopy and 

turbidity method (60). Other microscopy methods such as Atomic Force 

Microscopy (AFM) (9) and confocal microscopy (13) have been applied. 

2.3. Factors affecting bacterial aggregation 

2.3.1. Growth conditions and starvation 
Bacterial growth is generally defined as the increase in cell number. For 

prokaryotes, this is achieved by replication through binary fission, where one 

parent cell splits into two daughter cells (68) (see Figure 2.2). The parent cell first 

increases in size to about twice the size of the smallest cell, the chromosome and 

cell mass doubles and this is then followed by the formation of a partition known 

as septum. An inward growth of the cytoplasmic membrane and cell wall then 

occurs resulting in the cleavage of two new daughter cells. During binary fission 

the daughter cells receive the complete chromosome and enough cell constituents 
for it to survive independently (69). These two daughter cells will at some point 
divide to form four new cells, and so on. In other words, bacteria increase their 

numbers by geometric progression (exponential). 
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/ 

i-" 

Cell separation 

Figure 2.2 The general process of binary fission for cell division of prokaryotes 

(Reproduced from Madigan et al (70)) 

The time it takes for a population of bacteria to double is known as the Doubling or 

Generation time. The generation time widely varies among bacteria. For example, 

the generation time for Escherichia coli at optimum growth conditions is about 20 

minutes, while the generation time for some pathogens like Mycobacterium 

tuberculosis, is between 12-24hr (71,72). The differences in generation time may 

depend on the method used for the growth measurement, the strain of the bacteria, 

the growth media or the experimental conditions. A simple equation can be used to 

express the relationship between the number of cells in a population at a given time 

and the generation time as given by Equation 2.3. 

Nt= No x 2n Equation 2.3 

Where Nt is the number of cells in a population at a given time, No, the initial 

number of cells in the population (No), and n the generation time. 

Septum formation 

Completion of 
septum with ýb 

l1 formation of 
distinct walls 
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The growth of bacteria under batch conditions typically follows four phases; lag, 

exponential (log), stationary and death phase (70) (see Figure 2.3). 

The lag phase occurs immediately after the inoculation of the cells into fresh 

medium. The lag phase is associated with cells undergoing physiological 

adaptation to the new environment, before their resumption of binary division. No 

apparent cell division occurs in this phase although the cells may be growing in 

volume or mass, synthesizing enzymes, proteins, RNA and increasing in metabolic 

activity (70). 

The log phase is also known as the logarithmic or exponential phase. In this phase, 

cells are dividing by binary fission and growing by geometric progression. The rate 

of exponential growth is dependent on the type of medium, growth conditions and 

types of organism itself. The time taken for a population of cells to double is 

known as the generation or doubling time. The generation time widely varies 

among bacteria. For example, the generation time for Escherichia coli at optimum 

growth conditions is about 20 minutes, while the generation time for some 

pathogens like Mycobacterium tuberculosis, is between 12-24hr (71,72). 

The stationary phase occurs when the rate of cell division equals the rate of cell 
death. There are factors that trigger bacterial growth to progress from the 

exponential phase to the stationary phase. These include insufficient nutrients, 

accumulation of inhibitory metabolites or end products, and a lack of "biological" 

space (70). 

Finally the death phase occurs when the number of viable cells decreases 

geometrically (exponentially). This stage is essentially the reverse of growth 

during the log phase. 
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Figure 2.3. A typical batch growth curve 

Bacteria are living cells that are able to respond to their environment. Therefore, 

unlike non-biological colloids, the ability of bacteria to participate in aggregation 
depends on their physiological status. In response to nutrient depletion (starvation), 

some bacteria have been suggested to alter the cell surfaces, to promote the 

aggregation process (24). Limitation of nutrients such as carbon and nitrogen, and 

the growth stage of bacteria can affect the surface properties through controlling 

the production of outer membrane macromolecules and extracellular polymeric 

substances (EPS) (73,74). Major surface macromolecules, such as 
lipopolysaccharides and outer membrane proteins, have been shown to vary in 

response to the growth phase and conditions. The production of EPS in bacteria 

generally occurs at the onset of the stationary phase, and is controlled by 

environmental factors such as nutrient availability (75). 

As well as nutrient limitation, the nutrient composition can affect the surface 

properties of bacteria (76). For example, the presence of Mg2+ and Ca2+ can 
directly influence biofilm formation in Pseudomonas fluorescens by controlling its 

electrokinetic properties (77). Walker (75), compared the adhesion pattern of 
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Burkholderia cepacia G4g and ENV435g, when cultivated in nutrient rich Luria 

broth (LB) and nutrient poor basal salts medium (BSM). Interestingly, the author 

observed that the adhesion pattern of strains varied when cells were cultivated in 

the different growth media. Cells cultivated in LB medium displayed a more 

adhesive capability than cells cultivated in BSM. The author further attributed the 

differences in adhesive capability to the alteration of electrokinetic and size 

properties of cells, due to the media used. 

The growth phase of bacteria has also been suggested to influence aggregation. 

Bacteria growth can be simply defined as the increase in cell number. Hayashi et 

al. (78) reported that the cell surface electrokinetic properties of four Gram 

negative bacteria, Escherichia coli, Pseudomonas putida, Alcaligenesfaecalis, and 

Alcaligenes sp. varied as a function of growth phase. Although they also suggested 

that these changes may depend on the bacterial strain. Walker et al. (79), recently 

showed that E. coli harvested at the stationary growth phase, display a more 

adhesive capability than cells harvested during the exponential phase. This was 

due to a difference in the surface properties: the cells displayed a decrease in 

electrostatic repulsion when harvested at the stationary phase rather than when 

harvested at the exponential phase. Rickard et al. (80) showed that coaggregation 

abilities among aquatic bacteria were dependent on the growth phase (culture age) 

with coaggregation ability maximum during the stationary phase. Rickard et al. 
(62) later reported that freshwater biofilm bacteria coaggregate at the onset of the 

stationary phase. 

These findings all indicate that bacteria are able to alter their cell surface properties 
in response to nutrient availability and/or growth phase which then influences the 

tendency for bacteria to aggregate. 

2.3.2. Extracellular polymeric substances (EPS) 

Bacterial aggregates are surrounded by biopolymers which are known as EPS. EPS 

are mainly responsible for the structural and functional integrity of aggregates and 
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biofilms as well as playing a key role in the physicochemical properties of these 

aggregates and biofilms (33). Bacteria naturally produce extracellular polymeric 

substances during their growth. EPS arises from several metabolic processes such 

as cell breakage due to cell death, active secretion from various pathways, release 

of cell surface macromolecules (outer membrane proteins and lipopolysaccharides) 

and interactions with the environment (81). 

The EPS have been found to be composed of polysaccharides, proteins, nucleic 

acid, lipids and other biological polymers such as humic substances (33). EPS were 

previously thought to be composed of mainly polysaccharides, and therefore 

polysaccharides are the most well studied component. This is why the abbreviation 
"EPS" is mostly used to describe the extracellular polysaccharides or 

exopolysaccharides (81,82). However, current studies have shown that significant 

levels of proteins and nucleic acid are in the EPS extracted from biofilms (83), 

pure cultures (84) and activated sludge (85,86). 

EPS biosynthesis and compositions vary from one bacteria to another and have 

been shown to be controlled by several environmental factors such as: growth 

phase (82), growth media (87), temperature (88), limitation of oxygen (89,90), 

nitrogen (91) and cations (e. g. magnesium, calcium and phosphate) deficiency 

(92). Hence it is not surprising that conflicting reports regarding the compositions 

of EPS have been given in the literature. 

Furthermore, the method used to extract bacterial EPS before analysis can affect 

the composition reported. Several methods for extracting EPS have been reported, 
however, it is difficult to compare results due to the lack of a standard protocol. 

This is a major drawback in analysis of EPS. Zhang et al (93) compared five 

different methods for extraction of EPS for aerobic/sulphate-reducing biofilm, 

these were regular centrifugation, EDTA extraction, ultracentrifugation, steaming 

extraction and regular centrifugation with formaldehyde (RCF). RCF and the 

steaming method gave the highest level of carbohydrate and protein content. Liu 

and Fang (85), also compared EDTA, cation exchange resin and formaldehyde 
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extraction methods under various conditions to analysis the EPS content from 

aerobic, acidogenic and methanogenic sludge. The authors observed that 

formaldehyde plus NaOH was the most appropriate method for extracting EPS 

since it released only relatively low levels of nucleic acid. Sheng et al (84) recently 

extracted EPS from Rhodopseudomonas acidophila using four different extraction 

methods (EDTA, NaOH, H2SO4, heating/centrifugation). The authors observed 

that EDTA method was the most effective for extracting EPS, again because it 

released only relatively low levels of nucleic acid (Table 2.1). The proteins were 

dominant in the composition of the EPS of Rhodopseudomonas acidophila 

extracted with EDTA, NaOH, and heating/centrifugation. 

Table 2.1 Composition of EPS of R. acidophila by four extraction methods (reproduced 

from Sheng et al (84)) 

Component EDTA NaOH H2SO4 Heating Control 
mg g1 dry cells (centrifugation) 

Carbohydrate 6.5 7.7 10.6 10.3 4.1 

Protein 58.4 126.6 6.2 37.7 6.2 

Nucleic acid 5.4 24.9 4.6 23.6 2.6 

Total EPS 70.3 159.2 21.4 71.6 12.9 

Carbohydrate/protein 0.11 0.06 1.71 0.27 0.66 

The EPS synthesized by bacteria exist as tightly bound (capsular EPS or cell- 
bound-EPS) or loosely attached to the cell surface (free-EPS or slime). The 

distribution of EPS can be seen in Figure 2.. Bound-EPS are tightly linked to the 

cell surface either by a covalent bond via phospholipids and glycoprotein, or 
through noncovalent association via hydroxyl groups of lipopolysaccharides (81, 

94). Free-EPS are not directly attached to the cell surface and are usually released 
in the media. This type of EPS can also be distinguished based on the extraction 

method used; free-EPS can be separated from a medium by centrifugation with 
bound-EPS still attached to the cells or aggregates. A further step such as EDTA 

19 



extraction, ultracentrifugation or steaming extracted is required to separate the 

bound-EPS from the cells or aggregates. 

Free- 

EPS 

Bound- 

EPS 

Figure 2.4 Distribution of bound-EPS and free-EPS in bacteria 

The major role of EPS has been shown to keep microbial aggregates together (33) 

by providing a attractive force (33,95-97), and also in adhesion of aggregates to 

biotic or aboitic surfaces (in the case of biofilnis). This in itself will provide 

enough stability amongst the cells to withstand any shear force from the 

environment. Hence cells can easily be attached to surfaces of medical implants 

and metals, leading to infection or biocorrosion respectively (32,98). Several 

recent studies have show that EPS can promote aggregation or biofilm formation 

by altering the surface chemistry of the cell (26,99-101). Other functions of EPS 

have also been proposed and these include; (1) Biofouling, bioleaching and 
biocorrosion by facilitating the 

, attachment of aggregates on the surface, (2) 

providing a physical barrier to protect cells from contamination by biocides and 

antibiotics, (3) response to environmental stress (see reviews (32,102)). 
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The conventional way to analyze EPS from aggregates or biofilms is by first 

removing the cells from the media by centrifugation. Free-EPS can be recovered 

via precipitation, whilst bound-EPS can be recovered from the cells by several 

extraction methods. The problem with this approach is that most extraction 

methods may lead to destruction of the cell surface, and disruption of the EPS 

changes the original structure of the aggregates or biofilm, hence non-destructive 

approaches in studying EPS are becoming more fashionable. Such techniques 

include infrared spectroscopy, environmental scanning electron-microscopy 

Magnetic resonance spectroscopy and confocal laser scanning spectroscopy (84, 

103-105). 

2.3.3. Cell-to-cell communication via Quorum sensing 
Bacteria are living cells that are able to adapt to their environment. How successful 

these cells are depends on their ability to sense and respond to the environment. 

Bacteria have developed several systems that enable them to adapt to changes from 

the environment through the release and detection of chemicals. One example of 

this process is a cell density dependent process, known as Quorum sensing. This 

allows single cells to monitor the microbial community by producing and 

responding to low molecular mass signal molecules, called autoinducers (Al). 

Research into quorum sensing began over 30 years ago on the expression of 
bioluminescence in the marine bacterium Vibrio fisheri and Vibrio harveyi (106, 

107). At low cell density, Vibrio fisheri is non-bioluminescent, but when the 

concentration increases (high cell density), the organism is bioluminescent. In 

nature, Vibriofisheri forms a symbiotic relationship with Eu scolopes, by growing 

within the light organ of Eu scolopes obtaining nutrients from its host. The 

bioluminescence of Vibrio fisheri is exploited by Eu scolopes, to camouflage 

themselves from predators, a phenomenon knows as counter-illumination. 

The molecular basis of quorum sensing in Vibrio fisher! has been well studied 
(108). The gene cluster responsible for light production consists of eight genes 
(luxA-E, luxG, IuxI, and luxR) (Figure 2.5) (108). The regulator proteins 
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responsible for quorum sensing in this organism are proteins encoded by luxI and 
luxR. LuxI encodes the enzyme autoinducer synthase, which catalyses the reaction 
involved in the biosynthesis of homoserine lactones (HSLs). LuxR encodes the 

protein which binds to the autoinducer and also to activates luxA-E and luxl 

operon. The autoinducer produced by Vibrio fisheri has been well studied and 
found to be N-(3-oxohexanoyl)-L -homoserine lactone (OHHL) (41,113). 

At low concentrations of Vibrio fisher! only low levels of the luxI gene are 

expressed and so the levels of OHHL are low (208). As a result, only low levels of 
light are produced by the organisms (44) because the genes encoding for luciferase 

are located directly downstream of the luxI gene (108). However as the population 

of cells increases the concentration of OHHL will also increase. Once the 

concentration OHHL reaches a particular threshold level (1-10 µg/ml) (108) which 

corresponds to a particular cell density, OHHL binds to luxR. This process enables 

the luxR to bind with the luxA-E and I promoter and activates transcription, 

resulting in formation of light and OHHL. LuxR contains two domains; the C- 

terminal which is one-third of LuxR and contains a domain that can interact with 

the transcription complex and activate the luminescence genes, and the N-terminal 

region contains conserved residues known to be required for acyl-HSL binding 

(58). When N-(3-oxohexanoyl)-L -homoserine lactone is abundant in the cells, 
LuxR repress the transcription of luxR. 
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Figure 2.5 Quorum sensing in Vihrio, fischeri; a LuxIR signaling circuit. Red triangles 

indicate the autoinducer that is produced by LuxI. LuxR encodes the protein which binds to 

the autoinducer and also to activate luxA-E and Iuxl operon. OM, outer membrane; IM, 

inner membrane (reproduced from Waters and Bassler (109)). 

Bacteria are collectively able to regulate gene expression via quorum sensing, and 

therefore regulate their metabolic action. This may not be possible if each 
bacterium existed in isolation (109). Bacteria use quorum sensing to regulate 

several physiological processes: Examples of these include, bioluminescence and 

symbiosis in Vibrio fisheri (110-112), antibiotic production in Photorhabdus 

luminescences (113) expression of virulence, formation of biofilms and growth in 

Escherichia coli (39,114), production of extracellular polymeric substances 
biosynthesis and pathogenicity in Erwinia steu'artii (115), and expression of 

virulence genes Pseudornonas aeruginosa (116-118) 

Several types of autoinducers (Al) have been identified in bacteria (Figure 2.6). 

Gram-negative bacteria use N-acyl homoserine lactones (HSLs) as their 

autoinducer whilst Gram-positive bacteria use amino acids and short peptides 

(oligopeptide) (36,119). Each bacterial species also secret their own autoinducers 
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which are species specific (109,119). The regulation of N-acyl homoserine 

lactones in Gram negative bacteria follows a Luxl/LuxR system described in Vibrio 

fischen. In E. coli, the protein homolog to LuxR has been found to be SdiA (120). 

However, the gene homolog to Iuxl, which code for N-acyl homoserine lactones 

synthase has not yet been identified in the genome of E. coli. Hence, quorum 

sensing via N-acyl homoserine lactones has not been reported in E. coli since the 

product may not exist. 

Recent studies have shown that Vibrio fisheri and Vibrio harveyi produce and 
detect a second autoinducer, AI-2. This have also been found to be produced by 

many Gram positive and negative bacteria (> 55 bacteria species), and the gene 

responsible for production of this protein is called IuxS (121,122). Unlike AI-1, 

which may be produced in different forms, AI-2 appears to be similar in all 
bacteria that have been studied. These findings suggest that AI-2 is a universal 

signal molecule used in interspecies cell-to-cell communication (121) (Figure 

2.6d). 
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Figure 2.6 Representative bacterial autoinducers. The asterisk above the tryptophan in 

ComX represents an isoprenyl modification (reproduced from Waters and Bassler (109)) 

The biosynthesis of AI-2 requires the LuxS protein (123). However, there is still a 

great debate on whether AI-2 is a signal molecule, since the LuxS protein also 

plays an important in the recycling of S-adenosylhomocysteine (SAH), a very toxic 

substance (124,125). Although the biosynthetic pathway for AI-2 is not fully 

understood, LuxS has been shown to convert S-ribosyl-homocysteine into 

homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD) (Figure 2.6a). DPD is a 

very unstable compound which cyclizes and rearranges to form AI-2 upon reaction 

with water. Chen at al. (126) determined the structure of AI-2 in V. harveyi by 

solving the X-ray crystal structure of an AI-2-binding protein, LuxP and found the 
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structure of AI-2 to be furanosyl-borate-diester (3A-methyl-5,6-dihydro-furo(2,3- 

d) (1,3,2)dioxaborole-2,2,6,6A-tetraol; S-THMF-borate). More recently, Miller et 

al. (127) showed that the structure of AI-2 in Salmonella typhimurium was 

(2R, 4S)-2-methyl-2,3,3,4-tetrahydroxy-tetrahydrofuran (R-THMF), which lacks 

boron. The molecules DPD, S-THMF and R-THMF are all inter-convertible with 

each other (Figure 2.7b) and as such AI-2 can be used as a general term for DPD 

derivatives involved in quorum sensing (122). However, the structure of AI-2 has 

not been well established in most bacteria known to possess luxS (over 55 

bacteria). Bacteria with the luxS homologue, like E. coli and Salmonella enterica, 

have been shown to possess the Al-2-like autoinducer using a V. harveyi 

bioluminescence assay developed by Surette and Bassler (128). 
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Figure 2.7 Biosynthesis of AI-2 in relation to the activated methyl cycle (reproduced from 

De Keersmaecker et al(122)) 
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Vibrio harveyi, detects and responds to the two types of autoinducer (AI-1 and Al- 

2), and they are both required for bioluminescence and type III secretion (TTS) of 

virulence factors (Figure 2.8) (129). In contrast, E. coli can only detect, produce or 

respond to AI-2, which is secreted during the exponential phase and later 

internalised by the cell at the on set of stationary phase (Figure 2.8b). In the 

presence of AI-2, AI-2 transporter, Lsr imports AI-2 into the cell and the absence 

of AI-2, LsrR represses the Isr operon (129). During the release of AI-2, LsrK 

phosphorylates the intracellular AI-2 which then antagonizes LsrR, leading to de- 

repression of lsr expression and causing AI-2 to be a rapidly internalised (130). 
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Figure 2.8 a, V. harveyi quorum sensing. The autoinducers Al-I and AI-2 are detected by 

LuxN and LuxPQ, respectively. Information is transduced by phosphorylation. b, The E. 

coli Lsr transporter imports AI-2. See the text for details. AI-2-P, phosphorylated AI-2. 

(Reproduced from Xavier and Bassler (129)). 
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Puskas et al. (47) reported that quorum sensing inhibits Rhodobacter sphaeroides 

aggregation. Mutation of the quorum sensing (homoserine lactone synthase) gene 
increased the aggregation of Rhodobacter sphaeroides in a liquid culture. Atkinson 

et al. (131) reported a similar effect of quorum sensing on aggregation for Yersinia 

pseudotuberculosis. Gonzalez Barrios et al. (132) showed that AI-2 facilitates 

biofilm formation in Escherichia cola by stimulating motility. In contrast, Xu et al. 
(133), recently reported that AI-2 inhibited the biofilm formation in 

Staphylococcus epidermidis. The authors showed that a mutant lacking the AI-2 

gene, luxS showed increased biofilm formation compared to the wild type. The 

difference between the strains was attributed to the increase production of EPS in 

the mutant strain. 

Despite these findings, and the wealth of literature on quorum sensing, the precise 

role of quorum sensing in aggregation still remains unclear. However, it is now 
becoming apparent that quorum sensing plays a crucial role in the aggregation 

process either by directly regulating genes, or by altering the surface properties 

which promotes or inhibits cell aggregation. 

2.4. Bacterial Cell Wall 

Bacteria are broadly classified into two groups, Gram-positive and Gram-negative 

bacteria. The difference between the two groups is mainly due to their cell wall 

composition and chemistry (31) based on a cell staining assay developed by Hans 

Gram in 1884 (134). The cell wall helps maintains the rigidity of the cells, protect 

it against osmotic lysis, as well as playing a crucial role in the interaction between 

bacteria and their environment. The strength and rigidity provided by the cell wall 
is due to a layer of the macromolecule, peptidoglycan, which is found in both types 

of bacteria (135). 

2.4.1. Membrane of Gram positive bacteria 

The cell wall of Gram positive bacteria is mainly composed of peptidoglycan 
(usually 60-90% of the total cell wall), polysaccharides or teichoic acid (or both), 
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or lipoteichoic acids (135) (Figure 2.9). Surface proteins are attached to the outer 

surface of the peptidoglycan, and their function may vary from one strain to 

another. Peptidoglycan is a polymer composed of sugars and amino acids. The 

sugar component of the peptidoglycan is made up of repeating units of ß-(1,4) 

linked N-acetylglucosamine and N-acetylmuramic acid residues (136). Amino 

acids such as L-alanine, D-alanine, D-glutamic acid and lysine or diaminopimelic 

acid are attached to the N-acetylmuramic acid portion of the peptidoglycan (70). 

Teichoic acids extend to the surface of the peptidoglycan and are composed of 

polymers of glycerol, phosphates, and the sugar alcohol ribitol covalently bond to 

the N-acetylmuramic acid of the peptidoglycan layer (137). Some teichoic acids 

are anchored to the plasma membrane via glycolipids, known as lipoteichoic acids. 

The precise role of teichoic acids remains unclear but the negative charge of 

teichoic acids has been found to contribute to the overall negative charge of Gram- 

positive bacteria cell surfaces (70). 
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Figure 2.9. The overall general structure of the cell wall of Gram-positive bacteria. 

(reproduced from Delcour et al (138)). 
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2.4.2. Outer membrane of Gram negative bacteria 

Gram-negative bacteria are surrounded by an envelope which comprised of two 

membranes (the cytoplasmic or inner membrane (IM) and outer membrane (OM)) 

separated by a thin peptidoglycan layer, called the periplasm (139) Figure 2.9). The 

inner membrane is a lipid bilayer which is predominantly composed of 

phospholipids mainly phosphatidylethanolamine (70-80%), phosphatidylglycerol 

(15-20%) and cardiolipin (<5%). The inner membrane also contains proteins (IMP) 

and lipoproteins which are distributed across the IM which serves as a selectively 

permeable barrier. The periplasmic membrane contains a thin layer of 

peptidoglycan (less than 10% of the total cell wall) and soluble proteins which 

mainly provides rigidity for the cell membrane and transportation of small 

molecules into the inner membrane (140). 

Inner-membrane protein 

Figure 2.9 General structure of the Grain negative, Escherichia coli cell envelope 

(reproduced from Ruiz et al (139)) 

The outer membrane is the part of the cell which is in contact with the 

environment. It is composed of lipopolysaccharides (LPS), phospholipids (PL), 
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outer membrane proteins (OMP) and lipoproteins (LP) (141). The 

lipopolysaccharides is composed of oligosaccharides (core) and an 0 antigen, lipid 

portion (lipid A) which anchors the LPS to the outer membrane. Lipid A consists 

of a ß- 1', 6-linked glucosamine disaccharide backbone, while the core is composed 

of 3-deoxy-D-manno-octulosonic acid (Kdo) residues. LPS provides a protective 

barrier for the cell and also contributes to the overall negative charge on the 

bacteria surface (142). 

The phospholipid (PL) component of the outer membrane is mainly 

phosphatidylethanolamine and phosphatidylglycerol. The enzymes involved in 

these biosynthesis are located in the inner membrane (139). 

Proteins in the outer membrane can be anchored via an N-ternimal N-acyl- 

diacylglycerylcysteine to the outer membrane (lipoproteins), or are spanned across 

the outer membrane region (integral outer membrane proteins referred to as outer 

membrane proteins OMPs). OMPs are composed of amphipathic antiparallel beta- 

strands folded into a barrel-like cylinder which enables them to channel nutrients 
into the cell, and excrete toxic waste from the cell (139,143). Lipoproteins 

synthesized from the inner membrane are translocated to the outer membrane, 

while OMP are synthesized in the cytoplasm. 

2.4.3. Comparison of Grain negative and Gram positive cell surfaces 
The composition of macromolecules present the cell walls are chemically quite 
different in Gram negative and Gram positive cells (134). Peptidoglycan is the 

only macromolecule that is common to both types of bacteria. In Gram positive 
bacteria, their cell wall contains a much thicker peptidoglycan layer than the cell 

wall of Gram negative bacteria (144). The teichoic and lipoteichoic acids are only 
found in Gram positive bacteria. A Gram negative bacterium differs from its Gram 

positive counterpart in that it possesses an addition outer membrane which is of 

comprised lipopolysaccharides, lipoproteins, outer membrane proteins and 

phospholipids. 
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The overall surface charge on of a bacterium originates from the functional groups 

on the cell surface such as carboxylic, phosphoric, hydroxyl, and amine groups 
(31). Table 2.2 summarises the active functional groups identified on the different 

cell surfaces. These functional groups arise from the different macromolecules on 

the surface of the bacteria, which are also highlighted in Table 2.2. Hence it can be 

seen that different macromolecules are responsible for the active functional groups 

of the different cell types and this results in differences in the surface charge of- 
both Gram positive and Gram negative bacteria will differ. For example, Sonohara 

et al. (145) compared surface properties between Gram-negative Escherichia coli 

and the Gram positive bacterium, Staphylococcus aureus and demonstrated that 

Gram-negative bacteria are more negatively charged and have a less soft surface 

than Gram-positive bacteria. 

Table 2.2 Active functional groups from macromolecules of bacterial cell wall* 

Active functional groups 'Associated bacterial outer membrane macromolecule 

Gram-positive Gram-negative 

Carboxylic Peptidoglycan, teichoic Lipopolysaccharides, 

R-COOHHR'COO-+H+ acid (glycerophosphate or membrane protein e. g. 

ribitol phosphate residue) porins, 

Phosphate (phosphoric) Teichoic acid, Lipopolysaccharides, 

R-PO4HHR7PO4 +H+ Lipoteichoic acid Phospholipids 

R-H2PO4HR'HPO4 +H+ (teichoic acid covalently 

R-HPO4-HR7PO42-+H+ bond to lipids) 

Amine Peptidoglycan, S-layer Lipopolysaccharides, 

R-NH3+HR NH2+H+ membrane proteins 

Hydroxyl (phenolic) Peptidoglycan, Teichoic Lipopolysaccharides, 

R'OH+-*R70-+H+ acid, Teichuronic acid Phospholipids 

`Modified from Hong and Brown, 2006 (31) 
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Burdman et al. (146) showed that OMPs can promote aggregation and flocculation 

of the cell by interacting with EPS during certain growth conditions. Recent studies 
have shown that the outer membrane protein, Antigen 43 (Ag43) promotes 

autoaggregation and flocculation of static cultures of specific E. cola strains via an 
Ag43-Ag43 interaction (64,147). The outer membrane protein (OmpA) has 

recently been shown to affect biofilm formation in E. coli (41,148) by inhibiting 

biofilm formation. An E. co1i mutant lacking the ability to produce OmpA also 

showed a significant decrease in biofilm formation. 

2.5. Proteomics studies 

The term "proteomics" is an analogue of the word "genomics", which involves the 

study of an organism's entire genome (149). Proteomics can be defined as the 

study of proteins, which involves qualitative and quantitative comparison of 

proteins on a large scale under different conditions to further unravel biological 

processes. The field now also include studies of protein isoforms and 

modification, interactions, localisation and structure (150). The completion of 

genome-sequencing projects has aided the development of the field of proteomics. 
The two major experimental approaches used in the area of proteomics are 
discussed in the following sub-sections. 

2.5.1. Gel-Based technology 

This is a well established proteomics approach that involves the combination of 

two-dimensional gel electrophoresis (2-DE), mass spectrometry and bioinformatics 

tools. The 2-DE approach involves the separation of proteins based on their 

isoelectric point (pI) in the first dimension and by molecular weight in the second 
dimension (151). The 2-DE enables individual proteins to be resolved into spots. 
The spots are excised from the gel and then subjected to tryptic digestion follow by 

identification of the proteins using reverse phase liquid chromatography with 

tandem mass spectrophotometry (LC-MS/MS) (152). Prior to protein identification 

by LC-MS/MS, the spots are visualised with various stains like Coomassie-blue or 

silver staining. The differential expression of proteins can then be estimated with 
the aid of bioinformatic software such as PDQuest (Bio-Rad, UK). This approach 
has been successfully used to investigate soluble and extracellular proteins (153). 
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This approach has also been used to some extent to identified bacterial surface 

proteins (outer membrane proteins and lipoproteins) (154-156). However, surface 

proteins are more difficult to solubilise and resolve due to their hydrophobicity and 

as such difficult to analyse using this approach (152). Another major drawback of 

this approach is that it is laborious and very time consuming (152). 

Another gel-based method in proteomics is the combination of SDS-PAGE and 

mass spectrometry. This method have been recently been shown to be suitable for 

separating membrane proteins due to the solubilising efficiency of the detergent, 

SDS (152). In this method, proteins are first separated using SDS-PAGE on a 1D 

gel based on molecular weight and the protein bands are then excised from the gel. 
The bands subjected to tryptic digestion followed by identification of the proteins 

using reverse phase liquid chromatography with tandem mass spectrophotometry 
(LC-MS/MS). Xiong et al (157) used this method to identify membrane proteins 
from Mycobacterium tuberculosis H37Rv identifying a total of 100 membrane 

proteins (157). 

2.5.2. Shotgun proteomics 
In order to address the limitation of the 2-DE approach, non-gel based approaches 
for the identification of proteins from complex mixtures have been developed, 

known as shotgun proteomics or multidimensional dimensional protein technology 
(MudPIT) (158). The approach involves the -separation of proteins by two- 
dimensional liquid chromatography (2-DLC) prior to mass spectrometry. The 

protein mixture is first subjected to tryptic digestion. The peptide is first separated 

using a strong cation exchange (SCX) column in the first dimension followed by 

reverse phase chromatography in the second dimension. The proteins are then 
identified by subjecting the separated peptides to tandem mass spectrometry 
(MS/MS). The method is less laborious and time consuming in comparison to gel- 
based method (152). For quantification purposes the peptide mixture can be 

labelled with amino acid `tags' or labels which enable peptide-peak comparisons to 
be made during mass spectrometry analysis (158). Severin et al. (159), recently 
identified surface associated proteins from Streptococcus pyogenes using this 

approach. A total of 79 surface associated proteins were identified, including 14 
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proteins containing cell wall-anchoring motifs, 12 lipoproteins, 9 secreted proteins, 
22 membrane-associated proteins, 1 bacteriophage-associated protein, and 21 

proteins commonly identified as cytoplasmic (159). 

2.5.3. Proteomics and aggregation 
The rapid development in the field of proteomics as well as genomics have help 

improved our understanding of microbial processes such as aggregation. De Windt 

et al (42) recently investigated the aggregation process of Shewanella oneidensis 
by conducting proteomic studies on the surface associated proteins (using the Gel- 

based method). The authors compared surface proteins of Shewanella oneidensis 
MR-1 with its hyper-aggregating mutant Sheivanella oneidensis COAG. Their 

studies revealed that the agglutination protein AggA, associated with the secretion 

of a putative RTX protein, played a crucial role in the hyper-aggregating properties 
displayed by Shewanella oneidensis COAG (42). 

Kalmokoff et al (160) conducted proteomic analysis of planktonic (non- 

aggregated) and biofilm-grown cells (aggregates) of Campylobacter jejuni. Their 

studies showed that proteins involved in the motility complex, including the 

flagellins (F1aA, FlaB), the filament cap (FliD), the basal body (F1gG, F1gG2), and 

the chemotactic protein (CheA), displayed higher levels of expression in cells from 

the biofilm phase than the planktonic phase. In addition, heat shock proteins 
(GroEL, GroES), oxidative (Tpx, Ahp) stress responses, as well as two known 

adhesins (Peb1, F1aC) were also observed to displayed higher levels of expression 
in the biofilm phase (160). The higher expression of these protein further suggest 

that cell aggregation and biofilm formation may serve as a mechanism for cells to 

adapted to adverse conditions. 

Furthermore, proteomic studies have also been used to investigate factors such as 

growth conditions, quorum sensing and EPS, which have been suggested to control 

cell aggregation (161,162). For example, Cohen et al (161) conducted a proteomic 

analysis of Lactobacillus plantarum cells collected during the exponential and 

stationary phase growth. The authors demonstrated that 29% of surface associated 

protein with anabolic pathways were at least twofold up-regulated throughout the 

exponential and early-stationary phases. In the late-stationary phase, six proteins 
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involved in stress or adaptation were significantly expressed. Kim et al (162) 

recently used a proteomic approach to investigate the role of quorum sensing in 

Pseudomonas aeruginosa. Interestingly, several of the extracellular proteins 
(AprA, LasB, PrpL) were found to be quorum sensing regulated. Hence it is 

possible that quorum sensing may regulated extracellular proteins found in the 

EPS, which is know to be involved in cell aggregation. However further studies are 

needed to confirm this. 

2.6. Physical frameworks available to study bacterial aggregation 

Due to the dynamic and complex nature of bacteria, no single theoretical 
framework has been able to fully explain bacterial aggregation. A common 

approach is to assume that bacteria are like inert colloids coated with 

polyelectrolyte such as proteins, polysaccharides or lipids. Traditional theories 
have been applied to investigate bacterial interaction or bacterial-to-surface 

interactions. The major theoretical approach that has been adopted to explain the 

microbial adhesion process is the Derjauin-Landau-Verwey-Overbeek (DLVO) 

theory (163). 

The DLVO theory is a theory used to describe the behaviour of colloid stability in 

suspension (163,164). The theory is used to explain the ability of colloids 

aggregate or remain dispersed (Gaggr) in suspension by taking into account the 
balance between van der Waals (Gvdw) attraction and electrostatic (GES) repulsion 
(also referred to as the electric double layer). Depending on the relative strength, 
the interaction between the colloids may be attractive or repulsive. Hence colloid 

aggregation will occur if the net magnitude of forces is attractive. Conversely, a 

colloidial dispersion will remain stable if the net magnitude of the energies is 

repulsive. Both energies contribute to the total Gibbs energy (OGaggr), hence the 

overall cell-to-cell interaction energy can be separated as 

Gaggr(d)= G,, dw(d) + GES(d) Equation 2.4 
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The electrostatic repulsion force resulting from the charge ionisable function 

groups becomes significant when two colloids approach each other and their 

double layers begin to interfere (165). The electrostatic repulsion is highest when 

the colloids are almost in contact with each other and lowest outside the double 

layer region (see Figure 2.11). The Van der Waals force is the attractive 
intermolecular force in each colloid resulting from fluctuations in the distribution 

of surface electrons. An attractive energy curve is used to indicate the variation in 

van der Waals force with distance between the colloids (see Figure 2.10). 

When both electrostatic repulsion and van der Waals energy curves are combined 

together a net energy curve can be deduced (Figure 2.10a). At large distances 

between colloids, electrostatic repulsion is weakened, resulting in overall attraction 

with a shallow minimum called the secondary minimum (Figure 2.10b) (165). 

When the distance between colloids is decreased, a repulsive barrier based on 

electrostatic repulsion is increased, and as such an energy barrier must be 

overcome to reach the so-called primary minimum and allow aggregation. The 

maximum energy is related to the surface potential and the zeta potential, which is 

discussed in more detail in Section 2.7. 
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Figure 2.10a Schematic diagram of the variation of free energy with particle separation 

according to DLVO theory (Reproduced from 

http: //www. malvern. com/LabEng/industry/colloids/dlvo_theory. htm) 

37 



Energy Secondary 
minimum 

T`ý- Primary minimum 

Distance 
Figure 2.11b. A typical energy/distance curve is shown (reproduced from Vitte et al. (165)) 

The electrostatic repulsion is dominant at low ionic strength because it arises from 

the electrokinetic properties of the cell surface. However at higher ionic strengths, 

the electrostatic repulsion becomes less dominant as a result of shielding of the 

cells surface charge by external electrolyte and steric interactions between outer 

membrane macromolecules (166). The DLVO approach also assumes that for 

aggregation to occur the strong electrostatic repulsion among colloids, due to their 

overall negative charge, will have to be overcome or reduced before aggregation 

can take place. 

Although this theory has been successfully applied for non-biological colloids and 
in some biological systems (166,167), the bacterial surface is far more complex 

than the DLVO theory assumes; as it is semi permeable and allows an influx of 

nutrient and ions (78). Moreover, bacteria do not have a uniform surface in time or 
location, as they possess various macromolecules which may vary in response to 

the environmental changes. 

Hence an extension of the standard DLVO approach is required to explain the 

bacterial aggregation process which considers additional potentials and governing 
factors. For example, a suspension of non-biological colloidal particles, in the 

presence of non-adsorbing polymers have been observed to aggregate via a process 
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known as depletion (48,49). The interaction is due to an imbalance in osmotic 

pressure when the non-adsorbing polymers are excluded from the region between 

particles. Thus, a net attractive potential is set up between the particles enhancing 
the attractive potential. This approach can be used to describe the cell-to-cell 
interactions, leading to aggregation, assuming that the extracellular polymers 

produced by the cells are non-adsorbing. Hence, the approach appears to be more 

appropriate when considering the interaction of cells in the presence of free-EPS. 

2.7. Physical methods for characterization of microbial surfaces 

Bacteria can interact with themselves and with the environment. These 

interactions, whilst biologically initiated, are also controlled by the physiochemical 

properties of the cell surface. As stated previously, microbial surfaces are 

composed of macromolecules such as lipopolysaccharides (LPS), phospholipids 
(PL), outer membrane proteins (OMP) and lipoproteins (LP) (139). These 

macromolecules possess functional groups, such as carboxyl, phosphate, amino 

and hydroxyl groups which contribute to the overall physicochemical properties, 

e. g. surface charge, of the bacterial cells. Measurement of the cell surface is 

therefore important to determine the chance of aggregation. There are several 

methods, currently available to measure the surface properties, which will be 

discussed in the following section. 

2.7.1. Potentiometric titration (acid-based titration) 

The charge on a microbial cell surface usually arises from the dissociations of the 

proton active functional groups under in aqueous solution (31) (Figure 2.11). 
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Figure 2.11 Dissociation of proton active functional groups from macromolecules on the 

surface of Gram negative bacteria. 

Potentiometric titration is suitable for investigating the acid-base properties of the 

microbial surface, and has been found to be successful in elucidating the cell-to- 

cell and cell to environment interaction (31,43,79,168). 

The tendency of a compound to donate a proton is measured by its acid ionization 

or acid dissociation constant, Ka. These range from 1010 for sulphuric acid to 10"50 

for methane. Deprotonation of proton active functional groups from microbial 

surfaces is described by 

RH° a R- + H+ Equation 2.5 

Where R- is the proton active functional and H+ is the proton in the suspension. 

The dissociation constant, Ka of the reaction above is expressed as 

[R ]aH- 
K° 

[RH°] 
Equation 2.3 
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Where [R"] and [RH°] is the concentration of deprotonated and protonated sites, 

respectively and aH_ is the activity of the proton in the bulk solution. The pKa 

values can then be deduced from 

pKa = -log 10(Ka) Equation 2.4 

The pKa of any reaction can be determined by potentiometric titration and the 

software often used for this is Protofit (169) or FITEQL (170). 

The pKa values for different microorganisms have been published, and the values 

vary due to. differences in both the strain and growth conditions. The calculated 

pKQ values correspond to carboxyl (pK1), phosphate (pK2), and amine (pK3) groups 
(Table 2.2), with C1, C2 and C3 corresponding to the concentration of the 

corresponding functional groups (Table 2.3). Walker et al. (79) used 

potentiometric titration to characterize the E. coli surface properties at different 

growth phases. The findings suggested that the potentiometric titration data 

correlated well with the adhesion capability of the bacteria. Similarly, Hong and 
Brown 2006 (31) used potentiometric titration to compare the acid-base properties 

of Gram negative E. coli and Gram positive bacteria, Bacillus brevis at different 

growth conditions. Not surprisingly, the acid-base properties of E. coli were 

significantly different from the Gram positive bacteria, Bacillus brevis, due to their 

different cell wall architecture. 
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Table 2.3 pKa values for different bacterial species as reported in literature 

Species *pKi *pK2 *pK3 Reference 

Synechococcus 

Green 

4.85± 0.31 6.56-4-0.2 8.76 ± 0.06 (171) 

Synechococcus 

Red 

4.98± 0.16 6.69 ± 0.39 8.66 ± 0.21 (171) 

Enterobacteriaceae 4.3 ± 0.20 6.9 ± 0.50 8.9 ± 0.5 (172) 

S. putrefaciens 5.16± 0.04 7.22 ± 0.15 10.0-+0.67 (173) 

Calotrix cell 4.7 ± 0.40 6.6 ± 0.20 9.1 ± 0.3 (174) 

Calotrix sheath 4.8 ± 0.30 6.5 ± 0.10 8.7 ± 0.2 (174) 

Bacillus subtilis 4.8 ± 0.14 6.9 ± 0.50 9.4 ± 0.6 (175) 

*pK1 = carboxyl groups 
*pK2 = phosphate groups 
*pK3 = amine groups 

42 



Table 2.4 Surface site concentration values for different bacterial species as 

reported in literature 

Species 

Ctot 

(x 104 
mol/g) 

*C, 

(x 10-4 
mol/g) 

*CZ 

(x 104 
mol/g) 

*C3 

(x 104 
mol/g) 

Reference 

Synechococcus 
Green 

7.0 2.6±0.4 1.9±0.5 2.5±0.4 (171) 

SynechococcusRed 16.6 7.4± 1.6 4.4±0.8 4.8±0.8 (171) 

Enterobacteriaceae 12.7 5.0 ± 0.7 2.2 ± 0.6 5.5 ± 2.2 (172) 

S. putrefaciens 0.78 0.32 ± 0.0 0.09 ± 0.0 0.38 ± 0.0 (173) 

Calotrix cell 14.6 3.28 ± 0.3 4.14 ± 0.3 0.92 ± 0.2 (174) 

Calotrix sheath 1.83 0.46 ± 0.2 0.45 ± 0.1 0.92 ± 0.2 (174) 

Bacillus subtilis 22.6 12 ± 1.0 4.4 ± 0.2 6.2 ± 0.2 (175) 

*C1 = carboxyl groups 
*C2 = phosphate groups 
*C3 = amine groups 

2.7.2. Electrophoretic mobility 
Interactions leading to aggregation have been shown to be controlled by physical 
forces such as van der Waals and electrostatic forces (163). The DLVO theory, 

described previously, considers a combination of these two forces. Electrostatic 

repulsion forces are determined by the electrokinetic properties of the bacteria due 

to the presence of macromolecules on their surface, as well as the chemical nature 

of the solution or environment (such as ionic strength and valency of ions) in 

which they exist (176). Microbial surface macromolecules such as 
lipopolysaccharides, lipoproteins, phospholipids and outer membrane proteins 

possess ionisable functional groups which are dependent on the pH of the 

environment and they confer the electrokinetic stabilization to the microbial 
dispersion. 
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Electrokinetic properties of the bacterial surface are generally elucidated from 

measuring the Zeta potential, which is the electric potential of the interfacial region 
between the bacterial surface and the aqueous environment (46). The net surface 

charge on the microbial surface determines the ion distribution in the surrounding 
interfacial region, which results in an increased concentration of counter ions 

(177). An electric double layer exists for each individual cell. The inner region is 

known as the Stern layer, consisting of the bacterial surface as well as the ions 

which are strongly bound to the surface. The outer (diffuse) region comprises of 
less firmly associated ions that extend to the bulk. The outer region contains an 
inner boundary were ions form a stable association with the cell surface and move 

with the cells during bacterial motion, while ions beyond this boundary remain in 

the aqueous environment (177). The potential at this inner boundary (potential at 

the plane of shear) is known as the Zeta potential Q (Figure 2.12). 
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For non-biological colloids the Zeta potential can be obtained by measurement of 

the electrophoretic mobility (EPM). This is the velocity of a particle in a unit 

electric field and is dependent on the net charge of the particle. The magnitude of 

the EPM gives an indication of the overall net charge on the surface of a particle. A 
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negative EPM value indicates that a particle has a negative charge and vice versa. 
The electrophoretic mobility is then converted to Zeta potential via 
Smoluchowski's formula (30,78,145,178,179). The relationship being 

£OS 
Equation 2.5 

Where il is the viscosity of the medium, p is the mobility, eo is the permittivity of 

vacuum and c is the dielectric constant of the medium. 

However, equation is not suitable for calculating the Zeta potential for microbial 

cells due to their surface complexity and non spherical shape (145,180). Ohshima 

and Kondo (181-184) have recently developed a formula known as Ohshima's soft- 

particle electrophoresis theory, which appears to be a more suitable approach to 

describe bacterial surfaces. The theory assumes the presence of an ion-penetrable 

layer of finite thickness around a core spherical particle. This approach has been 

found to be useful in estimating the surface charge of several biological systems 
(78,145,178,185). Ohshima's soft-particle theory was used by Sonohara et al. 
(145) to compare electrokinetic properties between Gram-negative Escherichia coli 

and Gram positive bacteria, Staphylococcus aureus. The work revealed that Gram- 

negative bacteria are more negatively charged and have a less soft surface than 

Gram-positive bacteria. This was attributed to the differences in the composition of 

macromolecules on their cell surface. Skvarla et al. (186) investigated the surface 

properties of Thiobacillus ferrooxidans using the soft particle model. They also 

observed that the application of Ohshima's formula was more suitable for bio- 

colloids than Smoluchowski's formula. However, Ohshima's soft-particle 

electrophoresis theory involves the use of several assumptions, such as a spherical 

shape, which is not the case for all microorganisms. For example, Gram negative 
bacteria like E. coli and Pseudomonas are rod-like in shape. Hence, it is not 

surprising that some researchers prefer to report the measured electrophoretic 

mobility values rather than Zeta potential (185) since the electrophoretic mobility 

makes no assumption about shape. 
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2.7.3. Bacterial adherence to hydrocarbons (BATH) and contact angle 
The cell surface hydrophobicity has suggested to be an important factor in bacterial 

aggregation, attachment and biogranulation (29,30,52,163,187,188). An 

increase in bacterial surface hydrophobicity is usually linked with bacterial 

aggregation (189,190). From a thermodynamics point of view, bacterial 

aggregation is driven by a decrease of free energy. 'Increasing the cell surface 
hydrophobicity would cause a corresponding increase in the excess Gibbs energy 

of the surface. This in turn would promote cell-to-cell interaction. This would 
further serve as an diving force for cells to aggregate out of the aqueous liquid 

phase (52). 

Two major methods for studying hydrophobic interactions in bacteria include 

contact angle measurement (29,167,191-193) and microbial adhesion to 

hydrocarbons (MATH) (194-197). Other methods include salt aggregation (193, 

198), hydrophobic interaction chromatography (193,197,199), hydrophobic 

microsphere assay (199,200), and coaggregation with Fusobacteriumnucleatum 

(201). MATH is one of the most commonly used methods to determine microbial 

cell surface hydrophobicity (202,203). In MATH, a suspension of cells is 

repeatedly mixed with a small amount of hydrocarbon for a set period of time, 

which allows the bacteria to interact with the hydrocarbon phase. The mixture is 

allowed to stand for a certain period and microbial hydrophobicity is calculated as 

the percentage of microbial adhesion to the solvent. One of the drawbacks on this 

method is that MATH is based on adhesion, and does not measure cell surface 
(202,204) hydrophobicity alone, but an interplay of hydrophobicity and 

electrostatic interactions. 

Van der Mei et al. (205) investigated the surface hydrophobicity of 
nonencapsulated and encapsulated Staphylococci by contact angle measurements. 
This method has also been used to study the relationship between the 

hydrophobicity of urogenital isolates of lactobacilli and resistance to antibiotics 
(206). They observed that surface hydrophobicity may be implicated in lactobacilli 

susceptibility to antimicrobial agents. Several studies have suggested that 
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extracellular polymeric substances are implicated in cell hydrophobicity (207-209). 

Van der Mei et al. (210), observed that a surface layer of protein enhances the cell- 

surface hydrophobicity and facilitates its adhesion to hydrocarbons through 

hydrophobic interactions. 

Although cell hydrophobicity has been recognized as an important driving force in 

bacteria aggregation, there is still disagreement about the current methods used to 

measure hydrophobicity. Both the MATH and contact angle method have been 

compared, and a weak correlation has been observed (193). Furthermore, it is not 

possible to define the surface hydrophobicity of a bacterium other than on a 

comparative level between closely related strains (193). Most methods are limited 

by their inability to measure the actual microbial surface hydrophobicity but 

rather measure some hydrophobic substratum (190). Ahimou et al. (197) 

investigated the surface hydrophobicity of nine Bacillus subtilis strains using 

microbial adhesion to hydrocarbon (MATH), water contact angle measurements, 

and hydrophobic interaction chromatography (HIC). Their results revealed that 

MATH and HIC are influenced by electrostatic interactions whilst the water 

contact angle seems to be the most suitable method for estimating just the cell 

surface hydrophobicity. 

2.7.4. Fourier transformation infrared spectroscopy (FTIR) 

Fourier transform infrared (FTIR) spectroscopy is a rapid non-destructive method 

which has been applied to many biological systems (45,211,212). The technique 

is based on the principle that atoms in molecules are not held rigidly apart and 

when subjected to infrared radiation (between 300 and 4000 cm 1), the molecule 

will absorb the energy and the bond will be subjected to a number of different 

vibrations (Figure 2.13). The pattern of vibration of the atoms in the molecules 
depends on the type of binding force and angles of the atoms in the molecules (45). 

Hence a complex molecule will display several types of vibrations with each 

arising from different atoms. 
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Figure 2.13 Modes of vibration for >CH2 (reproduced from http: //www. ir- 

spektroskopie. de/) 

FTIR can be used to identify and characterize microbial cells (212,213), microbial 

cell walls (171) and pathogenicity (214,215) as well as characterization of 
individual microbial surface macromolecules such as lipopolysaccharides (216), 

outer membrane proteins (217) and extracellular polymeric substances (84,218). 

Despite the success in the use of FTIR in studying microorganisms, the major 
drawback is that spectra may contain mixed regions of proteins, carbohydrates, 
lipids and nucleic acids which cannot be individually characterized. Serra et al. 
(219) recently used FTIR to monitor a Bordetella pertussis biofilm. They observed 

changes in the carbohydrate to protein ratio during Bordetella pertussis biofilm 

formation. Furthermore, it is difficult to characterize a bacterial cell surface with 
FTIR since the spectra may also reveal bands which originate not only from the 

cell wall but also from the cytoplasm. Hence FTIR should be used in combination 

with other surface characterization techniques. Dittrich and Sibler (171) recently 

combined FTIR with Electrophoretic mobility and Potentiometric titration to study 

picocyanobacteria. The authors reported good correlation between the techniques. 
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2.8. Conclusions 

Based on the literature thus far, it is apparent that bacterial aggregation is strongly 
influenced by the physiochemical properties of the bacterial surface. A common 

approach for studying aggregation is to assume that bacteria are inert colloids and 
hence physical forces such as electrostatic; van der Waals and steric forces govern 

the bacterial interaction. Although this approach has been successful in explaining 

colloid interactions, it has limited direct application to bacterial interaction. This is 

due to the following reasons; (1) The bacterial surface is composed of complex 

macromolecules such as proteins, lipids and polysaccharides (2) The bacterial 

surface is not a hard surface since ions and solutes can be transported from the 

environment into the bacterial cell and (3) Bacteria are dynamic in nature and their 

surface composition and aggregation ability can vary as a function of their 

physiological state. 

In order to understand bacterial aggregation a combined approach that considers 
both physical and biological aspects is needed. This is the philosophy behind the 

approach taken in this thesis. Hence in order to understand bacterial aggregation, it 

is necessary to consider biological factors that affect bacterial physiology during 

aggregation, and to determine how this affects the physiochemical properties of the 

cells. For example, while EPS has been suggested to affect cell bacterial surface 

properties, it still remains unclear as to how EPS affects bacterial aggregation and 
its role in this process. In order to achieve this, it is necessary to understand the 

how changes in bacterial physiology due to different growth phases and nutrients, 
influences EPS production which in turn influences aggregation. This is the focus 

of Chapters 3-6. - 

The bacterial cell surface properties are attributed to the presence of surface 

macromolecules such as lipopolysaccharides, proteins and phospholipids. These 

surface macromolecules are controlled by the bacterial physiology due to changes 
in environmental conditions and as such these changes will control bacterial cell 

surface properties. Although several studies are available on bacterial cell surface 

properties, they have mostly focused on a specific biological or environmental 

50 



condition. Hence very little is known on how changes in the environmental 

conditions, such as growth phases or nutrients affect the bacterial cell surface 

properties. This is addressed in Chapters and 4 and 7. 

Furthermore, the ability of bacteria to adapt to changes or to participate in 

aggregation also depends on their ability to sense and respond to these changes via 

quorum sensing. Although quorum sensing has been suggested to affect bacterial 

interactions, its exact role in aggregation still remains unclear. If aggregation is 

strongly linked with changes in cell surface properties, then it is vital to investigate 

the link between quorum sensing and changes in bacterial surface properties. This 

is addressed in Chapters 3 and 8. 
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Chapter 3 Growth studies and Quorum 

sensing of Escherichia coli AB 1157, 

MG1655 and MG1655 luxS" 
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3.1. Abstract 

Escherichia cola (AB1157, MG1655 wild and MG1655 IuxS' (lacking quorum 

sensing gene for Autoinducer synthase AI-2) were chosen as a model for studying 
bacterial aggregation. In order to investigate bacterial aggregation it is necessary to 

characterize the bacteria in terms of growth pattern, nutrient uptake and their 

ability to participate in quorum sensing. The aim of this chapter was to determine 

the effect of changes in the growth media to the growth pattern of Escherichia coli 
(E. coli) as well as their ability to participate in quorum sensing. 

Eco1i strains were cultivated in LB (Luria-Bertani) medium or LB supplemented 

with 0.5% (w/v) glucose (LBG) at 30°C. The specific growth rate for E. co1i 
ABI 157, MG1655 and MG16551uxS were found to be 0.45h'1,0.34h"1 and 0.35h'1 

respectively regardless of the medium used. Neither quorum sensing nor the 

addition of 0.5 w/v (%) glucose affected the growth pattern of any of the strains. 
However, the addition of 0.5 w/v (%) glucose to the medium affected the 

measurable amount of quorum sensing molecule present in the supernatant for 

Eco1i ABI. 157 and MG1655 wild type. The knowledge from this work will lay the 

foundation for further studies of bacterial aggregation. 
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3.2. Introduction 

The ability of bacterial to participate in aggregation is an index of its physiological 

state (as discussed in Chapter 2). The physiological status of bacteria has been 

shown to be controlled by biological factors such as growth phase, nutrients and 

quorum sensing and as such may affect bacteria aggregation. Therefore, in order 

to investigate bacterial aggregation, it is necessary to characterize the bacteria in 

terms of its growth, response to nutrients in the medium and ability to participate in 

quorum sensing. Each of these factors is discussed in this chapter. 

Escherichia coli (E. coli) was chosen as the model system to investigate bacterial 

aggregation, due to its fast growth rate and the fact that the genome has already 
been sequenced (220). The information from the bacteria genome can be analysed 

to provide future structural and functional information about unknown genes and 

proteins that might be implicated in bacteria aggregation. 

Three E. coli strains are used in this chapter. These are E. coli AB 1157, MG 1655 

and MG1655 luxS. Ecoli AB1157 was used in this thesis because it was 

previously reported by Surette and Bassler (128) to produce and respond to 

quorum sensing molecules AI-2. Similarly, Hardie et al. (221) later showed that 

Ecoli MG1655 can also produce and respond to quorum sensing molecules AI-2. 

Ecoli MG1655 was also used for further aggregation studies (chapter 5-8) due to 

the fact that it is one of the most biologically studied Ecoli strains and its mutant 

MG1655 luxS had been constructed previously. LuxS gene, codes for the enzyme 

responsible for production of Autoinducer-2 molecule. MG1655 luxS' lacks the 

gene luxS and hence the strain is unable to participate in quorum sensing. 

The objective of the research presented in this chapter is to quantify the growth 

pattern of the different E. coli strains during different growth conditions, as well as 

determining their ability to participate in cell-to-cell communication (quorum 

sensing). 

54 



3.3. Materials and methods 

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) 

unless otherwise stated. All experiments were conducted in triplicate (at least), and 

the average of the results reported. Variation in the experimental results is 

presented as the average ± standard deviation 

3.3.1. Bacterial strain and growth studies 
E. cola strains AB1157 (DSM number 9036) was purchased from Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Germany, 

Eco1i MG1655 (wild-type) and MG1655 luxS, as well as Vibrio Harveyi BB170 

(luxN:: Tn5, Sensor 1", sensor 2) were supplied by Prof Paul Williams, University 

of Nottingham UK. The E. co1i MG1655 luxS' mutation is identical to the Eco1i 

luxS' mutant that has been previously described in Eco1i BL21 (126). The 

mutation was transferred into E. coli MG1655 by P1 phage transduction (Winzer, 

Tavender, and Hardie, personal communication, 2006). 

E. coli strains were grown aerobically in Luria-Bertani (LB) medium (tryptone 

1O. Og/L, yeast extract 5.0g/L, NaCl 10.0g/L (sigma UK), adjusted to pH 7.0) 

supplemented with or without the addition 0.5w/v (%) glucose at the beginning of 

growth phase at 30°C. The strains were also grown of LB agar plates at 30°C. LB 

media supplemented with 0.5 w/v (%) glucose at the beginning of the growth 

phase is referred to as LBG throughout the thesis. E. coli strains were grown at 
30°C overnight with aeration in LB or LBG. The culture was then used to inoculate 

fresh LB or LBG at a 1: 100 dilution and grown at 30°C with aeration. The optical 
density at 600nm was measured using a spectrophotometer (ThermoSpectronic. 

UK). The growth rate was determined using Equation 3.1. Where µ, is an index of 

the growth rate and is called the growth rate constant. Nt is the number of cells at 

any time and No is the initial number of cells. 

1nN, -1nNo =µ(t-to) Equation 3.1 
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V. harveyi BB170 were grown aerobically in Autoinducer Bioassay (AB) medium 

at 30°C (222). AB medium contained 0.3M NaCl, 0.05M MgSO4.7H20 (Sigma 

UK), 0.2% Casamino acid (BD Bioscience), 2% glycerol, 1mM L-arginine, 10mM 

potassium phosphate (pH 7.0). 0.3M NaCl, 0.05M MgSO4.7H20,0.2% Casamino 

acid was dissolved in 1L of distilled water. The pH was adjusted to 7.5 using 0.01 

M KOH. It was then sterilized by autoclaving at 121°C for 15 minutes. Finally 1M 

potassium phosphate (0.1ml), 0.1M L-arginine (0. Iml) and 50% glycerol (0.2m1) 

were added to 9.6m1 AB medium immediately before use. An overnight culture of 
V. harveyi BB 170 was inoculated into freshly prepared AB medium at 1: 5000 

dilutions. The batch growth curve and light production was then determined using 

a GENios Multi-Detection Microplate Reader (Tecan, UK). 

3.3.2. Glucose uptake assay 
The amount of glucose present in cell-free cultures was analysed using a glucose 

assay kit (Kit GAGO-20 Sigma, UK). E. coli MG1655 was grown in LBG as 

previously described. Cell-free culture fluid was obtained during the growth phase 
by centrifugation of the cells at 15,000 rpm at 4°C for 10 minutes. The supernatant 

was filtered through a 0.22µm syringe filter and samples were stored at -20°C. The 

amount of glucose present in the culture fluid was then analysed as described by 

the manufacturer's protocol. 

3.3.3. DNA manipulation 
The genomic DNA of E. coli AB1157, MG1655 (wild type) and mutant were 

extracted using a GenElute Bacterial Genomic DNA extraction kit NA2100 

(Sigma, UK) and extraction was carried out according to the manufacturer's 

protocol. The luxS gene was amplified using the primers luxS-F3 (5'- 

TGCCDTTRTTAGAYAGCTTCA -3') and luxS-R3 (5'- 

TCCTGCARYTTYTCTTTCGG -3') designed from Primer3 software (223). 

Polymerase chain reaction (PCR) kit D4545 (Sigma UK) was used to amplify the 

luxS gene from genomic DNA of E. coli strains. PCR reactions (one cycle at 94°C 

for 2 min, 30 cycles of 95°C for 1 min, 52°C for 1 min, and 72°C for 2 min and 
finally 72°C for 10 minutes) were carried out using a thermal cycler, GeneAmp 

PCR system 9700 (Applied BioSystems UK). 
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3.3.4. Agarose Gel electrophoresis 
PCR products were separated by Gel electrophoresis using 1% agärose gel. 
Agarose gels were prepared by dissolving agarose in 0.5xTBE (Tris-Borate- 

EDTA) buffer, heated to allow the agarose to dissolve and then stained with 

ethiduim bromide. 50m1 of agarose was then poured into the electrophoretic 

apparatus. The agarose gel was allowed to cool and solidified for one hour. 

0.5xTBE was used as the running buffer. 2µl of DNA loading buffer (0.25% 

bromophenol blue, 0.25% xylene cyanol, 15% Ficoll Type 400), was mixed with 
3µJ standard DNA (ladder) and 7µ1 of each PCR product. The PCR products 

where then electrophoresed at 75volts for 75 minutes. The PCR products in 

agarose gels were then visualized under UV light (302nm). 

DNA sequences of the PCR products (luxS) were determined by MWG-BIOTECH 

(UK) Ltd. PCR products were directly sequenced using the corresponding PCR 

primers. The sequence was viewed and edited using Chromas 2.3 software at 
http: //www. technelysium. com. au/chromas. html. Similarity and homology analysis 

were carried using the FASTA program (www. ebi. ac. uk) and Blast 

(http: //www. ncbi. nlm. nih. gov/BLASTT. Sequence data were aligned using the 

CLUSTAL W program (www. ebi. ac. uk) (224). Neighbor joining analysis (225) 

was performed with the CLUSTAL W program. Phylogenetic trees were 

visualized with Treeview software (226). 

3.3.5. Assay for production of quorttnt sensing molecules AI-2 

The presence of AI-2 secretion in cell-free culture of the E. coli strains, were 

analysed using V. harveyi BB 170 reporter strain bioassay described by Surette and 
Bassler (128). E. coli cultures were grown to various growth phase in LB and LBG, 

at 30°C, and cell-free culture fluid was prepared by centrifugation at 14000 rpm for 

5mins using a microcentrifuge. The clear culture fluid were passed through 0.22um 

Millex filter and stored at -20°C if used on the same day, or at -80°C if used after a 
day. V. harveyi BB 170 was first grown for 16hr in AB medium, then 180µl of 
BB170 (diluted 1: 5000 in fresh AB medium) was added to 20µl of cell-free culture 
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fluid. Changes in light production of BB 170 as a result of presence of AI-2 were 

monitored using a GENios Multi-Detection Microplate Reader (Tecan, UK) in 

luminescence mode. Sterile LB was used as negative control and the experiment 

was carried out in quadruplicate. Readings were taken every hour. 

3.4. Results and Discussion 

3.4.1. Growth studies 
The increase in cell number over time for E. coli ABI 157, MG1655 and MG1655 

luxS' grown in LB and LBG (i. e. LB supplemented with 0.5 w/v (%) glucose) are 

shown in Figure 3.1,3.2 and 3.3 respectively. For all E. coli strains, the growth 

curves represent a typical growth curve under batch conditions with two clearly 
distinct phases i. e. exponential 2-8hr and onset of stationary phase after 8 hrs. For 

E. coli AB 1157 the specific growth rate is 0.45h"1 for both LB and LBG. Similarly, 

the specific, growth rate for E. coli MG1655 (0.34W') and MG1655 luxS' (0.35h"1) 

were the same in both LB and LBG. Also when comparing MG1655 wild-type and 

mutant, the ability to produce AI-2 did not have a marked effect on growth. The 

different between the specific growth rate of E. coli AB 1157 and MG1655 may be 

due to strains difference. 

The uptake of glucose for E. coli MG1655 under batch conditions, for 0.5 w/v (%) 

glucose, is also shown in Figure 3.2. Over 97% of the 0.5 w/v (%) glucose in the 

LBG media was taken up by the cells within the first 6hrs of growth, with no 

glucose remaining after 8 hours. 
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Figure 3.1 Batch growth curve of E. coli AB 1157 in Luria-Bertani (LB) and Luria-Bertani 

supplemented with 0.5w/v (%) glucose at the beginning of the growth phase (LBG) 
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Figure 3.2 Batch growth curve of Eco1i MG1655 in Luria-Bertani (LB) and Luria-Bertani 

supplemented with 0.5w/v (%) glucose at the beginning of the growth phase (LBG). 
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Figure 3.3 Batch growth curve of E. coli MG1655 luxS' in Luria-Bertani (LB) and Luria- 

Bertani supplemented with 0.5w/v (%) glucose at the beginning of the growth phase 
(LBG). 

3.4.2. Genetic studies of E. coli strains 
The signal molecule for quorum sensing in Escherichia coli, AI-2 is produced by 

the IuxS gene and has been found to be the universal signal molecule used in 

interspecies cell-to-cell communication (109,227). PCR was used to confirm the 

presence or the absence of IuxS gene in the E. coli strains. Figure 3.4 shows the of 

PCR products for luxS amplified from E. coli AB 1157. The bands of PCR products 

amplified from Ecoli MG1655 wild type and MG1655 luxS' (in triplicates) are 

shown in Figure 3.5. The gels show that a fragment at approximately 500bp was 

amplified by the PCR reaction in E. coli A131 157 and MG1655 wild type (obtained 

from Lambda which has a ladder of known sizes). As expected, there was no band 

for the MG1655 mutant. No band was also detected for the negative control 

(Nucleic acid free water). The 500bp PCR product observed in amplification of 
luxS gene suggests that the gene was successfully amplified and the results were 
further confirmed by sequencing. The sequences were analysed using several 
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bioinformatics software such as Blast (http: //www. ncbi. nlm. nih. gov/BLAST/), 

ClustalW and Fasta program (www. ebi. ac. uk). 

Figure 3.4 Agarose gel showing PCR products with 500bp fragment for E. coli AB 1157 

w 1 

-Z3 r- kf) 

Figure 3.5 Agarose gel showing PCR products with 503bp fragment from Ecoli MG 1655 

wild and 1uxS' 
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The autoinducer gene, luxS for E. coli AB 1157 has been submitted to the GenBank 

database under accession number AJ786260. Figure 3.6 shows a constructed 

phylogenetic tree based on the luxS gene for E. coli AB 1157 and MG1655. From 

the phylogenetic tree, the luxS gene has over 99% similarities with other E. coli K- 

12 strains. The Autoinder-2-gene, luxS was also found to be approximately 90% 

related to Salmonella and about 80% related to Vibrio harveyi. These findings 

confirm the presence of quorum sensing properties in E. coli AB 1157 and MG1655. 

Both E. coli AB1157 and MG1655 luxS gene were found to have the highest 

similarity with respect to other E. coli strains. The results from the phylogenetic 

tree also suggest an evolutionary link between Escherichia cola, Salmonella spp, 

and Vibrio spp. 
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Figure 3.6 Phylogenetic tree of bacteria using IuxS gene 

3.4.3. Autoinduction in Escherichia coli (quorum sensing) 
The bioluminescence produced by Vibrio harveyi (V. harveyi) BB 170 during its 

growth cycle is presented in Figure 3.7. This is consistent with similar responses 

previously reported (129), with an initial decrease over the first 4 to 5 hours due to 

inoculation in fresh AB medium, followed by an increase in bioluminescence due 

to cell growth. 
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Figure 3.7 Batch growth curve and bioluminescence of V. harveyi BB170 at 1: 5000 

dilutions with AB medium 

Figure 3.8 and Figure 3.9 show the fold induction of Ecoli AB 1157 cultivated in 

LB and LBG as measured during the bioassay respectively. The fold induction of 
the supernatant collected from E. co1i MG1655 grown in LB and LBG is also 

shown in Figure 3.10 and Figure 3.11 respectively, as measured during the 

V. harveyi bioassay. The fold induction is calculated as the light production 
(measured as relative light units (RLU) of the V. harveyi after 4 hours, in cell free 

culture medium from Eco1i samples (at different growth phases) divided by the 

RLU of the V. harveyi in LB medium only, again after 4 hours (128). The fold 

induction directly relates to the level of AI-2 present in the supernatant. The 500bp 

PCR product observed in amplification of luxS gene in Eco1i AB 1157 and 
MG1655 wild type also confirmed the presence of quorum sensing properties in 

this strain. 
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Figure 3.8 The responses of V. harveyi reporter strains BB170 (sensor 1-, sensor 2+) to 

signaling substances (AI-2) present in cell-free culture fluids from Eco1i AB1157 

cultivated in LB. 
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Figure 3.9 The responses of V. harveyi reporter strains BB170 (sensor 1-, sensor 2+) to 

signaling substances (AI-2) present in cell-free culture fluids from E. coli AB 1157 

cultivated in LB with addition of 0.5 v/v (%) glucose at the beginning of growth (LBG). 
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Figure 3.10 The responses of V. harveyi reporter strains BB 170 (sensor 1-, sensor 2+) to 

signaling substances (AI-2) present in cell-free culture fluids from E. co1i MG1655 wild 

type cultivated in LB. 
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Figure 3.11 The responses of V. harveyi reporter strains BB170 (sensor 1-, sensor 2+) to 

signaling substances (AI-2) present in cell-free culture fluids from E. coli MG1655 wild 

type cultivated in LBG. 
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Based on Figure 3.8 and Figure 3.10, the fold induction reached a maximum in the 

mid exponential phase (6hrs) and. sharply decreased at the onset of the stationary 

phase for Ecoli AB1157 and MG1655 (wild type) when grown on LB. The level 

of extracellular AI-2 for E. coli AB 1157 and MG 1655 (wild type) grown in LBG, 

also reached a maximum during the exponential growth phase (6hr) however it still 

retained a high level of extracellular AI-2 during the stationary phase (24hr) 

(Figure 3.9 and Figure 3.11). The difference in fold induction in E. coli strains 

cultivated in LB and LBG is consistent with recent findings reporting that the 

addition of 0.5 w/v (%) glucose prevents the uptake of AI-2 into the cell, hence it 

accumulates in the supernatant (228). This is due to the fact that glucose decreases 

cyclic adenosine monophosphate (cAMP) concentration (130) in the cell due to 

catabolite repression. Once glucose is depleted, cAMP concentration increases and 

the lsr operon is activated by cAMP, and AI-2 is internalized by the cells (128). 

Hardie et al (221) revealed that glucose affects the amount of measurable AI-2 in 

cell harvested during stationary phase which is similar to Figure 3.9 and Figure 

3.11. 

No significant level of AI-2 was detected in the E. coli MG1655 luxS" grown in LB 

supplemented with or without glucose using the bioassay. This was to be expected 

as no PCR product for the Ecoli MG1655 hixS' was found, thus confirming the 

absence of quorum sensing properties in the mutant strain. 

3.5. Conclusion 

Escherichia coli is a fast growing Gram negative bacterium and represents a good 

model for understanding bacterial aggregation since the genome has already been 

sequenced. Non pathogenic Eco1i AB1157 and MG1655 (wild type and mutant) 

were the E. co1i strains used in this study. Neither quorum sensing nor the addition 

of 0.5 w/v (%) glucose affected the growth pattern of any of the strains. 

The quorum sensing molecule (AI-2) was identified in both E. coli AB 1157 and 
MG1655. The signal molecule secretion was found to be dependent on growth 

phase and media. The addition of 0.5% glucose to LB media suppress the uptake of 
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the signal molecule by E. coli. The findings from this chapter will provide the 

foundation for future studies to understand aggregation as discussed in next 

chapters. 
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Chapter 4 Investigating the Role of Non- 

Adsorbing Polymers in Microbial 

Aggregation 

(Published in part in Langmuir 2005, Vol. 21, pages 12315-12319) 
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4.1. Abstract 

In non-biological colloids, the addition of a non-adsorbing polymer can cause an 
imbalance in the osmotic pressure leading to colloid aggregation, a process known 

as depletion interaction. The objective of this chapter is to determine if similar 

phenomena can occur in bacteria which may provide an explanation as to how 

extracellular polymers can contribute to bacterial aggregation. 

Depletion aggregation studies were carried out using 0.5 to 2.5 w/v (%) E. coli 
AB 1157 harvested at different growth phases, with varying concentrations of a 

non-adsorbing polymer, sodium polystyrene sulphonate (SPS). Aggregation of 
E. coli was found to be dependent not only on the concentration of SPS added, but 

also on the growth phase of E. coli AB1157. For a constant concentration of cells, 

more SPS was needed to aggregate cells harvested during the mid exponential 

phase, than cells harvested in the stationary phase. 

The electrophoretic mobility of E. coli AB 1157 at different growth phases was 
determined using phase amplitude light scattering. E. coli AB 1157 was found to be 

negatively charged and the cell surface properties changed at different growth 

phases. The electrokinetic results correlated well with the different concentrations 

of non-adsorbing polymer needed to induce depletion aggregation. This shows that 

the difference in aggregation properties is due to changes in the bacterial 

electrokinetic properties during their growth. 
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4.2. Introduction 

Bacterial aggregation is the cell-to-cell adhesion of bacterial species or strains in 

order to perform a specialized function during certain physiological conditions (7). 

When aggregated, bacteria are able to communicate between themselves and 

uniformly perform metabolic functions, which are greater than their planktonic 

counterparts (1). 

Like inert colloids, bacteria can also display pair-wise interactions when in close 

proximity. This interaction is governed by the surface chemistry of the bacterial 

surface (some van der Waals forces but mainly electrostatic forces due to the ionic 

groups on the cell surface) and not surprisingly, as discussed in Chapter 2, their 

surface properties have been shown to play a significant role in bacterial 

aggregation (29,30,52,163,167,187,188,229-231). The electrostatic repulsive 

potential plays a major role in determining the stability of the cells. In addition, 

other factors, such as the presence of extracellular polymeric substances (EPS), 

produced by the bacteria, may affect dispersion stability. 

Quantification of the surface electrokinetic properties of bacteria appears to be 

more difficult to determine in comparison with non-biological colloids as a result 

of the chemical and structural complexity of bacterial cell surfaces. A well known 

method for measuring surface electric potentials is the measurement of 

electrophoretic mobility to obtain the Zeta potential (30,78,145,178,179). As 

detailed in Chapter 2, the Zeta potential is usually calculated from the 

electrophoretic mobility (21). However, this calculation, based on Smoluchowski's 

formula (Equation 2.7), is not suitable for bacteria due to their surface complexity 

and non-spherical shape. Despite the advances in Smoluchowski's approach, for 

example Ohshima's soft-particle electrophoresis theory (181-184), to avoid the 

application of assumption about the particles shape in this chapter and beyond, the 

overall surface charge will be reported as electrophoretic mobility only, with no 

conversion to Zeta potential. 
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Extracellular polymeric substances (EPS) produced by bacteria have also been 

shown to be involved in biological aggregation (32,38,96,101,180,232,233). 

Extracellular polymeric substances (EPS) are biopolymers . produced by 

microorgansims during their growth. The highest production of EPS occurs at the 

onset of the stationary phase (234,235). EPS contains polysaccharides, proteins, 

nucleic acid, lipids and other biological polymers such as humic substances (33). 

Although, EPS have been shown to keep microbial aggregates together by 

providing a cohesive force (95-97), its role in aggregation still remains unclear. A 

detailed knowledge of the bacterial surface electrokinetic properties and the precise 

role of EPS are still outstanding in an effort to understand bacterial aggregation. 

A potential role of EPS in aggregation could be to promote interaction via 
depletion attraction. From a physical point of view, bacteria can be considered to 

be a dispersion of colloids surrounded by non-adsorbing polyelectrolyte, EPS. 

Bacteria are negatively charged (30,145) and a repulsive bacteria-EPS interaction 

results in an attractive interaction between bacterial cells commonly referred to as the 
depletion attraction (48,49). It is generally accepted that aggregation occurs in a 

suspension of colloids and non-adsorbing polymers as a result of this depletion 

interaction (236-238). The role of non-adsorbing polymer in inducing aggregation 

can be dated as far back as Traube (239), where he was able to demonstrate that the 

addition of a water soluble polymer to natural rubber resulted in a phase 

separation. However it was not until 1954, that a satisfactory explanation of this 

depletion interaction was given by Asakura and Oosawa (48,49). They postulated 

that phase separation in a mixture of colloids and non-adsorbing polymers is due to 

an imbalance in osmotic pressure when the non-adsorbing polymers are excluded 
from the region between particles. As the particles are drawn closer, the distance 

between the particles becomes less than the effective diameter of the non- 

adsorbing polymers. The non-adsorbing polymers are unable to penetrate this 

region and pushing the particles together leads to an increase in configurational 

entropy of the system. This leads to an effective attraction between each particle 
known as the depletion interaction. Vrij (240), developed a model for estimating 
the depletion attraction potential between two hard spherical particles induced by 

non-adsorbing polymers. Vincent and co-workers (241), later developed 6 method 
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to analyze the depletion interaction of soft spheres (colloids with a layer of 

adsorbed polymer chains). They analysed this interaction by taking into account 
the penetration-and compression effects between the non-adsorbing polymer and 
the steric layer on the particles. 

Recent developments in colloid science, such as atomic force microscopy (AFM), 

have allowed the direct measurement of depletion and structural forces (242-246). 

Milling and Biggs (243), analyzed the depletion forces between silica surfaces and 
free neutral polymer (poly (dimethylsiloxane)) (243). Yan et al. (246), studied the 

structure and strength of aggregates from latex particles induced by addition of 

poly(acrylic) acid. Their findings revealed that the concentration of poly (acrylic) 

acid affects the structural denseness and strength of latex aggregates. 

Several non-adsorbing EPS have been shown to induce depletion attractions in oil- 
in-water emulsions (247) and in dispersions of casein micelles (248,249). Tuinier 

et al. (249), studied the depletion attraction in a mixture of casein micelles from 

skim milk and extracellular polysaccharides produced by lactic acid bacteria; 

Lactococcus lactis subsp. cremoris strain NIZO B40. They analysed the depletion 

attraction between the casein micelles in the presence of polymers using Vrij's 

depletion model (240). Their findings reveal that upon addition of EPS to casein 
micelles, depletion attraction occurred. Similarly, phase separation was also found 
in casein and amylopectin mixtures which was analysed on the basis of Vrij's 

depletion theory (250). 

The laws, kinetics and mechanism of depletion aggregation of inert colloids have 
been described in the literature (245,251,252). However, depletion of non- 

adsorbing polymer as a mechanism for aggregation in bacterial suspensions has not 
been well exploited. Only a handful of studies are available on the subject. 
Therefore, in this study, we seek to understand the role of non-adsorbing polymers, 
in aggregation of Escherichia coli AB 1157 as a possible mechanism for 

understanding the role of EPS. 
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4.3. Materials and Methods 

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) 

unless otherwise stated. All experiments were conducted in triplicate (at least), and 
the average of the results reported. Variation in the experimental results is 

presented as the average ± standard deviation 

4.3.1. Bacterial strains and culture conditions 
Non-pathogenic, freeze dried Escherichia coli (E. coli) AB1157 (DSM number 
9036) was purchased from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH (DSMZ) and re-suspended in Luria-Bertani (LB) media 
(tryptone 10.0g/L, yeast extract 5.0g/L, NaCl 1O. Og/L, adjusted to pH 7.0). E. coli 

was grown at 30°C overnight with aeration in LB broth supplemented with 0.5 w/v 
(%) glucose at the beginning of the growth phase (LBG). The culture was then 

used to inoculate fresh LB broth containing 0.5 w/v (%) glucose at a 1: 100 dilution 

and grown at 30°C with aeration. E. coli cells were sampled in triplicate at intervals 

between 0 and 24 hours and harvested by centrifugation at 5000g for 10 minutes. 
The cell pellets were used in the following experiments. 

4.3.2. Electrophoretic nobility measurement 
Electrophoretic mobility (EPM) was measured using a phase amplitude light 

scattering (PALS) zeta potential analyzer (Brookhaven Zeta PALS, U. K) following 

the technique described by deKerchove and -Elimelech (253) and Eboigbodin et al. 
(63). The Brookhaven Zeta PALS instrument employs Phase Analysis Light 

Scattering (PALS) to determine electrophoretic mobility of charged bacterial cell 

surfaces. The technique differs from convectional method for measuring EPM such 

as Laser Doppler Velocimetry (254), as it measures phase changes in frequency 

spectrum rather than Doppler shift of the frequency. Hence only a slight movement 

of bacterial cells is required to obtain accurate results, thereby allowing low 

electrophoretic measurements to be obtained, even as low a 10-9 m2/V"s. In all 

cases, the "electrophoretic mobility, rather than the Zeta potential is quoted as this 

gives an unbiased record of the mobility of the cell without assuming a known 

shape. 
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Cells were sampled in triplicate at intervals between 0 and 24 hours growth in LB 

and LBG and harvested by centrifugation at 5000g for 10 minutes. After 

harvesting, the cell pellets were washed by re-suspending in distilled water 
followed by centrifugation at 5000g for 10 minutes. This washing step was 

repeated four times to eliminate residual substrates and extracellular polymers, 

which were produced by E. coli AB1157 during growth. The washed cell 

suspensions were then dispersed in an ultrasonic bath prior to measurement. 
Measurements were conducted using an electric field of 2.5Vcm"1 at a frequency of 
2.0 Hz. The reported values for each EPM represents the average of 10 successive 

runs carried out in triplicate readings using the Zeta PALS. A typical measurement 
from the Zeta PALS is shown in Appendix A. 

4.3.3. Depletion aggregation measurement 
For the depletion aggregation measurements, the cells were harvested at different 

growth phases; 3.5 hr (early exponential phase), 6 hr (mid- exponential phase), 8 hr 

(late-exponential phase) 14 hr, 18 hr and 24 hr (stationary phase). The pellet was 

washed three times and re-suspended in distilled water. This removed loosely 

bound EPS. Different concentrations of non-adsorbing polymer sodium 

polystyrene sulphonate (Acros Organics, USA; Average molecular weight 70,000) 

were added into cuvettes containing 0.5 to 2.5 w/v (%) of E. coli AB 1157. The 

cuvettes were visually inspected after 24 hours to determine if the solutions were 

stable (i. e. no aggregation) or unstable (i. e. aggregation and settling of solution). 
An aggregation assay was also carried out according to Shen et al. (60) which is 

similar to visual inspection method. The optical density (O. D) of cuvettes 

containing mixture of cells and SPS (same as visual inspection method) were 

measured over time. O. D corresponding to the suspension at the upper part of the 

cuvette was measured, and percentage aggregation was calculated on the difference 

in OD600 readings taken at time 0 to 24hr (Equation 4.1). 

%Depletion aggregation = 
OD0 - OD241ir 

X100 Equation 4.1 
OD,, 
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Where ODo is the optical density at 600nm of Eco1i AB1157 immediately after 

adding the polymer and OD24 is the optical density after 24 hours. The percentage 

aggregation was determined for E. coli AB 1157 harvested at different growth 

phases. 

4.4. Results and Discussion 

The increase in cells over time for E. coli AB1157, cultivated in LBG has already 

been described in Chapter 3 and can be seen in Figure 3.1. 

Figure 4.1 shows the effect of the addition of a non-adsorbing polymer sodium 

polystyrene sulphonate (SPS), to a constant concentration of E. coli AB 1157 (2.0 

w/v (%)), that were harvested during the stationary phase. 

(i) (ii) (iii) (iv) (v) (vi) (vii) (viii) 

Figure 4.1 Visual inspection of constant E. co1i AB 1157 concentration (2.0 w/v (%) 

solution) harvested at late stationary phase (24 hr) with 0.0-2.0 w/v (%) sodium 

polystyrene sulphonate (SPS), after 24hr of SPS addition. Picture clearly shows the 

difference between stable (un-aggregated (ii-v)) and unstable (aggregated (vi-viii)) 

solutions. Blank SPS solution in cuvette (i) shows a suspension of E. coli in water. The 
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remaining solutions (cuvettes ii-viii) becoming increasingly clear with increase in SPS due 

to aggregation and settling of cells at the bottom of the cuvette. 

With the addition of no SPS, (Figure 4.1 (i)) the 2.0 w/v (%) E. coli solution is 

turbid and represents a stable (un aggregated) solution. However, the addition of 
2.0w/v (%) SPS to the E. coli solution, (Figure 4.1(viii)) results in a clear solution 

with the E. coli settled on the bottom of the cuvette. This represents an unstable 
(aggregated) solution. Therefore from Figure 4.1 it can be seen that as the 

concentration of SPS increases (from 0-2.0w/v (%)) the upper part of the cuvette 
becomes clearer and the lower phase becomes very turbid. That is, the solution 
becomes unstable and the E. coli settles to the bottom of the cuvette. A sharp 
interface is evident, which is characteristic of phase separation. The upper phase is 

rich with SPS while the lower is E. coli-rich. The time it takes for phase separation 

to occur is dependent on the concentration of SPS used. Phase separation is 

observed after 4-6hrs in a suspension of 2.0w/v (%) E. coli and 1.2-2.0 w/v (%) 

SPS. When a lower concentration of SPS is used, phase separation occurs after 

approximately 16hrs. However, in irrespective of the amount of SPS used, each 

phase remains constant after 24hrs. We also investigated whether depletion 

stabilization reoccurred in an E. coli suspension containing higher concentration of 

SPS, as previously reported for inert colloidal system (255). However, this was not 

observed for our E. coli suspension containing up to 10.0 w/v (%) SPS. The 

observation is a distinct difference between inert and biological colloids. 

Another way of representing the results in Figure 4.1 is shown in Figure 4.2. In this 

case, the stability of the suspensions of varying concentrations of E. co1i is 

determined for different concentrations of SPS. In each case, the cells are harvested 

during the stationary growth phase. The circles represent a stable solution i. e. no 

aggregation, while the diamonds indicate an unstable solution, i. e. aggregation. 
The bold line indicates the progression from stable to unstable solution. From 

Figure 4.2 it is evident that the degree of depletion aggregation is dependent on the 

concentration of the non-adsorbing polymers used. 
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Figure 4.2 The stability of E. coli AB 1157 harvested at stationary phase in presence of a 

non-absorbing polymer, Sodium polystyrene sulphonate (SPS). Stable means non- 

aggregating and unstable means aggregating 

The same experiment was repeated for cells harvested at different growth phases to 
investigate the possible biological interactions that may influence the observed 

results. The progression line between stable and unstable solution at different 

growth phases (similar to Figure 4.2) can be seen in Figure 4.3. These results 

reveal that different amounts of polymer are needed for a constant w/v (%) of 
Ecoli to induce aggregation of cells harvested at different growth phases. The least 

amount of polymer is required for cells harvested during the stationary phase, 

whilst as the cells move from early to late exponential growth phase, an increase in 

polymer is needed to create an unstable (i. e. aggregation) solution. Therefore, 

phase separation due to depletion interaction is dependent on the growth phase of 
the cells. 
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Figure 4.3 The progression from stable to unstable solutions for Eco1i AB 1157 harvested 

at different growth phases in the presence of a non-absorbing polymer, Sodium 

polystyrene sulphonate (SPS) 

Similarly, as shown in Figure 4.4, the percentage of cells that have aggregated is 

also dependent on the growth phase of the cells. Figure 4.4 shows the percentage 

aggregation of E. coli at one concentration (i. e. 2w/v (%)) with varying 

concentrations of SPS. Again, the highest percentage of aggregation occurs for 

cells harvested during the stationary phase for a constant SPS concentration. These 

results were also conducted for different concentrations of E. coli (0.5 to 2.5 w/v 
(%)) with the same trend observed, i. e. greater aggregation during the stationary 

growth phase than the exponential growth phase. 
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Figure 4.4 Percentage aggregation of 2.0 w/v (%) Eco1i harvested at different growth 

phases with varying concentrations of the non-adsorbing polymer sodium polystyrene 

sulphonate (SPS). 

To the authors' knowledge, this is the first time that a colloidal phenomena, such 

as depletion aggregation, has been shown to be influenced by the cell's growth 

phase. To investigate this further, Figure 4.5 shows the percentage aggregation at 
different growth phases, for a constant concentration of E. coli AB 1157 (2.0 w/v 

(%)), and a constant concentration of SPS (0.2 w/v (%)). The most marked 
increase in percentage aggregation occurs during the stationary growth phase (at 18 

hours), which supports the results in Figure 4.4. Similar trends were also found for 

different concentrations of E. coli and SPS. 
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Figure 4.5 Percentage aggregation of Eco1i AB 1157 harvested at different growth phases 

cultivated in LB supplemented with 0.5 w/v (%) glucose (LBG) with the addition of 0.2 

w/v (%) of the non-adsorbing polymer sodium polystyrene sulphonate (SPS). 

Based on the results thus far, it is evident that the growth phase of E. co1i has a 

significant effect on the percentage aggregation and the amount of polymer 

necessary to induce this aggregation. Therefore a characteristic of the E. co1i is 

changing during the growth phase in order to elicit this response. Figure 4.6 shows 

the electrophoretic mobility of Eco1i AB1157 measured using the PALS Zeta 

potential analyzer (Brookhaven Zeta PALS, U. K) at different growth phases. The 

Eco1i AB1157 displays a negative electrophoretic motility value throughout the 

growth period, suggesting that the cell surface is negatively charged. 
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Figure 4.6 Electrophoretic mobility of E. coli AB 1157 at different growth phases cultivated 
in LB supplemented with 0.5 w/v (%) glucose (LBG). 

A similar negative surface charge was also found by Hayashi et al. (78) for Gram 

negative bacteria. From Figure 4.6, it can be seen that the electrophoretic mobility 

of the cells steadily increases in magnitude from the early to mid exponential phase 

and then decreases in magnitude to reach a maximum at -2.5 (µms'I)/(V/cm) at 18 

hours (stationary phase), and remains relatively constant until the final 

measurement- at 24 hours (again in the stationary phase). This shows that the 

surface charge of the cells is not constant during the growth phase and that the 

magnitude of the charge is also dependent on the stage in the growth phase, hence 

the electrokinetic properties are influenced by the growth phase. 

Also, the electrostatic contribution of the bacterial surface predicts the amount of 

polymer needed to induce depletion attraction and this is dependent on the growth 

phase. As electrophoretic mobility of the E. coli AB1157 decreases, electrostatic 
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repulsion between the cells will increase, thereby increasing the attraction force 

needed for depletion aggregation to occur. 

These findings are consistent with recent findings by Hayashi et al. (78) and 

suggest that differences in the aggregation properties are due to changes in the 

electrokinetic properties of bacteria surfaces during their growth. The correlation 
between high aggregation during the stationary phase (at 18hr in Figure 4.5) and 

the electrophoretic mobility (Figure 4.6) is also in full agreement with previous 
findings which state that cellular aggregation or adhesiveness increases as surface 

charge decreases (178,180). The strength of induced interaction between cells 
increases as the concentration of SPS increases. This observation can be related 
back to the production of EPS by bacteria. As cells progress from the exponential 

to the stationary phase, the bacteria tend to produce more EPS (235), which are 

released to its surroundings. When the production EPS gets to a certain threshold, 

the bacteria and the EPS will come into close proximity which will trigger a 
depletion attraction between bacterial cells. 

4.5. Conclusion 

Phase separation occurs in a mixture of bacteria and non-adsorbing polymers, due 

to a depletion interaction. Different concentrations of non-adsorbing polymer are 

needed to induce depletion aggregation from cells harvested at different growth 

phases. Cells tend to aggregate more easily during the stationary phase than in 'the 

exponential phase. The magnitude of the electrophoretic mobility of E. coli 
AB 1157 decreased from the early incubation phase to the stationary phase and this 

correlates very closely with differences in aggregation properties during growth. 
These findings suggest that depletion interactions induced by extracellular 

polymeric substances are involved in bacterial aggregation. However, unlike non- 
biological colloids, the depletion aggregation process was also found to be 

dependent on the bacteria growth phase because of the bacteria altering its surface 

chemistry. 

83 



Chapter 5 Characterization of 

Extracellular polymeric substances 

(EPS) from Escherichia coli: Role in 

Bacterial Aggregation 

(Published in part in Biomacromolecules 2008, DOI 10.1021/bm701043c) 
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5.1. Abstract 

As seen in Chapter 4, bacteria can be considered to be a dispersion of colloids 

surrounded by non-adsorbing polymers, which influence aggregation. However 

bacteria produce polymers known as extracellular polymeric substances (EPS) 

which are known to play a role in aggregation. Hence, the aim of the study 
discussed in this chapter, was to investigate the role of free-EPS and bound-EPS on 

aggregation, and to determine if free-EPS is able to aggregate E. co1i via the 

depletion process as observed in Chapter 4 for the non-biological polymer. 

EPS was extracted from E. coli MG1655 at different growth phase and media 

composition. The EPS extracted from E. coli MG1655 was quantified and 

characterized using FTIR spectroscopy. Ecoli MG1655 was found to produce 

significantly low amount of bound-EPS and did not contribute to aggregation of 
Ecoli. The protein content of free-EPS significantly increased as the cells 

progressed from the exponential to stationary phase, while the carbohydrate 

content remained relatively constant. FTIR reveals the variation of different 

functional groups such as amines, carboxyl and phosphoryl groups for free-EPS 

extracted at the different growth conditions. 

The re-addition of free-EPS to E. coli resulted in aggregation of the cells in all 

growth conditions. Free-EPS extracted from the 24 hour Ecoli MG1655 cultures 

cultivated in LB had the greatest effect on the aggregation ability of the cells. 

5.2. Introduction 

A major player in microbial aggregation or biofilm formation is the ability of cells 

to produce biopolymers, often called extracellular polymeric substances (EPS), 

during their growth (26). Polysaccharides were the most well studied biopolymers 

which may account for why the abbreviation "EPS" has been used to describe 

exopolysaccharides or extracellular polysaccharides (81,82). In this thesis, the 
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term EPS refers to polysaccharides, proteins, nucleic acid and other biopolymers 

situated outside the cell. EPS are complex heterogeneous substances and their 

composition and location may be due to several metabolic processes such as 

growth phase, cell breakage due to cell death, active secretion, release of cell 

surface macromolecules (outer membrane proteins and lipopolysaccharides) and 
interaction with the environment (81). 

EPS can be classified by its relative proximity to the cell surface. EPS tightly 

linked via a covalent or noncovalent association are known as capsular EPS (or 

cell-bound EPS) while EPS-which are not directly attached to the cells surface, are 
known as Slime (free-EPS). The type of EPS can also be distinguished based on 
the extraction method used; free-EPS can be separated from a medium by 

centrifugation with bound-EPS still attached to the cells or aggregates (see Figure 

2. ). A further step is required to separate the bound-EPS from cells or aggregates. 
Previous findings have revealed that EPS also contribute to the surface properties 

of microoorgansims. The interaction between EPS and the solid surfaces can be 

attractive or repulsive depending on the constituents of the EPS or a variation in 

the affinity of the EPS for the solid surface or aqueous phase (256,257). The role 

of EPS in cell-to-cell interaction leading to aggregation may follow a similar 

manner as cell-to-solid surface. However, this interaction may only be valid for 

bound-EPS since free-EPS is not directly linked to the cell surface. The interaction 

between the free-EPS and the cells may vary due to the changes in the 

compositions of EPS or the cell surface chemistry of the bacteria (63). 

From a physiochemical point of view, bacteria can be considered to be a 

negatively colloidal `particles' (30,145) surrounded by non-adsorbing 

polyelectrolyte, i. e. free-EPS. As discussed in Chapter 4, non adsorbing polymers 

can promote particles to aggregate via a process known as depletion attraction (48, 

49,240). In Chapter 4 it was reported that depletion interactions occur in Eco1i 

by using a non-adsorbing polymer sodium polystyrene sulphonate (SPS) and that 

the level of interaction was dependent on the both the electrokinetic properties on 
the surface dictated by the growth phase, and the concentration of polymer (258). 
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Here we hypothesize that free-EPS promotes aggregation in a similar depletion 

interaction approach. In this chapter, the bound and the free-EPS from Ecoli is 

harvested at different growth phase and characterized using FTIR. The contribution 

of bound and free-EPS to aggregation is then quantified. 

5.3. Materials and methods 

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) 

unless otherwise stated. All experiments were conducted in (at least) triplicate, and 

the average of the results reported. Variation in the experimental results is 

presented as the average ± standard deviation. 

5.3.1. Bacterial strains and Growth studies 
Escherichia coli MG1655 was used in this study and cultivated with aeration at 
30°C in Luria-Bertani (LB) medium supplemented with or without 0.5 w/v (%) of 

glucose as previously described in Chapter 3. LB media supplemented with 0.5 

w/v (%) glucose is referred to as LBG throughout the Chapter. Overnight culture 

(-'16hrs) of Escherichia coli MG1655 was then used to inoculate fresh LB or LBG 

at a 1: 100 dilution and grown at 30°C with aeration. The optical density at 595nm 

was measured using a spectrophotometer (ThermoSpectronic, UK). Viability tests 

for the E. coli cells, under same conditions used for the aggregation assay and 

surface characterization techniques, were performed using a Live/Dead BacLight 

kit (Molecular Probes, UK) following the manufacturer's protocol. Cells were 

viewed with Axioplan II imaging fluorescence microscope equipped with a DF10 

filter (Carl Zeiss Ltd, UK). 

5.3.2. Extracellular polymeric substances (EPS) extraction 
Cells were harvested by centrifugation at 5000 rpm for 15 minutes at 4°C. Cell 

pellets and supernatant were used for bound-EPS and free-EPS extractions 

respectively. Bound-EPS was extracted from the cell pellet using the EDTA 

method as described by Sheng et al. (84) with some modifications. Cells were 

washed twice with 0.9 % NaCl to remove any traces of the media. The washed 

cells were re-suspended in 1: 1 volume of solution 0.9% NaCl and 2% EDTA then 

incubated for 60 minutes at 4°C. The supernatant containing bound-EPS was then 
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harvested by centrifugation at 10000g at 4°C for 60 minutes and then filtered 

through a nitrocellulose membrane (Fisher Scientific, UK). 

Free-EPS was extracted from the supernatant using the method described by 

Omoike and Chorover (218). The supernatant was re-centrifuged at 10000g for 30 

mins at 4°C to remove residual cells and then the supernatant, containing free-EPS 

was precipitated with 1: 3 volume ethanol and the suspension stored at -20°C for 

18hrs. Free-EPS were then removed by centrifugation at 10000g for 15 mins at 
4°C. The extract was re-suspended in ultra pure water and dialyzed against ultra 

pure water to removed ethanol using 2000 MWCO Spectrum DispoDialyzer 

(Medicell, UK). 

Both bound and free-EPS were stored at -20°C until needed for further analysis. 
The EPS was then analysed for total proteins using the Lowry method with bovine 

serum albumin (BSA) as a standard (259). The total carbohydrate content was also 

analysed using the Anthrone method (260) with glucose as the standard. 

5.3.3. Fourier transformation infrared spectroscopy (FTIR) 

The various functional groups in the free-EPS were characterized using FTIR 

spectroscopy using a Perkin Elmer Spectrum One Fourier Transformation Infrared 

Spectrophotometer (PerkinElmer, UK). Twenty microlitres of EPS was allowed to 
dry at room temperature for 45 minutes on a demountable liquid-cell kit (Sigma, UK) 

with CaF2 windows. At least 100 scans, with a resolution of 4cm"1, were collected 
for all samples between 4000cm' and 900cm"1. 

5.3.4. Aggregation studies 
5.3.4.1 Role of Bound-EPS 

The role of bound-EPS in aggregation was observed by carrying out an 

aggregation assay on E. coli MG1655 cells before and after bound-EPS extraction. 
The aggregation assay was previously described in Chapter 4 with some minor 

modifications. Cells were harvested and washed twice with 0.9% NaCl (pH 7.0). 
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The cell pellet was re-suspended in 0.9 % NaCI and the optical density (O. D) was 

adjusted to -0.6 prior to measurement to ensure standardization across the tests. 1 

ml of cells was then transferred into cuvettes. O. D corresponding to cells at the 

upper part of the cuvette was measured and percentage aggregation was calculated 

as the difference in OD600 readings taken at time 0 to 5hr according to Equation 

2.1. The OD reading was taken between times 0 to 5hr rather than 0 to 24hrs (as 

seen in chapter 4) due to the fact that percentage aggregation of E. coli remains 

relatively constant between 5 and 24hrs. 0.9% NaCl was used rather than distilled 

water in this assay, to prevent any pH effect on E. coil aggregation. 

5.3.4.2 Role of Free-EPS 

A depletion aggregation assay was used to observe the role of free-EPS in E. coli 
MG1655 aggregation. The procedure for carrying out depletion aggregation assay 
is the same as the aggregation assay above apart from the fact that O. lml of the 

extracted free-EPS (-0.5mg or 0.05mg) was transferred into cuvettes containing 
0.9m1 of cells (-'0.5mg). 

5.4. Result and discussion 

5.4.1. Characterisation of Extracellular polymeric substances 
The growth studies of E. coli MG1655 cultivated in LB and LBG have previously 
been reported in section 3.4.1 with no significant difference in growth rate between 

cells cultivated in LB or LBG (261). The uptake of 0.5 w/v (%) glucose during 

batch cultivation of cells was also shown in Chapter 3, with over 97% of glucose 

taken up by the cells after 6hrs. Viability of cells was found to be approximately 83 

and 81% for cells at exponential (6 hrs) and stationary (24 hrs) phase respectively, 
in both types of media. 

Table 5.1 shows the protein and carbohydrate content of both bound and free-EPS 

produced at different growth phases in LB and LBG. The carbohydrate content of 
bound-EPS extracted from cells cultivated in both LB and LBG remains relatively 

constant as cells progressed from exponential phase (6hr) to stationary phase 
(24hr). However, the protein content of bound-EPS extracted from the cells 
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cultivated in LB decreased as the cells proceeded from the exponential (6hr) to the 

stationary (24hr) phase. A similar, although, less pronounced decreased in protein 

content was also observed for cells grown in LBG between exponential and 

stationary growth phase. The comparison of protein content at the same growth 

phase but different media (LB vs. LBG) showed very little difference. 

The low values observed from bound-EPS (protein and carbohydrate) suggest that 

E. coli MG1655 produces very little EPS, in the growth phases for which the 

experiment was conducted. The amount of EPS (protein and carbohydrate) 

produced by this strain, is very low when compared to previously reported work 
(e. g. the protein and carbohydrate content of EPS from Pseudomonas putida in 

batch cultures was 214 and 54 mg/g respectively (83)). This suggests that E. coli 
MG1655 produces very little EPS is consistent with previous reports of E. coli 

strains which show little or no EPS (79,262). 
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Table 5.1 EPS content of E. co1i MG1655 at different growth phases, cultivated in Luria- 

Bertani (LB) and LB with 0.5w/v (%) glucose (LBG). 

Carbohydrate Protein Carbohydrate/ 
(mg/g dry cells) (mg/g dry cells) protein ratio 

Bound EPS 
Ecoli LB 6hr 3.53 ± 1.91 1.43 ± 0.43 2.47 

E. coli LB 24hr 1.34 ± 0.03 0.42 ± 0.25 3.19 

E. coli LBG 6hr 1.89 ± 0.07 0.88± 0.07 2.15 

E. coli LBG 24hr 2.27 ± 1.07 0.54 ± 0.25 4.20 

Free-EPS 
E. coli LB 6hr 14.26 ± 0.02 9.79 ± 1.03 1.46 

E. coli LB 24hr. 7.00 f 0.44 25.66 ± 2.26 0.27 

E. coli LBG 6hr 10.61 f 0.21 7.98 f 1.44 1.33 

E. coli LBG 24hr 20.51 f 0.79 17.17 ± 1.38 1.19 

E. coli MG1655 produces relatively higher amount of free-EPS compared to bound- 

EPS under the same growth conditions (Table 5.1). The carbohydrate content of 
free-EPS decreased as the cells progressed from the exponential to stationary 

phase, for cells cultivated in LB. However, for cells cultivated in LBG, the 

carbohydrate concentration increased as the cells progressed from exponential to 

stationary phase. The protein content of the free-EPS from cells cultivated in both 

LB and LBG increased as they progress from the exponential to stationary phase. 
The increase in the protein content is consistent with previous findings suggesting 
that E. coli cells shed their outer membrane or periplasmic proteins during growth 

phase (263). The increase in protein may also be due to an increase in shedding of 

membrane macromolecules during cell growth (263). Since the amount of 

carbohydrate and protein concentration varied, due to a change in media (LB and 

. 
LBG) and the growth phase, it stands to reason that their physiochemical 

characteristics may also differ. 
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Bound and free-EPS extracted from E. coli MG1655 at different growth phases and 

growth media were further characterized using FTIR spectroscopy. Each spectrum 

contains information about the functional groups arising from predominantly 

carbohydrate, proteins, nucleic acid as listed in Table 5.2. This provides a list of 

absorption band assignments corresponding to functional groups of these 

macromolecules in the region between 1800 and 900cm"1, and is based on 

observations of the vibration patterns, previously reported for bacteria (45,171, 

264,265). 

Table 5.2 List of band assignments from FT-IR analysis of EPS 

Wave Number 
cm'1 

Functional Groups 

- 3400 stretching vibrations 0-H of water 

-2960 
Asymmetric stretch C-H of methyl groups 

-1740 v>C=0 of ester functional group mainly from membrane 
lipids and fatty acids 

-1650 vC=O stretching vibrations of amides associated with 
proteins. Usually known as Amide I band 

-1550 8N-H bending of amides associated with proteins. Usually 
known as Amide II band 

-1455 8acCH2/8acCH3 Asymmetric deformation of CH3 and CH2 
of proteins 

-1398 5acCH2/8acCH3 and vC-0 Symmetric deformation of CH3 
and CH2 of proteins, and symmetric stretch of carboxylic 
acids groups (C-0 of COO- groups) 

-1240 v. P=O Asymmetric stretch of phosphodiester backbone of 
nucleic acids 

-1200-900 vC-0-C of polysaccharides 

- 1080 vasP=O Symmetric stretch of the phoshodiester backbone 
of nucleic acids 

Data adopted from Dittrich and Sibler (171); Lin et al. (264); Maquelin et al. (265); 

and Schmitt and Flemming (45). 
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The spectra of bound-EPS extracted from E. coli MG1655 cultivated in LB at 

exponential (6hr) and stationary (24hr) phase is shown in Figure 5.1. The effect of 

a change in media (LBG) on bound-EPS content of E. coli MG1655 harvested at 

exponential and stationary phase is also analysed using FTIR analysis spectroscopy 
(Figure 5.2). 
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Figure 5.1 FTIR spectra of bound-EPS extracted from E. coli MG1655 cultivated 

with LB and extracted during exponential (6hr) and stationary phase (24hr) 
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Figure 5.2 FTIR spectra of bound-EPS extracted from E. coli MG1655 cultivated with 
LBG and extracted during exponential (6hr) and stationary phase (24hr) 

In Figure 5.1 and Figure 5.2 the band at the approximate 1645cm 1 region 

corresponds to the amine I which are characteristics of functional groups C=0 

stretching vibrations of proteins. The peak at 1450 cm-1 corresponds to bending of 
CH3 and CH2 groups from proteins (5CH2,8CH3) may also have a contribution 
from an amine III band. The peak at -1400 cm"1 arises from to the stretching C-0 

(vd. o) of carboxylic groups which overlap with the amide III band making it 

difficult to distinguish. The bands between 1200 and 950 cm"' are attributed to the 

vibrations of C-O-P and C-O-C stretching of diverse polysaccharide groups, and 

the bands at 1260 and 1080 cm"' exhibit the stretching of P=0 (vp=o) of phosphoryl 

and phoshodiester groups from phosphorilated proteins, polyphosphate products 

and nucleic acids. 

Differences in spectra were observed for bound-EPS extracted from cells harvested 

at different growth phase and media (Figure 5.1 and Figure 5.2). The bands 

between 1200 and 950 cm" correspond to polysaccharide groups for bound-EPS 
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extracted from cells cultivated in LB at 6hr is relatively low as compared to bound- 

EPS extracted from cells cultivated in LB at 24hr (Figure 5.1). Amide I and II 

bands arising mainly from proteins were also relatively low for bound-EPS 

extracted from cells cultivated in LB and harvested at the exponential phase, when 

compared to its stationary phase counterpart. Interestingly, spectra of bound-EPS 

from cells cultivated with LBG (Figure 5.2), displayed significantly different 

patterns to those cultivated in LB (Figure 5.1). The spectra of bound-EPS from 

exponential and stationary phase cells cultivated in LBG appeared to not 

significantly change in contrasts with those cells cultivated in LB. These finding 

suggest that both changes in growth phase and media affect the composition of 

bound-EPS in E. coli MG1655. 
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Figure 5.3 FTIR spectra of free-EPS extracted from E. coli MG1655 cultivated with 
LB and extracted during exponential (6hr) and stationary phase (24hr) 

Figure 5.3 shows the spectra of free-EPS extracted from E. coli MG1655 cultivated 
in LB at exponential (6hr) and stationary (24hr) phase. The relative absorbance of 

the bands between 1650 and 900 cm" increased as cells progress from the 

exponential to stationary phase, which accounts for difference in carbohydrate to 

proteins ratio observed at different growth phase in Table 5.1. Figure 5.4 shows the 
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spectra of free-EPS extracted from E. coli MG1655 cultivated in LBG at different 

growth phases. ' The relative intensity of the peaks in the proteins and 

polysaccharides region also increased with increasing growth phases. The ratio of 

amine I and II was also varied between free-EPS extracted from E. coli cultivated in 

LBG at different growth phases suggesting that the quantity and types of proteins 
differs which is in agreement with the changes in ratio of carbohydrate to protein 

observed in Table 5.1. 
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Figure 5.4 FTIR spectra of free-EPS extracted from Ecoli MG1655 cultivated with 
LBG and extracted during exponential (6hr) and stationary phase (24hr) 

One major difference between bound and free-EPS is the presence or absence of a 

peak at -1545cm'l corresponding to the bending of N-H amides. This peak is 

predominately low or absent in bound-EPS in contrast to free-EPS. The band at 

'1240cm'1, corresponding to the asymmetric stretching P=O of phoshodiester 

backbone of nucleic acids is present in all spectra of . free-EPS (Figure 5.3 and 

Figure 5.4) but is absent in spectra from bound-EPS (Figure 5.1 and Figure 5.1). 

These findings suggest that the content of bound-EPS is predominantly dominated 

by proteins and carbohydrate. However, free-EPS are 
'also dominated by proteins 
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and carbohydrates but a significant level of nucleic acid is also present, which may 
be due to cell lysis and nucleic acid excretion. 

5.4.2. Effect of bound-EPS on aggregation capability of E. coli MG1655 

The role of bound-EPS on the aggregation ability of E. coli MG1655 was 
investigated by carrying out the aggregation assay on E. coli MG1655 before and 

after bound-EPS extraction. The percentage aggregation of E. coli MG1655 

cultivated in LB and LBG harvested at the exponential and stationary phase before 

and after bound-EPS extraction is shown in Figure 5.5. 

The results revealed that the presence or absence of bound-EPS did not affect the 

autoaggregation ability of E. coli MG1655 irrespective of growth phase or change 
in media. This may be due to the very low amount of bound-EPS produced during 

the conditions of the experiments. It is also important to note here that no free-EPS 

was present. Furthermore the primary role of bound-EPS may not be in initial cell- 
to-cell adhesion but in holding cells together after adhesion (266). The difference 

in aggregation capability of E. coli MG 1655 harvested at different growth phase 

and media is discussed in more detail in Chapter 7. 
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Figure 5.5 Percentage aggregation of Eco1i MG1655 cultivated in LB and LBG 

harvested at exponential (6hr) and stationary phase (24hr) before and after bound- 

EPS extraction. 

5.4.3. Depletion Aggregation in E. coli MG1655 by free-EPS 

The effect of non-adsorbing polymers on the aggregation of E. coli AB1157 via a 

phenomenon known as depletion interactions is reported in Chapter 4. In this case, 
E. coli AB1157 displayed a similar attraction as previously reported for colloids 

upon addition of an inert, non-adsorbing polymer (Sodium Polystyrene Sulphonate 

(SPS)), suggesting that bacterial aggregation can be induced by non-adsorbing 

polymers. Hence, we investigated this work further to show if the free-EPS 

produced by E. coli MG1655 can also induce depletion interaction in cells which 

will further explain the function of free-EPS in bacterial aggregation. 

The depletion aggregation ability of Ecoli MG1655 cultivated in LB, harvested at 

mid-exponential phase (6hr) and stationary phase (24hr) is shown in Figure 5.6 as 
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a% change in optical density. The results reveal that EPS triggers the aggregation 

capability of E. coli MG1655 harvested at different growth phases. 
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Figure 5.6 Depletion aggregation of E. coli MG1655 cultivated in LB at different growth 

phase, with the addition of free-EPS extracted from cells cultivated in LB at different 

growth phases. 

The addition of free-EPS extracted from cells at exponential growth phase (6hr) or 

stationary phase (24hr) to E. coli MG1655 harvested at the stationary phase display 

similar aggregation ability (Figure 5.6 (c) and (d)). However, the addition of free- 

EPS extracted from cells at exponential growth phase (6hr) or stationary phase 
(24hr) to exponential phase cells displayed different aggregation ability (Figure 5.6 

(a) and (b)). Cells harvested at exponential phase were found to display an increase 

in aggregation ability when free-EPS, harvested at stationary phase was added 
(Figure 5.6 (b)), relative to the addition of free-EPS extracted at 6 hrs (Figure 5.6 
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(a)). However it should be noted that cells harvested at stationary phase (24 hours) 

displays a higher autoaggregation capability (i. e. without addition of free-EPS) at 

all times, than cells harvested after the exponential phase (6 hours), Figure 5.5. 

This may account for the lesser effect of free-EPS on cells harvested at stationary 

phase. 

The depletion aggregation ability of E. coli MG1655 cultivated in LBG harvested at 

mid-exponential phase (6hr) and stationary phase (24hr) is shown in Figure 5.7 as 

a% change in optical density. The addition of free-EPS harvested in the 

exponential phase (6hr) from cells grown in LBG had a significant effect on 

aggregation ability of cells at exponential phase (Figure 5.7 (a)) compared to 

stationary phase (Figure 5.7 (c)). A similar effect was seen for free-EPS harvested 

at 24hrs when added to cells at the exponential and stationary phase (Figure 5.7 (b) 

and (d)). However, it should also be noted that cells harvested at exponential phase 
(6 hours) displays a higher autoaggregation capability (i. e. without addition of free- 

EPS) at all times, than cells harvested after the stationary phase (24 hours) (Figure 

5.5) and as such may also account for the lesser effect of free-EPS on cells 
harvested at stationary phase. 
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Figure 5.7 Depletion aggregation of Eco1i MG 1655 cultivated in LBG with free-EPS from 

LBG 

The results thus far shows that free-EPS extracted from E. coli MG1655 cultivated 
in LB and harvested at stationary growth phase displayed the highest ability to 

induce aggregation. This was investigated further by the addition of free-EPS 

extracted from cells at the stationary growth phase (24hr) cultivated in LB, to cells 

cultivated in LBG at both exponential and stationary phase (Figure 5.8). 

Interestingly, the aggregation ability of cells cultivated in LBG for both 

exponential and stationary growth phase relatively (compared with Figure 5.7) 

increased by about 30% when free-EPS extracted from E. coli cells cultivated in LB 

at stationary growth phase (24hr LB) was added. 

These findings suggest that free-EPS may induce cell aggregation via depletion 

interaction, as observed for inert polymers. The composition of free-EPS 

determines its ability to induce aggregation in E. coli which in itself is controlled by 

the growth phase and media. EPS extracted from cultures at different growth 

phases, have a varying capacity to induce aggregation. Hence it is possible to force 

aggregation of E. co1i cells with both inert and biologically produced polymers. 
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5.5. Conclusion 

E. coli MG1655 was found to produce a small amount of bound-EPS and a 

relatively large amount of free-EPS under the condition used for this study. The 

protein content of free-EPS was found to significantly increase as E. coli MG1655 

cells progress from exponential to stationary phase. The composition and 

aggregation capacity of free-EPS extracted from a biological system is dependent 

on the growth phase and medium of the cells. The role of free-EPS in biological 

aggregation follows the process of depletion attraction, as observed for inert 

polymers (i. e. SPS, Chapter 4). Cells harvested at exponential phase were found to 

display an increase in aggregation ability when free-EPS, harvested at stationary 

phase was added. Hence it is possible to manipulate bacterial aggregation with 
inert polymers and biologically produced polymers. 
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Chapter 6 Proteomic Analysis of 

Extracellular Proteins from 

Escherichia coli MG1655 

(Published in part in Biomacromolecules 2008, DOI 10.1021/bm701043c) 
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6.1. Abstract 

Studies in extracellular polymeric substances (EPS) have focused mainly on 

extracellular polysaccharides, since it's was previously thought to be the major 

macromolecule in EPS. However, extracellular proteins have recently been 

observed in significant amounts and are thought to be the major macromolecule in 

EPS from cell culture, aggregate or biofilms. The extracellular proteome of E. coli 

MG1655 in response to changes in environmental conditions was identified using a 

proteomic approach (SDS-PAGE and QStar XL Hybrid ESI Quadrupole TOF 

tandem mass spectrometer). The hydrophobicity of proteins identified was 

determined by the grand average hydropathy (GRAVY) index using the 

ProtParam. Localization of the proteins identified was also predicted using the 

program PSORTb v. 2.0 and LipoP v1.0 software 

The number of extracellular proteins identified increased as cells progressed from 

exponential to stationary phase for a certain growth media. A total of 79,117,132 

and 175 extracellular proteins were identified for E. coli cells cultivated in 6hrLB, 

6hrLBG, 24hrLB and 24hrLBG respectively. Some of the extracellular proteins 

identified were common or unique to various growth condition used in this study. 

6.2. Introduction 

Extracellular polymeric substances (EPS) have been shown to play a key role in 

aggregation and biofilm formation in microorganisms (267). Early investigations 

on EPS suggested that extracellular polysaccharides were the most abundant 

component (268), hence researchers in EPS have mainly focused on the 

polysaccharide component of EPS. However EPS have now been found to contain 

significant amounts of extracellular proteins as well as nucleic acids (86,269), and 

in some cases they have been found to be the dominant component of EPS found in 

cell culture, aggregates or biofilms (269,270). Extracellular proteins (ECP) are the 

protein content of free-EPS, which arise from the active secretion during growth of 

microorganisms and then translocated to the environment, or may also rise due to 

cell lysis as a result of cell death. 
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Microorgansims possess several pathways for extracellular translocation of 

proteins across the membrane to the environment or growth medium. These 

include the signal sequence independent pathway (type I), the main terminal branch 

of the general secretion pathway (type II), the contact-dependent pathway (type 

III), the type IV pathway, the filamentous hemagglutinin secretion pathway and 
the autotransporter pathway (271). In E. coli, transportation of extracellular proteins 
is thought to be via the general secretory pathway (GSP), which involves the 

translocation of precursor across the cytoplasmic membrane via the signal peptide- 
dependent Sec pathway (272). 

The role of extracellular proteins in aggregation appears to be limiting in the 
literature, and this may be due to the fact that researchers have historically paid 

more attention to the polysaccharide content of EPS. Moreover, previous studies 

on proteins have mainly focused on identification or expression analysis of 
intracellular proteins or single extracellular proteins (273). Extracellular proteins 
(ECP) have also been suggested to play a crucial role in the virulence properties of 

microorgansims. The physiology and metabolism of microorganisms are affected 
by changes in environmental conditions, and as such the composition of 

extracellular proteins is expected to vary. Hence, understanding the variation of 

extracellular proteins may provide information of bacterial physiological state, 

such as their aggregation capability. 

Proteomics is a powerful tool for identification of proteins, as well as changes in 

the expression of proteins due to variations in environmental conditions (274). 

However, this technique has mainly been used for identification and expression 

analysis of cytosolic proteins. More recently, proteomic analysis have been 

employed in studying extracellular proteins (153,275). Chapter 5 showed that a 

variation in free-EPS due to changes in growth phase and media can contribute to 

difference in the aggregation capability of E. coli. The protein content of free-EPS 

(i. e. extracellular proteins, ECP) was observed to significantly vary during changes 
in growth phase and media. Hence, the objective of this study is to identify ECP of 
E. coli, at the same conditions in which the variation of aggregation properties was 
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observed, to investigate the possibility of trends in the protein expression during 

aggregation. 

6.3. Materials and methods 

6.3.1. Extraction of extracellular proteins 
Free-EPS was extracted from cells cultivated in LB and LBG at different growth 

phases according to the method described in 5.3.3. Extracellular proteins were 

extracted from free-EPS by extracting with 1: 5 ice-cold acetone and stored in - 
20°C for 18hrs. The solution was then centrifuged at 15000g for 10 minutes and 

the supernatant was discarded. Acetone precipitation was repeated for the pellets 

containing proteins and then stored for further analysis. The concentration of ECP 

was then analysed using the Lowry method with bovine serum albumin (BSA) as a 

standard (259). 

6.3.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed on extracellular proteins of E. coli MG1655 using a 10 

% (w/v) polyacrylamide gel following the method previously described by 

Laemmli, U. K. (276). Protein extract (100µg/ml protein) was dissolved in ultra 

pure water and then electrophoresed at constant voltage (120V) until the 

bromophenol blue tracking dye front reached the bottom of the gel. Low- 

molecular-weight protein markers (New England Biolabs, UK) were used as 

protein standards and the protein bands were stained with Bio-Safe Coomassie blue 

stain (Bio-Rad, UK). 

6.3.3. In Gel Digestion 

Gels obtained from SDS-PAGE containing extracellular proteins were rinsed with 
deionized water, cut into smaller pieces and then subjected to Tryptic digestion as 

previously described by Gan et al. (277). Gel pieces were then destained twice 

with 200µl of 200mM Ammonium Bicarbonate in 40% Acetonitrile (ACN) and 

then vacuum dried for approximately 15 to 30 min. The gel pieces were then 

subjected to reduction and alkylation using 200µ1 10mM Dithiothreitol (DTT) and 
200µ1 55mM Iodoacetamide (IAA) respectively. Reduction and alkylation buffers 

were discarded and gel pieces were washed twice with 2O0µ1 50mM Ammonium 
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Bicarbonate and then once with 200µ1 50mM Ammonium Bicarbonate in 50% 

Acetonitrile. All liquid from the gel pieces were discarded after centrifugation at 

13,000g for 10sec and then vacuum dried for approximately 20mins. 2Oµ1 of 

trypsin solution (0.4µg) and 50µl of 40mM Ammonium Bicarbonate in 9% 

Acetonitrile (ACN) were added to the gel pieces and then incubated overnight 

(16hrs) at 37°C. Peptides were then extracted separately with 50mM Ammonium 

Bicarbonate, Acetonitrile, 5% Formic Acid (FA), and 5% Formic Acid in 50% 

Acetonitrile. The solution from all extraction was combined and vacuum dried for 

20 mins and stored at -20°C prior to mass spectrometric analysis. 

6.3.4. Nanoliquid chromatography electrospray ionization-tandem mass 

spectrometry 
Dried samples were re-suspended in 7.5µ1 of buffer (0.1% formic acid and 3% 

ACN) and sonicated for 5mins. Samples were analysed using a QStar XL Hybrid 

ESI Quadrupole TOF tandem mass spectrometer, ESI qQ TOF-MS/MS (Applied 

BioSystems, Framingham, MA, USA; MDS-Sciex, Concord, Ontario, Canada), 

coupled with a nanoLC system comprising a combination of an LC Packings 

Ultimate Pump, Switchos pump, and Famos Auto sampler (Dionex/LC Packings) 

as previously described (277). The peptide mixture was separated on a 75 gm 

Pepmap capillary column. Data acquisition on the mass spectrometer was set to 

perform data acquisition in the positive ion mode, with a selected mass range of 

300-2000m/z. Peptide with 2+ and 3+ charge states were selected for fragmentation. 

6.3.5. Database searching 

Mass spectra obtained were searched against the mass spectra of protein sequences 

in the NCBI Database using Mascot 1.6b. 16 (www. matrixscience. com). Search 

parameters were set at peptide tolerance of up to 0.2 Da and an MS/MS tolerance 

of up to 0.2 Da; oxidation of methionine and carbamidomethyl modification of 

cysteine; one missed cleavage of trypsin. MOWSE scores greater than 50 were 

considered as significant. 
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The hydrophobicity, of proteins identified were determined by the grand average 

hydropathy (GRAVY) index (278) using the ProtParam tool (279) at 

http: //us. expasy. or /tg ools/protparam. html. The GRAVY value for a protein is 

derived from the sum of hydropathy values for each amino acid residue, divided by 

the length of residues in the sequence. Proteins with GRAVY values greater than 

+0.3 were used as an indicator of hydrophobic proteins. 

Localization of the proteins identified was also predicted using the programme 
PSORTb v. 2.0 (280) at http: //psort. org/psortb/index. html. However, PSORTb v. 2.0 

program can not predict lipoproteins, and hence, LipoP vl. 0 software (281) was 

also used, which predicts lipoproteins by differentiating between lipoprotein signal 

peptides from other signal peptides. 

6.4. Results and Discussions 

The growth studies of E. co1i MG1655 cultivated in LB and LBG was not 

significantly different (as seen in Figure 3.2). 

The production of extracellular proteins (ECP) in Ecoli MG1655 cultivated in LB 

and LBG during growth can be seen in Figure 6.1. The production of ECP 

increased' as cells progressed from the exponential (6hr) to stationary phase (24hr) 

in both LB and LBG. ECP production during the exponential phase for E. coli cells 

did not significantly change when cultivated in LB and LBG. However during the 

stationary growth phase, ECP production was significantly higher for MG1655 

cultivated in LB then in LBG. The result revealed that ECP production in Ecoli 

MG1655 is affected by both changes in growth phase and media at the stationary 

phase. Hence we investigated this further by subjecting the ECP from all 

conditions (i. e. 6hr LB, 6hr LBG, 24hrLB and 4hr LBG) to SDS-PAGE. 
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Figure 6.1 Production of Extracellular proteins in E. coli MG1655 cultivated in LB and 
LBG during growth. 

Figure 6.2 shows the SDS-PAGE profiles of proteins present in free-EPS from 

E. coli MG1655. Proteins were found to be distributed over a wide range of 

molecular weight (10-70kDa). SDS-PAGE revealed differences in the protein 

profiles from free-EPS harvested at different growth phases and from media. This 

techniques correlates well with the major differences in protein patterns already 

observed using the FTIR (Figure 5.3 and Figure 5.4). More distinct protein bands 

were observed in free-EPS extracted from stationary phase cells, cultivated in LB 

compared with free-EPS from exponential phase in LB, and from free-EPS from 

both growth phases in LBG. 
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Figure 6.2 One dimensional SDS-PAGE gel of proteins from the free-EPS extracted from 

cells harvested at different growth phases, in LB and LB with 0.5% (w/v) glucose (LBG) 

Lane I- Proteins from free-EPS extract from cells grown in LB, harvested at 6hrs 

Lane 2- Proteins from free-EPS extract from cells grown in LBG, harvested at 6hrs 

Lane 3- Proteins from free-EPS extract from cells grown in LB, harvested at 24hrs 

Lane 4- Proteins from free-EPS extract from cells grown in LBG, harvested at 24hrs 

Lane 5- MW protein marker 
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The master list of E. coli extracellular proteins identified at all growth conditions is 

available in Appendix C. Based on the mass spectrometry data and analysis, a total 

503 extracellular proteins were identified across all cells cultivated in 6hrLB, 

6hrLBG, 24hrLB and 24hrLBG. However, 40 of these ECP were ̀ produced in all 

growth conditions (Appendix B). A total of 79 and 175 extracellular proteins were 
identified from the free-EPS of cells harvested during the cells at exponential (6hr) 

and stationary phase (24hr), cultivated in LB respectively (Figure 6.3a). For E. coli 

cells cultivated in LBG, a total of 117 and 132 extracellular proteins were 
identified from free-EPS harvested from cells at exponential (6hr) and stationary 

phase (24hr) cultivated in LBG respectively (Figure 6.3b). The result suggests that 

extracellular proteins are differentially secreted during changes in growth phase of 
E. coli MG1655. 

58 of the proteins identified in free-EPS from cells cultivated in LB were found to 

be common across the growth phases, with 21 and 117 proteins unique to cells 
harvested at the exponential (6hr) and stationary phase (24hr) respectively (Figure 

6.3(a)). Likewise, 77 extracellular proteins were found to be common to free-EPS 

cultivated in LBG with 40 and 55 proteins unique to cells harvested at exponential 
(6hr) and stationary phase (24hr) respectively (Figure 6.3(b)). The differences 

observed are as a result of differences in the growth phase of E. coli MG1655. 

Figure 6.4 represents the common and unique proteins for proteins identified in 

free-EPS of cells harvested at the same growth phase, but cultivated in different 

growth media. Figure 6.5a shows that 66 extracellular proteins were found to be 

common to free-EPS cultivated in LB and LBG and harvested at the exponential 

phase (6hr) with 13 and 51 unique to cells cultivated in LB and LBG respectively 
(Figure 6.4(a)). Similarly, 105 extracellular proteins were found to be common to 

free-EPS is cultivated in LB and LBG harvested at stationary phase (24hr) with 70 

and 27 unique to cells cultivated in LB and LBG respectively (Figure 6.4(b)). The 

differences observed is due to the changes in the media (supplementing LB with 
0.5% glucose, LBG) used for cultivating E. coli MG1655. 
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a 

6hrLB zahne 

b 

bhrLBG 
24hrLBG 

Figure 6.3 Number of extracellular protein identified as unique or common in the free-EPS 

of E. coli MG 1655 cultivated at different growth phase in the same medium (a) cultivated 

in LB (b) cultivated in LBG. 

a 

6hrLB 6hrLBG 

b 

24hrLB zanrec 

Figure 6.4 Number of extracellular proteins identified as unique or common in free-EPS of 
Ecoli MG1655 harvested at (a) exponential phase (6hr) (b) stationary phase (24hr), 

cultivated in LB and LBG. 

Ecoli extracellular proteins identified in all growth conditions were categorized 

according to their functionality using the Encyclopedia of Escherichia coli K-l2 

Genes and Metabolism (http: //ecocyc. org/) and the InterPro 

(http: //www. ebi. ac. uk/interpro/index. htmi) databases (Figure 6.5). Extracellular 

proteins with functionality related to amino acid metabolism, carbohydrate 

metabolism, cell wall and membrane, cellular processes, and translation, were 

among the highest proteins identified from E. co/i MG1655 under all growth and 

media conditions. Other extracellular proteins identified include proteins involved 
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in energy production, hypothetical proteins, lipid metabolism, nucleotide and 

nucleoside metabolism, transport and secretion, transcription. 19,18,22 and 25% 

of extracellular proteins identified were related to carbohydrate metabolism for 

E. coli MG 1655 harvested at 6hr LB, 6hr LBG, and 24hr LB and 24hr LBG 

respectively. 6,13,9 and 8% of extracellular proteins identified were related to 

Amino acid metabolism for E. coli MG 1655 harvested at 6hr LB, 6hr LBG, and 

24hr LB and 24hr LBG respectively. 
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Figure 6.5 Distribution of Ecoli MG1655 extracellular proteins identified according to 

their functionality groups 
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Several enzymes involved in glycolytic, pentose phosphate, gluconeogenesis 

pathways, which are involved in carbohydrate metabolism were found in the 

extracellular proteome of E. coli MG1655 cultivated in all growth phases and 

media. Enzymes involved in glycolytic pathway include, glyceraldehyde-3- 

phosphate dehydrogenase, phosphoglycerate kinase, Triosephosphate Isomerase, 

Phosphofructokinase, phosphoglyceromutase, phosphopyruvate hydratase 

(enolase) were found. Enzymes involved in amino acid metabolism such as 

aspartate Aminotransferase and L-threonine 3-dehydrogenase were also identified. 

Ribosomal Proteins involved in protein synthesis such as 30S and 50S ribosomal 

protein were also produced in E. co1i ECP under all conditions. 

As anticipated, the present outer membrane proteins and related proteins were also 

found in dominate in E. coli MG1655 extracellular proteome. These include outer 

membrane Porin protein A (OmpA), Outer Membrane Protein X (OmpX), Outer 

Membrane Protein W (Ompw) and outer membrane porin protein C (OmpC), 

which were all detected in all growth phases and media. The presence, of outer 

membrane proteins in the extracellular proteome of E. coli have been suggested to 

be either due to cell lysis (263,275) or shedding of membrane macromolecules 

during cell growth (263). Outer membrane porin proteins are involved in transport 

of sugars and other solutes and ions in and out of the membrane and as such, 

changes in environmental condition may lead to the expression of different outer 

membrane proteins (140). Hence the varied number outer membrane proteins were 

identified in all growth conditions used in this study is not surprising. The number 

of outer membrane proteins and related macromolecules were higher for cells 

cultivated in LBG than LB regardless of the growth phase. This may be due to the 

expression of addition outer membrane porins required for glucose transport. 

Proteins involved in various cellular processes such as adaptation of specific 

conditions, cell protection, motility and cell-to-cell communication were also 

identified in all growth conditions. The DNA protection protein (DPS), which 

binds to DNA to protect it from oxidative damage, was also identified under all 

condition of study. DPS have been reported to be hyper expressed during biofilm 

114 



formation, prolonged starvation and stationary phase (282). Proteins involved in 

maintaining protein folding before they are transported across the cytoplasm were 

also identified; these include Heat shock proteins Hsp90, chaperone Hsp60, 

molecular chaperone Hsp70 and Trigger Factor. The proteins, chaperone Hsp60, 

molecular chaperone Hsp70 and Trigger Factor were identified from all condition 

of study while Heat shock proteins Hsp90 was only identified in stationary growth 

phase (both in 24hrLB and 24hrLBG). Flagella hook-associated protein (flgK) 

was only found in the extracellular proteome for stationary phase E. coli cells 

cultivated in LB. 

In E. coli, one of the mechanisms of translocation of proteins produced in 

cytoplasm to the outer membrane or extracellular environment is a via the general 

secretory (SecB) pathway. SecB, which also acts to prevent misfolding of proteins, 
binds to the N-terminal signal sequence of newly synthesized precursor 

polypeptides(preproteins) to be translocated and targets these proteins to the Sec 

apparatus (144,283). A major protein involved in the general secretory pathway, 

molecular chaperone SecB was identified in the extracellular proteome of free-EPS 

from E. coli MG1655 in all growth conditions. Recent findings by Baars et al 
(284) have shown that SecB is involved in exporting outer membrane protein 

receptors for ferrichrome (FhuA), peptidyl-prolyl cis-trans Isomerase (FkpA), 

OmpT, OmpX, OppA, Tol-Pal system protein B (To1B) and Tol-Pal system protein 
C (To1C). SecB has also been linked to the export of some predicted periplasmic 

proteins (YbgF, YcgK, YgiW, and YncE) (284). Oligopeptide transporter protein 
(oppA) which facilitates the transport of oligopeptide into and out E. coli cells or 
between E. coli cells was also identified in the extracellular proteome under all 

condition of study. 

It is well known that cell-to-cell communication via a quorum sensing in bacteria 

regulates several genes during cell growth and plays an important role in biofilm 

formation (109,133). In this study, the quorum sensing protein (Autoinducer-2, 

LüxS) was identified in only the proteome of the exponential phase of free-EPS 

from E. coli MG1655 cultivated in LBG (6hrLBG). E. coli secretes quorum sensing 
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molecules (AI-2) into the media during exponential phase growth, and it is 

internalized by the cells immediately after the exponential phase, when the cells 

are cultivated in LB. However, in E. coli cells cultivated in LB supplemented with 

glucose, AI-2 remains in the media even after the exponential phase (see Chapter 

3). This is due to the fact that glucose inhibits the uptake of AI-2 quorum sensing 

autoinducer (AI-2) via a decrease of cyclic adenosine monophosphate (cAMP) 

concentration (130). Once the glucose in the media diminishes, AI-2 can then be 

internalized by the cell. Hence this may account for why AI-2 was only identified 

in the extracellular proteome of E. coli 6hrLBG. 

Other key extracellular proteins in E. coli were also identified, most of which were 

not unique to all growth conditions used in this study (Appendix Q. For example 

the protein involved in flagella biosynthesis, hook-filament junction protein 1, was 

only identified from the extracellular proteome of E. coli MG1655 cultivated in LB 

which was harvested at the stationary phase (24hr LBG). 

Extracellular proteins identified from free-EPS extracted from E. coli MG1655 

were further characterized based on their location and hydrophobicities. 

Table 6.1 shows the location of proteins identified determined by PSORTh as well 

the indication of the protein hydrophobicities determined from the GRAVY index. 

Only one extracellular protein, oxaloacetate decarboxylase was found to have a 

GRAVY index above or equal to +0.3 (0.322) and regarded as hydrophobic. The 

extracellular protein, oxaloacetate decarboxylase was only identified in the 

extracellular proteome of E. colf MG 1655 harvested at the exponential phase (6hr), 

cultivated in either LB or LBG. All other extracellular proteins identified were 

found to be below the + 0.3 GRAVY index value. 

PSORTb program was used to predict the cellular location of identified 

extracellular proteins under the different growth conditions used in this study. The 

extracellular proteins identified were predominantly cytoplasmic proteins with 
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percentages of 50.6,59.0,65.7 and 52.3 % for cells harvested at 6hrLB, 6hrLBG, 

24hrLB, 24hrLBG respectively. A higher percentage of outer membrane proteins 

was seen in the extracellular proteome of E. coli MG1655 cultivated in LBG 

(12.8% and 10.6% for 6hr LBG and 24hrLBG respectively) than in the 

extracellular proteome of E. coli MG1655 cultivated in LB (8.9% and 5.7% for 6hr 

LB and 24hrLB respectively). The increase in outer membrane proteins observed 

for cells cultivated in LBG may be due to the presence of outer membrane proteins 

required for glucose transport. Furthermore, the percentage of periplasmic proteins 

was found to be higher in the extracellular proteome of E. coli MG1655 cultivated 

in LBG, harvested at the stationary phase (6.1%) then in cells harvested at the 

exponential phase (1.7%) in the same growth medium. Conversely, the percentage 

of periplasmic proteins was found to be higher the extracellular proteome of E. coli 

MG1655 cultivated in LB, remaining relatively constant in both the exponential 

and stationary phases (3.8% and 3.4% for 6hrLB and 24hrLB). The percentage of 

protein located in the cytoplasmic membrane was found to be slightly higher in the 

extracellular proteome of E. coli MG1655 cultivated in LB, than in LBG (1.3,0.9, 

1.7 and 0.8 % for cells harvested at 6hrLB, 6hrLBG, 24hrLB, 24hrLBG 

respectively). However, the PSORTb program is unable to predict the locations of 

some proteins, hence a significant percentage of the proteins in the extracellular 

proteome of E. coli MG1655 were designated as unknown (35.4,25.6,23.4 and 

30.3 % for cells harvested at 6hrLB, 6hrLBG, 24hrLB, 24hrLBG respectively). 

Another drawback of the PSORTb program is that it is unable to detect membrane 

lipoproteins. Therefore the program LipoP vl. 0 was used to address this limitation. 

The number of lipoproteins identified in the extracellular proteome of E. coli 

MG1655 was found to be 4,4,2 and 3 for cells harvested at 6hrLB, 6hrLBG, 

24hrLB, 24hrLBG respectively. 
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Table 6.1 Comparison of extracellular proteins identified according localization and 
hydrophobicity 

6hrLB 6hrLBG 24hrLB 24hrLBG 
LOCATIONa % of totalb % of totalb % of totalb % of totalb 
Cytoplasmic 50.6 59.0 65.7 52.3 
Cytoplasmic Membrane 1.3 0.9 1.7 0.8 
Extracellular 0.0 0.0 0.0 0.0 
Outer Membrane 8.9 12.8 5.7 10.6 
Periplasmic 3.8 1.7 3.4 6.1 
Unknown 35.4 25.6 23.4 30.3 

G RAVYc >_+0.3 1 1 0 0 

Lipoprotein' 4d 4d 2a 3d 

pie 4.6-11.5 4.2-11.5 4.3-11.5 4.3-11.5 
MW (kDa)f 57-100 57-104 57-151 57-151 

'Cellular location was predicted using PSORTb v. 2.0 software (http: //www. psort. org/psortb/). 

bPercentage of total proteins observed 

cGrand average hydropathy (GRAVY) values were calculated using the ProtParam tool at 
http: //us. expasy. org/tools/protparam. html 

dLipoprotein signals were obtained using the LipoP tool at www. cbs. dtu. dk/services/LipoP/. 

`The pi range 

fThe MW range 

6.5. Concluding remarks 

The extracellular proteome of E. co1i MG1655 in response to different growth and 

media conditions was determined using proteomic analysis. Changes in the 

environmental conditions such as and media and growth phase had an effect on the 

extracellular proteome of E. co1i MG1655. A total of 79 and 175 extracellular 

proteins were identified from the free-EPS of cells harvested during the cells at 

exponential (6hr) and stationary phase (24hr), cultivated in LB respectively. While 

for E. coli cells cultivated in LBG, a total of 117 and 132 extracellular proteins 

were identified from free-EPS harvested from cells at exponential (6hr) and 

stationary phase (24hr) cultivated in LBG respectively. A total of 40 of these 

proteins were produced in all growth conditions. The quorum sensing protein 

(Autoinducer-2, LuxS) was identified the proteome of the exponential phase of 
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free-EPS from Eco1i MG1655 cultivated in LBG (6hrLBG). Hence the 

information provided by the extracellular proteome may give an insight into the 

response of E. coli physiology to changes in environmental conditions. 
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Chapter 7 Investigating the surface 

properties of Escherichia coli under 

glucose controlled conditions and its 

effect on aggregation. 

(Published in part in Langmuir 2007,23: 6691-6697) 
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7.1. Abstract 

The hypothesis that is tested in this chapter is that the relative presence of glucose 
in the media, at the beginning of the growth phase, influences the surface 

chemistry of the cell which as a consequence reduces the tendency for the cells to 

interact and form aggregates. In this chapter, we used Escherichia coli MG1655 as 

a model organism, and measured the change in surface chemistry of cells harvested 

at different growth phases, which had been cultured in Luria-Bertani media with 

and without the addition of glucose, using potentiometric titration and infrared 

spectroscopy. Cells, cultivated with the additional supplement of glucose at the 

beginning of the growth phase, displayed a higher concentration of surface 
functional groups and a variation in outer membrane proteins. As a consequence, 

the tendency for cell-to-cell attachment was significantly reduced. Our findings 

reveal that glucose limits aggregation in Escherichia coli MG1655 by altering the 

concentration of functional groups from macromolecules present on the bacterial 

surface. 
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7.2. Introduction 

This thesis has so far shown that free-EPS will induce aggregation; however EPS is 

not the only factor that contributes to bacterial aggregation. Like inert colloids, cell 

surface properties can also play a key role. 

Several environmental factors, such as nutrient availability and growth phase, pH, 

temperature and oxygen, have all been suggested to influence aggregation (24,25, 

73), and these factors have also been shown to alter the surface properties of 

bacteria (63,73,261). Glucose has been linked to biofilm (i. e. cell to surface) 

formation, where supplementing the media with glucose can limit biofilm formation 

of Escherichia coli MG1655 (285). This inhibitory effect of biofilm formation of 

E. coli was attributed to catabolite repression via cyclic adenosine monophosphate 

(CAMP) and CAMP receptor proteins due to the presence of glucose. In addition, 

current findings have also revealed that outer membrane macromolecules are also 

regulated during the growth phase, and under different nutrient conditions, such as 

glucose or nitrogen limited conditions (73,286-288) which have been shown to 

promote aggregation and biofilm formation. 

Whilst the biological effect of nutrients on aggregation and biofilm formation has 

received great attention, physical characteristics, such as macromolecules present 

on the bacterial surface, including extracellular polymeric substances, flagella and 

pili, have also been shown to facilitate biofilm formation and aggregation (289- 

292). From a physiochemical perspective, however, cell-to-cell interactions 

leading to attachment are governed by physical laws (some van der Waals forces, 

but mainly electrostatic forces due to the ionisable functional groups of 

macromolecules on the cell surface) which relate to the diffuse layer potential of 

the cells, and hence have an influence on aggregation (163,229). 

Generally, bacteria cell walls possess a variety of functional groups that provide 
binding sites, such as, hydroxyl, phosphoryl, amines and carboxylate groups. These 

functional groups, arising from macromolecules on the bacterial cell wall and 
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extracellular polymer substances in the cell wall, can protonate or deprotonate 

when interacting with their immediate surroundings, and as a result, cell walls 

develop a net pH dependent charge (293). For Gram-negative organisms the 

macromolecules present on the outer membrane predominantly consist of 

lipopolysaccharides, phospholipids and proteins, while for Gram-positive bacteria, 

the macromolecules present predominantly consist of peptidoglycan and teichoic 

acid (31). 

The outer membrane of E. co1i serves mainly as a selective barrier for permeability 

and also provides strength to the cell. The outer membrane is comprised of 

phospholipids, lipopolysaccharides and lipoproteins and proteins which may vary 
from strain to strain. These macromolecules on the outer membrane possess active 
functional groups which include carboxyl, amino, as well as phosphate groups 
(Table 2.2) and play a significant role in the interaction of the cell with the 

environment (31) such as cell-to-cell adhesion or cells-to-solid surfaces attachment 
(e. g. biofilm) (294,295) and adsorption of aqueous metal cations (296,297). 

Hence, the variation in the characteristics and concentration of these 

macromolecules will affect cell-cell interactions. The architecture and content of 

these macromolecules have been shown to vary in response to changes in the 

environmental conditions, such as growth phase and nutrients (73,298). However, 

little is known about the variation of these active functional groups on the bacteria 

cell wall and their implication in aggregation, especially under different conditions 

such as nutrient limitation and growth phase. 

Hence, in this chapter, we hypothesize that those changes in the relative presence 

of glucose in the media, at the start of growth, influence aggregation in Escherichia 

coli MG1655 by altering the surface properties of the cell. For E. coli MG1655, we 

investigate the effect of glucose addition, with particular reference to variation in 

cell surface properties, in an attempt to describe aggregation in terms of the surface 

properties of the cell. This is achieved by carrying out aggregation studies on cells 

grown in media supplemented with or without glucose and elucidating their surface 

properties using potentiometric titration and infrared spectroscopy. 
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7.3. Materials and methods 

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK) 

unless otherwise stated. All experiments were conducted in triplicate (at least), and 
the average of the results reported. Variation in the experimental results is 

presented as the average ± standard deviation. 

7.3.1. Bacterial strains and Growth studies 
For all aggregation and surface analysis experiments, Escherichia coli MG1655 

was cultivated aerobically at 30°C in two different media (1) Luria-Bertani 

(tryptone 10. Og/L, yeast extract 5.0g/L, NaCl 10. Og/L, adjusted to pH 7.0) medium 

only, referred to as LB and (2) Luria-Bertani medium with the addition of 0.5w/v 

(%) glucose, at the beginning of the growth phase, referred to as LBG throughout 

the paper (as seen in Chapter 3). E. coli strains were grown at 30°C overnight with 

aeration in LB or LBG. The culture was then used to inoculate fresh LB or LBG at 

a 1: 100 dilution and grown at 30°C with aeration. The optical density (OD) at 
600nm was measured using a spectrophotometer (ThermoSpectronic, UK). , 

7.3.2. Glucose uptake assay 
The amount of glucose present in cell-free cultures was analysed using a glucose 

assay kit (Kit GAGO-20 Sigma, UK). Briefly, E. coli MG1655 was grown in LBG 

as previously described. Cell-free culture fluid was obtained during the growth 

phase by centrifugation of the cells at 15,000rpm at 4°C for 10 minutes. The 

supernatant was filtered through a 0.22µm syringe filter and samples were stored at 

-20°C. The amount of glucose present in the culture fluid was then analysed as 
described by the manufacturer's protocol. 

7.3.3. Aggregation studies 
The auto-aggregation properties of E. coli MG1655 grown in LB and LBG, 

harvested at exponential (6hr) and stationary phase (24hr) were measured using the 

method described in Chapter 4. Cells were harvested and washed twice with 0.9% 
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NaCl (pH 7.0) solution. The cell pellet was then re-suspended in 0.9 % NaCl 

solution to an adjusted optical density (OD) of 0.6 (equivalent to _108 cells/mL), 

prior to measurement. This ensured standardization across all aggregation tests. 1 

ml of suspended cells was transferred into cuvettes and the OD corresponding to 

cells at the upper part of the cuvette was measured. As the cells aggregated, they 

settle to the bottom of the cuvette and the percentage aggregation was calculated 

from equation 2.1 as the difference in OD600 measurements between the initial 

measurement (time =0 hours) and subsequent time intervals (0 to 5 hours). 

7.3.4. Biofilm studies 
The biofilm assay was conducted, following the crystal violet (CV) assay 

previously described by O'Toole and Kolter (299). Briefly, an overnight culture of 

cells, cultivated in LB, supplemented with or without different concentrations of 

glucose, was inoculated with 1: 100 dilutions in fresh media (of the same 

concentration of glucose) in a 96-well plate (200µ1). Cells were then grown for 6, 

24 and 48 hours without shaking. The wells were then stained with 180µl of 0.5% 

CV, rinsed three times, and then solubilized by the addition of 200µ1 of 95% 

ethanol. The O. D595 was then determined using GENios Multi-Detection 

Microplate Reader (Tecan, UK). 

7.3.5. Extraction of outer membrane proteins (OMP) 

Outer membrane proteins (OMP) were extracted from cells grown in LB and LBG, 

after 6 and 24 hours, following the method recently described by Kim et al (217). 

For each of the four conditions, cells were harvested and then re-suspended in 

50ml of 10mmol"' Tris-HC1 (pH 7.5), adjusted to the same OD (-2). Cells were 

then washed twice and re-suspended in 5ml of same buffer. The cells was 
disrupted in an ice bath four times for 60s using a ultrasonic cell disruptor 

(Branson 450, UK) and unbroken cells were removed by centrifugation at 5000g 

for l Omins at 4°C. The supernatant was then centrifuged at 21000g for 60mins and 

pellet (containing the cell envelope) was re-suspended in 5ml of same buffer and 
N-Lauroylsarcosine sodium salt (Sigma, UK) was added was added to a final 

concentration of 1.5% (v/v) to solubilized the inner membrane proteins (300). The 
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-suspension was incubated at room temperature 20 min, the outer membranes were 

collected by centrifugation at 20000g for 90 min and suspended in sample buffer 

and stored at -20°c used for further analysis. 

7.3.6. Sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS- 

PAGE) 

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was 

performed on the OMP extract from E. coli MG1655 cells grown in LB and LBG, 

harvested at different growth phases, using a 12% (w/v) polyacrylamide gel (276). 

OMP extracts (75-80µg per lane) were electrophoresed at a constant voltage 
(120V) until the bromophenol blue tracking dye front reached the bottom of the 

gel. Low-molecular-weight protein markers (New England Biolabs, UK) were used 

as protein standards and the protein bands were visualized with Bio-Safe 

Coomassie blue stain (Bio-Rad, UK). 

7.3.7. Extraction of lipopolysaccharides (LPS) 

LPS was extracted from E. coli MG1655 using an LPS extraction kit (Molecular 

solutions Europe, UK). Extraction was performed according to the manufacturer's 

protocol. This method for extracting LPS have also been recently used to study 
Salmonella enterica serotypes (216). 

7.3.8. Potentiometric titration 

Potentiometric titration was carried out to determine the different types of 
functional groups on the bacterial surface (43). All titrations were made in a vessel 

with a lid as part of a Metrohm Titrino 718 STAT automatic titrator (Metrohm, 

UK) at 20°C. Temperature was kept constant and continuously monitored during 

the titration. E. coli harvested at different growth phases from different medium 
(LB and LBG); equivalent to constant 75mg dry weight of biomass for all cases 
(washed four times with NaC1O4), was suspended in a vessel with 25 mL of 
NaC104, and then purged with N2 for lh to remove C02. The same OD was then 

used for each experiment, following the methods of Burnett et al. (168) and 
Banerjee et al. (301). 
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A positive pressure was maintained during the titration by allowing a gentle flow 

of N2 on the headspace of the vessel. The suspension was titrated with 0.1 M HCl 

until pH=3.5 and then with 0.1 M NaOH until pH=10. In order to test reversibility 

of the protonation-deprotonation behavior, the suspension was back titrated with 

0.1 M HCl from pH 10 to 3.5. In order to calculate the acidity constants (pKa), and 

the corresponding total concentration of the binding site, data from each titration 

curve were fit using the programme Protofit 2.1 (169). A student paired t-test was 

used to determine any statistical differences between the active site concentration 

of cells cultivated in LB and LBG at a 95% confidence level (P<0.05). 

7.3.9. Fourier transformation infrared spectroscopy (FTIR) 

Fourier transformation infrared spectroscopy (FTIR) spectroscopy was conducted 

using a Perkin Elmer Spectrum One Fourier Transformation Infrared 

Spectrophotometer (PerkinElmer, UK), in order to characterize the various 

functional groups present on the cell surface and the extracted OMP. At least 100 

scans, with resolution of 4cm'1, were collected for all samples. Cells were 

harvested as described above and washed twice with 0.9% NaCl. Bacterial 

suspensions in 0.9% NaCl were scanned using a demountable liquid-cell kit 

(Sigma, UK) with CaF2 windows. The spectra of 0.9% NaCl were used as a 

background and the baseline shift of the spectra was corrected using the Spectrum 

One software. This was carried out for cells grown in LB and LBG at different 

growth phases. To study the OMP and LPS 20µL (-p3.5 mg/ml) of OMP extracts 

were placed on a CaF2 slide and allowed to dry at room temperature for 45 

minutes. The spectra for each sample were then collected as detailed above. 

7.4. Results and Discussion 

7.4.1. Auto-aggregation at different growth phases and biofilm studies. 
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The increase in cell number over time for E. coli MG1655 grown in LB and LB 

supplemented with 0.5 w/v% glucose is shown in Chapter 3. The graph represents 

a typical growth curve under batch conditions with three clearly distinct phases i. e. 
lag phase 0-lhrs, exponential 2-8hr (3hr, 6hr and 8hr represent early, mid and late 

exponential phase respectively) and onset of stationary phase after 8 hrs. The 

specific growth rate was found to be the same (0.34W1) for E. coli MG1655 grown 
in LB or LBG (as previously described in Chapter 3). The uptake of glucose, 

under batch conditions, for 0.5% glucose, is also shown in Figure 3.2. Over 97% of 

the 0.5% glucose in the LB media was taken up in the cells within 6hrs of growth, 

with no glucose remaining after 8 hours. Viability of cells was found to be 

approximately 83 and 81% for cells at exponential (6hrs) and stationary (24hrs) 

phase respectively in both media. 

Figure 7.1 and Figure 7.2 show the auto-aggregation ability of E. coli MG1655 

cultivated in LB and LBG (i. e. LB with 0.5% glucose) harvested at mid- 

exponential phase (6hr) and stationary phase (24hr) respectively. For cells 
harvested during the exponential phase, the initial aggregation capability of the 

cells cultivated in LB and LBG is similar. However, after 2.5hrs of aggregation, 
the cells grown in LB displayed a slightly greater aggregation potential than cells 

cultivated in LBG Figure 7.2). After 5 hours, the percentage of cells aggregated 

was more than 40% for cells grown in LB compared to 30% for cells grown in 

LBG. 
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Figure 7.1 Percentage auto-aggregation of E. coli MG1655 cultivated in LB and LBG (LB 

with 0.5% glucose) harvested at during the mid-exponential growth phase (6 hours). 
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Figure 7.2 Percentage auto-aggregation of Eco1i MG1655 cultivated in LB and LBG (LB 

with 0.5% glucose) harvested during the stationary growth phase (24 hours). 
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For cells harvested during the stationary phase, the tendency to aggregate increased 

dramatically for cells cultivated in LB, where the percentage of cells aggregated 
increased to 65% after 2.5hrs and remained relatively constant for the remainder of 

the test (Figure 7.2). The increase in aggregation ability of cells cultivated in LB, 

from exponential to stationary phase, is consistent with results from previous 

studies where they also found that the aggregation and the adhesion properties of 

cells increased in the stationary phase (63,79). In contrast, stationary phase cells, 

cultivated in LBG, showed low aggregation properties. The aggregation potential 

of cells cultivated in LBG was low and relatively constant for the first 2 hours, 

with only a gradual increase to approximately 10% aggregation after 5hrs. Even 

though most of the glucose in the media was consumed during the exponential 

growth phase (see Figure 3.2), the addition of glucose to the media, resulted in a 

greater than 6 fold decrease in aggregation ability for cells cultivated in LBG 

compared to cells cultivated in LB, both harvested during the stationary phase. 

Hence, based on these results, glucose reduces the tendency for of E. coli MG1655 

in the stationary growth phase to form aggregates. 

Visual observation of the effect of glucose on aggregation can be seen in Figure 

7.3 1mL of E. co1i cells (OD = 0.65), harvested at the stationary phase, were rinsed 
in 0.9% NaCl and re-suspended in 0.9% NaCl and left undisturbed for 5 hours. The 

cells that were grown in LB and harvested during the stationary phase aggregated, 

and therefore settled to the bottom of the cuvette, leaving a 'Clear solution (Figure 

7.3 (i-iii)). In contrast, the solution containing cells grown in LBG remained fairly 

turbid as a majority of cells were still in solution (Figure 7.3 (iv-vi)). The 

formation of aggregates, in LB is further demonstrated using Epifluorescence 

microscopy (Figure 7.4), where more aggregates were found in cells cultivated in 

LB than in LBG (Figure 7.5). 
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(i) (ii) ( iii) (iv) (v) (vi) 

Figure 7.3 Visual inspection of the auto-aggregation of E. coli MG1655 grown in LB (i-iii) 

and LBG (LB with 0.5% glucose) (iv-vi), harvested at stationary growth phase (24 hr). 

Picture was taken after 5 hours 

F, 

Ir iF, 

Figure 7.4 Epifluorescence microscopy of E. coli MG1655 aggregates formed in 1,13 

harvested after 24 hours. Cells were stained with SYTO 9 (Invitrogen, UK) and imaging 

was performed using an Axioplan II imaging fluorescence microscope equipped with DFIO 

filter (Carl Zeiss Ltd, UK) and 63x magnification. 
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Figure 7.5 Epifluorescence microscopy of E. coli MG1655 single cells found in LBG (LB 

with 0.5% glucose), both harvested after 24 hours. Cells were stained with SYTO 9 

(Invitrogen, UK) and imaging was performed using an Axioplan 11 imaging fluorescence 

microscope equipped with DF10 filter (Carl Zeiss Ltd, UK) and 63x magnification. 

Whilst, the focus of this thesis is not specifically on biofllm formation, biofilm 

studies were conducted here for comparison. The effect of glucose in biofilm 

formation of E. coli MG1655 after 6,24 and 48hr of biofilm growth can be seen in 

Figure 7.6. We anticipated that glucose may also affect biofilm formation (cell to 

surface) in E. coli since it was found to affect aggregation (cell to cell) as shown in 

Figure 7.1 and Figure 7.2. No significant difference in biotilm formation was 
found for cells cultivated in LB and LB supplemented with all concentrations of 

glucose, after 6 hours growth. This compares with a similar aggregation potential 

of cells, harvested in the exponential phase, from both LB and LBG, as shown in 

Figure 7.1. For cells, cultivated in LB and LB with 0.1% glucose, after 24 hours 

growth, a higher biofilm formation capacity was found than for cells cultivated in 

the same medium, but after 6 hours growth. The opposite effect was seen for cells 

grown in 0.5% and 1% glucose, where a decrease in biofilm formation was found 

after 24 hours of biofilm growth, compared with 6 hours. 
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For cells cultivated in LB and LB with 0.1% glucose, an increase in biofilm 

formation was found after 48 hours, compared to biofilm formation after 6 and 24 

hours. Cells cultivated in LB and LB with 0.1 % glucose, after 48 hours, also had a 

similar biofilm formation capacity, which demonstrates that addition of 0.1% 

glucose did not significantly inhibit biofilm formation. However, cells cultivated 

in LB and LB with 0.1% glucose, after 48 hours, had a greater biofilm formation 

capacity that cells cultivated in LB with 0.5 and 1% glucose, at the same growth 

phase. This therefore demonstrates that beyond 6 hours, increasing the glucose 

concentration beyond 0.1% glucose inhibits biofilm formation for a constant 

growth phase, suggesting that glucose repression of biofilm in E. coli is 

concentration dependent. 
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Figure 7.6 A comparison of biofilm formation capacity of the E. coli MG1655 cultivated 
in LB and LB supplemented with 0-1% glucose after 48,24 and 6hrs growth 

The effect of glucose on aggregation (Figure 7.1 to Figure 7.5), rather than biofilm 

formation (Figure 7.6), of this particular bacterial strain has not yet been reported, 
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but similar effects of glucose on biofilm formation, as seen here, has been 

previously reported for several species of Enterobacteriaceae (285). Jackson et al. 
(285) added 0.2 (w/v) % of glucose to E. coli MG1655 at different times of growth, 

and observed the inhibition of biofilm formation at 24 hours. The inhibition was 
linked to catabolite repression via cyclic AMP (CAMP) and CAMP receptor 

proteins (285). Interestingly, their findings revealed that the glucose/biofilm 
inhibition effect did not return already formed biofilm back to a planktonic state. 
Hence, glucose may only affect the initial cell adhesion process. 

In this current study, 0.1 to 1 (w/v) % of glucose was added only once to the 
inoculated culture, and the amount of biofilm formed was monitored during the 

bacteria growth cycle. This approach allows the effect of glucose concentration, 

uptake, depletion and growth phase on biofilm formation in E. coli MG1655 to be 

taken into account. As a result, the inhibition effect. of glucose on biofilm 

formation was found to be dependent on the bacterial growth phase as well as the 

glucose concentration (Figure 7.6). This finding correlates well with recent 
findings by Stanley et al. (302), revealing that 0.1% glucose did not inhibit biofilm 

in Bacillus subtilis but the addition of 1%glucose did. Stanley et al. (302) also 

revealed that major macromolecules presence on the Bacillus subtilis cell wall, 
including proteins, lipoproteins, teichoic acid, teichuronic acids were differentially 

expressed, adding to the glucose inhibitory effect. 

Furthermore, media supplemented with glucose have also been showed to inhibit 

the uptake of AI-2 quorum sensing autoinducer (AI-2) via a decrease of cyclic 

adenosine monophosphate (cAMP) concentration (130) in the cell due to catabolite 

repression. Once glucose is depleted cAMP concentration increases and the lsr 

operon is activated by cAMP, and AI-2 is internalized by the cells (128). Recently, 

AI-2 was found to alter the cell surface charge during growth of this E. coli 
MG1655 strain cultivated in both LB and LBG (261). It was also observed that a 

mutant lacking the gene (AI-2) for quorum sensing in Ecoli MG1655 displayed a 
lesser negative charge than the wild type suggesting that AI-2 may play a role in 

altering surface characteristics. It is not surprising therefore that AI-2 has been 

134 



showed to control biofilm formation in E. coli by controlling the genes involved in 

the regulation of membrane proteins (303,304). as well as activities such as 

motility (132). 

Based on the observed limitation of aggregation, due to the relative presence of 

glucose in the media, it is hypothesized that this may be due to the differential 

expression of surface macromolecules present on the cell wall of E. coli MG1655, 

which alters the cell surface chemistry and presence of these active functional 

groups. In order to gain further understanding on the interaction responsible for 

aggregation in E. coli, the active functional groups of the cells were quantified and 

characterized using potentiometric titration and infrared spectroscopy (43,171). 

7.4.2. Titration studies 
The potentiometric titration curves of E. coli MG1655 grown in LB and LBG at 
different growth phase is presented in 

Figure 7.7 and Figure 7.8 respectively. The concentration of deprotonated sites is 

standardized per mass of dry bacteria (mol/g), and calculated as follows: 

[H+] consumed/released - (Ca - Cb - [H+] + [OFF]) / mb Equation 7.1 

Where mb is the dry weight of the bacteria in suspension concentration (g/L), Ca 

and Cb are the concentrations of acid and base added at each titration step and [H'] 

and [OH"] represent molar species concentrations of H+ or OH", and suspension 

concentration (g/L). 

All acid-base titration curves of Ecoli cultivated with different media and at 
different growth phases displayed protonation or deprotonation throughout the 

titrated pH range (3.5-10). For all titration curves the proton adsorption/desorption 

reactions were essentially reversible. During the whole titration, no evidence of 
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saturation was observed with respect to proton adsorption. A comparison of the 

shapes of the titration curves for E. co1i MG1655 and the electrolyte without 
bacteria (blank) showed that that the bacteria provided enough buffering capacity 

to the solution over the selected pH range. The absence of this behavior would 
have caused the slope of the bacterial suspension titration curve to match with the 

one corresponding to the blank. This buffering capacity is due to functional groups 

on the bacterial surface consuming the added base by losing protons or the added 

acid by accepting protons (43). 

Figure 7.7 shows the titration curve of E. coli MG 1665 at different growth phases 

cultivated in LB. Each curve represents the average of replicate samples, taken at 
different growth phases and standardized against the cell mass. A degree of 

variability can be seen in Figure 7.7 but these differences may not be significant 
due to the heterogenic nature of bacteria surfaces. More important, are the 

differences in titration curves observed when cells were grown in LBG (Figure 7.8) 

compared to LB. Titration curves of cells grown in LBG at different growth phases 

were found to have a steeper slope than cells grown in LB. This indicates that the 

bacteria grown in LBG provided higher buffering capacity to the solution over the 

selected pH range, due to the functional groups on the bacterial surface consuming 

the added base (by losing protons), or the added acid (by accepting protons). 
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Figure 7.7 Potentiometric titration curve ofE. coli MG1655 harvested at cultivated in LB 
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Figure 7.8 Potentiometric titration curve ofE. coli MG1655 harvested at cultivated in LB 
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In order to calculate the acidity constants (pKa), data from each titration curve was 
fit using Protofit 2.1. A three-site model was applied to the titration curves to 

predict the active functional groups on the E. co1i surface. A three-site model was 
found to be the best fit model for predicting the active functional groups, rather 
than a two-site or four-site model. The three site model has also been found to be 

useful in elucidating the deprotonation constants in previous studies in both Gram 

positive and Gram negative bacteria (31,43,74,174). Table 7.1 shows that the pKa 

values for Ecoli MG1655 range from 3.4 ± 0.4 to 4.4 ± 0.2 for pKj, 5.6 ± 0.5 to 

6.9 ± 2.4 for pK2, and 9.9 ± 0.6 to 11.1 ± 0.2 for pK3. The calculated pKQ values 

could be tentatively assigned to carboxyl (pKj), phosphate (pK2), and amine (pK3) 

groups. These values are consistent with previously published work on biological 

systems (74), however, the pKa values for Eco1i MG1655 at different growth 

phases and media were not dramatically different. This suggests that all active 
functional groups are present on the E. coli surface, even when the growth phase 

and media changes and that the types of the macromolecules present on the surface 

remains the same. 

The average pH of zero proton charge (pH, pc) for Ecoli MG1655, as predicted by 

Protofit 2.1, was found to be 4.9 ± 0.4 for cells cultivated in LB or LBG, across all 

the growth phases. This is in agreement with the pHZp value reported for a 
different strain of E. coli, i. e. E. coli AB264 (pHzpc = 5.7 ± 0.2) (305). 

The surface site concentrations obtained using Protofit 2.1 (normalized to the dry 

mass of bacteria) for different growth phases and media can also be seen in Table 

7.1". The values vary from one condition to another with the total concentration of 

active sites varying from 11.4 ± 0.3 x 10-4 mol/g to 24.1 ± 1.7 x 10-4 mol/g. A 

similar range was found by Hong and Brown (31) who reported the total 

concentration of active functional groups for E. coli ATCC 29181 to be between 

7.1 x 10-4 mol/g and 39.8 x 104 mol/g. Borrok et al. (297) report values of 2.52 x 

104 mol/ wet g for E. coli AW607, which is lower than the results reported here 
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and by Hong and Brown (31). However it is difficult to compare the results as the 
basis of wet versus dry weight is different. 

For E. coli MG1655 grown in LB, the Ct,, t value (again normalized against cell 

mass) was found to decrease slightly from 12.6 ± 1.4 x 104 mol/g to 11.4± 0.3 x 
10-4 mol/g as the cells moved from the exponential to the stationary phase. A 

reverse trend was observed for cells cultivated in LBG, with the Clot increasing 

from 12.3 ± 0.8 x 10-4 mol/g to 20.0 ± 0.6 x 104 mol/g as cells move from the 

exponential to the stationary phase. Cells harvested at 8hr and 24hr (late- 

exponential and stationary phase) exhibited a dramatic increase in C0 over that at 
6hr, which may be due to an increase in membrane protein and lipopolysaccharides 

(LPS) as a result of depletion of glucose in the media (306). These findings suggest 

that although the types of macromolecules present on the E. coli surface remain the 

same, their concentration varies dramatically when cells are supplemented with 

glucose during growth, and this is responsible for the differences in their surface 

chemistry. 
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Cells which were harvested at 24hr in LBG displayed a higher total concentration 

of active functional groups than cells harvested at the same time from LB media. 

The major increase in active functional groups occurred in C3 which corresponds to 

amine and hydroxyl groups predominantly from membrane proteins, suggesting 

that glucose induces the expression of membrane proteins. The variations of the 

active functional groups, displayed as a result of differences in growth phase and 

medium helps predict the electrostatic interaction which governs cell-to-cell or 

cell-to-surface interaction. The increase in the concentration of active functional 

groups (Clot) in LBG implies a much higher charge density on the bacteria surface, 

which could contribute to an increase in electrostatic repulsion between the cells 

and hence the observed decrease in aggregation in E. coli MG1655 in cells 

cultivated in LBG at 24hr (Figure 7.1 and Figure 7.2). Furthermore, at 6hr growth, 

cells cultivated in LB did not reveal any dramatic differences when compared to 

cells harvested after 24hr in the amount of aggregates formed. This correlates well 

with the similar values for the concentration of functional groups on the cell 

surface, regardless of the growth phase, indicating similar electrostatic repulsion 

effects were displayed for cells cultivated in LB. This finding suggests that the 

effect of glucose on aggregation occurs when glucose is depleted in the media. 

7.4.3. Infrared spectroscopy 

The infrared spectra of E. coli MG1655 cultivated in LB and LBG at different 

growth phases can the seen in Figures 7.9 and 7.10 respectively. Each spectrum 

contains information about the functional groups arising from macromolecules, 

such as carbohydrates, proteins, lipids and nucleic acid, as listed in Table 5.2. 

Table 5.2 provides a list of absorption band assignments corresponding to 

functional groups of these macromolecules in the region between 2000 and 1000 

cm 1, and is based on observations of the vibration patterns, previously reported for 

bacteria (45,171,264,265). 

Figure 7.9 shows the spectra of E. coli MG1655 cultivated in LB at different 

growth phases. The region corresponding to the amine I and II bands can be 

observed at 1645 and 1545 cm-1 respectively, and the peak at 1450 cm-1 exhibits 
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contributions from the amine III band and bending of CH3 and CH2 groups from 

proteins (SCH2,8CH3). The region between 1470 and 1300 cm-1 corresponds to 

the bending vibrations of CH3. CH2 and CH groups. However, the peak appearing 

at -1400 cm 1 can also overlap contributions due to the stretching C-O (vc. o) of 

carboxylic groups. The bands between 1200 and 950 cm-1 are attributed to the 

vibrations of C-O-P and C-O-C stretching of diverse polysaccharide groups, and 

the bands at 1260 and 1080 cm-1 exhibit the stretching of P=O (Vp=o) of phosphoryl 

and phoshodiester groups from phosphorilated proteins, polyphosphate products 

and nucleic acids. The peak at approximately 1740 cm-1 (attributed to the 

vibrational stretching C=O (vc=o) of ester functional groups from lipids and fatty 

acids, and also contributions from carboxylic acids) was observed at 24hr growth 
(stationary phase) but not observed in 3,6 and 8hr growth. The relative absorbance 

of the bands between 1650 and 900 cm-1 also increased with increasing growth 

phases for cells cultivated in LB. . 
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Figure 7.9 FTIR spectra ofE. coli MG 1655 harvested at different growth phases cultivated 
in LB. The spectra reported here are based on the average of a minimum of 100 scans per 

replicate, for each growth phase with and without the addition of glucose. 
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Figure 7.10 shows the spectra of E. coli MG1655 cultivated in LBG at different 

growth phases. The peak at approximately 1740 cm"' (vc=o of ester functional 

groups from lipids and fatty acids) was observed in 6,8 and 24hr growth, although 

the relative intensity was lower at 6hr growth. The relative intensity of peaks in the 

proteins and polysaccharides region also increased as cells progress from 

exponential to stationary phase. When comparing the spectra of E. coli MG1655 

grown in LB and LBG, significant differences with regard to the peaks and their 

intensities can be seen. The peak at approximately 1.740 cm"', which was only 
found in E. coli at 24hr growth phase in LB, was observed in E. coli cultivated in 

LBG at 6,8 and 24hr growth indicating a possible effect of the glucose in the 

concentration of carbonyl groups. The intensity of the peak at 1740 cm 1 at 24hr 

growth was also higher in cells cultivated in LBG than LB. Although the band 

corresponding to this signal is almost certain to be esters, a contribution due to the 

C=O stretching of protonated carboxylic acids is also possible, however, the results 

obtained with the potentiometric titrations did not show a significant increase in 

the concentration of carboxylic groups, suggesting that the C=0 stretching band 

detected by FTIR is not from carboxylic acids and hence do not 

protonate/deprotonate during the titration experiments, or the carboxylic groups 

responsible for this absorption are not surface related. The bands between 1650 and 
1000 cm"' were also found to vary with growth medium. However, it is important 

to note that it is currently not possible to distinguish between E. coli surfaces and 

the inner cell contents, as these spectra were taken using a liquid flow cell in 

transmittance mode. Hence, at this stage, the FTIR results should be used in 

conjunction with other surface chemistry techniques such as the potentiometric 

titration and study of the outer membrane molecules, such as proteins. By 

combining the information obtained with the FTIR spectra and potentiometric 

titrations, the identity of functional groups can be confirmed. Hence, the presence 

of carboxylic groups (pKa ranges from 3.4 to 4.4), phosphoryl groups (pKa ranges 
from 5.8 to 6.9) and hydroxyl/amine groups (pKa ranges from 9.9 to 11.1) in E. 

coli at different growth phases and media was verified. 
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Figure 7.10 'FTIR spectra of E. co1i MG1655 harvested at different growth phases 

cultivated in LBG (LB with 0.5% glucose). The spectra reported here are based on the 

average of a minimum of 100 scans per replicate, for each growth phase with and without 

the addition of glucose. 

We characterized the outer membrane protein (OMP) of cells cultivated in LB and 
LBG, at different growth phases, using FTIR and SDS-PAGE. The OMP extract 

was scanned (average 100 scans) within 1800-1200cm"1, providing information 

about the conformation and secondary structure of OMP (307). Figure 7.11 shows 

the spectra of E. coli MG1655 OMP cultivated in LB and LBG, at different growth 

phases. The spectra revealed differences in peak appearance, as well as the relative 
intensity, of the OMP extracted (and therefore expressed) under different growth 

phases and media conditions. The peak at approximately 1740 cm' may account 
for the lipids that anchors lipoproteins to the outer membrane via N-terminally 

attached lipids (139). The ratio of amide I (1650cm'') to amide II (1550 cm'') 
bands predominantly associated with proteins varied dramatically with changes in 

growth and media, indicating variability in OMP with different structural and 
functional integrity during these conditions. 
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It can be seen from the FTIR spectra in Figure 7.11 that the OMP extracted from 

E. coli MG1655 cultivated for 24h in LBG show three absorption bands at 1740 

cm'1,1640 cm-1 and 1550 cm-1 attributable to vo-0 of esther functional groups from 

membrane lipids, vC=O of amides associated with proteins and SN_H of amides from 

proteins, respectively, whereas the spectrum corresponding to the OMP from E. coli 

MG1655 cultivated for 24h in LB show the absorption bands corresponding to 

amides (usually known as the amide I and II bands), but the peak corresponding to 

carbonyl groups from esters was not detected. The presence of the band at 1740 

cm-1 might suggest that the OMP from E. coli cultivated for 24h in LBG medium 

could be covalently linked to lipids, forming lipoproteins, however, further 

analysis needs to be done to make a conclusion. The band at 1740 cm" is also 

absent in the spectra corresponding to 6h in both LB and LBG medium. The amide 
II band (1550 cm-1) is very weak in the OMP at 6h in both LB and LBG, however, 

the amide I band (1640 cm'') can be clearly seen in all samples, and the intensity is 

higher as cells progress from exponential to stationary phase. Although the FTIR 

analysis from these OMP cannot give indication of a particular protein, these 

results indicate that the OMP extracted from E. coli varies due to differences in 

growth phases and media (LB or LBG). 
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Figure 7.11 FTIR spectra of Eco1i MG1655 OMP cultivated in LB and in LBG (LB with 
0.5% glucose) harvested at different growth phases. The spectra reported here is based on 

the average of a minimum of 100 scans per replicate of each growth phase, with and 

without the addition of glucose 

SDS-PAGE of OMP extracted from E. coli MG1655 cultivated in LB and LBG at 
different growth phases is presented in Figure 7.12. Again this technique correlates 

well with the major differences in protein patterns already observed using the FTIR 

(Figure 7.11). Further analysis is needed to identify the specific proteins, however, 

based on previous studies, the two protein bands between 30-35kDa, present in all 

conditions, may correspond to the major outer membrane proteins, porins (OmpA, 

OmpC, ompF, LamB) which facilitate transportation of low molecular weight from 

the environment into the cell (140). OmpA has been recently shown to affect 
biofilm formation in E. coli (41,148) by decreasing biofilm mass. The protein 
band of approximately 20kDa is present in cells cultivated in LB (with greater stain 
intensity for 24hours growth compared to 6 hours) and not in cells cultivated in 

LBG irrespectively of the growth phase. The protein band of approximately 
22kDa is observed from cells harvested at 24hrs in both LB and LBG and may 
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arise from outer membrane lipoprotein (Slp), which is usually induced during 

carbon starvation or retarded growth (308). Proteins found below l5kDa were 

mainly observed in cells cultivated in LBG after 24 hours, and may be attributed to 

outer membrane lipoproteins(309,310) which also account for the lipid region at 

the 1740cm"1 region observed from the FTIR spectra. Hence, both the FTIR and 

qualitative SDS Page show changes in the OMP due to the presence of glucose in 

the media, and growth phase. This suggests that the OMP contribute to the 

interaction properties between cells. 
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Figure 7.12 One dimensional SDS-PAGE gel of OMP extracted from cells harvested at 

different group phases, with and without the addition of glucose. 

Lane I- OMP extract from cells grown in LB, harvested at 6hrs 

Lane 2- OMP extract from cells grown in LBG, harvested at 6hrs 

Lane 3- OMP extract from cells grown in LB, harvested at 24hrs 

Lane 4- OMP extract from cells grown in LBG, harvested at 24hrs 

Lane 5- MW protein marker 
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The lipopolysaccharides (LPS) is also a major macromolecule present in the outer 

membrane of E. coli cell surface and have been recently been shown to contribute 
to initial cell-to-cell adhesion (142). Hence LPS of E. coli MG1655 was also 

characterised using FTIR spectroscopy within 1800-900cm'. Figure 7.13 shows 
the spectra of E. coli MG1655 LPS cultivated in LB and LBG, at different growth 

phases. The peak at approximately 1650 cm I corresponds to C=O stretching 

vibration arises from the lipid A region of lipopolysaccharides(311). The weak 
band in the region approximately 1550 cm'' arises from bending vibration of N-H 

which is also are arises from the lipid A backbone of Lipopolysaccharides. The 

bands between 1200 and 900cm'' are attributed to the vibrations of C-O-P and C- 

O-C stretching of diverse polysaccharide groups of lipopolysaccharides. The 

spectra revealed no major differences in peak appearance, and a light variation in 

the relative intensity of the LPS observed under different growth phases and media 

conditions. The FTIR spectra suggest that the LPS might remain relatively 

constant as compared to the OMP of E. co1i MG1655 under these conditions of 

studies 
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Figure 7.13 FTIR spectra of Eco1i MG1655 LPS cultivated in LB and in LBG (LB with 
0.5% glucose) harvested at different growth phases. 
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7.5. Conclusion 

A combination of potentiometric titration and FTIR spectroscopy enabled the 

variation in concentration and characteristic of functional groups on the cell surface 

and extracted outer membrane proteins during growth and in different media to be 

observed. Mainly differences were found due to changes in the media (i. e. LB versus 

LBG), where the addition of glucose resulted in the predominant increase in 

concentration of amine and hydroxyl groups on the cell surface, leading to an 

reduction in cell to cell interactions, as shown in the reduction of aggregation 

capacity. FTIR further confirms the presence of active functional groups 

(carboxyl, phosphate, and amine), which was surmised from the pKa values from 

the titration studies, and demonstrated that the relative intensity of these functional 

groups varies. The dramatic increase in the relative absorbance of the peaks for 

cells cultivated in LBG, as they move from exponential to stationary growth phase, 

indicates an increase in the concentration of active functional groups due to the 

differential expression of proteins and lipopolysaccharides on the bacteria surface. 

The high concentration of active functional groups displayed by cells cultured in 

LBG after 24hrs is thought to be due to depletion of glucose in the medium which 

triggers the expression of macromolecules like lipopolysaccharides, membrane 

proteins and phospholipids on the outer membrane of E. coli. 
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Chapter 8 Characterization of Bacterial 

Quorum Sensing and the potential 

Influence on Cell Surface 

Electrokinetic Properties 

(Published in part in Applied Microbiology and Biotechnology, 73: 669-675. ) 
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8.1. Abstract 

Previous chapters in this thesis have shown that changes in growth phase and 

addition of glucose to LB media alter EPS composition and cell surface chemistry 

and hence aggregation. The addition of glucose to the media has also been shown 

to prevent the uptake of the quorum sensing signal molecule in E. co1i, which is 

involved in the regulation of several genes. Hence this chapter tested the 

hypothesis that quorum sensing may also influence the aggregation process via 

altering the microbial surface properties. Escherichia coli MG1655 and MG1655 

lux' (lacking quorum sensing gene for Autoinducer synthase AI-2) were used for 

this study. AI-2 production (or lack of) in both strains was analyzed using the 

Vibrio harveyi bioassay. The levels of extracellular AI-2 with and without the 

addition of glucose in the growth medium were consistent with previously 

published work. The surface electrokinetic properties were determined for each 

strain of E. co1i MG1655 by measuring the electrophoretic mobility using a phase 

amplitude light scattering (PALS) Zeta potential analyzer. The findings show that 

the surface charge of the cells is dependent upon the stage in the growth phase as 

well as the ability to participate in quorum sensing. In addition, significant 
differences in the electrophoretic mobility were observed between both strains of 
E. co1i. These findings suggest that quorum sensing plays a significant role in the 

surface chemistry of bacteria during their growth. 
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8.2. Introduction 

Bacterial cell surface properties have been shown to play a crucial role in bacterial 

aggregation, adhesion, interaction, formation of biofilm and the cells stability in a 

suspension (7,312) and previous chapters. This is due to the presence of charged 

macromolecules on the bacterial outer membrane, lipopolysaccharides (i. e. the 

carboxyl group carries a net negative charge), sialic acids and/or membrane 

proteins (293). Hayashi et al. (78) and Eboigbodin et al. (63) (In chapter 4) were 

able to demonstrate that the growth phase of different bacteria dictates their cell 

surface properties as measured by electrophoretic mobility. In both cases, a 

maximum in electrophoretic mobility occurred during the early stationary phase. 
Sonohara et al. (1995) also used electrophoretic mobility to detect differences in 

surface properties between Gram-negative and Gram-positive bacteria. Their 

findings revealed that Gram-negative bacteria are more negatively charged and 
have a less soft surface than Gram-positive bacteria. 

Therefore, despite the chemical and structural complexity of bacterial cell surfaces, 

compared with non-biological colloids, measurement of the electrophoretic 

mobility has been successful in being able to compare and characterize the 

electrokinetic surface properties of a variety of different bacterial strains (30). 

However, whilst it is possible to quantify the changes in cell surface electrokinetic 

properties using a colloidal approach as demonstrated previously, it is also 
important to address key biological factors that may govern the charge in cell 

surface properties which will inhibit or promote adhesion. In Chapter 7, the 
influence of glucose was considered. In this chapter, the role of quorum sensing in 

investigated. 

There is evidence suggesting that cell-to-cell communication via quorum sensing, 

may influence bacteria cell surface properties, and cell aggregation, with 
differences in colony surface morphology and aggregation ability observed for 

cells which have lost their ability to produce quorum sensing molecules (27,28, 

313). Cell-to-cell communication via quorum sensing has been well studied in 

several biological systems (for reviews see (109,121)). Bacteria are able to 
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monitor the microbial community via quorum sensing by producing, detecting and 

responding to low molecular weight signal molecules, called autoinducers (AI). 

Recent findings have shown that most bacteria produce, detect and respond to an 

autoinducer AI-2, 'suggesting that it may be used in interspecies cell-to-cell 

communication (109,123). 

AI-2 has been shown to play a crucial role in biofilm formation of Streptococcus 

mutans by the regulation of glucosyltransferase genes (314,315). Park et al. (28) 

observed differences in aggregation properties between Escherichia coli strains 
lacking the ability to produce AI-2 (deleted LuxS gene) and the wild type strains. 
More recently, AI-2 has been show to control biofilm formation in Escherichia coli 
by controlling the genes involved in the motility (132) and the regulation of outer 

membrane proteins (316). Gonzalez Barrios et al. (132) recently demonstrated that 

a dramatic change in biofilm formation was observed on the addition of AI-2 by 

intensifying motility. Wizner et al. (316) showed that quorum sensing also 

regulates outer membrane proteins such as lectins, which in some bacteria are 
involved in cell-to-cell adhesion. These findings suggest that the outer surface of 
bacteria, and hence the electrokinetic properties, will be altered if quorum sensing 

regulates these outer membrane macromolecules. DeLisa et al. (304) used DNA 

microarray analysis to identify genes which are regulated by AI-2 in Escherichia 

coli and found that, ompG (an outer membrane porin protein) rfaY (biosynthesis of 

core lipopolysaccharides), flip (Flagellar biosynthesis), rfaj (UDP-D-glucose 

: (galactosyl) lipopolysaccharides glucosyltransferase) and b1502 (putative adhesin) 

were all regulated by AI-2. 

Although there is strong evidence suggesting that quorum sensing alters the outer 

membrane polymers, quantification of the change in cell surface electrokinetic 

properties, still remains unclear. From a bio-engineering point of view, the cell 

surface electrokinetic properties are a major factor that governs bacterial adhesion 

and aggregation. The reason is that as the cells are brought into close proximity, an 

attractive interaction potential must be present to promote cell-cell aggregation and 

it is the cell surface structure that will dictate the strength and type of this 

interaction (78). The studies in previous chapters suggest that quorum sensing may 
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be involved in the regulation of macromolecules in the bacterial cells surface and 

as such will influence aggregation process. The results presented in Chapter 3 

show that quorum sensing molecules are produced during the exponential growth 

phase and then internalised by the cells at the on-set of stationary growth. This 

finding can be correlated with studies presented in Chapter 4 showing that the 

surface chemistry changes as cells progress from the exponential to the stationary 

growth phase. Hence there could be a link between quorum sensing and the cell 

surface chemistry. This hypothesis is further strengthened by the findings in 

Chapter 7, which show that the addition of glucose to the beginning of the growth 

experiment, altered the cell surface chemistry of E. coli. The addition of glucose 

also changed the ability of E. coli to internalise quorum sensing molecules (as 

shown in Chapter 7). The link between quorum sensing and glucose is thought to 

be governed by a decreasing cyclic adenosine monophosphate (cAMP) 

concentration (130) in the cell due to catabolite repression. Once glucose is 

depleted, the cAMP concentration increases. The Isr operon is activated by cAMP, 

and this leads to the internalisation of AI-2 by the cells (128) and Figure 2.6b). 

Hence, in this Chapter we seek to quantify the influence of qudrum sensing (AI-2) 

on the cell surface electrokinetic properties and how it may also influence the 

aggregation process. The hypothesis that we are testing, based on results generated 

earlier in this thesis, is shown in Figure 8.1. E. coli produces the autoinducer AI-2 

during their growth via luxS expression. Once the concentration of AI-2 reaches a 

particular threshold, AI-2 will bind to luxR. We hypothesise that this process may 

then enable luxR to bind with promoters involved in the regulation of surface 

macromolecules (Figure 8.1) 
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Figure 8.1 Hypothetical role of quorum sensing on surface charge of Bacteria 

The link between quorum sensing and cell surface chemistry during growth phase is 

investigated in this chapter using the electrophoretic mobility techniques demonstrated in 

Chapter 4. These findings are then correlated with the aggregation ability of cells with and 

without the ability to produce A12 during the same growth phases as discussed in Chapters 

5and7. 

8.3. Materials and methods 

8.3.1. Bacterial strains 

E. coli strains MG1655 (wild-type) and MG1655 luxS" as well as i'ihrio Hurlveyi 

ßß170 (luxN:: Tn5, Sensor 1-, sensor 2+) were used in this study (supplied by Prof 

Paul William, University of Nottingham UK). The E. coli MG1655 luxV mutation 
is identical to the E. coli luxS mutant that has been previously described in E. coli 
BL21 (126). The mutation was transferred into E. col i MG 1655 by P1 phage 

transduction. (Winzer, Tavender, and Hardie from the Institute of Infections and 
Immunity, University of Nottingham, personal communication, 2006). The E. coli 
lux, V contained a deletion of luxS over a 500bp range and this was confirmed using 
PCR analysis as described in Chapter 3. 

8.3.2. Growth Studies 

E. coli strains were grown aerobically in Luria-Bertani (LB) medium (tryptone 

10. Og/L, yeast extract 5.0g/L, NaCl lO. Og/L (sigma UK), adjusted to pfd 7.0) 

supplemented with or without 0.5w/v (%) glucose, and on LB agar plates at 30°C. 

LB media supplemented with 0.5 w/v (%) glucose is referred to as LBG 
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throughout the chapter. E. co1i strains were grown at 30°C overnight with aeration 
in LB or LBG. The culture was then used to inoculate fresh LB or LBG at a 1: 100 

dilution and grown at 30°C with aeration. V. harveyi BB170 were grown 

aerobically in Autoinducer Bioassay (AB) medium at 30°C (222). AB medium 

contained 0.3M NaCl, 0.05M MgSO4.7H20 (Sigma UK), 0.2% Casamino acid (BD 

Bioscience), 2% glycerol, 1mM L-arginine, 10mM potassium phosphate (pH 7.0). 

0.3M NaCl, 0.05M MgSO4.7H2O, 0.2% Casamino acid was dissolved in 1L of 

distilled water. The batch growth curve and light production was then determined 

using a GENios Multi-Detection Microplate Reader (Tecan, UK) (A detailed 

method is already be described in Chapter 3). 

8.3.3. Assay for production ofAI-2 

The presence of AI-2 secretion in E. coli cell-free culture were analysed using V. 

harveyi BB 170 reporter strain bioassay described by Surette and Bassler (1998) (as 

described in Chapter 3). V. harveyi BB 170 was first grown for 16hr in AB 

medium, then 180µl of BB170 (diluted 1: 5000 in fresh AB medium) was added to 

2Oµ1 of cell-free culture fluid. Changes in light production of BB170 as a result of 

presence of AI-2 were monitored using a GENios Multi-Detection Microplate 

Reader (Tecan, UK) in luminescence mode. Sterile LB was used as negative 

control and the experiment was carried out in quadruplicate. 

8.3.4. Electrophoretic mobility measurement (EPM) 

Electrophoretic mobility (EPM) was measured using a phase amplitude light 

scattering (PALS) zeta potential analyzer (Brookhaven Zeta PALS, U. K) following 

the technique described in Chapter 4. Cells were sampled in triplicate at intervals 

between 0 and 24 hours growth in LB and LBG and harvested by centrifugation at 

5000g for 10 minutes. After harvesting, the cell pellets were washed by re- 

suspending in 10mM potassium chloride (KC1) followed by centrifugation at 

5000g for 10 minutes. This washing step was repeated four times to eliminate 

residual substrates and extracellular polymers, which were produced by Ecoli 

strains during growth. Measurements were conducted using an electric field of 
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2.5Vcm-1 at a frequency of 2.0 Hz. The reported values for each EPM represents 

the average of 10 successive runs carried out in triplicate readings using the Zeta 

PALS. For EPM of cells at different ionic strength, cells were suspended in 

different ionic strength from 5-100mM KCI (no pH adjustment, 5.6-5.8). - 

8.3.5. Autoaggregation assay 
The auto-aggregation properties of Ecoli MG1655 and MG1655 luxS" mutant 

grown in LB and LBG, harvested at exponential (6hr) and stationary phase (24hr) 

was measured using the method previously described in Chapter 7. 

8.4. Result and Discussion 

The bioluminescence produced by V. harveyi BB 170 during its growth cycle 
followed similar responses reported by Xavier and Bassler (129) with an initial 

decrease over the first 4 to 5 hours, due to inoculation in fresh AB medium, 
followed by an increase in bioluminescence due to cell growth (as seen in Chapter 

3). The batch growth curves of E. coli MG1655 in LB and LBG are also 

represented in Chapter 3 to show how the fold induction varied during the growth 

phase and correlates well with results obtained from other previously studied 
bacteria (221,317,318). When E. coli is grown in LB supplemented with glucose, 

the glucose prevents the uptake of AI-2 into the cell, hence it accumulates in the 

supernatant (228). Similar results have been observed by Hardie et al. (221) Their 

findings revealed that glucose affects the amount of measurable AI-2 in cell 
harvested during stationary phase. 

Figure 8.2 shows the change in electrophoretic mobility (EPM) of both E. coli 

strains as a function of ionic strength (KC1) for a constant stage in the growth 

phase. The cells were harvested after 6 hours, in the mid exponential growth phase. 
From Figure 8.2, it can be seen that for all ionic strengths, both E. coli strains display a 

negative EPM, and that the magnitude of the EPM decreases with increasing 

external electrolyte. The change in EPM with ionic strength for each E. coli strain 
is very similar but the E. coli wild-type exhibited larger (more negative) EPM 
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values than the E. coli MG1655 IuxS. The addition of the electrolyte to the system 
brings about a change in the magnitude of the EPM but does not promote a change 
in the sign of the EPM. This suggests that the electrolyte is not significantly 

adsorbing to the surface of the cells. It is interesting to note, that the significant 
difference in the magnitude of the EPM between the two strains is observed for all 
ionic strengths. 
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Figure 8.2 Electrophoretic mobility (EPM) vs. ionic strength (KC1) for the Ecoli MG1655 

wild type and E. coli MG1655 lux' mutant harvested at 6hrs cultivated in LB. 

This difference in surface charge is demonstrated in Figure 8.3 and Figure 8.4, 

which show the electrophoretic mobility of Eco1i MG1655 wild type and E. coli 
MG1655 luxS, at different growth phases, in different media, respectively. Again 

both E. coli strains display a negative EPM value throughout the growth period, in 

both LB and LBG. For Eco1i MG1655 wild-type (Figure 8.3), the electrophoretic 
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mobility of the cells steadily increases in magnitude from the early to mid 

exponential phase and then remains relatively constant until the final measurement 

at 24 hours. The EPM of E. coli MG1655 wild-type grown in LBG also varies 

considerably across the growth phase with a lower negative EPM value at 8hr than 

cells cultivated in LB. 
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Figure 8.3 Electrophoretic mobility of E. coli MG1655 wild type grown in LB and LB 

supplemented with 0.5 w/v (%) glucose (LBG) 
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Figure 8.4 Electrophoretic mobility of Eco1i MG1655 IuxS' grown in LB and LB 

supplemented with 0.5 w/v (%) glucose (LBG) 

However, in comparison, the EPM of E. coli MG1655 luxS' remains relatively 

constant throughout the growth phase without a dramatic change in the EPM 

during the exponential phase. E. coli MG1655 wild-type grown in LBG again 
displayed a lower negative EPM value at 8hr than cells cultivated in LB. 

Therefore not only is the absolute value of the EPM different between the two 

strains (as observed in Figure 8.2 and comparison between Figure 8.3 and Figure 

8.4) but so too is the change in EPM as a consequence of growth phase 

In Figure 8.5, it can be seen that once the mutant strain is grown in a medium 

containing AI-2, the magnitude of the EPM changes dramatically and the change in 

EPM over growth phase mimics that of the wild-type. The effect on the surface 

charge of the mutant strain grown in the presence of AI-2 is more pronounced than 

the small changes seen in EPM due to growth media as shown in Figure 8.4 
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The electrophoretic mobility of the E. col i strains was found to be dependent on the 

growth phase and quorum sensing ability of the cells as well as the ionic strength 

of the media and to a lesser extent growth media. Gram negative, non-pathogenic 
Escherichia coif strains were chosen as the model system due to their fast growth 

rate, and that quorum sensing, via the signal molecule AI-2, in Escherichia coli has 

been well studied and shown to influence several physiological responses (1,20). 

The dependence of electrophoretic mobility of the Ecoli strains on ionic strength is 

consistent with previous work on bacteria (78,79,319). The magnitude of the 

electrophoretic mobility decreased with increasing external electrolyte due to 

shielding of the bacterial surface (319). However, even with 100mM KCl the EPM 

still displayed a negative value without showing a tendency to approach a zero 

value, indicating that the bacteria are discrete entities and respond differently to 
inert particles. For inert particles, the electrophoretic mobility values continue to 
decrease with increasing electrolyte concentration, approaching a zero value at 
higher electrolyte concentration (320). The bacteria cell surface differs from inert 

particle because they possess an ion-penetrable membrane layer in which the 
functional groups are located. Moreover, the van der Waals attraction is 

significantly weakened in these systems by the large water content of the cells. 
Extracellular polymers, attached to the cell surface, also provide a degree of steric 

stabilization. Hence the bacterial electrokinetic properties differ from their non- 
biological colloid counterpart due to the functional group heterogeneity on 
bacterial surfaces. The measurement of electrophoretic mobility is directly related 
to the surface charge. Whilst this electrostatic interaction has been the main 
interaction studied to date . (78,178), manipulation and control over the weak van 
der Waals attraction and any external protein induced interaction (63) is needed in 

order to fully understand and eventually control the cellular interaction process. 
Hence, the cell surface chemistry will dictate the strength and type of cell-cell 
interaction. However, it is important to note that the electrophoretic mobility 

measurements can be influenced by Ecoli size and shape. Therefore it is important 

to combine other surface characterization techniques such as FTIR and 
Potentiometric titration (Chapter 7). 
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Figure 8.5 Electrophoretic mobility of E. coli MG1655 IuxS' mutant grown in LB 

containing AI-2 from the supernatant of Ecoli MG1655 wild type, compared with the 

electrophoretic mobility of E. coli MG1655 wild type and E. coli MG1655 l uxS both grown 
in LB. 

However, both E. coli strains were found to be negatively charged throughout their 

growth phase (Figure 8.3 and Figure 8.4) and at different ionic strengths (Figure 

8.2). A similar negative surface charge was also found for Gram-negative bacteria 

(78,145,319) and was also observed by Eboigbodin et al. (63) and Chapter 4, for 

a different E. coli strain (AB 1157). Changes in the surface charge may be due to 

the changes in major components of the outer membrane proteins, and 

lipopolysaccharides proteins such as porins during growth (140,293) (Chapter 4 

and 7) . It is also important to note, that the lowest EPM value for MG1655 (wild- 

type), corresponds to the highest fold induction, as shown in Chapter 3, which is 

during the exponential growth phase. 
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The observed differences in EPM values between the E. coli strains is hypothesized 

to be due to changes in the composition of functional groups presence in the outer 

membrane macromolecules induced by AI-2 production. Recent studies, using 
DNA microarray analysis, showed that the expression of surface macromolecules 

such as lipopolysaccharides and porins present in the outer membrane are induced 

by the presence of AI-2 (304). Hence, if AI-2 controls the induction of major outer 

membrane macromolecules, then it is to be expected that the MG1655 (luxS` 

mutant), that is not able to produce AI-2, will have a different EPM to the wild 

type. This is shown in Figure 8.5. 

To test this further, cell free culture fluid taken from E. coli MG1655 (wild type) 

after 6 hours (i. e. when the autoinducer level was at its highest) was used to grow 

the MG1655 luxS. The EPM of the mutant, grown in the wild type supernatant, 

was then measured at different growth phases (see figure 8.5). Surprisingly, the 

EPM values changed dramatically from the original EPM for the mutant and were 

now similar to the wild-type strains grown on LB. It is possible, however, to 

change the EPM response of the E. coli MG1655 luxS, by supplementing the media 

of the mutant strain with the supernatant (containing AI-2) of the wild-type. This 

observation implies that the presence of autoinducer (AI-2) directly influences the 

surface charge of the cell surface. 

The alteration of cell surface properties by AI-2 may also contribute to aggregation 

processes in E. coli MG1655. Hence an aggregation assay on E. coli MG1655 wild 

and luxS was conducted and the result can been seen in Figure 8.6. The percentage 

auto-aggregation of E. coli MG1655 wild type cultivated in LB and LBG has 

previously been reported and described in Chapter 7. There was no significant 
difference in the aggregation capability of E. coli MG1655 luxS" and E. coli 
MG1655 wild type when cultivated in LB at exponential phase (6hr). However 

Ecoli MG1655 luxS has a least negative EPM value than its E. coli MG1655 wild 

counterpart. Again, there was no difference between the aggregation capability of 
E. coli MG1655 IuxS' and E. coli MG1655 wild type cultivated in LB harvested at 

stationary phase (24hr) even though there EPM values are different. These finding 
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suggest that the surface charge alone, cannot accurately be used to understand the 

aggregation capability of bacteria. Other factors such as EPS, surface heterogeneity 

and other biological factors may contribute to the aggregation capability of the 

bacteria. Similarly when cultivated in LBG, E. coli MG1655 IuxS" showed no 

significant changes in aggregation capability with E. coli MG1655 wild type 

harvested at exponential phase (6hr). Interestingly, when cultivated in LBG, E. coli 
MG1655 luxS' showed a significant increase in aggregation capability than E. coli 
MG1655 wild type harvested at stationary phase (24hr) even though their EPM 

values were similar. The results show that E. coli MG1655 luxS" aggregation ability 
is higher than E. coli MG1655 wild type when cultivated in LBG harvested at 

stationary phase, suggesting that AI-2 may also contributes to the aggregation 

process. 
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Figure 8.6 Percent auto aggregation of Eco1i MG 1655 wild and IuxY cultivated in LB and 
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To test this further, an autoaggregation assay was carried out again for MG1655 

luxS' grow in cell free culture fluid taken from E. coli MG1655 (wild type) after 6 

hours (contains the highest AI-2 activity Chapter 3). The results suggest that the 

growth of E. coli MG1655 luxS" in LB in the presence of AI-2 slightly reduces the 

aggregation capability of cells harvested at stationary phase but not at exponential 

phase. The effect of AI-2 on E. coli aggregation is similar to Acyl-HSL effect on 

Rhodobacter sphaeroides previously reported by Puskas et al. (47). The slight 

differences in aggregation ability of E. coli MG1655 wild and mutant luxS' 

correlates well the difference in their EPM values. Cells cultivated in 24hrLBG 

have a less negative EPM values that cells cultivated in 24hrLB. Hence the 

electrostatic repulsion among cells cultivated in 24hr LBG is reduced due to the 

absence of AI-2 and hence the tendency to aggregate increases. This suggests that 

quorum sensing plays a role in dispersion of cells rather than promoting 

aggregation. 

8.5. Conclusions 

The results show that the surface charge of the cells is not constant during the 

growth phase and that the magnitude of the charge is dependent on the stage in the 

growth phase. In addition, significant differences in the electrophoretic mobility 
between Ecoli MG1655 wild type and MG1655 luxS' show that quorum sensing 

allows bacteria to alter their surface properties in response to their environment. 
The aggregation ability of MG1655 IuxS" was higher than Ecoli MG1655 wild 
type among cells harvested at the stationary phase cultivated in LBG. These 

findings suggest that quorum sensing influences aggregation by altering the surface 

chemistry of bacteria during their growth. 
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Chapter 9 Conclusions and 

Recommendations . 
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9.1. Introduction 

This thesis focused on understanding the key biological factors that may have an 

effect on the aggregation process of Escherichia coll. A bio-physical approach was 

used, where the role of E. coli physiology as well the physical characteristics 

mainly the cell surface chemistry, were investigated in relation to aggregation. 
Like inert colloids, bacteria exhibit similar properties to non-biological colloids 

and a display pair-wise attraction when in close proximity. Hence, interactions 

leading to aggregation are thought to be governed by the surface chemistry. 
However, unlike inert colloids, E. coli like other bacteria is dynamic in nature. 
Therefore, key biological factors such as growth phase, nutrients, extracellular 

polymeric substances as well as the ability of E. coli to participate in cell-to-cell 

communication (quorum sensing) dictate the physiological state and as such affects 

its aggregation capability. Hence it may be anticipated that such biological factor 

may also affect the cell surface chemistry of E. coli. 

The influence of extracellular polymeric substances produced by bacteria, and 

quorum sensing on Eco1i aggregation as well as their changes in growth phase and 

media were addressed in this thesis. These changes were also correlated with 

changes in cell surface chemistry. 

In non biological systems (inert colloids) the addition of a non-adsorbing polymer 
(SPS) leads to an imbalance in osmotic pressure, which in turn causes an attraction 
between particles which brings them closer together (48,49), and as such 
facilitates particle aggregation, a phenomenon known as depletion attraction. This 

theory was applied to elucidate the role of free-EPS in the aggregation of E. coli 
(strains AB 1157 and MG1655) (Chapter 4). Interestingly, E. coli displayed similar 

properties to non- biological colloids upon addition of an inert, non-adsorbing 

polymer, Sodium Polystyrene Sulphonate (SPS). However unlike non-biological 

colloids, the growth phase, and the composition of EPS influenced the aggregation 

ability of E. coli. The composition of EPS, mainly the protein content from E. coli, 

was found to be dependent on the growth phase and nutrient in the media. A higher 

concentration of SPS was needed to induce aggregation in cells harvested at the 

exponential phase, than cells harvested in the stationary phase. The variation was 
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attributed to the changes of cell surface chemistry during growth phase. Hence 

aggregation in E. coli can be induced by using an inert non absorbing polymer. 

E. coli produces EPS which are mainly composed of polysaccharides and proteins. 
These are known to play a role in aggregation. Both the composition of bound and 
free-EPS were determined as a function of growth phase and media (Chapter 5). 

However E. coli produced relatively low amount of bound-EPS compared with 
free-EPS under the conditions of study. The protein content of free-EPS increased 

at cells progressed from the exponential to the stationary phase. Apart from the 

increase in protein content, the type of protein produced changed as a function of 

growth phase and media was examined in Chapter 6. 

The bound and free-EPS extracted from E. coli at the exponential and stationary 

phase cultivated in different media (LB and LBG) were further characterized using 

FTIR spectroscopy (Chapter 5). The FTIR spectra revealed the presence of 
different functional groups, which is due to changes in growth phase and. media. 

The role of bound-EPS in E. coli aggregation was observed by comparing the 

aggregation properties of cells before and after bound-EPS extraction. However, it 

was found that this did not affect aggregation of E. coli which was attributed to the 

low levels of bound-EPS produced. 

To test whether free-EPS is able to induce aggregation in'E. coli via the depletion 

process. Free-EPS extracted from E. coll harvested at different growth phases and 

media was added to E. coli cells. The addition of free-EPS led to aggregation of 
E. coli cells, in all growth conditions used. The addition of free-EPS extracted from 

cells harvested at the stationary phase displayed a much higher effect on the 

aggregation ability of the cells, than the addition of free-EPS extracted from cells 

at the exponential phase. This effect was attributed to differences in the 

composition of free-EPS as a result of changes in growth phase and media. This 

study showed that the role of free-EPS in E. coli aggregation complies with the 

depletion attraction process exhibited by inert polymers and hence it is possible to 

also induce aggregation in E. coli by using biopolymers. 
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Although both inert polymers and EPS were found to play an important role in 

aggregation of E. coli, the aggregation capability was also found to be dependent on 

the growth phase and the media used. It was anticipated that this effect may be due 

to changes in the cell surface chemistry. Hence the cell surface chemistry of Ecoli 

cells were investigated using three different surface characterization techniques; 

electrophoretic mobility (EPM) (Chapter 4), potentiometric titration (Chapter 7) 

and infrared spectroscopy (Chapter 7). The magnitude of the EPM gives an 

indication of the overall net charge on the E coli cell surface. The E. col i cells 

surface, displayed a negative EPM value under the conditions studied suggesting 

that E. coli is negatively charged. Cell harvested at the exponential phase were 

found to be more negatively charged than cells harvested at the stationary phase. 

This explains the differences in the amount of SPS needed to induce aggregation in 

cells harvested at the exponential and stationary phases (Chapter 4). 

Without the addition of non-biological polymers or EPS, Eco1i still displays 

variations in their aggregation ability, as a function of growth or nutrient 

composition (media). This thesis hypothesized that changes in the growth phase 

and media affect the surface chemistry of the cells, which as a consequence affects 

the tendency for the cells to interact and form aggregates. From potentiometric 

titration studies, functional groups (carboxyl, phosphate, and amine groups 
deduced from pKa values) present of the Eco1i surface did not change as a 
function of growth phase and media. However the, concentration of these 

functional groups changed with respect to group phase and media and correlated 

well with the changes in aggregation capability of E. co1i. FTIR spectroscopy was 

using to complement the results obtained from potentiometric titration studies, and 

confirmed the presence of functional groups. Changes in the functional groups on 

the E. coli surface as a function of growth phase and media was also confirmed by 

FTIR spectroscopy. 

Aggregation in bacteria serves an adaptive process in response to adverse changes 
in environmental conditions. Hence the ability of cells to aggregate will also 
depend on their ability to sense and respond to these changes in environmental 

conditions. In Ecoli the ability to sense and respond to these changes is via a cell 
density dependent process known as quorum sensing (109). In addition, depletion 
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attractions increase the proximity of bacteria to each other and hence may promote 
the quorum sensing, since it is a cell density dependent process. Therefore, it was 

paramount to address the role of quorum sensing in the aggregation of E. coil. This 

was achieved by comparing the surface chemistry and aggregation capability of 
E. coli cells which have the ability to participate in quorum sensing (E. coli 
MG1655) and Ecoli cells which lack the quorum sensing ability (E. coli MG1655 

luxS") (chapter 8). Interestingly, E. coli cells which had the ability to participate in 

the quorum sensing displayed a higher negative charge that cells lacking quorum 

sensing ability. However, only E. coli cells which lacked quorum sensing cultivated 
in LBG and harvested at the stationary growth phase, displayed a higher 

aggregation capability. 

9.2. Concluding remarks 

As E. coli cells progressed from the exponential to stationary phase, the production 

of EPS increased (as shown Chapter 5 and 6) and the quorum sensing molecule 
(AI-2) produced during the exponential growth phase was internalised by the cells 

when cultivated in LB (Chapter 3). The tendency of cells to aggregate also 
increased due to changes in the surface chemistry as cells progress from the 

exponential to the stationary phase. The changes in surface chemistry observed 
during growth phase may be due to the influence of quorum sensing as seen in 

Chapter 8. Further evidence can be seen in Chapter 7, where glucose was added to 

E. coli cultivated in LB. The glucose prevented the internalization of quorum 

sensing molecule (AI-2) and as such the surface chemistry at stationary for cells 

cultivated in LB and LBG differed, which accounted for the differences in the 

aggregation ability. Furthermore the free-EPS produce by cells at stationary phase 
had the higher capability to induce aggregation than that in stationary phase. The 

amount of free-EPS as well as its composition also varied upon addition of glucose 

to LB (i. e LBG) (Chapter 5). Hence it is possible that quorum sensing may also 

regulate EPS production. However this study further demonstrated that free-EPS 

only significantly induce aggregation in cells with low aggregation capability. The 

free-EPS is not required in situation were the cell surface property favors 

aggregation process. However, when cell surface properties due not promote the 

aggregation process, the free-EPS becomes a key factors. Hence, this thesis 
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suggest that the cell surface chemistry and free-EPS may both be controlled by 

-quorum sensing and hence aggregation process. However further studies are 

needed in order to confirm this. These are discussed in the next section. 

9.3. Recommendations 

This thesis addressed. the role of key biological factors such as growth phase, 

nutrient, EPS and quorum sensing as well as physical factors such as surface 

chemistry which are involved in bacterial aggregation. Although this thesis 

revealed significant findings in understanding bacterial aggregation, it still remains 
in its infancy in fully understanding the entire process involved in bacterial 

aggregation. As such there is the need to investigate several areas further, as 

detailed below. 

This thesis demonstrated that it is possible to, induce aggregation in bacteria by the 

addition of synthetic or EPS to bacterial suspensions. The ability of these polymers 

to induce aggregation is dependent on the composition as well as the surface 

chemistry of the cell. However, it still remains unclear as to the exact component 

of EPS that are involved in aggregation process. Although the carbohydrate 

content of EPS have been suggested to be the most abundant component, this 

thesis shows that the protein content dominates in EPS and changes during 

different growth condition. Proteins were identified, although their changes in 

expression as an index of growth phase and media was beyond the scope of this 

thesis and is recommended to be considered in future research. Hence further 

analysis should be carried out on the expression of extracellular proteins during 

cell aggregation. Using a quantitative proteomic approach (e. g. iTRAQ (158)) it 

would be possible to identify and quantify the extracellular proteins which are up- 

or down- regulated during the aggregation process. This will provide further 

insight to the key component of EPS involved in aggregation. 

Likewise, this thesis has shown that quorum sensing influences the aggregation 

process in E. coli by altering the cell surface properties. However, the techniques 

used in this thesis (electrophoretic mobility, FTIR, potentiometric titration and 
SDS-PAGE) to elucidate surface chemistry; can only provide an indication of the 
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extent of cell surface alteration. They do not provide information about which 

surface macromolecules are regulated during the aggregation process. Therefore, 

the specific surface macromolecules which are regulated by quorum sensing still 

remains unknown. Hence it will be interesting to investigate the role of quorum 

sensing in the production of cell surface macromolecules such as 

lipopolysaccharides and outer membrane proteins using a proteomic or genomic 

approach. For example, proteomic studies of outer membrane proteins can be 

conducted on E. coli and its luxS- mutant (lacking the ability to participate in 

quorum sensing). Findings from these studies will reveal macromolecules which 

are regulated by quorum sensing. 

Furthermore, it is possible that quorum sensing may also affect EPS production in 

bacteria and as such alter the cell surface chemistry and aggregation process. To 

best of the knowledge of the author this has not yet been investigated. Hence it is 

recommended that the role of quorum sensing on EPS production should be a focus 

of future research. This could be conducted by comparing the amount of EPS 

produced from a bacterium which posseses the ability to participate in quorum 

sensing and a mutant (lacking quorum sensing ability). Comparison of EPS 

production and composition (as demonstrated in Chapter 6) should be compared 

across the conditions investigated in Chapter 5,7 and 8, to provide the link 

between quorum sensing, EPS production and aggregation ability. 

Additional surface characterization techniques can be employed to further study 

the investigated changes in cell surface properties. For example, X-ray 

photoelectron spectroscopy (XPS) can be used the cells surface during growth and 

aggregation. This technique measures the elemental composition of a material top 

1 to 10 nm (44). Hence unlike the FTIR the information obtained from the. XPS, 

only relates to the surface. This thesis revealed that outer membrane proteins 
(OMP) play a crucial role in E. coli by altering cell surface properties. This thesis 

recommends that OMP should be investigated further. This could be done by 

further characterizing the OMP by a colloidal approach. For example, 
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electrokinetic properties of OMP extracted during aggregation process and growth 

phase can be elucidated using dynamic light scattering. 

Finally, this work specifically addressed cell-to-cell interactions leading to 

aggregation and not cell-to-surface interactions (i. e. biofilms) although it is 

anticipated that similar processes are involved. In addition, bacterial aggregation 

processes involving bacteria from the same strain (autoaggregation), and not 
bacteria from different strain (coaggregation) as seen in oral bacteria, was the focus 

of this thesis. Hence, it will be interesting if the experimental approaches used in 

this thesis (e. g. EPS production and characterization, potentiometric titration, 

electrophoretic mobility and proteomics) were applied to microorganisms that are 
known to form biofilms and co-aggregates of oral biofilm bacteria. This would 

enable the possibility of any general observations of bacterial aggregation to be 

developed. 
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Appendix B. Summary of major E. coli MG1655 extracellular proteins common to all 

growth conditions 

Growth condition 

GI NUMBER Gene Protein name 1 
Mr 
Da GRAVY 

LOCATION 
PSORTb score 

6htLB 6hrLBG 24hrLB 24hrLBG giII5803300 eno enolase 5.36 45574 -0.155 Cytoplasmic 1996 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803459 FbaA fructose-bisphosphate atdolase 5.52 38966 -0.349 UNKNOWN 1374 

6hrLB 6hrLBG 24hrLB 24hrLBG i 16130627 PGK phosphoglycerate kinase 5.08 41093 0 072 Cytoplasmic 5084 

6hrLB 6hrLBG 24hrLB 24hrLBG 1146099 GapA 
glyceraldehyde-3-phosphate 
deh dr enase 6.02 33070 -0.162 Cytoplasmic 1090 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15799799 aceF dih droll oamide acet ltransferase 5.09 66055 -0008 

Cytoplasmic 
Membrane 1065 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15804618 i glucose-6-phosphate isomerase 5 85 61749 -0.268 Cytoplasmic 823 

6hrLB 6hrLBG 24hrLB 24hrLBG i 16131483 G mA phosphoglyceromutase 5.85 28571 -0.195 Cytoplasmic 650 

6hrLB 6hrLBG 24hrLB 24hrLBG i 26247926 kF _ nrvate kinase I 5 77 50276 -0071 UNKNOWN 592 

6hrLB 6hrLBG 24hrLB 24hrLBG 1 15799798 aceE pyruvate deh dro enase complex 5 46 99606 -0.437 UNKNOWN 2452 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803823 r sD 30S ribosomal protein S4 10.05 23455 -0.664 Cytoplasmic 1904 

6hrLB 6hrLBG 24hrLB 24hrLBG 0116131220 r sG 30S ribosomal protein S7 10.3 17593 -0.46 UNKNOWN 1703 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803832 R IF 50S ribosomal protein L6 9.71 18892 -0227 Cytoplasmic 1511 

6hrLB 6hrLBG 24hrLB 24hrLBG gi142900 sA 30S ribosomal subunit protein S1 4.86 60979 -0288 Cytoplasmic 1497 
6hrLB 6hrLRG 24hrLB 24hrLBG i 15804574 r IA 50S ribosomal protein L7 964 24714 -0.109 UNKNOWN 1219 

6hrLB 6hrLBG 24hrLB 24hrLBG gil223035 R IJ 50S ribosomal subunit protein L10 9 27 17725 0.007 UNKNOWN 760 

6hrLB 6hrLBG 24hrLB 24hrLBG g! 115803841 SC 30S ribosomal protein S3 10.27 26021 -0.422 Cytoplasmic 714 

6hrLB 6hrLBG 24hrLB 24hrLBG gi]26246115 sB 30S ribosomal protein S2 7.16 34405 -0.27 Cytoplasmic 646 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803846 rplD SOS ribosomal protein L4 9 72 22073 -0235 UNKNOWN 500 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803840 r IP 50S ribosomal protein L16 11.22 15271 -0.384 UNKNOWN 449 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803830 sE 30S ribosomal protein S5 10.11 17592 -0.101 UNKNOWN 408 

6hrLB 6hrLBG 24hrLB 24hrLBG gill5803825 sM 30S ribosomal protein S13 10.78 13091 -0424 Cytoplasmic 354 

6hrLB 6hrLBG 24hrLB 24hrLBG gil15802128 " rplT SOS ribosomal protein L20 11.47 13489 -0.336 UNKNOWN 303 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15804573 IK 50S ribosomal subunit protein L11 9.64 14866 -0.061 UNKNOWN 265 

6hrLB 6hrLBG 24hrLB 24hrLBG giII5799852 tsf Elongation Factor Complex Ef-TuEF Ts 5.22 30273 -0.118 Cytoplasmic 445 

6hrLB 6hrLBG 24hrLB 24hrLBG 1 16131218 tufA/B elongation factor Tu 6.03 5658 -0.196 Cytoplasmic 255 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15799694 DnaK molecular chaperone DnaK 4.83 69072 -0.409 Cytoplasmic 1209 

6hrLB 6hrLOG 24hrLB 24hrLBG 115834378 GroL chaperone Hsp6O 4.85 57404 -0.009 Cytoplasmic 105 
6hrLB 6hrLBG 24hrLB 24hrLBG (jil16128421 ti Trier Factor 4 83 48163 

-0428 Cytoplasmic 64 

6hrLB 6hrLBG 24hrLB 24hrLBG g1126250254 secB export protein SecB 4.61 19518 -0.11 Cytoplasmic 272 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15801469 OppA oll oe tide transport protein 5.95 60985 -0.435 Perl lasmic 926 

6hrLB 6hrLBG 24hrLB 24hrLBG gi]640114 sod8 Iron(li) Superoxide Dismutase 5.58 21121 -0.18 UNKNOWN 1565 
6hrLB 6hrLBG 24hrLB 24hrLBG i 15800320 ahpC alkyl h dro eroxide reductase C22 subunit 5.03 20748 -0278 Cytoplasmic 973 

6hrLB 6hrLBG 24hrLB 24hrLBG 015800564 DPS 
DNA protection during starvation 
conditions 5.72 18684 -0214 UNKNOWN 6564 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15800816 Om A outer membrane Porin protein A 5.99 37178 -0339 

Outer 
Membrane 3282 

6hrl-B 6hrLBG 24hrLB 24hrLBG giII6130152 om C outer membrane rin protein C 4 58 40343 -0.533 
Outer 
Membrane 4336 

6hrLB 6hrLBG 24hrLB 24hrLBG g! 116128970 wrbA trp repressor binding protein 5 59 20832 -0082 UNKNOWN 1337 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15802089 I murein lipoprotein 93 8318 -0.314 Spit 802 
6hrLB 6hrLBG 24hrLB 24hrLBG i 16128870 OB ruvate formate I ase 5.69 85303 -038 Cytoplasmic 3319 

6hrLB 6hrLBG 24hrLB 24hrLBG i 75236334 r oA 
DNA-directed RNA polymerase, alpha 
subunit 5 02 36452 -0182 Cytoplasmic 544 

6hrLB 6hrLBG 24hrLB 24hrLBG gi126246432 O hypothetical otein c0537 8.12 24680 -0.52 UNKNOWN 692 
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Appendix C The list of extracellular proteins identified under different growth 

conditions 
Growth condition 

GI NUMBER Gene Protein name 1 Mr (Da) GRAVY 
LOCATION 
(PSORTh) 

1. Metabolism ofCarboh drates 

24hrLB gi]15802569 gatA 

1.1. s 7icPathwa s 

galactitol PTS permease 52 16897 0.003 Cytoplasmic 

6hrLB 24hrLB i 15802949 ptsl PTS enzyme I 48 63494 -0.12 Cytoplasmic 

24hrLB 
24hrLB 

24hrLBG 

i 16129197 

giJ5124 
i 16130232 

galt. ) 
Glk 

pta 

glucose-1 -phosphate 
urid I ltransferase 

glucokinase 
Phosphate acet ltransferase 

5.1 
62 

52 

32921 
35778 

77110 

003 1 
0047 

-0.08 

Co plasmic 
Cytoplasmic 

UNKNOWN 

6hrLB 6hrLBG 
24hrLB 
24hrLB 
24hrLB 

i 16129341 

gilIS802569 
90111527 

IdhA 

err 
Dk A 

D-lactate deh dro enase 
PTS s stem e nzyme HA component 

meth II oxal reductas 

5.3 
4.7 

36497 
18240 
27012 

-0.101 
0003 

-0.375 

Cytoplasmic 
Cytoplasmic 
Cytoplasmic 

24hrLB 24hrLBG QiI15802566 Gall) alactitol-1-phosphate deh dr enase 5.9 37366 0139 Cytoplasmic 

24hrLB 
24hrLB 

24hrLBG 
24hrLBG 
24hrLBG 

6115804128 
01151303603 

ail75187872 

aldB 
ttdA 
ttdB 

Aldehyde deh dro enase 8 

L-tartrate deh dratase a subunit, 
L-tartrate deh dratase subunit 

55 
5.9 
6.2 

59687 
32656 
22665 

-0.141 
. 0.048 

-0.13 

Cytoplasmic 
Cytoplasmic 
Cytoplasmic 

24hrLBG q1 j16131619 rbsB ribose ABC transporter subunit 69 30931 -0.031 Pert lasmic 

6hrLBG 

6hrLBG 
24hrLB 

24hrLB 
24hrLBG 

24hrLBG 
i 16131841 

g1115802571 
atZ 

_jl atY 

D-tagatose 1,6-bisphosphate aldolase 
2, subunit 
tagatose 1,6-di hos hate old lase 

5.5 

6 
47079 

31093 
-0224 
-0.116 

Cytoplasmic 

Cytoplasmic 

1.2 Main GI 1c Pathwa s 

6hrLB 6hrLBG 24hrLB 24hrLBG aiII5803300 eno 
phosphopyruvate hydratase or 
enolase 54 45574 . 0.155 Cytoplasmic 

24hrLB 24hrLBG 16131754 PFK Phos hofructokinase 56 46791 0.000 Cytoplasmic 

6hrLBG 24hrLB 24hrLBG 16129733 Ga A 

Glyceraldehyde 3-Phosphate 

Dehydrogenase 66 35239 -0.133 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG giII5803459 FbaA fructose-bisphosphate aldotase 5.5 38966 -0.349 UNKNOWN 

6hrLB 6hrLBG 24hrLB 24hrLBG i 16130827 PGK hos hI Gerate kinase 5.1 41093 0 072 Cytoplasmic 

6hrLB 

6hrLB 

6hrLB 

6hrLB 

6hrLB 

6hrLB 

6hrLB 

6hrLBG 

6hrLBG 
6hrLBG 
6hrLBG 

6hrLBG 
6hrLBG 

24hrLB 

24hrLB 
24hrLB 
24hrLB 

24hrLB 
24hrLB 

24hrLBG 

24hrLBG 

24hrLBG 

24hrLBG 

24hrLBG 

24hrLBG 

24hrLBG 

i 146099 

aiII5799799 
15804618 

i 16131483 

i 26247926 
91126247926 
qiII5804508 

Ga PA 

aceF 
i 

GpmA 

pykF 
pykF 
Tim 

glyceraldehyde-3-phosphate 
dehydrogenase 

dih droll amide acet ltransferase 

lucose hos hate isomerase 

phosphoglyceromulase 
Pyruvate Kinase 

pyruvate kinase 1 

Triose hos hatelsomeraseTim 

6 

5.1 
5.9 

.9 
6.7 
5.8 
56 

33070 

66055 
61749 
28571 

56651 
50276 
26955 

-0.162 

-0.008 
-0.268 
-0.195 

. 0071 

-0.071 
0.010 

Co lasmic 
Cytoplasmic 
Membrane 
Cytoplasmic 
Cytoplasmic 
UNKNOWN 
UNKNOWN 
UNKNOWN 

24hrLB 24hrLBG 115803907 ckA 
1.3 Gluconeo enesis 
phosphoenolp nrvatecarbo kinase 8.2 59590 -0309 UNKNOWN 

24hrLB 06129658 s phosphoenolpyruvate s nthase 5 87347 -0.243 Cytoplasmic 

1.4 1 late metabolism 

BG 24h LB 24h LBG 15801728 ! aldA 
aldehyde dehydrogenase A, NAD- 
linked 5.1 52206 -0.054 Co lasmic 

6hrLB 
6hrL 
6hrLBG 

r r g 1 

a1116129803 eda oxaloacetate decarbo lase 56 22300 0.322 Co tasmic 

24hrLB 24hrLBG 1161311341 aceA isocitrate I ase 5.4 47200 -0.224 Cytoplasmic 

1.5 TCA cycle 
6hrLBG 24hrLB 24hrLBG i15803770 mdh malate deh dr enase 56 32317 0.194 UNKNOWN 

6hrLBG 24hrLB 24hrLBG i33383669 lcd isocitrate dehydrogenase 5.3 42907 -0.171 Cytoplasmic 

6hrLBG 24hrLB 24hrLBG i 16128111 acnB aconitate h dratase aconitase B 52 93439 -0.117 Cytoplasmic 

24hrLB gil226907 Mdh matatedeh dr enase 56 32246 0204 UNKNOWN 

24hrLB 24hrLBG i 15800424 GItA citrate synthase 62 47934 -0.221 Cytoplasmic 

24hrLB 24hrLBG i 15800432 sucC succin l-CoA s nthetase beta subunit 54 41367 0.024 Cytoplasmic 

24hrLB 24hrLBG i 16131840 AceB malate s nthase A 54 60236 -0.316 Cytoplasmic 

6hrLBG 24hrLB 6116129237 AchA aconitate hydratase OR aconitase 5.6 97616 -0.234 Cytoplasmic 

24hrLB 24hrLBG 15799800 lpdA dih droll amide deh dr enase 58 50657 -0011 Cytoplasmic 

24hrLBG 16128704 sueD 
Succinyl-CoA synthetase, alpha 
subunit 6.2 29601 0.162 UNKNOWN 

6hrLBG 24hrLB 24hrLBG aiII6131978 frdB fumaratereductaseanaerobic 6.1 27105 -0224 Cytoplasmic 

24hrLB 16128108 suc8 dih droll oamide acet ltransferase 56 43984 0 004 
Cytoplasmic 
Membrane 

24hrLB 24hrLBG 1158004 30 sucA 2-oxoglutarate decarboxylase 104993 -0446 Cytoplasmic 

i 16128699 sdhB 
succinate dehydrogenase Iron-sulfur 
protein 6.3 26752 -0299 UNKNOWN 

6hrLB 6hrLBG 24hrL8 24hrLBG gilIS799798 aceE ruvate deh droenase complex 5.5 99606 -0437 UNKNOWN 
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1.6 pentose phosphate pathway 
24hrLB 24hrLBG i 15802986 talA transaldolase 5.9 35636 -0.315 UNKNOWN 
24hrLB 24hrLBG 16130390 TktB transketotase 2, thiamin-binding 5.9 72997 -0309 Cytoplasmic 

6hrLBG 24hrLB 24hrLBG gt]1941982 talB Transaldolase B 5.1 35066 -0.216 UNKNOWN 
6hrLB 24hrLB 24hrLBG i 11464528 grid 6- hos ho luconate deh ro enase 5.1 48744 -0.179 UNKNOWN 

2. TRANSLA77ON 
2.1 Ribosomal Proteins 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15803823 rpsD 30S nbosomal protein S4 10 23455 -0.664 Cytoplasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG i 16131220 rpsG 30S ribosomal protein S7 10 17593 -0.46 UNKNOWN 
6hrLB 6hrLBG 24hrLB 24hrLBG i 15803832 RpIF 50S ribosomal protein L6 9.7 18892 -0.227 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG gil, 12900 rpsA 30S ribosomal subunit protein S1 4.9 60979 -0288 Cytoplasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG gi[15804574 IA 50S ribosomal protein L1 9.6 24714 -0.109 UNKNOWN 

6hrLB 6hrLBG 24hrLB 24hrLBG gil223035 RpIJ 50S ribosomal subunit protein L10 9.3 17725 0.007 UNKNOWN 
6hrLB 6hrLBG 24hrLB 24hrLBG giII5803841 rpsC 30S ribosomal protein S3 10 26021 -0.422 Cytoplasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG i 26246115 rpsB 30S nbosomal protein S2 7.2 34405 -0.27 Cytoplasmic 
6hrLB 6hrLBG 24hrLBG 01115804792 r II 50S ribosomal protein L9 62 15759 0.091 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG 15803846 rplD SOS ribosomal protein L4 9.7 22073 -0235 UNKNOWN 
6hrLB 6hrLBG 24hrLBG i 15803835 rplE 50S ribosomal protein L5 95 20289 -0.282 Co lasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG i 15803840 RIP 50S ribosomal protein L16 11 15271 -0.384 UNKNOWN 
6hrLB 6hrLBG 24hrLB 24hrLBG i 15803830 - 

rpsE 30S ribosomal protein S5 10 17592 -0.101 UNKNOWN 
6hrLB 6hrLBG 24hrLB 24hrLBG gilIS803825 rpsM 30S ribosomal protein S13 11 13091 -0,424 Cytoplasmic 

6hrLBG 24hrLBG i 15803844 IB 50S ribosomal protein L2 11 29842 -0.699 UNKNOWN 

6hrLB 6hrLBG 24hrLB 24hrLBG 15802128 rplT 50S ribosomal protein L20 11 13489 -0336 UNKNOWN 
6hrLB 6hrLBG 24hrLB 24hrLBG i 15804573 r IK 50S ribosomal subunit protein L11 9.6 14866 . 0.061 UNKNOWN 

6hrLB 6hrLBG 24hrLBG 15803847 r IC 50S ribosomal protein L3 22230 -0.235 UNKNOWN 
6hrLB 6hrLBG 24hrLBG i 15803821 r IO . 50S ribosomal protein L17 11 14356 -0.565 UNKNOWN 
6hrLB 6hrLBG 24hrLBG i 16131194 IV 50S ribosomal protein L22 10 12219 . 0.349 Cytoplasmic 

6hrLB 6hrLBG i 15803765 rPtM 50S ribosomal protein L13 99 16009 -0.54 Cytoplasmic 
6hrLBG 24hrLB 24hrLBG g0611311120 sl 30S ribosomal protein S9 11 14847 -0687 Cytoplasmic 

6hrLB 6hrLBG 24hrLBG i 606235 rplO 50S ribosomal subunit protein L15 11 15025 -0.249 Cytoplasmic 
6hrLB 24hrLB giII1120595 rpsL 30S ribosomal protein S12 11 13729 -0.627 UNKNOWN 

6hrLBG 24hrLB giII33976 rpsF 30S ribosomal rotein S6 49 15694 -0.827 Cytoplasmic 
6hrLB i 15803128 _ IS 50S ribosomal protein L19 11 13125 . 0.527 Cytoplasmic 

6hrLBG i 15803824 rpsK 30S ribosomal protein S11 11 13836 -0.446 UNKNOWN 
6hrLBG gi]15804178 rpmB 50S ribosomal protein L28 11 9058 -0.65 Cyt plasmic 

2.2 Aminoac l-tRNA biosynthesis 
6hrLBG 24hrLB i 16130792 L sS Is -IRNA synthetase 5.1 57790 -0.396 Cytoplasmic 

6hrLB 6hrLBG 24hrLB i 1612 asps as art l-tRNA synthetase 55 65872 -0.265 Cytoplasmic 
6hrLBG 24hrLB giJ161131430 0 IS glycyl-tRNA s nthetase subunit beta 5.3 76765 -0.219 Cytoplasmic 

6hrLBG 24hrLB 24hrLBG i15831679 infC translation initiation factor IF-3 9.5 20551 -0.671 Cytoplasmic 

24hrLB 24hrLBG gill5800356 leuS leucyl-tRNA synthetase 52 97171 -0368 Cytoplasmic 
24hrLB giII6129669 pheT phenylal an l-tRNA s nthetase 0-chain 87323 -0.097 Cytoplasmic 
24hrL8 gi[75212974 TyrS Tyrosyl-tRNA synthetase 5.5 47996 -0.293 Cytoplasmic 
24hrLB 24hrLBG i 75190755 thrS Threonyl-IRNA synthetase 58 71738 -0.494 Cytoplasmic 

6hrLBG gil75189130 ileS lsoleuc l-tRNA synthetase 5.7 104215 -026 Cytoplasmic 
i 16130330 gttX glutamyl-IRNA synthetase 5.7 53722 -0528 cytoplasmic 

6hrLBG 24hrLB 16128187 proS Prolyl-tRNA synthetase 5.1 63657 -0.243 Co plasmic 

2.3 Elongation 
6hrLBG 24hrLB 24hrLBG i 15803853 FusA elongation factor EF-2 (G) 52 77532 -0.286 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG gi[15799852 tsf 
Elongation Factor Complex Ef-TuEF- 

Ts 5.2 30273 -0 118 Co lasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG i 16131218 tufA/B elongation factor Tu 6 5658 -0.196 Cytoplasmic 

6hrLB 6hrLBG 24hrLB giJ1790590 efp elongation factor EF-P 5 20578 -0.221 Co lasmic 
2.4posttranslation 

6hrLB 6hrLBG 24hrLB i 37926485 frr ribosome recycling factor 64 20683 -0.512 Cytoplasmic 
Protein transport, secretion and 

folding 
2.1 Protein Foldingand binding 

24hrLB 24hrLBG g11115802400 yedU chaperons protein Hs 31 55 31145 . 0213 UNKNOWN 

24hrLB 24hrLBG aiII6130533 grpE 
GrpE nucleotide exchange factorlheat 
shock protein 4.7 21784 

-0.372 Cytoplasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG aiII5799694 DnaK molecular chaperone DnaK 48 69072 -0.409 Cytoplasmic 

24hrLB i 16128509 gil161128509 ppiB peptidyl-prolyl cis-trans Isomerase B 5.5 18142 -0.312 Cytoplasmic 
6hrLB 6hrLBG 24hrLB i 16128422 CI PP CI B chaperone 5.5 23172 

-0.154 Co lasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15834378 GroL chaperone Hs 0 4. g 57404 -0009 Co lasmic 
6hrLB 6hrLBG 24hrLB 24hrLBG i 16126421 fig Tri er Factor 4,8 48163 -0.428 Co lasmic 

2.2 Protein turnovwer 

24hrLB gi115800793 pepN amino e tidase N 5.1 98819 -0.336 

Cytoplasmic 
Mombrano 
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i 16130810 pepP Amino e tidase P 52 49653 -0.308 Cytoplasmic 
24hrLB giJ16131370 prIC oh oe tidaseA 5.2 77119 -0.416 Cytoplasmic 

2.3Protein transport and secretion 
6hrLB 6hrLBG 24hrLB 24hr i 26250254 secB export protein SecB 4.6 19518 -0.11 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG giII5801469 OppA oli oe tide transport protein 6 60985 -0.435 Pari plasmic 

24hrLB i 16129867 fhY eri lasmie stine-binding protein 62 29021 
-0.302 Perl plasmic 

4 Cell process 
3.1 Cell protection 

6hrLB 6hrLBG 24hrLB 24hrLBG gi]640114 sodB Iron(li) Superoxide Dismutase 56 21121 -0.18 UNKNOWN 
6hrLBG 24hrLB 24hrLBG g1115802143 katE catalase; h dro eroxidase HPII III 5.5 84060 -0493 Cytoplasmic 

24hrLB 24hrLBG i 16131780 KatG Catalaselh dro eroxidase 5.5 84150 -0.372 Cytoplasmic 
6hrLBG 24hrLB 24hrLBG ni[15801846 tpx thiol peroxidase 48 17824 0.256 UNKNOWN 

6hrLB 6hrLBG 24hrLB 24hrLBG W15800320 ah C 
alkyl hydroperoxide reductase C22 
subunit 5 20748 -0278 Cytoplasmic 

katE Catalase (peroxidase I 5.1 79978 

24hrLB 24hrLBG 16129666 btuE Glutathione peroxidase 47 20397 -0131 Perl lasmic 

6hrLBG 24hrLB 24hrLBG g1138703898 st Glutathione S-transferase 51 23714 -0198 Cytoplasmic 

24hrLB g! 149176442 sodA Manganese Superoxide Dismutase 6.4 22952 -0.429 UNKNOWN 

32 Adaptation to sfic condtions 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15800564 DPS 
DNA protection during starvation 
conditions 5.7 18684 -0.214 UNKNOWN 

6hrLBG 24hrLB 15803116 ctPB heat shock proteinICIpB chaperone 5.4 95870 
. 0.35 Cytoplasmic 

6hrLB 6hrLBG 24hrLBG Ai 126247992 osmE 
Osmotically inducible lipoprotein E 
precursor 7.7 11526 -0288 SO 

6hrLB 6hrLBG 24hrLB i 15804041 SIP 
Starvation-inducible outer membrane 
lipoprotein 6.8 20887 -0.088 Spit 

24hrLBG i 16131215 bfr bacterioferritin 4.6 18326 -0.472 Cytoplasmic 

6hrLBG 24hrLB i 15804947 osmY 
hyperosmotically inducible penplasmic 
protein 6 21056 -0.248 Cytoplasmic 

i 16131119 sspA stringent starvation protein A 5.2 24289 -0265 Cytoplasmic 

24hrLB 24hrLBG i: 16128457 htpG Molecular chaperone, HSP90 5.1 71374 -0.521 Cytoplasmic 

6hrLBG 24hrLB gil, 15804972 arcA ArcA transcriptional dual regulato 52 27275 -0.487 _Cytoplasmic 
6hrLBG 24hrLB 24hrLBG 15803106 iD putative formate ecet ltransferase 5.1 14283 -0.355 Cytoplasmic 

3.3 cell communication 

6hrLBG 116130599 LuxS 
autoinducer 2 (AI-2) synthase/S- 
nbos homo steinase 52 19430 -0323 Cytoplasmic 

6hrLB gill613O843 metK S-adenosylmethionine synthetase 1 42153 -0.189 Cytoplasmic 

3.4 motility 

24hrL6 i 16129045 fl K flagellar hook-associated protein K 4.5 57895 -0.25 
Outer 
Membrane 

5 Cell wall and Membrane proteins 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15800816 OmpA outer membrane Ponn protein A 6 37178 -0.339 

Outer 
Membrane 

6hrLB 6hrLBG 24hrLB 24hrLBG gi116128782 Om X Outer Membrane Protein Ompx 5 16350 -0.32 
uter O 

Membrane 

6hrLB 6hrLBG 24hrLB 24hrLBG i 16128924 OmPA Om A-like transmembrane 5.7 37414 -0339 
Outer 
Membrane 

6hrLBG 24hrLB 24hrLBG i 16128896 Ompf outer membrane porin OmpF 46 37120 -0.398 

Outer 
Membrane 

6hrLB 6hrLBG 24hrLB 24hrLBG i88192831 Om W Outer Membrane Protein Om w 62 21661 -0.255 
Outer 
Membrane 

0115802711 tonB Outer Membrane Transporter Face 5.5 84968 -0584 

Outer 
Membrane 

6hrLBG i 1786777 ompT outer membrane protein 3b (a) 56 35626 -0.645 
Outer 
Membrane 

6hrLB 6hrLBG i 15803582 toIC 
outer membrane channel precursor 
protein 5.5 53953 -0429 

Outer 
Membrane 

24hrLB i 1788120 manX PTS enzyme IIAB 5.7 35079 -0.058 Cytoplasmic 
6hrLBG i 16131604 atpF ATP synthase subunit B 6 17253 -0.213 Cytoplasmic 

6hrLBG gill5802711 cirA 
outer membrane receptor for Iron- 
re ulated 5.1 73352 -0.584 

Outer 
Membrane 

6hrLB 6hrLBG 24hrLB 24hrLBG giII6130152 OM PC outer membrane podn protein C 46 40343 -0533 
Outer 
Membrane 

6hrLB 1'16130277 fadL 
long-chain fatty acid outer membrane 
transporter 5.1 48742 -03 

Outer 
Membrane 

6hrLBG 24hrLBG 16129736 mi scaffolding protein 5.5 27813 -0.402 

Outer 
Membrane 

6hrLBG 24hrLB 24hrLBG i 33112659 nm C outer membrane porin protein 4.9 41501 -0421 

Outer 
Membrane 

6hrLBG 24hrLB 24hrLBG i 16129338 ompN outer membrane pore protein N 45 41210 . 0546 
Outer 
Membrane 

6hrLB 
6hrLBG 
6hrLBG 24hrLB 

24hrLBG 
24hrLBG 

016132112 
giII6128970 

fecA 
wrbA 

outer membrane receptor, citrate- 
dependent 
t repressor bindinprotein 

55 
5.6 

85224 
20832 

-0517 
-0.082 

Outer 
Membrane 
UNKNOWN 

24hrLB 24hrLBG giJ16131860 malE Mallose-binding eri lasmic proteins 5.2 41591 -0251 Perl lasmic 
24hrLBG i 49176129 sl B Outer membrane li o rotein 94 15649 0.114 IS ll 

24hrLBG 
24hrLBG 

49176177 
i 16131862 

flu 
IamB 

antigen 43 euloUansporter 
maltose outer membrane rin 

5.8 
4.6 

106818 
50042 

-0275 
-0.516 

Outer 
Membrane 
Outer er 
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Membrane 

6hrLB 6hrLBG 24hrLBG i 15800457 pal peptidoglycan-associated lipoprotein 6.3 18812 -0.454 

Outer 
Membrane 

6hrLB 6hrLBG 24hrLB 24hrLBG i 15802089 I murein li o rotein 9.3 8318 -0.314 Spit 

6 Metabolism of Amino Acids 

6hrLB 24hrLBG i 26247778 gadB lutamate decarbo lase B subunit 57 55405 -0.287 Perl plasmic 

24hrLB 24hrLBG i 16131389 adA glutamate decarboxytase A subunit 53 32152 -0.278 Perl plasmic 
24hrLBG i 26249699 tdcE Keto-arid formate acetyltransferase 55 85931 -0.293 Cytoplasmic 

6hrLB 6hrLBG 24hrLBG i 15800563 gInH 
glutamineABC transporter periplasmic- 
binding protein 8.4 27173 -0233 Perl Iasmlc 

6hrLBG i 26248790 sK C steine s nthase A 5.8 34865 . 0087 UNKNOWN 

24hrl-B gil9257156 as C AspartateAminotransferase 5.4 43586 -0.216 Cytoplasmic 

24hrLB 015804731 aspA aspartate ammonia-I ase 5.5 54030 -0061 Cytoplasmic 

24hrLB 24hrLBG 1882433 cvP 
glycine dehydrogenase 
decarbo latin 56 104334 -0.065 UNKNOWN 

24hrLBG i 16131416 dppA di e tide transporter 62 60255 -0.463 Perl plasmic 
6hrLBG i l5804455 InA lutamine synthetase 5.3 51873 -0302 Cytoplasmic 

6hrLB 6hrLBG i'16128223 e p l) 
aminoacyl-histidine dipeptidase 
(peptidase D 5.2 52884 -0.146 Cytoplasmic 

6hrLBG 24hrLB 16128159 da D succinyltransferase 56 29859 -0.054 Cytoplasmic 

24hrLBG i 16130575 gabD 
succipate-semialdehyde 
deh dro enase 1 5.4 51688 -0071 Cytoplasmic 

6hrLBG i 75189962 serf hos hosenne transaminase 55 38592 -0.149 Cytoplasmic 

24hrLB 24hrLBG i 48425743 prpD 2-Meth (citrate Deh dralase 5.7 53677 -0.188 UNKNOWN 

24hrLB i 15803496 ansB periplasmic L-as ara inase II 5.7 36828 -0.128 Pert lasmlc 

24hrLB i 16129498 ydfG 3-hydroxy acid dehydrogenase 5.7 27232 -0.175 Cytoplasmic 

24hrLB 24hrLBG 126247036 putA 
Delta-1 -pyrrolme-5-carboxylate 
deh dro enase 5.7 146401 -0.145 Cytoplasmic 

6hrLB Q11787088 artl ar inine transporter subunit 5.8 26913 -0.329 Perl lasmic 
24hrLB i 16131487 tdh L-threonine 3-deh dro enase 5.9 37215 0.051 Cytoplasmic 
24hrLB i 26248185 yedO D-cysteine desulfh drase 5.2 38727 0.147 Cytoplasmic 

24hrl-B i 16131488 kbl 
2-amino-3-ketobutyrate CoA 
li ase/ I tine C-acet ltransferase 5.7 43130 -0049 Cytoplasmic 

24hrLB i 3005594 nagB lucosamine-6- os hate deaminase 6.8 29719 . 0.161 Cytoplasmic 

6173671334 lmS 
glucosamine fructose-6-phosphate 
aminotransferase 5.6 66865 -0.093 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG 16128870 fIB ruvate formate I ase 5.7 85303 -0.38 Cytoplasmic 

24hrl-B g! 149176235 YfhO steine desulfurase 94 46203 -0.273 Cytoplasmic 

24hrLB 24hrLBG i 15804305 TnaA t to hanase 5.9 53392 -0.225 Cytoplasmic 

7 TRANSCRIPTION 
24hrLB 24hrLBG 6115801327 phoP transcriptional regulatory protein 5 25466 -0.228 Cytoplasmic 

24hrLB 
_gill 

6131236 crp 
CRP transcriptional dual 
regulator/cyclic AMP receptor protein 84 23494 -021 Cytoplasmic 

6hrLBG g1116129198 has H-NS transcriptional dual regulator 52 15331 -0.751 Cytoplasmic 
24hrLB 1]16130166 rA DNA rase, subunitA 5.1 97132 -0.24 Cytoplasmic 

24hrLB 24hrLBG 15804577 r oB 
DNA-directed RNA polymerase beta 
subunit 52 150536 -0.398 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG i 75236334 rooA 
DNA-directed RNA polymerase, alpha 
subunit 5 36452 -0.182 Cytoplasmic 

8. nucleotide and nucleoside 
conversions and blos nthesis 

24hrLB 24hrLBG 905804956 deoD purine nucleoside os h lase 5.7 27924 0.07 Cytoplasmic 
6hrLB 6hrLBG i 15803021 upp uracil phosphoribosyltransferase 5.9 23545 0.009 Cytoplasmic 
6hrLB 6hrLBG 24hrLB 9115800203 adk aden ate kinase 5.6 23571 -0.383 Cytoplasmic 
6hrLB 24hrLB 115804955 deoB phosphopentornutase 44342 -0271 Cytoplasmic 

6hrLBG 24hrLB i 75255057 prsA 
Phosphore bosylpyrophosphate 
s nthetase 56 36699 0 082 Cytoplasmic 

6hrLBG 24hrLBG 26246416 tsx protein tsx re cursor 58 32216 -0 54 
Outer 
Membrane 

24hrLB 24hrLBG cit]147406 purA aden losuccinate synthetase 52 47373 -0.207 Cytoplasmic 
6hrLBG i 15800198 apt adenine os horibos ltransferase 53 19860 0.008 Cytoplasmic 

24hrLB i 16132198 deoC deo ribose hos ate aldolase 5.5 27730 -0.014 Co lasmic 
24hrL8 i 15799809 h pt guanine os honbos ltransferase 51 20604 -0077 Co lasmic 

6hrLBG 91116130401 purC succinocarboxamide synthase 5.1 27149 -037 UNKNOWN 

24hrLB 
_qil16130433 

guaB 
inositol-5-monophosphate 
deh dro enase 6 52275 -0.098 Co lasmic 

24hrLB 116129581 add deo adenosinedeaminase 54 36546 -0024 Co lasmic 
24hrLB 24hrLBG giJ16130,132 guaA GMP synthetase 52 59041 -0.096 Co lasmic 
24hrLB 016130687 PY G CTP s nthetase 56 60806 -0.139 Cytoplasmic 

nucleic acid synthesis and replication 
24hrLB gilIS803706 n of nucleotide phosphorylase 54 79797 -0.169 Cytoplasmic 
24hrl-B i 16131704 polA DNA polymerase 1 5.4 103054 -0 817 UNKNOWN 

9. Metabolism of Fatty and Related 
Molecules 

6hrLBG 24hrLB 24hrLBG i 145881 fabG 
p-ketoacyl{asyl-tamer-prote inI 
reductase 68 25530 0.091 Cytoplasmic 
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24hrLB 24hrLBG i 15801888 fabl enoyt-(acyt tamer protein) reductase 56 27846 0.163 UNKNOWN 

qiJ15800061 prpC 
citrate synthase-2 /2-methylcitrate 
synthase 6.4 43075 -0.286 Cytoplasmic 

24hrLB gi116128921 fabA 
3-hydroxydecanoyl-(acyl carrier 
protein) dehydratases 7 17249 -0.012 Cytoplasmic 

24hrLB 0116128316 prpB 
putative phosphonomutase 2 /2- 
methylisocitrate lyase 54 32114 -0015 Cytoplasmic 

24hrLB 24hrLBG i 26250876 acsA acetyl-coenzyme A synthetase 5.5 71922 -0.277 Cytoplasmic 

10. Metabolism of 
111 aof saccharides/11 roteln 

6hrLB 6hrLBG 24hrLB giII5799927 gmhA phosphoheptose Isomerase 6 20802 -0062 Cytoplasmic 

24hrLB 24hrLBG i 16131490 rfaD 
ADP-L-g lycero-D-mannoheptose-6- 
epimerase 4.8 34871 -0.284 UNKNOWN 

6hrLBG i 15799879 yaeC putative lipoprotein 52 29399 -0.138 S II 

11. Ener metabolim and transport 

6hrLBG 24hrLB 24hrLBG gi[75238587 Oor 
NADP-dependent quinone 
oxidoreductase 5.6 41006 -0.105 UNKNOWN 

6hrLBG i 15800387 fldA flavodoxin 42 19725 -0285 Cytoplasmic 

12.0 metabolism of other 
compounds 

24hrLB 24hrLBG i 16132048 a inorganic pyrophosphatase 5.1 19691 -0272 Cytoplasmic 

24hrLB 011580`1181 rxB Glutaredoxin 2 7.7 24335 -0.264 UNKNOWN 

24hrLB i 16129403 dcW y-aminobutyraldehyde dehydrogenase 5.7 50798 -0.029 Cytoplasmic 

gi116130843 metK 

S-Adenosylmethionine 
Synthetaselmethioni ne 
adenosyltransferase 

5.1 41614 -0.189 Cytoplasmic 

24hrLB 24hrLBG i 16128126 panC antoat -alanine ligase 5.9 31578 -0.108 Cytoplasmic 

cofactors, small molecule carriers 

24hrLB i 16128127 anB 
3-methyl-2-oxobutanoate 
h dro meth ltransferase 5.2 28219 0.137 UNKNOWN 

6hrLB gil26246420 ribH riboflavin synthase subunit beta 9.6 19798 0.038 UNKNOWN 

24hrL6 i 16128147 hemL 
glutamate-l-semialdehyde 2,1- 
aminomutase 4.8 45383 0202 Cytoplasmic 

13. Hypothetical protein 
Chain A, Designed Helical Protein 
Fusion Mbp 56 54193 -0619 Cytoplasmic 

6hrLBG 24hrLB 24hrLBG i 26247251 ycfP hypothetical protein cl 381 6.5 23336 -0.323 Cytoplasmic 

6hrLB 6hrLBG 24hrLB 24hrLBG gi126246432 yajO hypothetical protein c0537 8.1 24680 . 0.52 UNKNOWN 

6hrLB 24hrLB 24hrLBG 9iJ15802817 
_ 

elaB hypothetical protein Z35 5.4 11299 -0.416 UNKNOWN 

6hrLB 24hrLB 24hrLBG 016131082 yrbC 

predicted ABC-type organic solvent 

transporter 9.4 23947 -0.459 UNKNOWN 

6hrLB g! 116128833 bP predicted lipoprotein 6.1 18979 -0.579 S II 

24hrLB i 15800183 ybaY 

predicted outer membrane lipoprotein 

(YbaY) 7.9 19429 0.172 UNKNOWN 

24hrLB i 90111415 YtbU hypothetical protein Z3555 5.9 20213 -0.579 Cytoplasmic 

24hrLB gi]16129901 yedP hypothetical protein Z3045 4.9 30451 -0.256 Cytoplasmic 

24hrLBG i 16129679 NA /predicted phosphotransferase 5 32438 -0.314 UNKNOWN 

24hrLB gi116128864 caC predicted hydrolase 5.2 23128 -0127 UNKNOWN 

24hrLB i 90111476 aT hypothetical protein 5.8 37394 
-0375 UNKNOWN 

24hrLB 1742405 YddL 
putative outer membrane porin 
roteiN edicted lipoprotein 6.1 10729 0.592 

Outer 
Membrane 

24hrLB 24hrLBG 16129577 HdhA 7-a-h dro steroid deh ro enase 4.3 9316 0.139 Cytoplasmic 
24hrLB i 15801204 maf Maf-like protein 5.8 23193 -0.249 Cytoplasmic 
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