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ABSTRACT 

The growth of thermophiles during the manufacture of milk powder leads to a 

progressive increase in the number of thermophilic bacteria contaminating the final 

product. The limited residence time of the milk in the plant during milk powder 

manufacture and the concentration effect of converting milk into milk powder cannot 

explain the number of thermophiles found in the final product. This suggests that 

thermophiles are attaching to the large surface area of stainless steel found within a 

milk powder plant and then growing and developing into biofilms, with individual 

cells and/or biofilm fragments sloughing off into the product line and thus 

contaminating the final product. 

The aim of the present study was to investigate the attachment mechanisms that 

enable the thermophile Anoxybacillus flavithermus (B 1 2) to attach to stainless steel 

surfaces. Passing a B 1 2  culture through a column of stainless steel chips, collecting 

the first cells to pass through, re-culturing and repeating the process six times, 

resulted in the isolation of a mutant, labelled X7, with lO-fold reduced ability to 

attach to stainless steel as well as a reduced ability to attach to plastic and glass. 

A comparison of bacterial cell surface properties indicated that X7 was less 

hydrophobic than its parental strain B 12 .  Cell surface charge measurements also 

suggest that X7 has less net negative surface charge. Disruption of extracellular 

polysaccharides and DNA appeared to have no effect on the attachment process. 

Removal of surface proteins caused a reduction in attachment of B 1 2  and X7 as well 

as a reduction in surface hydrophobicity suggesting surface protein involvement in 

both. 

Analysis by two-dimensional gel electrophoresis of lysozyme/mutanolysin extracted 

surface proteins revealed two proteins expressed at reduced levels in X 7  compared 

with B 12 .  One protein was identified by mass spectrometry as the cytoplasmic 

enzyme Formate acetyltransferase. The role of Formate acetyltransferase and the 
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second unidentified protein on the attachment process of Anoxybacillus flavithermus 

remains unclear. 
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Chapter 1 .0 

Introduction and Project Objectives 

1. 1 Introduction 

In the manufacture of milk powder, plant run times are limited by contamination of the 

product by thermophilic bacteria, both vegetative and sporulated. During the process run, 

which is typically of 1 8  to 20 hours' duration, a gradual increase in thermophiles occurs 

in the final product, until a point is reached at which thermophile numbers have increased 

to 1 05 CFU/g, which is the cut-off point for acceptability to many customers. Levels 

higher than this result in downgrading of the product and consequent economic loss to the 

manufacturer. 

Because of the limited residence time of the milk the plant (in the order of minutes) 

compared with thermophile growth rates, thermophilic growth in the liquid phase cannot 

explain the large numbers of thermophiles found in the final product. This leads to the 

conclusion that thermophiles are able to attach to a surface, grow and develop into a 

biofilm. Shedding of individual cells or sloughing of biofilm fragments into the product 

line results in contamination of the final product. 

Bacterial cell attachment is thought to involve a complex interaction between a substrate 

and the bacteria and this is influenced by many potential extrinsic factors within the 

surrounding environment. The attachment mechanism of thermophiles isolated from milk 

powder has not been well studied and there are limited reports on what surface 

characterists enable thermophiles to attach to stainless steel surfaces. 

The focus of this study was to gain some fundamental understanding of the mechanism of 

attachment displayed by these bacteria and what aspects of the cell surface are 

responsible for the ability of these bacteria to attach to stainless steel. 
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Chapter 1 . 0  Introduction and Project Objectives 

1. 2 Project Objectives 

The aim of the research presented in this thesis was to gain an understanding of what 

attachment mechanisms of the milk powder isolate Anoxybacillusjlavithermus strain B 1 2  

are involved in the attachment of these bacteria to stainless steel surfaces. 

In order to learn more about how bacteria attach to surfaces a literature review was 

carried out to establish what is already know about bacterial attachment in general, as 

well a bacterial attachment to stainless steel and is presented in chapter 2.  

The first objective of the present study was to isolate by natural selection a strain of A. 

jlavithermus lacking the ability or having reduced ability to attach to stainless steel, from 

a large population of A. jlavithermus strain B 1 2. 

The second objective of the research presented in this thesis was to compare the surface 

characteristics of B 1 2  and a strain with reduced attachment to stainless steel in an attempt 

to pinpoint surface characteristics important in the attachment process of B 12 .  Surface 

characteristics previously reported to be involved in attachment include electrostatic 

interactions, surface hydrophobicity, cell surface proteins, extracellular DNA and cell 

surface polysaccharides. 

From the results of these two objectives it was hoped enough information would be 

gained to identify what specific surface structures play an important role in the ability of 

strain B 1 2  to attach to stainless steel surfaces. A greater understanding of the attachment 

process of B 1 2  may help in future development of stainless steel surfaces that limit 

bacterial attachment in the dairy industry. 
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2. 1 Thermophi!es in Foods 

Chapter 2. 0 - Literature Review 

Thermophiles can be found in a range of processed food products including canned food 

(Denny, 1 98 1 ), sugar beet (Messner et aI. , 1 997), gelatin (De Clerck et aI. , 2004) and 

cheese (Cosentino et aI. , 1 997). These thermophiles do not produce any known toxins 

and have not been associated with any health effects, but l ipolytic and proteolytic enzyme 

activity resulting in the production of off-flavours is of concern (Denny, 1 98 1 ;  Chen et 

aI. , 2004). In addition, large numbers of bacteria present in common food ingredients are 

often unacceptable to customers (Scott et aI. , 2007). 

In the canning industry, thermophilic spores can be difficult to kill because of their 

inherent heat resistance, and are generally more heat resistant than mesophilic spores 

(Denny, 1 98 1 ). However, tolerance of thermophilic spores in canned foods allows the 

industry to produce foods of higher quality, because a less rigorous thermal process is 

required to kill only mesophilic spores. Thermophilic spores will remain dormant in 

canned foods as long as the cans are cooled properly and stored at room temperature 

(Denny, 1 98 1 ). 

2.1.1 Thermophiles in the Dairy industry 

The dairy industry produces a wide variety of perishable (e.g. yoghurt, butter) and semi­

perishable (e.g. milk powder and casein) products, each product often with a specific 

population of contaminating bacteria. Fresh bovine milk is usually regarded as sterile, but 

during the milking process bacterial contamination can come from three sources: 1 )  

infection of the udder, 2) exterior of the teats, 3) the milking and/or storage equipment 

(Chambers, 2002). Milk is stored on the farm at 7°C which limits growth to 

psychrotrophic organisms. During transport to and storage at the manufacturing site there 

is no refrigeration, with the industry relying upon temperature of the bulk milk to limit 

microbial growth. Muir et al. ( 1 986) reported little to no increase in the number of 

thermophilic bacteria in the milk during this transport and storage period, with numbers 
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of thermophilic bacilli in raw milk generally in the range of < 1 0 colony-forming units per 

ml (CFU/ml) (Flint et aI. , 200 1 ;  Scott et al. 2007). 

The dairy industry relies on pasteurisation (nOC for 1 5  seconds) as the main process to 

destroy heat sensitive and pathogenic bacteria present in raw milk. Nevertheless, the low 

numbers of thermophilic bacilli spores present in the raw milk are able to survive 

pasteurisation and potentially contaminate other areas of the plant. During milk powder 

manufacture, heat exchangers, regeneration and evaporator sections of a plant typically 

operate at between 45°C to 75°C, which is a range suitable for the growth of 

thermophiles. The milk is concentrated approximately I O-fold to form a powder, thus if 

no growth occurred during the manufacturing process, numbers of thermophiles in the 

milk powder should not exceed 1 00 CFU/ml. However, when evaporator run times 

exceed 1 6-20 hours, high numbers of thermophiles are commonly found in the final 

product (up to 1 05 CFU/g) (Murphy et aI. , 1 999; Stadhouders et aI. , 1 982). The residence 

time of the milk from storage tank to powder does not usually exceed 20-30 minutes, so 

there is insufficient time for thermophilic growth in the bulk milk during processing, even 

with a generation time of approximately 1 5-20 minutes for some thermophiles (Scott et 

al. , 2007). Consequently, the high contamination found after 1 6-20 hour run times are 

most probably due to biofilm growth and detachment on the large stainless steel surface 

areas found within a milk powder plant. 

2.1.2 Dairy Biofi lms 

The growth of thermophilic bacilli during milk powder manufacture is thought to occur 

as a biofilm (Flint et aI. , 200 1 ). A biofilm is generally described as an accumulation of 

microorganisms and their associated extracellular polymeric substances or 

polysaccharides actively attached to, growing and multiplying on a surface (Flint et al. , 

1 997). In sections of the milk powder plant where nutrient and temperature conditions are 

ideal for thermophilic growth, vegetative cells or spores may attach to stainless steel 

surfaces or milk fouled surfaces (Hinton et al. , 2002) and develop into a biofilm. Product 

contamination is most likely to occur when individual cells are released from the biofilm 
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or even when sloughing or breaking up of the biofilm occurs during processing, releasing 

large numbers of bacteria directly into product passing by. This release of bacteria into 

the passing product is sometimes referred to as the biotransfer potential (Wirtanen et al. , 

1 996). 

The advantages accruing to a bacterial cell growing within a biofilm community are 

thought to include greater resistance to heat and chemicals (Carpentier et aI., 1 998; Lee 

Wong and Cerf 1 995; Austin and Bergeron, 1 995). Hausner and Wuertz ( 1 999) also 

reported higher rates of bacterial conjugation, suggesting that higher rates of genetic 

transfer are also taking place within biofilm structures. Bacterial cells growing in a 

biofilm also appear to undergo phenotypic changes, with some cells altering 

polysaccharide production (Davies and Geesey, 1 995) or flagella expression (Belas et al., 

1 986). Advances in proteomic profiling of bacteria suggest bacteria undergo a variety of 

phenotypic changes during biofilm growth and development and as much as 50% of the 

proteome can change compared with plankatonic cells (Sauer et al. , 2002; Patrauchan et 

aI. ,  2007). However, the phenotypic changes occurring during biofilm growth do not 

appear to be homogeneous throughout, with concentration gradients of oxygen, nutrients 

and waste products resulting in multiple mini-environments within the biofilm structure. 

Consequently, the phenotypic make up of cells within a biofilm may vary in accordance 

with the local chemical and physical conditions, which may change as biofilm 

development proceeds (Stewart and Franklin, 2008). This phenotypic diversity of cells 

within a biofilm may be partially responsible for the observed resistance of biofilm cells 

to chemicals and heat. 

Biofilm formation is thought to have detrimental effects on certain process 

characteristics, for instance, the reduction of heat transfer (Russell, 1 993) and increased 

resistance to flow of fluids, resulting in increased energy costs to maintain given flow 

rates. (Cri ado et aI. , 1 994). 

During correct Cleaning in Place (CIP) procedure, most thermophilic bacteria are 

eliminated (Parker et aI. , 2003). However, high numbers of thermophile spores were 
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found to be associated with foulant in a milk powder plant (Scott et al. , 2007), which 

likely provide protection to embedded bacteria from cleaning chemicals (Hinton et al., 

2002). The exact nature of foulant and biofilm interaction remains elusive at present. 

Furthermore, Austin and Bergeron ( 1 995) concluded that bacterial biofilms can develop 

on gaskets commonly used in the dairy industry. Even after regular CIP procedures 

extensive biofilms remained, potentially seeding the next manufacturing run. 

Several groups (Norwood and Gilmour, 1 999; Borucki et al. , 2003 ; Lunden et al., 2000) 

have demonstrated that dominant or persistent strains of L. monocytogenes isolated from 

food processing plants have a higher rate of attachment to surfaces than sporadic or non­

persistent strains. Amongst the large number of strains examined, significant variation 

was noted in the ability of some isolates to attach to stainless steel (Norwood and 

Gilmour, 1 999; Lunden et al., 2000). Borucki et a!. (2003) concluded that persistent 

strains of L. monocytogenes, as well as demonstrating higher initial attachment rates, also 

show increased biofilm formation. The higher attachment and biofilm formation rates of 

persistent L. monocytogenes strains probably demonstrate the natural selection within 

food processing plants of strains of L. monocytogenes with increased ability to attach to 

inert surfaces, resist sanitizers and form extensive biofilms. 

Work by Riickert et a!. (2004) concluded that Anoxybacillus flavithermus is the dominant 

thermophilic bacterial contaminant of milk powders all over the world and appears to be 

a ubiquitous organism in milk powder plants. Perhaps Anoxybacillus flavithermus is an 

example of a persistent organism in milk powder manufacture. However, other 

thermophilic bacilli including Bacillus licheniformis and Geobacillus stearothermophilus 

species are commonly isolated from various milk powders (Riickert et al., 2004). 

The question remains "What major factors allow bacteria to attach to abiotic surfaces 

such as stainless steel?", since the initial attachment process in biofilm formation is the 

most crucial stage for the future growth and development of the biofilm (Busscher et al. , 

1 995A). 
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2.2 Initial bacterial attachment to surfaces 

The dominating factor involved in the initial attachment of a bacterial cell to a surface has 

remained elusive and today it is thought that a multitude of factors are involved, 

including surface conditioning, mass transport, surface charge, hydrophobicity, surface 

roughness and surface micro-topography. 

2.2.1 Conditioning of a surface 

During the first stage, molecules present in the bulk flow, both organic and inorganic are 

carried toward the surface either by diffusion or turbulent flow. This accumulation of 

molecules at the solid-liquid interface on surfaces found in many food industries is 

commonly called a conditioning film and leads to a higher concentration of nutrients at 

the surface compared with the liquid phase (Kumar & Anand, 1 998). 

The adsorption of organic molecules such as proteins to surfaces could play an important 

role in bacterial attachment, as this conditioning of the surface may alter the physical­

chemical properties of the surface. Factors affected can include surface free energy, 

hydrophobicity and electrostatic charges (Dickson and Koohmaraie, 1 989). 

In the dairy industry, surface conditioning is often referred to as fouling and was 

suggested by Rosmaninho et al. (2007) to take place as soon as a dairy product is brought 

into contact with stainless steel. Hinton et at. (2002) concluded that fouled stainless steel 

allowed faster attachment and growth of dairy thermophiles. Conflicting opinions exist 

on the importance of a conditioning film in initial bacterial attachment, with Fletcher 

( 1 976) reporting that the presence of proteins such as albumin, gelatin and fibrinogen 

inhibited attachment of a marine Pseudomonas to poly-styrene. Parkar et at. (200 1 )  

demonstrated that the presence of skim milk on a surface of stainless steel, even at 

concentrations as low as 1 %, reduced the attachment of spores and vegetative cells of 

thermophilic bacilli. Skim milk was also found to reduce the attachment of S. aureus, 
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Listeria monocytogenes and Serratia marcescens to stainless steel (Barnes et al. , 1 999). 

Even individual milk components such as casein and �-lacto globulin were reported by 

Helke et al. ( 1 993) to reduce attachment of Listeria monocytogenes and Salmonella 

typhimurium to stainless steel. One reason for the reduced attachment reported above may 

be that the proteins in the bulk fluid phase may act as competition for binding sites on the 

surface of the stainless steel, reducing the ability of bacteria to attach. However, Speer & 

Gilmour ( 1 995) reported that stainless steel and rubber surfaces treated with either whey 

proteins or lactose demonstrated an increase in attachment of milk-associated micro­

organisms. Flint et al. (200 1 )  also reported higher attachment of Bacillus 

stearothermophilus to stainless coupons coated with skim milk foulant created by 

denaturing skim milk on to the surface by autoclaving. Holah & Gibson (2000) reported 

that 10hal ( 1 988) observed a reduction in the surface charge of stainless steel after 

conditioning of the stainless steel in meat juices and suggested that this was "enhancing 

the potential accumulation of bacteria on the surfaces". Also leong and Frank ( 1 994) 

suggested that the presence of proteins on a surface favours biofilm formation, as 

attached proteins could be a source of nutrients for bacteria. More recently, Verran and 

Whitehead (2006) reported that the presence of protein material such as Bovine Serum 

Albumin (BSA) on an inert surface retained bacterial cells at a higher rate, during a 

cleaning cycle, than cells on a clean surface. The shearing off of bacterial cells from a 

surface may result in bacterial footprints or bacterial surface polymers remaining behind 

on the surface and this may also play a role in further bacterial cell attachment (Neu 

1 992). These bacterial footprints are generally thought to consist of polysaccharides 

and/or glycoproteins and may modify the substratum physicochemistry (Bejarano & 

Schneider, 2004; Gomez-Smirez et al. , 2002). The conflicting observations reported on 

the importance of a conditioning film on bacterial attachment may be the result of 

different laboratory conditions, different bacterial strains, surfaces and differing organic 

molecules used to create a conditioning fi lm. 

The presence of primary colonisers that allow different species of oral bacteria to adhere 

to teeth has been observed for many years in the dental research and is commonly called 

co-aggregation (Whittaker et al., 1 996; Bos et al., 1 996; Y oshida et al., 2005). Sasahara 
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and Zottola ( 1 993) reported co-aggregation between two species of bacteria not usually 

associated with the oral cavity (Listeria monocytogenes and Pseudomonas fragi) on a 

glass surface. In pure culture form, Listeria monocytogenes showed sparse adherence to a 

glass surface; however when grown with Pseudomonas fragi, significant adherence of 

Listeria monocytogenes was observed. They concluded that Pseudomonas fragi was the 

primary coloniser and the exopolysaccharide produced by the Pseudomonas fragi was 

responsible for the observed increase in Listeria monocytogenes adherence. More 

recently Rickard et at. (2002) concluded co-aggregation between different freshwater 

bacteria is a common phenomenon in the aquatic environment. It seems logical to think 

that co-aggregation must also occur in many different environments outside the oral 

cavity of humans and may have an important role to play in the attachment of bacteria to 

surfaces in the food industry and in other medical or environmental areas. Interestingly, 

Trachoo and Brooks (2005) demonstrated that Campylobacter can co-aggregate with 

Enterococcus to form biofilms and these were found extensively in the poultry industry in 

Thailand. 

2.2.2 Mass Transport 

Mechanisms by which bacteria are transported to a surface can include Brownian motion, 

sedimentation due to differences in specific gravity between the bacteria and the bulk 

liquid, or convective mass transport, by which cells are physically transported towards 

the surface by the movement of the bulk fluid. Yang et al. ( 1 999) demonstrated that the 

convective mass transport towards a substratum surface can occur in a stainless steel 

pipe. This convective mass transport produces a higher cell attachment rate in the 

presence of a T-junction than when the convective mass transport is parallel to a 

substratum or in this case a stainless steel surface. This suggests that convective mass 

transport towards a surface may help facilitate the close approach of bacteria to a surface 

and thus play a role in initial bacterial attachment. The convective mass transport results 

reported by Yang et al. ( 1 999) also reinforce the importance of plant design in controlling 

microbial contamination, growth and ease of cleaning. In turbulent flow, the creation of 

mUltiple, small turbulent eddies may drive small particles including bacterial cells 
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towards surfaces, which may in turn override the Gibbs energy barrier required by 

bacteria to come into contact with a surface. The Gibbs energy barrier is the sum of the 

van der Waals interactions, commonly attractive and electrostatic interactions, usually 

repulsive, due to both bacteria and substratum surfaces being negatively charged 

(Vadillo-Rodriguez et al. , 2005). Balancing this increase in contact of bacteria with the 

substratum is the reduced thickness of the boundary layer, which would allow increased 

scouring and thus reduce the time available for bacteria to interact with the surface. 

Davies (2000) reported that active transport, mediated by bacterial flagella activity and 

chemotaxis, has been considered an important mechanism enabling bacteria to interact 

with a surface. However, using E. coli and insertion mutagenesis to disrupt flagella 

operons and the che operon, responsible for chemotaxis, Pratt and Kolter ( 1 998) 

demonstrated that motility is important for initial interaction with an abiotic surface, but 

chemotaxis played no part in bacterial attachment and was described by the authors as 

dispensable in initial biofilm formation by E.coli. Conversely, Klausen et al. (2003) 

reported that the flagella of Pseudomonas aeruginosa were not a necessary factor in the 

initial attachment of this organism to a solid surface, but played a role in biofilm 

development. Of interest also is a report by O'Toole and Kolter ( 1 998) detailing that 

mutant non-flagellated cells of Pseudomonas fluorescens were defective in attachment to 

several abiotic surfaces, compared to non-mutant flagella producing cells. However, a 

change in the medium, with citrate instead of glucose as a carbon source, reinstated the 

cells attachment ability, suggesting the environmental conditions may have an effect on a 

cells mode of attachment. Recent research has tended to focus on characterization of 

important factors involved in all aspects of biofilm formation from initial attachment to 

biofilm maturation. A common theme reported in biofilm deficient mutants is the 

disruption of the genes involved in flagella synthesis (Montie et al. , 1 982; Smit et al., 

1 989; O'Toole and Kolter, 1 998; Pratt and Kolter, 1 998). However, the methods 

employed to isolate biofilm deficient mutants are often not very suitable for the isolation 

of mutants carrying mutations solely involved in attachment. The involvement of flagella 

in initial attachment of bacteria to abiotic surfaces is stil l  not well understood, but this 
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may be a reflection on different laboratory conditions, different bacterial strains and 

surfaces employed. 

2.2.3 Initial attachment 

There are two generally accepted theories on the attachment of bacteria to solid surfaces. 

The first of these theories is a two-step process (Kumar & Anand, 1 998; Marshall et al. , 

1 97 1 ). The first step involves the bacteria being transported close enough to allow initial 

attachment to take place, with the forces involved in this initial attachment being van der 

Waals forces, electrostatic forces and hydrophobic interactions (Gilbert et aI. , 1 99 1 ;  van 

Loosdrecht et aI., 1 987; Carpentier & Cerf, 1 993). During this initial contact bacteria stil l  

show Brownian motion and can be easily removed by fluid shear forces, e.g. rinsing 

(Marsh all et aI. , 1 97 1 ). The next crucial step in the attachment process is the irreversible 

attachment of cells to the surface, described by Dunne (2002) as bacteria locking on to 

the surface by the production of exo-polysaccharides and or specific ligands, such as pili 

or fimbriae that may form a complex with the surface. At the end of this stage much 

stronger physical or chemical forces are required to remove the bacteria from the surface, 

e.g. scraping, scrubbing or chemical cleaners. 

In the transition from reversible attachment to irreversible attachment, various short range 

forces are involved, including covalent and hydrogen bonding as well as hydrophobic 

interactions (Kumar & Anand, 1 998). Poortinga et al. (200 1 )  expanded on the idea of 

covalent bonding in bacterial attachment and suggested that bacteria either donated 

electrons or accepted electrons from the substratum. Whatever the electron transfer, these 

results suggest that electron transfer between cell surface and the substratum plays an 

important role in bacterial attachment to inorganic and presumably to organic surfaces 

too. 

The three step model proposed by Busscher and Weerkamp ( 1 987) involves Lifshitz-van 

der Waals forces operating over several hundred nanometers (nm) as a first step. The 

second operates over distances of about 20 nm involving Lifshitz-van der Waals forces 
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and electrostatic interactions. The third step occurs at distances of around 5 run, where 

specific adhesion receptors may facilitate strong adhesion. 

The transition time from reversible to irreversible attachment has been an area of 

comparatively little work in the past. However, Meinders et al. ( 1 995) demonstrated that 

over a time as short as ten minutes, attachment of thermophilic Streptococcus became 

1 00 times less reversible. Flint et al. ( 1 997 A) found cultures of Streptococcus 

thermophilus and Bacillus cereus attached to stainless steel in less than 60 seconds and 

subsequent washing with distilled water proved ineffective in removing attached cells. 

Schwab et al. (2005) noted that numbers of Listeria monocytogenes attached to stainless 

steel were essentially the same either after 5 minutes or 24 hours incubation. Butler et al. 

( 1 979) reported similar findings with meat surfaces, noting considerable attachment of 

bacterial cells taking place in the first minute of contact, though small increases were also 

seen over time. Vadillo-Rodriguez et al. (2004) used atomic force microscopy (A FM) to 

measure the forces required to move away the AFM tip from the surface of Streptococcus 

thermophilus after the AFM tip had been in contact with the cell surface from anywhere 

between 1 to 200 seconds. An increasing amount of force was required to remove the 

AFM tip from the cell surface over time, which corroborates earlier work mentioned 

above, suggesting the bond strength increases between cell surface and substratum over a 

relatively short period of time. 

2.2.4 Surface charge 

Bacterial cells generally have a net negative charge on their cell wall at neutral pH 

(Rijnaarts et al. , 1 999) However, the magnitude of the charge varies from species to 

species and is probably influenced by culture conditions (Gilbert et al., 1 99 1 ;  Kim & 

Frank, 1 994), age of the culture (Walker et aI. , 2005), ionic strength (Dan, 2003), pH 

(Husmark & Ronner, 1 990) and all wall structural and functional groups present. The 

charge on the cell surface is often determined as its zeta-potential, which is calculated 

from the mobility of the bacterial cell in the presence of an electrical field under defined 

salt concentration and pH. Most bacteria have a negative zeta potential at physiological 
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pH (pH 7) (Millsap et aI. , 1 997; Gilbert et aI. , 1 99 1 ;  Lerebour et al., 2004), however 

Jucker et al. ( 1 996) isolated a bacterial strain of Stenotrophomonas (Xanthomonas) 

maltophilia, with a positive surface charge & positive zeta potential at physiological pH. 

This was compared with a strain of Pseudomonas putida with a negative surface charge 

and a negative surface potential at physiological pH. The Smaltophilia demonstrated 

high attachment efficiency to glass and Teflon, both of which have a negative surface 

charge. But as the ionic strength of the suspending medium was increased, a drop in 

attachment efficiency of S maltophilia was noted as well as a change to a negative zeta 

potential, suggesting the importance of surface charge in attachment of Smaltophilia to 

glass and Teflon. Conversely, at high ionic strength the negatively charged P. putida 

demonstrated higher attachment efficiency and a decreasing (move towards zero) zeta 

potential, suggesting high ionic strength suppresses or overwhelms the natural surface 

charge of bacteria. Mafu et al. ( 1 99 1 )  also concluded that high ionic strengths suppressed 

electrostatic interactions between Listeria monocytogenes and various inert surfaces . 

Furthermore, Giaouris et al. (2005) reported that higher sodium chloride concentrations 

( 10 .5%) inhibited the adherence of Salmonella enterica to stainless steel coupons. One 

explanation for the above observations mentioned by Jucker et al. ( 1 996) and Van der 

Wal et al. ( 1 997) is that the bacterial cell surface charge originates from the dissociation 

of acidic groups such as carboxyl, phosphate and amino groups as well as basic groups 

found on the cell surface. Consequently the zeta potential of the bacterial cell strongly 

depends upon the ionic strength of the suspending medium and the higher the ionic 

strength the more ions are available to shield and thus neutralise the charge of the cell 

surface. Electrostatic interaction chromatography (ESIC) has been used by several groups 

in the past to measure the overall surface charge of bacteria (Peng et al. , 200 I ;  Ukuku 

and Fett, 2002; Flint et al. , 1 997A; Dickson and Koohmaraie, 1 989; Jones et al., 1 996; 

Narendran, 2003). The relative surface charge of cells is assessed by the affinity to either 

the anionic or cationic resins. The ESIC method usually involves passing a culture 

through an anionic or cationic column and comparing the relative retention to elution 

ratio of bacterial cells. The ESIC method assesses most bacteria as possessing a net 

negative charge, in line with most zeta potential measurements. Jones et al. ( 1 996) noted 

that some isolates of S epidermidis exhibited a high interaction with both anionic and 
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cationic exchange reSIns. They suggested there were localised regIOns of positively 

charged ( cationic) molecules on the bacterial cells surface, but over the whole cell surface 

negatively charged (anionic) molecules outnumbered the cationic molecules, resulting in 

the cell having net negative charge. 

Surface charge can also be influenced by the pH of the suspending medium as reported 

by Husmark and Ronner ( 1 990). They demonstrated a maximum level of attachment of 

Bacillus cereus spores to hydrophilic and hydrophobic surfaces when the pH of the 

suspending medium was equal to the isoelectric point of the Bacillus spores, in this case 

pH 3. In the pH range above the isoelectric point (above pH 4) the observed decrease in 

spore attachment was thought to result from electrostatic repulsion between the spore 

surface and the substratum, because both surfaces had a negative charge. 

Other groups to have reported positive correlations between cell surface charge and 

attachment include Ukuku & Fett (2002), Dickson & Koohmaraie ( 1 989) and Van 

Loosdrecht et al. ( 1 987). On the other hand, Flint et al. ( 1 997A) compared 1 2  strains of 

thermophilic Streptococci and their attachment to stainless steel with respect to their 

surface charge, measured by separation through anionic and cationic exchange resins. 

They were unable to establish any relationship between numbers of cells attaching to 

stainless steel and cell surface charge. As commented by Flint et al. ( 1 997 A), at pH 7 all 

the thermophilic Streptococci cells displayed a negative surface charge and this is likely 

to repel the bacterial cell from surfaces such as stainless steel, owing to the inherent 

negative surface charge of this material. Gilbert et at. ( 1 99 1 )  noted that increasing 

negative charge on the surface of E. coli resulted in reduced attachment, but no such 

correlation could be drawn for S. aureus, demonstrating that attachment cannot solely be 

explained by surface charge, but may be one of the contributing factors to bacterial 

attachment. Narendran (2003) also reported that bacterial attachment to meat surfaces 

could not be explained by the bacterial surface charge alone and suggested that bacterial 

attachment is very complex with many bacterial surface characteristics involved. The 

surface of the meat is also more complex than that of relatively inert surfaces, such as 

stainless steel. 
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The surface charge of inert surfaces to which bacteria can attach is also most likely to 

play an important role in bacterial attachment. Fukuzaki et al. ( 1 995) reported that the 

zeta potential of stainless steel particles at pH 7 was weakly negative, with the stainless 

steel having an isoelectric point between pH 4.0 and 4.5.  Bren et al. (2004) proposed that 

hydroxyl groups of surface oxides can interact with H+ and OH- groups according to the 

following reaction, 

MeOH ; ( H +  ) MeOH ( OH - ) MeO - + H + 

(Me = metal) 

The ratio of metals that are protonated (positively charged groups), neutral or dissociated 

(negatively charged groups) is obviously very dependent upon the pH of the overlying 

medium. Thus in low pH medium the dominant group would be MeOH; but at neutral or 

higher pH values MeOH or MeO- groups may dominate. Different metals may also have 

slightly different pKa and pKb values, so thus different ratios of metal oxides at the 

surface may produce metal surfaces with varying surface charges at the same pH value. A 

possible example of this may have been reported by Takehara and Fukuzaki (2002), when 

they observed that stainless steel exposed to HN03, ozone and 300°C heat treatment 

contained different ratios of Chromium and Iron oxides at the surface. The different 

treated stainless steel surfaces also demonstrated different relative adsorption curves for 

H+ and OR titrations, suggesting that the surface treatment may also play an important 

role in the surface charge of stainless steel and in turn have a role to play in the 

attachment of bacteria. 

2.2.5 Hydrophobicity 

Hydrophobic interactions have widely been suggested as being responsible for much of 

the adherence of cells to surfaces (Hood & Zottola 1 995). Hydrophobicity is an 

interfacial phenomenon. It is very difficult to evaluate the results of most adhesion tests 

solely on the basis of hydrophobicity, since so many parameters are involved in most 

interfacial systems of interest (Doyle et aI. , 1 990). Although the hydrophobic effect has 
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been known for some time, it has been difficult to assign it a satisfying definition (Doyle, 

2000). Put simply, a hydrophobic molecule would rather exist in another hydrophobic 

environment than in a hydrophilic environment, such as water. Husmark & Ronner 1 992 

demonstrated that bacterial spores generally attach at a higher rate than vegetative cells to 

surfaces. They attributed this observation to the higher hydrophobicity of spores and the 

hair like structures covering the surface of the spores. Zita and Hermansson ( 1 997) 

correlated cell surface hydrophobicity of E.coli strains to the attachment to activated 

sludge flocs found in the treatment of waste water, suggesting that cell surface 

hydrophobicity may play an important role in the attachment of E.coli. Hydrophobicity of 

a cell surface has also been attributed to the adhesion of eukaryote microbes 

Crytosporidium parvum and Giardia lamblia to solid surfaces (Dai et al. , 2004) and in 

the attachment of yeast to stainless steel surfaces in the apple processing industry 

(Brugnoni et al. , 2007). Davies (2000) concluded that differences in surface 

hydrophobicity of different bacterial cells result from the properties conferred upon the 

cell surface by molecules such as proteins and lipids. Evidence that hydrophobicity of 

cells may be related to protein structures on the cell surface does exist. Paul & Jeffrey 

( 1 985) noted that cells treated with proteolytic enzymes decreased the hydrophobicity of 

Vibrio proteolytica and this in turn reduced the adherence to hydrophobic surfaces such 

as polystyrene. Oakley et al. ( 1 985) reported that Streptococcus sanguis cells treated with 

trypsin demonstrated reduced adhesion to hexadecane (a highly hydrophobic organic 

liquid), presumably because hydrophobic proteins were removed from the cell surface. X­

ray photoelectron spectroscopy (XPS) analyses of bacterial surfaces by Reid et al. ( 1 999) 

and Millsap et al. 1 997 found that bacterial strains with high hydrophobicity ratings also 

tended to have a higher nitrogen/carbon ratio. Conversely cells with a higher hydrophilic 

rating tended to have higher oxygen/carbon ratio. These results tend to indicate that the 

presence of proteinaceous material at the cell surface increases the hydrophobicity of the 

cell surface. Walker et al. (2005) also suggested differences that they reported in the 

surface hydrophobicties of 3hr and 1 8hr cultures of E. coli are related to the surface 

proteins, specifically a decrease in hydrophilic (acidic) proteins present on the cell 

surface. The role of lipopolysaccharide (LPS) in attachment to solid surfaces remains 

unclear (Burks et al. , 2003 ; Razatos et al. , 1 998 and Razatos et al. , 2000), but evidence is 
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mounting that the presence of LPS on cell surface tends to make a bacterial cell more 

hydrophilic in nature and that the loss of LPS results in the cell surface becoming more 

hydrophobic (Park and So, 2000; AI-Tahhan et aI. , 2000). Interestingly, Kannenberg and 

Carlson (200 I )  reported that a reduction in oxygen levels induced structural 

modifications in the LPS of the bacterium Rhizobium, resulting in an increase in surface 

hydrophobicity of the cell. This tends to indicate that the bacterial cell is quite capable of 

sensing changes in its external environment and in turn change a major cell surface 

characteristic such as surface hydrophobicity. 

There is an ongoing debate as to which is the best method to measure bacterial surface 

hydrophobicity. The three most popular methods include Bacterial Adherence To 

Hydrocarbons, commonly called the BATH test, as described by Rosenberg et al. ( 1 980), 

which is now generally called the MATH test (Microbial Adherence To Hydrocarbons). 

The others are Hydrophobic Interaction Chromatography (HIC) (Smyth et al. , 1 978) and 

Water Contact Angles measurements (Van der Mei et al., 1 998). In the MATH test, 

evidence exists that hydrophobicity is not the only interaction taking place between 

microbial cell and organic solvent (hydrophobic compound) such as hexadecane. (Indeed, 

both hexadecane and xylene have been found to disrupt cell walls of S. thermophilus and 

Anoxybacillus sp. respectively (Flint, pers. comm.). Ahimou et al. (200 1 ), Busscher et al. 

( 1 995) and Van der Mei ( 1 993) have all reported that the MATH test can be influenced 

by electrostatic interactions, with Busscher et al. ( 1 995) reporting that hexadecane, the 

most commonly used hydrocarbon to measure hydrophobicity, is negatively charged in 

water, with a zeta potential of between -50 to -80 mV. Van der Mei et at. ( 1 995) 

concluded the MA TH test should be measured at pH values where the zeta potential of 

the test organism and lor hydrocarbon are near zero to reduce the potential interference of 

electrostatic interactions. Doyle (2000) suggested the MA TH test should be performed 

under either high ionic strength or at the isoelectric point of the bacterial cells to 

minimise any possible electrostatic interactions, making any measurement of attachment 

to any hydrophobic hydrocarbon such as hexadecane valid. 
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Hydrophobic Interaction Chromatography (HIC) involves the interaction of hydrophobic 

cells with a hydrophobic column, such as Phenyl-Sepharose, with cells demonstrating 

high hydrophobicity being retained in the column and cells with low hydrophobicity 

being eluted. As early as 1 978, Smyth et al. ( 1 978) noted that increasing ionic 

concentration, in this case NaCI, affected cell attachment to a HIC column such as 

Phenyl-Sepharose. Wiencek et al. ( 1 990) also reported that a high ionic strength was 

necessary to overcome electrostatic repulsion between bacterial spores and a hydrophobic 

column containing Phenyl-Sepharose. Wiencek et al. ( 1 990) used both BATH and HIC 

methods to measure relative cell hydrophobicity on bacterial spores and noted that the 

relative hydrophobicites as determined by BATH and HIC generally agreed, even though 

a high concentration of NaCI was used to mask electrostatic repulsion between bacterial 

spores and Phenyl-Sepharose. 

Evidence that hydrophobicity is a strong predictor of cell attachment to surfaces varies 

from group to group, with Peng et al. (200 1 ), Gilbert et al. ( 1 99 1 ), Iwabuchi et al. (2003), 

Liu et al. (2004) and Van Loosdrecht et al. ( 1 987A) suggesting a strong correlation 

between hydrophobicity and cell attachment to surfaces. Van Loosdrecht et al. ( 1 987 A) 

went so far as to suggest that surface hydrophobicity is the key factor in determining 

bacterial attachment to solid surfaces and that surface charge can only become important 

when surface hydrophobicity is minimal. However, it must be noted that Van Loosdrecht 

et al. ( 1 987 A) used polystyrene discs, which are very hydrophobic, to measure cell 

adhesion, thus possibly favouring hydrophobic interactions. On the other hand Sorongan 

et al. ( 1 99 1 ), Parment et al. ( 1 992), Parkar et al. (200 1 )  and Flint et al. ( 1 997) concluded 

that hydrophobicity had little to no relationship in determining bacterial cell attachment. 

Nevertheless, bacterial cell surface hydrophobicity may be one of the many factors 

involved in initial attachment of micro-organisms to surfaces. 

The hydrophobicity rating of stainless steel surfaces also appears to be a topic with 

limited published work, with surfaces often only described as simply hydrophilic or 

hydrophobic III nature (Carpentier and Cerf, 1 993). Descriptions of the 

hydrophobiclhydrophilic nature of stainless steel vary from author to author, with 
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Brugnoni et al. (2007) and Teixeria et al. (2005) directly describing stainless steel as a 

hydrophobic surface and Li and Logan (2004) listing all metal oxides used in their study 

as hydrophobic. However, Lejeune (2003), Planchon et al. (2007A) and Lerebour et al. 

(2004) describe stainless steel surfaces as hydrophilic in nature, with Boulange­

Petermann ( 1 996) commenting that all metal surfaces are hydrophilic surfaces compared 

with polymers. The hydrophiliclhydrophobic nature of stainless steel can be a relative 

term, with the hydrophobicity of stainless steel compared with glass (hydrophilic) most 

likely defining stainless steel as hydrophobic. On the other hand, stainless steel compared 

with Teflon (hydrophobic) may result in stainless steel being described as hydrophilic. 

Different grades of stainless steel may also play a role, with electro-polished stainless 

steel appearing more hydrophilic than standard 2B 3 1 6  stainless steel. This confusion and 

contradiction relating to the hydrophilic/hydrophobic nature of stainless steel will most 

likely remain until there is an agreement of the most appropriate method to measure 

surface hydrophobicity. 

2.2.6 DLVO Theory 

The DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory of colloid stability has 

been used by several groups to try to explain attachment of micro-organisms to surfaces 

(Rijnaarts et al. , 1 995 and Hermannsson, 1 999). According to the DL VO theory, particle 

adhesion is driven by the sum of the Lifshitz-van der Waals interactions, usually 

described as attractive, and also electrostatic interactions, which may be repulsive or 

attractive, depending upon the charge of the two surfaces interacting. Rijnaarts et al. 

( 1 995A & 1 999) concluded that electrostatic interaction is as a general rule repulsive 

between inert surfaces and bacterial surfaces at neutral pH, as most inert surfaces and 

bacterial surfaces are negatively charged at neutral pH. However, one strain of 

Stenotrophomonas (Xanthomonas) maltophilia was described by lucker et al. ( 1 996) as 

having a net positive surface charge at neutral pH. Bacterial cell surface charge originates 

from the presence of carboxyl, phosphate and amino groups in either dissociated or 

protonated form and the surface charge consequently depends upon the pH (Poortinga et 

al. , 2002) and/or ionic concentration (Van der Wal et al., 1 997) of the suspending 
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medium. Poortinga et al. (2002) suggested that at physiological pH values, i.e. between 

pH 5 and 7 bacterial cells are generally negatively charged due to the excess of negatively 

charged carboxyl and phosphate groups over positively charged amino groups. 

One critical aspect to the DL VO theory is ionic strength of the solution. Rijnaarts et at. 

( 1 995 & 1 999) described how at low ionic strength solution, for example <0.00 1 M, long 

range electrostatic repulsion dominates bacterial attachment, but at high ionic strength 

(>0. 1 M) other factors such as steric interactions (hydrophobicity) dominate. Many 

workers have now realised that the DL VO theory does not take into account that the 

bacterial cell surface is not a model colloid particle but a highly dynamic surface that 

responds to changes in ionic strength, pH, the presence of macromolecules and even the 

presence of other surfaces (Poortinga et al. , 2002). These environmental changes may 

induce conformation changes to surface structures such as flagella and fimbriae that may 

have an important role in cell attachment. Pembrey et at. ( 1 999) reported that the 

methods used to prepare cells for cell surface analysis can have an influence on the values 

of cell surface parameters, especially the use of high salt buffers vs. low salt buffers. 

Even centrifugation at 1 5 ,000g was suggested by Pembrey et al. ( 1 999) to cause enough 

modification to cell wall structures to bring about differences in electrophoretic mobility 

and hydrophobicity compared with cells of the culture that were not centrifuged at 

1 5 ,000g. Work presented by Pembrey et at. ( 1 999) and Castellanos et al. ( 1 997) tends to 

imply that the bacterial cell surface is not just an inert rigid structural component of the 

cell, but a delicate and complex array of proteins, carbohydrates and other components 

that the cell uses to sense its immediate environment, that can be easily damaged or 

altered by chemical and/or physical stress. 

Methods for analysing electrostatic interaction such as zeta potential and electrophoretic 

mobility measurements tend to give results in terms of the cell surface overall charge, or 

the net surface charge at the macroscopic level. Dan (2003) suggested that the DLVO 

approach to bacterial adhesion tended to treat bacterial cells as traditional colloidal 

particles, characterised by having an even surface and a evenly distributed surface charge. 

The problem remains that cells contain many complicated surface structures such as 
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flagella, pili, fimbriae, glycoproteins, carbohydrates, teichoic acids and other biological 

materials composed of proteins (in Bacillus species up to 9% of total cell proteins are 

associated with the cell wall (Tjalsma et aI. , 2000). These complicated surface structures 

may exert their own localised cell surface charge at a microscopic cell surface level that 

could possibility mediate attachment through local electrostatic attraction despite the cells 

having an overall electrostatic repulsion. Interestingly, lones et al. ( 1 996), measuring the 

cell surface charge of S. epidermidis strains, noted that some strains revealed a marked 

interaction with the cationic-exchange resin (negatively charged resin), though all strains 

exhibited as expected a highly negative cell surface, suggesting that different regions on 

the surface on the cell display different surface charges, even though the overall cell 

charge may be negative. 

2.2.7 Surface Roughness and Micro-Topography 

Stainless steel is the most common food contact material in the food industry today, as it 

is easy to fabricate, durable, chemically and physiologically inert at a variety of food 

processing temperatures and pressures, generally corrosion resistant and usually easy to 

clean (Holah and Gibson, 2000). However, the micro-topography of stainless steel 

examined under SEM (Zoltai et aI. , 1 98 1 )  and more recently AFM (Amold and Bailey, 

2000) reveals cracks and crevices which could provide a greater area for cell attachment 

and possible protection from cleaning chemicals and fluid forces. Verran and Whitehead 

(2006) concluded that surfaces with scratches and pits of similar size to microbial cells 

retained higher numbers of cells than surfaces with surface features much larger than 

microbial cells. Various groups have observed greater cell attachment on surfaces with 

high surface roughness and thus concluded surface roughness is an important factor in 

bacterial attachment to inert surfaces (Pederson, 1 990: Leclercq-Perlat and Lalande 

1 994). On the other hand, Mafu et al. ( 1 990), Vanhaecke et al. ( 1 990) and Flint et al. 

(2000) have reported no correlation between surface roughness and bacterial attachment 

to inert surfaces. Amold and Bailey, (2000) reported that electro-polished stainless steel 

showed significantly fewer bacterial cells attaching and that biofilm formation on the 

electro-polished stainless steel was slower than untreated surfaces. Parkar et al. (2003) 
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commented that electro-polished stainless steel produced only a small reduction in initial 

attachment of thermophilic bacilli, but biofilm formation on this surface was patchy and 

less dense than on normal 3 1 6  stainless steel. Arnold and Bailey (2000) described electro­

polishing as removing metal from an object's surface through an electrochemical process 

similar to, but the reverse of electroplating. Removal of metal ions, they suggested, 

reduces the chemical reactivity of the surface, changing the electrostatic interactions 

between metal and the surface of the micro-organism and thus rendering the surface less 

susceptible to bacterial attachment. Besides surface roughness, surface topography may 

also play a part in cell attachment to surfaces (Kumar and Anand, 1 998). Several 

observations by SEM (Verran et aI. , 200 1 ,  Zoltai and Zottola, 1 98 1 ) have demonstrated 

bacteria attaching within the surface cavities of the steel surface. Verran et al. (200 1 )  and 

Jullien et al. (2002) suggested that stainless steel topography had little effect on the total 

numbers of bacterial cells attaching, and that surface topography may affect biofilm 

development by protecting cells from removal and thus allowing biofilm re-growth to 

occur more rapidly. Flint et al. (2000) also commented that surface topography around 

the critical size close to the diameter of the bacterial cells may entrap bacteria on the 

stainless steel surface, thus providing cells with some degree of protection from cleaning 

agents. 

2.2.8 Role of Surface Carbohydrates in Attachment 

The role of surface carbohydrates in initial attachment of bacteria to surfaces remains 

inconclusive. However, the role of surface carbohydrates in biofilm structure is now well 

documented, with Sutherland (200 1 )  even describing exo-polysaccharides as the main 

cement holding a biofilm structure together. 

Flint et al. ( 1 997) reported that surface carbohydrate production by various Streptococcus 

thermophilus strains could not be related to the number of cells attaching to stainless 

steel. Parker et al. (200 1 )  also found no correlation between the attachment to stainless 

steel of thermophilic bacilli and the amount of extracellular polysaccharide produced. 
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Allison and Sutherland ( 1987) compared the attachment of a polysaccharide-producing 

strain of bacteria with that of a non-producing strain and found no difference in the initial 

attachment of each strain. However, the polysaccharide-producing strain was able to form 

micro-colonies on a surface, while the non-polysaccharide producing strain was unable to 

form micro-colonies and remained as single attached cells. 

Evidence supporting the role of surface carbohydrates in initial attachment was reported 

by Herald and Zottola ( 1 989). They treated cells of Pseudomonas /ragi with various 

compounds to disrupt proteins and carbohydrates and concluded that both surface 

polysaccharides and proteins play a role in attachment of Pseudomonas /ragi to stainless 

steel. 

The involvement of surface polysaccharides in attachment of bacteria to abiotic surfaces 

is still not well understood, but this may be a reflection of different laboratory conditions, 

different bacterial strains and surfaces employed. 

2.2.9 Role of Surface Proteins in  Attachment of Staphylococcus species 

The ability of coagulase-negative Staphylococcus, especially S. epidermidis, to colonise 

various biomaterials such as heart valves, catheters and artificial prostheses (Donlan, 

200 1 ;  Knobloch et al., 200 1 )  is thought to be an important step in the pathogenesis of 

these organisms commonly seen in chronic infections. This relationship between 

Staphylococcus pathogenesis and biofilm formation has resulted in a considerable amount 

of effort being put into understanding Staphylococcus attachment and biofilm formation 

from a medical point of view. Key aspects of Staphylococcus initial attachment are 

thought to include surface hydrophobicity (Hogt et al., 1 986 and Hogt et al. , 1 983) 

surface proteins (Veenstra et al. , 1 996, Timmerman et al. , 1 99 1 ,  Heilmann et al. , 1 997, 

Cucarella et al. , 200 1 )  and teichoic acid structure (Gross et al., 200 1 ). Several surface 

proteins have been implicated in the ability of Staphylococcus strains to attach to inert 

surfaces. Cucarella et al. (200 1 )  identified two mutants of Staphylococcus aureus by 

transposon mutagenesis, with a significant decrease in attachment to inert surfaces. Both 
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mutants had the Tn9 1 7  transposon inserted at the same chromosomal locus. This locus 

encoded a cell wall-associated protein of 2276 amino acids with a molecular weight of 

254kDa (Arrizubieta et al., 2004) called BAP (Biofilm Associated Protein) for short. All 

isolates of S. aureus harbouring the BAP gene were highly adherent to inert surfaces and 

were strong biofilm producers. The BAP gene was present in only 5% of the 350 S. 
aureus bovine mastitis isolates, suggesting the BAP gene is not a prerequisite for S. 
aureus strains to cause a mastitis infection in cows. Tormo et al. (2005) reported other 

strong biofilm producers from S. epidermidis, S. chromogenes, S. xylosus S. simulans S. 
hyicus all produced a BAP-like protein with an amino acid sequence similarity of greater 

than 80%, suggesting that the BAP surface protein is an important protein involved in 

attachment of Staphylococcus to surfaces. 

Other groups have also described the isolation of mutants unable to attach to inert 

surfaces or unable to form a biofilm due to the loss of a surface protein. Heilmann et af. 

( 1 996) isolated a transposon-insertion mutant of S. epidermidis unable to attach to 

polystyrene. In comparison with the wild type, the mutant lacks five cell surface 

associated proteins with masses of 1 20, 60, 52, 45 and 38kDa. Restoration of the 60kDa 

band by complementation studies demonstrated that only the 60kDa band is required for 

initial attachment to polystyrene. Also noted was a decrease in the hydrophobicity of the 

mutant compared with the wild type strain and the more pronounced ability of the mutant 

to attach to a hydrophilic surface, in this case glass. Heilmann et af. ( 1 996) suggested that 

the observed increase in attachment to glass by the mutant compared with the wild type 

may be a result of the mutant lacking the five surface proteins, allowing hydrophilic 

surface structures to become unmasked, thus making the cell surface more hydrophilic. 

This in turn increases the likelihood of hydrophilic/hydrophilic interaction between 

mutant bacterial cell surface and the glass surface, compared with 

hydrophobiclhydrophilic interaction between the wild type bacterial cell surface and the 

glass surface. Further analysis by Heilmann et af. ( 1 997) showed that the 60kDa adhesion 

protein appeared to be a protein fragment of a much larger protein that bears sequence 

homology to an autolysin (AtlE) found in S. aureus. Heilmann et af. ( 1 997) proposed that 

the 60kDa and 52kDa bands are the product of the cleaved 1 20kDa band, similar to the 
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AtlE found in S. aureus which is composed of two lytic active domains of 60kDa and 

52kDa in size. The ability of the 60kDa to bind to both polystyrene surfaces and plasma 

protein coated surfaces suggests that it is a multi functional surface protein allowing cells 

to attach to inert surfaces and host cell surfaces. Veenstra et al. ( 1 996) identified a 

280kDa surface protein, subsequently named SSP l (Staphylococcus Surface Protein) 

from S. epidermidis and with the use of immunogold labelling followed by electron 

microscopy suggested that SSP l is located on fimbriae-like structures on the cell surface. 

Proteolytic cleavage of SSP 1 by trypsin resulted in SSP2 of 250kDa as demonstrated by 

SDS-PAGE. The proteolytic cleavage of cells with SSP l on the surface coincided with 

the loss of adhesive function and increased concentration of SSP2, suggesting the 

conversion of SSP 1 to SSP2. Veenstra et al., 1 996 suggested that the bacterial cell may 

be able to control its own phenotype between a high adherent and a low adherent 

phenotype by the proteolytic cleavage of SSP I to SSP2 until a more favourable 

environment is reached and adhesiveness can be restored. 

No one has reported on the epidemiological distribution among isolates of the Genus 

Staphylococcus of the surface proteins associated with attachment, namely 250kDa 

reported by Veenstra et at. ( 1 996), 60kDa reported by Heilmann et at. ( 1 997) and 254kDa 

reported by Cucarella et al. (200 1 ) .  The question still remains open on the distribution of 

the above mentioned surface proteins among Staphylococcus isolates: do some 

Staphylococcus isolates possess all three surface proteins or do some isolates only have 

one or even none? If some Staphylococcus isolates do possess all three surface proteins 

associated with attachment, then does each protein have a specific affinity with a 

particular surface e.g. hydrophobic or hydrophilic surfaces, or are they all generic in 

terms of overall surface affinity? 

2. 3 Conclusion 

The interaction between an environmental surface and bacterial cells appears to be 

mediated by a complex array of chemical and physical interactions, with each affected by 

the chemical and physical environment the bacterial cell and the surface it is being 
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exposed to, or has recently been exposed to. The multiple factors involved in cell 

attachment, such as surface conditioning, mass transport, surface charge, hydrophobicity, 

surface roughness and surface micro-topography can make it difficult to characterise the 

role and the overall importance each factor has in attachment. The understanding of 

bacterial attachment to abiotic surfaces such as stainless steel may help in the future 

development of surfaces with no or reduced attachment, or in developing an effective 

sanitation programme and thus reducing the potential contamination of processed 

products by spoilage or pathogenic bacteria. 
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3. 1 Source of Isolates 

The strains used in this study are either isolates from milk powder, variants of milk 

powder isolates or reference strains from culture collections. The strains are listed in 

Table 3 . 1 .  

Table 3.1  List of isolates and their origin 

Strain Culture type Source 
number 

B 1 2  Anoxybacillus flavithermus Skim milk powder 

X7 Anoxybacillus flavithermus This Study 

AF Non-dairy Anoxybacillus flavithermus Otago University 

B 1 3  Geobacillus thermoleovorans Skim milk powder 

GT Non-dairy Geobacillus thermoleovorans Fonterra Research 

Centre 

GS Non-dairy Geobacillus stearothermophilus Reference culture A TCC 

1 2980 
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Cultures were maintained in long term storage by freezing at -75°C using Microbank® 

beads (Pro-Lab Diagnostics, Austin, Texas, USA). For routine preparation of cultures, 

bacteria retrieved from frozen stocks were inoculated into Bacto Tryptic Soy broth and/or 

Bacto Tryptic Soy Agar (Difco, Becton Dickson & Co, USA). Cultures were grown 

aerobically for 8- 1 2  hr at 55°C. 

Quantitative estimates of viable cells were made by inoculating Bacto Tryptic Soy Agar 

plates with 0. 1 ml of 1 0-fold serial dilutions prepared in sterile buffered peptone water (5 

g per litre, Merck). The plates were incubated in plastic bags to prevent the plates from 

drying out, at 55°C for 24 hours and the number of colonies counted. 
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3.3 Isolation of variant X7 from Anoxybacillus flavithermus 

Strain (812) with Reduced Attachment to Stainless Steel 

In order to isolate a strain of B 1 2  with reduced attachment to stainless steel by natural 

selection, stainless steel cuttings ( 1 -3 mm in size) were collected from an engineering 

lathe and soaked in three changes of 95% ethanol over 2 hours. The cleaned cuttings were 

air dried at room temperature and placed in a 1 cm diameter x 40 cm long glass column 

(Fig 3 . 1 ). The stainless steel filled glass column was autoclaved ( 1 2 1 °e at 1 5  psi for 1 5  

minutes), placed in a retort stand and allowed to stand overnight. Fifteen ml of a mid log 

phase culture of B l 2  (8hr) was added to the column and allowed to pass through. After 

passing through the column samples were collected into four fractions. 

Fraction 1 - The first 0 .5 ml collected was spread plated onto five plates ( 1 00 II I  per 

plate) onto Tryptic Soy Agar (TSA) and incubated overnight at 55°e in 

sealed bags. 

Fraction 2 - The second 0.5 ml eluted from the column was collected, and spread plated 

onto five plates TSA ( 1 00 III per plate) and incubated as before. 

Fraction 3 - The next 2 ml was collected and spread plated onto twenty plates TSA ( 1 00 

III per plate) and incubated as before. 

Fraction 4 - 5 ml was collected and 2 ml was spread plated onto twenty plates TSA ( 1 00 

III per plate) and incubated as before. 

One of the first B 1 2  colonies isolated after passage through the column was restreaked on 

to TSA for isolated colonies and incubated at 55°e overnight. After resteaking, one 

isolated colony was used to inoculate 1 5  ml Tryptic Soy Broth (TSB), incubated for 7 

hours at 55°e and added to a cleaned glass column containing stainless steel chips and 

the above cycle repeated again. 
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To clean the column between runs, 40 ml  of 95% ethanol was added to the column and 

allowed to stand for one hour. The column was then washed twice by the addition of 50  

ml of  0.05 M of phosphate buffer (0.05 M KH2P04 (SOH) ;  0.05 M Na2HP04 ( SOH))  at 

pH 7.0 and allowed to stand for one hour to remove ethanol .  The column was then 

autoc laved, placed in a retort stand and al lowed to stand overnight ( Fig 3 . 1 ) . 

After repeating the process outl ined above six times, bacterial colonies isolated from the 

first lot through the column in the seventh run were compared with the original S 1 2  strain 

in their abi l i ty to attach to surfaces. The strain isolated fol lowing repeated selection 

through the column was eventually named X7.  

Fig 3 . 1 : Photograph of the glass column containing stainless steel chips used to select for 

attachment deficient strain X7. 
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3.4 Attachment Assays 

3.4.1 Epifl uorescence m icroscopy 
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To establ ish the number of bacteria attaching to a surface, Epifluorescence microscopy 

was used based on the method reported by Parkar et al. (200 1 ). The fluorochrome stain 

Acridine Orange (BDH,  1 0  mg) was dissolved into 1 00 ml of 0.05 M phosphate buffer 

p H  7 .0 to create a final working concentration of 0 .0 I % solution. This was then fil tered 

through a Sartorius fi lter ( Medic Corporation, Lower Hutt, New Zealand) before use and 

stored at 4°C for up to 2 months .  

Treated cells or  control preparations of cells were diluted to  0.50 OD60onm in 0.05M 

phosphate buffer pH 7 .0 .  Two ml  of suspended celIs were incubated with stainless steel 

pieces ( laser cut, 1 cm2, 3 1 6 grade) in test tubes for 20 minutes. For the assessment of cell 

attachment to glass four ml  of suspended cel ls were incubated with glass sl ides (2 cm
2, 

Esco, Biolab, NZ) in test tubes for 20 minutes. Cells attached to stainless steel pieces or 

glass cover sl ides were washed five times with 4 rnl de ionised water then exposed to 4 ml  

Acridi ne Orange stain for 2 minutes at  room temperature, washed five times in 4 ml  

steri le deionised water, a ir  dried and mounted onto glass microscope sl ides using either 

Vaseline or epoxy resin .  Bacterial cells were observed under ultraviolet (UY) 

i l lumination, using a Leitz Ortholux microscope with an H2 incident l ight excitation fi lter 

block ( Emst Leitz Wetzlar, GmbH,  Wetzlar, Gennany) and photographed using either a 

PJC 1 600 film ( Kodak, Rochester, New York, USA) or a digital camera (Nikon, CoolPix 

990, Japan).  The cells were counted in five separate fields and the average expressed as 

10gl O cells cm2. Each experiment was performed in duplicate. 

3.4.2 Impedance detection 

In order to determine the counts of v iable cell attached to stainless steel surfaces, stainless 

steel laser cut pieces ( I  cm2) with attached cel ls were added to TSB in a M iniTrac 4000 

impedance monitor ( Sylab, MBH,  Purkersdorf, Austria) with the temperature block set to 
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55°C.  This method has been used by other groups studying thermophil ic baci l l i  and 

demonstrated as a rel iable method for the enumeration of attached cel ls ( Flint & Brooks, 

200 I ) . In this study it provided a rel iable method for the enumeration of Anoxybacillus 

flavithermus. The time taken to reach 5% of the e lectrode E value, termed the threshold 

level, was measured and called the impedance detection time ( l DT).  The larger the initial 

viable cell numbers present, the shorter the l OT. 

Individual Bactrac cells were prepared for inoculation by soaking in laboratory detergent 

(Cleanaid powder 2 g r l ) overnight, gently washing with a brush and rinsing with at least 

five changes of deionised water and steri l izing by autoclaving. J ust before use, the 

deionised water was removed and replaced aseptical ly with 1 0  ml of steri le  TSB medium. 

The number of viable cells present was determined from a calibration curve created by 

using serial 1 0-fold d i lutions of planktonic cel ls incubated at 55°C in the Bactrac and 

plated onto TSA incubated at 5 5°C overnight in sealed plastic bags to prevent the plates 

drying out. 

Calibration curves are given by the fol lowing equations 

B 1 2  Log1 o(CFU) = - 1 .2558*T + 7.6023 

X7 Logl O(CFU) = - 1 .0235 *T + 7. 7924 

r2 = -0.9705 

W here T = the time taken for the sample to reach impedance detection time 
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Fig 3.2 : Calibration curve for planktonic Anoxybacillus flavithermus strain B 1 2  in the 

M iniTrac 4000 impedance monitor using TSB as the growth medium. l OT = 

Impedance Detection Time. 
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Fig 3.3:  Calibration curve for planktonic Anoxybacillus flavithermus strain X7 in the 

MiniTrac 4000 impedance monitor using TSB as the growth medium. l OT = 

Impedance Detection Time. 
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3.4.3 Comparison of 8 1 2  and X7 attachment to stain less steel cuttings 

i n  a g lass column and to sta in less steel cuttings suspended in 

solution 

Stainless steel cuttings were col lected from a lathe and washed in ethanol for 2 hours, 

al lowed to air dry at room temperature and placed in a 20 cm long x I cm diameter glass 

column as described in section 3 . 3 .  A 50 ml of mid-log phase culture of B l 2, (7-8 hr) was 

centrifuged at L OOO x g and resuspended in 0.05 M phosphate buffer pH 7 .0 to OD6oonm of 

0.660. One ml of resuspended culture was added to the autoc1aved column fol lowed by 

the addition of 60 ml of 0.05 M phosphate buffer pH 7 .0  and al lowed to pass through the 

column. A total of 22 fractions each of 2 ml of eluted mixture of buffer and unattached 

cel ls were col lected. Quantitative estimates of viable cells in each fraction were made by 

1 0  -fold serial dilutions of each fraction to 1 0-
4 

di lution, fol lowed by plating of fractions 

as described in Section 3 .2  

To assess the abi l ity of B 1 2  and X7 to  attach to  stainless steel cuttings, the number of  

B 1 2  or  X7 cells removed from a solution containing suspended stainless cuttings was 

measured by assaying the number of cells remaining behind in suspension. Cultures of 

B 1 2  and X7 were grown to mid-log phase (7-8 hr) in TSB at 55°C.  Cells were col lected 

by centri fugation ( L OOO x g for 20 minutes) and resuspended in the equal volume of 0.05 

M phosphate buffer pH 7 .0 .  Ten ml of the suspended cel l s  were added to 2 g of stainless 

steel cuttings (col lected and treated as above). After 5 ,  1 0  and 1 5  minutes, one m l  

samples o f  culture suspension were collected. Total cel l  numbers in each sample were 

estimated by serial di lutions plated out onto TSA and incubated overnight in plastic bags 

at 55°C.  

3.4.4 Polystyrene microtitre plate assay 

To determine the abi l i ty of varIOUS strains to attach to surfaces, microtitre plate 

attachment assay was util ised based on the methods reported by Ziebuhr et al. ( \ 999) and 

Loo et al. (2000). Cel l cultures were centri fuged at 1 000 x g for 20 minutes and 
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resuspended in 0.05 M phosphate buffer p H  7.0 to OD6oonm of 1 .00. Resuspended cel ls 

(200 Il l )  were incubated overnight in 96 wel l  polystyrene microtitre plates ( Falcon, 

nontreated polystyrene plates, Bacto Laboratories, Austral ia) at room temperature in a 

moistened closed container to prevent the sample from drying out. Wells were washed 

three times with 0.05 M phosphate buffer pH 7 .0 and air dried at 5 5 °C for I hr. 200 III 

0 . 1 % solution of crystal violet was added and held at room temperature for 2 minutes and 

then each well was washed five times with 0.05 M phosphate buffer pH 7.0 .  200 ).d of 

95% ethanol was added to each well and O D490nm measured using a MicroELISA plate 

reader ( Dynatech, Torrance, California) 
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3. 5 Comparison of B12 and X7 Bacterial Strains 

3.5 .1  Random Ampl ified Polymorphic  DNA (RAPD) analysis 

In  order to determine parental relationship between the original B 1 2  strain and the newly 

isolated strain X7 that demonstrates a lower affinity to stainless steel ,  Random Ampl ified 

Polymorphic DNA (RAPD) analysis was used (Wil l iams et aI., 1 990 and Ronimus et aI., 

1 997). RAPD uses Polymerase Chain Reaction ( PCR) to detect polymorphisms by 

amplifying random portions of the cell  DNA, with the use of short arbitrary DNA primers 

(9- 1 0  bases in l ength) .  

In th is  study, the  random primer OPR 1 3 , 5 ' -GGACGACAAG-3 ' Ronimus et  al. ( 1 997) 

was uti l ized to identify any polymorph isms between the strains B 1 2  and X7. Ronimus et 

al. ( 1 997) and Fl int et al. (200 I )  demonstrated that the primer OPR 1 3  produced the best 

profile based on the number of bands and their distribution when comparing and 

identifying different strains of themlOphil ic baci l l i .  

The PCR reaction used was based on the method reported by Ronimus et  al. ( 1 997) and 

Fl int et al. (200 1 ) . A reaction mixture was prepared by combining the following: 460111 of 

H20;  40 II I of 20X buffer (TFL buffer, Epicentre Technologies, Madison, Wisconsin, 

USA);  80 III  of 25mM MgCh; 1 60 II I of dNTP ( Promega, Madison, Wisconsin, U SA); 1 

II I of primer ( lnvitrogen, CarIsbad, California, U SA); 1 0  II I of TFL polymerase 

( Epicentre Technologies). The reaction mixture was dispensed (75 III per tube) into 

reaction tubes and 5 III of culture ( template) was added. The PCR reaction took place 

under the fol lowing conditions: 1 cycle of denaturation at 94°C for 3 minutes, 35 cycles 

of 94°C for 45 seconds, 55°C for 45 seconds and 72°C for 1 minute, fol lowed by a final 

single step of noc for 5 minutes . 
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3. 5. 1 . 2  Agarose gel electrophoresis 

Agarose electrophoresis was perfonned in a BRL, Horizon 1 1 . 1 4  ( Life Technologies) 

apparatus for 2-3 hours. Agarose gels were made of Agarose Ul traPure ™ ( lnvitrogen) at 

1 . 5% (w/v) in 1 X TBE buffer. 

I X TBE buffer 

89mM Tris (Bio-Rad) 

89mM Boric acid (BDH)  

2 . 5m M  Na2E DTA ( BDH)  

Deionized water 

1 0 .9 g 

5 . 56  g 

0 .93 g 

1 000 ml 

Agarose was melted in a microwave and allowed to equil ibrate to 50°C before the gel 

was poured. Sample loading buffer ( 1 -2 11 1)  was mixed with DNA sample (l 0 11 1) and 

loaded onto the gel .  Ei ther a 5 11 1 (0.2 I1g/11 1 )  sample of I kb DNA ladder ( I nvitrogen) or  5 

11 1 (0 . 1 I1g/l1 l )  sample of EZ load 1 00 bp PCR molecular ruler ( Bio-Rad) was included in  

the end wel ls .  Electrophoresis was perfonned at  80 V for 2-3  hours . 

Sample loading buffer 

40% S ucrose ( BDH)  (w/v) 

0.25% Bromophenol blue (BOH)  (w/v) 

0.25% Xylene cyanol FF (BDH)  (w/v) 

Double-disti l led water 

4 g  

25 mg 

25 mg 

1 0  ml 

Gels were stained in 0 .005% Gelstar® (Cambrex Bioscience, Maine, USA) stain for 1 5  

minutes, washed once in I X TBE and observed under U V  light and photographed using 

Polaroid 667 film ( Polaroid, St  Aubens, H ertfordshire, UK). 
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The API  50 C H  system ( LaBalme LesGrottes, Montalieu, Vercieu, France) was used 

according to the manufactures instructions to provide infom1ation on any biochemical 

differences between strains B 1 2  and X7.  

3.5.3 Tra nsmission electron microscopy (TEM )  

T o  visualize surface features of both B 1 2  and X7 strains, cel ls were examined under 

TEM. Sections of res in-embedded preparations were prepared as fol lows : an 8- 1 0  hour 

culture was centrifuged at 1 000 x g for 1 5  minutes and resuspended in deionised water. 

The cel ls were fixed at ambient temperature for 2-3 hr in a primary fixative solution 

consisting of 3% (w/v) glutaraldehyde ( BO H ), 2% formaldehyde solution (BOH)  in 0 . 1 

M phosphate buffer (0. 1 M K H2P04 ( BOH); 0 . 1 M Na2H P04 (BOH»  at p H  7.2 .  The cel ls 

were washed with three changes of phosphate buffer and exposed to a secondary fixative 

solution consisting of 1 % osmium tetroxide ( ProTech, Queensland, Australia) in 0 . 1 M 

phosphate buffer at ambient temperature for 30 minutes. After two washes in 0. 1 M 

phosphate buffer, the cel ls were dehydrated using acetone (SOH)  and embedded in 

Procure 8 1 2  epoxy resin ( Pro Tech) .  Thin (90 nm) sections were cut using a microtome, 

stained with saturated uranyl acetate (BOH)  in 50% ethanol fol lowed by lead ci trate ( 1 . 33  

g lead nitrate (BOH) and 1 . 76 g sodium citrate (BOH) in 30 ml) and examined using a 

Phil ips 20 I c  ( Eindhoven, Netherlands) TEM. 

In order to examine possible cell  surface polysaccharide structures, both B 1 2  and X7 

were stained with the cationic inorganic  stain Ruthenium red ( H ood & Zottola, 1 988),  

fol lowed by examination under TEM.  Embedded cells were prepared as fol lows : an 8- 1 0  

hour culture of cells was centri fuged at 1 000 x g for I S  minutes and resuspended in 

deionised water. Cel ls were washed once in  0 . 1 M sodium cacodylate buffer (2 1 .4 g/ 1 000 

ml of water) adjusted to pH 2 with HCI  for 90 minutes at 3 rc. The cel ls were fixed at 

ambient temperature in 2 .5% (w/v) glutaraldehyde ( SOH) ,  0.05% ruthenium red ( Sigma) 
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in 0 . 1 M sodium cacodylate buffer for one hour. The cells were washed three times in 0 . 1 

M sodium cacodylate buffer and exposed to a secondary fixative solution consisting of 

2% osmium tetroxide ( ProTech, Queensland, Australia) and 0.05% Ruthenium red in 0. 1 

M sodium cacodylate buffer for 30 minutes. The cells were dehydrated in acetone and 

embedded in Procure 8 1 2  epoxy resin ( Pro Tech) .  Thin (90 nm) sections were prepared as 

described in section 3 . 5 . 3 .  

3.5.4 S upernatant exchange and effect on cel l  attachment 

An attempt was made to detect possible surface components produced by strain B 1 2  but 

lacking in X7 that may accumulate in the supematant of the culture and play an important 

part in attachment to stain less steel .  X7 cel ls were added to B 1 2  supernatant and B 1 2  

cells were added to X7 supernatant. Both were then assessed for their abi l ity to attach to 

stainless steeL Cultures were centrifuged ( 1 000 x g for 1 0  minutes) and the cells were 

washed once in 0 .05 M phosphate buffer then resuspended using the supernatant from a 

culture (OD600nlll 0 .50) of the opposing strain and incubated for 20 minutes at 55°C. 

Attachment of the treated cel ls to stainless steel coupons was assessed by epifluorescence 

microscopy as described in section 3 .4. 1 .  

3.5.5 Hydrophobicity of the cell surface 

3. 5. 5. 1 Microbial adhesion to hydrocarbon test (MA TH) 

In order to characterise the relative cell surface hydrophobicity of B 1 2  and X7 cultures, a 

modified version of the microorganism adhesion to hydrocarbon (MA TH)  test 

( Rosenberg et al. ,  1 980) was employed. Ahimou et al. (200 1 ), Busscher et al. ( 1 995), 

Van der Mei ( 1 993) and Doyle (2000) all suggested that electrostatic interactions can 

influence the MA TH test because of the negative charge of hydrocarbons such as 
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hexadecane. Ooyle (2000) proposed that the electrostatic interactions can be reduced by 

the presence of a high concentration of ions, usual ly NaCI .  

I n  this trial ,  cultures of B 1 2  and X7 were grown to mid-log phase, centrifuged at  1 000 x g 

for 20 minutes and resuspended in 0.05 M phosphate buffer at pH 7.0 containing one of 

the fol lowing: sodium chloride concentrations 0 M, 1 M, 2 M,  3 M or 4 M .  The final 

0 0600nm was adj usted to 0.7-0.8 and 2.5 ml of the suspension was added to 2 .5  ml of 

hexadecane, mixed for 30 seconds on a vortex mixer and incubated for 20 minutes at 

30°e. The absorbance of the aqueous phase was measured at 600 nm using a UV/visible 

spectrophotometer ( H itachi, Japan) and the percentage hydrophobicity was determined 

using the formula below. 

% hydrophobicity = (Ao-A J )/Ao x I 00 

Ao = 00 of the bacterial suspension before mix ing with hexadecane. 

A J = 00 of the bacterial suspension after mixing with hexadecane. 

3. 5. 5. 2 Hydrophobic interactive chromatography (HIC) 

I n  a further attempt to determine the cel l  surface hydrophobicity of B 1 2  and X7 cultures, 

a modified version of H IC as reported by Smyth et al. ( 1 978) and Peng et al. (200 1 )  was 

employed. In  H IC hydrophobic cel ls are separated from non-hydrophobic cells by 

passing a bacterial suspension through a hydrophobic resin ( Phenyl Sepharose 6 fast 

flow, Amersham Biosciences). 

Pasteur pipettes were plugged with glass wool and fil led with one ml of suspension of 

hydrophobic resin as provided by the manufacturer. The resin was washed with 1 0  ml  of 

0.05 M phosphate buffer at pH 7.0 with the same concentration of NaCI added as the 

bacterial suspension to be tested i .e. 0 M, I M, 2 M, 3 M or 4 M NaCI .  The bacterial cel l s  

were prepared by  centrifuging a mid-log phase culture a t  1 000 g for 20 minutes and 

resuspended in 0.05 M phosphate buffer pH 7.0 with one of the concentrations of sodium 
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chloride to an OD6oonm of 1 .0 .  Each column was loaded with 0.3 ml of culture and eluted 

with 0.9 ml of 0.05 M phosphate buffer (pH 7.0) with appropriate NaCI concentration. 

The absorbance was measured at 600 nm using a UV/visible spectrophotometer ( Hi tachi, 

J apan) and the percentage of bacteria retained in the hydrophobic column was calculated 

from the absorbance of a � di lution of the original bacterial suspension (OD6oonm 0.7-0.8) 

and the absorbance of the sample eluted from the column. 

% retained by Column := (Ao-A I )/Ao x 1 00 

Ao := OD of � di luted bacterial suspension 

AI = OD of the e luted bacterial suspension 

3. 5. 5.3 Attachment to Sigmacote treated glass 

I n  order to a assess the role of surface hydrophobicity in the attachment of B 1 2 and X7 to 

surfaces, glass sl ides were coated with Sigmacote® (S igma) to increase surface 

hydrophobicity. Glass sl ides were soaked overnight in undiluted Sigmacote®. M id-log 

phase cultures of B 1 2  and X7 were col lected by centrifugation ( 1 000 g, 20 min). The 

cell s  were di luted in either 0 M, 1 M ,  2 M, 3 M or 4 M NaCI concentrations dissolved in 

0.05 M phosphate buffer (pH 7.0) to final OD6oonm of 0 .50 .  Coated or untreated glass 

s lides were then exposed to the cell suspensions for 20 minutes and the number of 

attached cel l s  was counted by epi fluorescence microscopy as outlined in section 3 .4. 1 ,  

except that wash solutions also contained the same concentration of NaCI as the original 

cell suspension. 

3.5.6 Cell surface charge 

3. 5.6. 1 Estimation of Zeta potential 

The surface charge of both B 1 2  & X7 was expressed as the Zeta potential in a Malvern 

ZetaS izer IV (Malvern I nstruments Ltd, UK) ( Ahimou et al. , 200 1 ) . Cel ls were grown to 
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mid-log phase and washed twice by centrifugation at t OOO g for 20 minutes and 

resuspension in 5 mM NaCI solution. Cells were diluted to OD60onm 0 .5-0.6 in solutions 

of defined pH ,  Table 3 .2  (phosphate-citrate buffers) One ml of suspended cel ls were 

added to cuvettes for testing. Measurements were performed in triplicate. 

Table 3.2 Composition of ci trate and phosphate buffers to create buffers in 2-8 p H  range. 

p H  X rn l  O.t)) M citric acid Y rnl 0.02 M Na2H PO� 

2 89 1 1  

3 79.5 20.5 

4 6 1 .4 36.6 

5 48 .5  5 1 .5 

6 36 .8 63 .2 

7 1 7 .6 82.4 

8 6.4 93 .6 

3. 5. 6. 2 Electrostatic interaction chromatography (EIC) 

The relative surface charge of both B 1 2  & X7 strains was assessed by separation through 

anionic ( Dowex AG 1 -8x 1 00-200 mesh) or cationic ( Dowex AG 50W-X8 1 00-200 

mesh) exchange resins ( Bio-Rad). The method is based upon that of Pedersen ( 1 980) and 

Fl int et 01. ( 1 997). Pasteur pipettes were plugged with glass wool and fil led with 0 .5  g of 

ion exchange resin then eluted with 5 ml  of 0 .0 I M phosphate buffer (0.0 I M KH2P04 

( BO H ); 0 .0 1 M Na2 H P04 (BDH)  at pH 7.0 .  Bacterial suspensions were prepared by 

centrifuging a mid-log phase culture ( 8- 1 0  hr) at 1 000 g for 20 minutes and resuspended 

in phosphate buffer to OD6oonm 0.7-0.8.  Each column was loaded with I ml of bacterial 

suspension and then eluted with 3 ml of phosphate buffer. The absorbance of the e luded 

sample was measured at 600 nm using a UV/visible spectrophotometer ( H itachi,  Japan) 

and the percentage of bacteria retained in the column was calculated from the absorbance 

of a y,. dilution of the original bacterial suspension (OD600nm 0 .7-0.8) and the absorbance 

of the sample e luted from the column. 

47 



% retained by Column = (Ao-A t )1 Ao x 1 00 

Ao = OD of � di luted bacterial suspension 

A I  = OD of the e luted bacterial suspension 

3. 5. 6. 3 Effect of pH on cell attachment 

Chapter 3. 0 - Materials and Methods 

To investigate the effect pH has on attachment of B 1 2  and X7 to stainless steel ,  cel ls 

were suspended in buffer solutions within pH range of 3.0 - 7.2 .  The method was based 

upon that of Stanley ( 1 983) .  M id-log phase cultures of B 1 2  and X7 were col lected by 

centrifugation ( 1 000 x g, 20 min). The cells were di luted in different pH buffers to 

OD600nm of 0 .50 for al l  pH values used. Stainless steel, 3 1 6  grade coupons ( 1  cm
2
) were 

then exposed to the cell suspensions for 20 minutes. The number of attached cel l s  was 

counted by epifluorescence microscopy as outlined in section 3 .4. 1 .  

Table 3.3:  Composition of citrate and phosphate buffers to create buffers in  3-7 .2 p H  

range 

Final pH 0.0 I M Citric acid (x 1111 )  0.02 M Na2H PO.j (y  111 1 )  

3 79.4 ml 20.5 m l  
4.6 53 .2  m l  46 .7  ml 

Final pH 0.0 1 M Na2HPO.j (x 1111)  0.02 M NaH2PO.j (y 1111 )  
5 . 8  4 . 0  m l  46.0 1111 
6 .6  1 8 .7 ml 3 1 .2 ml 

7.2 36 .0 ml  1 4 .0 ml 

The x and y volumes were mixed to give a final volume of l OO ml  buffer at a required p H  

value and then used to di l ute the cel l s  to the appropriate OD . 
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3.5.8 Quantitative analysis of protein  concentration 

Protein concentration was determined by usmg the P IERCE BCA protein assay kit  

( Rockford, U SA). The Pierce protein assay is a detergent-compatible colorimetric test for 

the detection and quantitation of total protein. The method combines the wel l  known 

biuret reaction, where Cu2+ is reduced to Cu 
1 + by protein in an alkaline solution, with the 

sensitive colorimetric detection of Cu 1+ cation by using a unique Bicinchoninic acid 

reagent. A 1 00 III  aliquot of each standard or unknown sample was pi petted into test 

tubes. 2 ml of the working solution was added to each sample, well mixed and incubated 

at 37°C for 30 minutes. After incubation, the tubes were cooled to room temperature for 

1 0  minutes. The absorbance of each tube was measured at 562 nm using a UV /visible 

spectrophotometer ( H itachi, Japan) .  Calibration curves were prepared against standard 

bovine serum albumin ( BSA) solutions. The results were expressed as BSA equivalent 

mg/m\ .  

3r-------------------------�----------------------------, 

E c: N CD It) 
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2.5 

� 1 .5 
c: '" of o III .0 
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R' = 0.984 

O�--------�----------�----------�--------�----------� 
o 500 1000 1 500 2000 2500 

mg BSA 

Fig 3.4: Calibration curve for protein estimation using PI ERCE BCA protein assay kit . 
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3 .5.9 Treatment of cel ls with protei n  d isrupt ing agents 

To investigate the effect of bacterial  cell surface proteins on attachment, three different 

methods were used to remove surface proteins. Cultures of B 1 2  and X7 were centrifuged 

( 1 000 x g for 1 0  minutes) and then the cells were resuspended to the original volume with 

ei ther 1 % trypsin (Sigma)(37°C for 24 hr) in 0.05 M phosphate buffer pH 7.5 or 0.2 M 

glycine at p H  2 .2  (20°C for 3 0  min) or 5 M LiCIz  (20°C for 30 min). After treatment, 

cultures were washed twice and resuspended in 0.05 M phosphate buffer pH 7.0 .  

3.5. 1 0 Quantitative ana lysis of surface carbohydrates 

The amount of extracel lular polysaccharides ( EPS) produced by B 1 2  and X7 was 

determined by the acid hydrolysis method of Oall and H emdon ( 1 989) as described by 

Evans et al. ( 1 994).  Cultures of B I 2  and X7 were centrifuged ( 1 000 x g for 1 0  minutes) 

and then the cel ls were resuspended to 00600nm = l . 1  (approximately equal to I x 1 08 

cells mr
l
) and sonicated at 60 W for 2 minutes in a sonicator water bath ( U ltrasonics Pty, 

NSW, Austral ia). The samples were centrifuged ( 1 000 x g for 1 0  minutes) to remove 

cel ls and 1 ml of the supernatant was added dropwise to 8 ml absolute alcohol to 

precipitate polysaccharides and stored at 4°C overnight. This was centrifuged at 1 0,000 x 

g for 20 minutes and the resulting pel let dissolved in I ml of water. To each sample, 7 rnl 

of 77% Sulphuric acid ( SO H )  was added to digest the polysaccharide and the suspension 

was cooled on ice for 1 0  minutes. Cold 1 % tryptophan ( SOH) ( I  ml) was added and each 

sample was heated in a boi l ing bath for 20 minutes then cooled to room temperature. 

Acid hydrolysis of EPS produces a furan which condenses with tryptophan to produce a 

coloured product that can be quantified at OOSOOnlll using a U V/visible spectrophotometer. 

Calibration curves were prepared against standard dextran solutions (molecular weight 

52 ,000; Sigma). The results were expressed as dextran units per 1 08 cells .  
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Fig 3.5: Calibration curve for the detection of EPS 

3.5.1 1 Treatment of cells with carbo hydrate disrupti ng agent 

To investigate the effect cell surface polysaccharides have on cell attachment, sodium 

metaperiodate was used to oxidize carbohydrates as outl ined by Hussain et al. (200 1 ) . 

Cultures of B 1 2  and X7 were centrifuged ( 1 000 x g for 1 0  minutes), resuspended in the 

original volume with 50 mM sodium metaperiodate (SOH)  in 0.05 M sodium acetate at 

pH 4.2 for 30 minutes. After treatment, the cells were washed twice in 0. 1 M phosphate 

buffer pH 7 . 5 .  Attachment of cel ls to stainless steel was assessed by epitluorescence 

microscopy (Section 3 .4 . 1 ) . 

3.5. 1 2  H P LC analys is of surface carbo hydrates 

To further analyse extracellular surface polysaccharides, surface polysaccharides of B 1 2  

and X7 cultures were extracted as described in section 3 . 5 . 1 0. The isolated surface 

polysaccharides were hydrolysed as described by Scherz and Gunther ( 1 998). To 
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approximately 1 0- 1 5  mg of extracted polysaccharide, 5 m l  of 1 M sulphuric acid was 

added and then heated under reflux at l OO°C for 5 hours. After coo ling, the sulphate ions 

were removed with the addition of 0.25 M barium hydroxide (BOH)  solution to a pH of 

approximately 5 .5-6.0.  This solution was then fi l tered to remove the barium sulphate 

from suspension. The fil trate was frozen at -75°c and freeze dried (Telstar Crydos, Spain) 

unti l dry, fol lowed by resuspension in  1 ml  of water. H P LC was used to separate the 

hydrolysed polysaccharide samples. A O IONEX H P LC system with a Phenomenex RCM 

Monosaccharide (300mm x 7 .8mm, L 1 9) packing was used to separate the sugars. The 

mobi le phase was water with a flow rate of 0 .6 m l/min and the separated 

monosaccharides were detected by refractive index ( RI) .  1 % solutions of Glucose, 

Arabinose, Galactose, Rhamnose, Mannose and Xylose were used as markers to identify 

hydrolysed polysaccharides. 

3.5. 1 3 Treatment of cel ls with DNase I 

To investigate the effect of bacterial extracel l ular DNA on attachment, cultures of B 1 2  

and X7 were centrifuged ( l OOO x g for 1 0  minutes) . The cells were resuspended to the 

original  volume in 0 . 1 M Tris-HCl, pH 7 .5  containing 2 mM MgCIz,  and 50 Ilg/ml of 

DNase I ( Sigma) for one hour at 25°C . After treatment, cultures were washed twice and 

re suspended in 0 .05 M phosphate buffer pH 7.0 .  Attachment of cells to stainless steel was 

assessed by epifluorescence microscopy (Section 3 .4 . 1 ) . 
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3. 6 Comparison of Whole Cells and Extracted Surface Proteins 

by Polyacrylamide Gel Electrophoresis 

3.6.1 One dimensional polyacrylamide gel electrophoresis (SOS-PAGE) 

of cel l  proteins 

3. 6. 1 . 1 Total cell protein extraction for one-dimensional polyacrylamide gel 

electrophoresis (SOS-PA GE) 

To enable more detai led studies on the cell  proteins of B 1 2  and X7, S OS-PAGE 

electrophoresis was employed .  Mid-log phase cultures of B 1 2  and X7 strains grown in 

TSB were centrifuged at 1 000 x g for 20 minutes and resuspended to an 0 0600nm of 1 .2 in 

disti l led water (OW). The cel l  suspension was then sonicated six times on ice for 30 

seconds, a t  ampli tude of 7 micrometres, with a 30 second break between each 30 second 

sonication. The cell  suspension was centrifuged ( 1 0,000 x g for 20 minutes) to remove 

cel lular debris .  The supematant was frozen to -80°C then freeze-dried (Telstar, Cryodas, 

Terrassa, Spain) in a 1 00 ml round bottom flask at -75°C unti l dry. Fractions were then 

frozen at -75°C for storage. 

3. 6. 1 . 2  Acid glycine surface protein extraction for one-dimensional 

polyacrylamide gel electrophoresis (SOS-PA GE) 

To enable studies of cell  wall components and their involvement in cell attachment, a 

modified acid glycine extraction described by Oubreui l  et al. ( 1 988)  was adopted. Cells 

of strain B 1 2  and X7 were harvested by centrifugation ( 1 000 x g for 20 minutes) and 

re suspended in 0.2 M glycine hydrochloride buffer pH 2 . 2  (3 g cel ls per 1 00 ml). Thi s 

suspension was stirred at room temperature for 30 minutes. Cel ls were removed by 

centrifugation ( 1 000 g for 20 minutes). The supematant was neutralized to pH 7.0 by the 

addition of 2 M NaOH, frozen to -80°C then freeze-dried (Telstar, Cryodas, Terrassa, 

Spain) in a 1 00 ml round bottom flask at -75°C unti l dry. Fractions were then frozen at 

-75°C for storage. 
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3. 6. 1 . 3  Lysozyme surface protein extraction for one-dimensional 

polyacrylamide gel electrophoresis (SOS-PA GE) 

The second method employed to extract surface proteins involved incubating the cel ls in 

lysozyme and mutanolysin (Coolbear et al. , 1 992). Cells were harvested by centrifugation 

at 1 000 x g for 20 minutes and suspended in an equal volume of 50mM Tri s-HCI, pH 7 .0 

with 10 mM MgCI2, 24% sucrose, 50,000 units per ml of lysozyme (Sigma) and 90 units 

per ml of mutanolysin (S igma) and incubated for 5 hrs at 37°C. The mixture was 

centrifuged ( 1 0,000 x g for 20 minutes). The supematant was frozen to -80°C then freeze­

dried (Telstar, Cryodas, Terrassa, Spain) in a 1 00 ml round bottom flask at -75°C until 

dry. Fractions were then frozen at -75°C for storage. 

3. 6. 1 . 4  One dimensional polyacrylamide gel electrophoresis (SOS-PA GE) 

To enable a more detai led study of the surface proteins of strains B I 2  and X7,  samples 

from cell extracts (refer sections 3 .6. 1 . 2 and 3 .6. 1 .3 )  and total cell proteins  (3 .6 . 1 . 1 )  were 

analysed using SDS-PAGE. Protein samples were separated by vertical electrophoresis 

according to the method by Laemmli ( 1 970) in denaturing polyacrylamide gels 

containing SDS.  The Protean® I I  xi electrophoresis cell ( Bio-Rad), holding two 20cm x 

20cm gels was used. Stock solutions were prepared as fol lows. 

( I )  Resolving Gel 

(a) Running Acrylamide 

Acrylamide ( B D H )  

Bis-Acrylamide (Sigma) 

Double-dist i l led water 

(b) Resolving Gel Buffer (pH 8 .8)  

Tri s(BDH)  

Double-distil led water 
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(c) 1 0% Solution of SOS (SOH) (prepared fresh) 

(d) 1 0% Solution of Ammonium persulphate (SOH)  (prepared fresh) 

The 1 2% resolving gel was prepared as fol lows. 

Resolving Gel Suffer (pH 8 .8)  

Running Acrylamide 

Double-disti l led water 

1 0% S OS solution 

Ammonium persulphate solution 

N,N,N,  N' -Tetramethylethylenediamone (TEMEO) (Sigma) 

1 0.O ml 

1 6 .0 ml 

1 4.9 ml 

1 .6 ml 

0.2 ml 

0.02 ml 

The above solutions were mixed gently, trying not to create bubbles, and then 

autopipetted between vertical two glass plated separated with I mm spacers in the casting 

unit ( Sio-Rad). After pouring a smal l volume of deionised water (about 2 ml) was gently 

distributed on top of the resolving gel and left unti l polymerisation had taken place. 

(2)  Stacking Gel 

(a) 

(b) 

Stacking Acrylamide 

Acrylamide ( SO H )  

Sis-Acrylamide (Sigma) 

Oeionized water 

Stacking Gel Suffer (pH 6.8) 

Tris (SOH)  

S OS (SOH)  

Oeionized water 

30.0 g 

1 .6 g 

l OO m! 

6.05 g 

0.04 g 

1 00 ml 

(c) 1 0% Solution of Ammonium persulphate (prepared fresh) 
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The stacking gel was prepared as fol lows. 

Stacking Gel Buffer (pH 6 .8)  

Stacking Acrylamide 

Oeionized water 

Ammonium persulphate solution 

TEMEO 
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2 .5  m l  

1 .3 ml  

6 . 1 ml  

0 .05  ml 

0 .0 1 ml 

The above solutions were mixed gently, trying not to create any bubbles. Approximately 

1 ml of the stacking gel solution was used to wash the surface of the resolving gel after 

the surface water had been decanted off. The mould was then fi l led with the stacking gel 

mixture to 5 mm from the top of the lower glass plate. A 1 5  tooth comb was inserted to a 

depth of 25 mm and the gel left unti l polymerized (40-70 minutes). After the stacking gel 

had polymerised the comb was removed and the wells washed out with deionised water. 

Samples for S OS-P AGE separation were dissolved in sample buffer. 

( 3 )  Sample Buffer 

50mM Tris-HCI pH 6 .8  1 .0 ml 

Glycerol (BOH)  0 .8  ml 

1 0% SOS l .6 ml 

Oeionized water 3 . 8  ml 

1 ml of the above solution was added to each tube of freeze dried protein and mixed wel l .  

Protein concentrations were measured b y  B C A  protein assay k i t  ( PI ERCE), which is a 

detergent-compatible protein assay kit .  The readings were compared with a standard 

curve prepared using serial di lutions of bovine serum albumin. Samples typically 

contained 300-700 ).I.g of protein per 1 ml of sample. Before boi l ing the sample for 2 

minutes, 50  ).1.1 of �-mercaptoethanol and 50 ).1.1 of 0 .0 1 %  Bromophenol blue were added 

to each 1 ml sample, to act as a tracking dye. After boi l ing, 50 ).1. 1  al iquots of the 1 ml  
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sample were placed in eppendorf tubes and either frozen at - 75°C for future use, or used 

immediately. 

Electrophoresis buffer was added to both top and bottom tanks prior to the addition of 5-

20 III samples to each wel l .  

(4) Electrophoresis Buffer 

Glycine ( BD H)  

Tris (BDH)  

SOS 

Oeionized water 

28 .8  g 

6.0 1 g 

2 .0  g 

2000 ml 

Electrophoresis was usual ly performed at a constant current of 30 mA at 4°C to avoid 

excessive heating, until the tracking dye was within 1 -2 cm of the bottom of the gel .  The 

molecular weight of proteins was determined by direct comparison with the migration 

distance of a set of molecular weight standards. The standards were Broad Range 

molecular weight standards ( Bio-Rad) reconstituted according to the manufacturer' s 

advice. 

3 . 6 . 1 .4 . 1  Gel sta in ing and photogra phy 

Once the tracking dye was within 2-3 cm of the bottom of the gel , the gel was removed 

and silver stained by a modified method described by Dunn ( 1 993) :  

( 1 )  fixed in 50% ethanol and 1 0% acetic acid for 30 minutes 

(2)  transferred to 5% ethanol ,  1 % acetic ac id for 1 5  minutes 

(3)  washed in deionised water for 20 minutes with at  least 3 changes of water 
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(4) soaked in a solution of O.  l 27 g/I of anhydrous sodium thiosulphate for 2 minutes 

( 5 )  washed in deionised water for 20  minutes with a t  least 3 changes of water 

(6) soaked in 2 g/I of Si lver ni trate for 20 minutes 

(7)  washed in deionised water, twice for 30 seconds 

(8 )  placed in developer until the desired level of staining was attained 

Developer 

60 g/I sodium carbonate (BDH) 

500 IlLlI of  37% formaldehyde ( BDH) 

20 mLlI of 0 .2  g/l of  anhydrous sodium thiosulphate (BDH)  

(9 )  soaked in  cold 5% acetic acid stop solution 

( L  0) stored in  deionised water. 

Gels were either photographed or scanned using a digital scanner. 

3.6.2 Two-d imensional gel polyacrylamide electrophoresis (20 PAGE) 

of cel l  proteins 

3. 6. 2. 1 Total cell protein extraction for two-dimensional polyacrylamide gel 

electrophoresis (20 PA GE) 

Two-dimensional PAGE electrophoresis was used to compare the total proteins of B 1 2  

and X7 cel ls .  Mid log phase cultures of B 1 2  and X7 strains, grown in TSB, were 

centrifuged ( 1 000 x g for 20 minutes) and resuspended to an OD6oonm of l .2 in disti l led 

water. The cel l  suspension was then sonicated six times on ice for 30 seconds, with a 3 0  

second break between each 30 second sonication, a t  ampl i tude o f  7 micrometres. The cell 
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suspension was centrifuged ( 1 0,000 x g for 20 minutes) in order to remove cel lular 

debris. The supernatant was mixed with cold acetone at a ratio of 1 ml supernatant per 3 

ml of cold acetone and then left at -20°C for 1 8  hr to precipitate proteins. The 

supernatant/acetone mixture was then centrifuged ( 1 0000 x g for 20 minutes). The 

acetone was poured off and the pellet air dried to al low any residual acetone to evaporate. 

Fractions were then frozen at -75°C for storage. 

3. 6. 2. 2 Acid glycine surface protein extraction for two dimensional 

polyacrylamide gel electrophoresis (20 PA GE) 

A modified acid glycine extraction described by Dubreui l  et al. ( 1 988) was adopted to 

study cel l wal l  components and their involvement in cell attachment. Cel ls  of strain B 1 2  

and X7 were harvested by centrifugation ( 1 000 x g for 20 minutes) and resuspended in 

0.2 M glycine hydrochloride buffer pH 2.2 ( 3  g cel ls per 1 00 ml ). This suspension was 

stirred at room temperature for 30 minutes. Cel ls  were removed by centrifugation ( 1 000 g 

for 20 minutes). The supernatant was neutral ized to pH 7 .0 by the addition of 2 M NaOH 

and then dialyzed overnight, with a least five changes of DW to remove residual glycine, 

which could interfere with the isoelectric focusing step. The dialyzed supernatant was 

mixed with cold acetone at a ratio of 1 ml supernatant per 3 ml  of cold acetone and the 

supernatant/acetone mixture left at -20°C for 1 8  hours to precipitate proteins in the 

supernatant and then centrifuged ( 1 0000 x g for 20 minutes). The acetone was poured off 

and the pellet air dried to al low any residual acetone to evaporate . Al iquots were then 

frozen at -75°C for storage. 

3. 6. 2. 3 Lysozyme surface protein extraction for two dimensional 

polyacrylamide gel electrophoresis (20 PA GE) 

The second method employed to extract surface proteins involved incubating the cells in 

lysozyme and mutanol ysin (Coolbear et al. , 1 992).  Cells were harvested by centrifugation 

( 1 000g for 20 minutes) and suspended in an equal volume of 50 mM Tris-HCl,  pH 7 .0  

wi th  1 0  mM MgCI2, 24% sucrose, 50,000 units mr l of lysozyme (Sigma) and 90 units 
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mrl of mutanolysin (Sigma) and incubated for 5 hrs at 37°C . The mixture was 

centrifuged ( 1 0,000 x g for 20 minutes) and the supematant mixed with cold acetone, at a 

ratio of 1 ml supematant per 3 ml of cold acetone, and then stored at -20°C for 1 8  hours 

to precipitate proteins. The supematant was then centrifuged at ( 1 0,000 x g for 20 

minutes). The acetone was poured off and the pel let air dried to al low any residue acetone 

to evaporate off. Fractions were then frozen at -75°C for storage. 

3. 6. 2. 4 Two-dimensional polyacrylamide gel electrophoresis (20 PA GE) 

method 

3 . 6 . 2 .4 . 1  Isoelectric focusing 

Samples for 2 0  PAGE were prepared by the addition of 1 ml of 6 M urea and 2% 

CHAPS (3-Cholamidopropyl-dimethylammonio- I -propanesulfonate) solution to each 

tube of acetone precipitated protein, mixed and al lowed to stand for I hour at room 

temperature to al low the pel let to dissolve completely. Protein concentrations were 

measured by the BCA protein assay kit (Section 3 . 5 .8 ) .  The readings were compared with 

a standard curve prepared using serial di lutions of BSA. Samples typical ly contained 600-

1 000 Ilg of protein per I ml of sample.  Protein samples were di luted to approximately  

600 Ilg/ml for whole cel l  samples and 900 Ilg/ml for Iysozyme/mutano lysin and acid 

glycine samples. The remaining sample solution chemicals were then added. 

Sample solution final concentration per ml of sample 

2 M Thiourea (Sigma) 

6 M Urea (BD H)  

2 .0% CHAPS (Sigma) 

20 mM Dithiothreitol (DTT) (Sigma) 

0.5% Biolytes pH 3- 1 0  (B io-Rad) 

Bacterial Protease Inhibitor Cocktai l  (Sigma) 

60 

0. 1 52 g 

0.36 g 

0.2 g 

0.003 g 

0.005 ml  
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To rehydrate the 1 7  cm IPG ReadyStrip pH 3- 1 0( l PG)(Bio-Rad), 320 )ll of sample 

containing 600-900 )lg/ml of dissolved protein was added to the focusing tray and the 

I PG strip carefu l ly placed on top, ensuring no air bubbles were trapped beneath the I PG 

strip. 2 ml of mineral o i l  ( B io-Rad) was added over the IPG strip to prevent evaporation 

during the rehydration process. The IPG strip underwent passive rehydration overnight 

( 1 2- 1 6  hr) at room temperature, al lowing the sample buffer and proteins to soak into the 

strip. After rehydration the strip was removed and excess mineral oil drained off. Paper 

wicks soaked in deionised water with the excess water drained off were p laced at both 

ends of the channels covering the wire electrodes. The rehydrated IPG strip was replaced 

in the channels and fresh mineral oil placed over the strip. The focusing tray containing 

the strip was placed in a Protean IEF cell ( Bio-Rad) ready for focusing. Three preset 

programs were executed in the overall  focusing step, 

1 )  Conditioning step 250 V for I S  minutes 

2) Linear voltage ramping for 4 hr up to 1 0,000 V 

3 )  Final focusing at 1 0,000 V until VH (Volt-HOurs) reached 50,000-60,000 VH 

The purpose of the conditioning step i s  to  remove salt ions and charged contaminants. At  

each stage the current did not exceed 50 )lA per strip. Once i soelectric focusing ( I EF)  was 

completed, the strip was removed and excess mineral oil drained off, each strip was 

wrapped in plastic wrap, labelled and frozen at -75°C unti l ready for equil ibration and 

second dimension S OS-PAGE. 

3.6 .2 .4 .2  Second d imension and strip transfer 

The equil ibration steps serve to saturate the IPG strip with SOS, which is required by 

second dimension electrophoresis to give all proteins a net negative charge. The reductant 

Oithiothrei tol  ( DTT) ensures al l disulphite bonds are broken. lodoacetamide alkylates al l  

thio groups, preventing their oxidation during electrophoresis, as well as reducing the 
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level of si l ver stain artifacts and point streaking. The strip was soaked in  1 0  ml of 

Equil ibration Buffer One ( E B  I )  for 1 0  minutes, with gentle agitation. After 1 5  minute in  

EB 1 ,  the strip was removed, excess l iquid drained off on a paper towel and placed the in 

Equil ibration Buffer Two (EB2) for 1 5  minutes with gentle agitation. 

Equil ibration Buffer One ( E B l )  

6 M Urea (BOH)  

2% SDS (BOH)  

20% Glycerol (BDH)  

2% w/v OTT ( Sigma) 

0 .375 M Tris-HCl pH 8 .8  

Brom phenol B lue 0.0 1 % (Sigma) 

Equil ibration Buffer Two ( E B2) 

6 M Urea (BOH)  

2% SOS (BOH)  

20% G lycerol (BOH)  

2 .5% w/v lodoacetamide ( Sigma) 

0 .375 M Tris-HC) pH 8 .8  

Bromophenol B lue 0.0 1 % (Sigma) 

3 .6 g 

0.2 g 

2 .0 ml 

0.2 g 

8 .0 ml 

0 .02 ml 

3.6 g 

0 .2 g 

2 .0  ml 

0.25 g 

8 .0  ml 

0.02 ml 

20 PAGE gels were prepared as described in section 3 .6 . 1 .4 with the fol lowing 

exceptions: no stacking gel was added and the resolving gel added unti l  only 1 cm of 

space was left at the top of the two glass plates; 2 ml of deionised water was added on top 

to assist in gel polymerisation. After polymerisation of the resolving gel, excess water 

was drained off and 0.5 ml of electrophoresis buffer added to the surface of the gel to 

assist in the placement of the strip onto the top of the gel .  Wi th the use of a spare gel 
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spacer, the strip was carefully placed on top of the gel ,  avoiding any air bubbles being 

trapped between the strip and the resolving gel surface. M olten agarose sealing solution 

(50°C) was laid above the strip to help fix it in p lace and left for 1 0  minutes to allow the 

agarose to set. 

Agarose Seal ing Solution 

Electrophoresis buffer 

Agarose 

50.0 mt  

0 . 5  g 

Electrophoresis was carried out at 1 5  mA per gel for 30 minutes, before increasing the 

current to 20 mA per gel .  E lectrophoresis then continued until the tracking dye was 

within 1 -2 cm of the bottom of the gel .  During electrophoresis, the gel tank was 

connected to a water supply to remove excess heat. 

3 .6 . 2 .4 . 3  Gel Sta i n ing and Image acqu isition 

Gels were stained with SYPRO® Ruby ( Bio-Rad) as per the manufacturer's instructions 

and scanned with a Typhoon 9400 laser scanner (Amersham, Biosciences). Scans were 

saved as TIFF fi les. 

3 . 6 . 2 .4 . 4  I mageMaster 2 0  softwa re 

Image analysis was performed using ImageMaster 2D Platinum 6.0 software ( lnvitrogen). 

Gels were imported as T IFF  fi les and gel images were al igned to match spots between 

gels .  Gel alignment is achieved by identification of 3-4 landmark spots or easi ly 

identifiable protein spots on different gels to help the software with gel to gel 

comparisons. Spot detection was automatical ly perfom1ed by the software. Results were 

checked manual ly where necessary to ensure correct spot to spot matching. 
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3. 6. 2. 5 Cytoplasmic enzyme assays 

To ensure that B 1 2  and X7 cel l s  had not been ruptured during the cel l  wal l  proteins 

extraction protocol, the cytoplasmic enzymes Leucine Aminopeptidase and �­

galactosidase were assayed. Leucine Aminopeptidase was assayed by a modified version 

of the method described by Schaumburg et al. (2004) .  This involved mixing 800 III of 

reaction buffer (20 mM Tris-HCI,  pH 7.4) with 50 II I  of surface extract and 8 II I  L­

leucine-p-nitroani l ide ( Sigma). Samples were assayed at 405 nm using a U V/visible 

spectrophotometer (Hi tachi, Japan) after incubation for 1 0  minutes at room temperature, 

with a sonicated cel l  sample  acting as a positive contro l .  �-galactosidase was assayed by a 

modified method as described by Steinmoen et al. (2002) .  In the �-galactosidase assay, 

240 II I  of reaction buffer (5 mM MgCh, 250 mM �-mercaptoethanol, 50 mM KCI, 0.3 M 

Na2HP04.7H20; 0.2 M NaH2P04. H20; 4 mg/ml o-nitrophenyl-�-D-galactopyranoside 

(ONPG)(Sigma), pH 7.0) was added to 960 III of surface extract. After 20 minutes 

incubation at 37°C samples were assayed at 420 nm as described above, with a sonicated 

sample acting as a positive contro l .  
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3. 7 Protein Identification 

3.7.1 Mass Spectroscopy 

Chapter 3. 0 - Materials and Methods 

To identify protein spots of interest, samples were digested with trypsin into peptides, 

fol l owed by Electrospray Ionisation-Quadrupole-Time-of Fl ight (ES I -QUAD-TOF) 

analysis using the Thermo TSQ 7000 system. M S/MS data were searched against Mascot 

protein data base for identification using M S/MS Ion Search (www.matrixscience.com).  

This work was performed by Bioanalytical Mass Spectrometry Fac i lity, Universi ty of 

New South Wales, Sydney, Austral ia. 

3.7.2 Bioinformatics 

3. 7. 2. 1 BLA S T  searches 

The Basic Local Al ignment Search Tool algorithm ( B LAST), 

(http://www.ncbi .nlm.nih .gov/blast/Blast.cgi ) was used for searches to establish sequence 

identi ty. Nucleotide sequences were analysed for simi larities to other nucleotide 

sequences by BlastN . BlastX was used to translate a nucleotide sequence into possible 

reading frames and then al ign these against a database of protein sequences. 

3. 7. 2. 2 Sequence alignments and Phylogenetic comparison 

ClustalW2 (http://www.ebi .ac.uklTools/c lustalw2Iindex.htm) software or C LC Sequence 

viewer 4.6 was used to al ign nucleotide or amino acid sequences for comparison. 

Phylogenetic analysis was performed with C LC Sequence 4.6 using Neighbour Joining 

with Bootstrapping analysis performed with 1 000 repetitions. 
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3.7.3 Polymerase chain reaction (peR) 

Chapter 3. 0 - Materials and Methods 

The PCR reaction mixture was prepared by combining the fol lowing: 460 III of H20; 40 

II I of 20X buffer (TFL buffer, Epicentre Technologies, Madison, Wisconsin, U SA); 80 III 

of 25 mM MgCI2; 1 60 III of dNTP ( Promega, Madison, Wisconsin, USA); I II I of primer 

mix (Table 3 .4) ( lnvitrogen, Carlsbad, Cal ifornia, USA);  1 0  III of TFL polymerase 

(Epicentre Technologies). The reaction mixture was dispensed (75  III per tube) into 

reaction tubes and 5 II I of culture or gel extracted PCR product was added. The PCR 

reaction was conducted under the fol lowing conditions: 1 cycle of denaturation at 94°C 

for 3 minutes, 35 cycles of 94°C for 45 seconds, 55°C for 45 seconds and 72°C for 2 

minutes (depending upon on the size of the fragment being amplified), fol lowed by a 

final single step of 72°C for 5 minutes. 

Table 3.4: Primers used in this study 
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3.7.4 Extraction of PCR product from agarose 

PCR products were separated by agarose gel electrophoresis fol lowed by cutting the 

DNA bands out of the gel and extraction from agarose with the use of the Q IAQuicktm 
gel 

extraction kit ( Qiagen) .  Briefly, gels were viewed under long-wave U V  lights and 

fragments of the appropriate size were excised with the use of a scalpel b lade. Fragments 

were placed in a 1 .5 ml Eppendorf tube and three volumes of QG buffer were added 

(where weight of agarose fragment in mg is equal to one volume in micro-l i tres). The 

mixture was incubated at 50°C for 1 0  minutes. One volume of isopropanol was added to 

the sample and mixed. To bind DNA, the sample was applied to a QIAQuicktm 
spin 

column and centrifuged at 1 2,000 x g for 1 minute. The column was washed with 750 III 

of Qiagen PE buffer and centrifuged ( 1 2,000 x g for 1 minute). DNA was eluted using 50 

III of deionised water. 

3.7.5 DNA Cloning and Transformation for DNA sequencing 

3 .  7. 5. 1 DNA Cloning 

PCR products to be cloned were l igated into plasmid vector pCR®4-TOPO® 

( lnvitrogen)(Fig 3 .6) .  The TOPO TA cloning strategy allows for direct insertion of PCR 

amplified product containing deoxyadenosine (A) overhang to the 3 '  ends of PCR 

product. The TOPO component contains a Topoisomerase enzyme covalently bound to 

the plasmid vector, which is released upon the insertion of a PCR product, eliminating the 

need for DNA ligase. The pCR® 4-TOPO® al lows direct selection of re comb in ants via the 

disruption of the lethal E. coli gene, ccdB. The vector contains ccbB gene fused to the C­

terminus of LacZa fragment. Insertion of a PCR product disrupts the LacZa- ccbB gene 

fusion permitting the growth of only positive recombinants upon transformation into 

TOP I 0 cel ls .  Typical l y, 4 III of fresh PCR product, 1 III of salt solution ( lnvitrogen) were 

added to 1 II I of pCR®4-TOPO® plasmid. The reaction mixture was mixed gently and 

incubated at room temperature for 5 minutes, fol lowed by either storage on ice if 

transformation were taking place the same day, or stored at -20°C for future use . 
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J3 bP � 
C ' / B bp 

pCR'4-TOPO' 
4.0  kb 

60 bp 

T7 M I3F 

Fig 3.6:  P lasmid vector pCR® 4-TOPO® ( lnvitrogen) used for c loning PCR products 

( taken from Invi trogen.com). 

3. 7. 5. 2 Transformation 

Transformation of E.coli One Shot® TOP 1 0  chemically competent cel l s  ( lnvitrogen) was 

carried out using ligated pe R products and plasmid DNA (section 3 . 7 .6) .  Vials of One 

Shot® TOP 1 0  E.coli cells were thawed on ice fol lowed by the addition of 2 fll of l igated 

plasmid and incubated on ice for 30 minutes. The reaction mixture was heat shocked for 

30 seconds at 42°C, transferred to ice and 250 fl l  of S.O.C medium (2% Tryptone, 0 .5% 

Yeast Extract, 1 0  mM NaCl,  2 . 5mM KCl, 1 0  mM MgClz, 1 0  mM MgS04 and 20 mM 

glucose)( lnvitrogen) added then gently shaken for one hour at 37°C. 50 fll  was plated 

onto preheated (37°c) Luria-Bertani ( LB) agarose plates ( Merck) containing 50 flg/ml of 

kanamycin  ( M erck)  and incubated at 37°C overnight. S ingle colonies were transferred to 

1 0  ml of LB broth containing 50 flg/ml of kanamycin, grown overnight at 37°C then 

transferred to glycerol storage beads ( Microbank , Pro-lab, Canada) for storage at -80°C. 
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3.7.6 Plasmid extraction 
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Plasmids were extracted using PureLink1m Quick Plasmid Miniprep Kit ( lnvitrogen). 

Cel ls  containing the p lasmid of interest were grown overnight at 37°C in 1 0  ml of L B  

broth containing 50 )..I.g/ml o f  kanamycin. Five t o  ten ml o f  cel l  suspension was pel leted 

by centrifugation ( 1 000 x g for 20 minutes) .  The pel leted cel ls were resuspended in 250 

)..1. 1 of resuspension buffer (containing RNase). Cel ls  were lysed by the addi tion of 350 )..1.1 

lysis buffer, gently mixed and al low to stand for 5 minutes at room temperature. Cel lu lar 

proteins were removed by the addition of 350 )..1. 1 of precipitation buffer, gently mixed 

then centrifuged ( 1 2 ,000 x g for I minute). The supematant was placed into a spin 

column and centrifuged ( 1 2,000 x g for 1 minute). The column was washed with 700 )..1. 1 

of wash buffer and centrifuged ( 1 2,000 x g for I minute). DNA was eluted from the 

column by the addition 70 )..1. 1 of TE buffer fol lowed by centrifugation ( 1 2,000 x g for I 

minute). DNA concentration was measured as described in Section 3 .7 .7 . 

3 .7.7 DNA quantification 

DNA concentrations were measured using the DNA quantitation kit, Fluorescence assay 

(S igma). The Fluorescence assay methods uses Bisbenzimide H 33258 ( H oechst 33258), 

which binds to AT sequences in the minor grove of double-stranded DNA. When excited 

at 360 nm, the fluorescence emission at 460 nm of the dye increases at a l inear rate over 

increasing DNA concentrations of l O  ng/ml to l O  )1g/ml .  A 2- 1 0  �t 1 al iquot of each 

standard or unknown sample was pipetted into 2000 )11  of the dye solution. The emission 

at 460 nm of each sample was measured using Spectrofluorometer (RF - 1 5- 1 ,  Shimadzu, 

Japan) Cal ibration curves were prepared against standard calf thymus DNA solutions. 
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Fig 3.7:  Cal ibration curve for D A estimation using Fl uorescence assay kit .  

3.7.8 DNA seq uencing 

1 200 

DNA sequencmg was perfonned usmg BigDye11ll fluorescent dye- label led tenni nators 

based upon the dideoxy chain tennination method (Sanger et al. , 1 977) by the A l l an 

Wilson Centre Genome Service at M assey Universi ty, Palmerston North .  Primers used 

for sequencing were synthesised by lnvitrogen ( Table 3 .4) .  
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4. 1 Introduction 

The bacterium Anoxybacillus flavithermus is a common contaminant of mi lk powder 

products and is characterized as a thermophi l ic, spore-forming, nonpathogenic baci l lus 

(Fl int et al. , 200 1 ;  Parkar et a!. , 200 1 ) . The bacteria are present natural ly at low levels in 

raw milk (Murphy et al. , 1 999) but can reach h igh levels in milk powder (> 1 05 CFU/g) in 

the final product. The growth of A. flavithermus in milk powder plants is bel ieved to 

occur as a biofilm, where low numbers of spores or poorly cleaned contaminated surfaces 

result in seeding of the next manufacturing run, enabling rapid biofilm development. 

Bacteria can be released from the biofi lm matrix,  resulting in heavy contamination of the 

product passing by; this i s  someti mes referred to as the biotransfer potentia l  of the 

biofi lm (Wirtanen et al. , 1 996). 

The first and most essential stage in any biofi lm development must be the initial 

attachment of bacteria to a surface, as all further biofilm development depends on the 

strength of the initial layer of cells .  The initial attachment stage has been described as a 

two step process by Marsha l l  et al. ( 1 97 1 ). Van der Waals forces, e lectrostatic forces and 

hydrophobic interactions are thought to dominate the initial attachment. In the second 

step, production of exo-polysaccharides or specific l igands such as pi l i  or fimbriae lock 

the bacteria onto the surface, requiring much greater physical or chemical energy to 

remove cel l s  from the surface. 

Many groups ( Hei lmann et ai. , 1 996; Cucarel la  et aI. , 200 1 ;  Mosoni et a!. , 200 1 )  have 

created attachment-deficient mutants to gain an understanding of those aspects of the 

bacterial cel l  surface involved in initial attachment. Mutant and non-mutant strains have 

been compared, using physiological and/or biochemical methods. I sogenic stains are 

commonly defined as genetical ly identical or originating from the same parental strain.  I n  

analyzing phenotypic trials they have been used in medical microbio logy t o  assign 

specific traits to important virulence factors in bacteria ( Feng et al. , 200 1 ;  Rayner et al. , 

1 995) .  One common method successfully used in both Gram positive and Gram negative 

bacteria to create attachment deficient mutants is the use of transposon insertion 
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mutagenesis (Hei lmann and Gotz, 1 998 and DeFlaun et aI. , 1 990) . This requires a large 

amount of screening to identify mutants with l imited abi l i ty to attach to surfaces .  Other 

groups have recorded and studied bacteria that have undergone spontaneous changes 

( Iwabuchi  et al. , 2003), or i solated bacteria from an environment where the abi l i ty of 

bacteria to attach to a surface may be an important survival mechanism (lucker et aI. , 

1 996). Mosoni et al. (200 1 )  used natural selection within a large population of 

Ruminococcus albus to isolate strains lacking the abi l i ty to attach to cellulose. 

The purpose of the present study was to isolate by natural selection a strain of A. 

flavithermus lacking the abi l i ty or having reduced abi l i ty to attach to stainless steel, from 

a large population of A. flavithermus strain B 1 2  isolated from milk powder having a 

stronger affinity for stainless steel compared with non-dairy isolates of A.  flavithermus. 

4. 2 Procedures 

4.2. 1  Isolation of mutant with reduced attachment to sta in less steel 

A culture of A. flavithermus strain B 1 2  was added to a glass burette column fi l led with 

stainless steel chips and the first aliquot col lected as described in Section 3 . 3 .  The culture 

was streaked to isolate a pure colony and then grown in a broth culture to mid-log phase, 

added to the stainless steel column and allowed to pass through again. This process was 

repeated six times ( Fig 4. I ) . A culture identified as X7 in reference to the number of 

times the culture passed through the column, was isolated and compared with B 1 2  on i ts 

abi l i ty to attach to stainless steel coupons as assessed by epifluorescence microscopy and 

impedance measurements. Attachment to glass and microtitre plates was also compared. 

4.2.2 Comparison of growth curves and Biochemical and RAPD profi les of 

B1 2 and X7 

B 1 2  and X7 cultures were compared by growth curves and abi l i ty to attach to stainless 

steel at the same time. Biochemical and RAPD profiles of B 1 2  and X7 were compared. 
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4.2.3 Attachment of dairy and non-dairy isolates of Anoxybacillus and 

Geobacillus strains to sta in less steel 

Dairy and non-dairy isolates of Anoxybacillus and Geobacillus were compared on their 

abi l i ty to attach to stainless steel,  using epifluorescence microscopy counts. 

I n itial B 1 2  cu lture Day 1 

C u ltu re added to col umn / 

Stainless �--wr..; 
steel chips 

-

First cel l  to pass 
through collected 

TSA at 55°C 

Grown to m id-log 
phase at 55°C in 

TSB 

i Isolated colony 
selected 

§ 
Streaked to purify 

TSA at 55°C 

Fig 4. 1 :  Summary of strategy used to isolate attachment deficient  mutant from culture 

8 1 2 . This process was repeated six times to produce the isolate Imown as X7,  

derived by selection of natural variants of culture 8 1 2 . 
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4. 3 Results 

4.3.1  Attachment of 812 and X7 to various surfaces 

4. 3. 1 . 1 A ttachment of 8 1 2  and X7 to stainless steel measured by 

epifluorescence microscopy count 

The epifluorescence microscopy count method ( Section 3 .4 . 1 )  employed to analyse the 

number of bacteria attach ing to stainless steel demonstrated that i solate X7 attaches to 

stainless steel at about I logl O  cm2 less than i ts parental strain B 1 2  (Fig 4 . 2  and 4 .3) .  

F i g  4 . 2 :  Epifluorescence microscopy count of strain B 12  attached to stainless steel (x400 

magnification, 5 .2 1 ± 0.02 log ) o  cel ls cm2) 

Fig 4.3 : Epifluorescence microscopy count of strain X7 attached to stainless steel (x400 

magnification, 3 .69 ± 0.24 log ) o  cel l s  cm2) 
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4.3. 1 . 2  Attachment to stainless steel by cultures of 8 1 2  and X7 measured by 

impedance 

To compare the abi l ity of B 1 2  and X7 to attach to stainless steel coupons, impedance 

measurements were made using a MiniTrac 4000 (Sy-Lab, Austria). Impedance measures 

chemical changes that occur in a medium due to metabolic activity of the bacteria as they 

multiply, thus impedance measures only the l ive cells attached to a surface. The standard 

curve for impedance is shown in Section 3 .4 .2 .  Strain B 1 2  attaches to stainless steel at 

levels about 1 0-fold higher than strain X7, with 5 .63 ± 0. 1 2  log ) o  ce l l s  per coupon (2 cm2) 

of B 1 2  attaching, compared with X7 at 4 .53 ± 0. 1 2  log ) o  cells per coupon. Errors 

represent the standard deviation from the mean of 3 repl icates. 
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4. 3. 1 . 3  Cumulative Percentage of Cells Collected Through Column 

To further compare the abi l i ty of B 1 2  and X 7  to attach to stainless steel, cul tures of B 1 2  

or X7 were added to a glass column containing stainless steel chips. Fractions containing 

eluted cel ls were then col lected and plated out to measure the number of cell s  collected 

( Section 3 .4 .3) .  A lmost 9% of the viable cel ls of X7 added to the column of stainless steel 

chips were col lected after pass i ng through the column. In contrast, less than 0.00 1 %  of 

the v iable cel ls  of B 1 2  were col lected after the cul ture was passed through the column 

( Fig 4.4). 

9,------------------------------------------------------, 

8 

1-- 812 1 
...... X7 

2 3 4 5 6 7 8 9 10 1 1  12 13 14 15 16 17 18 19 20 21 22 
Tube N umber 

Fig 4.4: Cumulative percentage of B 1 2  and X7 cells  col lected after passing through a 

column fil led with stainless steel chips. 
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4. 3. 1 . 4  Attachment of 8 1 2  and X7 to suspended stainless steel chips 

The mixing of washed stainless steel chips with plankatoni c  mid- log phase cultures of 

B 1 2  and X7 fol lowed by plate counts of samples removed after 5,  1 0  and 1 5  mi nutes 

reveal ed a change in the number of cel ls  present in the l iquid phase with up to 70 % of 

B 1 2  cells  attached to the suspended stainless steel chips, compared with 1 -2% of X7 cells  

attaching under the same conditions ( Fig 4.5 ). 

r=+=B12l 
� 

Fig 4.5: The attachment abi l i ty of B 1 2  and X7 cel ls  to suspended stain less steel chips by 

measuring the reduction of cells present in the suspended medium 
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4. 3. 1 . 5  Attachment of 8 1 2  and X7 to Glass measured by epifluorescence 

microscopy count 

The epifluorescence microscopy count method ( Section 3 .4. 1 )  was employed to analyse 

the number of bacteria attaching to glass demonstrated that isolate X7 attaches to glass 

s l ightly less than its parental strain B 1 2  ( Fig 4.6 and 4 . 7) . 

Fig 4.6: Epifluorescence microscopy count of strain B 1 2  attached to glass (x400 

magnification, 4 . 1 3  ± 0.08 log l o  cel l s  per cm2) 

Fig 4.7: Epi fluorescence microscopy count of strain X7 attached to glass (x400 

magnification, 3 . 78 ± 0.28 log l o  cells per cm
2) 
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4. 3. 1 . 6  A ttachment of 8 1 2  and X7 cultures to polystyrene plates 

The isolate X7 demonstrated reduced attachment to a flat-bottomed polystyrene 

microtitre plate compared with the original B 1 2  strain. Cultures of B 1 2  added to flat­

bottomed non treated polystyrene microtitre plates , washed and stained with crystal violet 

gave OD490nm readings of between 0.25-0.29. X7 on the other hand produced optical 

density readings of 0.08-0. 1 1 . Figure 4.5 represents the crystal-violet stained polystyrene 

plates with the top row representing the X7 reduced attaching strain and the fourth row 

representing the original B 1 2  strain. Al l  wells of X7 and B 1 2 , label led one to eight were 

loaded with equal volume and density of cel ls .  

o o r  X7 

Control 

Control 

8 1 2  

2 3 4 5 6 7 8 

Fig 4.8 : Attachment of B 1 2  and X7 cultures to non treated polystyrene microtitre plates 

stained with crystal violet. All  wel ls  of X7 and B 1 2 , label led 1 to 8 were loaded 

with equal volume and density of cel ls .  Control wells contained no cells .  
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4.3. 1 . 7 A ttachment of 8 1 2  and X7 cultures to plastic centrifuge tubes 

One observation made while working with cultures B 1 2  and X7, was the centrifugation 

patterns produced by B 1 2  and X7 cultures. Culture B 1 2  appears to demonstrate a greater 

abi l i ty to attach to the plastic wal l s  as indicated by the arrows in Figs 4 .9 and 4 .9A after 

centrifugation at 1 000 x g for 20 minutes in 500 ml and 40 ml plastic centrifuge tubes 

respectively. 

B 1 2  cells 
attached to 
tube wal l  

B 1 2  X7 

Fig 4.9: Two 500 ml plastic centrifuge tubes showing the abi l i ty of B 1 2  to attach to the 

plastic wall of the centrifuge tube compared with X7, during centrifugation at 

1 000 x g for 20 minutes. Culture supematant was left behind to provide 

contrast. 

B 1 2  cells 
attached to 
tube wal l  

8 1 2  X7 

Fig 4.9A: Two 40 ml centrifuge tubes h igh l ighting the abi l i ty of B 1 2  to attach to the 

plastic wal l of the centrifuge tube compared with X7, during centrifugation at 

1 000 x g for 20 minutes. 
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4.3.2 Growth curves and attachment of 8 1 2  and X7 

To compare the B 1 2  and X7 strains the need arose to exclude any possible differences in  

growth curves that could be  related to any metabolic differences between the two strains 

that could explain the observed disparity in attachment of cel l s  to stainless steel. 

Consequently, growth curves of B 1 2  and X7 (measured by optical density and viable 

counts) were compared over a 24 hr period, with samples being taken at 0, 2, 4, 5 ,  6, 7, 8 ,  

1 0, 1 2  and 24 hr intervals .  Little d ifference was noted between the optical density 

readings ( Fig 4. 1 0) of B 1 2  and X7 over the 24 hr period, which peaked after 8 hr of 

growth. There was also l i tt le difference between the 2 strains in the total viable count per 

ml  (Fig 4. 1 1 ) over the same time period. 

At the same time the abil ity of B 1 2  and X7 to attach to stainless steel coupons was 

assessed using impedance measurement (MiniTrac 4000) to measure viable cel l 

attachment rates and total cell attachment using epifluorescence microscopy. Both the 

impedance (Fig 4 . 1 2) and epi fluorescence microscopy ( Fig 4 . 1 3 ) demonstrated that the 

B 1 2  strain had a higher rate of cel l attachment to stainless steel than strain X7. It should 

be noted that the decreased attachment of viable B 1 2  cel ls to stainless steel (Fig 4. 1 2) 

after 1 0  hrs also coincided with a decrease in the optical density (Fig 4. 1 0) over a simi lar 

time period. 

Viable cell counts recorded low levels of viable cel ls after 1 0  hrs ( Fig 4 . 1 1 ) ,  but highest 

total numbers of cel l s  viable and dead attaching to stainless steel was also at 1 0  hrs as 

determined by epifluorescence microscopy ( Fig 4. 1 3 ) .  Therefore, i t  appears that 

attachment of B 1 2  and X7 to stainless steel does not require cel ls to be viable. 
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Fig 4. 1 1 :  Total viable count (planktonic cells) of B 1 2  and X7 cultures over 24 hour 

period 
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Fig 4. 1 3 :  Epitluorescence microscopy count of B 1 2  and X7 attached to sta inless steel 

coupons 

85 



Chapter 4. 0 - Isolation of isogenic strain X7 with reduced attachment . . .  

4.3.3 B iochemical and RAPD comparison of B 1 2  and X7 

4. 3. 3. 1 RAPD comparison of 8 1 2  and X7 

Random Amplified Polymorphic DNA (RAPD) profi les of B l 2  and X7 using OPR- 1 3  

primers, as reported by Flint et al. (200 1 A),  resulted in identical RAPD profi les (Fig 

4 . 1 1 ) suggesting the very l imited genetic variation between B l 2  and X7 . 

Band size 

(bp) 
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Fig 4. 1 4: RAPD profiles of B 1 2  and X7 cel ls .  Lanes 3 and 4 contain DNA amplified from 

B 1 2  and X7 respectively. Lanes 1 and 5 both contain 1 kb + ladder ( lnvitrogen). 

Lane 2 contains negative control .  
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4. 3. 3. 2  Morphology and biochemical test profiles of B 1 2  and X7 using API 

50CHB test strip 

B iochemical profi les of B 1 2  and X7 served two purposes in  this study, firstly to confirm 

that X7 is not an environmental contaminant with a very different biochemical pattern. 

The second purpose was to identify any biochemical differences that could be related to 

the reduced attachment phenotype of X7.  Cultures of X7 grown on TSA medium 

produced colonies that appeared to be identical to those of B 1 2 . Both strains observed 

under the microscope were Gram positive sporeforming rods simi lar in size, 2-5).lm long 

at 55°C.  The two isolates were tested using the API  50 C H B  biochemical test kits 

( LaBalme, Les Grottes, France) and produced identical biochemical profiles (Table 4. 1 )  

Table 4.1 Biochemical test profi les of B 1 2  and X7 cultures 

Culture or isolate 

Test 
B 1 2  

Glycerol -
Erythritol -
D-Arabinose -
L-Arabinose -
Ribose -
Amidon -
�-Methyl-d-Xyloside -
Galactose + 
Glucose + 
Fructose + 
Mannose + 
Sorbose -
Rhamnose -
Dulcitol -

Inositol -
Mannitol -
Sorbi tol -
a-Methyl-D-Mannoside -
a-Methyl-D-Glucoside -
N -Acetyl-glucosamine -
Amygdalin -
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X7 
-

-
-
-
-
-
-
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Table 4. 1 Biochemical test profi les of B 1 2  and X7 cultures (continued . .  . )  

Arbutin - -
Escul in  + + 
Salicin - -
Cel loboise - -
Maltose + + 
Lactose + + 
Melibiose - -
Sucrose + + 
Trehalose - -
Inulin - -
Melezitose - -
Raffinose - -
Starch + + 
Glycogen - -
Xylitol - -

Gentiobiose - -
D-Turanose + + 
D-Lyxose - -
D-Tagatose - -
D-Fructose - -
L-Fructose - -
D-Arabitol - -
L-Arabitol - -
Gluconate - -
2-Keto-G luconate - -
5-Keto-Gluconate + + 
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Attachment of dairy and non-dairy isolates of Anoxybacillus and 

Geobacillus stra ins to sta in less steel 

To compare the abi l i ty of dairy and non-dairy isolates to attach to stainless steel ,  several 

dairy and environmental isolates of Anoxybacilfus and Geobacillus, including B l 2  and 

X7 were assessed for their abi l ity to attach to stain less steel as outlined in section 3 .4 . l .  

Both dairy strains of A.  flavithermus (B I 2) and Geobacillus thermoleovorans (B I 3 ) 

attach at the rate of approximately 5-5 .5  log l O  cells cm2, o n  the other hand the non-dairy 

isolates attach at one or more log values lower per cm2 . The X7 variant of B 1 2  A .  

flavithermus has attachment abi l i ty to stainless steel simi lar to that of non-dairy isolates. 

o 

c; 
o -' 

6.-------------------------------------------------------� 

5 

4 

2 

o -l----'-----

D B  1 2  Anoxybacillus flavithermus 
IJnon-Dairy Anoxybacillus flavithermus 
• non-dairy Geobacillus thermoleovorans 

Cultures 

• X7 Anoxybacillus flavithermus 

o non-dairy Geobacillus stearothermophilus 
D B  13 Geobacillus thermoleovorans 

Fig 4. 1 5: Attachment of various Anoxybacillus and Geobacillus strains to stainless steel 

coupons. Error bars represent the standard deviation from the mean of 2 

repl icates. 

89 



Chapter 4. 0 - Isolation of isogenic strain X7 with reduced attachment . . .  

4.4 Discussion 

In an attempt to gain greater understanding of the attachment process of mi lk powder 

i solate A. flavithermus ( B  1 2) to stain less steel , it was considered important to select for 

an isolate or mutant of B 1 2  demonstrating reduced abi l i ty to attach. In the process of 

identifying what surface characteristics are important in bacterial attachment to surfaces, 

Hermansson ( 1 999) considered comparisons of an i sogenic strain with a parental strain 

may result in more consistent results and consequently l imit surface heterogeneity 

common when comparing between different species or strains from different 

environments. A selection process of passing a culture through a column of stainless steel 

chips was used to isolate a spontaneous isogenic mutant or variant strain of culture B 1 2  

with reduced abi l i ty to attach to stain less steel .  The process was repeated six times with 

the first fraction col lected that contained a viable bacterium cultured and then the isolate 

was recultured and placed back into a c leaned and steri l ized column for another round. 

The concept of isolating by natural selection a spontaneous mutant with reduced 

attachment to a substrate has been successfully reported before by Mosoni et al. (200 I )  

studying Ruminococcus albus attachment to cel lulose and by Kolenbrander ( 1 982) 

investigating Actinomyces spp co-aggregation. A more common and powerful method 

reported by many groups to produce attachment or adhesion deficient mutants is to 

subject the bacteria to transposon insertion mutagenesis (Hei lmann and Gotz, 1 998; 

Cucarel la et al. ,  200 1 ;  Espinosa-Urgel et al. , 2000). However, transposon insertion 

mutagenesis was not considered for this work due to the lack of a stable transposon 

suitable for thermophi l ic  baci l l i .  The i solate produced after seven times through the 

column in this study was label led X7, in reference to the number of times the culture 

passed through the column. Further work on X7 was undertaken to identify any possible 

phenotypic changes in  relation to attachment compared with i ts parental strain B 1 2 .  

Epifluorescence microscopy was init ial ly used to determine the abi l i ty o f  X 7  to attach 

compared with its parental strain B 1 2  using stainless steel coupons as the substratum, as 

previously reported by Flint et al. (2000) and Parker et al. (200 1 ) . The X7 isolate 

consistently demonstrated on the order of 1 logl o cm2 reduction in attachment to stainless 
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steel compared with the original B 1 2  strain ( Fig 4 .2 and 4 .3) .  Attachment o f  cel ls to 

stainless steel as measured by impedance, which measures only viable cell  attachment, 

also demonstrated that X7 attaches about I log l o cm2 less than its parental strain B 1 2 . 

One method to compare attachment rates of B 1 2  and X7 populations uti l ized a glass 

column fi l led with stainless steel chips, measuring the number of cel ls that were able to 

pass through the column compared with the original number of cells added. This al lows a 

comparison of the attachment abi l i ty of B 1 2  and X7 as a population. Again the X7 isolate 

displayed i ts reduced abi l ity to attach to stainless steel with about 9% of X7 population 

added being col lected after passage through the column, compared with B 1 2 , where less 

than 0 .00 1 %  of the added population was col lccted ( Fig 4.4). Another method measured 

the percentage of cel ls attaching to suspended stainless steel chips. Samples of 

suspending medium were removed at 5, 1 0  and 1 5  minute periods and the number of cells 

remaining compared with the number of cells present before the addition to the stainless 

steel chips. In this case 72% of B 1 2  cells attached to the stainless steel chips compared 

with less than I % of X7 cel ls (Fig 4 .5 ) .  

To compare the  attachment rates of B 1 2  and X7 to  a variety of surfaces, the abi l ity of 

bacterial cells to attach to glass and polystyrene microti tre plates was investigated. 

Results from the attachment of B 1 2  and X7 to glass suggest X7 attaches s l ightly less than 

i ts parental strain B 1 2 . The microti tre plate method has been used by several groups 

(Ziebuhr et al. , 1 999; Loo et al., 2000 and Arrizubieta et al. , 2004) in the past to identify 

isolates that demonstrate a reduced abi l i ty to attach to surfaces. The 96 wel l microtitre 

plate method can accommodate simultaneous tests on multiple samples. The microti tre 

plate method also produced results supporting the cpifluorescence microscopy evidence 

that the X7 isolate has a reduced abi l i ty to attach to surfaces compared with B 1 2  (Fig 

4 .8) .  An interesting and unexpected observation was that centrifuged cultures of X7 

formed a smal l  pellet at the bottom of the tube, compared with culture B 1 2  which 

appeared to attach to the side of the tube at a higher rate than X7 (Figs 4.9 and 4 .9A). 

The results companng the attachment abi l ities of B 1 2  and X7 to different substrates 

suggest the differences in the attachment abi l i ty of B 1 2  and X7 is universal to multiple 
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surfaces and not specific to attachment to stain less steel .  Iwabuchi et a!. (2003) reported 

that the addition of extracel lular polysaccharide ( EPS) from Rhodococcus EPS producing 

strain to non-EPS producing strains of Rhodococcus resul ted in reduced attachment to 

multiple surfaces .  In addition, the more hydrophobic spores of Bacillus cereus 

demonstrated a greater abi l i ty to attach to multiple surfaces then the less hydrophobic 

spores from Bacillus subtilis ( Fai l le et a!. , 2002). Thus changes in the surface 

characteristics of a bacteria can modify attachment to multiple surfaces 

In order to e l iminate the possibil i ty that differences in growth rate and/or total number of 

cel ls are responsible for the observed reduced attachment characteristic of X7, the growth 

characteristics of X7 and B 1 2  were compared. No obvious differences between the 

Optical Density and plate counts over the different growth phases of B 1 2  and X7 cultures 

were noted (Fig 4. 1 0  & 4. 1 I ), but at the same time throughout the various growth phases 

of X 7, a marked reduced abi l i ty of X7 to attach to stainless steel compared with culture 

B I 2  was noted. Of interest is the almost total non-viabi l i ty of the cultures after 1 2  hrs of 

growth (Fig 4. 1 1 ) . This is probably due to the decrease in the pH of the medium, which 

was pH 5 . 6  in TSB after 24 hrs. Also, the maximum ce l l  attachment measured by 

epifluorescence microscopy peaked at 1 0  hrs (Fig 4 . 1 3 ) suggesting that the cel l  

attachment process is not influenced by cel l  viabi l i ty, because by 1 0  hrs cell viabil ity had 

reduced by several logs. The reduction in attachment of B 1 2  shown in Fig 4 . 1 3  and 4 . 1 2  

general ly coincides with a reduction in the optical density of the culture shown in Fig 

4 . 1 0  and is  most probably associated with cell lysis as the culture enters the death phase 

of its growth curve. 

Analysis using APl  50C H B  biochemical test kits (Table 4 . 1 )  and RAPD ( Fig 4 . 1 4) for 

B 1 2  and X 7  were unable to distinguish between the cultures, suggesting that the only 

major difference between them is  the reduced abi l i ty of X7 to attach to surfaces 

compared with its parent strain B 1 2 . API  50CHB biochemical analysis was uti l i sed for 

two purposes, the first to make sure that the X7 isolate was not a contaminant unrelated to 

B 1 2 . The second purpose was to identify any biochemical changes demonstrated by X7 

compared with its parental strain B 1 2  that could be related to the lesser abi l i ty of X7 to 
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attach to surfaces .  RAPD analysis  o f  B l 2  and X 7  cultures using OPR- 1 3  primers as 

reported by Flint et al. (200 1 A) and Ronimus et al. (2003) resulted i n  identical RAPD 

profiles, providing evidence of the close genetic association between B 1 2  and X7. 

A companson of the abi l ity of dairy and non-dairy i solates of A.  jlavithermus and 

Geobacillus thermoleovorans to attach to stainless steel using epi fluorescence 

microscopy resulted in both dairy isolates demonstrating a greater abi l i ty to attach to 

stainless steel compared with non-dairy isolates (F ig 4. 1 5) .  This observation rai ses the 

suggestion that the dai ry i solates may have evolved within the dairy factory to a 

phenotype with higher affini ty to stainless steel .  Bakker et al. (2004) concluded that 

bacteria isolated from a given niche may well have adapted to that particular niche over 

time through selective pressures, including environmental detachment forces such as 

c leaning regimes. 

4. 5 Conclusion 

The selection process to produce a mutant of B 1 2  with lower abi li ty to attach to stain less 

steel resulted in the successful isolation of a strain label led X7 .  Strain X7 demonstrated a 

lower abi l i ty to attach to stainless steel coupons as measured by epifluorescence 

microscopy and impedance. X7 also displayed a lower capacity to attach to stain less steel 

chips and a lower abi l ity to attach to polystyrene microtiter p lates. 

The growth curves of B 1 2  and X7 were very simi lar and do not appear to explain the 

differences in attachment. 

B iochemical and RAPD analysis could not distinguish between B 1 2  and X7, strongly 

suggesting that the natural selection process successful ly resulted in  the i solation of a 

mutant strain of B 1 2  that demonstrates a lower abi l i ty to attach to surfaces than the 

parental strain. 

Lastly, one other key aspect of mutant X7 is  that i t  is  a stable phenotype that can be sub­

cultured and duplicate the same phenotype. 
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5. 1 Introduction 

Chapter 5. 0 - Cell Surface Properties of 812 and X7 

The interaction between a bacterial surface and any substratum is mediated by multiple 

attachment mechanisms. Factors involved may include electrostatic interactions (Jucker 

et al. , 1 996), cel l  surface hydrophobicity ( Husmark & Ronner, 1 992; van Loosdrecht et 

al. , 1 987 A), cel l  surface proteins (F l int et al. , 1 997 A; Cucarel la et al. , 200 1 ;  Hei lmann et 

al. , 1 996) and surface polysaccharides (Fletcher & Floodgate, 1 973;  Lewis et al. , 1 989) . 

Specific surface structures, such as flagella, may also be involved in the attachment 

process ( Klausen et al. , 2003) .  Other aspects not related to the genetic make up of the 

individual bacterial cell, but which can influence attachment rates, inc lude convective 

mass transport (Yang et al. , 1 999), nutritional conditions (O'Toole & Kolter, 1 998), pH 

( Poortinga et  al. , 200 1 ), ionic strength (van der Wal  et  al. , 1 997; Cowel l  et  al. , 1 998) and 

even cel l  preparation protocols ( Pembrey et al. , 1 999). 

The physico-chemical characteristics of the substratum such as surface free energy, 

surface charge, hydrophobicity and roughness ( Pereni et aI. , 2006) as well  as adsorption 

of organic molecules or conditioning film ( Speer & Gi lmour, 1 985)  are a lso thought to 

play a role in bacterial attachment. Several, or all, of these mechanisms must act in some 

way to mediate attachment of bacterial cells; the problem remains the difficulty of 

isolating each individual factor that may be involved in attachment and then being able to 

manipulate each factor to understand its role in the attachment process. 

In order to gain a greater understanding of attachment process, cel l  surface characteristics 

of the parent strain B 1 2  were compared with the isogenic mutant strain X7 isolated from 

a B 1 2  culture, having a phenotype demonstrating reduced abi l i ty to attach to surfaces .  

Hermansson ( 1 999) suggested that i sogenic mutant strains might be best  employed in 

relating cel l  surface characteristics to cell attachment, thus avoiding species-to-species 

heterogeneity of  the cel l surface. Characteristics to be studied for their effects on 

attachment inc lude surface charge; hydrophobicity; pH;  surface proteins, carbohydrates 

and DNA. 
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5. 2 Procedures 

Chapter 5. 0 - Cell Surface Properties of B 12 and X7 

l .  To conduct TEM investigations on B 1 2  and X7 cells to observe any physical  

differences in surface between the two strains, unstained and stained with 

ruthenium red (refer section 3 . 5 . 3 )  

2 .  To identify any components present in B 1 2  and X7 culture supematant that may 

h inder or increase attachment by mixing B 1 2  cel ls with X7 supematant and X7 

cells wi th  B 1 2  supematant and then monitoring the abi l i ty of each culture to 

attach (refer section 3 . 5 .4) .  

3 .  To measure the surface charge of B 1 2  and X 7  cells .  

(a) Measure zeta potentials of B 1 2  and X7 cells over pH range 2 to 8,  using 

ZetaSizer electrophoretic mobi l i ty measurements (refer section 3 .5 .6 . 1 ) . 

(b) M easure surface charge of B 1 2  and X7 cel ls by Electrostatic interaction 

Chromatography (E IC)  using anionic ( Dowex AG 1 -8x 1 00-200 mesh) or 

cationic ( Dowex AG 50W -X8 1 00-200 mesh) exchange resins (refer 

section 3 .5 .6 .2) .  

4 .  To observe the effect of pH on attachment of B 1 2  and X7 to stainless steel 

coupons (refer section 3 . 5 .6 .3)  

5 .  To determine ce l l  surface hydrophobici ty of B 1 2  and X7 using MA TH and H IC 

(refer sections 3 . 5 . 5 . 1 and 3 . 5 . 5 .2) .  

6 .  To  observe the effect of increased surface hydrophobici ty on  the attachment of  

B 1 2  and X7 compared with un  coated glass by  using Sigmacote coated glass (refer 

section 3 . 5 . 5 .3 ) .  
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7 . To detennine the influence of surface protein removal on the attachment of B 1 2  

and X 7  to stainless steel coupons (refer section 3 . 5 .9) 

8 .  To  detennine the influence of  polysaccharide removal on  the attachment of  B 1 2  

and X 7  to stainless steel coupons and to detem1ine the amount of EPS produced 

by each strain, in addition to comparing the monosaccharide composition of 

isolated EPS by HPLC (refer sections 3 . 5 . 1 0, 3 . 5 . 1 1 and 3 . 5 . 1 2). 

9. To detennine the influence of surface DNA removal on the attachment of B 1 2  and 

X7 to stainless steel coupons (refer section 3 . 5 . 1 3 ) . 

1 0 . To study the effect of removal of cell surface proteins and EPS on surface charge 

and hydrophobicity of B 1 2  and X7 . 
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5. 3 Results 

Chapter 5. 0 - Cell Surface Properties of 8 1 2  and X7 

5.3 .1  Transmission Electron Microscopy of 8 1 2  and X7 cells 

Transmission electron micrograph images of intact B 1 2  and X7 cel ls  and Ruthenium red 

(anionic polysaccharide stain) stained cel ls of B 1 2  and X7 were simi lar with no obvious 

structural differences in the cell wal l ,  as highl ighted by the red arrows in Fig 5 . 1 .  

B 1 2  cells 

X7 cells 

Ruthenium 

Red 

Fig 5. 1 :  Transmission electron micrographs of intact B 1 2  and X7 cells and Ruthenium 

red stained cel ls of B 1 2  ( label led A) and X7 ( label led B). Red arrows point to 

outer layer of cell wal l .  
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5.3.2 Supern ata nt exchange a n d  the effect on attach ment of 8 1 2 and X7 

to stain less steel coupons. 

The effect of treating centrifuged X7 cells with B 1 2  cul ture supernatant (cel ls removed 

by centrifugation) and treating centrifuged B 1 2  cells with X7 cul ture supernatant was 

investigated. After mixing the cel ls and supernatant fluids, the suspensions were 

incubated for 20 minutes at 55°C. The abi l ity of each strain to attach to stainless steel was 

assessed by epifluorescence microscopy (Section 3 .4 . 1 ) . Incubation of X7 cells in B 1 2  

culture supernatant and B 1 2  cells in X7 culture supernatant resulted in no obvious change 

in the number of the cel ls attached to stainless steel. 
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Fig 5.2: Supernatant exchange of B 1 2  and X7 and the effect on attachment to stainless 

steel coupons. Error bars represent the standard deviation from the mean of 3 

replicates .  
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5.3.3 Surface Charge of 81 2 and X7 cel ls 

5. 3. 3. 1 Zeta potential 

The electrophoretic mobi l ity of strains B 1 2  and X7, measured at pH values between 2 

and 8 and expressed as zeta potentials, are shown in Fig 5 . 3 .  Both strains show a decrease 

in zeta potential with increasing pH,  representative of the pH-dependent charge at the 

bacterial surface. Both strains have a similar isoelectric point of about pH 4, but strain 

B 1 2  has a lower zeta potential (greater negative charge) than X7 over the pH range 6-8. 
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Fig 5.3: Zeta potentials of strains B 1 2  and X7 as a function of pH . Error bars represent 

the standard deviation from the mean of 3 repl icates. 
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5. 3. 3. 2 Electrostatic Interaction Chromatography 

Both strains ( B  1 2  and X7) indicated a greater interaction and thus retention with the 

anionic exchange resin (functional group R-CH2N+(CH3)3 )  than with the cationic column 

(functional group R-S03l Figure 5 .4 indicates that both strains have net negative charge 

at pH 7 .  Strain B 1 2  demonstrated a h igher retention rate to anionic resin at 5 1  % 

compared with X7 at 1 4% retention. 

Dsow.x8 (R·S03)- .AG1 -X8 (R-CH2N+(CH3)3) 
60 r-----------------------------------------------------------� 
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.!: 40 
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c: 
� ., 
D:: 
-;;e. 20 

10 

812 X7 
812 & X7 at pH 7 

Fig 5.4: Proportion of B 1 2  and X7 cells retained on anIOnIC (functional group R­

CH2N+(CH3)3 • ) and cationic ( functional group R-S03- D ) exchange resins at 

pH 7 . Error bars represent the standard deviation from the mean of 3 repl icates. 
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5. 3. 3. 3 Effect of pH on a ttachment of B 12 and X 7  to stainless steel coupons 

The effect of pH on the abi l ity of strains B 1 2  and X7 to attach to stain less steel ,  as 

measured by epifluorescence microscopy, is shown in Fig 5 . 5 .  As the pH of the 

suspending medium decreased from pH 7.2 to 3 .0  X7 showed a greater abi l i ty to attach .  

B 1 2  showed neither a increase or  decrease in attachment over the same p H  range. 
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Fig 5.5: Effect of pH on attachment of B 1 2  and X7 to stainless steel coupons as 

measured by epifluorescence mlcroscopy. Error bars represent the standard 

deviation from the mean of 3 repl icates. 

1 03 



Chapter 5. 0 - Cell Surface Properties of B 1 2  and X7 

5.3.4 Hydrophobicity of 8 1 2  and X7 

5. 3.4. 1 Determination of cell surface hydrophobicity using Microbial Adhesion to 

Hydrocarbons (MA TH) 

The percentage hydrophobici ty of strains B 1 2  and X 7  increased at higher ionic strength, 

in this case NaCI .  At lower ionic strengths (0 M and 1 M NaCl) ,  the hydrophobicity of 

B 1 2  and X7 are s imi lar, but at higher ionic strengths (2 M-4 M NaCl) ,  B 1 2  is more 

hydrophobic that X7 (F ig  5 .6) .  The hydrophobicity is expressed as % hydrophobicity = 

( Aa-A I )/ Aa x l  00. Where Aa = O D  of the bacterial suspension before mixing with 

hexadecane and A I = O D  of the bacterial suspension after mixing with hexadecane. 
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Fig 5.6: Percentage hydrophobicity measurements of strains B 1 2  and X7 using M A  TH 

test over i ncreasing ionic strengths. Error bars represent the standard deviation 

from the mean of 3 repl icates. 
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5. 3. 4.2 Determination of cell surface hydrophobicity using Hydrophobic 

Interaction Chromatography 

As the ionic strength of the suspending fluid increased, the hydrophobicity of strains B 1 2  

and X7 diverged; at higher ionic strengths strain B 1 2  demonstrate a higher 

hydrophobicity than X7 (Fig 5 .7) .  The hydrophobicity is expressed as % absorption = 

(Ao-AI )/Ao x l OO .  Where Ao = OD of a Yt dilution of the original bacterial suspension. A I  

= O D  o f  the bacterial suspension eluted from the column. 
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Fig 5.7: Percentage absorbance measurements of strains B 1 2  and X7 using H Ie test over 

increasing ionic strengths. Error bars represent the standard deviation from the 

mean of 3 replicates. 
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5. 3. 4 . 3  Attachment of 8 1 2  and X7 to glass and Sigmacote coated glass 

The role played by hydrophobicity in the attachment of B 1 2  and X7 was investigated by 

coating glass s l ides with Sigmacote® to increase surface hydrophobicity as previously 

reported by Krylov and Dovichi ,  (2000) . The electrostatic interactions between surface 

and bacterial surface were modified by increasing NaCl concentration in the suspending 

medium. Overal l ,  the more hydrophobic S igmacote covered surface appeared to cause a 

s light increase in the attachment of both strains. X7 demonstrated an increased 

attachment to the more hydrophobic surface as the ionic strength of the suspending 

medium increased from 0 M NaCI to 4 M NaCI. 

4.5 

'0 3 
t 

'" 
E " z 
� 2.5 
g' 

..J 

1 .5 

OM 1 M  2M 

NaCI cone in Moles 

3M 4M 

O B1 2  Glass 
. B1 2Sigma 
O X7Sigma 

OX7 Glass 

Fig 5.8: Attachment of B 1 2  and X7 to Sigmacote coated and un coated glass with 

increasing ionic strengths .  Error bars represent the standard deviation from the 

mean of 3 repl icates. 
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Chapter 5. 0 - Cell Surface Properties of 8 1 2  and X7 

5.3.5 Attachment of 8 1 2  and X7 cells to sta in less steel coupons 

fol lowing disruption of surface proteins by various methods. 

Cell suspensions of 8 1 2  treated with 0 . 1 % of the protease trypsin attached to stain less 

steel at concentrations about 1 logl o cm
2 

lower than untreated B 1 2  cel ls .  Treatment of X 7  

cells with 0 . 1 % trypsin resul ted in about a 0 .5 logl o cm
2 

reduction in the attachment of 

X7 to stainless stee l ,  ( Fig 5 .9). 

Acid-Glycine treatment of cell suspensions of B 1 2  resulted in a 0.8 log l o cm2 reduction in 

the abi l i ty of B 1 2 to attach to stainless steel (Fig 5 .9) while the same treatment caused 

only a s l ight reduction in the attachment of X7 . 

Lysozyme treatment of cel l suspensions of B 1 2  resulted in a 1 . 1  10glO  cm2 reduction in 

the attachment of B 1 2  to stainless steel ,  but only a s l ight reduction in  the attachment of 

X7 (Fig 5 .9) .  

Treatment of cel ls  with 5 M Lithium Chloride ( LiCb) to remove surface proteins caused 

no obvious reduction in the number of B 1 2  or X7 cel ls attaching to stainless steel ( Fig 

5 .9). 
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B12 X7 
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Fig 5.9: The attachment of B 1 2  and X7 to stain less steel fol lowing disruption of surface 

proteins .  Error bars represent the standard deviation from the mean of 3 

replicates. 
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5.3.6 Surface Carbohydrates of 8 1 2  and X7 

5. 3. 6. 1 The effect of acidified Sodium metaperiodate on attachment of 8 1 2  and 

X7 to stainless steel coupons. 

Treatment of cell suspensions of B 1 2  and X7 with acidified sodium metaperiodate, to 

disrupt polysaccharides appeared to have no effect on the abi l i ty of either B 1 2  or X7 to 

attach to stainless steel (Fig 5 . 1 0) .  These results may be interpreted as showing that 

surface polysaccharides play a minimal role if any in the initial attachment of B 1 2  and X 7  

strains to  stainless steel. 
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Fig 5. 1 0: Attachment of B 1 2  and X7 to stainless steel following treatment with acidified 

Sodium metaperiodate to remove surface carbohydrates. Error bars represent the 

standard deviation from the mean of 3 repl icates. 
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5. 3. 6. 2 Analysis of extracellular polysaccharide (EPS) from 8 1 2  and X 7  

EPS recovered from standardized cel ls suspensions of B 1 2  and X7 as  described in section 

3 . 5 .9  was quantitated. 80th strains were found to produce simi lar amounts of EPS with 

B 1 2  cells producing 0.059 Ilg dextran units per 1 08 cells per ml, S .D .  of 0.0058 and X7 

cells producing 0.057 Ilg dextran units per 1 08 cel ls  per ml,  S .D .  of 0 .0024. 

To determine the monosaccharide content of isolated EPS from 8 1 2  and X7 cultures, the 

isolated EPS was hydrolyzed with 1 M sulphuric acid and the resulting monosaccharides 

separated by HPLC.  There appear to be no obvious differences in the monosaccharide 

composition of EPS from B 1 2  and X7 cultures ( Figs 5 . 1 1 and 5 . 1 2) .  In an attempt to 

identify the peaks label led 1 and 2 present in Figs 5 . 1 1  and 5 . 1 2, 1 %  solutions of the 

fol lowing monosaccharides were used as markers: glucose, arabinose, galactose, 

rhamnose, man nose and Xylose (see Appendix A 1 for monosaccharide marker 

chromatographs).  Only peak 2 (9.8 1 minutes) matched the monosaccharide glucose (9 .76 

minutes) according to their relative retention times. However, peak 1 (9 .2 1 minutes) 

could not be identified using the monosaccharide markers mentioned above. 
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Fig 5. 1 1 : Monosaccharide composition of EPS isolated from strain 8 1 2  digested by 

Sulphuric acid and analysed by HPLC. 
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Fig 5. 1 2 : Monosaccharide composition of EPS isolated from strain X7 digested by 

Sulphuric acid and analysed by H PLC. 
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Chapter 5. 0 - Cell Surface Properties of B 1 2  and X7 

5.3.7 Effect of DN ase I on attach ment of 8 1 2 and X7 to stai n less steel 

cou pons 

Treatment of B 1 2  and X7 cel ls  with DNase I caused no apparent reduction with respect to 

control untreated cell s  in their attachment to stainless steel (Fig. 5 . 1 3 ) .  
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Fig 5. 13 : Attachment of B 1 2  and X7 to stainless steel following treatment with DNAase I 

to remove surface associated DNA. Error bars represent the standard deviation 

from the mean of 3 repl icates. 

1 1 2 
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Chapter 5. 0 - Cell Surface Properties of 812 and X7 

Effect of various treatments on surface charge of 8 1 2  and X7 as 

measured by E lectrostatic I nteraction Chromatography. 

Removal of surface proteins by trypsin increased the negative charge ( increased 

adsorption to anionic resin, R-N+(C H3)3) of stain X7, but had little effect on the positive 

charge of either B 1 2  or X 7  (adsorption to cationic resin, R-S03- ) .  However, B 1 2  and X7 

cel ls treated with acid-glycine to remove surface proteins and sodium metaperiodate to 

disrupt surface carbohydrates demonstrated a greater posit ive charge (adsorption to 

cationic resin, R-S03- )(Fig 5 . 1 4) .  
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Fig 5 . 14 :  Effect of Trypsin, Acid-glycine and Sodium metaperiodate treatment on surface 

charge of B 1 2  and X7 cel ls as measured by Electrostatic Interaction 

Chromatography. 
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5.3.9 Effect of various treatments on hydrophobicity of 8 1 2  and X7 as 

measured by Microbial  Ad hesion to Hydrocarbons 

The hydrophobic ity of B 1 2  and X7 cel ls appears to be influenced by surface proteins, as 

Trypsin and acid-glycine treatments of B 1 2  and X7 cel ls reduced the hydrophobicity of 

both strains, with trypsin causing the greatest reduction in hydrophobicity compared with 

untreated cel ls .  M easured hydrophobicity increased with increasing ionic strength of the 

suspending medium. In contrast, sodium metaperiodate treatment neither decreased nor 

increased hydrophobicity, suggesting that surface carbohydrates of B 1 2  and X7 have no 

effect on surface hydrophobicity .  
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Fig 5. 1 5 : Effect of Trypsin, Acid-glycine and Sodium metaperiodate treatment on 

Hydrophobicity of B 1 2  and X7 cell s  as measured by MATH (Microbial 

Adhesion to Hydrocarbons) in the presence 1 ,  2,  3 or 4 molar concentrations of 

NaCI .  
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5.4 Discussion 

Chapter 5. 0 - Cell Surface Properties of B 12 and X7 

In  this chapter, bacterial cel l  surface properties affecting attachment of strains B 1 2  and 

X7 were studied in order observe any differences between the two strains that could be 

associated with the greater propensity of B 1 2  to attach to stainless steel compared with 

that of X7.  

To compare and contrast the surface structures of B 1 2  and X7,  ce l ls  were viewed by 

transmission electron microscopy (TEM) with and without Ruthenium red staining. The 

anionic polysaccharide dye Ruthenium red has been reported in the past (Hood & Zottola, 

1 988;  Gutierrez-Gonzalvez et al., 1 986) as a stain for surface anionic polysaccharides of 

bacteria that can be viewed under TEM conditions. No differences in cell wall  structure 

were observed between the two strains. This suggests that the observed reduced 

attachment of X7 to stainless steel compared with the parental strain B 1 2  cannot be 

associated with any major structural change to the cell wal l or surface polysaccharides 

that can be seen using TEM.  

Incubation of X7 cel ls in  the supematant of centrifuged B 1 2  culture resulted in no  

increase in  the abi l ity of  X7 to  attach to  stainless steel .  The  incubation of  B 12  cells in the 

supematant of centrifuged X7 culture also resulted in no change of the abi l ity of B 1 2  to 

attach to stainless steel (Fig 5 .2) .  This work was undertaken in an attempt to identify any 

components that may dissociate from the surface of B 1 2  during the l i fe of the culture and 

reside in the culture supematant and play an important part in the abi l ity of B 1 2  to attach 

to stainless steel. What these surface components might be can be only speculated upon, 

but S-Iayer proteins are often non-covalentiy  attached to the cel l  walls of Gram-positive 

bacteria and have the intrinsic abi l i ty to assemble into ordered two-dimensional 

crystal l ine structures. The functions of S-Iayer proteins sti l l  remain to be total ly 

elucidated (Claus et al. , 2005), but they are thought to inc lude adhesion sites for cel l wal l  

associated exoenzymes (Sara & S leytr, 2000) and have been confirmed as  mediating 

attachment of Lactobacillus brevis to human epithelial cells ( H yn6nen et al., 2002). 

Extraction and analysis of S-Iayer proteins by SOS-PAGE may help identify the possible 
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invo lvement of S-Iayer proteins in  the attachment of B 1 2  and X7 to stainless steel .  The 

potential for X7 to produce a surface component that inhibits attachment appears 

unl ikely, as X7  culture supematant had no effect on the abi l i ty of B 1 2  to attach to 

stainless steel .  

Surface charge i s  considered t o  be important i n  the abi l i ty o f  bacteria to attach to surfaces 

(Briandet et al. , 1 999; Ukuku & Fett, 2002; Dickson & Koohmaraie, 1 989; Van 

Loosdrecht, 1 987).  In thi s study, two methods were employed to analyse surface charge: 

Zeta potential and E IC .  The Zeta potential of bacterial cells is calculated from the 

mobi l i ty of the bacterial cel ls in an electrical field under defined salt concentration and 

pH and has been used by many groups to define overall  charge of the bacterial cell 

surface (J ucker et al., 1 996; Groenink et al. , 1 998;  Wilson et al. ,  200 1 ;  Parkar et al., 

200 I ). Over various pH ranges, in this case pH 2-8, the Zeta potential of bacterial cells 

can be expected to change, as the pH of the suspending medium influences the 

dissociation of acidic groups such as carboxyl, phosphate and amino groups as well as 

basic  groups found on a bacterial surface (Wal et al. , 1 997) .  A comparison of the zeta 

potentials of B 1 2  and X7 cel l s  showed that at increasing pH values (pH 6-8), B 1 2  cel ls  

are more electronegative than cells of X7 (Fig 5 . 3 ), but in  the pH range of 2-5 8 1 2  and 

X7 demonstrate very s imilar zeta potentials with an i soelectric point of about pH 4. 

Several groups have used the EIC method in the past to measure charge on the surface of 

bacteria (Dickson & Koohmarare, J 989; Jones et al., 1 996; Peng et al. , 200 1 ). The E IC 

values of B 1 2  and X7 cel ls suggest that at pH 7, B 1 2  cel ls have a greater negative charge 

than X7 cel ls (Fig 5 .4). This result coincides with the zeta potential measurements that 

also suggested that B 1 2  cells have a greater negative charge than X7 cel ls at pH 7. 

Although B 1 2  and X7 cel ls showed a relatively low affinity for cationic resin ( less than 

1 0%), Jones et al. ( 1 996) reported that some isolates of S. epidermidis exhibi ted a h igh 

retention for both anionic and cationic resins, suggesting there may be local ized regions 

of positively charged and negatively charged molecules on the surface of the bacterial 

cel l .  Zeta potential measurements in compari son measure only net charge of bacterial 

cel ls and not the ratios of negative to positive charge regions on a cel l  surface as in E IC.  
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I n  general, most bacterial surfaces have a net negative charge at neutral p H  (Rijnaarts et 

al. , 1 999), but exceptions do exist (Jucker et al. , 1 996). Several groups have reported that 

s tainless steel also has a negative zeta potential over the pH 6-8 range (Fukuzaki et al. , 

1 995 ;  Boulange-Petermann et ai. , 1 995) .  Thus negative bacterial and stainless steel 

surface charges are l ikely to cause repulsion between the bacterial cell and stainless steel .  

On this basis, strain B 1 2  might be expected to attach less than X7.  That the opposite is  

observed suggests that bacterial surface charge i s  not an important factor in the abi l i ty of 

A noxybacillus flavithermus to attach to stainless steel. Other groups have also reported no 

correl ation in zeta potential and attachment to stainless steel (Parker et aI., 200 1 ;  Fl int et 

al. , 1 997 A) demonstrating that attachment cannot be explained solely by surface charge. 

The electrostatic repulsion between stainless steel and bacterial  cel l s  may be overcome by 

non-electrostatic interactions, such as van der Waals forces, hydrophobic interactions 

and/or steric interactions. Boulange-Petermann et af. ( 1 995)  noted that the zeta potential 

of stainless steel could vary with surface adsorption of ions such as chloride and 

phosphate at the solid/l iquid interface resulting from different surface treatments. 

Further, they suggested that the zeta potential of stainless steel may not be an intrinsic 

surface parameter, but be dependent upon surface treatments and/or c leaning regimes, as 

well as the obvious pH and ionic strength of the suspending medium. Consequently, 

different pH values may affect the surface charge of stain less steel as wel l as the bacterial 

surface charge. 

Changing the pH of the suspending medium resulted in no major change in the abi l i ty of 

B 1 2  to attach to stainless steel over the pH range 3-7 .2 .  However as the p H  of the 

suspending medium lowered, strain X7 demonstrated a greater abil ity to attach to 

stainless steel ( Fig 5 .5 ) .  The observed increase may be due to the suspending medium 

moving toward the isoelectric point of strain X7; Husmark and Ronner ( 1 990) reported 

Bacillus cereus spores showed maximum attachment to surfaces at their isoelectric point 

(pH 4).  Lindsay et al. (2000) also reported dairy-associated Bacillus spp showing 

enhanced attachment to surfaces at pH 4. 
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Hydrophobic interactions are also thought to play a role in attachment ( Peng et aI., 200 1 ;  

Gi lbert et aI., 1 99 1 ;  Liu et al. , 2004; Iwabuchi  et al. , 2003).  Two methods were employed 

to measure the hydrophobicity of strains B 1 2  and X7:  Hydrophobic interactive 

chromatography ( H IC) and M icrobial adhesion to hydrocarbon (MA TH) ( Mozes and 

Rouxhet, 1 987) .  Overa l l  the two methods indicated that B 1 2  cel ls are general ly more 

hydrophobic that X7 cel l s  at high salt concentrations. 

In the M ATH test ( Rosenberg et al. , 1 980), the choice of organic phase i s  important, as 

some organic phases can destroy the surface of the bacteria. Flint et al. ( 1 997 A)  used 

xylene as the organic phase in the MA TH test, but in the present study, xylene was found 

to cause cel l lysis, giving a false indicator of hydrophobicity, so hexadecane was used as 

an organic phase instead. One concern over the validly of the MA TH test is the possible 

interplay between hydrophobic and charge properties involved in the MA TH test. 

Ahimou et al. (200 1 ) ; Busscher et al. ( 1 995)  and Van der Mei et af. ( 1 993) have a l l  

expressed concern over the use of the MA TH test without minimizing electrostatic 

interactions. Busscher et al. ( 1 995) reported that hexadecane, the most commonly used 

hydrocarbon to measure hydrophobici ty, has a zeta potential in water of between -50 and 

-80 m V at neutral pH .  To overcome the potential interference of electrostatic interactions 

in the MA TH test, Doyle (2000) suggested the use of high ionic strength conditions or 

cel l s  suspended in medium at a pH equal to the isoelectric point of the bacterial cel l s .  

In  the  study reported here, the M ATH test was performed using cel l s  suspended in 

solutions of 0 M,  I M,  2 M,  3 M and 4 M NaCI as a modified version reported by 

Wiencek et al. ( 1 990). The results imply that B 1 2  has a h igher surface hydrophobicity 

than X 7  (Fig 5 .6), but this difference occurred only at high levels of NaCI (2  M, 3 M and 

4 M), apparently confirming the importance of reducing the e lectrostatic interaction when 

using the MA TH as reported by Ahimou et af. (200 1 ); Busscher et al. ( 1 995)  and Van der 

Mei et al. ( 1 993 ) .  

H IC involves the interaction of bacterial cel l s  with a hydrophobic column, in th is  case 

phenyl-sepharose, with cel l s  demonstrating high hydrophobicity being retained in the 
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column and cel l s  with low hydrophobicity being eluted. The percentage of retained cells 

gives an indication of the hydrophobici ty of the bacteria. 

H IC tests were performed on strains 8 1 2  and X7 using suspending media of increasing 

ionic strengths of NaCI as in the MA TH test. The results again indicated that strain 8 1 2  

has a greater surface hydrophobicity than strain X7 in the presence of h igher 

concentrations of NaCI (Fig 5 .7) .  The results of the present study are simi lar to those of 

Smyth et al. ( 1 978),  who demonstrated that, using H IC at h igher ionic strengths of N aCI,  

the differences in  hydrophobicity between E. coli K88 negative and E. coli K88 positive 

strains were more pronounced. 

The use of NaCl concentrations in MATH and H IC wil l  cause a reduction in the thickness 

of the double  electric layer around a bacterial cell (Tomlinson et aI., 2007) reducing the 

effect of electrostatic interactions. However, the use of an isogenic mutant (X7) 

compared with the parental strain ( 8 1 2) wil l  l imit heterogeneity of the cell  surface that 

could be observed when comparing different species ( Hermansson, 1 999) . Therefore, the 

results presented in this study suggest some differences in the cel l  surface characteristics 

of 8 1 2  and X7, resulting in a change in the hydrophobicity measurements between the 

two strains. 

The role played by the hydrophobici ty of the substratum surface in the attachment of 

strains B 1 2  and X7 to surfaces was assessed by coating glass with S igmacote. The 

addition of Sigmacote to the surface of glass is an example of a si lanization surface 

modification, reSUlting in an increase of substratum surface hydrophobicity to equal that 

of the hydrophobic surface polystyrene ( Krylov & Dovichi, 2000) . The presence of 

Sigmacote on the glass surface resulted in no increase in attachment of stain 8 1 2 . Strain 

8 1 2  also demonstrated a greater attachment to glass (hydrophil ic) surfaces than X7. Liu 

et al. (2004), however, reported that a microbial cell with high surface hydrophobicity 

could help cel l  attachment to both hydrophobic and hydrophi l ic surfaces. I ncreasing ionic 

concentration, from 0 M to 1 M NaCI resulted in  a slight increase in the attachment of 

8 1 2  to both glass and Sigmacote surfaces and X7 to Sigmacote glass, implying that once 
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surface charge is suppressed, hydrophobicity may play a role in attachment of both B 1 2  

and X7. 

Many researchers have pointed to the role played by surface proteins in  the attachment of 

bacteria to surfaces (Cucarella et al. , 200 1 ;  Paul and Jeffrey, 1 985;  Heilmann et al. , 

1 996). Fl int et al. ( 1 997 A) reported that surface proteins of thermophi l ic streptococci are 

important in attachment to stainless steel, with trypsin or sodium dodecyl sulphate (SOS)  

treated ce l l s  demonstrating a WO-fold reduction in the number of bacteria attaching. 

Parkar et al. (200 1 ), working with cel l s  of thermophi l ic baci l l i ,  also demonstrated that 

vegetative cel ls treated with trypsin or SDS exhibited decreased attachment to stainless 

steel .  

M ethods employed to disrupt or remove surface proteins from bacterial cel ls  vary from 

group to group. Flint et al. ( 1 997 A) employed trypsin and SOS to remove surface 

proteins, resulting in the reduced abi lity of thermophilic streptococci to attach to stainless 

stee l .  SOS was not used in the present study because of the high rate of cell lysis 

observed when cells were exposed to 1 -2% SOS.  Trypsin treated cells of strains B 1 2  and 

X7 both demonstrated a decrease in attachment to stainless steel ,  suggesting the 

importance of surface proteins in the attachment process. 

Acid-glycine surface extraction involves exposing cel ls to 0.2 M glycine at pH 2 .2  and 

has been used by Calabi et al. (2002) to extract surface layer proteins from Clostridium 

difficile. Acid-glycine has also been used by several groups to extract surface proteins 

from various Campylobacter species ( Oubreuil et al. , 1 988;  Kervella et al. , 1 993) .  

Although the exact mechanism by which proteins were removed from the bacterial 

surface was not discussed, it is  assumed it interferes with non-covalent bonds present on a 

cel l  surface, releasing non-covalently bonded surface proteins. Acid-glycine extraction of 

surface proteins from B 1 2  and X7 strains resulted in a decrease in the attachment of both 

strains to stainless steel, but in general, trypsin treatment resulted in a greater reduction in 

attachment, highl ighting the important role surface proteins play in  the attachment 

process of both B 1 2  and X7 to stainless steel. 
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Removal of cel l  wall proteins with lysozyme has been reported by Rojas et al. (2002) and 

Kelly et al. (2005). Lysozyme degrades the bacterial cell peptidoglycan layer by 

hydrolyzing the beta ( 1 -4) l inkages between N-acetyl-amino-2-deoxy-D-glucose residues. 

In the present study, lysozyme treatment of cel ls of B 1 2  and X7 resul ted in  a similar 

reduction in  attachment to stainless steel as trypsin treatment, again suggesting the 

potential importance of surface proteins in attachment. However, lysozyme treatment 

may remove also surface carbohydrates attached to peptidoglycan and has been reported 

in the past as a means of polysaccharide removal from bacterial cell wal ls (Parkar et al. , 

200 1 ). 

Sun et al. (2007) reported the successful  use of 5 M  lithium chloride as a method to 

extract surface proteins and gain greater understanding of the abi l i ty of Lactobacillus 

plantarum to attach to intestinal mucus layers. However, in the present study, the use of 5 

M LiCIz did not appear to cause any reduction in the attachment of B 1 2  or X7 to stainless 

steel .  

Summarising, al l  but one of the methods used to extract surface proteins from bacterial 

surfaces resulted in a reduction in the attachment of both strains to stainless steel, 

suggesting that surface proteins of strains B 1 2  and X7 play an important role in 

attachment. 

Extracel lular polysaccharides (EPS) of bacterial cel ls have been reported to aid the 

attachment of bacteria to glass surfaces (Tsuneda et al. , 2003),  stainless steel ( Lewis et 

aI. , 1 989) and mineral oxide surfaces (Jucker et aI. , 1 997). Conversely, the presence of 

extracel lular polysaccharides has also been reported to inhibit bacterial attachment under 

certain circumstances ( Ryu et aI. , 2004; G6mez-Swlrez et al., 2002). In order to 

understand the potential role EPS may play in the attachment of B 1 2  and X7 to stainless 

steel, acidified sodium metaperiodate was used to disrupt EPS, which results in the 

oxidation of carbohydrates into formic acid and formaldehyde ( Scherz & Bonn, 1 998) . 

1 2 1 



Chapter 5. 0 - Cell Surface Properties of 8 1 2  and X7 

Treatment of cells with acidified sodium metaperiodate caused no reduction In the 

attachment of either strain to stainless steel .  

Extraction and quantification o f  E P S  from B 1 2  and X7 strains produced similar results, 

suggesting that the amount of EPS produced is  not responsible for the difference in 

attachment rates. Parkar et al. (200 1 )  also reported no correlation between EPS 

production and attachment of thermophil ic baci l l i  to stainless steel and Fl int  et al. 

( 1 997 A)  concluded that EPS played no role in the attachment of thermophi l ic 

streptococci to stainless stee l .  

I t  was thought that acid hydrolysis of EPS into its monosaccharide components and 

analysis by H P LC might reveal subtle differences in the monosaccharide composition of 

the EPS between B 1 2  and X7 that could be responsible for the different attachment rates. 

However, the monosaccharide composition of both strains was similar in terms of the 

number of monosaccharides identified, with 2 major peaks and total volume of the peaks. 

Only one of the two peaks (glucose) was identified, based on the relative retention time 

of a known solution of glucose (Fig 5 . 1 1  and Fig 5 . 1 2) .  

In summary, al l  three of these methods used to analyse EPS produced by B 1 2  and X7 

produced no conclusive results that could indicate EPS involvement in the ability of 

strain B 1 2  to attach at a higher rate that strain X7. 

Several researchers have pointed to the role played by extracel Iular DNA in biofilm 

growth and development and it has even been given the acronym eDNA (Steinberger & 

Holden, 2005 ;  Al lesen-Holm et al. , 2006). However, the role  of eDNA on initial cell 

attachment is  not welI understood. Whitchurch et al. (2002) reported DNase I added to a 

medium flowing over a biofilm of Pseudomonas aeruginosa less than 82 hours old 

resulted in the biofilm being dissolved. But of interest is  also the observation that surfaces 

exposed to a medium containing DNase 1, after 3 days incubation contained very few 

attached celIs, compared with medium without DNase I, which was extensively 

colonized. Cells of B 1 2  and X7 exposed to DNase I produced very similar l evels of 
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attachment compared with untreated cel ls,  suggesting that eDNA is not involved in the 

attachment of B 1 2  or X7 to stainless steel .  To confirm that DNase I was not inactivated 

by proteolysis or other inh ibi tors during incubation with bacterial cel ls, samples of the 

suspending medium were taken after incubation with bacteria l  cel ls and DNase I activity 

was monitored by spectrophotometric means against pure DNA at 260 nm. The activity 

remained, confirming that B 1 2  and X7 cel ls were incubated in the presence of active 

DNase 1. 

To obtain a better understanding of the role of proteins and carbohydrates in the 

distribution and magnitude of surface charge and surface hydrophobicity, cel ls modified 

by trypsin, acid-glycine and acidified sodium metaperiodate treatment underwent E IC 

and M A  TH tests to  measure ce l l  surface charge and cel l surface hydrophobicity. 

Surface modification of B 1 2  and X7 with trypsin increased the negative charge of X7 

(Fig 5 . 1 4) .  In addition, trypsin treatment of B 1 2  and X7 caused a reduction in the 

hydrophobicity of both strains as measured by the MATH test (Fig 5 . 1 5) .  Acid-glycine 

treatment of B 1 2  and X7 cells to remove surface proteins caused an increase in the 

positive charge of both strains). Nonetheless, acid-glycine treatment caused a reduction in  

the hydrophobicity of both strains, which i s  in agreement with the trypsin results, 

implying that cell surface hydrophobicity is l inked with surface proteins. 

Acidified sodium metaperiodate produced simi lar results to acid-glycine treatment in 

terms of surface charge, with both B 1 2  and X7 demonstrating an increase in positive 

charge. On the other hand acidified sodium metaperiodate treatment had no effect on the 

cell surface hydrophobicity of either B 1 2  or X7, implying that surface polysaccharides 

are not involved in surface hydrophobicity. 

Protein and polysaccharide removal treatments tended to change the charge of B 1 2  and 

X7 cells in general, th is  result  is in agreement with observations by Castel lanos et af. 

( 1 997), but no pattern relating changes in surface charge to attachment are obvious .  

However, in  the present study cel l  surface proteins appear more important in determining 
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hydrophobicity, as also reported by Paul & Jeffrey ( 1 985) and Smyth et al. ( 1 978) .  When 

the effects of trypsin and ac id-glycine treatment on reducing hydrophobic i ty and the 

effect of trypsin and acid-glycine treatment on attachment of cel ls  to stainless steel are 

compared, there appears to be a relationship between the attachment of B 1 2  and X7, 

surface proteins and hydrophobicity. 

5. 5 Conclusion 

The two main physicochemical differences between cell surfaces of B 1 2  and X7 were 

1 )  B 1 2  has a greater negative surface charge than X7 as measured by zeta 

potential and E IC at pH 7 .  

2)  B 1 2  has a greater cell surface hydrophobici ty than X7 as  measured by  MA TH 

and H Ie .  

Surface proteins appear to be  the most important surface characteri stic associated with 

attachment of B 1 2  and X7 to stainless steel ,  with surface proteins also the most important 

factor in determining surface hydrophobicity. EPS  on the other hand appeared to play no 

role in the attachment or surface hydrophobicity of ei ther B 1 2  or X7 .  

The main difference between B 1 2  and X7 appears to be a protein related characteristic 

that strain X7 lacks, resulting in a lower hydrophobicity that also appears to be involved 

in lowering the surface charge of B 1 2 . Based on this observation future work wil l  involve 

the extraction and analysis of surface proteins from B 1 2  and X7 cells 
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Com parison of total cel l  and s u rface extracted proteins 

from 8 1 2 and X7 cel ls using one-d i mensional  S OS­

PAG E and two-d i mensional  PAG E gel e lectrophoresis 
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6. 2. 2. 3  Two-dimensional PA GE of Iysozyme/mutanolysin surface 

extracted proteins. 

6 . 2 . 2 . 3 . 1 Validation of Iysozyme/m uta nolys in  extraction 

6. 3. 2. 4 Summary Two-dimensional PA GE of total & surface 

extracted proteins. 

6. 4 Discussion 

6. 5 Conclusion 

1 26 



Chapter 6. 0 - Comparison of total cell and surface extracted proteins . . .  

6. 1 Introduction 

The interaction between a solid surface and the bacterial surface is mediated by numerous 

attachment mechanisms, but one important surface component commonly associated with 

bacteria l  attachment is  surface proteins. Cucarella et al. (200 1 )  reported a 254 kDa s ize 

surface protein  termed BAP ( B iofilm Associated protein) from S. aureus present in  al l  

i solates of S. aureus that were highly adherent to inert surfaces and consequential ly al l  

strong biofi lm formers. Tormo et al. (2005) reported that other strong biofilm fromers 

from S. epidermidis, S. chromogenes, S. xylosus S. simulans S. hyicus al l  produced a 

BAP-like protein with an amino acid sequence s imi larity of greater than 80% suggesting 

that the BAP surface protein is an important protein  involved in the attachment of many 

Staphylococcus species to surfaces. Surface proteins from S. epidermidis associated with 

attachment to inert surfaces include a 280 kDa surface protein reported by Veenstra et al. 

( 1 996) and a 60 kDa surface protein (Hei lmann et al., 1 997).  The role of surface proteins 

in attachment is  not confined to the Genus Staphylococcus; other research groups 

working with various different bacteria have also reported the important role surface 

proteins perform i n  the attachment of bacteria to solid surfaces. Examples include, 

Shewanella oneidenisis (Thormann et al. , 2004), Listeria monocytogenes (Auvray et al. , 

2007), Stenotrophomonas maltophilia ( De Ol iveira-Garcia et al. , 2003), Azospirillum 

brasilense ( Dufrene et al. , 1 996), Klebsiella pneumoniae (Di  Martino et al. , 2003) and 

thermophi l ic Streptococci (Fl int et al. , 1 997) .  

The use of two-dimensional gel electrophoresis in the analysis of surface proteins from 

bacteria, termed Surfaceome by Cul len et at. (2005), has received considerab le i nterest 

from the medical area in recent times, espec ial ly in the identification of vaccine 

candidates from pathogenic bacteria. However, the various methods employed to extract 

surface proteins also vary from group to group, making comparisons difficult. The 

peptidoglycan degrading enzymes such as lysozyme dissolve bacterial cel l wall 

peptidoglycan by hydrolyzing the P( 1 -4) l inkages between N-acetyl-amino-2-deoxy-D­

glucose residues, releasing surface related proteins into solution (Windholz, 1 983) .  

Lysozyme has been used to isolate surface proteins from Gram negative (Seyer et aI. , 
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2005) and Gram positive (Chung et al. , 1 998) bacteria. Nevertheless, Streptococcus 

species tend to be resistant to lysozyme, due to the presence of an O-acetyl in  muramic 

residues (Hughes et al., 2002). In addition some Bacillus species are a lso resistant to 

lysozyme due to the lack of an N-acetyl group in muramic residues. However, 

mutanolysin also categorised as a muramidase enzyme can attack the waJ 1s  of 

Streptococcus and Bacillus species. Lysostaphin, a peptidase enzyme, which c leaves the 

pentaglycine cross-bridges in peptidoglycan, i s  also an alternative used against 

Staphylococcus species (Nandakumar et al. , 2005 ; Planchon et al. , 2007). These 

peptidoglycan degrading enzymes are usuaJ 1y used in the presence of an osmotic 

protective agent such as sucrose to limit ceJ 1 lysis .  
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Fig 6. 1 :  Lysozyme, mutanolysin and lysostaphin c leavage sites In the peptidoglycan 

layer of Gram positive bacteria (adapted from Gatl in et al. , 2006) .  

Other methods used to extract surface proteins have included acid-glycine ( Wright et al. , 

2005), l ithium chloride (Nandakumar et al. , 2005), SOS (Fl int et aI. , 1 997). More 

recently the use of b iotinylation ( Smither et aI. , 2007) and trypsin digestion of ceJ 1  

surface proteins  foJ 1owed by analysis of the resulting peptides by matrix-assisted laser 
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desorption ionization time of fl ight mass spectrometry (MALDI-TOF) or tandem mass 

spectrometry (MS/MS)  (Severin et al. , 2007) have also added to the repertoire of methods 

avai lab le  to the researcher in the analysis of bacterial surface proteins. 

The objective of work described in this chapter was to identify any specific proteins that 

may be involved in the attachment process of B 1 2  and X7 to stainless steel, by comparing 

total proteins and surface extracted proteins using one-dimensional and two-dimensional 

sodium dodecyl sulphate polyacrylamide gel electrophoresis ( SDS-PAGE) & (2D 

PAGE). 

6. 2 Procedures 

6.2.1 One-d imensional SOS-PAGE of Total ,  Acid-g lycine and 

Lysozyme/Mutanolys in  extracted proteins 

I n  order to compare the total ,  acid-glycine and Iysozyme/mutanolysin extracted proteins 

from B 1 2  and X7 cel l s  using one-dimensional S OS-PAGE, cultures of B 1 2  and X7 were 

grown in TSB broth at 55°C ti l l  mid-log phase, collected by centrifugation and proteins 

extracted by either 

1 )  Total proteins (section 3 .6. 1 . 1 )  

2)  Acid-glycine (section 3 .6. 1 .2 )  

3 )  Lysozyme/mutanolysin (section 3 .6 . 1 .3 )  

The resulting protein extracts were separated on a 1 2 .5% S DS-PAGE according to the 

method of LaemmIi and Favre ( 1 973)  using a Protean® I I  x i  electrophoresis system (Bio­

Rad) then si lver stained as detai led in section 3 .6 . 1 .4 . 1 .  
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6.2.2 Two-dimensional PAGE of Total ,  

Lysozyme/Mutanolys in  extracted proteins 

Acid -g Iyci ne and 

In order to compare the total, acid-glycine and Iysozyrne/mutanolysin extracted proteins 

from B 1 2  and X7 cells using two-dimensional PAGE, cultures of B 1 2  and X7 were 

grown in TSB broth at 55°C ti l l  mid-log phase, collected by centri fugation and proteins 

extracted by either 

1 )  Total proteins (section 3 .6 .2 . 1 )  

2) Acid-glycine (section 3 .6 .2 .2) 

3 )  Iysozyme/mutanolysin (section 3 .6 .2 .3)  

Samples were dissolved in 6 M urea and 2% CHAPS (3-Cholamidopropyl ­

dimethylammonio- l -propanesulfonate) to  a protein concentration between 600-900 

Ilg/ml,  fol lowed by the addition of other Rehydration/Sample chemicals ( Section 

3 .6.4.4. 1 ) . 320 III of sample was added to a focusing tray, fol lowed by 1 7  cm IPG 

( immobi l ised pH gradient), pH 3- 1 0  strips (B io-Rad). 1 .5 ml of mineral oil ( Bio-Rad) 

was then overlaid on the strip and l eft overnight at room temperature to undergo passive 

rehydration. Isoelectric focusing was undertaken in a Protean isoelectric focusing LEF 

cel l  ( Bio-Rad) using a three step ramping method as outlined in section 3 .6.4.4. 1 .  Once 

final focusing at 1 0,000 V reached 50,000-60,000 VH, strips were removed, drained of 

mineral oil and frozen at -75°C unti l ready for equil ibration and second dimension SOS­

PAGE. 

For the second dimension, strips were equi l ibrated as outl ined in section 3 .6.4.4.2, 

fol lowed by separated on a 1 2 .5% polyacrylamide gel using a Protean® Il x i  

electrophoresis system ( Bio-Rad). Gels were stained with SYPRO ruby ( Bio-Rad) and 

laser scanned with a Typhoon 9400 l aser scanner (Amersham, B iosciences) and saved as 

T IFF files.  lmagemaster 20 software was used to compare gel images .  
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6. 3 Results 

6.3.1 One-dimensional SOS-PAGE of total & surface extracted proteins 

6. 3. 1 . 1 One-dimensional SOS-PA GE of total cell proteins 

SDS-PAGE analysis of 8 1 2  and X7 total cel l  proteins, produced by sonication of 8 1 2  

and X7 whole cells, revealed no differences in the banding patterns between the two 

strains (Fig 6 . 1 ) . 

M W  
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M W "--y--J"--y--J 

8 1 2  X7 

Fig 6 . 1 : Image of a typical SDS-PAGE of total cell proteins from 8 1 2  cel l s  and X7 cells. 

8 1 2  lanes contain 5 ,  1 0  and 1 5  Ilg of protein per well respectively. X7 lanes 

contain 5, 1 0  and 1 5  Ilg of protein per wel l respectively, with si lver stain used to 

visual ize protein bands. 
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6. 3. 1 . 2  One-dimensional SOS-PA GE of acid-glycine surface extracted proteins. 

S DS-PAGE analysis of B 1 2  and X7 acid -glyc ine surface extracted proteins revealed no 

differences in  the banding patterns between the two strains (Fig 6 .2) .  
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Fig 6.2 : lmage of a typical SDS-PAGE of acid-glycine extracted surface proteins from 

X7 and 8 1 2 .  X7 lanes left to right contain 4.8,  4 .8 , 3 .2, 3 .2  and 1 .6 Ilg of protein 

per we ll respectively. B 1 2  lanes left to right contain 4.8, 4 .8 ,  3 . 2  and 1 .6 Ilg of 

protein per well respectively. 
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6. 2. 1 . 3  One-dimensional SOS-PA GE of lysozyme surface extracted proteins. 

S OS-PAGE analysis of B 1 2  and X7 l ysozyme surface extracted proteins, demonstrated 

no differences i n  the banding patterns between the two strains ( Fig 6.3) .  
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Fig 6.3: Image of a typical S OS-PAGE of lysozyme extracted surface proteins from 

l ysozyme control ( lane 1 ), X7 ( lane 2)  and B 1 2  ( lane 3). Lane 2 & 3 contains 

approx imate ly 1 0  Ilg of protein. Lane 1 contains only lysozyme to act as a 

control and s i lver stain used to visualize protein bands. 
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6. 2. 1 . 4  Summary of One-dimensional SOS-PA GE of total and surface extracted 

proteins 

There was no obvious difference between the B 1 2  and X7 total cel l ,  acid-glycine and 

lysozyme extracted surface proteins, suggesting X7 is not lacking nor has gained any 

major surface proteins responsible for the different attachment rates of X7 and B 1 2 . 

However, one-dimensional SOS-PAGE can only differentiate between proteins with 

different molecular weights and has no abi l i ty to distinguish between proteins of similar 

size possessing a different charge or isoelectric point. With this in mind two-dimensional 

PAGE was undertaken in an attempt to separate proteins by size as wel l  by charge giving 

greater resolution to complex protein mixtures. 
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6.3.2 Two-dimensional gel electrophoresis (2D-PAGE) of tota l and 
surface extracted proteins 

Two-d imensional ge l  e lectrophoresis remains one of the most popular techniques 

employed to study changes in protein expression. Protein samples are first separated in an 

immobi l ised pH gradient ( LPG) gel strip unti l they reach a stationary position where their 

charge i s  zero. The pH at which the protein has zero net charge i s  cal led its isoelectric 

point (pI ) .  The gel strip containing focused proteins i s  then transferred to an SOS-PAGE 

gel,  the second dimension which separates proteins according to their molecular weight. 

6. 3. 1 . 1  Two-dimensional (2D-PA GE) of tot a/ cell proteins 

2 D-PAGE analysis of B 1 2  and X7 total cel l proteins, produced by sonication of B 1 2  and 

X7 whole cel l s  produced no major differences in protein expression (Fig 6.4) .  Red boxes 

label led A and B outl ined in Fig 6.4 were selected to demonstrate the use of S YPRO 

Ruby strain and l magemaster software to analyse 2D-PAGE gels in Fig 6 .5 .  
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Fig 6.4: 2 D-PAGE gels of whole cel l  protein extracts of B 1 2  and X7 cel ls .  200 /lg of 

protein extract was run on a 1 7  cm, pH 3- 1 0  strip, with the second dimension 

using a 1 2 .5% S OS-PAGE gel, stained with Sypro Ruby and Laser scanned at 

450 nm. Red squares CA and B)  mark gel sections analysed in Fig 6 .5 below. 
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Fig 6.5:  Gel to gel comparisons of whole cel l  gel sections B 1 2  ( labelled A) and X7 

( label led B)  and 3D images (representations of spot intensity) of the same gel 

sections using lmagemaster 20 software on the right column. 

The use of Imagemaster 20 software enables the user to differentiate spot intensities on a 

gel and allows the user to view the spot intensities in three dimensions. The process 

involves selecting an area of interest on the gel, in this case the red region outl ined in Fig 

6.4. This area can then be observed (Fig 6.S left column) and in a 3D diagram (Fig 6.S 

right column) .  The height and width of the peaks in the 3D diagram is representative of 

the concentration and circumference of the gel spot respectively. The major benefits of 

using SYPRO Ruby stain are the sub-nanogram sensitivity equal to the best that s i lver 

staining techniques can provide (Tannu et al. ,  2006) .  The other important benefit is that 

the stain is quantitative for a l inear range that extends over three orders of magnitude in 

protein concentration (Nishihara & Champion, 2002) .  Si lver stain in comparison has only 
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a l imited quanti tative range of about one order of magni tude. The large quantitative l inear 

range offered by SYPRO Ruby makes it possible to compare protein expression levels 

accurately over a greater range of protein concentrations, allowing gel to gel comparisons 

with greater val idity. 

The analysis of whole cell extracts of B 1 2  and X7 by 2D-PAGE gel electrophoresis 

produced no major differences in protein expression and repeatabi l ity between samples 

was good. 200 Ilg of protein loaded on to each strip produced the best separation patterns, 

although strip manufacturers propose that protein loading of up to 300-400 Ilg can be 

applied to each strip. The requirement for a lower loading in this work might be caused 

by the presence of interfering DNA or polysaccharides sometimes associated with whole 

cell extractions. 
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6. 3. 1 . 1 Two-dimensional (2D-PA GE) of acid-glycine surface extracted proteins. 

2D-PAGE analysis of B 1 2  and X7 acid-glycine surface extracted proteins produced no 

major differences in surface proteins (Fig 6.6). Red boxes label led A and B outl ined in 

Fig 6.6 demonstrate variation in spot intensity that can occur from sample to sample  and 

highl ights the importance that results were reproducible from different samples (Fig 6 .7)  
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Fig 6.6: 2D-PAGE of acid-glycine surface protein extracts from B 1 2  and X7 cel ls .  

300/lg of protein extract was run on a 1 7  cm, pH 3- 1 0  strip, with the second 

dimension using a 1 2 . 5% SDS-PAGE gel, stained with SYPRO Ruby and laser 

scanned at 450 nm. Manual ly selected squares mark gel sections analysed in  Fig 

6 .7  below. 
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A 
Spot A l  

B Spot B I  

Fig 6.7: Comparisons of acid-glycine surface protein extracted gel sections B 1 2  

( label led A) and X7 ( labelled B) and 3 D  images of the same gel sections using 

Image master 2D software on the right column. The acid-glycine sample strips 

were loaded with 300 Ilg of protein, which is the maximum recommended by 

the strip manufactures. 

Comparisons of acid-glycine surface extracted proteins from B 1 2  and X7 cel ls revealed 

no major difference in  the protein expression patterns ( Fig 6.6). Although overal l  the 

level of reproducibi l ity was high, a few spots did vary from sample to sample, but no 

spots where observed over the three separate samples that could suggest any major 

differences in protein expression between 8 1 2  and X7 cultures. One example of variation 

from sample to sample can be seen in Fig 6.7 with spot A l  from culture B 1 2  appearing to 

be expressed at a h igher level than the corresponding spot ( B  1 )  in culture X7. However, 

over the three samples tested, this minor difference was noted in only one sample, 

suggesting some sample to sample variabil i ty. 
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6. 2. 1 . 3  Two-dimensional SOS-PA GE of Iysozyme/mutanolysin surface extracted 

proteins. 

2D-PAGE analysis of B 1 2  and X7 lysozyme/mutanolysin surface extracted proteins 

revealed two proteins present in h igher concentration in the cel l  wall fraction of B 1 2  

compared with X7 ( Red arrow for Spot 1 and B lue arrow Spot 2 Fig 6 .8) .  Evaluation of 

Spot I and Spot 2 intensi ties between B 1 2  and X7 (outl ined in red boxes) are viewed in 

3D images (Fig 6.9) 
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Fig 6.8:  2D-PAGE Comparisons of lysozyme/mutanolysin surface extracted protein gel 

sections from B 1 2  and X7 from four separate samples. 300 Ilg of protein extract 

was run on a 1 7  cm, pH 3- 1 0  strip, with the second dimension using a 1 2 .5% 

S DS-PAGE gel ,  stained with SYPRO Ruby and laser scanned at  450 nm. 

Arrows highl ight differences between B 1 2  and X7 that were reproducible in a l l  

four samples. 
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Comparisons of the lysozyme/mutanolysin extracts of surface proteins from strains B 1 2  

and X7 revealed two protei ns that were consistently present at a h igher concentration in 

strain B 1 2, indicated by the square boxes in Fig 6 .8 .  The gel  regions containing these two 

proteins from four separate samples are h ighl ighted in Fig 6 .9 (gel Spot 1 and gel Spot 2) .  

Reference Spots ( Ref 1 & 2)  serve as  indicators of the relative protein loading between 

B 1 2  and X7 samples, so changes in spot intensi ty, while surrounding spots remain 

unchanged, tends to indicate changes in protein levels .  Upon closer analysis, gel Spot 1 

appeared to consist of two components ( Fig 6.9) .  The right hand component ( labelled 

with red arrow) consistently showed a higher level intensi ty or concentration in strain 

B 1 2, compared with strain X7 (Fig 6.9) .  From its position on the gels, the molecular 

weight and i soelectric point of Spot 1 i s  approximately 80,000 to 90,000Da and pH 6.5-7 

respectively. Gel Spot 2 consistently showed a higher level of protein concentration in 

stain B 1 2, compared with strain X7 (Fig 6.9) .  From its position on the gels, the molecular 

weight and isoelectric point of Spot 2 is approximately 75 ,000 to 85 ,000Da and pH 8.5-9 

respectively. 
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1 42 



Chapter 6. 0 - Comparison of total cell and surface extracted proteins . . .  

Ref I Ref 2 
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Sample 4 

Ref I Ref 2 
Ref I Ref 2 

X7 

Spot I ?  

Spot 2? 

Ref I Ref 2 Ref I Ref 2 

Fig 6.9: The increased concentration of Spot 1 (Red arrows) and Spot 2 ( B lue arrows) in 

B 1 2  cul tures compared with X7 cul tures over four separate samples. B lack 

arrows point to reference Spots that indicate relative protein loading between 

B 1 2  and X7 samples. 
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6 .2 . 1 . 3 . 1  Va l idation of Lysozyme/M utanolysin extraction 

To ensure cel l s  had remained intact during lysozyme/mutanolysin surface protein 

extraction, the cell supematant was assayed for the cytoplasmic enzyme Aminopeptidase 

C (Schaumburg et al., 2004) and p-Galactosidase ( Steinmoen et al. ,  2002) (Section 

3 .6 .2 .5 ) .  Results suggest that no major cytoplasmic contamination was taking place 

during treatment, with treated cells having similar levels of cytoplasmic contamination as 

non-treated cel ls over the five-hour treatment period and l i ttle difference in the rate of 

cel l  lysis between B 1 2  and X7 (Table 6.0 and 6. 1 ) . 

Table 6.0: Aminopeptidase C assay of Iysozyme/mutanolysin surface extractions as a 

marker of cytoplasmic contamination over a 5 hr period of cel l  exposure to 

Iysozyme/mutanolysin. Sonicated cel ls  of B 1 2  and X7 were used as positive 

controls for the assay. B 1 2  and X7 controls contained no 

lysozyme/mutanolysin enzyme and were used to measure spontaneous cel l  

lysis over the treatment period.  Results were expressed as absorbance values 

at 405nm. 

B 1 2  Xl 
B 1 2  control Xl control son icated son icated 

1 0  minutes 0 .022 0.021 0.008 0 . 007 0.38 0.37 

3 hours 0 . 022 0.031  0 .02 0 . 022 0.353 0 .362 

5 hours 0 . 025 0 .036 0.0 1 9  0 . 023 0 . 34 1  0 . 345 

Table 6. 1 :  p-Galactosidase assay of Iysozyme/mutanolysin surface extractions as a 

marker of cytoplasmic contamination over a 5 hr period. Sonicated cells of 

B 1 2  and X7 were used as positive controls for the assay. B 1 2  and X7 controls 

contained no lysozyme/mutanolysin enzyme and were used to measure 

spontaneous cel l  lysis over the treatment period. Results were expressed as 

absorbance values at 420nm. 

B 1 2  Xl 
B 1 2  Control Xl Control Son icated Sonicated 

1 0  minutes 0 . 0 1 1 0 .008 0.009 0 .8 1 2  0 . 79 1 

3 hours 0 .0 1 7  0 . 0 1 8 0.009 0 . 0 1 1 0.929 0 .954 

5 hours 0 .026 0 . 026 0.0 1 5  0 . 0 1 6  0 .824 0.867 
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6.4 Discussion 

Previous results from Chapter 5 suggested that surface proteins played an important role 

in the attachment of strains B 1 2  and X7 to stainless steel surfaces, especial ly in  the case 

of strain B 1 2 . Therefore, any differences in the total and/or surface protein composition 

could be responsible for the observed difference in attachment of the two strains. 

Consequently, the objective of this chapter was to identify by gel electrophoresis any 

differences in the total protein and/or surface protein composition of B 1 2  and X7. 

In i tia lly, total cell  proteins from both B 1 2  and X7 were separated on a one-dimensional 

SOS-PAGE gel (Fig 6. 1 ) . The results produced no differences in the protein  expression 

patterns between the two strains. One reason for this could be the relative abundance of 

proteins present in total protein samples, where 1 30 polypeptides can account for 70% of 

the protein mass of a typical cell ( Herendeen et al. , 1 979). Therefore, low abundance, but 

potential ly important proteins may not be present in sufficient quantity to be detected by 

staining methods. 

The extraction of bacterial surface proteins by treatment of cel ls with acid-glycine has 

been reported by several groups working with Campylobacter ( Oubreuil et al. , 1 988 ;  

Kervella et  al. , 1 993) and Clostridium (Wright et  al. , 2005;  Calabi et al. , 2002) .  The 

mechanism by which acid-glycine treatment removes surface proteins is general ly not 

discussed by most authors, but is most probably due to the zwitterionic nature of the 

glycine molecule (Matubayasi et al. , 2003) .  Treatment of B 1 2  and X7 cells with acid­

glycine resulted in a reduction in the attachment of both strains to stain less steel (Fig 5 .9), 

suggesting that acid-glycine treatment removed or modified some i mportant surface 

proteins associated with the attachment of B 1 2  and X7. However, in thi s  study the acid­

glycine proteins extracted and separated on a one-dimensional S OS-PAGE gel showed no 

variation in patterns between the two strains (Fig 6.2) .  

Surface protein extraction usmg l ysozyme and/or mutanolysin, both of which are 

muramidases, di ssolves bacterial cel l wal l  mucopolysaccharides by hydrolyzing the �( 1 -
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4) l inkages between N-acetyl-amino-2-deoxy-O-glucose residues (Windholz, 1 983), thus 

releasing proteins attached or embedded in this important bacterial surface layer. 

Mutanolysin enzyme wi l l  degrade the wal ls  of Streptococcus and some Bacillus species 

that are resistant to egg white lysozyme ( Heckels  & Virj i ,  1 988).  Muramidase enzymes 

has been used by many groups in the past to degrade bacterial cel l  wal l s  and to isolate 

surface proteins from Lactobacillus (Kelly et al. ,  2005), Bacillus (Chung et al. , 1 998) and 

Pseudomonas (Seyer et al., 2005 ).  Most research groups also add 1 5-20% sucrose to act 

as an osmotic protective agent during cell wall degradation . Furthermore, Coolbear et al. 

( 1 992) observed that the addition of 1 0  mM MgC\z resulted in  decreased lysis of 

protoplasts formed as a result of lysozyme treatment of Lactococcus cel ls .  

Results from total cel l  proteins and surface protein extraction methods, acid-glycine and 

Iysozyme/mutanolysin analysis by one-dimensional SOS-PAGE gel of B 1 2  and X7 cells,  

produced no obvious differences between the two strains. One l imiting factor associated 

with the separation of proteins using one-dimensional SDS-PAGE is the case when one 

protein band could be composed of multiple proteins that by coincidence share the same 

or similar molecular weight, as one-dimensional SOS-PAGE resolves on the basi s  of size 

only, not on hydrophobicity or charge. H owever, previous results from Section 5 . 3 . 5  

indicated that surface proteins are the most important factor in  the attachment of  strain 

B 1 2  to stainless steel .  Further analysis of surface proteins using more powerful protein 

analysis methods was therefore considered warranted. 

In order to separate complex protein mIxes with greater resolution, two-dimensional 

PAGE (2D-PAGE) was employed. 20-PAGE is capable of separating proteins according 

to their charge as well as size. The high resolving powder of the 20-PAGE technique 

allows the analysis of complex mixtures of proteins. in  addition, continuing refinements 

to 2 D-PAGE protocols over the last decade, such as the now commonly used standard 

immobil ized pH gradients, enable the user to resolve thousands of proteins on a single gel 

and when combined with mass spectrometry. This is why 2D PAGE was described by 

Gorg et al. (2004) as the work horse of proteomics. However, the 2D-PAGE method can 
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under represent hydrophobic proteins present in a sample and may be unable to separate 

proteins with very acidic or alkaline isoelectric points (Westermeier and Naven, 2002) .  

Sample preparation of a l l  three sample types ( total protein, acid-glycine and 

lysozyme/mutano lysin surface extractions) for 20-PAGE required some optimization, 

owing to the sensitivity of the 2 0-PAGE technique to contaminating salts and 

polysaccharides in  samples (Vandahl et al. , 2005 ).  In thi s  study, ice-cold acetone 

precipitation was employed to concentrate proteins  and remove contaminating salts and 

polysaccharides. The use of trichloroacetic acid (TCA) combined with acetone is often 

recommended (Vandahl et al., 2005).  However, in this study, proteins precipi tated with 

the TCA method proved difficult to solubi l ise into rehydration/sample solut ion. 

Manual assessment of 20 PAGE gels of 8 1 2  and X7 total cell  proteins and acid-glycine 

surface extracted proteins revealed no repeatable differences in the protein expression. 

SY PRO Ruby gel staining with lmagemaster software also found no differences in 

protein expression. F ig 6.7 provides a typical example of the sample to sample variation 

that can occur in 2 0-PAGE systems. This emphasi ses the importance of multiple sample 

reproduc ibi l ity in 20-PAGE systems rai sed by Cahi l l  and Nordheim, (200 1 ) . 

Comparison of surface protein profiles of 8 1 2  and X7 by lysozyme/mutanolysin 

extraction showed two spots consistently present at a higher concentration i n  8 1 2  

compared with X7.  The molecular weight and isoelectric point of Spot 1 (Fig 6 .8)  was 

approximately 80,000 to 90,0000a and pH 6.5-7 respectively. Concurrently, Spot 2 (Fig 

6 .8)  was estimated to have a molecular weight of approximately 75,000 to 85 ,OOOOa and 

isoelectric point between pH 8 . 5-9. We believe that th is is the first report of the 20-

PAGE techn ique being used to compare an isogenic mutant strain (X7), with reduced 

abi l ity to attach to stainless steel against its parental strain (8 1 2 ), i n  an attempt to ident ify 

surface proteins associated in the attachment of these bacterial to abiotic surfaces. 

However, Sic i l iano et al. (2008) recently used 20-PAGE to undertake a comparative 

study of an aggregative Lactobacillus crispatus strain compared with a spontaneous 

isogenic mutant lacking the aggregative phenotype. Sici l iano et al. (2008) noted that the 

1 48 



Chapter 6. 0 - Comparison of total cell and surface extracted proteins . . .  

mutant strain expressed higher levels of enzymes involved in carbohydrate metabol ism 

and transport and concluded that cells with a higher metabol ic rate ( i .e .  mutant strain) are 

less l ikely to aggregate due to nutrient l imitation. 

Several authors have reported protein expressIon changes OCCUrrIng during biofilm 

formation, using proteomics as a tool to measure these changes ( Sauer et al. , 2002; Welin 

et al. , 2004; Tremoulet et al. ,  2002). Sauer et al. (2002) concluded that over 50% of the 

Pseudomonas aeruginosa proteome demonstrated a change in expression levels when 

plankatonic cel ls  were compared with mature biofilms cel ls .  O'Toole et al. (2000) 

suggested that biofilm formation I S  a process of microbial development not unl ike 

bacterial spore formation. The question remains "Could B 1 2  be permanently expressing a 

biofi lm phenotype and X7 a planktonic phenotype?" Thc identi fication of proteins from 

Iysozyme/mutanolysin surface extracts of B 1 2  and X7 ( labe lled Spot one and Spot two, 

Fig 6.8)  could help identify important surface proteins invo lved in the attachment process 

of these strains. 

The l ink between surface proteins and their role  in attachment of bacteria to solid 

surfaces has been wel l  establ ished and one of the most well studied bacteria in this area is 

Staphylococcus aureus, where multiple surface proteins have been implicated in the 

abi l i ty of this  organism to attach to solid surfaces . Cucarella et al. (200 I )  reported a 254 

kDa size surface protein termed BAP (B iofilm Associated protein) from S. aureus as a 

possible attachment protein. Furthermore, Tormo et al. (2005) disrupted the BAP gene of 

S. aureus and severely handicapped its capacity to form a biofilm. In addition, 

complementation studies with a biofilm negative stain of S. aureus with the BAP gene 

conferred the abi l i ty to form a biofi lm, providing strong evidence for the importance of 

the BAP gene in biofilm formation . Other surface proteins from S. epidermidis associated 

with attachment to solid surfaces include a 280 kDa protein reported by Veenstra et af. 

( \ 996) and a 60 kDa protein described by Hei lmann et al. ( 1 997). Other bacterial groups 

with surface proteins involved in attachment to solid surfaces include Listeria 

monocytogenes (Auvray et al. , 2007), Vibrio cholerae ( Watnick & Kolter, 1 999), 
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Enterococcus faecalis (Tendolkar et al. , 2004), Streptococcus thermophilus (Fl int et al. , 

1 997) and Eryispelothrix rhusiopathiae (Shimoj i et al. ,  2003) .  

One important aspect overlooked during extraction of  cel l  surface proteins by  research 

groups, is cytoplasmic contamination ( Resch et al. , 2006; Hughes et al. , 2002) .  In the 

present study, Aminopeptidase C assay, as reported by Schaumburg et a!. (2004), and �­

galactosidase as described by Steinmoen et al. (2002) was used as a marker for 

cytoplasmic contamination during Iysozyme/mutanolysin extraction of surface proteins 

from B 1 2  and X7 cel ls .  B 1 2  cel ls  treated with Iysozyme/mutanolysin showed no increase 

in Aminopeptidase C or �-galactosidase activity in the supernatant compared with X7 

cel l s, suggesting 8 1 2  is not showing a higher rate of cel l  lysis compared with X7. Thus i t  

appears unl ikely the h igher concentrations of Spot 1 and 2 observed in  B 1 2  extracts are 

due to differences in the cel l  lysis rate between 8 1 2  and X7. 

6. 5 Conclusion 

Lysozyme/mutanolysin extracts of surface proteins from strains 8 1 2  and X7 revealed that 

two proteins were consistent ly present at a higher concentration on the surface of strain 

B 1 2  compared with X7. It is possible that the h igher concentration of the two proteins in 

the cel l wal l  of B 1 2  could be responsible for the observed difference in the attachment of 

8 1 2  and X7. Further work was undertaken to identify Spot 1 and Spot 2 in an attempt to 

understand the role Spot 1 and Spot 2 may play in  the attachment process of B 1 2  and is  

reported in Chapter 7. 
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7. 1 Introduction 

Proteomics has been greatly advanced with development of mass spectrometry methods 

and is now regarded as indispensable technology in interpreting information encoded in  

genomes (Aebersold and Mann, 2003).  Mass spectrometry i s  a technique that separates 

ions on the basis of mass and can provide both mass and intemal sequence information on 

a molecule or protein, unl ike N-terminal protein ( Edman) sequencing that can provide 

only l imited sequence information. Many proteins are "blocked" to Edman sequencing 

due to modification of the N-terminal amino group thus making the sequencing process 

technically difficult ( Patterson et al. , 200 I ) . On the other hand, protein sequencing by 

mass spectrometry provides intemal sequence data from different regions of the protein, 

which can be used to design degenerate oligonucleotide primers to assist in gene c loning 

efforts. Mass spectrometry typical ly  involves three steps: I )  ionisation of the molecule; 2) 

separation of the ions on the basis  of their mass to charge ratio; and 3) detection of 

separated ions. 

E lectrospray ionisation (ES l )  and matrix-assisted laser desorptionlionisations ( MALOl)  

are two techniques most commonly used convert ions into a gaseous state for mass 

analysis .  Fol lowing ionisation, the ions are separated according to their mass:charge ratio 

(m/z) within a vacuum or electrical field ( Westermeier and Naven, 2002).  The most 

commonly used mass analysers include Time-Of-Fl ight (TOF) and Quadrupole mass 

analysers. 

In TOF analysers, each ion is accelerated into a vacuum and maintains the constant 

velocity i t  acquired during acceleration. During this process, ions with a low mass-to­

charge ratio travel more rapidly than ions with a high mass-to-charge ratio ( Kinter, 2000) . 

This allows the calculation of the mass-to-charge ratios based on their time of arrival at 

the detector. 
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I n  a Quadrupole mass analyser, electrical fields are used to separate ions according to 

their mass-to-charge ratio. By varying the strength and frequencies of the electrical fields, 

i t  i s  possible to induce a stable  trajectory for an ion of given mass-to-charge ratio. This 

al lows i t  to pass through the mass analyser to the detector, while all other ions are not 

detected. Small incremental changes to the electrical field a l low all ions to be detected i n  

a sample (Kinter, 2000) . 

Gel electrophoresis i s  one of the most common methods uti I ized in protein separation and 

when 2 D-PAGE is employed, complex protein mixes containing thousands of proteins 

can be resolved on a s ingle gel (Graves and Haystead, 2003) .  After gel staining, spots of 

interest can be cut out from the gel and then proteins within the excised gel can be 

digested with proteolyt ic enzymes such as trypsin to produce a multiple peptide fragment 

mix of an appropriate size for mass spectrometric analysis .  These multiple peptide 

fragments are then analysed by mass spectrometry to obtain  a peptide mass fingerprint, 

usual ly by M A LDI-TOF analysis ( label led A in Fig 7 . 1 ) . The peptide mass fingerprint is 

then searched against a database of peptide sequences based on the peptide profi les that 

would have been obtained fol lowing protein digestion by various proteolytic enzymes 

and the resulting peptide masses calculated. A protein is identified when a number of 

peptides from the digested sample match a number of theoretical peptides in the database 

(F ig 7 . 1 ) . Most databases use a lgorithms that take the mass accuracy and the percentage 

of the protein sequence covered into account and attempt to calculate a level of  

confidence for a match ( Bemdt et al. , 1 999; Eriksson and Fenyo, 2002).  

A more accurate method of protein identification is the use of tandem mass spectrometry 

( M S/MS), sometimes referred to as collision induced spectra (C ID) .  This results in not 

only peptide mass data, but a lso provides information about peptide sequence (Aebersold 

and Mann, 2003 ; Graves and Haystead, 2003) .  In  this method, a specific peptide fragment 

can be selected to undergo further fragmentation in a col l ision chamber, resulting in a 

series of peptide ions, as most fragmentation occurs at the peptide bond. The fragmented 

peptide series then undergoes a second mass spectrometry analysis ( l abel led B in Fig 

7 . 1 ) . The mass of each fragment generated can be used to determine the amino acid 

sequence of the peptide. 
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A number of programs ex ist on websites that al low the user to search and fit  a set of mass 

spectrometry peaks and search for peptides whose masses are identical or simi lar. 

MASCOT is a probabi li ty-based online search engine that al lows the user to search the 

sequence database with peptide molecular weights obtained by enzymatic digestion of a 

protein, commonly cal led a peptide mass fingerprint. Sequence information can also be 

obtained from M S/M S data using the MASCOT search engine; the result is commonly 

called MS/MS Ion Search. Matches obtained with MS/MS data from a number of 

peptides from a single protein  increase the confidence level for the protein identification 

(Aebersold and Mann, 2003 ; Graves and Haystead, 2003) .  
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Fig 7.1 :  Protein identification by mass spectrometry. (A) Protein  identification by 

matrix-assi sted laser desorptioniioni sation-time of flight (MALDI-TOF). 

Digestion of proteins with proteolytic enzymes into peptide fragments and then 

analysis by MALDI-TOF to measure the masses of the peptides i s  known as 

peptide mass fingerprinting. The peptide masses are then searched against the 
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peptide mass maps generated from the theoretical digest of proteins i n  a 

database. ( B  or C) In tandem mass spectrometry one peptide fragment is  

directed into a coll ision chamber for fragmentation. Mass analysis of the peptide 

fragments generated can be used to determine the amino acid sequence of the 

peptide (adapted from Graves and Haystead, 2003 ). 

The identification of a s ingle sequence or pIeces of a single sequence i tself is not 

particularly informative. However, finding similarities from sequences in existing data 

bases provides a powerful way to i nfer the function of the protein  or nuc leotide sequence. 

The Basic 1,ocal Alignment �earch Iool (BLAST) can be used to determine sequence 

s imi larity. BLAST is  a very powerful tool that al lows the user to find sequences that 

share regions of homology, with the addition of statistical signi ficance of each match, 

referred to as E-value. In general, the smal ler the E-value, the better the al ignment. For 

example, c losely related al ignments may have E-values of 1 0-20 or less (Ma, 2008). The 

BLAST program allows the user to compare not only protein to protein  and nucleotide to 

nucleotide s imi larities, but also al lows the researcher to search with and against translated 

nucleotide queries in al l  three reading frames for one nucleotide strand and in all three 

reading frames for the opposite DNA strand. The B LAST options are outlined in Table 

7 . 1 

Table 7. 1 :  Various BLAST search programs available 

blastp Amino acid query against a protei n  sequence database 

blastn Nucleotide query against a nucleotide database 

b lastx Translated nucleotide query in all six reading frames, 

agai nst a protein sequence database 

tb lastn Amino acid query against a translated nuc leotide database in 

all six reading frames 

tblastx Translated nucleotide query in all six reading frames against 

a translated nucleotide database in all six reading frames 
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Results from a B LAST search can allow the rapid prediction of functional and 

evolutionary relationships of sequences. 

The abil ity to undertake multiple sequence al ignments of DNA or proteins is an important 

tool in modern molecular biology and a cornerstone of bioinformatics. The Clusta lW 

program is one of the most widely used multiple sequence al ignment programs and i s  

freely avai lable for use. To  use the ClustalW program, one must col lect a set of protein or 

DNA sequences, commonly obtained from a database search. Appl ications include 

structural and functional predictions of genes and proteins, analysis of conserved regions 

within proteins to identify amino acids that are important for function or structural 

integrity of a protein, as well as assessing evolutionary relationships (Zvelebi l  and Baum, 

2008).  

The combination of mass spectrometry and DNA sequencing technology, mixed with the 

ever-expanding discipl ine of bioinformatics, now al lows the modern researcher to 

identify most proteins of interest as wel l  as clone and sequence the DNA encoding the 

protein sequence. 

The objective of the work described in  this  chapter was to identify and sequence two 

protein spots from strain B 1 2  that were noted in chapter 6 to occur at a lower 

concentration on the surface of strain X7. This would involve comparing the peptide 

sequences to the database in an attempt to find homologous proteins along with 

amplifying and cloning genes encoding spot 1 and spot 2. 

7. 2 Procedures 

I n  order to identify two protein spots singled out in two-dimensional PAGE of 

lysozyme/mutanolysin extracted proteins (chapter 6), the protein spots were removed and 

sent to Bioanalytical Mass Spectrometry in Australia. There the spots were subjected to 

trypsin digestion and mass spectrometry analysis (ES I-QUAD-TOF), fol lowed by peptide 

identification using the MASCOT algorithm database search.  
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To clone and sequence the DNA encoding proteins identified by mass spectrometry, PCR 

primers were designed by comparing DNA sequences from five closely related bacterial 

species using ClustalW2. Conserved regions of DNA providing extensive coverage of the 

gene were chosen as PCR primers to amplify most of the Open Reading Frame (ORF) of 

Formate acetyltransferase from B 1 2  and X7.  

The PCR product containing most of the ORF was then cloned into the pCR®4-TOPO 

plasmid  vector ( Invitrogen), which was then transformed into E.coli One Shot® TOP 1 0  

cells .  Plasmids containing inserts were isolated using the PureLinktm 
Quick Plasmid 

M iniprep Kit ( Invitrogen) and sent for DNA sequencing. 

DNA sequences of the ORF were compared with other DNA sequences and predicted 

amino acid sequences were compared back to peptides sequences identified by mass 

spectrometry (tandem M S/MS by ES I-QUAD-TOF). 

In order to establish whether the expression levels of the protein were different in  total 

cell  proteins of B 1 2  and X7, the levels of protein from two-dimensional S OS-PAGE of 

total cel l  proteins from B 1 2  and X7 were compared using imagemaster 6.0 software. 
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7. 3 Results 

7.3. 1 Identification of gel spots 1 & 2 by Electrospray ionization 

quadrupole time-of-flight (ESI-QUAD-TOF) 

To identify the two surface proteins present at reduced levels in Anoxybacillus 

jlavithermus strain X7 compared with B 1 2 , both spots were manually excised from the 

20 PAGE gels and sent to the B ioanalytical Mass Spectrometry Facility ( UNSW, 

Sydney, Australia) for mass spectrometry analysis (tandem MSIMS by ESI-QUAO­

TOF), where proteins were digested by trypsin into peptides before analysis by mass 

spectrometry. Protein identification was performed using the M ASCOT algorithm. 

As a control, the lysozyme enzyme used to extract surface proteins was identified on the 

two-dimensional gels by its theoretical molecular weight and isoelectric point. This 

lysozyme spot was also manual ly excised and sent for mass spectrometry analysis and 

was successfully identified as lysozyme. A blank sample of the gel containing no visible 

spots was also sent for mass spectrometry to monitor background contamination and was 

found to contain only traces of common contaminant, human keratin .  

Mass spectrometry analysis of Spot L from B L 2 Iysozyme/mutalysin extraction (Fig 6 .8 

and 6 .9) provided eight hi ts against the bacterial enzyme Formate acetyl transferase, also 

known as Pyruvate formate lyase, with Probabi l ity Based MOWSE Score above 52 .  This 

indicates identity or extensive homology (p<0.05) .  The peptides showing homology to 

Formate acetyltransferase are l isted in Appendix A2. L .  The molecular weight of the eight 

Formate acetyltransferase enzymes containing peptides with similarity to Spot I ranged 

from 77,549 Oa to 84,744 Oa. Simi larly, Spot 1 was estimated to have a molecular 

weight of 80,000 to 90,000 Da. 

In contrast, mass spectrometry analysis of Spot 2 (Fig 6.8 and 6.9) from B 1 2  

Iysozyme/mutalysin extraction gel was unable to identify this protein using the MASCOT 

algorithm when compared with all know protein sequences within the MASOT database 
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and to sequences from only Bacillus subtilis. Peptides present in Spot 2 are l isted in 

Appendix A2.2. 

7. 3. 2 peR primer design by bioinformatic analysis of Formate 

acetyltransferase ORF from related bacteria 

To sequence the gene encoding the ORF for Formate acetyltransferase from B 1 2  and X7, 

PCR primers were designed by comparing DNA sequences of the Formate 

acetyltransferase gene from five strains of the Genus Bacillus. The down loaded 

sequences were compared using ClustalW2 (http://www.ebi.ac .ukJTools/c \ustalw2/ 

index .html) ( see Appendix A3 for complete sequence al ignment). PCR primers were 

designed against areas showing extensive DNA homology as well as providing extensive 

coverage of the Formate acetyl transferase gene (F ig 7 .2) .  
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A 

C T T GATATGGATAC 2 4 2  - - - - - - - - - TGGAACATCC 2 1 6 2 
C T TGATATGGATAC 2 2 7  - - - - - - - - - TGGAACATCC 2 1 4 7  
CTTGATATGGATAC 2 2 7  - - - - - - - - - TGGAACATCC 2 1 4 7  
C TTGATATGGATAC 2 2 7  - - - - - - - - - 2 1 4 7  
C TTGATATGGATAC 2 0 3  - - - - - - - - - 2 1 2 3  

. .  • • •  0" 

B 
> < 

CGGAGGCGTCCTTGATATGGATACA Primer I Primer 2 GGATATTCCTCTGGATGTTCCAT 
CGGTGGCGTTCTfGATATGGATACA Primer l A  TATfCCTCAGGATGTfCCAT 

Fig 7.2:  Amplification of Formate acetyltransferase ORF from B 1 2  and X7 .  (A) DNA 

sequences of Fonnate acetyl transferase gene from five Bacillus specIes, 

showing extensive homology which were used to design PCR pnmers. 

I )  Bacillus thuringiensis str. AI Hakam, 2) Bacillus anthracis str. Sterne, 3) Bacillus cereus 

ATCC 1 0987, 4)  Bacillus thuringiensis serovar konkukian, 5 )  Bacillus licheniformis ATCC 

1 4580. (8) Direct PCR primers designed from the sequence comparison of five 

Bacillus species and the predicted position of the primers in the Fonnate 

acetyl transferase ORF from 8 1 2  and X7 .  

7. 3. 3 peR amplification and cloning of the partial Formate 

acetyltransferase gene from 8 1 2  and X7 

The PCR primers outlined in Fig 7 .2  were used to amplify B 1 2  and X7 genomic DNA at 

an annealing temperature of 55°C using all possible combinations of the four different 

primers. PCR products from all four combinations of primers (primers 1 ,  1 A, 2 and 2A) 

and both B 1 2  and X7 cultures were separated by gel electrophoresis. One large band with 

an estimated size of about 2000 base pairs (bp) (green arrow on Fig 7 .3 ), which was the 

expected size of a PCR product derived from the Formate acetyitransferase ORF, was the 

dominant product. However, the use of primer 1 A with either primer 2 or 2A also 

produced an additional product of around 1 000 bp in size. As a consequence primer 1 and 

primer 2 were used in future PCR reactions to limit contamination of the PCR reaction 

(Fig 7 .3 ) .  
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3000 bp ---. 

1 000 bp ---. 

1 00 bp ---. 

2 3 4 5 6 7 8 9 1 0  1 1  1 2  

Expected 2000 bp 
PCR product 

Fig 7.3 : Agarose gel electrophoresis of peR products from the amplification of part of 

the Formate acetyltransferase gene. The green arrow represents a peR product, 

which matches the expected size of the partial Formate acetyl transferase gene. 

Lane I - molecular weight standards, Lane 2 - Primer I & 2 with B 1 2, Lane 3 - Primer I & 2 

with X7, Lane 4 - Primer I A & 2 with B 1 2 , Lane 5 - Primer I A & 2 with X7, Lane 6 -

molecular weight standards Lane 7 - Primer I & 2A with B 1 2, Lane 8 - Primer 1 & 2A with 

X7, Lane 9 - Primer l A  & 2A with B 1 2, Lane 1 0  - Primer l A  & 2A with X7, Lane 1 1  -

Control, Lane 1 2  - molecular weight standards. 

The 2000 bp band produced from primers 1 and 2 was excised from the gel and extracted 

from the agarose with the use of Q LAQuick gel extraction kit. The extracted 2000 bp 

band was then re-amplified to produce a c leaner peR product ( Fig 7 .4) .  

3000 bp 

1 000 bp 

1 00 bp 

2 3 

2000 bp PCR 
product 

Fig 7.4: Agarose gel electrophoresis of peR products after second round of 

amplification. Lane 1 - molecular weight standards, Lane 2 - Primer 1 & 2 with B 1 2, Lane 

3 - Primer I & 2 with X7 
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7. 3.4 Bioinformatic analysis of Formate acetyltransferase DNA and 

predicted protein sequences from B12 and X7 sequences 

In order to sequence the PCR products, the PCR products of B 1 2  and X7 were cloned 

into Plasmid vector pCR® 4-TOPO® ( lnvitrogen) and then transformed into E. coli One 

Shot® TOP 1 0  chemical ly competent cel ls ( Invitrogen).  Plasmids containing the Formate 

acetyl transferase gene fragment were then sent for sequencing, requiring three sets of 

forward and reverse primers to obtain the whole sequence (Section 3 .7 .8) .  

The DNA sequences ( 1 946 bp) from the cloned PCR product from B 1 2  and X7 were 

identical when translated in the same reading frame as the ORF from other closely related 

bacteria on which the primers were based (Appendix  A4. 1 and A4.2). 

The 1 946 pb DNA sequence from B 1 2  and X7 encoded a 648 amino acid segment that 

was 9 1  % identical, according to B LAST, to the Formate acetyl transferase enzyme from 

Geobacillus sp. WCH70. I t  showed 85%, 84% and 83% homology with Formate 

acetyl transferase enzyme from Bacillus licheniformis A TCC 1 4580, Bacillus cereus 

subsp. cytotoxis NVH (39 1 -98)  and Bacillus weihenstephanensis KBAB4, respectively 

(Appendix AS) .  

I n  addi tion, several of the peptides identified by mass spectrometry from Spot 1 matched 

peptides predicted from the in-silico translation of the B 1 2  and X7 DNA sequence (Fig 

7 .5 ) .  Together these results provide strong evidence that Spot 1 is in fact the enzyme 

Formate acetyl transferase. 
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20 40 
I I 

G G V L D MD T E I V S T I T S H G P G Y L N K E L E K V V G F Q T D E P F K R A L M P F G G I RMA E Q A C  
60 80 100 
I I I 

E A Y G Y E V S D D V K K I F T Q Y R K T H N Q G V F D V Y T D E M K A A R K A G I I T G L P D A Y G R G R I 
1 20 140 

I I I 
I G D Y R R VA L Y G V D R L I E E K K K D L R N T G A R T M S E D I I R L R E E L A E Q I R A L Q E L K E M 

o 200 220 
I I I 

A A S Y G Y D I S K P A R N A H E A F QWL Y F A Y L AA I K E Q N GAAM S L G R V S T F L D I Y I E R D L  
240 

I I 
Q E G T L T E R E A Q E L V D H F VM K L R L V K F A R T P E Y N E L F S G D P TWV T E S I GG V A I D G R  

280 300 320 
I I I 

P L V T K N S F R F L H T L D N L G P A P E P N L T V LWS T K L P E A F K K Y C A KM S I Q T S S I Q Y E N  
340 360 380 

I I I 
D D L M R P E F G D D YG I A C C V S AM R I G K QMQ F F GA R A N L A KA L L Y A I N G G V D E K L K V Q  

400 '120 440 
I I I 

I G P E F A P I T S E Y L D Y D E V M R K F D N V M EWL A E L Y I N T L N V I H Y M H D K Y C Y E R I E M A  
460 480 

I I 
L H D T N V M R T M A T G I A G L S V VA D S L S A I K Y A K V K T I R D E N G L A V D F E I E G D F P K Y G  

500 520 540 
I I I 

N N D D R V D S I A V D I V E R F M T K L R K H K T Y R D S K H T T S I L T I T S N V V Y G K K T G N T P D G 
560 580 

I I I 
�G E P F A P G A N P L H G R D T KGA L A S L S S V A K L P Y E Y A L D G I S N T F S I V P K A L G K D  
:::::: 620 640 

I I 
D A T R V Q N L V T I L D G Y A K K RG H H L N I N V F N R E T L L D AM E H P E E Y 

Fig 7.5: The predicted amino acid sequence from the cloned and sequenced DNA from 

the Formate acetyl transferase ORF ampl ified from 8 1 2  and X7. Underlined 

amino acids are sequences identified by mass spectrometry from 2D-PAGE gels 

spots as having homology with known Formate acetyltransferase sequences. 

Sequences underl ined in green ( - ) are from 8 1 2  Iysozyme/mutanolysin 

gels, sequences underl ined in blue ( - ) are from 8 1 2  whole cell gel s and 

sequences underl ined in red ( - ) are from X7 whole cell gels. 
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Phylogenetic analysis of the Formate acetyl transferase protein from Anoxybacillus 

jlavithermus showed this protein to be grouped with the enzyme formate acetyltransferase 

from c losely related bacterial species ( Fig 7 .6). 

,...------------ Bacillus cereus B4264 

902 
707 

1 000 

Anoxybacillus navithennus B t 2 and X7 
Geobaci llus sp.  WCH70 

1000 Bacillus licheniformis ATCC 14580 

1000 
Staphylococcus aureus subsp. aureus USA300_ TCH 1 5 1 6  
Staphylococcus epidennidis ATCC 1 2228 

L-----4I Bacillus cereus subsp. cytotoxis NVH 39 1 ·98 
'--------iI Bacillus anthracis str. Ames 

L-______ Bacillus weihenstephanensis KBAB4 
'--------- Bacillus thuringiensis serovar israelensis ATCC 35646] 

'----------.... Bacillus cereus AH 1 1 34 
'-----------. Bacillus cereus A TCe 14579 

Fig 7.6: Phylogenetic relationship of Formate acetyl transferase from Anoxybacillus 

jlavithermus with other related bacterial proteins. The phylogenetic tree in this 

figure was prepared in C LC sequence viewer 4.6 using Neighbour Joining and 

Bootstrapping ( 1 000 repl icates). For details of the sequences used in this 

alignment, see Appendix A5 .2 .  
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7. 3. 5 Levels of Formate acetyltransferase from total cell proteins of 812 

and X7. 

Comparisons of the Iysozyme/mutanolysin extracts of surface proteins from strains B 1 2  

and X 7  revealed that Formate acetyl transferase enzyme was consistently present at 

reduced levels in X7, compared with B 1 2 . In order to establ ish whether overal l  

expression levels  of Formate acetyltransferase enzyme were also different, gel  spots 

thought to correspond to Formate acetyltransferase enzyme from total cel l  protein 

separations ( Red arrows in Fig 7 .7)  were sent to Bioanalytical Mass Spectrometry in 

Australia. Confirmation of identity was by ES I-QUAD-TOF fol lowed by MASCOT 

algorithm data base search. The spots were found to be Formate acetyltransferase 

enzyme (see Appendix A2.3 and A2.4).  Once the Formate acetyltransferase enzyme was 

identified, with peptides l inked back to the predicted amino sequence of the Formate 

acetyltransferase gene ( Fig 7 . 5),  the expression levels from total cell proteins were 

analysed from four separate samples ( Fig 7 .8 ). 

pH 3 B 1 2 pH 1 0  p H  3 

. . 

• 

X7 pH 1 0  

���f---. Spot I 

' ; . . ... . . .  

B 

" 

. . .. . '\ . 

.' . '  
. . �--�----�----------��-' �,�----��------�--�--� 

1 50 
1 00 

75 

50 

37 

Fig 7.7: Two-dimensional-PAGE (2D-PAGE) gels of whole cell protein extracts of B 1 2  

and X 7  cells .  200 Ilg of protein extract was run on a 1 7  cm, pH 3- 1 0  strip, with 

the second dimension using a 1 2 .5% S OS-PAGE gel, stained with Sypro Ruby 

and Laser scanned at 450 nm. Red aITOWS mark location of Formate 

acetyltransferase protein and B lue boxes mark sections analysed in Fig 7 .8  

below. 
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The gel regions containing the Formate acetyl transferase protein from total cell  proteins 

from four separate samples are highlighted in Fig 7 .8  ( Blue squares label led A and B in 

Fig 7 .7 ) .  B lack and green arrows point to reference Spots that indicate relative protein 

loading between B 1 2  and X7 samples. Upon c loser analysis, there appears to be no major 

difference in the expression of Formate acetyltransferase enzyme in B 1 2  and X7 cultures. 
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X7 

X7 

Sample 2 

B 1 2  

Sample 4 
B 1 2  

X7 

X7 

Fig 7.8 : The comparable expression levels of Formate acetyltransferase enzyme (red 

arrows) from B 1 2  and X7 total cell proteins over four samples, with 3 D  images 

of the each gel underneath . B lack and green arrows point to Reference Spots 

that indicate relative protein loading between B 1 2  and X7 samples. 
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7.4 Discussion 

Results from Chapter 6 identified two protein spots, extracted from the cel l  surface using 

lysozyme/mutanolysin treatment that were consistently present at a h igher level in strain 

B 1 2  compared with strain X7 .  Therefore, the objective of the work in this chapter was to 

identify the two proteins spots recognized in Chapter 6 as potential ly responsible for the 

higher rate of attachment demonstrated by strain B 1 2  over strain X7.  

Mass spectrometry analysis by ES I-QUAD-TOF fol lowed by MASCOT M S/MS Ion 

Search Query was able to identify protein Spot 1 ,  with high confidence, as Formate 

acetyltransferase, also commonly known as Pyruvate formate lyase. Eight hits with a 

probabi l ity based Molecular Weight Search ( MOWSE) ranging from 1 03 to 299 were 

described (Table 7 . 1 ) . It should be noted that scores of over 52 indicate identity or 

extensive homology (p<0.05 ) .  In addition, a l l  eight of the Formate acetyltransferase 

enzymes l isted with extensive homology to Spot 1 come from Gram positive bacteria and 

four of the eight bacteria are also spore formers, as is Anoxybacillus flavithermus used in 

this study. 

However, mass spectrometry analysis of Spot 2, fol lowed by a M ASCOT M S/MS Ion 

Search Query was unable to identify any peptide homology in the MASCOT database. 

The inabi lity to identify Spot 2 by mass spectrometry was not due to l imited protein 

concentration or the lack of sample peaks in the mass spectrometry results ( Russ 

Pickford, personal comm), but the lack of sequence homology present in the M ASCOT 

database to match to protein Spot 2 .  The inabil i ty to identify protein spots is  not 

uncommon in bacterial proteomics. Coquet et al. (2005) and Wei et al. (2006) reported 

several outer-membrane proteins from Yersinia ruckeri and Shigella flexneri respectively 

with no matching peptides in the database. 

To help confirm the identity of Spot 1 ,  five DNA sequences of the Formate 

acetyl transferase enzyme from the genus Bacillus were down loaded and compared, using 

the multiple sequence al ignment program ClustalW2 to help identify DNA sequences 

highly conserved within the Formate acetyltransferase gene. When comparing the five 
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DNA sequences, the design of the PCR primers to amplify Formate acetyl transferase 

from B 1 2  and X7 was based upon two important criteria :  

1 )  Extensive DNA homology over an 1 8-25 bp region ( Fig 7 .2A).  

2)  The Amplified product would provide extensive nucleotide coverage of the Formate 

acetyltransferase gene (F ig 7 .2B) .  

PCR primers were used to amplify a 1 946 bp gene product that covered approximately 

85% of the Formate acetyltransferase gene of B 1 2  and X7,  which was subsequently 

c loned and sequenced. Sequence al ignments of B 1 2  and X7 Formate acetyl transferase 

DNA were identical, suggesting that within the gene fragment sequenced, no minor 

changes in  the amino acid sequence can explain the higher presence of Formate 

acetyl transferase in the cell wall of strain B 1 2  compared with strain X7 .  

The in-silica translation of the cloned DNA sequence to  a protein sequence produced a 

648 amino acid sequence with 9 1  %, 85%, 84% and 83% homology to the Formate 

acetyItransferase enzyme from Geabacillus sp. WCH70, Bacillus lichenifarmis A TCC 

1 4580, Bacillus cereus subsp. cytotoxis NVH (39 1 -98) and Bacillus weihenstephanensis 

KBAB4, respectively, according to B LAST analysis .  This provides strong evidence that 

the cloned fragment from strains B 1 2  and X7 does contain the majority of the coding 

sequence for Formate acetyl transferase present in B 1 2  and X7 .  

Consequently, the in-silica translation of  the cloned Formate acetyltransferase DNA from 

B 1 2  and X7 should also encode the same peptides identified by mass spectrometry from 

Spot 1 .  In the present study, numerous peptide sequences identified by mass spectrometry 

from Spot 1 were also found to be encoded in the ampl ified Formate acetyltransferase 

gene fragment from B 1 2  and X7 ( Fig 7 .5 ) .  
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Two peptides commonly identified by mass spectrometry of Spot 1 (Appendix A2), but 

apparently not encoded within the 648 predicted amino acid sequence are ( in  standard 

I nternational single letter code) 

1 )  RVSGYA VNI F I KL 

2)  REQQI DVlNRT 

However, comparison of the entire amino acid sequence of Formate acetyltransferase 

from Geobacillus sp. WCH70, Bacillus licheniformis A TCC 1 4580, Bacillus cereus 

subsp. cytotoxis NVH (39 1 -98) and Bacillus weihenstephanensis KBAB4, with the 

amplified region from strains B 1 2  and X7, established that the two sequences above are 

positioned j ust outside the amplified region of DNA and thus are not encoded within the 

amplified region in Fig 7 . 5 .  

Overall ,  the abi l i ty to  relate peptide sequences identified by  mass spectrometry to 

predicted amino acid sequences from cloned and sequenced DNA provides a higher level 

of confidence that in this case, mass spectrometric analysis correctly identified protein 

Spot 1 as Fom1ate acetyltransferase enzyme. 

Phylogenetic analysis confirmed that the predicted ammo acid sequence of Formate 

acetyltransferase from Anoxybacillus flavithermus was closely related to Formate 

acetyl transferase from closely related bacteria (Fig 7 .6). 

The Formate acetyl transferase enzyme, sometimes referred to as Pyruvate formate lyase 

is general ly recognised as a cytoplasmic enzyme, whose function is to c leave pyruvate 

into formate and acetyl-CoA as outl ined in Fig 7 .8 ,  and represents the in itial step in the 

formation of mixed-acid end products in Lactococcus lactis and Streptococcus mutans 

( Melchiorsen et al., 2002; Abbe et aI. , 1 982). 
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Fonnate pyruvate acetyl transferase formate 

Fig 7.9 : Fonnate acetyltransferase catalytic conversIon of pyruvate to fonnate and 

acetyl-CoA (adapted from Walsh, 1 979). 

The Fonnate acetyltransferase enzyme appears to be the anaerobic counterpart to 

pyruvate-dehydrogenase enzyme, which cleaves pyruvate to acetyl-CoA and CO2 during 

aerobic respiration. When E.coli cells are switched from aerobic conditions into 

anaerobic conditions, Fonnate acetyltransferase activity appears within minutes ( Walsh, 

1 979). Peng and Shimizu (2003) reported a tenfold increase in the expression of Fonnate 

acetyltransferase genes when E.coli cel ls were switched from aerobic conditions into 

anaerobic conditions. 

Factors reported to cause increased expression of Fomlate acetyltransferase include the 

presence of galactose (Melchiorsen et aI. , 2002) in Lactococcus lactis, growth within a 

biofilm structure ( Resch et al. , 2005; Zhu et al. , 2007) in Staphylococcus at/reus, growth 

in anaerobic conditions (Zhu and Shimizu, 2004; Peng and Shimizu, 2003) in E.coli and 

bacterial growth in milk (Derzelle et aI., 2005) in Streptococcus thermophilus. 

Interestingly, three of the four factors mentioned above are known to be involved in milk 

powder production, from which Anoxybacillus flavithermus (B 1 2 ) originates. 

The enzyme Fonnate acetyl transferase from other bacteria is general ly regarded as a 

cytoplasmic protein with no known cell  surface local isation motifs such as LPXTG, a 

protein recognition sequence involved in attachment of surface proteins to the 

peptidoglycan layer in Gram positive bacteria, neither does it possess any membrane 

anchor domains or any signal sequence for translocation through the cell  membrane. 

However, complete sequencing of the Fonnate acetyltransferase from B 1 2  and X7 would 

be needed to confinn the lack of common cell surface targeting motifs such as LPXTG. 

Notwithstanding, the identification of intracellular proteins, particularly glycolytic 
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enzymes "moonlighting" (Schaumburg et al., 2004) on a cell surface i s  not uncommon 

(Fischetti, 2000; Cole et al., 2008; Cole et al., 2005). Two glycolytic enzymes frequently 

found on the surface of Streptococcus include Enolase and Glyceraldehyde-3-phosphate 

dehydrogenase (Hughes et aI., 2002). Enolase has been implicated as a plasmin( ogen) 

binding protein from pathogenic streptococci (Bergmann et al., 200 1 )  and Neisseria 

meningitidis (Knaust et al., 2007), which has been demonstrated to facilitate the cell 

invasion process (Bergmann et al. , 200 1 ). The exact nature of Enolase secretion is still 

unknown; nevertheless, Bergmann et al. (200 1 )  suggested the Enolase enzyme was 

secreted outside the cell wall then re-associated with the cell wall by interacting with 

receptors on the cell surface. On the other hand, Pancholi and Fischetti ( 1 998) proposed 

that internal sequences within the Enolase enzyme, unknown to date, may target the 

enzymes to the cell surface. In addition, Boel et al. (2004), working with the glycolytic 

enzyme Enolase from E.coli, demonstrated that by changing the lysine amino acid at 

position 34 1 to glutamic acid, the catalytic activity of the enzyme was not reduced. 

However, the modified Enolase enzyme was no longer found on the cell surface, 

suggesting that the export of Enolase to the cell surface is by an unknown cellular process 

and not due to cytoplasmic contamination by cell lysis. 

Recent work by Severin et al. (2007) identified Formate acetyltransferase enzyme on the 

surface of Streptococcus pyogenes. Severin et al. (2007) treated whole cells with the 

proteolytic enzyme trypsin to release surface proteins. The resulting mix of peptides 

generated were then analysed by tandem MSIMS, which identified 79 different proteins. 

In order to monitor potential cytoplasmic contamination, viable counts were taken after 

trypsin treatment and no reduction in cell numbers was recorded, suggesting little to no 

cytoplasmic contamination took place. 

In order to establish if the higher expreSSIOn of Formate acetyltransferase in B 1 2  

compared with X 7  from lysozyme/mutanolysin surface extraction is present throughout 

the whole cell, the expression levels of Formate acetyltransferase were analysed from 

whole cell protein extractions. Initially, protein spots thought to represent Formate 

acetyltransferase from whole cell protein extractions were sent for mass spectrometry 

analysis to confirm spot identity. Overall, expression levels of Formate acetyltransferase 
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from whole cell samples of B 1 2  and X 7  are very similar; suggesting that the higher level 

of Formate acetyltransferase observed in surface extracts in strain B 1 2  is not mirrored 

inside the cell .  

7.5 Conclusion 

Two lysozyme/mutanolysin extracted surface proteins were found to be expressed at a 

higher level in strain B 1 2  than in X7 (Spot 1 and 2), but only one could be identified by 

mass spectrometry. This was found to be the enzyme Formate acetyltransferase. The 

Formate acetyltransferase enzyme is a well-known cytoplasmic enzyme involved in the 

conversion of pyruvate to formate and acetyl-CoA (Fig 7 .8) .  Factors reported to cause 

higher expression of the Formate acetyltransferase enzyme in bacterial cells include: 

growth in milk (Derzelle et al., 2005), anaerobic conditions (Zhu and Shimizu, 2004; 

Peng and Shimizu. 2003) and growth within a biofilm (Resch et al., 2005; Zhu et al., 

2007). All three of these conditions would be encountered in the growth of 

Anoxybacillus jlavithermus in milk powder plants. However, the mechanism of 

translocation and retention of the Formate acetyltransferase enzyme within the cell wall 

of A noxybacillus jlavithermus is not yet known. It' s  role in the cell wall that has lead to 

the phenotypic differences noted between B 1 2  and X7, higher cell surface hydrophobicity 

and greater negative cell surface charge in B 1 2  relative to X7 is not obvious at the current 

time. Asanuma and Hino (2002) reported that the presence of the Formate 

acetyltransferase does not guarantee the enzyme is active, as post-translational 

modification is required in Lactococcus lactis and Streptococcus bovis to produce active 

enzyme. 

This work is not the first time the cytoplasmic enzyme Formate acetyltransferase has 

been identified on the surface of a bacterium (Severin et al., 2007). Furthermore, the role 

that various cytoplasmic enzymes play in bacterial attachment and invasion by 

pathogenic Streptococcus has also been reported by several authors (Hughes et al., 2002; 

Bergmann et al., 200 1 ;  Pancholi and Fischetti, 1 998 and 1 993). In addition to Formate 
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acetyl transferase, Spot 2, which could not be identified by mass spectrometry, may be 

involved in the attachment process of B 1 2  to surfaces. 
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C HAPT E R  8.0 

F i n a l  Discuss ion,  Futu re work a n d  Conclusion 

8. 1 Final Discussion 

I n  the milk powder industry, high numbers of thermophil ic bacteria may contaminate the 

product after long manufacturing runs .  This contamination can cause customer rejection 

of the final product, resulting in reduced financial return. During milk powder 

manufacture, sections of the plant commonly operate at between 45° and 75°C, which is 

in the growth range of thermophi les. Raw milk usually contains < I 0 thermophiles per ml 

( Fl int  et aI. , 200 I ;  Scott et al., 2007), but when run times exceed 1 8-20 hours, 1 05 

thermophiles can be found per gram of milk powder ( Murphy et aI. , 1 999; Stadhouders et 

al. , 1 982). The 1 0-fold concentration effect of converting milk to powder cannot explain 

this increase and the residence time of the milk from storage tank to finished powder, 

usual ly 20-30 minutes, does not al low sufficient time for thermophil ic growth in the bulk 

milk during processing. Therefore, the general assumption is that the thennophiles attach 

and grow, forming biofilms on the stainless steel surfaces within the plant. The result ing 

biofilm contaminates the product by individual cel ls or clumps of cells sloughing off. 

The first critical stage in any biofi lm formation is the initial attachment step, as future 

biofilm development depends upon the first layer of attached cel ls for anchorage to the 

surface. In this study, the isolation of a mutant with reduced abi l i ty to attach to surfaces 

was considered important in understanding what surface characteristics of Anoxybacillus 

jlavithermus are involved in the attachment process. A strain of A.  jlavithermus ( B  1 2) 

from milk powder was selected as the parental strain because of its h igher abi l ity to attach 

to stainless steel compared with other non-dairy strains of A. flavithermus (Fig 4 . 1 5) .  A 

selection process of passing a culture through a glass column fil led with stainless steel 

chips and col lecting the first bacterial cel ls to be eluted from the column, re-culturing and 

repeating the process seven times, resulted in the isolation of a stable  spontaneous mutant 

with, a I 10g l O  cells .cm2 reduction in the abi l i ty to attach to stainless stee l .  
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The resultant isogenic mutant or strain was labelled X7, in reference to the number of 

times the culture passed through the column. Strain  X7 demonstrated a reduced abi li ty to 

attach to stain less steel and a lower abi l ity to attach to glass and polystyrene microtitre 

plates compared with its parental strain B 1 2 . Thus, the attachment deficiency 

demonstrated by X7 appears universal across multiple surface types and not specific to 

stain less steel .  This observation raises the question, "what surface structures have 

changed in X7 that have resulted in its reduced abi l ity to attach to multiple surfaces"? 

Furthermore, strain X7 was a stable phenotype that could be sub-cultured and present the 

same phenotype. Differences between B 1 2  and X7 were even observable in the pel let 

formations fol lowing centrifugation. Strain B 1 2  formed a smear on the s ides and bottom 

of the centrifuge tube, while X7 formed a compact pellet on the bottom of the centrifuge 

tube, (Fig 4.4 and 4.4A). 

To ensure that strain X7 was not a laboratory contaminant, Random Amplified 

Polymorphic DNA ( RAPD) analysis, biochemical assays and observation of culture 

growth and colony morphology were used to compare B 1 2  and X7 .  None of these 

techniques was able to distinguish between the two strains, strongly suggesting that the 

selection process resulted in the successful isolation of an isogenic mutant demonstrating 

a phenotype with reduced abi l i ty to attach to surfaces compared with its parental strain 

B 1 2 . Furthermore, the inabi l ity of standard techniques to distinguish between strains B 1 2  

and X7 shows limited heterogeneity of X7 compared with strain B 1 2 . With this in mind, 

any differences in the cell surface characteristics between the two strains may be 

responsible for the observed differences in their abil ity to attach to surfaces. 

The first step in  comparing the surface characteri stics of the two strains involved the use 

of Transmission Electron Microscopy (TEM) in an attempt to observe any differences in 

the cell wal l structure. Structural differences between a cel lulose attachment deficient 

strain of Ruminococcus albus and its parental strain were observable when cel ls were 

viewed using TEM (Mosoni et al. , 200 1 ). However, in this study, no differences were 

observed between B 1 2  and X7.  Consequent ly, no major structural modifications visible 

using TEM exist that could explain the different rates of attachment of B 1 2  and X7 .  
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Exchanging culture supematants had no effect on the abi l i ty of each strain to attach to 

stainless stee l .  Thus, the supematants from both B 1 2  and X7 appear to be identical in 

terms of their effect on cell  attachment. This result suggests that no secreted component is  

lacking in  X7 .  

Cel l  surface charge is often associated wi th  the adhesion of bacteria to  surfaces (Briandet 

et al. , 1 999; Ukuku and Fett, 2002).  In this study, both Zeta potential measurements and 

Electrostatic Interactive Chromatography indicated that strain X7 has a lesser net 

negative charge compared with its parental strain B 1 2  at neutral pH. Substrates such as 

stainless steel at neutral pH frequently possess a net negative charge, which naturally 

results in the repulsion of negatively charged cel ls from the surface (Hermansson, 1 999). 

However, strain B 1 2  has a greater abi l ity to attach to stainless steel than X7, though B 1 2  

has a stronger negative charge than X7.  One explanation for this observation may l ie  at a 

more microscopic scale. Bacterial cell surfaces may possess positively charged domains 

which may mediate attachment despite overall electrostatic repulsion. Cowan et al. 

( 1 994) hypothesised this  for the interaction between Treponema deticola and human 

erythrocytes. Another explanation is that other physico-chemical properties such as 

hydrophobicity, van der Waals attractive forces and steric forces override electrostatic 

interactions in the attachment process of A. flavithermus to plastic, glass and stainless 

steel .  

Hydrophobicity of the cell surface is  also commonly considered to be associated with 

attachment of bacteria ( Peng et al. , 200 1 ;  Iwabuchi et al. , 2003 ). The use of M icrobial 

Adhesion To Hydrocarbons ( MATH) and Hydrophobic Interactive Chromatography 

( H IC) methods to study cell surface hydrophobicity suggested that strain B 1 2  had a 

higher surface hydrophobicity than strain X 7 .  Increasing the surface hydrophobicity of 

the substratum by treatment with Sigmacote® resulted in the increased attachment of X7,  

implying that surface hydrophobicity interactions may play a role in the attachment of A.  

flavithermus to surfaces. In general strain B 1 2  has a greater ability to attach to plastic 

(hydrophobic), glass (hydrophilic) and stainless steel than X7. The hydrophobicity rating 

of stainless steel i s  not well defined with Brugnoni et al. (2007) and Teixeria et al. (2005) 
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describing stainless steel as hydrophobic. However, Lejeune (2003), P lanchon et at. 

(2007 A) describe it as hydrophilic. Therefore, how can a cell  with higher surface 

hydrophobicity attach at a higher rate to a hydrophi l ic surface? This discrepancy has been 

reported before, with Anand et al. (2007) noting that treatment of marine bacteria with 2, 

4-dinitrophenol resulted in no change in surface charge, but reduced surface 

hydrophobici ty, which in turn caused a reduction in attachment to glass and p lastic 

surfaces. Liu et al. (2004) reported that a microbial cell with high surface hydrophobicity 

could help attachment to both hydrophobic and hydrophi l ic surfaces. The observation by 

Liu et al. (2004) could be a reflection on the relative hydrophobicity of the three phases 

i .e .  aqueous phase, bacterial surface and substrate. Consequently, if the bacterial surface 

and solid surface are more hydrophobic than the aqueous phase this may cause an 

increase in the hydrophobic interaction between bacteria and substrate. 

The role of extracellular polysaccharides, often associated with biofilm development 

(Sutherland, 200 1 ), was investigated by measuring the amount of polysaccharide 

produced by B 1 2  and X7, as well as the monosaccharide composition of the surface 

polysaccharides However, results did not indicate any difference between the two strains 

and therefore argued against the involvement of polysaccharide in the initial attachment 

of B 1 2  or X7 to surfaces. In addition, treatment of cel ls with polysaccharide degrading 

chemicals had no effect on attachment or surface hydrophobicity of the cel ls .  

The role of surface proteins 111 attachment was investigated by treating cell s  with 

chemicals that disrupted or removed surface protein ( trypsin, acid-glycine, l i th ium 

chloride and lysozyme). Except for lithium chloride, these treatments reduced the number 

of cells attaching by 1 10g l O  cells.cm
2 

for both B 1 2  and X7 strains. This suggests the 

important role surface proteins may play in attachment of B 1 2  and X7 to stainless steel. 

Similar results were also reported by Parker et al. (200 I )  studying the surface properties 

of thermophil ic baci l l i .  Removal of surface proteins also reduced the hydrophobicity of 

B 1 2  and X7, suggesting surface proteins are an important factor in determining surface 

hydrophobicity. 
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One-dimensional SOS-PAGE of surface proteins extracted with lysozyme/mutanolysin, 

or acid-glycine and whole cell proteins did not reveal any differences between B 1 2  and 

X7. Two-dimensional PAGE of acid-glyc ine extracted and whole cell proteins also 

revealed no differences between B 1 2  and X7, s ignifying that no major disruption to the 

common cell surface protein display mechanisms such as the LPXTG motif (F ischert i ,  

2000) has taken place in X7. However, two-dimensional PAGE of lysozyme/mutanolysin 

extracted surface proteins from B 1 2  showed two protein spots to be consistently present 

at a higher concentration compared with X7 .  The isoelectric point (pI)  of Spot 1 was 

estimated to lie in the pH range 6 .5-7 .0, wh ich probably wi l l  not affect the net charge of 

the cel l .  On the other hand, the p I  of Spot 2 was estimated to lie between pH 8 . 5-9.0; this 

means that the Spot 2 protein would have a net positive net charge at neutral pH. This 

would most l ikely result in the cel l surface of B 1 2  having a minor increase in net posi tive 

charge compared with X7. However, measurements of zeta potential and electrostatic 

interaction demonstrate that B 1 2  has a greater net negative charge on the cel l surface 

compared with X7.  From this result, i t  appears that the physical presence of Spot I and 2 

proteins on the cell surface cannot account for the difference in surface charge observed 

between B I 2  and X7.  A lthough the 2D-PAGE technique is expected to identify all  

proteins expressed by a cell ,  the real i ty is different (Huber, 2003 ) .  Hydrophobic proteins, 

high molecular weight and proteins present in small concentrations tend to be 

underrepresented in 2D-PAGE gels (Cash, 2004). Consequently, the possibi l i ty exists that 

proteins important in the attachment process of B 1 2  could fal l  into this category. 

One of the protein spots ( Spot 1 ,  Fig 6.8) was identified by mass spectrometry as the 

cytoplasmic enzyme Formate acetyltransferase, also known as Pyruvate formate lyase. 

PCR ampl ification of the DNA sequence (85% of the gene) followed by c loning and then 

sequencing of the Formate acetyltransferase gene fragment from both B 1 2  and X7 

resulted in identical DNA sequences. I n  addition, the predicted amino acid sequence from 

the cloned DNA encoded peptide sequences that were identified by mass spectrometry 

from the protein Spot I on the gel, providing greater confidence in the identification of 

Formate acetyltransferase. 
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The enzyme Fonnate acetyltransferase is general ly regarded as a cytoplasmic enzyme 

involved in the conversion of pyruvate to acetyl-CoA and fonnate in anaerobic 

conditions. Factors reported to cause an increase in Fonnate acetyl transferase expression 

inc lude growth in milk ( Derzelle et al., 2005), growth within a biofilm structure ( Resch et 

al. , 2005 ; Zhu et al., 2002) and obviously, anaerobic conditions (Zhu and Shimizu, 2004; 

Peng and Shimizu, 2003). All  three of these conditions are known to be encountered in  

the growth of  A .  flavithermus i n  mi lk  powder plants. Consequently, a higher level of  

Fonnate acetyltransferase expression in  dairy isolates may be  expected. 

The identification of a cytoplasmic protein in a cell surface extraction protocol raises the 

question "Is cytoplasmic contamination via cell lysis responsible"? In this study two 

cytoplasmic enzymes ( Leucine aminopeptidase and �-galactosidase) were moni tored as 

indicators of any cytoplasmic contamination. Although a small amount of cytop lasmic 

contamination was present in the lysozyme/mutanolysin surface extracts, there was no 

difference in the level of contamination between B 1 2  and X7 that could explain the 

higher level of Fonnate acetyltransferase present in the surface extracts from B 1 2 . Thus 

cytoplasmic contamination appears to be an unlikely source of the Fonnate 

acetyltransferase. A comparison of whole cel l  proteins by 20 PAGE suggested that the 

internal levels of Fonnate acetyltransferase in B 1 2  and X7 were simi lar. This tends to 

indicate that the higher concentration of Fonnate acetyl transferase is l imited to the cell 

wall of B l 2 . 

This is not the first report to identify Fonnate acetyltransferase on the surface of bacteria. 

Severin et al. (2007) identified Fonnate acetyltransferase on the surface of Streptococcus 

pyogenes. Furthennore, the identification of cytoplasmic enzymes on bacterial surfaces is 

not an uncommon occurrence (Fischetti ,  2000; Co le et al. , 2008; Cole et al. ,  2005). 

Some glycolytic enzymes such as Enolase found on a bacterial surface have been 

reported to enhance attachment to host tissue cell s  ( Bergrnann et al. , 200 1 ;  Knaust et al. , 

2007) and even el icit protective immune responses in mice (Ling et aI. , 2004). However, 

the nature of the transport mechanism to relocate a cytoplasmic  enzyme such as Enolase, 

and in this study Fonnate acetyltransferase, to the cell surface remains elusive. 
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The results from this work raise three questions: 

i )  What is actually different about X7 and how is  Formate acetyltransferase involved in 

attachment? 

i i )  How is Formate acetyltransferase relocated to the cell  surface? 

i i i )  Does Formate acetyltransferase have an additional function when associated with the 

cell wall that is different from its function inside the bacterial cel l i .e .  is Formate 

acetyltransferase responsible for the observed increase in surface hydrophobicity and 

greater negative surface charge in B 1 2? If so, is th is difference due to the enzymatic 

activity of Formate acetyl transferase or is the physical presence of the enzyme in the 

cell wall responsible for differences in surface charge and hydrophobicity? 

The inabil i ty to identify the second protein ( Spot 2 )  from Iysozyme/mutanolysin extracted 

proteins from strain B 1 2  cannot be ignored, as this protein may play an important ro le in 

the attachment process. However, unti l identified, its role in attachment remains as 

speculation. 

8. 2 Future work 

Although the work presented in th is thesi s has yie lded a lot of useful information, the 

results also uncovered many unanswered questions. Areas where more work is required 

include: 

1 )  Further confirmation of the presence of Formate acetyltransferase on the cell  surface. 

This could be accomplished by label ling surface protein with sulfo-NHS-LC-biotin, a 

technique sometimes termed surface biotinylation (Smither et al. , 2006). This biotin 

derivative cannot pass through cell membranes thus all surface proteins could be 

separated by 2D-PAGE and visuali sed by probing with Streptavidin. Protein spots of 

interest could then be sent for identification by mass spectrometry. 
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2)  Ful l sequencing of the Fonnate acetyltransferase gene and adjacent DNA regions 

from B 1 2  and X7 may identify any differences in control and/or transportation 

infonnation that might be involved in the localisation of Fonnate acetyltransferase to 

the cel l  surface of B 1 2 . 

3 )  Further work on the identification of the second protein present at a higher 

concentration in B 1 2  (Spot 2) from Iysozyme/mutanolysin extracted surface proteins. 

This  might be achieved by M S/MS analysis to identify protein sequences, fol lowed 

by PCR amplification, cloning and sequencing. Complete DNA sequencing of Spot 2 

may provide enough infonnation to ident ify the protein .  Though identification of Spot 

2 may not detennine i ts role in attachment, i t  may suggest further studies to elucidate 

its role on the surface. 

4) Disruption of the Fonnate acetyltransferase gene in strain B 1 2 , followed by 

attachment studies. The Fonnate acetyltransferase enzyme from Streptococcus is 

inactivated in the presence of oxygen (Asanuma and Hino, 2002), in spite of th is 

Streptococcus is regarded as a Facultative anaerobic organism, as is Anoxybacillus 

flavithermus, which suggests this enzyme is not required for aerobic growth. 

Consequently, i f  disruption of the Fonnate acetyl transferase resulted in decreased 

attachment in aerobic conditions this would suggest a direct involvement of Fonnate 

acetyl transferase in attachment. 

5) Measurement of any differences in gene expression between B 1 2  and X7 by the use 

of DNA Microarray or Protein array technology. DNA or Protein array technology 

may be able to identify hydrophobic, or proteins with low or high isoelectric point 

(pI) values expressed by B 1 2  or X7 that were not separated by the use of 20 PAGE 

technology in the present study. The presence of a hydrophobic surface protein with a 

low pI value on the surface of B I 2  involved in attachment, unable to be separated by 

20 PAGE may explain the greater negative charge and higher hydrophobicity rating 

of B 1 2  compared with X7.  

1 82 



Chapter 8. 0 - Final Discussion, Future work and Conclusion 

6) Whole genome sequencing of B 1 2  and X7 may be able to identify smal l differences in  

the DNA sequence of B 1 2  and X7.  Any differences between the DNA of B 1 2  and X7 

could then be annotated, as  a result the identification of any ORF may help identify 

proteins important in the attachment process. 

B. 3 Final Conclusion 

The objective of this research project was to gain an understanding of the attachment 

mechanisms of a thermophil ic bac i l lus, A. flavithermus strain B 1 2 . The first step involved 

the i solation of an attachment deficient isogenic mutant of B 1 2, which resulted in the 

i solation of X7.  I t  was thought that by comparing the surfaces of B 12 and X7 important 

cell  surface attributes involved in cell attachment could be pinpointed. In general, strain 

B 1 2  has a greater abi l i ty to attach to stainless steel, plastic and glass surfaces compared 

with X7, thus the attachment deficiently of X7 appears to be universal across multiple 

surface types. A comparison of the surface characteristics of B 1 2  and X7 revealed that 

B 1 2  has a greater negative cell surface charge and is more hydrophobic than X7. 

Disruption of surface proteins caused a reduction in hydrophobici ty and attachment of 

both strains, indicating the possible importance of surface proteins in the attachment 

process. Two-dimensional PAGE analysis of Iysozyme/mutanolysin extracted proteins 

highl ighted two proteins that appeared to be present at a h igher concentration on the cell 

surface of B 1 2  compared with X7. One protein was identified as the cytoplasmic protein 

Formate acetyltransferase. However, the role  of this enzyme in the attachment process of 

B 1 2  remains unknown. The second protein was unable to be identified. When comparing 

the attachment of B 1 2  and X7 with other dairy and non-dairy thermophil ic baci l l i ,  dairy 

isolates attach to stainless steel at a simi lar rate to B 1 2 . On the other hand, the abi l i ty of 

X7 to attach is comparable to non-dairy isolates. Perhaps the unique environment found 

within a milk powder plant, requiring a bacterial cel l to tolerate growth in mi lk under 

anaerobic conditions and to have a high capacity to attach to stainless steel has possibi l i ty 

selected for a mutant strain with a phenotype adapted to survive the milk powder plant 

environment. Consequently, X7 may not be the true mutant, but a reversion to a 

phenotype more common outside a milk powder manufacturing plant. 
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Appendix 

A2 : ESI-QUAD-TO F Mass spectrometry resu lts 
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A2: ESI-Q UAO-TOF Mass Spec Results 

Key for ESI-QUAD-TOF Mass s pectrometry res u lts 

1 .  gi l68054704 1 
Mass:  84 1 06 2 Score: 2993 Queries matched : 64 

Fonnate acetyltransferase [Exiguobacterium sibiricum 255- 1 5 ] 

Observed
S 

549.2679 

6 
M r(expt) 

7 8 9 10 1 1  1 2 Mr(calc) Delta M iss Score Expect Rank 

1 096.52 1 2  1 096. 5 9 1 6  -0.0704 0 3 0  X . 3  1 

t - Accession l ink number 

2 - Protein molecular weight 

3 - Non-probabi l istic protein score, derived from the ions scores 

4 - Number of peptide matches 

5 - Experimental mlz value 

6 - Experimental mlz transfonned to a relative molecular mass 

7 - Calculated relative molecular mass of the matched peptide 

8 - Difference (error) between the experimental and calculated masses. 

9 - Number of missed enzyme cleavage sites 

1 0  - Ions score 

P t'd 
1 3  

ep I e 

R. VSGYAVNFI K. L 

1 1  - Expectation value for the peptide match .  (The number of times we would expect to 

obtain an equal or h igher score, purely by chance. The lower this value, the more 

significant the result) 

1 2  - Rank of the ions match, ( I  to 1 0, where I i s  the best match).  

13 - Sequence of the peptide in I - letter code. 
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A2 .1  Spot 1 from 81 2 Iysozyme/m utan olys i n  extraction 

Mascot Search Resu lts 

gi l68054704 Formate acetyItransferase IExiguobacterium sibiricum 255- 1 5 1  

gi1679 1 7225 Formate acetyItransferase 1 Clostridium thermocellum A TCC 274051 

gi l89202507 Formate acetyItransferase IBacillus cereus subsp. cytotoxis N V H  39 1 -981 

gi l52080503 putative formate C-acetyltransferase IBacillus licheniformis ATCC 1 45801 

gi l 1 68005 1 1 pyruvate formate-lyase IListeria innocua Clip 1 1 2621 

gi l  I 06885378 formate acetyItransferase 1 Clostridium phytofermentans ISDgl 

1 .  gi 168054704 Mass: 84 1 06 Score: 299 Queries matched: 6 

Formate acetyltransferase [Exiguobacterium sibiricum 255- 1 5 ] 

Observed M r(expt) M r(calc) Delta Miss Score Expect Rank Peptide 

5-19.2679 1 096.5 2 1 2  1 090. 59 1 6  -0.070-1 0 30 )U R \,SGY <\ V � I K  L 

557 .7532 1 1 1 3 .-I9 I X  1 1 1 3  577R -0.OX59 0 -IX 0. 1 X R I -OO I D \' 1  R . I 

5 75 .2-1RX 1 1 48-1830 1 1 -18 .52-1-1 -0 0-1 1 3  0 2-1 -1-1 K I' ONGAA M SL( jR V + Omlatloll ( M )  

652 .3306 1 302 .0-166 1 302.693 1 -0.0-165 0 5 8  0.0 1  X K. \eJ I r I  ( j L P D "  Y G R . G 

678 3-11-1 1 -'5-1.6702 1 3 5-1 .7 1 3 2 -0 .0-130 0 5 7  0.02 1 R . \ S I I' L D I Y I I · R . D 

7 1 0.37-15 1 -130. 73-1-1 1 -130 7X8 I -0 .0530 83 -I. He-OOj R . Ki\G I I  rG LPDA Y G R . G 

2. gi 1679 1 7225 Mass: 843 5 1 Score: 275 Queries matched: 6 

Formate acetyltransferase [Clostridium thermocellum ATCC 27405] 

Observed Mr(expt) Mr(calc) Delta M iss Score Expect Ran k Peptide 

5-19 .2679 1 096.5 2 1 2  1 096 .59 1 0 -0 .070-1 0 30 )U R VSGY \vN r I K . L 

55 7.7532 1 1 1 3 -19 1 8  1 1 1 .1. 5 77 8 -0.OX59 0 -IX O. I X IUOO LD \' I R I  

575 2-188 I I -IX-IX30 1 1 -18.52-1-1 -0. 0-1 1 3  0 2-1 -1-1 K I · O N e , A A MS I G R. 1 + O,,,dallon ( M )  

652.1 306 1 3 02.0-160 1 3 02.693 1 -0.0-105 0 58 0 .0 I X  '" \( . 1 11 C , L P D I\  Y GR.G 

7 1 -1 .X I 56 1 4 27 . 6 1 66 1 -127.6602 -0.0-136 0 -'-' -1. 9 K I ' I LL DA M I- H P I ' K Y + O"datioll ( M )  

7 1 6.3 7-15 1 -130 73-1-1 1 -130 .788 1 -(U)536 X3 -I 8e-OOj I '" K;\ ( d ll  GLPDA y G R . CJ  

3. gi 189202507 Mass: 84405 Score: 1 67 Queries matched: 5 

Fonnate acetyl transferase [Bacillus cereus subsp. cytotoxis NVH 3 9 1 -98] 

Observed Mr(expt) M r(calc) Delta Miss Score Expect Rank Peptide 

5-19.2 679 1 090.5 2 1 2  1 096 .59 1 6  -(l . ( )70-l 0 30 X.3 R . \ S C , Y  \\ '\Ir I "' - L  

557 .7 532 1 1 1 3 -19 1 8  I 1 1 3 5 7 7X -(l.()X59 0 -IX o I X R l ' OO I D \  I N R . I 

5 75 . "2-188 1 1 -18.-1830 1 1 48 . 524-1 -0 .0-1 13 0 2-1 -1-1 "'- I · o '\IG 1\ \ r>,. l S LG R  I + Chldatlull ( M )  

7 1 -1. 8 1 5 6 1 -12 7 0 1 66 1 -127 . 6602 -(l .!)-I_36 0 J 3  -1 9 R I ' rLLD<\\1 1:IIP I· K. Y + (hldal lull ( M )  

6-10 9893 1 9 1 9 9-16 1 1 920 02.37 -0 0776 0 3-1 -I :> R I M \ I G I <\GLS 'v 'v A DS L S A I I-.. 't + ( h l dallun ( M )  
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A2: ESI-QUAO-TOF Mass Spec Results 

4. gi l52080503 M ass: 83378 Score :  1 63 Queries matched : 4 

putative formate C-acetyltransferase [Bacillus licheniformis ATCC 1 4580]  

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

549 �679 I 096.S� I � 1 096.59 1 6  -0.0704 0 30 X . 3  R. VSG Y '\' V N � I K L 

575 .�4XX I 1 4HAX30 I I -1X.5�44 -0.04 1 .\ 0 �4 44 K I · QNG A A M S LGR . V + O'(I(.laIIOI1 ( M )  

67X . 3424 1 35-10702 1 354.7 1 3� -0.0430 0 5 7  0 02 1  R V <; I f- 1  D I Y I I - R . D  

73 1 .3300 1 460 6454 1 460.6969 -0.05 1 5 0 5 3  O.OS5 R I ' \QI· L V D H f- V M K. L + OXloalion ( M )  

5.  gi l 1 68005 1 1 Mass:  83744 Score: 1 03 Queries matched : 3 

pyruvate formate- lyase [Listeria innocua Clip 1 1 262] 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

S02 .n55 1 OO� .5364 1 002.5 709 -0.0344 0 5 1  O.OXX K . G A L A S L S S V A K .  L 

549.2679 1 096 52 1 2  1 096. 59 1 6  -0.0704 0 30 H.3 R . VSGY '\'V N F I K. L 

57 5 . �4XX 1 1 4X.-1X.l0 1 1 4X . 5�44 -0.04 1 3  0 24 44 K . H) NG A A M S LGR I + OXloallo11 ( M )  

Proteins matching the same set o f  peptides : 

6. gi l 1 6803446 M ass: 83772 Score: 1 03 Queries matched : 3 

pyruvate formate-lyase [Listeria monocytogenes EGO-e] 

7. gi 146907634 Mass:  83758 Score: 1 03 Queries matched : 3 

formate acetyltransferase [Listeria monocytogenes str. 4b F2365] 

8. gi l l 06885378 M a s s :  77549 Score: 85 Queries matched : 2 

formate acetyltransferase [Clostridium phytofermentans ISOg] 

Observed Mr(expt) Mr(calc) Delta M iss Score Expect Rank Peptide 

5 7S .24XX I I -1X.4X.lO 1 1 4 X . 5�44 -0.04 1 3 0 �4 44 K [- QNCJAAM SLG R . I + O\ IOaII011 ( 1 )  
62X .lQ20 1 25 5 .6294 I 255.6XH-1 -O.05X9 

Search Parameters 

Type of search : M SIMS Ion Search 
Enzyme : Trypsin 

6 1  0.0079 

Variable modifications : Carboxymethyl (C),Oxidation ( M )  
M ass values : M onoisotopic 
P rotein M ass : U nrestricted 
Peptide M ass Tolerance : ± 0.25 Da 
Fragment M ass Tolerance: ± 0.2 Da 
Max M issed Cleavages : 3 
I nstrument type : ESI-QUAD-TOF 
Number of q ueries : 1 23 
M ascot: http://www. matrixscience.com/ 

1 90 
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A2: ESI-QUAO- TOF Mass Spec Results 

A2.2 Spot 2 from 81 2 Iysozyme/m utanolys i n  extraction 

Mascot Search Res ults 

Peptide matches not assigned to protein hits: (no details means no match ) 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

69 1 3072 1 3 80. 5991{ I 3 XO. 6-10R -0.0-1 1 0 0 -16 0. 26 I ALHSNY I ' LHi K 

XO]H999 

XOR .H76S 

53 6.8 1 7 6 

807.X972 

7 1 7 3 29-1 

686.X7 7-1 

526. 756X 

5 76 8 1 05 

6-193078 

7 75 . 3928 

5 2 5.288-1 

595 .3 1 2-1 

6 1 6.3-156 

526.2590 

523 2783 

7 1 0 .8326 

5 76.80-13 

569 7966 

63 _1 .3005 

766.8905 

563 .253X 

799 .3X70 

56-1.7-187 

583 .28()5 

6-19.-1286 

67 5 .35-15 

7 1 7 .3 3 75 

530. 76X I 

52X. 2X3-1 

55X 773-1 

5 1 .,5 70-1 

563 7675 

5 7 5 . 7 795 

60-1 7966 

5 1 6.2 X 75 

672 . 3 2 2 ,  

6-19 .. 1088 

1 6 1 3 . 7852 1 0 1 _)896 1 -0. 1 1 08 

1 6 1 5 . nX-I 1 6 1 5 . 79-10 -0.0556 

1 0 7 1 .6206 1 07 1 .6652 -0 .0-1-15 

1 6 1 3  7798 1 6 1 3 .8637 -0.0839 

1 43 2 .6-1-12 1 -132 .6802 -0. 0359 

1 3 7 1 7-102 ' -' 7 1 . 7907 -0.0505 

I OS I -1990 1 05 1 ,460-1 0.0386 

I I X3 . oX20 I I IU .67 RS ( l . ()036 

I I S I . 606-1 1 1 5 1 .67 74 -0.07 1 0  

1 2 96 .60 I 0 1 2 96 .60 1 9 -0.0009 

I S-I8 77 1 0  I S-IX.X 1 20 -0.0409 

I O-lX.5622 1 0-18.5 586 0 .0036 

1 1 88 . 6 1 02 I I X({ .66 1 5  -0.05 1 2  

1 230.6766 1 230.6568 0.0 1 99 

1 050.503-1 I OSO.6073 -0. 1 03 8  

1 04-1 .5-120 1 04-1 .5022 0.039') 

1 -1 1 9.6506 1 -1 1 9  7 1 -16 -0.06-10 

I 1 5 159-10 I 1 5 1 .677-1 -0. 083-1 

1 1 3 7. 57 86 1 1 3 7 .5852 -0.0065 

1 26-1 .580-1 1 2 64.6-15 1 -0. 058 7 

1 53 1 . 7664 1 53 18622 -0.0958 

I 1 2-1.-1930 I 1 2-1.5 .1-19 -0 (4 1 1) 

1 5 96 759-1 1 596. (1)26 -0 .2 33 1 

I 1 2 7 .-1828 I 1 2 7 .5683 -0.0854 

I 1 6-1 . 5-16-1 I 1 6-1 .5 7 75 -0.03 1 0  

1 2 %8-126 1 2 96 . 67 85 0 1 6-1 I 

1 ,-IX.69-1-1 I I-IX . 6-1 79 0 .0-106 

1 -132 .660-1 1 -132 . 7.\ 1  0 -0.0705 

1 (51). 5 2 1 6  I 059. S672 -0 .0-156 

1 05-1 5522 1 05-1 . 559.1 -0.007 1 

1 1 1 5 .53 22 I 1 1 5 . 5393 -0.0070 

1 5 .1 7.61'94 1 5.1 7 )<9-10 -0.20-16 

I 1 25 . 5 20-1 I 1 25 .625-1 -0. 1 050 

1 1 49 .5-1-1-1 1 1 -19 .6 1 -12 -0 0697 

1 2 07 . 5 7 X6 1 2 07 . S I 05 (l.06X2 

1 030. 560-1 1 030.-190.1 0.070 I 
1 ,-12 .6300 1 3-12 .6XX I -0.05XO 

1 2 96. 6030 1 2%.67 1 3  -0.0683 

3 3 7  

o 1 5  

1 -1  

2 30 

o 10 

29 

o 29 

2 29 

29 

o 2 7  

2 2 7  

o 26 

o 25 

o 23 

o 2 2  

2 1  

o 2 1  

2 1  

2 1  

o 2 1  

3 20 

20 

o 20 

o 20 

2 20 

.U 
-I 

1 1  

1 1  

1 2  

1 1  

1 3  

1 3  

2 0  

27 

29 

\9 

6 1  

66 

6-1 

X2 

xx 

7 'i  

92 

97 

X9 

I c+002 

1 9  I .2c�002 

o 

o 

1 9  .k+002 

1 9  I c+0()2 

1 9  l-Ic+()02 

1 9  l .Jc+ 002 

1 9  I _k+002 

I X 1 .-Ic+002 

I X 1 .5c+002 

1 7  I 9c+00 2 

1 7  2 I c-0()2 

1 7  I 9c+00 2 

1 9 1 

QALQ I R V F  I I: R R K  

LSSVL VSAAP At\l:I: l' K 

I U I LKQQK 

Ki\ LDVIGG Y R  I l:. H R  

V LCQA(j G L L G I ' GC ( arbo,\ y m cthyl ( C )  

IA LV LASAC R I D K  

QSSTl: M P I R +OXldat lon ( M )  

LLR L R N I- DR 

URN I i\AP l:.R 

1· I I\1 DD G LAN A V K+ Chl(jatlon ( M )  

AAGVQKGSA I· P H  R N K 

SLLCSIl AGGK 

I I I' R  I I- P i\ V R  

I A V V D L G S N S I R  

K I A  rS I Y G A K  

,\QSPCVTPS R 

Y V N W IQQ1 1AAN 

I I G V D L N I ' R R  

Ql: I S 'vLLl-R (hldatlon ( M )  

GQ I P K I- D  I I-PK 

R P I - R P V V  ADG Y K K  

I i\DI' i\L YQSK 

KLI'  R LV A I I: L K  rG K 

DAi\ R SDI'GLAR 

U: I : IQ'I YR 

RP V D LGL N I-I- R 

KGDLKN M M PDGK + Owlation ( M )  

N D D I Q V G I I- R I' K 

D\ I(,'�AKQSR 

H 'J I I I N C L K  

Ci\III:SAG K K K  + Carbu'\ymcthyl ( C )  

V A  I D(;I I r \  K R H L K  

KPQKQ I G PSR 

D\ Y D  \ KCJ K VR 

I)GI · O.'\\ OI-A R 

i\DGG(JS RGGAAR 

I )  I I- I I R I: N A '"  

1 1- [)t\I- I K V V  i\Q \ 



634 .3331-: 

560. 79 1 1 

569 79X6 

S 3 3  2462 

5 X  I 26X2 

569 2477 

561 1039 

6 7X.44 76 

5 3 7 7552 

5 1  I 1 3  J 3  

672.X I 44 

536JOg3 

5 X.l .IX61< 

5.13. 240 1 

6 1 2 .4062 

5 1 7 246X 

692 . .l7X3 

5 72 .62 1 .1 

6 1 1 5472 

1 266.6530 I 266.496X 0 1 562 

1 1 1 9.5676 1 1 1 9 .49 1 3  0.0763 

1 1 37 5X26 1 1 37 5600 (L0226 

1 064 .4 7 7X 1 064 5.15X -0 0579 

1 1 60 5 2 1 X  1 1 60.5937 -0 07 1 9  

I I 36.4XOX I 1 ,6 S794 -0 09XS 

1 6XO.XX99 I MW 7xx5 0. 1 () 1 4  

J 3 54 .XX06 1 .,54 7 1 06 0. 1 70 I 

1 073 495X 1 073 s 790 -O OX32 

1 5 30 .972 1 1 5 30.1<626 0 1 095 

1 143.6 1 42 1 14.1 .70 1 9  -O.OX77 

1 070.6020 1 070. 5 29 I 0.0730 

1 1 64 7590 1 1 64.6 1 'X 0. 1 45 2  

1 06-1.4656 I 064j l ,X -O.O-lR I 

1 22 2 . 797X 1 22 2 66\ 1 0 1 "1-17 

1 03 2 .-1790 I 03:!.4X35 -0.0045 

J 3X2 . 7420 I 3 X2 7405 0 00 1 6  

1 7 1 -1  X42 1 1 7 1 4 9227 -O OX06 

2-142 1 597 2442 2 1 00 -0.0503 

Carho'Ylllo:thyl ( C )  

SOl I XX" 1 004 .3622 1 004 4094 -0.047 1 

506.9 155 

534 2577 

505 .25 1 .1 

5 70.40 I "  

7 1 3  3 1 44 

576 \ 1 1 lJ 

654.2XR3 

769. 2954 

567.292 1 

625 9794 

( C l  

5 2 ., 2440 

649.6547 

54(>!),35 

564 2554 

506. 5 790 

5 1 2 2253 

6.,4.-1 I X I 

590 I')X9 

766 . 7 1 20 

1 5 1 7 71<47 1 5 1 7 77)9 O.OOXX 

1 066 . 50()X I 066 . 5 30X -0. 0299 

I OOX.-1XXO I OOX.6 1 92 -0. 1 3 1 2  

I I ,X 7XX4 I I ,X 565X 0. 2226 

1 42-1.6 1 42 1 424 7\13 -0 1 1 90 

I 1 50.6092 I 1 50.6206 -0 0 I 1 4  

1 306.5620 I 106. 5975 -0.0355 

1 5 36.5762 1 536 7451 -0 1 690 

1 69X.X545 1 69X 90 1 4  -0.0469 

I X 74 9 1 64 I X74.9 1 96 -0.0032 

5 2 2 2 , 67 -O O I X3 

1 945 9423 1 946 1 060 -0. 1 63 X  

1 63 5  I , X 7  1 634 9243 0 2 1 44 

I 1 26.-1962 I 1 26. 'XX3 -0 0920 

1 5 1 6. 7 1 52 1 5 1 6. 7746 -0.0594 

1 022 .4)60 I 022 .-19.B -CLOS7) 

1 266 .X2 1 6  1 266 6469 0 1 74X 

5X9 ,<) 1 6  "X9.2X59 0 1 0 " 7  

2297 1 1 4 2  2 2 9 7  "\ 1 5 3 -0. 20 1 2 

( h ldatlllll C M )  

656.43 .1 7 

67 1 9 ,07 

5 6 1 .5552 

5 1  X57X2 

1 3 1 0.X52X 1 \ 1 0. 6.167 0 2 1 6 1  

20 1 2  n03 20 1 2  'I I I X -0 1 4 1 5  

1 6X I 643X 1 6X I .X760 -0 2., 2 .' 

2070.2 X.\7 2070 1 , 74 0. 1 46., 

A2: ES/-QUAO- TOF Mass Spec Results 

o 

()  

o 
o 
o 

o 
o 

o 
o 
2 

2 

o 

o 
o 

o 

o 

1 7  2e+002 

1 6  2 .Ie+002 

1 6  1 .90:+ 002 

1 6  2 ke002 

1 6  2 .6e+ 002 

1 6  2 . 2e+002 

1 6  2 .5 0:+002 

1 6  2 1 0:t-002 

1 6  2 7c+002 

1 6  2 .6e+002 

1 6  2 . l<e+002 

1 6  2 . Xo:+002 

1 5  2 .6e+002 

1 5  2 .Xo:H)02 

1 5  2 .ge+002 

1 5  Ue+002 

1 4  HlC+002 

1 4  He+002 

1 4  4e d)02 

1 4  4 .5 e+002 

1 3  4 ge+002 

1 3  4 . 20:+002 

1 3  4 .Ie+002 

1 2  4e+002 

1 2  6 k 002 

I I 6 6e+ 002 

I I 7 5 e+002 

1 1  5 . Xe +002 

1 1  X l et-002 

1 1  9 4e+002 

1 1  I I e+002 

1 1  'I k+002 

1 0  2 2e 002 

1 0  I e+OO ,  

1 0  I i c+OO , 

1 0  9 k+()()2 

o 'I I 2c+OO , 

1 4e+ 00, 3 'I 

� 1 .2e+003 

o 9 2e 002 

2 7 

n 

I .kt003 

1 .40: 003 
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QSPGSC ,GCO'l.l \ N I\. Chldatloll ( M )  

C S M S H Ri\" R + Carbo\Ylllcthyl ( C ): 

N I  L Y VQM N R  

K \ Ll\t J' M,\QK + O"dal loll ( M )  

KGf- G G L  N S P I  R 

\ I R M .\ I  R M I\.  + 2 O"dallon C M )  

V N 'l.1 S 0\ I ' N M  \ L J'l.1 S I\.  

\ >\ L POLQ I H H I' R  

L\'J:-G L \M I PI\. + O"dation ( M )  

I i\ L K L M M Q L L  V O R  

L R H M V [ )DK I f- A  

C S R O V V \ G H K  

\ 1 0  \ (,Cil L J \ R 

I , V II+ I · C ;S R 

L L H'vl O \  L K  \ 1\.  

\ OQS \ '( , \(,N K 

\ " !\ r i\ \ V POI'  \ I R 

\\ \ L S RQR 1 \  I Q I I' R  

i\QLK S L S KC Y D Li\Pi\PI· ,\ i\ Pi\P K  + 

H RSSC ' O R  + C arbo\Yl11cthyl ( C )  

L I'S \GS LJ I· K [)M K ' Chldatlol1 ( M )  

C , v,  i\ H L \ Oi\ >\ R 

\1'>\ / 1 P R I\. R  

1 1  H SS Y l  1 · 1\. 

M S Y \  \LS(, L \ \ \Q I\.  O\ldaI lOIl ( M )  

l LRG(,( , e J P D( , P R  

I SSQKC H I HQ 

GI K K H  I C(;IC ' "  I ( , K  

J - l  LQHi L KGLC >\ \ I I\. 

R I  K\ \' \CC , I I'QSS 1 1' 1\. + Carbo\ymcthyl 

H , GSR 

i\PG I \' R \  L.\C , \ >\ P I· ( ,  I L \QR 

' ti I L I\. I I \ Q l l f- 1\.  

( , D V,  L R "  1 ' 1, R 

I I \ \ f- C d  \ >\ R \ I C , H C i K  

Q>\SA I W H i R  

1 \  I R P \ 'r R 

( ,v Pf- C,N 

1 1\. [  Y L  \ R II R C , D l " \ \ 1 \ '1.1 \  R + 

S D I'O\\ R H  I >\ \ I\. 

C'> I '1.1 \1 ' C ,  I SDH L \) \ \ I \ R 

DI'Q R H  \1' 1'1'( , \  I i\ R R  

QICi\ \ LQ I Q \ L f- P H K I \ R  



6 1 4 .4 1 55 I ��6.g 1 64 1 1�6 .67 7 1 0. 1 394 

6XO . 353 1 1 3 5X .69 1 6 1 35 8 .5707 0 . 1 2 1 0  

62 7 . 1 56X 626 . 1 495 61 6.2XX4 -0. 1 3X9 

5(,1.3Xn 56 1 3 754 56 1 .2 7 5X 0.0996 

539.X650 1 6 1 6.5732 1 6 1 6.!W91 -0.2360 

Search Parameters 
Type of search : MS/MS Ion Search 
Enzyme : Trypsin 

A2: ESI-QUAO- TOF Mass Spec Results 

(, 2 . 1 e+003 1 1  D V � H K K  

0 5 3 .�L'+0()3 M DDAA A M A A A H I · R 

5 I Ac+()03 H G R S G N 

0 1 .4 c+003 1\ 1 · AGSK 

2 1 .ge+OO3 LNAI\G R LI·  H A M A G Y K  + OXIdatIon ( M )  

Variable modi fi cations : Carboxymethyl ( C )  , Oxidation (M) 

Mass values : Mono isotopic 
Protein Mass : Unrestricted 

Peptide Mass Tolerance : ± 0 . 2 5 Da 

Fragment Mass Tolerance : ± 0 . 2  Da 

Max Mi ssed C leavages : 3 
Ins trument type : E S I - QUAD - TOF 

Number of que ries : 1 0 1  
M ascot: http ://www.matrixscience.coml 
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A2: ESI-QUAO- TOF Mass Spec Results 

A2 .3 Spot 1 from 81 2 total cel l  prote i ns 

Mascot Search Res ults 

gil 1 25973025 formate acetyl transferase [Clostridium thermocellum A TCC 27405] 

gi186607744 formate acetyltransferase [Synechococcus sp. JA-2-3 B'a( 2- 1 3 )] 

gi l52080503 putative formate C-acetyltransferase [Bacillus licheniformis ATCC 1 45 80] 

gi l l 1 6872838 formate acetyltransferase [Listeria welshimeri serovar 6b str. SLCC5334] 

gil 1 50389979 formate acetyl transferase [Alkafiphilus metalfiredigens QYMF] 

gi l83594330 Formate acetyl transferase [Rhodospirillum rubnlm ATCC 1 1 1 70] 

gi l l 06885378 formate acetyl transferase [Clostridium phytofermentans l S Dg] 

gil l 1 90260 I 0 fonnate acetyltransferase [Bifidobacterium adolescentis A TCC 1 5 703] 

1 .  gi l 1 25973025 Mass: 843 5 1 Score: 540 Queries matched: 1 8  

fonnate acetyltransferase [Clostridium thermocellum ATCC 27405] 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

.1(iX .MU:' 735 .352-1 735 . 39 1 5 -0.039 1 0 5 1  0. 093 R I IG D Y R . R 

-I09 . I !C5 X I (iJ50-l X 1 6J72(, -0.0222 U 55 0.0-1.1 K . I UN I PDUR K 

-1-16.7 1 54 X9 1 .-I 1 62 X9 1 -IX 1 -1 -0 .0(,52 0 -10 IJ R. V A L  Y ( i V D R. L 

-173 .2275 9-1-1 .-1-10-1 9-1-1...1676 -O. 0� 7 1 -19 0. 1 5  K . K I U N'I P DG R. K 

-IX9 .2-17-1 976...1X02 976. 5 1 6-1 -0.0362 0 25 -' 5  2 R. ,'\ I MPf-( i G I RJvl + OXIdatIon ( M )  

500.6(9) 999.3 X-I-I 999 .-1596 -0.0752 0 3 1  X. 2 K. QMQ� FGAR . C + OxidatIon ( M )  

52-1 .7X3 1 1 0-17 . 5 5 1 6 I O-l7 .5X25 -0.0309 2X 20 2 R . R V AL yc,vDR . L 

5-19.2792 I 096.5-1JX 1 096 . 59 1 7 -O.0-17 X 0 5 0  0.095 R VSG'y ,\ V N I· I K. L 

5-19 .3063 I 096. 5 9RO 1 096.59 1 7  0. 006-1 0 ( .15 ) 1 .2 R VSG Y A V N � I K. L 

55 7 .7695 1 1 1 . 1 ) 24-1 1 1  U.577X -0 .053-1 0 5 2  (H)67 R I'QQL D V I N R. I 

557 7970 I 1 1 3 . 5 79-1 1 1 1 J. 5 7 7X 0.00 1 6  0 (-10 ) 1 . 1 R I ' QQLD V I N R I 

575 . 2-1 79 I I -IXAX I 2  1 1 4X.52-1-1 -0.0-1.12 0 -1 1 (Un K. I :QNe j A A M S I G R . 1 + O"datlon ( M )  

5 7 5 . 2635 I I -IX.5 I 2-1 I I -IX . 5 2-1-1 -0 .0 1 20 0 ( 2 5 )  .1 3 "-. I · QNe, \ ,\ M S IU R  I + O"dallon ( M )  

652 . .1369 1 302 6592 1 .102 . 6932 -0.0339 0 5-1 ()O-l-l K M, I I I GLPDA YGR . G 

652 . .16 1 -1 1 302 70X2 1 302 .6932 0. 0 1 5 1  0 ( .1 1  ) 7 X "- . Mi l l l  GLPDA Y G R .G 

-1 7 7.92 1 9 1 -130 7-139 1 -130 ? X X I  -().O-l-l3 ( 5 0 )  n. 1 K. "-r\( j l l l  GL»! )'\ Y(,R . G 

7 1 6 . .,X26 1 -130.7 506 I ·UO 7XX I -O .OJ7 5 66 0 .002-1 K . K AG I I I G L PDA YGR . G 

7 1 6...10-12 1 -I30.793X 1 -I3 0 7XX I  0.005 7 ( ) 9 )  1 .-1 "- . KM , 1 I 1  U L I'D,\ 'r GR . G 

2 .  gi 186607744 Mass: 863 1 2  Score: 5 1 5  Queries matched: 1 6  

fonnate acetyl transferase [Synechococcus sp. JA-2-3 B'a(2- 1 3 )] 

Observed Mr(expt) 

15 2 .6X37 703 .352X 

1 5 2 ,6950 703 .37 5-1 

16X .6XJ5 735 ..152-1 

-109 . 1 X2S  X 1 6. 3 50-1 

Mr(calc) 

703 . 1765 

703 .Jl)05 

735 .39 1 5 

X 1 6 . 3726 

Delta 

-0 .023 7 

-().O I SO 

-() .(J.\'J I 

-0 .0222 

Miss 

() 

0 

() 

Score Expect Rank Peptide 

3() 1 -1 K . H K  I Y R. N 

3.1 {' 7 R . LPI· ,U "- R 

5 1 O Ol)3 R . I I ( , D Y R . R 

5 5  O.O-lJ K I ( , N  I P I )( j R  R 

1 94 



A2: ESI-QUAO- TOF Mass Spec Results 

-1-10. 7 1 5-1 

-I7.uns 

-IX7.2 1 xx 

-IX9.2-17-1 

500N)95 

52-1.7X.1 1 

''-19.2792 

5-19 . .1003 

<' 5 7 7095 

<' 5 7.7970 

<' 75.2479 

5 75.2635 

X9 1...J 1 62 

l)44...J4()4 
972...J 2 .IO 

970.-lX02 

999.3X44 

1 ()-I7 5 5 1 0  

1 09O.5·nl-: 

1 090. 59XO 

1 1 1 3 . 524-1 

1 1 1 3 .5 794 

I I -IX.-I1-: 1 2  

X9 I...J X 1 -1  

9-14.-1676 

972.-1717 

976. <' 1 6-1 

999 .-1596 

1 0-17 <'X25 

1 096.59 1 7 

1 096.59 1 7  

1 1 1 , 577X 

1 1 1 J 577X 

1 1 4X.524-1 

-0 0652 

-0.027 1 

-0 0507 

-0.0362 

-0 0752 

-O OJ09 

-0.O-l7X 

0.000-1 

-0.05.1-1 

0.00 1 6  

-0 0432 

I I -IX <' 1 24 I I -IX .52-14 -0 0 1 20 

o 

o 
o 

o 
o 
o 
o 
o 
o 

-10 

-19 

3 1  

2 X  

5 0  

( .1 5 )  

1 -10 ) 

-1 1  

I .1 

D. 1 5 

-I .1 

1 5  

H .2 

20 

0.095 

0 007 

I I 

O.X7 

( 2 5 ) .n 

3. gi l52080503 M ass: 83378 Score: 453 

R . \ !\ L Y C , V DR L 
K . K I GN I P J )G R . R 

K . I (j TPDC J R R !\ 

R . !\ I M PI-G( i l R . V + OXltlalion ( M )  

K.Q'vl Q H C J !\ R  \ t O\IOallon ( M )  

R R \  ,\ L 'r C J V D R  L 

R V SG Y !\ \, N I- I K  L 

R \ SCiY \ \  I- I K L 

R I QQLI)\ I " R  I 
R I' QQLI) V I N R  I 

K . I QN G!\A M S LGR . \ t (hloallon ( M )  

K . I - QN GA!\ M S LG R . V t O\IOaIIOn ( M )  

Queries matched : 1 3  

putative formate C-acetyltransferase [Bacillus licheniformis ATCC 1 4580] 

Observed 

' <'2.6X37 

30X .6X 3 5  

409 . I X25 

-173.2275 

-IX7.2 1 X X  

500 6995 

<'-19 2792 

5-19.3063 

5 7 5 2-179 

<' 75 .20.') 

7I0.37X I 

-IX7.X9 1 6 

7.1 U-I07 

Mr(expt) 

703 .352X 

7.1 5 .352-1 

X 1 6.35D-l 

9-1-1...J-IO-l 

972 .-12.10 

999.3X-l-l 

1 096.5-131-: 

1 09Oj9XO 

Mr(calc) 

703 ,-102 

7.,5 19 1 5  

X l o. 1720 

Delta 

0.0 1 2 7 

-1).0.19 1 

-(U)222 

9-1-1 .-1676 -0.027 1 

972 -1717 -0 0507 

')9')...J596 -0.0752 

1 096. 59 1 7 -0.O-l7 X 

1 096 59 1 7  0.006-1 

I 1 4X ...JX 1 2  I I -IX .52-1-1 -0.0-112 

Miss Score 

o .10 

o 5 1  

(]  55 

o 
o 
o 
o 

-19 

.1-1 

1 1  

50 

( 1 5 )  

4 1  

I I -IX .5 1 2-1 I I -IX <'2-1-1 -0.0 1 20 0 ( 2 5 ) 

1 -I5H 7-1 1 0  1 -I5X. X 1 95 -0 077X 65 

1 -160.6530 1 -I60N)7(] -( l.O-I-IO 0 ( 20 ) 

1 -I60.0 7XX 1 -100 0970 -O.O I X I () -17 

Expect 

1 -1  

O.O'!.1 
O.O .. ll 
o 1 5  

-1 3  

X 2  

O.0'!5 

3 2  

O.X7 

1.\ 

0. 00.1.1 

0.2 

Rank Peptide 

K . HQT't R .Q 

IU I C i D 't  R . R 

K I GNlPDGR R 

K. K I GN I PDGR.R 

K I G ' 1  PDG R R  \ 

K.QMQH G A R  !\ t ( h ldallon ( M )  

R VSG 't  '\ \ N I- I K  L 

R \ SG't \ \ N I- I K L 

K I'Q ( J A  \ M S LG R . \ + OXldallon ( M )  

K . I  QN( , \ \ I\1 S L  ( J R  \ ( h ldallon ( M I  

R K \G I I I ( J L P ! )  \ '\- G R  ( J  

R I  AQI L \  D H I  \ M K  L + ( h ldallon ( M )  

R I .AQ I · LV D H I- V M K  L .. OXIdation ( M I  

4. gi l l 1 6872838 Mass:  83779 Score: 4 1 8  Queries matched : 

formate acetyltransferase [Listeria welshimeri serovar 6b str. S LCC5334] 

Observed Mr(expt) Mr(calc) 

'52 .6 X J 7  7()3 . .152X 703 3765 

J6X.oX.' )  

-109 I X2 5  

-171.2275 

-IX7 2 I XX 

S00 6995 

<'02 . 275 7 

502 2X07 

<'-19 2792 

'-I'! .,063 

<' 75 . 2-1 79 

, 7 5 .26., 5  

735 1,2-1 

X 1 6 150-1 

9-1-1.-1-10-1 

972 -12 ,(] 

l)99 .1X-I-I 

1 002 "lox 

1 ()02 -i-l6X 

I 096.5-13X 

I 09O.59XO 

I I -IX .-IX 1 2  

I I -IX .5 1 2-1 

715 1 <) 1 5  

X 1 6  . .  1720 

9-l-l ...J(,76 

972.-17.1 7  

999.-1596 

I ( ]02 "709 

I 002 5 70!) 

1 096 .59 1 7 

I 096. <,l) I 7 

1 1 -11 \ 52-1-1 

I I -IX . 5 2-14 

Delta Miss 

-0 0237 

-0.0.1') 1 

-0.0222 

-0. 027 1 

-0 ()5()7 

-O.( )7 52 

-0 0 '-1 1 

o ()2..J I 

-0 ()-I7X 

0.()06-1 

-O.()-IJ2 
-() O I 20 

o 
o 

o 
o 
o 
o 
o 
() 
( ) 

Score Expect Rank 

,0 1 -1  

5 1  

55 

-Ill 

1-1 

.1 1  

7 7  

1 5 1  ) 

50 

( 3 5 )  

-1 1  

( 2 5 )  

1 95 

O.()')I 

O.O-l"l 

o I '  

-I I 

1\.2 

0 00022 

O ()l) 

O O!) 

o X 7  

.1 1 

Peptide 

K . H "- I ) R D  

R . I IC , D Y R  R 

K 1 ( i N  I " 1 )( i R  R 

K. K l (iN I PDCiR R 

K. I (, VI P J ) ( j R R  \ 

K Q\lQI- I ( , <\ R  \ j ( hldallOn ( M )  

K ( J \ L  \ S LSS\ \ K  I 

K ( J \ L \ S I  SS\ ,\ K  L 
R \ S( J )  \ \ " " I K L 

R \ S(J)  \ \ " I  I K L 

K H)"J ( , .\ \ \I S I  ( "� I + C h loalloll ( 1\1 )  

K I' Q N ( , A  '\M S L(;R I + O\IOaUOIl ( M )  



A 2: ESI-QUAO- TOF Mass Spec Results 

Proteins matching the same set of peptides : 

5 .  gi l 1 68005 1 1  Mass: 83744 Score: 4 1 7  Queries matched : 1 2  

pyruvate formate-lyase [Listeria innocua Clip 1 1 262] 

6. gi 1 1 6803446 Mass:  83772 Score: 4 1 7  Queries matched : 1 2  

pyruvate formate-lyase [Listeria monocytogenes EGO-e] 

7.  gi l46907634 Mass: 83758 Score: 4 1 7  Queries matched : 1 2  

formate acetyl transferase [Listeria monocytogenes str. 4b F2365] 

8. gi l 1 27634467 Mass:  8377 1 Score: 4 1 7  Queries matched : 1 2  

formate acetyltransferase [Listeria monocytogenes 1 0403 S] 

9.  gi l 1 503 89979 Mass: 84076 Score: 39 1 Queries matched : 1 5  

formate acetyltransferase [Alkaliphilus metalliredigens QYMF] 

Observed M r(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

.'6X .6X35 7 3 5  .'5�4 735 ..  ,9 1 5  -0. 039 1 0 5 1  0.093 R I IG D Y R . R 

4X9 .�4 74 976..JXO� 976. 5 1 64 -0.036� 0 � 5  3 5  2 R A I M P � ( jG I R . 1 + O'ldalloll ( M )  

500.6995 999.3X44 999 .4596 -0 ()75� ( )  " X 2  K.QMQ� H j I\ R.( + Chidallon ( M )  

549.2792 1 096.543X 1 096.5 9 1 7 -0 .047X 0 50 0.095 R \ SG't A V N f I K  L 

549.3063 1 096.59XO 1 096.5 9 1 7 0.0064 0 ( 3 5 ) 3 .2 R VSGY WN f I K L 

5 5 7 7695 1 1 1 3 .5244 I I U .5 77X -0.05., 4  0 5 ::!  (J . ( l67 R I' QQLDV I N R  I 

5 5 7. 7970 1 1 1 3 . 5 794 I 1 1  ' . :- 7 7X 0.00 1 6  () ( 40) I I R . H.)() LO \  I r-. R  I 

5 75 .2479 1 1 4X .4X 1 2  1 1 4X .5 244 -0 .O43� 0 4 1  (Un 1\. . I' Q N e J A A M S [GR v + C h idatlon ( M )  

5 75.�635 1 1 4X,5 1 �4 1 1 4X .5�44 -O O I �( )  0 ( �5 ) 3 3  K. I· Q Gi\ A M S LGR V + OXldallllll ( M )  

65� .3369 1 3(}2.659� 1 30�NJ32 -0 0339 ()  54 0 .044 I\. M J I I I G L P D A  Y G R  G 

65� .36 1 4  1 30� 70X� 1 30�.(\932 0,0 1 5 1  0 ( 3 1  ) ]X I\. \G I I I ( ; L PO,\ YGR .G 

477 ()� 1 9  1 4.,0 7439 1 430.7XX I -0 . 0..)43 ( 50 )  0. 1 R I\.A( j 1 l 1 G L P O I\ y( i R . G 

7 1 6.3X�6 1 430 7506 1 430.7 X X I  -0. 037 5 66 O.00�4 R I\.I\( J I I I Ci L P D I\ Y G R . C J  

7 1 6..J04� 1 430 793X 1 430.7 XX I 0 . 005 7 ( 3 9 )  1 4 R . K M' 1 I 1 G L PD A  Y G R  ( j  
502 .2675 1 503 . 7X07 1 50" X297 -0 0490 2 1  X 7  R . \ \ L  Y ( J l D R L I I·. D K . N 

1 0. gi l 83594330 Mass:  83353 Score: 322 Queries matched: 9 

Formate acetyltransferase [Rhodospiri l lum rubrum ATCC 1 1 1 70] 

Observed M r(expt) 

,6X .6X35 715 .,524 

40ll I X2 5  X I Cd5()4 

4 73.�275 ,)44..J404 

Mr(calc) 

73 5 .\9 1 5 

X 1 6  . .  '7�6 

<)44 4676 

Delta 

-(1.039 I 

-0.0222 

-0.027 1 

Miss Score Expect Rank Peptide 

0 5 1  0 .0').' R I iG O 'r  R R 

0 55 0 04 ,  1\.. I (iN' 1  pl)ejR . R 

49 o 1 5  I\. K I C , N  I pD("� . R 

1 96 



A2: ESI-QUAD- TOF Mass Spec Results 

-IX7 . 2 1  Xg 972 .-1230 972.-1737 -0. 0507 q -1.3 K . rG IPDGRR . A 

5 {l0.6995 999. 3X-I-I 999.-1596 -0 .0752 0 3 1  8 .2 K QMQHGAR.A + (hldalton ( M )  

575 .2-179 1 1 -I1I .-IX I 2 1 1 -111 .5 2-14 -0 .0-132 () -1 1 (un K I ' QNGAI\MSLGR V + OXidation ( M )  

5 75.2635 1 1 -111.5 1 2-1 1 1 -18.52-1-1 -0.0 1 20 0 ( 2 5 )  ' .1 K. I:QNGAAMSLGR.V + OXidation ( M )  

68 1 .8-10 1 1 36 1 6656 1 J6 1 . 7 1 9  I -0.053-1 0 62 0.0066 K ALLY A I  G(;\' I) [- K .  ' 

6X UnI 6 1 36 1  nX6 1 J6 1 . 7 1 9  I 0.00% 0 ( 50 ) 0 1  K. A LL Y A I N C iGVD[:K.S 

1 1 .  gi l l 06885378 M ass:  77549 Score: 25 1 Queries matched: 6 

formate acetyltransferase [Clostridium phytofermentans I SDg] 

Observed M r(expt) M r(calc) Delta Miss Score Expect Rank Peptide 

36S.6X35 715 , 5 2-1 735 19 1 5  -0.tU9 1 0 5 1  0 093 R I IG D Y R  R 

-109 . 1 825 X 1 6 350-1 X 1 6.3726 -0.0222 0 5 5  0.0-11 K. IGN I PDG R .  K 

-173 2275 9-1-1.-1-10-1 94-1.-1676 -O.O:! 7 1 -19 o 1 5  K K rG TPDGR K 

5 7 5 .2479 I I -1S.-1X 1 2  1 1 -18 .524-1 -0 0-132 0 -1 1 0.N7 K J · QNGA A M SLGR . J + OXld<ll1on ( M )  

5 75 . 2635 J I -1X .5 1 2-1 J I -1S .52-1-1 -O. O J 20 0 ( 2 5 ) _1 1  K J' QN C, \AM ' LGR. I + O"daltllO ( M )  

621UQ62 1 25 5 6378 1 255 .688-1 -0.OS06 56 0 029 R . LRI· I· L Al: Q I R. A 

1 2. gi l l  1 90260 I 0 M ass:  88896 Score: 8 1  Queries matched 

formate acetyl transferase [Bifldobacterium adolescentis A TCC 1 5703] 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

36X .6835 735 ,352-1 735 ..19 1 5  -0 039 1 0 
-1 1 4 .2079 826.40 1 2  X26470 1 

5 1  

3 1  

Proteins matching the same set of peptides : 

0.093 

7. 7 

1 3. gi l23465524 M ass:  9043 1 Score: 80 

R J lCiD'l R . R 

K. I F I  K Y R . K 

Queries matched : 2 

formate acetyl transferase [Bifldobacterium longum NCC2705] 

1 4. gi l46 1 904 1 2  M ass:  88824 Score: 80 Queries matched : 2 

COG 1 882: Pyruvate-formate lyase [Bifldobacterium longum DJO I OA] 

Search Parameters 
Type of search : M SIMS Ion Search 
Enzyme : Trypsin 

Variable modifications : Acrylamide (C),Carba midomethyl (C),Oxidation ( M )  
M ass values : M onoisotopic 
Protein Mass : U nrestricted 
Peptide M ass Tolerance : ± 0.25 D a  
Fragment M ass Tolerance: ± 0.2 D a  
M ax M issed Cleavages : 1 
Instru ment type : ESI-QUAD-TOF 
Number of q ueries : 1 33 
M ascot: http://www.malrixscicnce.comJ 
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A2: ES/-QUAO- TOF Mass Spec Results 

A2.4 Spot 1 from X7 total cel l  proteins 

Mascot Search Results 

gi l 1 25973025 formate acetyltransferase [ Clostridium thermocellum AT CC 27405] 

gi l68054704 Formate acetyl transferase [Exiguobacterillm sibiricum 255- 1 5 ] 

gi186607744 fonnate acetyl transferase [Synechococcus sp. JA-2-3 8'a( 2- 1 3 )] 

gil52080503 putative formate C-acetyltransferase [Bacillus licheniformis AT CC 1 4580] 

gil l 1 6872838 formate acetyltransferase [Listeria welshimeri serovar 6b str. SLCC5334] 

gi l83594330 Fom1ate acetyltransferase [Rhodospirillum rubrum ATCC 1 1 1 70] 

gi l l 06885378 formate acetyl transferase [Clostridium phytojermentans I SDg] 

gi l l 1 90260 1 0  formate acetyltransferase [Bifidobacterium adolescentis AT CC 1 5703 ] 

1 .  gi 1 1 25973025 M ass: 843 5 1 Score: 698 Queries matched : 20 

fonnate acetyl transferase [Clostridium thermocellum ATCC 27405] 

Observed M r(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

.lfoX .6X 1 5  735 . 3-1X4 735 Vl l 5  -O.O·B I 0 50 (l .O% R I IGD'y R R 

-109 1 73X g 1 6.3.\.10 X 1 6.3n6 -0.0390 0 54 D O:'/> K. rGN I p [ )( j R . K 

-1-15 7-109 8Xl) .-I672 XX9 502 1 -0 03-19 0 2-1 " "  I\. 'y PO L I I R \ 

4-16 7 1 26 89 1 .-1 1 06 X 9 1 .-IX 1 -1  -O O70K 0 36 I ., R \, \L Y G \, DIU 

-173 232X 9-1-1.-15 1 0  9-14.-1676 -0 0 1 65 5 1  O.09X "-. 1\.  I ( j' I pD(JR .... 

-I7'i 2-175 9-1X.-IXO-l 9-1K 'i 1 -1 1  -0 0 , ) 7  1 1  1 0  R ( j R I l Ci l )'y R R 

-IX9.23XX 976.-1630 976.:' 1 6-1 -0.(5)-1 0 q -IX R \ I M p � G( " R M + O"dallllll ( M ) 

500 703 1 999 .19 1 6  999.-1596 -O.OMW 0 1(, 2.X I\. 0\10 1 I·e;  I\R C I Chl dalloll ( M )  

52-1 7X07 I O-l7.546X I O-l7jX2:, -0.0357 37 ., ., R R v  \ L H N D R  l 

5-19.2X26 1 096.5506 1 1 196.59 1 7  -0.04 1 0  0 5 2  0 .06 R VSG'y' i\ V N I- I K . L  

549.2977 I 096.:'XOX 1 096. 59 1 7 -O O I OX 0 ( 2-1 ) .17 R V S(J'y I\\ b l K . l  

5:'7 7-179 I I I I -IX 1 2  I I I U 77K -0 0966 0 5� 0.066 IUOOLD \ I R I  

" 7 ) .2 5:!� I I -IX.-Il)OO I I -Ix.524-1 -0.03-1-1 0 5 3  O O'i 7  1\.. 1'0'(, \ \ \ I S I ( ; R  I + ( h ldallon I M )  

5 7) .263':- I I -IX :, 1 2-1 1 1 -1/.:.52-1-1 -0 0 1 20 0 ( -1 1 )  O.X2 K 1'0'(' \ \ \l S I ( i IU + ( h ldullon ( M )  

6:i2 . .  132X 1 302 fo:i 1 0  ) .1026').12 -(11)-12 1 () :'11 o 1 2  I\. \G I I I ( , l  p D \  HJR ( ,  

6 ) 2  1 5 20 ) 302.6X9-1 l .l(l2 N!.12 -0 (0)7 0 ( -10)  .... \(, 1 1 1 (J I  I'D \ \ ( , R  (,  

- 177 9209 1 -130. 7-109 1 -I30.7XX I -0.0-173 ( -17 ) 0 2  K K \ ( , 1 1 1 ( , L P ! )  \ \ C o R  ( J  

7 1 fo  .1 7XX 1 -130. 7-130 I �.10. 7XX I -0 0-15 1 X3 -I 6�-OO5 .... I\. \G I I I  ( , L P!) \ \ (JR ( ,  

7 I ( >..1'J-I4 1 -130.77-12 1 -I3() 7XX I -0 0 1 J t) ( 7 )  ) O,OOIl7X .... I\.i\G I 1 1  (J L I ' I ) i\  Y ( j R ( ,  

-I9'i.5'J-IO I -IXJ.7602 I -IX ,  X 1 07 -0 0505 5� (U) ) -I K L I R I  GO LD\ I t-.. R ) 
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A 2: ESI-QUAO- TOF Mass Spec Results 

2. gi l68054704 M ass: 84 1 06 Score: 605 Queries matched : 1 7  

Formate acety1transferase [Exiguobacterium sibiricum 255- 1 5] 

Observed 

36X .68 I S  

409 . 1 738 

4 73 .�328 

4 75 . 247 5 

41;7 .21 1 6 

M r(expt) 

735 .3484 

H l o.3330 

944.45 1 0  

948.4804 

972 .4�X6 

Mr(ca1c) 

735 .39 1 5  

8 1 6.3726 

94-1.-1676 

948.S I -I 1  

972.4737 

Delta Miss 

-0.043 1 0 

-0.0396 0 

-0 0 1 65 

-0.0337 

-0.045 1 

500.703 1 999 39 1 6  999.4596 -0.06XO 0 

5-19.�X26 1 096 . 5 506 1 096 .59 1 7  -0 04 1 0  0 

5-19 .�97 7  1 096.580X 1 096.5 9 1 7 -0.0 I OX 0 

5 5 7 . 7479 1 1 1 3 .4X I �  1 1 1 3 .5 7 7X -0.0966 0 

5 7 5 2523 1 1 48.4900 I I -IX .5 �44 -( l . ()3-14 0 

5 75.2635 I 1 48 .5 1  �4 I 1 -I 8 .5 �-I4 -0.0 1 20 0 

652 .3328 1 30� .n5 1 0 1 302 .6912 -0.042 1 0 

6S�.35�0 

477 .9209 

7 1 6.378X 

7 1  ( - .1944 

495. 5940 

1 30� 6X94 1 30�.6932 -0.0037 () 

1 -130 7409 1 430. 78X I -0.0473 

1 430 7430 1 430. 7XR I -0.04S I 

1 430. 7 74� 1 430. 7XX I -0.0 I J lJ  

1 483 760� 1 4838 I 07 -0.OS05 

Score Expect Rank 

50 0.096 

54 0.056 

S I  0.098 

3 1  1 0  

36 �.7 

36 � . H  

S2 0.06 

( 2 4 ) .1 7 

S �  0 066 

53 0.057 

( 4 1 )  O.X� 

SO 0. 1 � 

( 4 0 )  

( 4 7 ) 0 . 2 

83 4 .ne-00S 

( 7 1 )  O. 0007 X 

S8 0.0 1 4  

Peptide 

R. I I G D Y R . R 

K . I G I  PDGR.R 

K . K I G N ·I PDGR R 

R .G R I I G I) Y R . R 

K . I GN TP))GR R . A 

I\. QI\1QHGI\ R . 1\ + (h,oallol1 ( 1\1 )  
R. VSGY 1\ V N I- I K . L 

R \,SG Y A V N I- I K . L  

R I- QQID V I N R . I 

K . I · QNGAAI\1SLGR.  \' + O\ldallOn ( 1\1 )  

K . I:QNC iAAI\1 S LG R  V + Chioatlon ( 1\1 )  

K . AG I I I Ci LPDA 'r' Ci R .e, 

K.AG I I I G L PDA Y e i R  G 

R. KAG I I I G LPDA YGR . G 

R . K AG I I I G L P D I\ Y G R . G  

R K AG I I IG I  P I ) A  y e i R C J  

K L I R I- Q Q I D V I  R . r 

3. gi 186607744 M ass: 863 1 2  Score: 600 Queries matched : 1 6  

formate acetyl transferase [Synechococcus sp . JA-2-3B'a(2- 1 3 )] 

Observed 

368 .6X 1 5  

395 0S39 

409 . I 73X 

440 7 1 �0 

M r(expt) 

735 .. ,484 

7X9. �93� 

R 1 6.3330 

X9 1 4 1 06 

M r(calc) 

735 .. 1 ') 1 5  

789. 3 1 1 6 

X 1 6.3726 

X9 1 -lX l -l 

-l 73 .23�X 9-l4 .45 1 0  9-14.4676 

4 75 .24 75 lJ4X-lX04 ')-18. 5 1 4 1 

Delta Miss 

-O. 0-l3 1 () 

-O. O I X.\ 0 

-0.0396 0 

-O.070X 0 

-0.0 1 65 

-0 03.17 

-lX7 22 l n  972.4�86 ,)7�.4737 -( 1 . ()45 I 

-lX9.2 3 XX 976.-l630 976. 5 1 64 -0.OS.1 4  0 

500.703 1 999 .\9 1 6  999 .4'96 -0 ( )6XO ( )  

5�-l . 7807 I O-l7 5-l6� 1 04758�5 -0.035 7 

5-l9 .�826 1 0% 5 506 1 096. 59 1 7  -0.0-1 1 0  0 

5-l9.2977 I 096.S XOX 1 096.59 1 7  -0.0 I OX 0 

5 5 7 7479 1 1 1 3 .4X 1 2  1 1 1 3 5 7 7 X  -0.0966 ( I  

5 75 .2S�.l I I -lX.4900 1 1 4 X . S 244 -0.0344 0 

' 75 �6.15 I I -lX 5 1 �-l 1 1 4X 5�-l.j -(I.() I �O 0 

-l1)5 .5l)-lO 1 4X3 76(1� I -IXU 1 07 -0.0505 

Score Expect Rank 

50 0.096 

� 3  6 5  

5 4  0.056 

5 1  

3 1  

0.09X 

1 0  

36 � 7 

.1-1 4 .� 
36 �.X 

3 7  '1 ., 

5 2  0.06 

( �4 ) .1 7 

5 2  ( 1 .066 

53 0 05 7  

( 4 1 ) O.lQ 

5 X  0.0 1 4  

1 99 

Peptide 

IU IGDYR . R 

K Y C Y I ' R  L + Carbulll ldolllelhyl ( C )  

I\. I G N  I PDGR . R 

R V AL YGVDR L 

K . K  rGN ·1 PDGR.R 

R .C i R I IG D Y R . R 

K. I G N TP ) )G R R . A 

R . A I M P H ,G I R  \' .. O\lOlll lOI1 ( 1 )  
K O I\1C) b H , AR . V + O\ ldallon ( 1\1 )  
R R \ ,\ LYG\'DR L 

R VSGYAV N � I K. L 

R \'SG\ W N I- I K . L  

R I · QQL D V I N R  I 

1\.. 1 QNCi \ \ I\1 S LG R . \ + O"datlon ( 1\1 )  

K I- QN ( i AAM S LG R. \' + O\loallon ( 1\1 )  

K . L IR I ' QQ LD \  I r--. R . I 



A2: ES/-QUAO-TOF Mass Spec Results 

4. gi l 52080503 Mass: 83378 Score:  499 Queries matched: 1 4  

putative formate C-acetyltransferase [Bacillus licheniformis A TeC 1 4580] 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

J6R.6X 1 5  735 .34X4 7 3 5 . .19 1 5  -0.043 1 0 50 (l,()96 R . I IC J D Y R. R 

395. 6539 7X9 .2932 7X9J I 1 6 -0.0 I X3 0 � ,  --' 05 K. Y C Y [· R. I + Carballlluomelhyl ( C )  

409 . 1 7 38 X I 0 .3330 X I 0.3726 -0.03% 0 54 0.050 K. I G I PDC"� . R  

473 . 232K 944 .45 1 0 <)44 .40 76 -0.0 1 65 5 1  0.09X K K I G  I PDGR. R 

475 .2475 1)4S.4X04 94R . 5 1 4  I -D.OJ.' 7 .\ 1 1 0  R.GR I I( i OY R R 

487 . 22 1 6 972 .42XO 972.4737 -0.0-15 1 3 6  2 7  K.T(Jf\o I PDG R R A  

500.703 1 999.39 1 6  999.4596 -0 .0680 0 36 2.X  K .Q'v1Q� �Gi\R '"  + O\luatlon ( M )  

5-19.2X26 1 096.5506 1 096.59 1 7  -0.0-1 1 0  0 52 0.06 R. VSGY '\YN �I K. L 

5-19 .2977 1 096 580>< 1 096. 5 9 1 7 -O .O I OS 0 ( 2-1 )  n R . YSGY i\ V N � I K . L 

575. 2523 I I -1X.4900 1 1 48 .524-1 -O.OJ44 0 53 n.057 K. I· QNGi\!\MS LG R . Y + OXldalion ( M )  

575 .2635 I I -1X .5 1 24 I I -1X . 5244 -0.0 1 20 0 H I ) (J.fQ K. I· QNG;\AMSLGR Y + O\ldallOn ( M )  

7 30. 3X57 1 45X . 7568 1 45X .R 1 95 -0.0626 63 O.OOS) R . K 'v  (, 1 1 ) G L PD;\ YGR G 

73 1 .3382 1 460.66 I R  1 -160.b970 -O.OJ5 1 0 50 0. 1 IU.i\QI· LVl)H � 'v  M K . L + OXldallon ( M )  

4X7 . 900 1 ) -160.0785 ) -160.6970 -0. 0 1 85 0 ( 2-1)  -1 1 IU·.AQI-LVl)H � V M K. L + O\ ldallOI1 ( M )  

5 .  gi l l 1 687283 8 M ass: 83779 Score: 435 Queries matched : 1 2  

formate acetyltransferase [Listeria welshimeri serovar 6b str. S LCC5334] 

Observed Mr(expt) Mr(calc) Delta Miss Score E x pect Rank Peptide 

36X .6K 1 5  7J5 .J4X-1 715 .39 1 5 -0.0-13 I 0 50 0.096 R . I IG l)Y R. R 

-109. 1 73 X  R l bJ330 X I 6 . \726 -O .OJ96 0 5-1 0 056 K. I ( j  '1 P DC i R. R 

473.232X 9-14A5 1 0  9-1-1 .-1(\76 -0.0 1 65 5 1  o 09X K . K I G N ' I PD(iR R 

47 5 .2475 94X .-1XO-1 9-1X.5 1 4 1  -(l. (u :n 1 1  1 0  R C J R I I G l )Y R R 

-1X7 22 1 (\  972.-12X6 972.-1737 -0.045 1 36 2 7  K. I GN I PDC i R R .A 

500.703 1 999.39 1 6  <)99.-1596 -0.06XO 0 ., 6 2. X K.QMQHG \ l t A  + O'ldallon ( M )  

502 .27H2 1 002 . 54 1 X I D02 5709 -0.029 1  0 73 0.0006-1 K. CJ;\ L;\SLSSV A K. L 

502.2XR9 1 002 5632 I OO2.57Cl9 -Cl.OO77 0 ( 4 7 ) I) 2 1  I\..C Ji\L i\SLSS'v i\ K. L 

549.2X26 1 090. 5506 1096.59 1 7  -(}. 1)4 1 0 0 5 2  0 .06 R . 'v SCJ '\ Xv � I K  L 

5-19.2977 1 1)96 .5XOX 1 096. 59 1 7 -O.O I OX 0 ( 2-1 )  .n R ' v',G)' \V � I K  L 

5 75 . 25 2 3 1 1 4X .-1900 I I -1X 52-14 -0.0.,-1-1 0 53 () 057 K I- QNC, .'\i\MSLGR 1 +  ( hldatlon ( M )  

575 .2635 I I -1X .5 1 2-1 I I -1X .52-l4 -0.0 1 20 0 ( -1 1 ) (UQ I\. I· QM i i\i\M SLGR 1 + Chtdattol1 ( M )  

Proteins matching the same set o f  peptides: 

6. gi l 1 68005 1 1 Mass: 83744 Score: 434 Queries matched : 1 2  

pyruvate formate-lyase [Listeria innocua Clip 1 1 262] 

7. gi 1 1 6803446 M ass: 83772 Score: 434 Queries matched : 1 2  

pyruvate formate-lyase [Listeria monocytogenes EGD-e] 
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A2: ESI-QUAO-TOF Mass Spec Results 

8. gi l46907634 M ass: 83758 Score: 434 Queries matched : 1 2  

fonnate acetyl transferase [Listeria monocytogenes str. 4b F2365] 

9. gi l l 27634467 M ass:  8377 1 Score: 434 Queries matched : 1 2  

fonnate acetyl transferase [Listeria monocytogenes 1 0403S]  

1 0. gi l83594330 M ass: 83353 Score: 363 Queries matched : 1 0  

Fonnate acetyltransferase [Rhodospirillum rubrum ATCC 1 1 1 70] 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

\ox .oX 1 5  7 1 5 . 34K-I 7 35 .39 1 5  -O.O-U I () 50 0.096 R . I IG D Y R . R 

409 . 1 73X X 1 6 .3 3 30 K 1 6.3726 -0.0396 0 54 0.056 K. I G I PDGR R 

473 .23211 944.45 1 0  9-1-1 ..1676 -0.0 1 65 5 1  O.09X K . K IG NTPl)GR R 

-175 .2475 9-1RARO-1 9-1H .5 1 -1 1 -0 0337 "\ I 1 0  R .G R I IG D Y R  R 

-IX7 .22 1 6  972..12116 97 2.-173 7 -0.0-15 1 36 2 7  K .TG N 1 PDG R R . A 

500 .703 1 999 .39 1 6  999.-1596 -0.06XO 0 36 2 . 11 K.QM QH·GAR . t\ + OXldallon ( M )  

5 75 .2513 1 1 -18 .-1900 1 1 -11\51-1-1 -() 03-1-1 0 53 0 05 7  K. I::Q Gt\ A M S LG R " + (hldutJon ( M )  

575 . 2635 1 1 -11< .5 1 2-1 I I -IX S : �-I-I -0 0 1 20 0 (-1 1 ) O.lC K. I:: QNGt\ A M S LGR . V + OXidation ( M )  

6 X  I .X506 1 36 1 6XM 1 36 1 . 7 1 9 1  -0.()J2-1 0 5-1 O.O-lc, K . A L l  Y t\ I N ( J( i\l DI' K S  

6X I ilK 1 2  1 36 1 . 7-17X 1 36 1 . 7 1 9 1  O.02XR 0 ( 5 3 1  0.05-1 K t\ L L  Y t\ I NGGV DI ·. K.S 

1 1 . gi l l 06885378 M ass: 77549 Score: 294 Queries matched : 7 

fonnate acetyltransferase [Clostridium phytofermentans ISDg] 

Observed Mr(expt) 

.161\ .(\1{ I S  73S .3-1N-I 
-I09. I 71X X 1 6.3330 

-I73,232X 9-1-1 .-15 1 0  

-17 5 .247 5 9-1 I1 AXO-l 

5 7 5 25:!J I I -IX .-I900 

.5 75 2635 1 1 -111 .5 1 2-1 

62K .IIOKX 1 2 55 6()\O 

1 2. gi l l 1 90260 I 0 

Mr(calc) 

735 .39 1 5  

X 1 6.3726 

9-1-1.4(\ 76 

9-111 . 5 1 -1 1  

I I -IX.5 2-1-1 

I I -IX .52-1-1 

I 255 .6XK-l 

Delta Miss 

-0.0-13 I 0 

-O.031JO 0 

-0. 0 1 65 

-0.0337 

-0.03-1-1 0 

-0 0 1 20 0 

-0.OK5-1 

M ass:  88896 

Score Expect Rank Peptide 

50 O.OlJ6 R . I IG l ) Y R . R 

5-1 (1.056 K :I G 1 PDGR K 

5 1  0.09 ' K K I (IN rPDG R . K  

J I 1 0  R .G R I I G DY R . R 

5.\ 0.05 7 K. l- QNeJAA\l S LG R  1 + OXidation ( M )  

( -I l l  ( I .K2 K . I:QN( i A A M S L(jR . 1 + (hluutlon ( M )  

56 0.029 R . L R I · I: L A I  Q I R . A 

Score: 1 1 5 Queries matched : 3 

fonnate acetyltransferase [Bifldobacterium adolescentis ATCC 1 5703] 

Observed Mr(expt) Mr(calc) Delta Miss Score E xpect Rank Peptide 

301i .6X 1 5  735.3-1X-I 715 .39 1 5 -0 0-1) 1 0 5 0  0.096 R . I IG[)YR . R 

-I 1 -I . 1 9�� X26.J69X X26.-I70 1 -0 I O()J .1 5  .1 1 K. I � I K ) R K  

-175. 2-175 9-1X .-IXO-l '>-IX .5 1 -1  I -O.OJ3 7 3 1  I I I  R .G R I IG DY R R 
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A2: ESI-QUA O- TOF Mass Spec Results 

Proteins matching the same set of peptides : 

13. gi l23465524 Mass:  9043 1 Score: 1 1 4 Queries matched : 3 

formate acetyl transferase [Bifidobacterium longum NCC2705] 

14. gi l46 1 904 1 2  Mass:  88824 Score: 1 1 4 Queries matched : 3 

COG 1 882 :  Pyruvate-formate lyase [Bifidobacterium longum DJO I OA] 

Search Parameters 

Type of search : MS/MS Ion Search 
Enzyme : Trypsin 

Variable modifications : Acrylamide (C),Carbamidomethyl (C),Oxidation ( M )  

Mass values : Monoisotopic 
Protein Mass : U nrestricted 
Peptide Mass Tolerance : ± 0.25 Da 

Fragment Mass Tolerance: ± 0.2 Da 
Max Missed Cleavages : I 
I n strument type : ESI-QUAD-TOF 
Number of queries : 1 33 
Mascot: hllp://www.malrixscicncc.coll1 
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A 2: ESI-QUAO-TOF Mass Spec Results 

A2.S Lysozyme sample 

Mascot Search Resu lts 

1 .  gi l229 1 57 M ass: 1 4305 Score: 373 Queries matched : 7 

Lysozyme 

Observed M r(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

5n26 1 il  I O-l-l .5090 I O-l4.5352 -0.O�62 0 -17 0.24 K.C i  I DVQ/\ W I R .G 

7 1 -1 7303 1 -127.4460 1 42 7 . 6429 -0. 1 969 0 ( 63 ) 0.00 1 -1  K � I SN �'HQ/\ I R .  

7 1 -1. 7966 1 -127.5 7X6 1 -127.6-129 -O.06-l3 0 ( 72 )  0.00054 K. � I · SN"' N · I QA I N R .N 

7 1 4 7966 1 42 7 57X6 1 -127 .6-129 -0.06-13 0 KO X.6e-005 K. H S  I'NTQA I N R N 

X46.8757 1 69 1 . 7 36X 1 69 1 7725 -0.0357 0 99 1 .-1e-006 K. I VSDGDG M N /\ W V AWR. N+ 

OXIdatIon ( M )  

'11.77 35 1 1  1 752.61<76 1 752. 827X -0. 1 -102 0 I I I  5.6c-OOR R . N I DGS I D Y G I LQ I N S R. W 

607 .6 1 6'11. 1 8 1 9.8286 1 8 1 9.8675 -(l.()389 36 2.5 K . K I VS[)( j [)GM N /\ W V /\ WR. N + 

C hldallon ( M )  

2 .  gi l 1 26595 Mass:  1 4498 Score: 1 9 1  Queries matched : 2 

Lysozyme C-3 ( I  ,4-beta-N-acetylmuramidase) 

Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

X-16 .X75 7 1 69 1 . 736X 1 6'1 1 . 7 725 -O.OJ5 7 0 99 1 . -1e-006 R . I VSD(j[)(jM /\\\ \ /\\\ R .  + 

(hldatlon ( M )  

X 77.X655 1 753 . 7 1 6-1 I 75J.X  I I X  -0.095-1 0 93 -I . l e-OOo � . � l) 'h." l D'!3J.  t. � t\::::R . W  

3 .  gi l47 1 1 7006 Mass:  1 4467 Score: 1 22 Queries matched : 3 

Lysozyme C ( I  ,4-beta-N-acetylmuramidase C) 

Observed M r(expt) Mr(calc) Delta Miss Score Expect Rank Peptide 

72 2.8 1 35 1 -1-13 .6 1 2-1 1 4-1 3 .6.I7X -0.025-1 () ( 2 6 )  2 6  K Y l-S N � N'1 Q/\ I N R. t-. 

7 22 .8 1 5 5 1 -1-13 .6 1 6-1 1 -1-13 .6.3 7 X -( ).O2 1 -1  0 29 1.\ K Y I ·S I· N f Q/\ I N R. N 

X77 .X655 1 753 7 1 6-1 1 75 JX I I X ·0.095-1 0 93 -I l e-OOC, R. N I DCiS I [)YG I U ' INSR \0\ 
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Appe n d ix 

A3 : DNA Seq uence al i g n ment of Formate 

acetyltransferase from five closely related 

Bacillus species. 
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A3: DNA Sequence Alignment of Formate acetyltransferase fro five Bacillus species 

A3 : DNA Sequ ence a l i g n ment of Formate 

acetyltransferase fro m five close ly re lated Bacillus 

species 

The position where primers were designed are indicated by green shading with either 

orange (primer 1 and 1 A) or blue (primer 2 and 2A) respectively 

g i I 1 1 8 4 7 5 7 7 8 _5 0 5 4 5 3 - 5 0 7 7 1 7  Ba c i l l u s t h uri n gi en s i s  s t r . Al H a kam 
g i I 4 9 1 8 3 0 3 9 _5 0 3 6 4 4 - 5 0 5 8 9 3 Ba c i l l u s a n t h ra c i s  s t r . S t e r ne 
g i I 4 2 7 7 9 0 8 1 _5 7 5 9 0 0 - 5 7 8 1 4 9 B a c i l l u s cere u s  A T C C  1 0 9 8 7  
g i I 4 9 4 7 6 6 8 4 _4 9 2 6 0 7 - 4 9 4 8 5 6  B a c i l l u s th uri n gi e n s i s  s e r ova r k o n k u k i a n 
g i I 5 6 1 8 2 5 4 5 _c2 0 7 9 2 4 5 - 2 0 7 7 0 2 0 B a c i l l u s l i ch e n i formi s A T C C  1 4 5 8 0  

A I' (,c AcY'AC AT I'AC;CAI' ' A ' 1' 'AAGTATT ACAAAATC [,],AAAAA '( l' AI'r ' 5 0  
- - - - - - - - - - - - - - - A A ' T 'AA, I'A ] TACAAAA I" T'AAAAA ' 'AT ' 3 5  
- - - - - - - - - - - - - - -A I' CAC r CAAGTA l'T'AC·AAAA I'e T 'T AAAAA T CA re 3 5  
- - - - - - - - - - - - - - - Ah'AI' I' 'AA ; ['A I' TACAAAA I' ' I TAAAAA 'I' 'A T 3 5  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A TT AA CAA 1'( 1 1  

CC;AAAACT r TAAAC G r G AAAAA I'GGAAAr;lAC·Al�A r n:A ['e; [' ['(' , CTA I'r 1 0 0  
'l'AAAAC l' l'T'AAA C T'I'AAAAAT Gr;AAAI'( AC AI A r ['l' A �r fT" 'r;AT r 8 5  

cc AAAAC' I' r TAAAI' G rCAAAAA I' GGAAAG{' AC;A, A r [,(:A r c  T'T (, I, 'CA r I' 8 5  
GGAAAAC ]' I' TAAA ' C, ['( AAAAA rC,(,AAAG AeAl A I' rc�A I (' r r  ( ' (  A I' [ 8 5  
'AAACG I' I'T'  'A ' 'A ' AAA 'GT T'r G (;I' AAAAAC, AA 'AA rr T . ,  I�A r [ 6 1  

r ' A r T r "AAAT AA I' C I'AAACT ] r rAl TAG C'AC.A ' I  AA I'l [' T'rl' I' I'A C 'I  1 5 0  
T 'AT T T  'AAA ['AA rr: rAAA 'C r !'fAI TAG ' AC: A I' ,AA Tl' I' [']' ' 1  rA[. ' 1 3 5  
T 'ArTI' AAAI' AAI' · I'AAA '1 l'T'Al' C A '('lA :A l'AA I' ' r I' T '  fA ; '  1 3 5  
T 'AI'T T  rAAAI'AA I' C I'AAAC G l'T fACC AA GCC'L'A(' (  AA I' C I' I' [ '(' 1'  [,AC Yl 1 3 5  
rTATT I' �  ' T I' AA" I I' (  A · ' CA TAI' AA I' ,A ' AA I' I 1'1', I' AA 1 1 1  

; 'A 'CAA ' ['G1\1\ ' ' 1\1\ ' 'AAACAA 'I' I '(' CA I' 'AA ' �AAr '1\:' ;' T1\1\ 2 0 0  
Gc M'C AAC ['l' AA I ' AA ' CAAACAA, 'T T TC,GCA I' r'AAl I' AA I' ' I;A I' I' r AA" 1 8 5  

,A C AA r C:AA ' AA AAA 'AA ' r r I'  ( A "AA ' AAI ·AT rI'AA 1 8 5  
;GACT AA" I' GAAC ' AA, C AAA 'AAl' I' ]' 1\ C,CA T" 'AAI' [' AA I ' .A I' [' I'AA ' 1 8 5  
" j "(;AI' ;AA ' f A AT ' A I'J'A T" '('A 'AT" AA I AT [ r :A 1 6 1  

AA ' AAA AA " ;AAAA ' GTGGCGTTCTTG T TGG 2 5 0  
AA ' AAA AA '( AAAA ' GTGGCGTTCTTG T TGG 2 3 5  
AA ' AAA ;AA ' T'( AAAA " GTGGCGTTCTTG T TGG 2 3 5  
AA ' AAA AA ' AAAA ' GTGGCGTTCTTG 2 3 5  
AAAAAAA 'AC ' [' AAAAI ' G GGCGTCCTTG A 'AI' 2 1 1  

. .  . , . 
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A 3: DNA Sequence Alignment of Formate acetyltransferase fro five Bacillus species 

rTTI�T ['C TAT rAl AT r'ACA TC AAr 'C AGGl\TA r T TAAA 1'AANJA GN' T'C:AA 3 0 0  
r r r C T f'C I'AT T'AI,:A Tr ' ACA TrAAC'CAG GATAT T ['AAA rAAACAGAC J'GAA 2 8 5  
J' T r c  r rc I'AT ['AI' AT r' ACAT GAN' CAGGATA rT 1' AAA J'AAAC AGAr' I'GAA 2 8 5  
J' n e T  [ T TAT TAr AT " A 'A r '�ANYAGGATA r r  ['AAAT AAAl AGA ' f(:AA 2 8 5  
I'C [\'AACC A I'CAC(, TC(,CAC (; 1'1 'I'C G GA TA r [' ['C;AA 'AAN A r '(' ']'(;C:AA 2 6 1  

AAAL f'AG I'l'C, CT r TCCAAAl' I GA J'AAAC CA I' rTAAA ' ( 1' 1'  ' r T I'Al'AAr 'C 3 5 0  
AAAC rA G l'L'GCT I' f'CC AAAC 1'( A TAAAC l' A I'I' I'AAA '( I'I ' r ' J' !' 1'Al'A C: l" � 3 3 5  
AAAC1' AC I'('(;GT [' TC (' AAAC f'GATAAAC (' A [' r ['AAA(,(' I' rc' l'T f'AC' AN' (' 3 3 5  
AAAGTAC 1'C (,(; T  l' 1' C TAAAC I'GA I'AAAC CA l' T TAAA(' (  I' re I T I'ACAAC T  3 3 5  
AAA(,TC C I'CC,( l� r  l'T, ' AAAl' ' GA 1'CAG('r'(, I'I' 1'AAA ' (  I' 'r 1' [' 1'  'AG ' � 3 1 1  

AlA r G C  n.;(; I'AT I'l'e ['A I'(;CC ' C CAAC AAI' C  l' re f'C;AA r c  r [,A TC;r:A T'A I r 4 0 0  
ATA]'(;CTr l I'AT l'CC f'ATcrl' ,C; AN' AA('C I' r r I' CAA [ " [,[ A ['('(;A I'A 3 8 5  
A J'A 1'C;(;T' c rAT !' '( fA l'ce; ' c;r: AN' AAC ' [' 1'( [TAA I' ' j I'A J' (" �A I'AlT 3 8 5  
A TA I' G C T C C  "I'A ], I 'C r�  I'A 1'c�r('(;GAAr ' AN' C I' T' ,'  I'(:AA I ' r '  J '  l'A ], ( T A I' Ar 'I� 3 8 5  
l'T rCGCCG(,CAT C (  'C AA l' GCC AAAGC' AC C CAT l,(  ' C;AA TC'C I'A I'cr' I ['1' l'A 3 6 1  

AAA rC;GA I'AAAl NT I' TAc; T (' (,'!'AT [' l 'T I'N: AC'A T' I' c r  N: AAAAAr ' T'CA l' 4 5 0  
AAATC GA1 AAAl AAC rTAGTC G I'A1' I' r J' I'l\C;Al,A 1'TCl A" AAAAAr T'CA T 4 3 5  
AAA I'G(;A T AAA( A T 11'A ' TrC, I'AT T T  J' I'Al ACATr'G( A AAAAA ' I' 'A T 4 3 5  
AAA 1'GCA I AAAr AA ' I TA ;1',' ; I'A 1' T' T T TA ;A ,'A rr rTA AAAAA" I' 'A T 4 3 5  
AA(, T (;AA ['GAACAl\C TGCAAAG GATC I 'T  T'A('CTAT I' N' ( ' GI  'AAAN ' T'C'A T 4 1 1  

AA ' r' AAGC T'C T'A I'I' ['(; A l'GC'l' rA l'N'A C r'A C AAA J'CA A ;( ' r( C' Tl' G TAA 5 0 0  
AN' CAAGCT C' TA r T T GATC; C  I' l' A l' Ac N' C N;AA A  1'(:A( AGr rGI�Tr ' GTAA 4 8 5  
AA ' [' AA(; (, ' (, I' A I' [, I'(' A [" , (' I TA'1'A(,A(, ['AI,AAA I' ,A( A ' l e  ' rr , I'AA 4 8 5  
AA(, 'AAGr' T C TAT T T r' ATr; C r TA rA ACTA 'AAA 1'C M A (  ' rrl' T ' �TAA 4 8 5  
AA ' ' AAr,( ,('(� re; J' I' T r;l\C' G ('  ATA l' A l' ;e:A(' ,;AAA I' GAN' (' I'r '( ' (, (, r;AAA 4 6 1  

A TC A--;(; '1' ' T I' AT l'A ' Cr' ' re r T  'CA('A I'(,('A TAr' T A( ' T (�A ' C1A T rA 5 5 0  
A 1'CA ; C; T C  r I'A I fA r f r '  I' C T T  TA ,'A J'('r' A'1'A' ' ,' CN' re lA ' r; 1'A], f A 5 3 5  
AT r AGG T G T TAT 1'l\C' I'Gr T r T T l T G GATGCA TAr: r;(,A c r  r CCA ' C, ],A I' 1'A 5 3 5  
AT CA l,G Tr T rAl'T N' I '; ' T C' l 'I' TACA I' (;I'A1'Al'Gr An I' 'A·'( I'A1' rl\ 5 3 5  
AG T" uAA I"A I'rA 'l" Ac r r  T l'  AI'C: ' l' fA ' ' l' 'A T CA 5 1 1  

rl'( ( rl:AC !'A(' C 'r'  'CC ,' , T'A �A I'TA rA l r Ai [ A 'A A r r rAAr :' AA 6 0 0  
r '  Y " ;A ' TA '('('(yer'  ' rAt 'A fI'A I'A I 'A( fA 'A 1','A 1 r TAA ]' T\:AA 5 8 5  
r l  ' r  ]'e A r' ],A (' (' , ' C (  I ' I'N CA I' TA fA rr ('A(, I'A :A 1 1  ' A I' r I'AA [' ['C:AA 5 8 5  
T ' ( , ['(' AI' TAC U , CC,r', r AC" � A l'TA 1'A re ( AC T A ,A I' A l' T J'AA l'f :AA 5 8 5  
1' ' Cr rC A [' I'A ' "  AL A re r C 1' I' TAr' r' '( [' A T ' r l" A1" :A 1' 5 6 1  
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r C GAAC"AAAACAl A I' l'T'AAA l'J' ['AAC r C; ['GI r , I'AA l' AG I'l AA ,A rA,' 6 5 0  

l'CC AAGAAAC ' A( A 1'1 I AAA [T rAAC rc c 'r; I' ;TAA r 'Af T AAf: A A 6 3 5  

, GAA AAAGT'A Al'T I'AAAT T I'AAr r  Gl'CrT rAA I" AC [' C AA iA rAT 6 3 5  

Cl' ,AAliAAAC,C A,' A 1' 1' 1 AAA ['j' AAC 1 c  'C,( rc IAA I ( AC I' AA 'A IA,� 6 3 5  

GAAAAr;AAAAAA A I' r;l 'r 'G (  �A( C I'e I' ' ( I CA I I'C 1'1 AA 'AAAA 6 1 1  

AAT C,C(; I' r I' AC' (' ' (  AA( AC I' I'A rc l'l,A( l AAA I A 7 0 0  

AA I' e r;  J' J'J'A ,(;,' (  AA A A  I' I'A J' ' rC:AI' 'AAATA 6 8 5  

AAr c,('( 1' 1 J'Ac '  AA A T ['A rC I'C,A AAAr A ' 1' 1  ' A ' T I' ' AN, A 'T 6 8 5  

AAr c, cC;r r I' AC' (' (, ( AA ' AC T J'A l � [,(,A( I AAA rA " rl l " 1' 1'  AACA T 6 8 5  

' A I'" ' C l' I' I' I' C'( 1 AA AA ' I'CT, A AAl'AAAf ' " A ' A l' I'l AA ,AA, 6 6 1  

r AAAN' AAA 1'( c, ' r ' f'TI' l' 'A T'c' C ' I' T [c A J'A I l ' I'AA 

I' AAAA 'AAA I' '(' 1'( ' 1'I' I' [' l 'A I' I'I,A I' I'Y' A J'A f' n r  ['AA 

I' AAAA 'AAA ['C ( , I ' r [, ' T  A ['( C ' r  1 1 ( A I A f' 1'1' ' TAA 

TAAAAI 'AAA f' ( C  l'l ,' I'1 J'('A r ' 1'1  1'( A J'A 1 r r ' I'AA 

f[' AAA , (' (' I' I " ' AAAAN" T'A ['C ' r r T' rA A I 'f I' 'AA 

'(' Al AAI 'A 
, 'A l' AA ' A 

'CA, ' AAI A 

A l 'AA A 

l'(' I' ' , C,l' 

7 5 0  

7 3 5  

7 3 5  

7 3 5  

7 1 1  

A ' T CC' I' 'AAC'AA( C' A I'T c'CAA I' l' rrA IAI 

AATl I ' ITAN' AAC; CA I' I ' 'AA J' I I'A I'A 

c'A I' ATc r ['(, 'A ' AA I' 8 0 0  

'A rA l l ' l'!' 'A �('AA 7 8 5  

A ' 1' (,(, I'  'AA( AACl'A T' rc 'AA r ;(;1' I' A [' N ' T' J' ' (' ' A I'A 1 '1' 1' TA ' AA I' 7 8 5  

A( Tc) ' l'l'AA[ AAf,('A rr TAA I'C rI'A J'A ' T I' [,(  ,' A l A I' J I' AA ! 7 8 5  

AATCc' AA , A(AA ' AT T' I" AArc;c ' T  J' AT 1 1 Tl ' I' AT' I T ( ' , A 7 6 1  

I'AAAGA( (' AAAA, '( [,ACl re 'AA rr;Ac'T ' I' I 1  ( Ac' , J'A ' 1' 1' TA 'A [' l' 
1'AAAr;A( C AAAA(' C,( A I' lTAA rc:A( 1" 1' 1 ,A " T A, '  I'T A ' A f' I' 
TAAAC:A( AAAA ' GI;AC( [' CI' AA ['l' AI' 1'(' 1' 1"  
TAAACAI l AAA A 'C ( A, ' T' ( ('AA T(iAI r '  n, 
TAAA(;AC AAAA ' ;AL' ,  AC, ' AA I' :A I ' 1'  r 

" T A T'T ' I'A ' A I 'T  

A ' TA ' n  'f Al' A I [' 
l c .  I' " ' A ' [' r " 

8 5 0  

8 3 5  

8 3 5  

8 3 5  

8 1 1  

I AI A TA I' rTA l'A J' J' AAA( A CA I' I' rA ' AAA T 1'A ' [' J' I'AA N AA AA 9 0 0  

1'ACA 1'AT I I' A 1 A [ T l AAA A ,A r n T'A il 'AAA I'I: T' A 1 1  ['AA 'A AAI AA 8 8 5  

TA A 1'AT I ],Al' A I' � AAA, A ,A r r T'A � ' AAA I' rA(, � l rAAI' A AAI AA 8 8 5  

TAl A rAI' r rAJ' A J' 1'( AAA N: A I' r TA('r' AAATI l ' A 'T I I' AA 'A ,AA AA 8 8 5  

T I' CA l'A Tl'TA ' A I AAA' A AI I'I' 'AAAA,' ; l ' I'A "AA 'A A 8 6 1  

CA ' ]'Af' AA,'AAA l I' I' c,A I'  'A 1' Tl' A r I'A J'I AAA J' I A Y' fI' J" AA 9 5 0  

An A AA AAA1 1  ( J' ' A l'l' A ' .  J' ' A J' I' A I' :AAAr r A I' ' I  J' ( AA 9 3 5  

A ' I, TA ' AA AAA T rCc'AI' 'Ac' T J' ' A:- J' A I' AAAT rA I ' 1'  J' 'AA 9 3 5  

Al'" �A 'AA AAAT I' r 'A A 1' C;AAAr rA J' ' rAAA 9 3 5  

'AAf c' 'AAI;A ' '/ I' A I AA, ' I' 1' 1  J' 'AA 9 1 1  

A l' r rl ' AN, AA A ' ' I T  A I rAT AA I A r Y'A I' ' r ' 
I' A ' , AA 'T - 1 0 0 0  

A r I' 1'1'( ' A AA, ' A 'I' - A r [ ATAA I' A n A l l' 9 8 5  

A r I' T  ( AN: AA N" ' T  A r TA rAA r 9 8 5  

A r l' [C ( AA AA A ' A I' A I'AA I AA TT 9 8 5  

A r [ " C ' (' ( 'A A\. ( A I'A 'AAI AA ' r  1 1'  A ( A A 9 6 1  
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(;C TAAc r(,A r ' l AI' ' C T (  1'A r(;r' A I N�A I r 'C 1" 'A T I' AGTA 1 0 5 0  

" ' TAAC I'�M [' ' [ A 1' '(' (; !,  r ['A !,r ( 'A I I'AGA T r r '  ' '' , 'A I'I'AC; [ A 1 0 3 5  

l'C'I' AAl'I'("A r ' I' A I" 'C 'C' C,\' Ar TA I 'I ACAI'('" T r c' 'Al' TAC; I'A 1 0 3 5  

( -C [AAere M ['(' /, A 1' TG T((' TA I' I(;c'A 1 I' (;(:A I (' [' ( ' e 1'l' 'A I '], A(; [ A 1 0 3 5  

,(' T( � N 'AC: AA I' 'AA I" ' (,(;C', (,AA l' ( ('( ,( ' A( ,' A 'C;C A ' ( (' ,,' C C '  ]'( 1 0 1 1  

A 'AAA AA(' ],' A]'f(',', rl'l' I' T G (' A I'N' A �A A I AAI' T 1' A(,C:A ' N 1 1 0 0  

A ' AAA AA ' T 'AI' ['('( ' 1' 1' 1' (' 1  l' TA I A 'A l I AC AI' AA I' I' I' A ' A( ' ('A " 1 0 8 5  

A 'AAN' AA ' I' ' A !' I' ' ,'r I' I' I' (' 1' rGl' A ] A ' A(, I' A 'AI' AA ], I ' I'A ,(;A(',' A ' 
1 0 8 5  

Ar AAA ' AAl' 1" 'A r 1' (' ( ' T T ! "  I"]'GI  'A I'Al' A I' l' A('A 1 AA I' ]' [, A('CA(' (  N " 1 0 8 5 

M 'AAAAA ' l , I 'TI ( ]' ]' 1'( ' I,(;(' A I'A(' (  ( I'I'(�A' AA I' I [, N,C ' ,'I ( 1 0 6 1  

I' AI AA "AAA ' l' IAA AC T I  ' fI"  
' N'AA ' AAA [' ['AA A ' ]"  r r  

I' 'T AAA 'AA I' ['A ' A 'A AA 1 1 5 0  

I'(, IAAA AA l' ['A ' 'A ' AI'AA " 1 1 3 5  

l' ' A AA(" ' AAAl' I' TAA Ae 1 1' ]' ni' ' I' ' I AAA 'AA I' I' A 'l'A 'A(,AA ' 1 1 3 5  

I '  A('AA '('AAA ' I'1' AAI' A(' I I " T I' T' I' (, I 'AAA ' AA I' ['A ' N' N AA" [ 1 1 3 5  

( ('( I' C:AA" C C AA I' I' TAA" ( [' ]'( I' I' l'C C ]'C' ]'. ], ('AC A I'( C(' AAAA( 1 1 1 1  

1 I'AAAAA ' I'A ' l' ' ( ' 'AAAAI' ' TAI 1' AAAA AT 'A 'AA l' ' AA A 1 2 0 0  

rr AAAAA 1 A ' T (' . ; ' (:AAA1'IT IT TAl I AAAA ' A'I' ('A AA 1']' 'AA A I 1 1 8 5  

r rAAAAA'- ],A ' 1  I' (' 'AAAA I'( I' [''I' A'I' I ' AAAA ' A [' 'A 'AA r I' ' AA I' A [ 1 1 8 5  

]' [' AAAAA(' I' A rc ]" AAAAA I' l' ' I' A I I AAAAI 'A I' ' M l AA I' I" ' AA f A f 1 1 8 5  

1' ]  1'IAAAA ' I' A( ,I' , I' (, ('AAAA],I 1 ' ( T A 1'I' AAAA AA(;(' I ' ;A I '  ' AA I A" 1 1 6 1  

:AAAA1' A ]" A A �A r (' rer'l' A ' rM' " ( A r',A T'A '( . AA r l 1 2 5 0  

AAAAr 'A I A ' A I I'A1' ' '  rc" A ' TA ' '('('A rCA ' I 'A T AA I'T 1 2 3 5  

AAA A I' :AI( A('A l "A rCC l' '( ' 1'( A ' TA 

AAAA l' CA1'(.A ' A . '1' AI' ( '( I'C; , ' 1  A ' [, A(' 

('( A 1'( A I I'A ' 1;( AA I' 1'1 (' 1 2 3 5  

' ['I'A I'C AI' 1'A ],(;(:;AA 1' ]' e ,' 1 2 3 5  

GAAAA 1' ( , A C(,A ['A I '  A I' (,(, fr' ' M AA I'A (; 1'[ A I' ;A C I'A( ' (,( AA [' , 1 2 1 1  

r r  I' ' 1' I'A 1" 'AA [, CA AA1' (' 'l 1'AAA 'AAA AA l' '1' l'T 1 3 0 0  

" 1'  ' [' I' l' ' I'A 1' I' ' AA I "A AA I" I'AAA 'AAA 1" ' cAA 1 I'C]' I ],  ec( 1 2 8 5  

[' I'(' r l'l ]' I'A T I'C [ ' AA I' C: A(,AA1' 1 (' I'AAA ' AAA I N ['[\'1' 1'[" C,( 1 2 8 5  

T rC I ' I T I'( I'A ] e I' T AA ] , (:N AA nC( 1'AAA('AAA ( (  AC ' l' ' 1' 1  '( 1 ] 2 8 5  

' [ l,C I' ' l'( I' A I " 'AA ],C; ' (' AA 1'(" ' AAA AAA [' A ' r  1\ 1' 1' (" A 1 2 6 1  

A ' 1" AAA fA( I AAAAr: ' A I 'fA fA1' A ' CA . , AA ' re ( AAA 1 3 5 0  

('A ' ' T  ' I  'AAA 'T fA ' ' AAAAc ' A r [' C (' TA1' Ar r ' Al'l'AA ' �I' (' I' AAA 1 3 3 5  

' A " I' C" AAA(' 1  AC ' AAAA(" A1' I'A I' A [, A AA 1' I' AA( ' (' (,,],(, TAAA 1 3 3 5  

'A 1' '('AAA ' 1 I Al' ' AAAA(;( A I' I'A l 1'A[,A . 1 3 3 5  

' A ( ' (,,"AA(' T I" " AAAl"r I' I' I' �A[,A� AAAA 1 3 1 1  

'A AAAAA ' [' AAA 

' A I AAAAA j' ' I'AAA 

A [' 'A ' A " nA ' .  1 4 0 0 
' A "C A . I' A ' j' j' 1 3 8 5  

" A 1 'AAAAA� ' I'AAA A ' AA C' f r - c  ], " n 'A(' I'A I' ( A " 'A " [,A ' ! 1 3 8 5  

1 3 8 5  

1 3 6 1  

,A ll AAAAA I' ' TAAA ;(' A ' AAC� I r A- C� ('A 'AA A '1 I 
,A ' AAAA( ' A I'AAAA I' 'AAC T '  
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AAl' A f rAr' A f fA I AA AA l' TA 

l' AA ' [A r TA A :' I'AT AACAA f r Al' 

r ' AAl I A ]'['AC,A r rA r AA C AAC l' ['A 

r AA ' A f l'Ae A f A [ AA AA f rA 

'A AA r e A l' A I A 'AA ' 

AI'AA T T  A l A A 'AA i 

A fAA T I 1" A rA I A ' AA . l 
' Ar AA 1 1 . A I A T A AA I' 

ATAAAr r ' A I 'A A ' 'A 

1 4 5 0 

1 4 3 5 

1 4 3 5 

1 4 3 5  

1 4 1 1  A ' I J'e ·A ' fA A ' ' AA I' A 

AA 

AA I 

AA 

AA . 

A I' I AAA A A f fAAAr T I A f r 'A l A A 1 5 0 0  

A r r J'AAA A A r rAAA r 1 A r r � IA ' A T 1 4 8 5  

A I'J' AAA A A r J'AAA I f A J' I' A I A ' A 1 4 8 5  

' I' ArA r l  fAAA A A rI' AAAf ' [  A [ A ' rA 'A T 1 4 8 5  

I' T A ' A T AA 'AI'l 'T AA! T A rI' 'A fA ' A 1 4 6 1  

' A A l'AAA fA fA fA AA ' A I I' A ' I  A I A A 'AAA 1 5 5 0  

f 
I' 
I' 

A A ['AAA fA I A fA AA 

A I A fAAA I AJ'A l A 

A ' A fAAA A rA 

A A rAAA A T 

A 'AA l 

"A AA !' 

rACAA 

'AA A 

A 

A 

A r r e  
I'A r 

A ' T  Ar A 'AAA 1 5 3 5  

A A A AAA 1 5 3 5  

A l A 'AAA 1 5 3 5  

A A 

A I I'A A A 

1 A I I A A ' A 

A I' I'A A 'A 

I I'A I A CA 

r I' ' I  

A 1 5 1 1  

1 6 0 0  

1 5 8 5  

1 5 8 5  

1 5 8 5  

1 5 6 1  

A I' I I' I'AA rAAA A I' I'AAAA I'AAAA AA T A T' AA 1 6 5 0  

A I I ( 
A ' I"  
A I' 

]' I I AA ' r 

" I'AA 

. I' I'AA 

A r l'CA I'AA 

AAl'( 

AA ' (' AA I' ' 

A 

A 

AA AA r '  A 

AA 1 

AA 

, AA AA 

I'AA AA 

T AA 'AA ! 

I'AA( AA A I' A 

AAA AA ' 'A I' A 

r A AA AAA ' 

I' rA AAI'AAA 

I' I A AA AAA 

I'I'A AA AA 

A AAA AAA 

1 1  
r l' 
1' 1' 

r l' 

J' ' 

A I'( AAAA I'AAAA AAT A AA 1 6 3 5  

I'AAA A 'AAAA fAAAA AA A , 'AA 1 6 3 5  

I'AAA A I' AAAA I'AAAA A I' AA 1 6 3 5  

AAA A I' AAA A ' , A . AA 1 6 1 1  

A ' J' 1 I ( AAA " I' AA " I'AAA rA ' 1 7 0 0  

A r I AAA � AA AAA A 1 6 8 5  

A J' 1'l AAA AA( I ' rAAA , A ' 1 6 8 5  

A rl' 'AAA AA AAA A 1 6 8 5  

A 1' 1 I' AAA A AA AA A ' 1 6 6 1  

A AAA AAA I I' AAAA A 1 7 5 0  

A AAAT I' AAA I J' AAAA A 1 7 3 5 

A AAA . r "AAAT I I' AAAA AT 1 7 3 5  

l A AT AAAI' I ' T AAAA A 1 7 3 5 

A A I ' Atl 1 7 1 1  

I'AAA A AAAA 'A A A AAA A A A 1 8 0 0  

I'AAA A TAAAA A A A AAA A A A 1 7 8 5  

AAA A ' AAAA 'A rA I'A AAA A l A A 1 7 8 5  

fAAA A AAAA ' A A 'A AAAI' AfA 'A 1 7 8 5  

'AA A , A A 'A A A A A 1 7 6 1  
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ATGTC AATC T rAAC AATCACATC rAN' c, T T r' TA TAn ; ,  J'AAGAAAAC T G G  1 8 5 0  
ATG T CAA TC TTAACAAT ('ACATC fAA' C  ["f,' TA TA' 'G G  I'AAGAAAAC TGG 1 8 3 5 
AT G T CAA rC TTAA,'AAT(' N'AT C TAAC r re TA ['A,'C;C I'AAGAAAAC TGG 1 8 3 5 
AT C  r CAA TT I' l'AAl'AA f'('A l'AT C  l'AA" ' 1' I'l fA ['ATGl' [ AAl; AAAA(' l','" 1 8 3 5  
AT , T CAAT T  [' I'AAC GA I'rA" GW'AAAC l  T C G T  J' I'A,'GG('AAGAAANT -:;G 1 8 1 1  

rAAC AC r CCAGA I'GC I 'eGCC C, r AC I'GC;AC AAC CA I T l'G CAC TAC C  I' G C GA 1 9 0 0  
TAACAC T Ct.: AGA 1'('(; I 'C C; C C G  l' AC TGGAr AA C T A I J' I' (;CAC CY;C,T G C GA 1 8 8 5  
TAACA C TCC AC A J'C;C l'c c; c r' C TAC TC,C;AGAAC T A l' [' !'r;CA l ' CAGC r C; C CA 1 8 8 5  
rAACA C TC (  'AC A ['(;r; I'C G C T G TA" TGGACAAC CA I' [' ['GCACCAcr TG C CA 1 8 8 5  
AAATAC C ,' CC;C A TCGAC C T C C C G C C  C;GAC AAC TC I I' ITC ['C CAGC rC; C GA 1 8 6 1  

AC C TAAT, 'A l'U AC' l' 'A I N'AAAA ' e T  'Cc J' I'A ,' [']' 'A l'rA I'TAT ' T 1 9 5 0  
A ' , CAAT' 'A I' , ,'N' ,' f r.ATACAAAA r,r 'C' I'A ' r rCAT I'AJ'TAT ' 1' 1 9 3 5  
A T CAAT CCA l' ',AC C  l'C A ['A" AAAN;CT' C[ ['A ' , [,],r'A l'1'AT I AT' 1' 1 9 3 5  
A,' C CAATC CA I' C ACT I', A l'ACAAAA, c; [ ,  ' J'['AC ,' I' I'CA],],A[ TATr r 1 9 3 5  
A rCCr,A l' G'  Ace C, c c,r'( A rAl'TAAY (;C Ace,r' [' I' TA I'CCc'  r c;  rr' l' TCA 1 9 1 1  

(, TAG C TAAA !'TACCA I'ATGAAC;A TG('ACAN, A r r; c;  J' A [ '  I' ,[, C TAATACA r r  2 0 0 0  
G TAC e  ['AAA l'TN' C'A I'A I'(; AY' A rGCAc'AN A rGc, J'A I' ne rAA l'AC AT T  1 9 8 5  
r, TAG C  TAAA l 'TAl'f' A l'A rCAAC A rc;CAC AA ,A 1'( , C (' A [' I' I 'C TAA rA' 'A l'I' 1 9 8 5  
r, TAC; C T'AAA J'TA, 'rA I' AT CAY, AT'GCA 'AY Arc '  r A l' I' l'C TAATACA r I' 1 9 8 5  
C' rc;G, AAAGl' [,(T,' I' l'AC AG C  r A f G C Y  TC( A 'l;' " A 1 I' l' 'C AA ' A' 'l' I T 1 9 6 1  

' T  ' TA TTATI' ' 'AAAA ; '  C T T, " TAAN,AG ( A I','AAC f'A 'AA,I'Ac r TA 2 0 5 0  
' r C TA T TAT ['( ' AAAA ;CAC' l' I' c r rAAAC Al ( A l'C,AAl I 'A 'AA TAlT IA 2 0 3 5  

C TC TA TTAT I Cl'AAAAGC'AC T TG G TAAA ,Al;,A re AAG I'A 'AAG TA, G TA 2 0 3 5  
C TC TA T fA l' I'l'CAAAA l' Y'Tl'GG TAAAC AC ( A ['CAN' l' N' AAC l'AC C, fA 2 0 3 5  
l' T C  AA rCCT,  ' , C GAAA:';C G r  r TG G CAAAGAI ' C;AA( 'N, A(', " ' G e e e C G C r  A 2 0 1 1  

AC T TA" TA ITAA f CC T TC:A r G G  I' TA l' GCN [' AAAACAAC, ( TA lTAC T TA 2 1 0 0  
AC T TAG TA l'CAA r (' C T  rC;AT GC;T rA rCTAr, I'AAAAC AAC CAr' A I'l'Ar T TA 2 0 8 5  
N' T TN;TA l' 'AA rCiC rr AIU;T fAl'('C'AC, rAAAACAA('[ N'ATrAr T TA 2 0 8 5  
AC T TAGTA rr- AA rc (' neATCC T TA TC, ' A TAAAAr:AA( ('AeA r 'Ar- T TA 2 0 8 5  
AT T Tr ['CAN 'A !, '(' T rC;AU C;ATATc;n'( 'AAAAA 'AC C A 'AT ,'A � T:'A 2 0 6 1  

AATAT TAArr rA T l'TAA [" '(; TCAAArAT ['AA rC�CA r c  A 
AATAT rAAC(;TA r I' TAA,'CG I' CAAAI'AT T'AA [' Cc A l'C" 

AATA r TAAc(' l'A f I' f AA" C r, I'GAAACAT r AA r c; r  A ['C ( A 

AATAT TAAC' C  rAT [' l'AA' 'Cl, r GAAACA f I'AA f('(�A f(�('A 
AA 1'(; fAAA ' I'A I I l'AA 'A AGAc;ACAC r(,I' [,(TA, '(;{' , 

Primer 2 and 2A 

-
TGG C 

TGG C 

TGG C 

TGG C 

TGG C 

T C  

T C  

T C  

TC 

TC 

2 1 5 0  
2 1 3 5  
2 1 3 5  
2 1 3 5  
2 1 1 1  

.....,;;;��.;....;,.;....;, .;;;.;:; 

" AAf TAA AAT TC ' I'A ' I' r IA ' ' r " TAAA TI 2 2 0 0  
rAA f rAA 'AAT T C " ' ['A l'(' J' I J'IA ' ' I' I'AAA � 2 1 8 5  
('AA [' ['AA, 'AA T T CC, I A [ ' I'CC' I'l'A ',C f rAAA ''1' 2 1 8 5 
l'AA l'T'AACAAl'I'CC;C I'A I' ['CC r rA ,

' [' TAAA ' r 2 1 8 5 
'CA l'I'AA ' GA f f  'l�(' , ['(' [," ACl' ' [,A f ' C C I,I' 'AA ' r  2 1 6 1  
.. . . .. . 1< .... .. .. .. . . 

2 1 0  



A 3: DNA Sequence Alignment of Formate acetyltransferase fro five Bacillus species 

T TAT TAAAT TAAI ' rer; ['GAACAAl'AAATC' CA 1'1, 1'AA r T'AAr' CG rAC AA rG 2 2 5 0  
T ['AT TAAAT TAN' TC C  r C;AA r' AAr' AAAT C C  AT e rAAT T'AAr' (' C; rACAA [' � 2 2 3 5  
T TA r TAAA I'TAA('T C(' rc AAC AACAAATC A r c; TAA l' rAAl'C C;  rAl'AA T'l 2 2 3 5  
TTAT rAAAT r AAC' Tl' C- r (', AA r' AACAAAT C iA rr; ['AA [, TAAC C C  1'ACAA r e  2 2 3 5  
T TA r 1'AACC' r ;AC' CAAAC AACAGC'AC r rA( Al,'(;I'( A 1'('AG CA ' AN' ' l'1 ,' 2 2 1 1  

g i I 1 1 8 4 7 5 7 7 8 _ 5 0 5 4 5 3 - 5 0 7 7 1 7  
g i I 4 9 1 8 3 0 3 9_5 0 3 6 4 4 - 5 0 5 8 9 3  
g i I 4 2 7 7 9 0 8 1 _ 5 7 5 9 0 0 - 5 7 8 1 4 9 
g i I 4 9 4 7 6 6 8 4 _4 9 2 6 0 7 - 4 9 4 8 5 6  
g i l 5 6 1 8 2 5 4 5 c 2 0 7 9 2 4 5 - 2 0 7 7 0 2 0  

(' A re AAAGCA r G  1'AA 2 2 6 5  
'A I' AAA (  'A ],r' rAA 2 2 5 0  
'AT AAACC ATi T'AA 2 2 5 0  
'A ],( AAA(-('AT C l'AA 2 2 5 0  
' Al l  AA],I ( A ['C r Ar 2 2 2 6  

2 1 1 



Appe n d ix 

A4 : Al i g n ment of Formate acetyltransferase D N A  

seq uences from 8 1 2 and X7 and in-silico 

trans lation of Fo rmate acetyltransfe rase DNA 

seq uence. 

2 1 2  



A4: Alignment of Formate acetyltransferase DNA Sequences from 8 1 2  and X7 . .  

A4. 1 :  Al i g n ment of Formate acetyltransferase DNA sequences 

from 81 2 and X7 
20 

812 final DNA GGIGGIG 11 11�;I�I��;gl - IGG I I G 
xHool DNA GG GGIG 11 �, IGG G 

.. 
I 

'" I IGG I1 GGI ;�ii;liiiiii IGG I GG � . 
Con .. nsus GGAGGCGTCC fTGATATGGA TACGGAAATC GTA TCGACCA TT ACA TCGCA CGGACCTGGC T A T T TAAATA AAGAACTTGA AAAAGTTGTC G G T T T TCAAA 

812 hnal DNA I G IG 11 
X7 final DNA IIG IG 11 

." I 

Consensus CAGACGAACC G T T TAAACGG GCAC TfA TGC C A T f TGGTGG C A T TCGCATG GCGGAGCAGG CGTGCGAAGC T T ACGGATAT GAAGTGAGCG ATGACGTAAA 

B12 Ilm:1I DNA 
X7 finaJ DNA 

Cl"JIOl1l"t 01\11.11" 'J , '! :  AC I CAA ' fl 13 1 I\AA I\CGC,\ AACCI'.\GGG G I /l r  f r GfCv 0 1 :1 ,'\CC(M t;G'IIIA J {�fl.v\ GCGGf.·:;CGC f\ I\{IGCAGt?C ·\ 1 CJ\'I I-/I,CAGGG 
.., 

100 
100 

200 
2IlO 

300 
300 

I :� 

81' fin::!l ONA G l1'l . GG 
X7 final DNA G IIGG 

l '  AA ' I ell AGA/IA!'.C,\fI.,\ " " .\(,)I\C 1 1 fl.C 

Con�.� O"M M;ACC 10'CuGOIA"'" 1\ . 3J\GCQAAG ",-CAT ;" I IC� r C l vGCC(lAA a."f"l:: l��CAO A��AAAI :-C€ CGCCC1�CAA GM.C :AA""'O .V.A . ::JGc.GGC 

Bt2 final DNA 
X7 finaJ DNA 

812 final DNA GI GI GI G 
XHnal DNA GI GI GI G 

W 'I.JJ iI:C 
I I 

rCfl��" GCAGCltATGA G T T T AGGTCG C G T T T C T A f. G  T T T T T.A G A T A  T t' TATA TCGA A CGCGAC T TG CPAC.P. �r.GGA C A T T AAr:AGA ACGGGAAGCA rAA�AGr:TCG 

f'4k � � 
I I 

"'" 
500 

600 
600 

m � _  600 
X7 nnal DNA &Xl 

Consensus T T G A C C A T T T  C G T T  A TGAAG TT ACGCCTCG TCAAA TTCGC GCGAACACCA GAA TA TAA TG AGC T A T T T  A G  CGGCGACCCA ACGTGGGT AA CCGAGTCGA T 

Consensus ACGG T T C  TT T GG TCGACAAA A T T  ACCAGAA GCGTTCAAAA AA fA TTGCGC GAAAA TGTC G  A T TCAAACAA GCTC T A T e C A  AT A TGAAAAT GACGA T TT AA 

X7 final DNA 

Consensus TGCGCCCTGA G T T C GGCGAT GACTACGGCA T TGCGTGCTG CGTA TCCGCG A TGCGCATCG GTAAACAAAT GCAA T T T T TC GGCGCGCGCG CAAACCTTGC 

Cot�� ,l.10,V�C-::ll:"."': -f;".l\f.T(I)'�O CTT;;I\TG�:f\ C .... f'tJ·.CGfCA - ::l(';OG,\:;B1\T:) -!jG,�:'\GOO0"A - -�:Il�:;�O�C-

812 final DNA 
X7 final DNA 
� T I\  .. \. ..... "!'!\T��A 

v� :� 
I I 

900 
900 

1000 
1000 

1200 
1200 

1300 
1300 

1400 
1400 

a12 final DNA 1600 
>:7 �nal DNA 1600 

C""",,",,� GTCGATTCAA TTGCAGTCGA TAT T GTTGAG CGt. T T TATGA CAMATlGCC CMACA.TAAA ACGTATCGCG ATlCAAMCA gC'IJICATCG A T C T T AACAA 

812 linal DNA 
X7 linal ONA 

Consensus TCACGTCAAA 

, .... ,. 
f 

Consensus CGACACAAAA GGTGCGCTTG CGTCGTTAAG CTCTGTCGCA A A A T TACC G T  A TGMTA TGC A T TAGATGGC A T T TCAAACA C G T T C T C A A T  CGTGCCAAAA 

1:I1L Ilna! UNA 
X7 �nal DNA 

" "  I 
IG IGGI GI IGIIGCI I GI 

CAAAACCTTG TGACAA T T T T AGACGG A T A T  GCTAAAAAA C GCGGTCACCA T T TCAACATC AACG T C T T T A  

2 1 3  

1 BOO 
1800 



A4: Alignment of Formate acetyltransferase DNA Sequences from 8 1 2  and X7 . .  

A4.2:  in-silico translation of Formate acetyltransferase DNA 

sequence consensus 

gga gge gte ett gat atg gat aeg gaa ate gta teg ace att aea teg eae gga eet gge tat t ta aat aaa 
G G V L D M D T E I  V S T I T S H G P G Y L N K  

gaa ett gaa aaa gtt gte ggt ttt eaa aea gae gaa eeg ttt aaa egg gea ett atg eea ttt ggt gge att 
E L E  K V V G F Q T O E  P F K R  A L M P  F G G I  

ege atg geg gag eag geg tge gaa get tae gga tat gaa gtg age gat gae gta aag aaa att ttt act 
R M A E Q A C E A Y G Y E V S D D V K K I F T 

eaa tat egt aaa aeg cat aae eaa gge gta ttt gae gtg tat aeg gae gaa atg aaa geg geg ege aaa 
Q Y R K  T H N  Q G V F D V Y T  0 E M K  A A R K  

gea gge ate att aea ggg ett eet gae gee tat gga ege gge ege att ate gga gae tat ege ege gtt 
A G I I T G  L P D A Y G R G R I I  G D Y R R V  

get tta tae gge gtt gat egt tta att gaa gaa aag aaa aaa gae tta ega aat aea ggt geg egt aea atg 
A L Y G V D R L I E E K K K D L R N T G A R T M  

age gaa gae att att egt ete ege gaa gaa eta gea gag eaa att ege gee ete eaa gaa eta aaa gaa 
S E  D I I R L R E E L A E  Q I R A L Q E L K E  

atg geg gea age tae gge tae gat att tea aag eeg geg ege aae gea eae gaa geg tte eaa tgg tta 
M A A S Y G Y D l S K P A R N A H E A F Q W L 

tat tte get tat ett geg geg att aaa gaa eaa aae ggt gea gea atg agt tta ggt ege gtt tet aeg ttt tta 
Y F  A Y L A  A I K  E Q N G  A A M S L  G R  V S T F L 

gat att tat ate gaa ege gae ttg eaa gaa ggg aea tta aea gaa egg gaa gea eaa gag ete gtt gae 
D I Y I E R D L Q E G  T L T E  R E  A Q E L V D  

cat tte gtt atg aag tta ege ete gte aaa tte geg ega aea eea gaa tat aat gag eta ttt age gge gae 
H F V M K L R L V K F A R  T P E Y N E L F S G D 

2 1 4  



A4: A/ignment of Formate aeety/transferase DNA Sequences from 8 1 2  and X7 . .  

eea aeg tgg gta ace gag teg ate gge ggt gte geg att gae gge egt eeg ett gtg aeg aaa aae tea 
P T W V T  E S  I G  G V A I D G R P L V T  K N S 

tte ege tte ttg cat aeg ett gat aae tta ggt eea geg eea gaa eea aae tta aeg gtt ett tgg teg aea 
F R F L H T L D N L G P A P E  P N L T V L W S T 

aaa tta eea gaa geg tte aaa aaa tat tge geg aaa atg teg att eaa aea age tet ate eaa tat gaa aat 
K L P  E A F K K Y C A K M S I Q T S S l Q Y E 

gae gat tta atg ege eet gag tte gge gat gae tae gge att geg tge tge gta tee geg atg ege ate ggt 
D D L M R P E F G D D Y G I A C C V S  A M R  [ G  

aaa eaa atg eaa ttt tte gge geg ege gea aae ett geg aaa gea tta tta tat geg att aat gge ggc gta 
K Q M Q F F G A R A  L A K A L L Y A I N G G V  

gat gaa aaa tta aaa gtg eaa ate ggt eea gaa ttt geg eea ate aea tet gaa tae tta gat tae gat gaa 
D E K L K V Q I  G P E F A P I T S E Y L D Y D E  

gtg atg ege aaa ut gae aae gte atg gaa tgg eta get gag ttg tae att aat aeg tta aae gte ate eae 
V M R K F D N V M E  W L A  E L Y [ N  T L  V I  H 

tae atg eae gat aaa tat tgt tat gag ege att gaa atg geg ett cat gat aea aae gte atg ege aeg atg 
Y M H  D K Y C Y E  R I  E M A  L H D T N V M  R T M 

gca acg gga att gee ggt ett tet gte gte get gae tea ett age gea att aaa tat gea aaa gta aaa aeg 
A T G  [ A G L S V V A D S L S A I K Y A K V K T 

att ege gae gaa aat gge tta gcg gte gae ttt gaa att gaa gge gae tte eeg aaa tat gga aae aae 
I R D E  G L A V D F E I E G D F P K Y G  N 

gat gat ege gte gat tea att gea gte gat att gtt gag ege ttt atg aea aaa ttg ege aaa cat aaa aeg 
D D R  V D S  I A V D I V E  R F M T K  L R  K H K T  

tat ege gat tea aaa cat aea aea teg ate tta aea ate aeg tea aae gte gte tat ggg aaa aag aea gga 
Y R D S K H T T S I L T [ T  S N V V Y G K K  T G  

2 1 5 



A4: Alignment of Formate aeety/transferase DNA Sequences from 8 1 2  and X7 . .  

aat aea eet gae gge egt ege gea gge gaa eeg ttt gea eet gge get aae eeg ttg eae gge ege gae 
N T P D G R R A G  E P F A P G  A N P L H G  R D  

aea aaa ggt geg ett geg teg tta age tet gte gea aaa tta eeg tat gaa tat gea tta gat gge att tea 
T K G A  L A  S L S  S Y  A K L  P Y E Y A L D  G I S 

aae aeg tte tea ate gtg eea aaa gea ete ggt aaa gat gat gea aea ege gtt eaa aae ett gtg aea 
N T F S I Y P K  A L G K D D A T R Y Q  L Y T 

att tta gae gga tat get aaa aaa ege ggt eae cat ttg aae ate aae gte ttt aae ege gaa aeg ttg ete 
I L  D G Y A K K  R G H  H L N I N Y F N R  E T  L L  

gat geg atg gaa cat eea gag gaa tat cc 
D A M E H P  E E Y  

2 1 6  



Appe n d ix 

AS : B LAST search of p red i cted a m i no acid 

seq uence fro m B 1 2 and X7 and Phyl ogenetic 

analysis 

seq uences 

Formate 

2 1 7  

acetyltransfe rase 



A5: BLAST Search of predicted amino acid sequence . . . . . . . .  . 

A5 : 1  BLAST search of pred icted am ino acid sequence 

from B1 2 and X7. 

r e f  Z P  0 2 9 c 3 7 8 6 . c 
gb E D:C 3 5 0 4 9 . � 

Length=7 4 9  

f o rmate a c e t y l  t ra n s f e r a s e  [ Geobac i l l u s  s p . WC H 7 0 j 
f o rmate a c e t y l  t r an s f e r a s e  [ Geoba c i l l u s  s p . WCH 7 0 j  

t\ e El 

Score 1 2 5 7  bits ( 3 2 5 2 ) , E xpect = 0 . 0 , Me t h o d : Comp o s i t i ona l ma t r i x  adj u s t . 
5 9 3 / 6 4 8  ( 9 1 % ) , Po s i t i v e s  = 6 3 2 / 6 4 8  ( 9 7 % ) , Gaps = 0 / 6 4 8  ( 0 % )  Iden t i t i e s  

Query 

Sbj c t  

Q u e r y  

Sbj c t  

Que r y  

Sbj c t  

Que r y  

Sb j c t 

Query 

Sbj c t 

Que r y  

Sbj ct 

Q u e r y  

Sbj c t  

Q u e r y  

Sbj c 

1 

6 8  

6 1 

1 2 8  

1 2 1  

1 8 8  

1 8 1  

2 4 8  

2 4 1  

3 0 8  

3 0 1  

3 6 8  

3 6 1 

4 2 8  

4 2 1  

4 8 8  

-:;G _DMC I:. .:J _ ,  Hjl ::; . �t\ r: 1:.  I:. K  ' - .I _ DI:. � : KhA�Ml' = ';lo P�lA I:. -.)Ari:.A �::;� 6 0  
GGVLDMDT I V S T I T S H  PGY L N K + LE K+VGFQT D + P FK RALMPFG G I RMA+ Q+CEAYGY 
GGVLDMDT S I VS :C I T S H RPGYLNKDLEKI VGFQT DKPFKRALMPFGG I RMAQQSCEAYGY 1 2 7  

I:. Ll n - ", ! kV Ht "C; - L v '  DE.Ml'AAhYA'J , � f [ A  ;� , F _ , -; L � R fo:  A_ 1 2 0  
+ V S D +V K K I FT + YRKTHNQGVFDV Y T + EM K  ARKAG I I TGL P DAYGRGR I I G DYRRVAL Y  
KVSDEVK K I FT EYRK TH NQGVFDVY T EEMK _ARKAG I I TGL PDAYGRGR I I GDY RRVAL Y  1 8 7  

::; R� , E.E.K K}<L_flN oAR M_ U P kE.I:._AE.\.! RA ,lE. KE.MAA. S'C ::- Y lAkI\A 1 8 0  

GVDRL I E E K + K D L + N TGARTM+ E D I I RLREE+AEQl RAL ELK +MA S Y GY D I S + PA + NA 
GVDRL I EEKQK DLKNTGARTMTE DI I RLRE E I AI:.QI RALN I:. LKQMAL S YG Y D I S E PAQNA 2 4 7  

HI:.A - .,)W v AV AA l' 1:.��::;AAM::- ;R , _ = L _ i:. F  _.1:.::; I: I'I:.A" I:. L H - 'Ml' 2 4 0  
HEAFQWLYFAYLAA I KEQNGAAMSLGRVS T FLD I Y IERDLQEGT L T E +EAQELVDH FVMK 
Hi:.AFQWL Y FAY LAA I KEQN GAAMSLGRVS T FLD I Y IERDLQEGTL TI:. Ki:.AQELVDH FVMK 3 0 7  

F K = Af.. l l:.  t\1:._ - ��[I _ W  L SG A �H_v n,,>p:  H Lt _G I A I U )N _  3 0 0  
LRLVKFART P E Y N E L FS G DPTWVTES I GG + A I DGRPLVT K N S FRFL H T L DNLGPAPEPNL 
LRLVKFART P E. Y N E L F S G D PTWVl'I:.S I GGMA I DGRPLVTK N S FRFLHT L DI\ LGI:'APEPNL 3 6 7  

W.<" _ K , I I:. A -'KK ' AKM2 _ <  _ .' _ i' I:.� l Ml< lI:. - , L ; , Ar,- AMf< ';K.'M . " "  3 6 0  
TVLWS + LPEAFK+ YCAKMS I + T S S I QY E N DDLMR E FGDDYG IACCVS M R I GKQMQFF 
TVLWSKQLPE.AFKEY CAKMS I KT S S IQYENDD�MRVE FGDDYGlACCVS PMR I G KQMQFF 4 2 7  

jAkAt\ _AYA _ A t\ ;� LI:.Y_Y • � [ I:. = A I  .- 1:. � LI:. MRr - '1 'Ml:.w�AI:,_v _� 4 2 0  
GARANLAKALLYA I N GGVDEKL K + Q + G P E FA P I T S E Y L D Y DEVMRKFD+V+EWLAE L Y I N  
GARANLAKAL L YA I NGGVDEKL K I QVG PEFAI:' I T SE Y L DY DEVMRK FDHV� EWLAE.L Y I N  4 8 7  

� _ H 'MH l' r ' l:. h I:.MA_ H L  1\ 'MP _ MA  " A'';_:'  A S - F IIK_!'" , FLI:. t\ o  4 8 0  
TLNV I H YMHDKYCYERI EMALHD + + + + RTMATG I AGLSVVADSLSAI KYAKVK I RDENG 
TLNV I H YMH DK Y C Y E R I E.MALH DS H I L RTMATGI AGLSVVADS LSA I KYAKVKP I RDENG 5 4 7  

Que r y  4 8 1  A L - I:. , I:.,; L - I' f" ';H DH k' .'1 ' I:. F -'M I C�!'"Hl' H ... : r' H  _ , 1\ 5 4 0  
+AVDFE I E G D F PKYGNNDDRVD IAVD+VE RFMT K L +KHKTYRDSKHT S I LT I T SNVVY 

Sbj ct 5 4 8  I AV DFE I EGDFPKYGN N D DRVDQ I AVD�VERFM . KL KKHKi YRDSKHT LS I LT I T SNVVY 6 0 7  

Q u e r y  5 4 1  ;YI< ;1 IL ; H ,A,';U - A I  ,.A,� l  H H J ,A A, 'Il" I A -
_ - t  -: If< 6 0 0  

GKKTG NT P DGRRAGE P FAPGAN PLHGRDTKGALAS LS SVAKL P + E +ALDG I S NT FS I V P K  
Sbj c t  6 0 8  GKKrGNT PDGRRAGE P FAPGAN PLHG RDTKGA_ASLS SVAKL PFE HA�DG ! S N T F S I V P K  6 6 7  

Query 6 0 1  A ,r A P .,� l. 0 .A,nR-;HH 1\ , 1  t Pi:. AMI:. H ,  i:. l:.  6 4 8  
ALGK + +  TRV+ N LV I L DGY + K  G H H LN I N V  NRETLLDAMEH P E + Y  

Sb j c t 6 6 8  ALGKEEQTRVRNLVA I L DGYMEKGGH H L N I NVLI\RI:.:LLDAMI:.H P I:. K Y  7 1 5  

2 1 8  



A 5: BLAST Search of predicted amino acid sequence . . . . . . . .  . 

gb AB S 2 0 7 8 6 . 1 
3 9 1 - 9 8 ] 
Leng t h = 7 4 9  

formate ace t y l  t r a n s f e r a s e  [ B a c i l l u s  c e r e u s  s u b s p . c y to t o x i s  NVH 

GENE I D : 5 3 4 4 9 1 6  B c e r 9 8  0 4 3 1  I f o rm a t e  a c e t y l  t r a n s fe r a s e  
[ B a c i l l u s  c e r e u s  subsp . c y t o t o x i s  N V H  3 9 1 - 9 8 ]  

S c o r e  = 1 1 7 0  b i t s  ( 3 0 2 7 ) , Expect = 0 . 0 , Method : Compo s i t i o n a l  ma t r i x  adj u s t . 
I den t i t i e s  5 4 9 / 6 1 8  ( 8 4 % ) , Po s i t i v e s  = 6 0 4 / 6 4 8  ( 9 3 % ) , Gaps = 1 / 6 4 8  ( 0 % )  

Que r y  

Sbj c t  

Que r y  

Sbj c t  

Que r y  

Sbj c t  

Q u e r y  

Sbj c t  

Que r y  

Sbj c t  

Que r y  

Sbj c t  

Que r y  

Sbj c t  

Que r y  

Sbj c t  

6 9  

6 1  

1 2 9  

1 2 1  

1 8 9  

1 8 1  

2 4 8  

2 4 1  

3 0 8  

3 0 1  

3 6 8  

3 6 1  

4 2 8  

4 2 1  

4 8 8  

� G  _ G M G _ � .  u _ , H�P0 � K � _ � K  - .  L� l - KFA .MI �SG FMA��Ar �AY G '  6 0  
GGVLDMDT+ I V S + I T S H G P G Y LNKE L E KVVG QTD+ P F K R + L  PFGGI RMAEQ+CEAYG+ 

GGV':" DMDTK I VS S I c S H G PGY :..r-< K E ;"EKVVGV i DQ P ?KRS ':" PFGG I RMAEQSCEAYGF 1 2 8  

� '- O L v K K . - \.) Y FK _ H�Qr;" · 1  Y lJ�MKAARKA G .  G. [[.AYSRGF _ G [ V RRv'A_ V  1 2 0  
+ V  + + +  + I F  + RKTHNQGVFD Y T  EM+AARK + G + I TG L P DAYGRGR I I G D Y RRVALY 

KVDEE ':" S R I  FRDWRKTHNQGV:'DAYT PEMRAARKSGV ':: � G L PDAY GRGR� � G DY RRVALY 1 8 8  

e; ,R ��KKKL k� SAF _ M0 � L _ _  R_R�� A�� RA J� Y�MAAS'SfD � KPAR�A 1 8 0  
GVDRL I E  K + + DL TG+ MS E + + I RL RE E + + E Q l RALQELKEMAA S + G + D I S K P A  NA 

GVD RL I EAKEED_N LTGS - VMS S�V I RLR�� VS � Q = RA�Q� LKEMAAS H G F D I S K PATNA 2 4 7  

H�A" �W _ � ' A '  AA K���SAAMS _S R  � _ .  � R L  J�- _ �R�AJ�_ lJ H " v'MK 2 4 0  
EAFQWL Y FAYLAAI KEQNGAAM S L G R  S T F L D I Y + E R D L +  GTLTE EAQE + V D H F+MK 

REAFQWL Y FAY LAAI KEQN GAAMS LG RT S T t ' L D I YV � R DL� NG r L � EEEAQE I V DHF I MK 3 0 7  

F K -l\R F �  � � _ . rJ[[ W L - -:;,� A ; F I _ K� · ·· F - H _  L,� C; I A P U � .  3 0 0  
LRLVKFAR� P+ Y N E L F S G D PTWVTES I GG +A+DGRPLVTKN S FR F L H T L D N L G P A P E P N L  

;" R � V K  AR _ P DY � � L F S G D P i WV _ E S ! GG � A :" DGRPLV: K N S FR F _H c�D N _ G PAPE PN L 3 6 7  

_ v WS K _ F �A - K K Y ·AKM.3 � j - ..? Y � � [, L  MRI'� - ,e; Ll l  0 A,-r' _AMR e;K)MQ" " 3 6 0  
TVLWS + L P +  F K  YCAKM S I + T S + I QY E N DD+MRPE + G D D YG I ACCVSAM + I GKQMQFF 

�V_WSKQL PQKFKNYCAKMS = Kc SA = QY EN DD: M R P � Y G DDY G . ACCVSAMK : GKQMQ ? F  4 2 7  

0ARM AKA __ 'A �GG"lJ�K V '  ;) G P� " A I  3 �  _ [ v [I� MRK" G� M�W_A� L ' L �  4 2 0  
GARANLAKA L L Y A I N G G  DEK KVQ + G P E FA P I T S +  L D Y DEVM K F D  MEWLA L Y + N  

GARANLAKA� L Y A � NGGKDEKSKVQVG P E FA P I T S DVLDYD�VMHKFDMcM�WLAG L Y L N  4 8 7  

� H'MHlY - �R �MA HL t\ MR MA _ 0 A,e; S AL: __ ·A .l <  A I"  V _ R[;E�-; 4 8 0  
T L NV I H YMHDKY Y E R I EMAL H D T  V+ RTMAT G I AG L SVVA D S L S A I KYAKVK I RDENG 

T LNV I HYMH DKY S Y S R I EMALH DTEVL RTMATG I AG L SVVADS L SA I K YAKVK P ! RDENG 5 4 7  

Q u e r y  4 8 1  _A L i � . � � L · I �  C; f f lJG F  ? A D _  � � �M � �KHV b L - � H _ S� 5 4 0  
+AVDFE I EG D F P K Y G N N DDRVD I AV + + V +  FM K L RKHKTY R + S  H T  S I L T I TS NVVY 

Sbj c t  5 4 8  lAVDF � I EGDFPKYGN � DDRVD S I AVNLVKTFMr-<KLRKHKTYR�SVHIMS l LT l TS NVVY 6 0 7  

Que r y  5 4 1  ;KK ,;� PL';R�A,;�I " A IGA� I H G F L  V oA A: :S Ar-. l ' � _ A_ L  � ., �  - " . I Y: 6 0 0  
GKKTGNTP DGRRAG E P FA P GAN P + H GRDTKGALASL SVAK L P Y E  A DG I S NT F S I + PK 

Sbj c t  6 0 8  GKK:GN�P DGRRAGSPFAPGANPMHGRDTKGA�A S � �SVAK _ P Y � DAQDG . S N . FS = = PK 6 6 7  

Qu e r y  6 0 1  A ; K D L'A R ",t .  _ _  L�YAVKRG H H L� . � · �  I<� [)AM� H I'� � V  6 4 8  
ALGK + +  + V  N L V + + L DGYA K G H H L N I NVFN RET L L DAME H P E + Y  

Sbj c t  6 6 8  A_GK��EVQVS�LVSM�DGYAVK�GHH�� . NVi� R E : L L DAM� H P � K Y  7 1 5  

gb AAU 4 l 0 1 9 . 1 
Leng t h=7 4 1  

p u t a t i v e  p r o t e i n  [ Ba c i l l u s  l i che n i f o r m i s  DSM 1 3 ]  

GEN� _ D : 3 0 3 1 4 � 4  B � 0 � 8 6 3 I p u t a t i ve f o rm a t e  C - a c e t y l t r a n s f e r a s e  
[ Ba c i l l u s  l i ch e n i formi s ATCC 1 4 5 8 0 J  ( 1 0  o r  fewer PubMed l i n k s ) 

S c o r e  = 1 1 6 7 b i t s  ( 3 0 1 8 ) , Expect = 0 . 0 , Me t hod : Compo s i t i o n a l  ma t r i x  ad j u s t . 

I den t i t ies 5 5 2 1 6 4 8  ( 8 5 % ) , Pos i t ives = 5 9 5 / 6 4 8  ( 9 1 % ) , Gaps = 1 / 6 4 8  ( 0 % )  

Que r y  1 

Sbj c t  6 1  

" _'  LJML _ �  � H G I C; Y  H �  �K ; - , r,U ,' [< Ro, MI · -; '; . FMA�)A-�AY:;·< 6 0  
GGVLDMDTE I V S T I T S HG PG Y L N K + LEKVVG QTDE P F K R + L  PFGG I RMA+QAC E + Y G+ 

GGVL DM D _ E I v S r l r S HG P G Y L �K D_�KVVGVQT D E. P FKR S L Q P FGG I RMAKQAC � S Y G � 1 2 0  

2 1 9  



A 5: BLAST Search of predicted amino acid sequence . . . . . . . .  . 

u e r y  6 1  H - • f<� H � . ,  i:.MV,'A< 1'.' � R -f<. , H po. 1 2 0  
+ + + + + V + + I FT YRKTH NQGVFD YTDEMK ARK G I I TGLPDAYGRGR I I GD Y RRVALY 

Sbj c t  1 2 1  KLNEEVERI FTOYRKTHN GVFDAY : OEMK �ARKVG: : �G� PDAYGRGR : . G DYRRVALY 1 8 0  

Que r y  1 2 1  � LP i:. i:. � l'n ,_PN �AI< M - E L  �. f<U Ai:.., PA JI:. I'I:.MAA,- , v l  : I< I Af<t A 1 8 0  
GVD L I + E KKKD T + R  MSE+ I RLRE E L + E Q I RAL ELK + A  S Y G + D I S K PA A 

Sbj c t  1 8 1  GVD!":' . DEKKKDAAG=-SRVMSE E I\ . R�RELSE : RA_l\J::,:"'KA_AKSYG:'D . S K PAMA 2 3 9  

Que r y  1 8 1  H l:.. - . w - A .  AA I'L'N�AAMS _ ,f.I L EH,_.'E'� _ I:.RI:.AjE [H - Mr. 2 4 0  
EAFQWLYFAYLAA I KEQNGAAMSLGRVSTFL O I Y I EROL+ G LTEREAQELVDHFVMK 

Sbj c t  2 4 0  REAi W_ Y �AY LAA . KEQI\GAAMS LGRVS _ F_ O I Y : ERD LK�GVLT E REAQE:"'VDH �VMK 2 9 9  

Que r y  2 4 1  t<_ 'r - AP l'E _ I\E - J 1 W' . E::: �" A C :;t< I _  n . t< - H lA :;1 Al E l  t 3 0 0  

LRLVKFART P T Y N ELFSG DPTWVT E S I GG+A DGR L V  K S FRFLHTLDNLGPAPEPNL 
Sbj ct 3 0 0  _R_VK"'AR .  PDY1\E_='SGDP:WV:ES . GGMAHDGRA:"'V: K1\ S r·R=·_H . :"'DI\_GPA PEP1\:' 3 5 9  

Q u e r y  3 0 1  V W. r l i:.A'KI" ( AKM., ) "  . • • U l l MRI E. ':; _ I f- '.l\MI' � f  .• IM'o<- - 3 6 0  
TVLWS +LP+ F K  YCAKMS I + T S S I  YEN OO+MRPE+GDOYGIACCVSAM I GKQMQFF 

Sbj c t  3 6 0 _ V _WSVRLPQK�KN YCAKMS : K T S S : QY E 1\ D O : MRPEYGDDYG.ACCVSAMAI GKQMQ�� 4 1 9  

Que r y  3 6 1  ,tlt<" t i>l'A __ A t" LH I' • _ l l:.  1\1 [ r. t r - , 'r--IE "  A L  4 2 0  
GARANLAKALLYAI NGG DEK K+Q�GPE P +  S +  LDY DEVM K F O  MEWLA L Y I N  

Sb j c t  4 2 0  GARAN LAKA:"'L YAI NGGK DEKHKMQVGPEMPPVAS DV:"' DY DEVMH KF DQTMEWLAGL Y I N 4 7 9  

Que r y  4 2 1  H MHLI\Y� Er EMA_Hl 1\ 'MP MA A, _ 1\ .  L . r  AI- 'I' 
TLNV I H YMHDKYCYERI EMALHDT + + RTMATGIAGLSVVADS LSA+KYAKV 

f< U :;  
+RDENG 

4 8 0 

Q u e r y  4 8 1  tI t:. , t,, - Y :t t � .1'. '.1 M r· Fl' Hr I r H  5 4 0  
+AVDFE EGDFPKYGN N ODRVD + I AVDI V+RFM KLRKH +TYR S T S I LT I TSNVVY 

Sb j c t 5 4 0  I AVDFE TE GDFPK YGN NDDRVDAI AVD I VKRFMKK _RK HQ1 YRQSVQIMS l _T l T SNVVY 5 9 9  

Que r y  5 4 1  --;n· " ,1<1<1'. ,E AI ,IV , H -P I 1\. , AI' , - t ,. 1 1'  6 0 0  
GKKTGNT PDGRRAGEPFAPGAN P + HGRDTKG LAS LSSVAKLPY YALDG I S  T F S I VPK 

Sbj ct 6 0 0  GKK-GIC'POGRRAG E P r'APGAI\ PMHGRD _ KG _ .... AS�SSVAK:... P Y S YA�DG : SI\ _ F S .  VPK 6 5 9  

Q u e r y  6 0 1  A 'r A k .1\_ I I\Kni,HH t t · t l'E _ AMI:. H 1 EE 6 4 8  
ALGKD+ + R  N L  + I LOGYA K GHHLN+ NVFNRETLLDAME H PE E Y  

Sbj c 1 6 6 0 A_GK DEESRAANL S S : LDG YAAKIGHH _I\Vl\V ,,'NRE ';' :"':"'DAMEH PEEY 7 0 7  

r e f  Y P  0 0 : 6 4 3 3 2 0 . : f o rma t e  a c e t y l  t r a n s f e r a s e  [ Ba c i l l u s  we ihens tephane n s i s  KBAB 4 ) 
gb 1 ABY 4 1 6 9 2 . 1 f o rmate ace t y l  t r a n s f e ra s e  [ Ba c i l l u s  weihens tephan en s i s  KBAB 4 ) 

Length=7 4 9  

G E N E  . 0 : 5 8 4 0 5 9 6  Bce rKBAB4 0 4 2 6  I f o rmate a ce t y l L r a n s fe ra s e  
[ Ba c i l l u s  w e i h e n s tephanen s i s  KBAB 4 J 

S c o r e  = 1 1 5 5  b i t s  ( 2 9 8 8 ) , Expe c t  = 0 . 0 , Me thod : Compo s i t i o n a l  ma t r i x  adj u s t . 
I d e n t i t i e s  5 4 2 / 6 4 8  ( 8 3 % ) , Po s i L i v e s  = 5 9 7 / 6 4 8  ( 9 2 % ) , Gaps = 1 / 6 4 8  ( 0 % )  

Que r y  

Sbj c t  6 9  

Que r y  6 1  

Sbj c t  1 2 9  

Q u e r y  1 2 1  

Sb j c t 1 8 9  

Q u e r y  1 8 1  

Sbj c t  2 4 8  

Que r y  2 4 1  

I-j , r t. t r E r .t.. ' 1<1' t..L .  6 0  
GGVLDMDT � I V S + I T S H  PGY LNK + + E KVVGFQTD� PFKR+L P+GGI RMAEQACEAYGY 
GGV�DMD < K I V S S l  :- S H E PGY L l\ K D . E KVVGF . DK p r'KRS� PYGG � RMA£ ACEAYGY 1 2 8  

1"1" = ", _ 1<1' H � . ;  - EM!' fl.f.lKA ; � l A , � , �  � L  1<" A 1 2 0  
E +  + +  K I F  +RKTHNQGV 0 Y T  EMKAARK+ G + I TGL PDAYGRGRI I G DYRRVALY 
EMDKJ::,LS K . FRDWRK . HNQGV FDAY _ PEMKAARKSGV . :G _ PDAYGRGR • •  GDYRRVA_Y 1 8 8  

!:f i n L _ ' Afo ' ' c  f H . I:  1: .  � 1-' 1" ,, � � '\  1 8 0  
G + D  L I E  KK 0 T G  MSEO + RLR E L + EQ + RALQELK +MAAS + G + D I S KPA NA 
G � DH _ . I:.AKKAD YN L . GG-VMSE D _ MR_REE _SEQMRA� E _KQMAAS HG 2 D . S K PA _ 1\A 2 4 7  

HEA " .W - A' _AA. J I: . '  ,/lI\M. �� EI<L .1: , U EA,.J:. L.H= MI' 2 4 0  
EAFQWLYFAYLAA I KEQ GAAMSLGR S T FLD� Y I £RDL GTLTE +AQE + VDHF+MK 

QEA2QW�Y FAY:"'AA : KE l\GAAMS_GR . S . i_DVY : E RD_Al\G _ _ _  E E KA E . JD H F .MK 3 0 7  

fo r - Af.. H .  _ � I:. - , f " E " h  ,f j r ' f H f _ ,  A E l  to 3 0 0  
LRLVKFART P + Y N E L FSGDPTWVTE S I GG+A+ DGRPLVT K N S FRFLHTLDNLGPAPEPNL 
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Sb j c t 3 0 8  �RLVK FART P D Y N E L F S G D PTWVTES I GGMAL DGRPLVT K N S F R FL HT L DN LGPAPEPN L 3 6 7  

Q u e r y  3 0 1  v �WS . K � [  l:.AFKKY CAKMS Q ::i ::i " QY l:. t\ U l.Mk l l:. FGUDYG AITIISAMR GK)MQt' = 3 6 0  
TVLWS + L P E  F K  YCAKMS I + T S + I QYENDD+MR + +G D D Y G I ACCVSAMRIGKQMQFF 

Sb j c t 3 6 8  TVLWS KQL PENFKNYCAKMS I KIS A l Q Y E N D D I MRADYGDDYG " ACCVSAMR : GKQMQ F F  4 2 7  

Q u e r y  3 6 1  �ARAN�AKA � ' A " NGG" DI:.K K � ;; [ t. o A !  c' l:. · _ u � L t. 'MkK= LNIIMEW�At. ', _ N  4 2 0  
GARANLAKALLYA+NGG DEK K Q+GPE+A P I T SE L D Y +EVMRKFD MEWLA L Y + N  

S b j c t  4 2 8  GARANLAKAL L YAVNGGK DEK S KAQVG PEYAP I T SI:.VL DYEEVMRKFDMTMEWLAG L Y LN 4 8 7 

Que r y  4 2 1  '\ " H �MHLK � ' E. F " l:.MA � H [  N 'MR MA ; Ar�.3 AL '�JA J"AYvY kLI:.l\G 4 8 0  
T L  V I HYMHDKY Y E R I EMAL H DTNV+RTMAT G I AG L S VVA D S L S A I KYA+VK I RDE G 

Sb j c t 4 8 8  T L N V I H Y MH DKY S Y E R I EMAL H DT N VLRTMATG � AGLSVVA D S L S A I K YAQVK P I RDENG 5 4 7  

Q u e r y  4 8 1  _AvD�I:. . l:.G D � ! K"GNl\ DDRv l �  A J L  l:. R 'M K RKHK YRLS K H .  S . _ . " " .3 NVVY 5 4 0  
+AVDFE I EG D F PKYGNN DDRVD I AV + + V +  FM K+RKHKTYR+S H T  S I LT I TS NVVY 

Sb j c t 5 4 8  IAVDFE I EG D F P K Y G  DDRVDE I AVNLVKTFMN K I RKHKTYRN S V HTMS I LT I T SNVVY 6 0 7  

Q u e r y  5 4 1  ':;l<K G l\  l LGRkAGU , A f ,AN l H'�ku KGA A, _ _  ' AK _ l r t. f A _ UG . S N . -'S " v l'K 6 0 0  
GKKTGNT P DGRR G E P FAPGAN P + H GRDTKGALASL SVAKL PYE A D G I SNTFS I + PK 

S b j c t  6 0 8  GKKTGNT PDGRRTGEPFAPGANPMHGRDTKGALASLLSVAKL PYEDAQDG I SNTFS I I PK 6 6 7  

Q u e r y  6 0 1  A Gt'"CLA k ..! l\ �  " _ [)G"AKK�S H H _t _ N  - I\ RL __ [,AMl:. H f  t:.L 6 4 8  
A L G K + D  + V + N L V + + L DGYA K G H H L  I VFNRE T L + DAME H P E + Y  

S b j c t  6 6 8  ALGKEDDVQVRNLVSML DGYAI KEG H H L N I NVFN RI:.T�MDAME H P t. K Y  7 1 5  

22 1 
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A5 :2 Po lypeptide seq uences used i n  Formate 

acetyltra nsferase phylogenetic analys is 

Polypeptide sequences used in Formate acetyltran sferase phyogenetic analysis 

Species Protein Name Accession number 

Geobacillus sp.wCH70 Formate acetyltransferase ZP 029 1 3786 

Bacillus cereus subsp. cytotoxis NVH 39 1 -98 Formate acetyltransferase YP 0 0 1 37378 1 . 1  

Bacillus licheniformis ATCC 1 4580 Formate acetyltransferase YP 079294 . 1  

Bacillus cereus B4264 Formate acetyltransferase ZP 0257958 1 . 1  

Bacillus cereus AH1 134 Formate acetyltransferase ZP 02522437 . 1  

Bacillus cereus ATCC 1 4 579 Formate acetyltransferase NP 830328 . 1  

Bacillus anthracis str. Ames Formate acetyltran sferase NP 843045. 1 

Bacillus thuringiensis serovar israelensis Formate acetyltran sferase ZP 0074030 0 . 1  

ATCC 35646 

Staphylococcus epidermidis A TCC 1 2228 Formate acetyltransferase NP 763769 . 1  

Staphylococcus aureus subsp. aureus Formate acetyltransferase YP 001 574 1 43 . 1  

U SA300 TCH 1 5 1 6] 

222 



B I B LIOG RAP HY 

Abbe, K.,  Takahashi, S . ,  Yamada, T. ( 1 982) Involvement of oxygen-sensitive pyruvate 

formate-lyase in mixed-ac id fermentation by Streptococcus mutans under strictly 

anaerobic conditions. Journal of Bacteriology, 1 52( 1 ) :  1 75- 1 82 .  

Aebersold, R.,  Mann, M .  (2003)  Mass spectrometry-based proteomics. Nature, 422:  1 98-

207. 

Ahimou, F. ,  Poquot, M. ,  Thonart, P . ,  Rouxhet, P .G.  (200 I )  Influence of electrical 

properties on the evaluation of the surface hydrophobicity of Bacillus subtilus. 

Journal of Microbiological Methods, 45: 1 1 9- 1 26 .  

Al lesen-Holm, M. ,  Bundvig Barken, K.,  Yang, L . ,  Klausen, M. ,  Webb, l .S . , Kj elleberg, 

S . ,  M ol in, S . ,  Givskov, M. ,  Tolker-Nielsen, T. (2006) A characterization of DNA 

release in Pseudomonas aeruginosa cultures and biofilms. Molecular Microbiology, 

59(4) :  1 1 1 4- 1 1 28 .  

A l li son, D. A. ,  & Sutherland, 1 .  W. ( 1 987) The role of  exopolysaccharides in adhesion of 

freshwater bacteria. Journal o/General Microbiology, 133 :  1 3 1 9- 1 327 .  

AI-Tahhan, R .A. ,  Sandrin, T.R. ,  Bodour, A.A. ,  Maier, R .M.  (2000) Rharnnol ipid-induced 

removal of l ipo-polysaccharide from Pseudomonas aeruginosa: Effect on cell 

surface properties and interaction with hydrophobic substrates. Applied and 

Environmental Microbiology, 66(8) :3262-32678. 

Anand, l . ,  Nishad, K.K.  and Bhosle, N .B .  (2007) Effects of DNP on the cell  surface 

properties of marine bacteria and its implication for adhesion to surfaces. 

Biofouling, 23(3 ) :  1 7 1 - 1 77 .  

222 



Bibliography 

Amold, lW. ,  Bai ley, G .W.  (2000) Surface finishes on stainless steel reduce bacterial 

attachment and early biofilm formation : scanning electron and atomic force 

microscopy study. Poultry Science, 79 : 1 839- 1 845 .  

Arrizubieta, MJ. ,  Toledo-Arana, A. ,  Amorena, B . ,  Penades, 1 .R . ,  Lasa, 1 .  (2004) Calcium 

inhibits bap-dependent multicellular behavior in Staphylococcus aureus. Journal of 

Bacteriology, 1 86:7490-7498. 

Asanuma, N., Hino, T. (2002) Molecular characterisation and expression of pyruvate 

formate- lyase-activating enzyme in a ruminal bacterium, Streptococcus bovis. 

Applied and Environmental Microbiology, 68(7) :3352-3357 .  

Austin, J .  W. ,  Bergeron, G.  ( 1 995) Development of  bacterial biofilms in dairy processing 

l ines. Journal of Dairy Research, 62 :509-5 1 9. 

Auvray, F . ,  Chassaing, D. ,  Duprat, c . ,  Carpentier, B .  (2007) The Listeria monocytogenes 

homo log of the Escherichia coli era gene i s  involved in adhesion to inert surfaces .  

Applied and Environmental Microbiology, 73(23) :7789-7792. 

Bakker, D.P., Postmus, B .R . ,  Busscher, H J . , Van der Mei,  H .C. (2004) Bacterial strains 

isolated from different niches can exhibit different patterns of adhesion to substrata. 

Applied and Environmental Microbiology, 70(6) :375 8-3760. 

Bames, L-M. ,  Lo, M .F . ,  Adams, M .R. ,  Chamberlain, H .H . L. ( 1 999) Effect of milk 

proteins on adhesion of bacteria to stainless steel surfaces. Applied and 

Environmental Microbiology, 65:4543-4548. 

Bej arano, E.M.,  Schneider, R .P. (2004) Use of fluorescent l ectin probs for analysis of 

footprints from Pseudomonas aeruginosa M DC on hydrophil ic and hydrophobic 

glass substrata. Applied and Environmental Microbiology, 70(7) :4356-4362.  

223 



Bibliography 

Belas, R . ,  S imon, M . ,  and S i lverman, M .  ( 1 986) Regulation of the lateral flagella gene 

transcription in Vibrio paraheamolyticus. Journal of Bacteriology, 1 67 :2 1 0-2 1 8 . 

Bergmann, S . ,  Rohde, M . ,  Chhatwal, G .S . ,  Hammerschmidt, S .  (200 1 )  a-Enolase of 

Streptococcus pneumoniae is a plasmin( ogen)-binding protein displayed on the 

bacterial cell surface. Molecular Microbiology, 40(6): 1 273- 1 287 .  

Bemdt, P . ,  Hobohm, U . ,  Langen, H .  ( 1 999) Reliable automatic protein identification from 

matrix-assisted laser desorptionlionization mass spectrometric peptide fingerprints. 

Electrophoresis, 20:352 1 -3526. 

B lattner, F.R. ,  Plunket, G. ,  B loch, C.A.,  Pema, N.T. ,  Burland, V. ,  Riley, M.,  Col lado­

Vides, 1 . ,  Glasner, 1 . 0. ,  Rode. ,  C .K . ,  Mayhew, G.F . ,  Gregor, 1 . ,  Oavis, N .W. ,  

Kirkpatrick, H .A. ,  Goeden, M.A. ,  Rose, 0 . 1 . ,  Mau, B . ,  Shao, Y .  ( 1 997) The 

complete genome sequence of Escherichia coli K- 1 2 . Science, 277: 1 453- 1 457 .  

Boe! .  G. ,  Pichereau, V . ,  M ijakovic, 1 . ,  Maze, A . ,  Poncet, S . ,  Gi llet, S . ,  Giard, 1-C. ,  

Hartke, A . ,  Auffray, Y . ,  Oeutscher, 1 .  (2003) I s  2-Phosphoglycerate-dependent 

automodification of bacterial Enolase impl icated in their export? Journal of 

Molecular Biology, 337:485-496. 

Boruck, M . K. ,  Peppin, 1 . 0. ,  White, D., Loge, F., Call, O .R .  (2003) Variation in biofi lm 

formation among strains of Listeria monocytogenes. Applied and Environmental. 

Microbiology, 69:7336-7342. 

Bos, R., Van der Mei,  H .C . ,  Busscher, H .1 .  ( 1 996) Co-adhesion of oral microbial pairs 

under flow in the presence of saliva and lactose. Journal of Dental Research, 

75(2):809-8 1 5 . 

224 



Bibliography 

Boulange-Petennann, L. ( 1 996) Processes of bioadhesion on stainless steel surfaces and 

c1eanabil i ty :  a review with special reference to the food industry. Biofouling, 

1 0(4):275-300. 

Boulange-Petennann, L., Ooren, A., Baroux, 8., Bellon-Fontaine, M.-N.  ( 1 995)  Zeta 

potential measurement on passive metals. Journal of Colloid and Interface Science, 

1 71 : 1 79- 1 86. 

Bren, L . ,  English, L . ,  Fogarty, 1 . ,  PoJicoro, R . ,  Zsidi, A. ,  Vance, J . ,  Orel ich, J . ,  

lstphanous, N . ,  Rohly, K. (2004) Hydrophil ic/electron-acceptor surface properties 

of metal l ic biomaterials and their effect on osteoblast activity. Journal of Science 

and Technology, 1 8( 1 5- 1 6) :  1 7 1 1 - 1 722.  

Briandet, R . ,  Meylheuc, T. ,  Maher, c . ,  Bel lon-Fontaine, M .N.  ( 1 999) Listeria 

monocytogenes Scott a :  cel l surface charge, hydrophobicity, and electron donor and 

acceptor characteristics under different environmental growth conditions. Applied 

and Environmental Microbiology, 65:5328-5333 .  

Brugnoni, L . I . , Lozano, 1 .E . ,  Cubitto, M .A.  (2007) Potential of yeast isolated from appJie 

ju ice to adhere to stainless steel surfaces in the apple juice processing industry. 

Food Research International, 40:332-340. 

Burks, G.A, Velegol, S .B . ,  Paramonova, E., Lindenmuth, 8 .E . ,  Feick, 1 .0 . ,  Logan, 8 .E .  

(2004) Macroscopic and nanoscale measurements of  the adhesion of  bacteria with 

varying outer layer surface composition. Langmuir, 1 9:2366-237 1 .  

Busscher, H J . ,  Bos, R. ,  Van der Mei .  H .  C.  ( 1 995A) Init ial microbial adhesion is  a 

detenninat for the strength of biofilm adhesion. FEMS Microbiology Letters, 

1 28 :229-234. 

225 



Bibliography 

Busscher, H J . ,  Van de Belt-Gritter, 8 . ,  Van der Mei . H .  C. ( 1 995)  Impl ications of 

microbial adhesion to hydrocarbons for evaluating cell surface hydrophobicity 1 .  

zeta potentials of hydrocarbon droplets. Colloids and Surfaces B: Biointerfaces, 

5 : 1 1 1 - 1 1 6 . 

Busscher, H J . , Weerkamp, A . H .  ( 1 987) Specific and non-specific interactions in  

bacterial adhesion to  solid substrata. FEMS Microbiolological Reviews, 46:  1 65-

1 73 .  

Butler, 1 . L. ,  S tewart, l C . ,  Vanderzant, C . ,  Carpenter, Z . L . ,  Smith, G.C.  ( 1 979) 

Attachment of microorgani sms to pork skin and surfaces of beef and lamb 

carcasses. Journal of Food Protection, 42:40 1 -406. 

Cahi l l ,  M.A.  and Nordheim, A. (200 1 )  Proteomics in an academic environment. I n :  

Proteomics :  from protein sequence to function. Eds Pennington, S . R. and Dunn, 

M J .  pp 277-288.  B IOS Scientific Publishers, Oxford, UK.  

Calabi ,  E . ,  Calabi,  F . ,  Phil lips, A .D . ,  Fairweather, N .F .  (2002) Binding of  Clostridium 

difficile surface layer proteins to gastrointestinal tissues. Infection & Immunity, 

70( 1 0) : 5770-5778 .  

Carpentier, B . ,  Cerf, O.  ( 1 993) Biofi lms and their consequences with particular reference 

to hygiene in the food industry. Journal of Applied Bacteriology, 75 :499-5 1 1 .  

Carpentier, 8 . ,  Lee Wong, A. C . ,  Cerf, O. ( 1 998). Biofi lms on dairy plant surfaces :  

what ' s  new? Bulletin of the IDF, 329:32-3 5 .  

Cash, P .  (2004) Bacterial Proteomics. I n :  Microbial diversity and bioprospecting. Eds. 

Bul l ,  A .  pp 260-279. ASM Press, Washington D .e .  USA. 

Castellanos, T. ,  Ascencio, F. ,  Bashan, Y. ( 1 997) Cell-surface hydrophobici ty and cel l­

surface charge of Azospirillum spp. FEMS Microbiology Ecology, 24:259- 1 72 .  

226 



Bibliography 

Chamebers, J .V .  (2002) The microbiology of raw milk.  I n :  Dairy microbiology handbook 

third edition. Eds. Robinson, R .K. pp 39-85 . Wiley-Interscience, Inc.  New York. 

USA. 

Chen, L . ,  Coolbear, T. ,  Daniel, R.M. (2004) characteristics of proteinases and l ipases 

produced by seven Bacillus sp. isolated from milk powder production l ines. 

International Dairy Journal, 1 4:495-504. 

Chung, Y .S . ,  Breidt, F., Dubnau, D .  ( 1 998) Cell surface local ization and processing of 

the ComG proteins, required for DNA binding during transformation of Bacillus 

subtilis. Molecular Microbiology, 29(3):905-9 1 3 . 

Claus, H . ,  Akc;a, E . ,  Debaerdemaeker, T. ,  Evrard, c. ,  Declercq, J .-P . ,  Harris, lR. ,  Schlott, 

B., K6nig, H. (2005) Molecular organization of selected prokaryotic S- Iayer 

proteins. Canadian Journal of Microbiology, 5 1  :73 1 -743 . 

Co le, J .N . ,  Henningham, A. ,  Gi l len, C .M. ,  Ramachandran, V.,  Walker, M J .  (2008) 

Human pathogenic Streptococcal proteomics and vaccine development. Proteomics 

Clinical Applications, 2 :387-4 1 0 . 

Cole, J .N . ,  Ramirez, R.D. ,  Currie, BJ . ,  Cordwell ,  SJ . ,  Djordjevic, S . P. ,  Walker, M J .  

(2005)  Surface analyses and immune reactivities of major cell wal l-associated 

proteins of group A Streptococcus. Infection & Immunity, 73(5) :3 1 37-3 1 46 

Coolbear, T.,  Hol land, R .  and Crow, V . L. ( 1 992) Parameters affecting the release of cel l  

surface components and lysis of Lactococcus lactis subsp. cremoris. Int. Dairy 

Journal, 2 : 2 1 3-232 .  

Coquet, L . ,  Cosette, P . ,  De, E . ,  Galas, L . ,  Vaudry, H . ,  Rihouey, C. ,  Lerouge, P . ,  Junter, 

G-Y . Jouenne, T. (2005) Immobil isation induces a lterations in the outer membrane 

protein pattern of Yersinia ruckeri. Journal of Proteome Research, 4: 1 988- 1 998.  

227 



Bibliography 

Cosentino, S . ,  M ulargia, A. F . ,  P isano, B . ,  Tuveri, P . ,  & Palmas, F. ( 1 997) .  Incidence and 

biochemical characteristics of Bacillus flora in Sardinian dairy products. 

International Journal of Food Microbiology, 38(2-3):235-238.  

Cowan, M . M . ,  M ikx, F . H . M. ,  Busscher, H.1 .  ( 1 994) Electrophoretic mobi l i ty and 

haemagglutination of Treponema denticola ATCC33520. Colloids and Surfaces B: 

Biointerfaces, 2 :407-4 1 0  

Cowel l ,  B .A. ,  W i l lcox, M .O.P . ,  Schneider, R.P .  ( 1 998) A relatively smal l change in 

sodium chloride concentration has a strong effect on adhesion of ocular bacteria to 

contact lenses. lournal of Applied Microbiology, 84 :950-958.  

Criado, M. ,  Suarez, B . ,  Ferreiros, C .  M .  ( 1 994). The importance of bacterial adhesion in  

the dairy industry. Food Technology, 2 :  1 25- 1 26. 

Cucarella, c., Solano, c., Valle, 1 . ,  Amorena, B., Lasa, 1 . and Penades, 1 . R. (200 1 )  Bap a 

Staphylococcus aureus surface protein involved in biofilm fonnation. lournal of 

Bacteriology, 1 83 :2888-2896. 

Cul len, P.A., Xu, X. ,  Matsunaga, J . ,  Sachez, Y., Ko, A . l ,  Haake, O.A., Adler, B. (2005) 

Surfaceome of Leptospira spp. Infection & Immunity, 73(8):4853-4863 . 

Oai, X . ,  Boi l ,  1 . ,  Hayes, M .E . ,  Aston, O.E .  (2004) Adhesion of Crytosporidium parvum 

and Giardia lamblia to solid surfaces: the role of surface charge and 

hydrophobicity. Colloids & Surfaces B: Biointerfaces, 34:259-263 . 

Oall ,  L. ,  Hemdon, B .  ( 1 989) Quanti tative assay of glycocalyx produced by viridans group 

Streptococci that cause endocarditis .  lournal of Clinical Microbiology, 27:2039-

204 1 .  

Dan, N.  (2003) The effect of charge regulation on cell adhesion to substrates: salt­

induced repulsion. Journal of Colloid Interface Science, 27:4 1 -47 .  

228 



Bibliography 

Davies, D.G. (2000) Physiological events in biofi lm formation. In :  community structure 

and co-operation in biofi lms. Eds All ison, D. ,  Gi lbert, P . ,  Lappin-Scott, M . ,  Wi l son, 

M. pp.37-5 1 .  Cambridge. UK.  

Davies, D .G. ,  Geesey, G.G.  ( 1 995) Regulation of the alginate biosynthsis gene algC i n  

Pseudomonas aeruginosa during biofilm development in continuous culture. 

Applied and Environmental Microbiology, 6 1 : 860-867. 

DeDent, A .C . ,  MeAdow, M . ,  Schneewind, O. (2007) Distribution of Protein A on the 

surface of Staphylococcus aureus. Journal of Bacteriology, 1 89( 1 2) :  4473-4484. 

DeFlaun, M . F. ,  Tanzer, A .S . ,  McAteet, A .L . ,  Marshal l ,  B., Levy, S .B .  ( 1 990) 

Development of an adhesion assay and characterization of an adhesion-deficient 

mutant of Pseudomonas jluorescens. Applied and Environmental Microbiology, 

56( 1 ) : 1 1 2- 1 1 9. 

Denny, C. B .  ( 1 98 1 )  Thermophi l ic organisms involved in food spoi lage : introduction. 

Journal of Food Protection, 44(2):  1 44- 1 45 .  

De  Clerk, E . ,  Vanhoutte, T . ,  Hebb, T . ,  Geerinck, 1 . ,  Devos, 1 . ,  De  Vos, P .  (2004) 

I so lation, characterisation and identi fication of bacterial contamination in semi final 

gelatin extracts. Applied and Environmental Microbiology, 70(6) :3664-3672. 

De Oliveira-Garcia, D., Dal l 'Agnol, M., Rosales, M., Azzuz, A.C .G.S . ,  A lcantara, N . ,  

Martinez, M . B . ,  Gir6n, l .A .  (2003) Fimbriae and adherence o f  Stenotrophomonas 

maltophilia to epithel ial cel ls  and to abiotic surfaces. Cellular Microbiology, 

5(9):625-636.  

Derzel le, S . ,  Bolotin ,  A . ,  Mistou, M-Y. ,  Rul ,  F .  (2005) Proteome analysis of 

Streptococcus thermophilus grown in milk reveals Pyruvate Formate-Lyase as a 

major up-regulated protein. Applied and Environmental Microbiology, 

7 1 ( 1 2) :8597-8605 . 

229 



Bibliography 

Di Martino, P. ,  Cafferini ,  N . ,  101y, B . ,  Darfeui l le-M ichaud, A. (2003) Klebsiella 

pneumoniae type 3 pi l i  faci l itate adherence and biofilm formation on abiotic 

surfaces. Research in Microbiology, 1 54 :9- 1 6 . 

Dickson, 1 . S . ,  Koohmaraie, M .  ( 1 989) Cel l  surface charge characteristics and their 

relationship to bacterial attachment to meat surfaces.  Applied and Environmental 

Microbiology, 55:832-836. 

Donlan, R.M. (200 1 )  Biofilm formation : A c l inically rel evant microbiological process. 

Clinical Infectious Diseases, 33: 1 387- 1 392.  

Doyle, R.1 . ,  Rosenberg, M . ,  Drake, D.  ( 1 990) Hydrophobicity of oral bacteria. In :  

Microbial Cell Surface Hydrophobicity. Eds. Doyle, R . 1 . ,  Rosenberg, M .  pp.387-

4 1 9 . Washington D.C.  American Society of Microbiology. 

Doyle, R.l .  (2000) Contribution of the hydrophobic effect to microbial infection. 

Microbes and Infection, 2 :39 1 -400. 

Dubreui l ,  1 .D . ,  Logan, S .M . ,  Cubbage, S . ,  Ni Eidhin, D . ,  McCubbin ,  W.D. ,  Kay, C .M . ,  

Beveridge, T.1 . ,  Ferris, F .G . ,  Trust, T.1 .  ( 1 988) Structural and biochemical analyses 

of a surface array protein of Campylobacter fetus. Journal of Bacteriology, 

1 70(9) :4 1 65-4 1 73 .  

Dufrene, Y .F . ,  Vermeiren, H . ,  Vanderleyden, 1 . ,  Rouzhet, P .G. ( 1 996) Direct evidence 

for the involvement of extracel lular proteins in the adhesion of Azospirillum 

brasilense. Microbiology, 142 :855-865. 

Dunne, M .W.  (2002) Bacterial Adhesion - Seen any good biofilms lately? Clinical 

Microbiology Reviews, 1 5: 1 55- 1 66.  

230 



Bibliography 

Espinosa-Urgel ,  M. ,  Salido, A. ,  Ramos, J . -L.  (2000) Genetic analysis of functions 

involved in adhesion of Pseudomonas putida to seeds. Journal of Bacteriology, 

1 82(9) :2363-2369. 

Eriksson, L . ,  Fenyo, D.  (2002) A model of random mass-matching and its use for 

automated significance testing in mass spectrometric proteome analysis .  

Proteomics, 2 :262-270.  

Evans, E . ,  Brown, M.R .W, Gi lbert, P. ( 1 994) Iron chelator, exopolysaccharide and 

protease production in Staphylococcus epidermidis : a comparative study of the 

effects of specific growth rate in biofilm and planktonic culture. Microbiology, 

1 40:  1 52- 1 57 .  

Fai l le, C . ,  Jul l ien, C . ,  Fontaine, F . ,  Bel lon-Fontaine, M-N . ,  Slomianny, e . ,  Benezech, T .  

(2002) Adhesion o f  Bacillus spores and Escherichia coli cells t o  inert surfaces: role  

of  surface hydrophobicity. Canadian Journal of Microbiology, 48:728-738.  

Feng, P . ,  Dey, M . , Abe, A. ,  Takeda, T. (200 1 )  Isogenic strain of Escherichia coli 

0 1 5 7 : H7 that has lost both shiga toxin 1 and 2 genes. Clincial and Diagnostic 

Laboratory Immunology, 8(4) :7 1 1 -7 1 7 . 

Fischetti, V. (2000) Surface proteins on Gram-positive bacteria. In :  Gram-Positive 

Pathogens. Eds. Fischetti ,  V.A. ,  Novick, R. ,  Ferretti ,  J .1 . ,  Portonoy, D.A. ,  Rood, J . 1 .  

pp. 1 1 -24. American Society for M icrobiology, Washington D.e.  

F letcher, M .  ( 1 976) The effect of proteins on bacterial attachment to polystyrene. Journal 

of General Microbiology, 94:400-404. 

F letcher, M . ,  Floodgate, G .D .  ( 1 973) An electron-microscopic demonstration of an acidic 

polysaccharide involved in the adhesion of a marine bacterium to solid surfaces. 

Journal of General Microbiology, 74 :325-334. 

231 



Bibliography 

Flint, S .H . ,  Bremer, P.1 . ,  Brooks, 1 .0 .  ( 1 997) Biofilms in the dairy manufacturing plant­

description, Current concerns and methods of control .  Biofouling, 1 1 : 8 1 -97. 

Flint, S .H . ,  Brooks, 1 .0 . ,  Bremer, P .1 .  ( 1 997 A) The influence of cel l  surface properties of 

thermophi l ic  Streptococci on attachment to stainless steel .  Journal of Applied. 

Microbiology, 83 :508-5 1 7 . 

F lint, S .H . ,  Brooks, 1 .0 . ,  Bremer, P, 1 .  (2000) Properties of the stainless steel substrate 

influencing the adhesion of thermo-resistant Streptococci .  Journal of Food 

Engineering, 43 :235-242. 

F l int, S .H . ,  Brooks, 1 .0 .  (200 I )  Rapid detection of Bacillus stearothermophilus using 

impedance-splitting. Journal of Microbiological Methods, 44(3):205-208. 

Fl int, S .H . ,  Ward, L.l . H .  and Walker, K .M.R .  (200 I A) Functional groupmg of 

themophi lic  Bacillus strains using amplification profi les of the 1 6S-23S internal 

spacer region. Systematic and Applied Microbiology, 24:539-548.  

Fl int, S . H . , Palmer, J . ,  B loemen, K . ,  Brooks, 1 .  and Crawford, R. (200 1 )  The growth of 

Bacillus stearothermophilus on stainless steel. Journal of Applied Microbiology, 

90: 1 5 1 - 1 57 .  

Fukuzaki, S . ,  Urano, H .  and Hagata, K. ( 1 995) Adsorption of pectin onto stainless steel 

surfaces:  role of electrostatic interactions.  Journal of the Japanese Society for Food 

Science and Technology-Nippon Shokuhin Kagaku Kogaku Kaishi, 1 2(9):700-708. 

Gatl in,  C . L, Pieper, R . ,  Huang, S . -T. ,  Mongodin, E . ,  Gebregeorgis, E. ,  Parmar, P .P . ,  

Clark, 0.1 . ,  Alami, H . ,  Papazisi, L . ,  Fleischmann, R .d . ,  Gi l l ,  S .R. ,  Peterson, S .N .  

(2006) Proteomic profi l ing of ce l l  envelope-associated proteins from 

Staphylococcus aureus. Proteomics, 6: 1 530- 1 549. 

232 



Bibliography 

Giaouris, E . ,  Chorianopoulos, N . ,  Nychas, G-l .E .  (2005) Effect of temperature, pH ,  and 

water activity on biofilm formation by Salmonella enterica Enteritidis PT4 on 

stain less steel surfaces as indicated by the bead vortexing method and conductance 

measurements. Journal of Food Protection, 68 : 2 1 49-2 1 54. 

Gilbert, P. ,  Evans, 0.1. ,  Evans, E. ,  Duguid, I .G . ,  Brown, M.R .W.  ( 1 99 1 )  Surface 

characteristics and adhesion of E. coli and Staphylococcus epidermidis. Journal of 

Applied Bacteriology, 7 1 :72-77.  

Gomez-Swlrez, C . ,  Pasma, 1 . ,  van der Borden, A.1 . ,  Wingender, 1 . ,  Flemming, H .-C., 

Busscher, H . 1 . ,  van der Mei,  H .C .  (2002) Influence of extracellular polymeric 

substances on deposition and redeposition of Pseudomonas aeruginosa to surfaces .  

Microbiology, 1 48: 1 1 6 1 - 1 1 69.  

G6rg, A. ,  Weiss, W.  and Dunn, M.1 .  (2004) Current two-dimentional electrophoresis 

technology for proteomics. Proteomics, 4:3665-3685 .  

Graves, P .R . ,  Haystead, T.A .1 .  (2002) Proteomics and the molecular biologist. I n :  

Handbook of Proteomics Methods.  Ed. Conn. P .M.  pp  3- 1 5 . Humana Press Inc, 

Totowa. New Jersey. 

Groenink, l . ,  Veerman, E .C . l . ,  Zandvoort, M .S . ,  Van der Mei,  H .C . ,  Busscher, H .1 . ,  

N ieuw Amerongen, A.  V. ( 1 998) The interaction between saliva and Actinobacillus 

actinomycetemcomitans influenced by the zeta potential. Antonie van Leeuwenhoek, 

73 :279-288 .  

Gross, M. ,  Cramton, S .E . ,  G6tz, F . ,  Peschel, A .  (200 1 )  Key role of teichoic ac id net 

charge in Staphylococcus aureus colonization of artificial surfaces. Infection & 
Immunity, 69:3423-342 1 .  

233 



Bibliography 

Gutierrez-Gonzalvez, G . ,  Armas-Porte la, R . ,  Stockert, l .C.  ( 1 986) Differential staining of 

biological structures by ruthenium red. Journal of Microscopy, 1 45(3) :333-340. 

Hausner, M . ,  W uertz, S. ( 1 999) H igh rates of conj ugation in nacterial biofi lms as 

determined by quantitative in situ analysis .  Applied and Environmental 

Microbiology, 65(8): 37 1 0-37 1 3 . 

Heilmann, c . ,  Gerke, C . ,  Perdreau-Remington, F . ,  G6tz, F. ( 1 996) Characterization of 

Tn9 1 7  insertion mutants of Staphylococcus epidermidis affected in biofilm 

formation. Infection & Immunity, 64:277-282. 

Hei lmann, c.,  H ussan, M . , Peters, G.,  G6tz, F .  ( 1 997) Evidence for autolysin mediated 

primary attachment of Staphylococcus epidermidis to a polystyrene surface. 

Molecular Microbiology, 24(3):  1 0 1 3- 1 024. 

Heilmann, C.  and G6tz, F. ( 1 998) Further characterization of Staphlococcus epidermidis 

transposon mutants deficient in primary attachment or intercel lular adhesion. 

Zentralblatt fur Bakteriologie, 287:69-83.  

Heckels, l . E . and Virj i ,  M .  ( 1 988) Separation and purification of surface components. In :  

Bacteria Ce l l  Surface Techniques. Eds. Hancock, 1 .  and Poxton, 1 .  pp.  67- 1 33 .  lohn 

Wi ley and Sons Ltd, New York, USA. 

Helke, D .M. ,  Somers, E .B . ,  Wong, A.C .L .  ( 1 993) Attachment of Listeria monocytogenes 

and Salmonella typhimurium to stainless steel and buna-n in the presence of milk 

and mi lk components. Journal of Food Protection, 56:479-484 

Herald, P. l . ,  & Zottola, E. A. ( 1 989). Effect of various agents upon the attachment of 

Pseudomonas fragi to stainless steel .  Journal of Food Science, 54:46 1 -464. 

234 



Bibliography 

Herendeen, S .L . ,  Van Bogelen, R.A. and Neidhardt, F .e.  ( 1 979) Levels of major proteins 

of Escherichia coli during growth at different temperatures. Journal of 

Bacteriology, 1 39( 1 ) : 1 85- 1 94 .  

Hermansson, M.  ( 1 999) The DL VO theory in  microbial adhesion. Colloids and Surfaces 

B-Biointerfaces, 1 4 : 1 05 - 1 1 9 . 

H inton, A.R. ,  Trinh, K.T. ,Brooks, J .D . ,  Manderson, G.J .  (2002) Thermophi le survival in 

milk foul ing and on stainless steel during cleaning. Institution of Chemical 

Engineers, 80:299-304. 

Hogt, A .H . ,  Dankart, 1., Hulstaert, e .E . ,  Feijen, J. ( 1 986) Cell surface characterists of 

coagulase negative Staphylococcus and their adherence to fluorinated 

poly(ethylenepropylene). Infection & Immunity, 5 1 :294-30 l .  

Hogt, A .H . ,  Dakart, 1 . ,  Vries, J .A. ,  Feijen, J .  ( 1 983) Adhesion of coagulase negative 

staphylococcus to biomaterials .  Journal of General Microbiology. 1 29 :2959-2968.  

Holah,  J . ,  Gibson, H .  (2000) Food industry biofi lms. In :  Community structure and co­

operation in biofilms. Eds. All ison, D . ,  Gi lbert, J .P . ,  Lappin-Scott, H. and Wilson, 

M. pp. 2 1 1 -235 .  Cambridge, UK.  

Hood, S .K . ,  Zottola, E .A.  ( 1 988) Effect of low ph on the abi l i ty of Lactobacillus 

acidophilus to survive and adhere to human intestinal cel ls .  Journal of Food 

Science, 53(5): 1 5 1 4- 1 5 1 6. 

H ood, S .K . ,  Zottola, E .A.  ( 1 995) Biofilms in food processing. Food Control, 6:9- 1 8 . 

Huber L .A.  (2003 ) I s  proteomics heading I n  the wrong direction? Nature Reviews: 

Molecular Cell Biology, 4:74-80. 

235 



Bibliography 

Hughes, M.J .G. ,  Moore, le. ,  Lane, J .D . ,  Wi lson, R. ,  Pribul, P .K . ,  Younes, Z.N. ,  Dobson, 

R.J . ,  Everest, P., Reason, A.J . ,  Redfem, J .M . ,  Greer, F .M. ,  Paxton, T., Panico, M . ,  

Morris, H .R. ,  Feldman, R.G. and Santangelo, lD.  (2002) Identification of  major 

outer surface proteins of Streptococcus agalactiae. Infection & Immunity, 

70(3):  1 254- 1 259. 

Husmark, U. ,  Ronner, U. ( 1 990) Forces involved in  adhesion of Bacillus spores to solid 

surfaces under different environmental conditions. Journal of Applied Bacteriology, 

69:557-562. 

Husmark, U.,  Ronner, U. ( 1 992) The influence of hydrophobic electrostatic and 

morphologic properties on the adhesion of Bacillus spores. Biofouling, 5:335-344. 

Hussain, M., Heilmann, e., Peters, G., Herrmann, M. (200 1 )  Teichoic acid enhances 

adhesion of Staphylococcus epidermidis to immobil ized fibronectin. Microbial 

Pathogenesis, 3 1  :26 1 -270. 

Hynonen, U . ,  Westerlund-Wikstrom, B . ,  Palva, A. ,  Korhonen, T.K. (2002) Identification 

by flagellum display of an epithelial cell- and fibronectin-binding function in the 

S lpA surface protein of Lactobacillus brevis. Journal of Bacteriology, 

1 84( 1 2) : 3360-3367. 

Iwabuchi, N. ,  Sunairi, M . , Anzai, H . , Morisaki, H. ,  Nakaj ima, M. (2003) Relationships 

among colony morphotypes, cell surface properties and bacterial adhesion to 

substrata in Rodococcus. Colloids and Surfaces B: Biointerfaces, 30:5 1 -60. 

Jeong, D.K. ,  Frank, IF. ( 1 994) Growth of Listeria monocytogenes at 2 1  QC in biofilms 

with microorganisms isolated from meat and diary environments. Lebensm- Wiss 

Technology, 27:4 1 5-424. 

236 



Bibliography 

Johl,  S .  ( 1 988)  Bacteria l  adhesion to processing surfaces In the meat industry. PhD 

Thesis, University of Surrey, U K. 

Jones, D .S . ,  Adair, CG. ,  Mawhinney, M .W. ,  Gonnan, S .P .  ( 1 996) Standardization and 

comparison of the methods employed for microbial cell surface hydrophobicity and 

charge detennination. International Journal of Pharmaceutics, 1 3 1 :  8489. 

Jucker, B .A. ,  Hanns, H . ,  Zehnder, A.J .B .  ( 1 996) Adhesion of the positively charged 

bacterium Stenotrophomanas (Xanthomonas) maltophilia 7040 1 to glass and teflon. 

Journal of Bacteriology, 1 78:5472-5479. 

Jucker, B .A. ,  Hanns, H., Hug, S . 1 .  and Zehnder ( 1 997) Adsorption of bacterial surface 

polysaccharides on mineral oxides is mediated by hydrogen bonds. Colloids and 

Surfaces B: Biointerfaces, 9 :33 1 -343 . 

Jul l ien, C,  Benezech, T . ,  Carpentier, B . ,  Lebret, V . ,  Fai l le, C .  (2002) Identification of 

surface characteristics relevant to the hygienic status of stainless steel for the food 

industry. Journal of Food Engineering, 56:77-87.  

Kannenberg, E .L . ,  Carlson, R.W. (200 1 )  Lipid A and O-chain modifications cause 

Rhizobium l ipopolysaccharides to become hydrophobic during bacteroid 

development. Molecular Microbiology, 39(2):379-39 1 .  

Kel ly, P . ,  Maguire, P .B . ,  Bennett, M . ,  Fitzgerald, 0 . 1 . ,  Edwards, RJ . ,  Thiede, B . ,  

Treumann, A . ,  Col lins, J . K. ,  O 'Sull ivan, G . c . ,  Shanahan, F . ,  Dunne, C.  (2005) 

correlation of probiotic Lactobacillus salivarius growth phase with its cell wal l­

associated proteome. FEMS Microbiology Letters, 252:  1 53 - 1 59.  

Kervel la, M. ,  Pages, J .-M. ,  Pei ,  Z. ,  Groll ier, G . ,  Blaser, M.1 . ,  Fauchere, J . -L.  ( 1 993) 

I solation and characterization of two Campylobacter glycine-extracted proteins that 

bind to HeLa cel l membranes. Infection & Immunity, 6 1 (8):3440-3448.  

237 



Bibliography 

Kim, K.Y. ,  Frank, 1 .F .  ( 1 994) Effect of nutrients on biofilm formation by Listeria 

monocytogenes on stainless stee l .  Journal of Food Protection, 58:246-25 1 .  

Kinter, M . ,  Sherman, N .E .  (2000) Protein sequencing and identification using tandem 

mass spectrometry. Wi ley-Interscience, New York, USA.  

Klausen, M. ,  Heydorn, A . ,  Ragas, P . ,  Lambertsen, L . ,  Aaes-l0rgensen, A . ,  Mol in ,  S . ,  

Tolker-Nielsen, T. (2003) Biofilm formation by Pseudomonas aeruginosa wild 

type, flagella and type IV pi l i  mutants. Molecular Microbiology, 48(6): 1 5 1 1 - 1 524 .  

Knaust, A . ,  Weber, M .V .R. ,  Hammerschmidt, S . ,  Bergmann,  S . ,  Frosch, F . ,  Kurzai, O. 

(2007) Cytosolic proteins contribute to surface plasminogen recruitment of 

Neisseria meningitides. Journal of Bacteriology, 1 89(8):3246-3255 .  

Knobloch, 1 . K. M . , Bartscht, K. ,  Sabottke, A . ,  Rohde, H . ,  Feucht, H . ,  Mack, D.  (200 1 )  

B iofilm formation by Staphylococcus epidermidis depends on functional RsbU.  An 

activator of the zyB operon: differential activation mechanisms due to ethanol and 

salt stress. Journal of Bacteriology, 1 83 :2624-2633 .  

Kolenbrander, P .E .  ( 1 982) Isolation and characterization o f  coaggregation-defective 

mutants of Actinomyces viscosus, Actinomyces naeslundii, and Streptococcus 

sanguis. Infection & Immunity, 37(3): 1 200- 1 208. 

Krylov, S .N . ,  Dovichi,  N.1.  (2000) Single-cell analysis using capi l lary electrophoresis :  

influence of surface support properties on ce l l  injection into the capi l lary. 

Electrophoresis, 2 1 :767-773 . 

Kumar, C .G . ,  Anand, S . K. ( 1 998).  Significance of microbial  biofi lms in food industry: a 

review. International Journal Food Microbiology, 42 :9-27. 

238 



Bibliography 

Laemmli,  U .K. ( 1 970) Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4. Nature, 277 :680-685 .  

Laemmli ,  U . K. ,  Favre, M .  ( 1 973) Maturation o f  the head o f  bacteriophage T4, I .  DNA 

packing events. Journal of Molecular Biology, 80 : 5 79-599. 

Lecleroq-PerJat, M-N . ,  Lalande, M. ( 1 994) Cleanabi l i ty in relation to surface chemical 

composition and surface finishing of some materials commonly used in food 

industries. Journal of Food Engineering, 23:50 1 -5 1 7 . 

Lee Wong, A. c., Cerf, o. ( 1 995) .  Biofilms:  Lmplications for hygiene monitoring of dairy 

plant surfaces. Bulletin of the IDF, 302 :40-44 . 

Lejeune, P. (2003 ) Contamination of abiotic surfaces :  what a colonizing bacterium sees 

and how to blur it . Trends in Microbiology, 1 1 (4): 1 79- 1 84. 

Lerebour, G. ,  Cupferman, S. ,  Bel lon-Fontaine, M .N .  (2004) Adhesion of Staphylococcus 

aureus and Staphylococcus epidermidis to episkin® reconstructed epidermis  model 

and to an inert 304 stainless steel substrate. Journal of Appied Microbiology, 97:7-

1 6. 

Lewis, S.l . ,  Gi lmour, 1 . ,  lohnston D.E .  ( 1 989) Factors influencing the detachment of a 

polymer-associated Acinetobacter sp. from stainless steel . International Journal of 

Food Microbiology, 8 :  1 55- 1 64. 

Li, B . ,  Logan, B.E. (2004) Bacterial adhesion to glass and metal-oxide surfaces .  Colloids 

and Surfaces B: Biointerfaces, 36 :8 1 -90. 

Lindsay, D., Brazel, V .S . ,  M ostert, J . F. ,  Von Holy, A.  (2000) Physiology of dairy­

associated Bacillus spp. over a wide pH range. International Journal of Food 

Microbiology, 54:49-62 .  

239 



Bibliography 

Ling, E. ,  Feldman, G. ,  Portnoi, M . , Dagan,R.,  Overweg, K. ,  Mulhol iand, F . ,  Chalifa­

Caspi, V. ,  Wells, 1 . ,  Mizrachi-Nebenzahl, Y. (2004) Glycolytic enzymes associated 

with the cel l  surface of Streptococcus pneumoniae are anti genic in humans and 

el icit protective immune responses in the mouse. Clinical and Experimental 

Immunology, 138 :290-298.  

Liu, Y. ,  Yang, S . ,  Li, Y . ,  Xu. H . ,  Qin,  L. ,  Tay, 1 .  (2004) The influence of cel l and 

substratum suface hydrophobicities on microbial attachment. Journal of 

Bacteriology, 1 1 0:25 1 -256 

Loo, c.Y. ,  Coriiss, D.A. ,  Ganeshkumar, N .  (2000) Streptococcus gordonii biofilm 

fonnation : Identi fication of genes that code for biofilm phenotypes. Journal of 

Bacteriology, 1 82(5) : 1 374- 1 382.  

Lunden, 1 .M . ,  M iettinen, M . K., Autio, T.1 . ,  Korkeala, H.1 .  (2000) Persistent Listeria 

monocytogenes strains show enhanced adherence to food contact surfaces after 

short contact times. Journal of Food Protection, 63 : 1 204- 1 207. 

Ma, S-F. (2008) Genome analysis. In :  Bioinformatics A Practical Approach. Eds. Ye, 

S.Q. pp. I -5 5 .  Chapman and Hal l/CRC, Florida, USA. 

Mafu, A.A. ,  Roy, D. ,  Gou let, 1 . ,  Savore, L .  ( 1 99 1 )  Characterization of physiochemical 

forces involved in adhesion of Listeria monocytogenes for surfaces. Applied and 

Environmental Microbiology, 57: 1 969- 1 973 . 

Mafu, A.A. ,  Roy, D. ,  Foulet, 1 . ,  Magny, P. ( 1 990). Attachment of Listeria monocytogenes 

to stainless steel, glass, polypropylene and rubber surfaces after short contact times. 

Journal of Food Protection, 53:742-746. 

240 



Bibliography 

Marshal l ,  K.C. ,  Stout, R. ,  Mi tchel l ,  R. ( 1 97 1 )  Mechanisms of the ini tial events in the 

absorption of marine bacteria to surfaces. Journal of General Microbiology, 

68:337-348. 

Matubayasi, N., Namih ira, l and Yoshida, M .  (2003) Surface properties of a aqueous 

amino acid solutions 1. Surface tension of hydrochloric acid-glycine and glyc ine­

sodium hydroxide systems. Journal of Colloid and Interface Science, 267: 1 44- 1 50. 

Meinders, J . M . ,  Van de Mei,  RC. ,  Busscher, J .H .  ( 1 995) .  Deposition efficiency and 

reversibi l i ty of bacterial adhesion under flow. Journal of Colloid and Interface 

Science, 1 76:  329-34 1 .  

Melchiorsen, C R . ,  Jokumsen, K.V. ,  Vi l ladsen, J . , l sraelsen, H . ,  Amau, l (2002) The 

level of pyruvate-formate lyase controls the shift from homo lactic to mixed-acid 

product formation in Lactococcus lactis. Applied Microbiology and Biotechnology. 

58:338-344. 

Melchiorsen, C R . ,  Jokumsen, K.V. ,  Vi l ladsen, l,  Johnson, M .G. ,  Amau, J. (2000) 

Synthesi s  and posttranslational regulation of pyruvate formate-lyase in Lactococcus 

lactis. Journal of Bacteriology, 1 82( 1 7):4783-4788.  

Messner, P. ,  Scheberi, A. ,  Schweigkofler, W., Hollaus, F., Rainey, F .A. ,  Burghardt, J . ,  

Pri l linger, H .  ( 1 997) Taxonomic comparison o f  different thermphilic sugar beet 

isolates with glycosylated surface layer (S-I ayer) proteins and their affiliation to 

Bacillus smithii. Systematic and Applied Microbiology, 20: 55 9-565 .  

Mi l l sap, K.W. ,  Reid, G. ,  Van der Mei,  RC, Bussher, H .  ( 1 997)  Cluster analysis of 

genotypically characterized Lactobacillus spec ies based on physicochemical cell  

surface properties and their relationship with adhesion to hexadacane. Canadian 

Journal of Microbiology, 43 :284-29 1 . 

24 1 



Bibliography 

Montie, T.e.,  Doyle-Huntzinger, D . ,  Craven, R.e. ,  and Holder, l .A .  ( 1 982) Loss of 

virulence associated with absence of flagellum In an isogenic  mutant of 

Pseudomonas aeruginosa in the burned-mouse model .  Infection & Immunity, 38:  

1 296- 1 298 .  

Mosoni, P . ,  Gai l lard-Martinie, B. (200 1 )  Characterization of a spontaneous adhesion­

defective mutant of Ruminococcus albus strain 20. Archives of Microbiology, 

1 76:52-6 1 .  

Mozes, N . ,  Rouxhet, P .G. ( 1 987) Methods for measunng hydrophobicity of micro­

organisms. Journal of Microbiological Methods, 6:99- 1 1 2. 

Muir, D. D . ,  Griffiths, M .  W. ,  Phil l ips, 1 .  D., Sweetsur, A. W.  M. ,  West, 1 .  G .  ( 1 986) 

Effect of the bacterial quality of raw mi lk on the bacterial quality and some other 

properties of low-heat and h igh-heat dried mi lk. Journal of the Society of Dairy 

Technology, 39(4) : 1 1 5 - 1 1 8 . 

Murphy, P .M . ,  Lynch, D.,  Kel ly, P .M .  ( 1 999) Growth of thermophi l ic spore forming 

bac i l l i  in milk during the manufacture of low heat powders. International Journal of 

Dairy Technology, 52(2):45-50.  

Nandakumar, R. ,  Nandakumar, M. P . ,  Marten, M .R. ,  Ross, J .M .  (2005) Proteome analysis 

of membrane and cell wal l associated proteins from Staphylococcus aureus. Journal 

of Prntenme Research, 4:250-257 .  

Narendran, V .  (2003 ) Bacterial attachment to meat surfaces. PhD Thesis , Massey 

University. 

242 



Bibliography 

Melchiorsen, C .R . ,  Jokumsen, K.V. ,  Vil ladsen, l ,  l sraelsen, H . , Arnau, J .  (2002) The 

level of pyruvate-formate lyase controls the shift from homo lactic to mixed-acid 

product formation in Lactococcus lactis. Applied Microbiology and Biotechnology, 

58:338-344. 

Neu, T.R. ( \ 992) Microbial "Footprints" and the general abi l i ty of microorganisms to 

label interfaces. Canadian Journal of Microbiology, 38:  1 005- 1 008. 

N ishihara, l .C . ,  Champion, K .M .  (2002) Quantitative evaluation of proteins in one- and 

two-dimensional polyacrylamide gels using a flourescent stain .  Electrophoresis, 

23:2203-22 1 5 . 

Norwood, D .E . ,  Gi1mour, A. ( 1 999) Adherence of Listeria monocytogenes strains to 

stainless steel coupons. Journal of Applied Microbiology, 86:5 76-582.  

Oakley, J . O. ,  Taylor, K.G. ,  Doyle, RJ.  ( 1 985)  Trypsin-susceptible cel l  surface 

characteristics of Streptococcus sanguis . Canadian Journal of Microbiology, 

3 1 : 1 1 03- 1 1 07 .  

O 'Toole, G.A. ,  Kolter, R. ( 1 998) The initiation of biofi lm formation in Pseudomonas 

jluorescens WCS365 proceeds via multiple, convergent signal ing pathways : a 

genetic analysis .  Molecular Microbiology, 28:449-46 1 .  

Q 'Toole, G . ,  Kaplan, H .B . ,  Kolter, R. (2000) Biofilm formation as microbial 

development. Annual Review of Microbiology, 54:49-79. 

Panchol i ,  V., Fischetti ,  V.A. ( 1 993) Glyceraldehyde-3-phosphate dehydrogenase on the 

surface of group A Streptococci is also an ADP-ribosylating enzyme. Proceedings 

of the Nation Academy of Sciences of the United States of America, 90: 8 1 54-8 1 58 .  

243 



Bibliography 

Pancholi, V. ,  F ischetti ,  V.A.  ( 1 998) a-Enolase, a strong plasmin(ogen) binding protein on 

the surface of pathogenic Streptococci. Journal of Biological Chemistry, 

273(23): 1 4503- 1 45 1 5 . 

Paul ,  1 . H . , leffrey, W . H .  ( 1 985)  Evidence for separate adhesion mechanisms for 

hydrophil ic and hydrophobic surfaces III Vibrio proteolytica. Applied and 

Environmental Microbiology, 50:43 1 -437 .  

Park, K .M. ,  So ,  1 . S . (2000) Altered cell surface hydrophobicity of I ipopolysaccharide­

deficient mutant of Bradyrhizobium japonicum. Journal of Microbiological 

Methods, 4 1 (3):2 1 9-226. 

Parkar, S .G. ,  F l int, S . H . , Brooks, 1 . 0. (2003) Physiology of biofilms of thermophil ic 

baci l l i  - potential consequences for c leaning. Journal of Industrial Microbiology 

and Biotechnology, 30:553-560. 

Parkar, S .G . ,  F l int, S .H . ,  Palmer, 1 . S . ,  Brooks, 1 . 0. (200 1 )  Factor influencing attachment 

of thermophil ic bac i l l i  to stainless stee l .  Journal of Applied Microbiology, 90:90 1 -

908. 

Parment, P.A., Svanborg-Eden, C., Chaknis,  M.J . ,  Sawant, A .D . ,  Hagber, G .L. ,  Wi lson, 

L .A. ,  Adheam, D.G.  ( 1 992) Hemagglutination (fimbriae) and hydrophobici ty in 

adherence of Serratia marcescens to urinary tract epithel ium and contact lenses. 

Current Microbiology, 25: 1 1 3 - 1 1 8 . 

Patrauchan, M .A. ,  Sarkisova, S . ,  Frankl in, M . J .  (2007) Strain-specific proteome 

responses of Pseudomonas aeruginosa to biofi lm-associated growth and to calcium. 

Microbiology, 1 53 :3838-385 1 .  

244 



Bibliography 

Patterson, S .D . ,  Aebersold, R . ,  Goodlett, D .R .  (200 1 )  Mass spectrometry-based methods 

for protein ident ification and phosphorylation site analysis. In :  Proteomics: from 

protein sequence to function. Eds Pennington, S .R.  and Dunn, M.J .  pp 277-288 .  

B IOS Scientific Publishers, Oxford, UK.  

Pedersen, K. ( 1 980) E lectrostatic interaction chromatography, a method for assaying the 

relative surface charges of bacteria. FEMS Microbiology Letters, 1 2 :365-367. 

Pedersen, K. ( 1 990) Biofilm development on stainless steel and PVC surfaces in drinking 

water. Water Research, 24:239-243.  

Pembrey, R.S . ,  Marshall ,  K.C. ,  Schneider, R.P. ( 1 999) Cell surface analysis techniques : 

what do cell preparation protocols do to cell surface properties? Applied and 

Environmental Microbiology, 65:2877-2894. 

Peng, J .S . ,  Tsai, W.e. ,  Chou, e.e. (200 1 )  Surface characteristics of Bacillus cereus and 

its adhesion to stainless steel .  International Journal of Food Microbiology, 65: 1 05-

1 1 l . 

Peng, L. ,  Shinizu, K .  (2003) Global metabol ic regulation analysis for Escherichia coli 

K 1 2  based on protein expression by 2-dimensional electrophoresis and enzyme 

activity measurement Applied Microbiology and Biotechnology, 6 1 :  1 63- 1 78 .  

Pereni, c. l . ,  Zhao, Q. ,  Liu, Y. ,  Abel, E .  (2006) Surface free energy effect on bacterial 

retention. Colloids and Surfaces B: Biointerfaces, 48: 1 43- 1 47 .  

P lanchon, S . ,  Chambon, e . ,  Desvaux, M . ,  Chafsey, I . ,  Leroy, S . ,  Talon, R. ,  Hebraud, M.  

(2007) Proteomic analysis of  cell envelope from Staphylococcus zylosus C2a, a 

coagulase-negative Staphylococcus. Journal of Proteome Research, 6:3566-35 80. 

245 



Bibliography 

Planchon, S . ,  Gai l lard-Martinie, B . ,  Leroy, S . ,  Bel lon-Fontaine, M .N . ,  Fada, S . ,  Talon, R. 

(2007 A) Surface properties and behaviour on abiotic surfaces of Staphylococcus 

carnosus, a genetical ly  homogeneous species. Food Microbiology, 24:44-5 1 .  

Poortinga, A.T. ,  Bos, R. ,  Busscher, H . 1 .  (200 1 )  Charge transfer during Staphylococcal 

adhesion to Tinox® coating with different specific resistivi ty. Biophysical 

Chemistry, 9 1 (3): 273-279. 

Poortinga, A.T. ,  Bos, R . ,  Norde, W., Busscher, H . 1 .  (2002) E lectric double layer 

interactions in bacterial adhesion to surfaces .  Surface Science Reports, 47: 1 -32 

Pratt, L .A. ,  Kolter, R ( 1 998) Genetic analysis of E. coli biofilm formation: roles of 

flagella, motil ity, chemotaxis and type i pi l i .  Molecular Microbiology, 30:285-293 . 

Rayner, C .F .1 ,  lackson, A.D,  Rutmann, A. ,  Dewar, A.  Mitchell ,  T .1 . ,  Andrew, P .W. ,  

Cole, P .1 .  and Wi lson, R. ( 1 995) interaction of pneumolysin-sufficient and 

pneumolysin-deficient isogenic variants of Streptococcus pneumoniae with human 

respiratory mucosa. Infection & Immunity, 63(2):442-447. 

Razatos, A. ,  Ong, Y. L . ,  Boulay, F . ,  Elbert, D.L. ,  Hubbel l ,  l .A. ,  Sharma, M . M . , Georgiou, 

G. (2000) Force measurements between bacteria and poly(ethylene glycol)-coated 

surfaces. Langmuir, 1 6(24):9 1 55-9 1 58 .  

Razatos, A . ,  Ong, Y .L. ,  Sharma, M . M . , Georgiou, G.  ( 1 998) Molecular determinants of 

bacterial adhesion monitored by atomic force microscopy. Proceedings of the 

National Academy of Sciences of the United States of America, 95( 1 9) :  1 1 059-

1 1 064. 

Reid, G . ,  Bialkowska-Hobrzanska, H . ,  Van der Mei,  H .C. ,  Bussher, H . 1 .  ( 1 999) 

Correlation between genetic, physico-chemical surface characteristics and adhesion 

of four strains of Lactobacillus. Colloids & Surfaces B: Biointerfaces, 1 3 :75-8 l .  

246 



Bibliography 

Resch, A. ,  Leicht, S . ,  Saric, M. ,  Pasztor, L . ,  Jakob, A. ,  Gotz, F . ,  Nordheim, A.  (2006) 

Comparative proteome analysis of Staphylococcus aureus biofi lm and planktonic 

cells and correlation with transcriptome profi l ing. Proteomics, (6): 1 867 - 1 877 .  

Resch, A. ,  Rosenstein, R . ,  Nerz, c.,  Gotz, F .  (2005) Differential gene profil ing of 

Staphylococcus aureus cultivated under biofilm and planktonic conditions. Applied 

and Environmental Microbiology, 7 1 (5):2663-2676. 

Rickard, A .H . ,  Leach, S . A. ,  Hal l ,  L .S . ,  Buswell ,  C .M. ,  H igh, N.1 . ,  Handley, P .S .  (2002) 

Phylogenetic re lationships and co-aggregation abil i ty of freshwater biofilm bacteria. 

Applied and Environmental Microbiology, 68(7) :3644-3650. 

Rijnaarts, H .H .M . ,  Norde, W. ,  Bouwer, E.1 . ,  Lyklema, J . ,  Zehnder, A.1 .B .  ( 1 995)  

Reversibi l i ty and mechanism of bacterial adhesion. Journal of Colloid and Interface 

Science, 4:5-22. 

Rijnaarts, H . H . M . , Norde, W. ,  Lyklema, l,  Zehnder, A.1 .B .  ( 1 995A) The isoelectric 

point of bacteria as an indicator for the presence of cel l  surface polymers that inhibit 

adhesion. Colloids & Surfaces B:Biointerfaces, 4:  1 9 1 - 1 97 .  

Rijnaarts, H . H . M . , Norde, W. ,  Lyklema, l, Zehnder, A.1 .B .  ( 1 999). DLVO and steric 

contributions to bacterial deposition in media of different ionic strengths. Journal of 

Colloid and Interface Science, 1 4 : 1 79- 1 95 .  

Rojas, M . ,  Ascencio, F . ,  Conway, P. L. (2002) Purification and characterization o f  a 

surface protein from Lactobacillus fermentum 1 04R that binds to porcine smal l 

intestinal mucus and gastric mucin. Applied and Environmental Microbiology, 

68(5):2330-2336.  

247 



Bibliography 

Ronimus, R .S . ,  Parker, L .E . ,  Morgan, H .W.  ( 1 997) The uti l ization of RAPD-PCR for 

identifying thermophil ic and mesophil ic Bacillus species. FEMS Microbiology 

Letters, 1 47:75-79. 

Ronimus, R.S. ,  Parker, L .E . ,  Turner, N., Poudel, S. ,  Riickert, A.,  Morgan, H .W.  (2003) A 

RAPD-based comparsion of thermophilic baci l l i  from milk powders. International 

Journal of Food Microbiology, 85:45-6 1 .  

Rosenberg, M . ,  Gutnick, D . ,  Rosenberg, E .  ( 1 980) Adherence of bacteria to 

hydrocarbons:  a simple method for measuring cell-surface hydrophobicity. FEMS 

Microbiology Letters, 9:29-33 .  

Rosmaninho, R . ,  Santos, 0 . ,  Nyander T . ,  Paulsson, M . ,  Beuf, M . , Benezech, T. ,  

Yiantsios, S . ,  Andritsos, N. ,  Karabelas, A., Rizzo, G . ,  Miil ler-Steinhagen, H .  Melo, 

L .F .  (2007) Modified stainless steel surfaces targeted to reduce foul ing-evaluation 

of foul ing by mi lk  powders . Journal of Food Engineering, 80: 1 1 76- 1 1 87 .  

Riickert, A . ,  Ronimus, R .S . ,  M organ, H .W.  (2004) A RADP-based survey of 

thermophi lic baci l l i  in milk powders from different countries. International Journal 

of Food Microbiology, 96(3):263-272. 

Russel l .  P.  ( 1 993) The formation of biofilms. Milk Industry, 95(9): 1 0- 1 1 

Ryu, 1 . -H . ,  Kim, H . ,  Beuchat, L .R .  (2004) Attachment and biofi lm formation by 

Escherichia coli 0 1 57 :H7  on stainless steel as influenced by exopolysaccharide 

production, nutrient avai labi l i ty and temperature. Journal of Food Protection, 

67( 1 0) :2 1 23-2 1 3 1 . 

Sanger, F . ,  Hube, 8 . ,  Coulson, A .R. ( 1 977) DNA sequencing with chain terminating 

inhibitors . Proceedings of the National Academy of Sciences United States of 

Americia, 74 :5463-5467. 

248 



Bibliography 

Sara, M . ,  Sleytr, U .B .  (2000) S-Iayer proteins. Journal of Bacteriology, 1 82(4):859-868. 

Sasahara, K.C.,  Zottaloa, E . H .  ( I 993) Biofi lm formation by Listeria monocytogenes 

uti l izes a primary colonizing microorganisms in flowing systems. Journal of Food 

Protection, 56: 1 022- 1 028. 

Sauer, K. ,  Camper, A . K, Ehrlich, G.D. ,  Costerton, J .W. ,  Davies, D.G. (2002) 

Pseudomonas aeruginosa displays multiple phenotypes during development as a 

biofi lm. Journal of Bacteriology, 1 84: 1 1 40- 1 1 54 .  

Schaumburg, J . ,  Oiekmann, 0.,  Hagendorff, P . ,  Bergmann, S . ,  Rhode, M. ,  

Hammerschmidt, S . ,  Janach, L . ,  Wehland, J . ,  Karst U .  (2004) The ce l l  wal l 

subproteome of Listeria monocytogenes. Proteomics, 4 :299 1 -3006. 

Scherz, H . ,  Bonn, G.  ( 1 998) Analytical methods without separation. In: Analytical 

Chemistry of Carbohydrates. Eds. Scherz, H . and G. Bonn. Georg Thieme Verlag, 

New York, USA. 

Schwab, U . ,  Hu, Y. ,  Wiedmann, M . ,  Boor, K. 1 .  (2005) Alternative sigma factor a b  is not 

essential  for Listeria monocytogenes surface attachment. Journal of Food 

Protection, 68:3 1 1 -3 1 7 . 

Scott, S .A . ,  Brooks, J . O. ,  Rakonjac, J . ,  Walker, K .M.R. ,  Fl int, S .H .  (2007) The formation 

of thermophi l ic  spores during the manufacture of whole milk powder. International 

Journal of Dairy Technology, 60(2): 1 09- 1 1 7 . 

Severin, A. ,  Nickbarg, E . ,  Wooters, J . ,  Quazi, S .A . ,  Matsuka, Y .V . ,  Murphy, E . ,  

Moutsatsos, l .K. ,  Zagursky, RJ . ,  Olmsted, S .B .  (2007) Proteomic analysis and 

identification of Streptococcus pyogenes surface-associated proteins. Journal of 

Bacteriology, 1 98(5): 1 5 1 4- 1 522.  

249 



Bibliography 

Seyer, D.,  Cosette, P. ,  Siroy, A.,  De, E. ,  Lenz, c.,  Vaudry, H . ,  Coquet, L . ,  louenne, T.  

(2005) Proteomic comparison of outer membrane protein patterns of sessi le and 

planktonic Pseudomonas aeruginosa cel ls .  Biofilms, 2 :27-36. 

Shimoj i ,  Y. ,  Ogawa, Y. ,  Osaki, M. ,  Kabeya, H. ,  Maruyama, S . ,  Mikami, T., Sekizaki, T.  

(2003) Adhesive surface proteins of Erysipelothrix rhysiopathiae bind to 

polystyrene, fibronectin, and Type I and IV collagens. Journal of Bacteriology, 

1 85(9) :2739-2748. 

Sici l iano, R.A. ,  Cacace, G. ,  Mazzeo, M .F ., Morel l i ,  L. ,  El l i ,  M., Rossi ,  M., Malorni, A.  

(2008) Proteomic i nvestigation of the aggregation phenomenon i n  Lactobacillus 

crispatus. Biochemica et Biophysica Acta, 1 784 :335-342. 

Smit, G . ,  Kijne, l .W. ,  Lugtenberg, B.J .J . ( 1 989) Roles of tlagel la, l ipopolysaccharide, and 

a cap2-dependent cell surface protein in attachment of Rhizobium leguminosarum 

biovar viciae to pea root hair tips. Journal of Bacteriology, 1 7 1 :  569-5 72. 

Smither, SJ. ,  Hi l l ,  l . ,  Van Baar, B .L .M . ,  Hulst, A.G. ,  de long, A.L. ,  Titbal l ,  R .W. (2007) 

Identification of outer membrane proteins of Yersinia pestis through biotinylation. 

Journal of Microbiological Methods, 68:26-3 1 .  

Smyth, C . J . ,  lonsson, P., Olsson, E. ,  Soderiand, 0.,  Rosengren, l . ,  Hjerten, Adstrom, T.  

( 1 978) Differences In hydrophobic surface characteristics of porcme 

enteropathogenic E. coli with or without K88 antigen as revealed by hydrophobic 

interaction chromatography. Infection & Immunity, 22 :462-472. 

Sorongon, M . L. ,  B loodgood, R.A.,  Burchard, R.P.  ( 1 99 1 )  Hydrophobicity adhesion and 

surface exposed proteins of gliding bacteria. Applied Environmental Microbiology, 

57:3 1 93-3 1 99. 

250 



Bibliography 

Speers, J .G .S . ,  Gilmour, A.  ( 1 985)  The influence of milk and milk components on the 

attachment of bacteria to farm dairy equipment surfaces. Journal of Applied. 

Bacteriology, 59:325-332.  

Stadhouders, J . , Hup, G. ,  Hassing, F .  ( 1 982) The conceptions index and indicator 

organisms discussed on the basis of the bacteriology of spray-dried milk powder. 

Netherlands Milk and Dairy Journal, 36:23 1 -260. 

Stanley, P .M.  ( 1 983)  Factors affecting the irreversible of Pseudomonas aeruginosa to 

stainless steel .  Candian Journal of Microbiology, 29: 1 493- 1 499. 

Steinberger, R .E . ,  Holden, P.A. (2005) Extracellular DNA in single- and multiple-species 

unsaturated biofilms. Applied and Environmental Microbiology, 7 1 (9): 5404-54 1 0. 

Steinmoen, H . ,  Knutsen, E . ,  Havarstein, L .S .  (2002) Induction of natural competence in  

Streptococcus pneumoniae triggers lysis and DNA release from a subfraction of the 

cell population. Proceedings of the Nation Academy of Sciences of the United States 

of America, 99( 1 1 ) : 768 1 -7686. 

Stepanovi6, S., Cirkovi6, l . ,  Ranin, L., and Svabic-Vlahovic, M. (2004) Biofilm 

formation by Salmonella spp. and Listeria monocytogenes on plastic surface. 

Letters Applied Microbiology, 38 :428-432.  

Stewart, P .S . ,  Franklin, M.J .  (2008) Physiological heterogeneity In biofilms. Nature 

Reviews, 6: 1 99-2 1 0. 

Sun, J . ,  Le, G.-W. ,  Shi,  Y . -H . ,  Su, G.-W. (2007) Factors involved in binding of 

Lactobacillus plantarum Lp6 to rat small intestinal mucus. Letters in Applied 

Microbiology, 44:79-85 .  

251  



Bibliography 

Sutherland, l .W. (200 1 )  B iofilm exopol ysaccharides: a strong and sticky framework. 

Microbiology, 1 47 :3-9. 

Takehara, A. ,  Fukuzaki, S .  (2002) Effect of the surface charge of stainless steel on 

adsorption behaviour of pectin.  Biocontrol Science, 7( 1 ) :9- 1 5 . 

Tannu, N .S . ,  Sanchez-Brambila, G . ,  Kirby, P . ,  Andacht, T .M.  (2006) Effect of staining 

reagent on peptide mass fingerprinting from in-gel trypsin digestions: a comparison 
TM TM of SyproRuby and DeepPurple . Electrophoresis, 27:3 1 36-3 1 43 .  

Teixeira, P., Lopes, Z . ,  Azeredo, J . , Ol iveira, R . ,  Vieira, M J .  (2005) Physico-chemical 

surface characterization of a bacterial population i solated from a milking machine. 

Food Microbiology, 22 :247-25 1 .  

Tendolkar, P .M. ,  Baghdayan, A.S . ,  Gi lmore, M.S . ,  Shankar, N .  (2004) Enterococcal 

surface protein, Esp, enhances biofilm formation by Enterococcus faecalis. 

Infection & Immunity, 72( 1 0):6032-6039. 

Thormann, K .M. ,  Sav i l le, R .M. ,  Shukla, S . ,  Pelletier, D.A., Spormann, A .M.  (2004) 

Initial phases of biofilm formation in Shewanella oneidensis M R- l .  Journal of 

Bacteriology, 1 86(23):8096-8 1 04. 

Timmerman, c.P. ,  F leer, A. ,  Besnier, L. ,  DeGraff, L . ,  Cremers, F . , Verhoef, 1 .  ( 1 99 1 )  

Characterisation of a proteinaceous adhesion of Staphylococcus epidermidis which 

mediates attachment to polystyrene. Infection & Immunity, 59:4 1 87-4 1 92 .  

Tja lsma, H . ,  Bolhuis, A . ,  longbloed, 1 . O.H . ,  Bron, S . ,  van Oij l ,  1 . M .  (2000) S ignal 

peptide-dependent protein transport in Bacillus subtilis : a genome-based survey of 

the secretome. Microbiology and Molecular Bi% logy Reviews, 64 : 5 1 5-547. 

252 



Bibliography 

Tomlinson, S . ,  Palombo, E .A. ,  Harding, l . H .  (2007) Bacterial cel l  surface structure and 

adhesion to surfaces. I n :  Nanoscale Structure and Properties of Microbial Cell 

Surfaces. Eds. l vanova, E .P .  pp 1 99-240. Nova Science, New York. 

Tormo, M .A. ,  Knecht, E . ,  Gotz, F . ,  Lasa, N . ,  Penades, 1 .R . ,  (2005) Bap-dependent 

biofilm formation by pathogenic species of Staphylococcus: evidence of horizontal 

gene transfer? Microbiology, 1 5 1 :2465-2475 .  

Trachoo, N . ,  Brooks, 1 .0.  (2005) Attachment and heat resistance of Campylobacter jejuni 

on Enterococcus faecium biofi lm. Pakistan Journal of Biological Sciences, 

8(4):599-605 .  

Tremoulet, F . ,  Duche, 0.,  Namane, A . ,  Martinie, B . ,  The European Listeria Genome 

Consortium, Labadie, 1 .C .  (2002) Comparison of protein patterns of Listeria 

monocytogenes grown in biofilm or in planktonic mode by proteomic analysis .  

FEMS Microbiology Letters, 2 1 0 :25-3 1 .  

Tsuneda, S . ,  Aikawa, H . ,  Hayashi, H . ,  Yuasa, A. ,  Hirata, A .  (2003 ) Extracellular 

polymeric substances responsible for bacterial adhesion onto solid surface. FEMS 

Microbiology Letters, 223:287-292 . 

Ukuku, D.O. ,  Fett, W.F .  (2002) Relationship of cell surface change and hydrophobicity to 

strength of attachment of bacterial to cantaloupe rind. Journal of Food Protection, 

65(7): 1 093- 1 099. 

Vadi l lo-Rodriguez, V., Busscher, H .J . ,  Norde, W., de Vries, 1 . ,  Van der Mei, H .C .  (2004) 

Atomic force microscopic corroboration of bond aging for adhesion of 

Streptococcus thermophilus to solid substrata. Journal of Colloid and Interface 

Science, 278:25 1 -254 

253 



Bibliography 

Vadi l lo-Rodriguez, V. ,  B usscher, H J . , van der M ei ,  H .C . ,  de Vries, l . , Norde, W .  (2005) 

Role of Lactobacillus cel l  surface hydrophobicity as probed by AFM in  adhesion to 

surfaces at low and h igh ionic strength. Colloids & Surfaces B: Biointerfaces, 

4 1 :33-4 1 .  

Van de Mei ,  H .c. ,  Bos, R. ,  Busscher, H J .  ( 1 998) A Reference guide to microbial cel l 

surface hydrophobicity based on contact angles. Colloids & Surfaces B: 

Biointerfaces, 1 1 :2 1 3-22 1 .  

Van der Mei, H .C . , De Vries, l . , Buscher, H .  ( 1 993) Hydrophobic and electrostatic cel l  

surface properties of thermophi l ic  dairy Streptococci. Applied and Environmental 

Microbiology, 59:4305-43 1 2 . 

Van der Mei .  H .  C . ,  van de Belt-Gritter, B. ,  Busscher, H J .  ( 1 995) Implications of 

microbial adhesion to hydrocarbons for evaluating cel l surface hydrophobicity 2. 

adhesion mechanisms. Colloids and Surfaces B: Biointerface, 5: 1 1 7- 1 26. 

Van der Wal, A. ,  Norde, W., Zehnder A.  l. B., Lyklema, J. ( 1 997) Determination of the 

total charge in the cell  wal l s  of gram-positive bacteria. Colloids and Surfaces B: 

Biointerfaces, 9 :8 1 - 1 00. 

Vandahl ,  B .B . ,  Christiansen, G., Birkelund, S. (2005) Preparation of bacterial samples for 

2-D PAGE. In : The Proteomics Protocols Handbook. Eds. Walker, J . M .  pp 1 9-26. 

Humana Press Inc, Totowa, Nl .  

Vanhaecke, E . ,  Remon, l -P . ,  Mears, M . ,  Roes, F . ,  Rudder, 0.0. ,  van-Peteghem, A .  

( 1 990). Kinetics o f  Pseudomonas aeruginosa adhesion to 304 and 3 1 6-1 stainless 

steel rol e  of cell  surface hydrophobicity. Applied and Environmental Microbiology, 

56:788-795. 

254 



Bibliography 

Van Loosdrecht, M .CM. ,  Lyklema, l . ,  Norde, W. ,  Schroa, G. ,  Zehnder, A.1 .S . ( 1 987) 

Electrophoretic mobil i ty and hydrophobicity as a measure to predict the initial steps 

of bacterial adhesion. Applied and Environmental Microbiology, 53 : 1 898- 1 90 1 .  

Van Lossdrecht, M .CM. ,  Lyklema, 1 . ,  Norde, W.,  Schroa, G. ,  Zehnder, A .1 .B .  ( 1 987 A) 

The role of bacterial cel l wal l  hydrophobicity in adhesion . Applied and 

Environmental Microbiology, 53 : 1 893- 1 897. 

Veenstra, G.C, Cremers, F .F .M . ,  van Dijk, H.,  Fleer, H. ( 1 996) Ultrastructural 

organization and regulation of biomaterial adhesion of Staphylococcus epidermidis. 

Journal o/Bacteriology, 1 78 :537-54 1 .  

Verran, 1 . ,  Rowe, D .L . ,  Boyd, R .D .  (200 1 )  The effect of nanometer dimension 

topographical features on the hygienic status of stainless steel. Journal 0/ Food 

Protection, 64: 1 1 83 - 1 1 87 .  

Verran, l . , Whitehead, K.A.  (2006) Assessment of organic materials and microbial  

components on hygienic surfaces. Food and Bioproducts Processing, 84(C4):253-

259) .  

Verran, l . , Whitehead, K.A.  (2006) Assessment of organic materials and microbial 

components on hygienic surfaces. Food and Bioproducts Processing, 84(C4):260-

264). 

Walker, S . L. ,  H i l l ,  J .E . ,  Redman, l .A. ,  E l imelech, M. (2005) Influence of the growth 

phase on adhesion kinetics of Escherichia coli D 1 2g. Applied Environmental 

Microbiology, 7 1  : 3093-3099 

Walsh, C ( 1 979) In :  Enzymatic Reaction Mechanisms. pp. 86 1 -863 . Freeman W.H,  San 

Francisco, USA.  

255 



Bibliography 

Watnick, P . l . ,  Kolter, R. ( 1 999) Steps in the development of a Vibrio cholerae El Tor 

biofilm. Molecular Microbiology, 34(3) :586-595 .  

Wei . ,  C .  Yang, J . ,  Zhu, l ,  Zhang,X. ,  Leng, W. ,  Wang, J . ,  Xue, Y . ,  Sun, L. ,  Li ,  W. ,  Wang, 

J . ,  J in ,  Q.  (2006) Comprehensive proteomic analysis of Shigella jlexneri 2a 

membrane proteins .  Journal of Proteome Research, 5: 1 860- 1 865 . 

Welin, J . ,  Wi lkins, lC. ,  Beighton, D. ,  Svensatar, G. (2004) Protein expressIOn by 

Streptococcus mutans during initial stage of biofilm formation. Applied and 

Environmental Microbiology, 70(6) :3736-374 1 .  

Westermeier, R. ,  Naven, T. (2002) Proteomics in practice a laboratory manual of 

proteome analysis .  Wi ley-YCH, Weinheim, Germany. 

Whitchurch,  C .B . ,  Toker-Nielsen, T . ,  Raps, P .c. ,  Mattick, J .S .  (2002) Extracel lular DNA 

required for bacterial biofi lm formation. Science, 295: 1 487.  

Whittaker, L.J . ,  Kl ier, C.M. ( 1 996) Mechanisms of adhesian by oral bacteria. Annual 

Review of Microbiology, 50:5 1 3-552 .  

Wiencek, M.K. ,  Klapes, A .N. ,  Foegeding, P .M.  ( 1 990) Hydrophobicity of Bacillus and 

Clostridium spores. Applied and Environmental Microbiology, 56:2600-2605 . 

Wi l l iams, lG.K. ,  Kubel ik, A.R. ,  Livak, K .J . ,  Rafalski, J .A. ,  Tingey, S .Y .  ( 1 990) DNA 

polymorphisms amplified by arbitrary primers are useful as genetic markers. 

Nucleic Acids Research, 1 8 :653 1 -6535 .  

Wi lson, W.W. ,  Wade M .M. ,  Holman, S .c . ,  Champlin, F .R .  (200 I )  Status of  methods for 

assessing bacterial cel l  surface charge properties on zeta potential measurements. 

Journal of Microbiological Methods, 43(3) : 1 53- 1 64 .  

256 



Bibliography 

Windholz, M .  ( 1 993) The Merck Index-Encyc lopaedia of chemicals, Drugs and 

Biological s .  New Jersey: Merck and Co. Inc.  

Wirtanen, G. ,  H usmark, U. ,  Matti la-Sandholm, T.  ( 1 996) M icrobial evaluation of the 

biotransfer potential from surfaces with Bacillus biofilms after rinsing and cleaning 

procedures in closed food-processing systems. Journal of Food Protection, 

59(7):727-733 .  

Wright, A. ,  Wait, R. ,  Begum, S . ,  Crossett, 8 . ,  Nagy, J . ,  Brown, K.  and Fairweather, N .  

(2005) Proteomic analysis of cel l  surface proteins from Clostridium difficile. 

Research in Microbiology, 5:2443-2452 .  

Yang, 1 . ,  Bos, R . ,  Belder, G .F . ,  Engel ,  J . ,  Busscher, H . J .  ( 1 999) Deposition of oral 

bacteria and polystyrene particules to quartz and dental enamel in a parallel plate 

and stagnation point flow chamber. Journal of Colloid and Interface Science, 220: 

4 1 0-4 1 8 . 

Yoshida, Y. ,  Ganguly, S . ,  Al ien-Bush, C. ,  Cisar, J .O. (2005) Carbohydrate engineering of 

the recognition motifs in streptococcal co-aggregation receptor polysaccharides. 

Molecular Microbiology, 58( 1 ) : 244-256 .  

Zhu, 1 . ,  Shimizu, K. (2004) The effect of pjl gene knockout on the metabolism for 

optical ly pure D-Iactate production by Escherichia coli. Applied Genetics and 

Molecular Biotechnology, 64:367-375 .  

Zhu, J . ,  Weiss, E .C . ,  Otto, M . ,  Fey, P .D . ,  Smelter, M .S . ,  Somervi l le, G.A.  (2007) 

Staphylococcus at/reus biofilm metabol ism and the influences of arginine on 

polysaccharide intercel lular adhesion synthesis, biofilm formation and 

pathogenesis. Infection & Immunity, 75(9):42 1 9-4229. 

257 



Bibliography 

Ziebuhr, W. ,  Krimmer, V. ,  Rachid, S . ,  La/3ner, 1 . ,  Gatz, F . ,  Hacker, 1 .  ( I 999) A novel 

mechanism of phase variation of virulence in Staphylococcus epidermidis : evidence 

for control of the polysaccharide intercel lular adhesin synthesis by alternating 

insertion and excision of the insertion sequence e lement IS256. Molecular 

Microbiology, 32(2):345-356. 

Zita, A. ,  Hermansson, M .  ( 1 997) Effects of bacterial cell  surface structures and 

hydrophobicity on attachment to activated s ludge flocs. Applied and Environmental 

Microbiology, 63 : 1 1 68- 1 1 70. 

Zoltai, P.T., Zoltola, E .A. ,  McKay, L.  ( 1 98 1 )  Scanning electron microscopy of microbial  

attachment to milk contact surface. Journal of Food Protection, 44:204-208. 

Zvelebil ,  M.,  Baum, 1 .0.  (2008) Understanding bioinformatics. Garland Science. Taylor 

and Francis group, New York, USA. 

258 


	10001
	10002
	10003
	10004
	10005
	10006
	10007
	10008
	10009
	10010
	10011
	10012
	10013
	10014
	10015
	10016
	10017
	10018
	10019
	10020
	10021
	10022
	10023
	10024
	10025
	10026
	10027
	10028
	10029
	10030
	10031
	10032
	10033
	10034
	10035
	10036
	10037
	10038
	10039
	10040
	10041
	10042
	10043
	10044
	10045
	10046
	10047
	10048
	10049
	10050
	10051
	10052
	10053
	10054
	10055
	10056
	10057
	10058
	10059
	10060
	10061
	10062
	10063
	10064
	10118
	10119
	10120
	10121
	10122
	10123
	10124
	10125
	10126
	10127
	10128
	10129
	10130
	10131
	10132
	10133
	10134
	10135
	10136
	10137
	10138
	10139
	10140
	10141
	10142
	10143
	10144
	10145
	10146
	10147
	10148
	10149
	10150
	10151
	10152
	10153
	10154
	10155
	10156
	10157
	10158
	10159
	10160
	10161
	10162
	10163
	10164
	10165
	10166
	10167
	10168
	10169
	10170
	10171
	10172
	10173
	10174
	10175
	10176
	10177
	10178
	10179
	10180
	10181
	10182
	10183
	10184
	10185
	10186
	10187
	10188
	10189
	10190
	10191
	10192
	10193
	10194
	10195
	10196
	10197
	10198
	10199
	10200
	10201
	10202
	10203
	10204
	10205
	10206
	10207
	10208
	10209
	10210
	10211
	10212
	10213
	10214
	10215
	10216
	10217
	10218
	10219
	10220
	10221
	10222
	10223
	10224
	10225
	10226
	10227
	10228
	10229
	10230
	10231
	10232
	10233
	10234
	10235
	10236
	10237
	10238
	10239
	10240
	10241
	10242
	10243
	10244
	10245
	10246
	10247
	10248
	10249
	10250
	10251
	10252
	10253
	10254
	10255
	10256
	10257
	10258
	10259
	10260
	10261
	10262
	10263
	10264
	10265
	10266
	10267
	10268
	10269
	10270
	10271
	10272
	10273
	10274
	10275
	10276
	10277
	10278
	10279
	10280
	10281
	10282
	10283
	10284
	10285
	10286
	10287
	10288
	10289
	10290
	10291
	10292
	10293
	10294
	10295
	10296
	10297
	10298
	10299
	10300
	10301
	10302
	10303
	10304
	10305
	10306
	10307
	10308
	10309
	10310
	10311
	10312
	10313
	10314
	10315
	10316
	10317
	10318
	10319
	10320
	10321
	10322
	10323
	10324
	10325
	10326
	10327
	10328
	10329
	10330
	10331
	10332
	10333
	10334
	10335
	10336
	10337
	10338
	10339
	10340

