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ABSTRACT 
 

The Bacillus cereus group of bacteria is a subgroup in the Bacillus genus. The group consists 

of seven species, but scientific research has focused mainly on B. cereus, B. thuringiensis and 

B. anthracis. These three species are very closely related to each other based on chromosomal 

markers, but their pathogenicity pattern varies, mainly caused by plasmid borne genes that 

encode species-specific virulence factors. Certain B. cereus strains carry plasmids that encode 

emetic toxin which can cause food poisoning disease. B. thuringiensis carries plasmids that 

codes for insect killing toxins, and is commercially utilized as a biological insecticide. B. 

anthracis carries two large plasmids that encode the virulence factors causing cutaneous and 

systemic anthrax disease in mammals.     

Research performed in the recent years has shown that strains of the B. cereus group can form 

biofilms, which is a process by which the bacteria adheres to a surface, and multiply to form 

multicellular aggregates that give the bacteria protection by the presence of a biofilm matrix 

surrounding the cells. Bacterial biofilms function as barriers and prevent antibiotics and 

disinfectants from reaching the bacteria that are present deep inside the extracellular matrix. It 

can also act as a protection shield and inhibit the immune system of the host to reach the 

bacteria.     

The ubiquitous bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) is a second 

messenger molecule that has been shown to regulate the transition from a planktonic, motile 

state to a sessile, biofilm-associated state in many bacteria. Higher levels of c-di-GMP have 

shown to promote biofilm formation, and reduce motility. B. thuringiensis 407 is a model 

strain used for studies of biofilm formation. In the genome of B. thuringiensis 407 ten genes 

have been identified predicted to encode GGDEF and/ or EAL domain proteins that typically 

synthesize and break down c-di-GMP, respectively. 

A gene denoted as bthur0002_51010 (Bt51010) showed similarity to GGDEF proteins, but 

contains a highly degenerate GGDEF-like domain. Another gene denoted as 

bthur0002_15880 (Bt15880) contained two PilZ domains. PilZ member proteins are thought 

to bind c-di-GMP as its effector by controlling a variety of cellular function such as 

biosynthesis of exopolysaccharides, motility and virulence. Furthermore, Bt15880 contains 

three additional glycosyltransferase domains. Such domains are commonly associated with 

PilZ member proteins. The function of glycosyltransferase enzymes are thought to be 
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synthesis of polysaccharides. We hypothesize that both Bt15880 and Bt51010 can bind c-di-

GMP, and thereby be involved in the regulation of biofilm formation in B. thuringiensis 407. 

To test the above mentioned hypothesize the following methods were used: 

• B. thurigiensis 407 overexpression clones were constructed by cloning Bt15880 and 

Bt51010 in the pHT304-pXyl vector. 

• Markerless gene disruption protocol was used to make single crossover B. turingiensis 

407 Bt15880 mutants. 

• Biofilm screening assays of B. thuringiensis 407 overexpression clones were performed.   

The biofilm screening assay of B. thuriensis 407 overexpression constructs of both Bt51010 

and Bt15880 genes showed opposite of what was expected. Biofilm formation in these 

constructs was less than the same strain carrying an empty vector. There should be done more 

studies, especially of knockout clones in order to conclude that any of these two genes are 

involved in biofilm formation.   
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CHAPTER 1: INTRODUCTION 
 

1.1 THE BACILLUS GENUS  
 
 
The bacterial genus Bacillus is systematically positioned within the family Bacillaceae, and 

are Gram-positive aerobic or facultative anaerobic endospore-forming rodshaped bacteria. 

The vegetative cells range from 0.5 by 1.2 to 2.5 by 10 μm in diameter and can grow at 

optimal temperatures ranging from 25 to 37°C, although thermophilic and psychrophilic 

members are capable of growth at temperatures as high as 75°C or as low as 3°C. The 

members of the genus may grow in environments with different pH values ranging from 2 to 

10. The G+C content of the DNA of species within the genus can vary from 32 to 69%, and 

many species may be reclassified into different taxonomic groupings. Most strains are 

catalase positive, possess flagella, and sporulate in air[2, 3]. The soil was once considered the 

natural habitat of Bacillus, but a growing number of studies show that endospores have been 

found in diverse environments including rocks, dust, aquatic environments and the gut of 

various insects and animals[4]. 

 

 

1.2 Spore formation in Bacillus species  

 

 Spore formation is a characteristic property among Bacillus species. Actively growing cells 

of Bacillus differentiate into spores by starvation for carbon, nitrogen and sometimes for 

phosphorus sources. Spore formation takes about 7 hours at 37°C[1]. The Bacillus spore is 

metabolically inactive, highly resistant to various environmental threats, such as heat, 

radiation and chemicals, and provides protection to the organism’s genome until growth-

favoring conditions return[5].  

 

 

1.2.1 The sporulation process in Bacillus 

 

The sporulation process in Bacillus is divided into eight stages (stage 0- VII). When the cell is 

committed to sporulation and sporulation division occurs, the chromosome of the vegetative 
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cell first replicates into two identical chromosomes. This is called stage 0 (figure 1). At stage I 

both chromosomes form a continuous structure that stretches along the axis of the cell. 

Asymmetric division takes place at sage II. At this stage the cell is divided into two, the larger 

compartment is called the mother cell and the smaller comaprtment is called the prespore. 

Stage III is defined as completion of engulfment, where the prespore is enveloped with two 

membranes, and floats inside the mother cell (figure 1). The development of cell wall and 

cortex, which is a distinctive type of peptidoglycan, takes place at stage IV. At stage V, a 

spore coat which is build up of layers of protective proteins form around the prespore. The 

spore acquires its full resistance properties at stage VI. The mother cell lyses at stage VII and 

the fully developed spore is released into the environment[6]. 

 

 
 

Figure 1: Schematic representation of the stages of spore formation in Bacillus subtilis. At 

stage 0, the chromosome of the vegetative cell replicates into two identical chromosomes. The 

two chromosomes form a stretched filament along the cell-axis at stage I. Asymmetric cell 

division takes place, and the cell is divided into two compartments at stage II. The larger one 

is the mother cell and smaller one is the prespore. At stage III completion of engulfment 

occurs. The development of cell wall and the cortex takes place at stage IV. At stage V, a 

spore coat is built up around the prespore. The spore acquires its resistant properties at stage 

VI. The mother cell lyses, and the fully developed spore is released to the environment at 

stages VI and VII, respectively. (Figure taken from Hibert and Piggot[6]). 
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During spore formation in Bacillus species the gene expression is compartmentalized, which 

means that different types of genes are being expressed in the mother cell and the prespore[6]. 

Spore formation is initiated by signals that result in activation of the master transcription 

regulator, Spo0A, by phosphorylation. Activated Spo0A, among other effects, triggers the 

asymmetric sporulation division and transcription of spoIID, spoIIM and spoIIP, which 

encode key regulators for spore development (figure 2). Activation of σH, which is a 

sporulation- specific RNA polymerase, and Spo0A within the mother cell lead to asymmetric 

division. After the division, compartmentalized gene expression starts with σF in the prespore 

and σE in the mother cell (figure 2). A number of proteins produced in the mother cell degrade 

the wall, and lead to membrane formation around the prespore (engulfment process). Three 

membrane-bound proteins, spoIID, spoIIM and spoIIP, are involved in the formation of 

membrane around the prespore. The mechanism of the engulfment process is thought to be 

hydrolyzation of peptidoglycan by these proteins, thereby triggering the migration of the 

membrane around the prespore. When the membrane is formed, the prespore floats as a 

protoplast in the mother cell and a second round of compartmentalized gene expression takes 

place with σG becoming active in the prespore and σK in the mother cell. These sigma factors 

activate transcription of genes that build the structural components of the spore and lead to its 

resistance properties[1]. 

 

 

 
         

        

Figure 2: Gene regulation during spore formation. (a) 

Activation of Spo0A and σH causes 

asymmetric division. (b) Early compartmentalized 

gene expression with σE activated in the mother cell 

and σF in the prespore. (c) Proteins degrade the wall 

and trigger its migration around the prespore. (d) A 

second round of compartmentalized gene expression 

occurs with σG becoming activated in the prespore and 

σK in the mother cell. (Figure taken from Piggot and 

Hilbert[1]).  
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1.3 The Bacillus cereus group 

 

The Bacillus cereus group is a subgroup of the Bacillus genus that consists of seven species: 

B. weihenstephanensis, B. mycoides, B. pseudomycoides, B. cereus, B. thuringiensis, B. 

anthracis and B. cytotoxicus. The species within the B. cereus group are found in various 

habitats such as soil, sediments, plants, water, and gut of mammals and insects[7-9]. The last 

four species are considered opportunistic or pathogenic to insects and/or mammals while the 

first three are considered non-pathogenic[10, 11]. Bacteria species within the Bacillus cereus 

group that are considered opportunistic or pathogenic may cause different kinds of disease, 

even though they are genetically very close to each other. They are well known for their 

different virulence factors. Genes that are responsible for the virulence factors in B. anthracis 

are found on two large plamids, pXO1 and pXO2[12]. B. thuringiensis is an insect pathogen 

and genes that encodeδ-endotoxins are also present on  plasmids. Emetic toxin that is 

associated with emetic food poisoning cases caused by B. cereus strains are based on the 

presence of toxin genes on a megaplasmid[13]. Similar plasmids to that carring genes for the 

emetic toxin that gives gastrointestinal diseases in B. cereus can also be present in B. 

thuringiensis B. antracis, and B. cytotoxicus[2, 14]. The chromosome of the species within the 

B. cereus group encodes genes for general virulence factors. Many of these virulence factors 

are under control of the master regulator PlcR[15]. 

It has been proposed that the members of the B. cereus group experience two types of life 

cycles (Figure 3).  In the first life cycle, the bacteria live in a symbiotic relation with their 

invertebrate host, and in the second life cycle, which is considered more uncommon, the 

bacteria can multiply rapidly in another infected host (invertebrate or vertebrate). A study has 

been done to show the attraction of female mosquitos towards the culture filtrates of B. 

thuringiensis. The filtrates were used as oviposition attractants to monitor and control 

mosquitos by attracting them to lay eggs at the culture filtrates. There is a possibility that 

mosquitos prefer to lay eggs on the soil, water and other places where B. thuringiensis is 

present, which could provide the larvae beneficial intestinal flora that might give it the ability 

to digest cellulose[14]. 
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Figure 3: A hypothetical model in which the members of the B. cereus group experience two 

life cycles: one type in which the bacteria live in a symbiotic relation with their invertebrate 

host, and a second life cycle, in which the bacteria can multiply rapidly in another infected 

insect host or a mammal. (Figure taken from Jensen et al[14]). 

 

1.4 Taxonomy of Bacillus cereus group 

Although the species within the Bacillus cereus group are closely related, their precise genetic 

and taxonomic relationship has been difficult to establish[12]. These bacteria contain almost 

identical G+C contents. Ribosomal DNA sequences have revealed only small differences 

between them[16]. Results from two different techniques such as enzyme electrophoresis and 

DNA sequence variations in the 16S−23S rRNA spacer regions suggested that B. anthracis, B. 

thuringiensis and B. cereus sensu stricto are members of a single species, B. cereus sensu 

lato[12]. Different homology researches have shown that B.anthracis is closely related to B. 

cereus, B. thuringiensis. The main difference between is that B. anthracis carries two 

plasmids, pXO1 and pXO2, that are responsible for anthrax disease in mammals. The pXO1 
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plasmid codes for the production of toxins and the pXO2 plasmid codes for the production of 

capsule[16].  

     

 

1.5 Members of Bacillus cereus group 

 

1.5.1 Bacillus anthracis 

B. anthracis is the most renowned pathogen of the Bacillus group. Unlike most other Bacillus 

species, respiratory, cutaneous or gastrointestinal entry of B.anthracis spores can result in 

lethal systematic infection in mammals. After entry into the body, B. anthracis spores 

germinate into vegetative cells which can replicate to high numbers in all types of mammalian 

tissues. Death of the host and contact of the infected tissues with air result to return of the 

spore form of the bacteria[17].  B. anthracis has two large plasmids, pXO1 (182kb) and pXO2 

(95kb), that are essential for its virulence. pXO1 codes for anthrax toxin components 

including protective antigen (PA), lethal factor (LF) and edema factor (EF), while pXO2 

contains genes that code for polyglutamate capsule that protects the bacterium from 

phagocytes[10].  

 

1.5.2 Bacillus thuringiensis 

B. thuringiensis is an insect pathogen, and its insecticidal activity is dependent on the 

formation of parasporal protein crystals during the stationary phase of growth and sporulation 

[18]. The crystalline inclusions are due to the production of δ-endotoxins which is 

characteristic for B. thuringiensis. There are four major classes of δ-endotoxins, (Cry I, -II, -

III and –IV) and cytolysins (Cyt). These various insecticidal proteins accumulate in the 

mother cell and  account for up to 25% of the dry weight of the sporulated cells[9]. The genes 

encoding Cry and Cyt toxins are commonly located on large plasmids, which may be lost, 

making the bacterium indistinguishable from B. cereus. So far, no new species-specific 

property has been identified outside the plasmid-borne crystal toxin genes[10]. 

δ –endotoxins are synthesized as protoxins in large quantities during sporulation and are 

packaged into intracellular inclusions. Upon completion of sporulation and mother cell lyses, 

the spore and protein inclusions are released. Ingestion of the inclusions by insect larvae leads 

to protoxin solubilization and conversion to active toxins inside the gut of the insect 

larvae[19]. The binding of δ –endotoxins to the insect gut depends on individual cell surface 
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receptors (figure 4). There is a group of receptors called cadherins, expressed in the gut of 

various insect larvae. Each Cry toxin binds to its specific cadherin receptor (designated as 

BT-R). This binding stimulates G protein and adenyl cyclase within the insect gut epithelial 

cell, which promotes production of cyclic AMP (Figure 4). In turn protein kinase A 

destabilizes the cytoskeleton and ion channels which leads to cell death[20].   

 

B. thuringiensis toxins from CryIA family are the ones mostly used as biological insecticides 

to kill some major insect pests in the agricultural industry. In the laboratory many insects have 

been found to show resistance against the toxins. In addition two crop insects have evolved 

resistance against the toxins outside of the laboratory. Mutations in the cadherin receptor is 

probably the cause of this resistance[21].       

 

 

 

  
Figure 4: A model proposed for the action of Cry toxin. Cry toxin binds to BT-R and 
stimulates G protein and adenyl cyclase (AC), which causes production of intracellular cyclic 
AMP. In turn cytoskeleton and ion channels are destabilized by activated Protein Kinase A 
(PKA) leading to cell death (Figure taken from Zhang et al[20]). 

 

 

1.5.3 Bacillus Cereus 

B. cereus is a motile, hemolytic bacterium[2]. It is considered an opportunistic human 

pathogen that can cause food poisoning and diverse types of infections[22]. It is widespread 

in nature and frequently isolated from soil and growing plants, but it is also well adapted for 
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growth in the intestinal tract of insects and mammals[7]. From these habitats it is easily 

spread to foods, where it may cause an emetic or a diarrhoeal type of food-associated illness 

that is becoming increasingly important in the industrialized world[7]. 

 

The emetic disease is a food intoxication caused by cereulide, a small ring-formed peptide[7]. 

The ces gene cluster which is located on a 208 kb megaplasmid called pXO1-like plasmid, is 

responsible for cereulide toxin[23]. The emetic syndrome is typically caused by the ingestion 

of rice and pasta based foods (carbohydrate rich food). In restaurants where large amounts of 

rice that is contaminated with B. cereus spores are cooked, allowed cooling down slowly and 

usually left at room temperature, as refrigeration causes starch to clump the rice grains 

together. Spores germinate and vegetative cells produce toxin at room temperature. Toxin 

production is enhanced by the addition of protein in the form of egg or meat. Later, the rice 

might be warmed up for a very short time, which might not be enough to inactivate the toxin. 

The emetic syndrome has a short incubation period of 1- 5 hours, during which the emetic 

toxin induces nausea, vomiting, and abdominal cramps, and also diarrhea in about one-third 

of patients[2]. 

 
 The diarrheal syndrome of B. cereus is an infection caused by vegetative cells, ingested as 

viable cells or spores, and thought to produce protein enterotoxins in the small intestine. 

Three pore-forming cytotoxins have been associated with diarrheal disease: cytotoxin K, 

haemolysin BL (HBL) and non haemolytic enterotoxin (Nhe)[7]. The diarrheal syndrome has 

an incubation period of 8-16 hours. The experienced symptoms are profuse diarrhea with 

abdominal pain and cramps[2]. The genes responsible for giving diarrheal disease are 

controlled by the master transcriptional regulator, plcR.  This transcriptional regulator is 

present in the genomes of both B. cereus and B. thuringiensis, but in B.anthracis it has 

mutated and is almost non-functional[24].      

 

Other types of infections that has been caused by B. cereus are local infections, particularly of 

burns, traumatic or postsurgical wounds, and the eye, bacteremia and septicemia, CNS 

infections, including meningitis, abscesses, shunt-associated infections and respiratory 

infections [2, 3].  

Most of the infections reported to be caused by B. cereus outside the gastrointestinal disease 

occur mostly in immunosuppressed individuals, while skin infections due to trauma may also 

occur in non-immunosuppressed patients. Most of the trauma induced infections occur 
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because of the wide distribution of B. cereus spores, particularly in soil. The spores may 

easily disperse through dust, and come in contact with open wounds whether postsurgical, 

posttraumatic or burn wounds[3].  

     

Bacillus cereus is also a common contaminant of milk [7], which is a major concern for the 

diary industry  since the organism is associated with milk defects such as off-flavours, sweet 

curdling and bitty cream and also causes outbreaks of food poisoning. Bacillus cereus in 

pasteurized milk may originate from spores that are present in the raw milk or from the dairy 

environment [25].  

 

 

1.5.4 Bacillus mycoides 

B. mycoides is a non-motile bacterium that forms rhizoid colonies with long filaments[26]. 

Sequence data shows that B. cereus, B. thuringiensis, B. anthracis and B. mycoides exhibit 

 > 99% similarities in their 16S rRNA base sequences. The 16S rRNA sequences of B. 

mycoides and B. thuringiensis differed from each other and from the sequences of B. 

anthracis and B. cereus by four to nine nucleotides. It has been emphasized though, that one 

may not draw conclusions only on the basis of rRNA relatedness because several other 

distinct genospices are known to have similar minor nucleotide differences [27]. Another 

study concludes that B. cereus and B. thuringiensis are not genetically closely related to B. 

mycoides. B. mycoides justifying its classification as an independent species[28].  

 

 

1.5.5 Bacillus pesudomycoides  

When B. pesudomycoides was originally discovered it was classified as a subgroup of B. 

mycoides based of similarity in their 16S rRNA sequence analysis which is 98% identical. 

Phylogenic studies showed that both B. mycoides and B. pesudomycoides are closely related 

to B. cereus[26]. One difference between B. psudomycoides, B. mycoides and other members 

in B. cereus group is claimed to be their fatty acid composition[26, 29].   

 

 

1.5.6 Bacillus weihenstephanensis 

B. weihenstephanensis is a psychrotolerant species of the Bacillus cereus group. Due to its 

abilitiy to grow at refrigerator temperatures and form heat-resistant spores, this bacterium can 
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proliferate in cold and minimally processed food products[30]. It has been isolated from egg 

products and dairy farm environments. In contrast to B. cereus, B. weihenstephanensis has not 

been reported to be involved in foodborne diseases. However, virulence has been recently 

reported in an insect model at low temperature. According to this report B. 

weihenstephanensis strains are capable of producing cereulide, which shows that the 

bacterium has the potentials for causing foodborne disease[30].   

 

 

1.5.7 Bacillus cytotoxicus 

Bacillus cytotoxicus can be a severe food-borne pathogen[31]. It was during a food poisoning 

case in France in 1998 that the strain NVH391-98 was first isolated and included in the 

B.cereus group. Sequence analysis of 16S rRNA showed that B. cytotoxicus belongs to B. 

cereus group[11, 31]. The strain was studied in detail and an important variant of cytotoxin K, 

named as CytK1 was identified. Results also showed that high toxicity of this strain is due to 

unusual high expression of this gene[11, 32, 33]. Since then, four similar isolates have been 

reported, three of which are from food poisoning cases[11].   

 

 

 

1.6 Biofilm 

 

 The word biofilm is a combination of two words, where bio refers to the living material while 

film means a thin coating, thus biofilm means a thin coat comprised of living material. 

Biofilms are communities of microorganisms that are attached to a surface[34]. In a biofilm 

the cells are held together by an extracellular matrix composed of exopolysaccharide, proteins 

and/ or sometimes DNA. In nature, bacteria claimed to be found in biofilms[35]. It may give 

the bacteria protection from different kinds of environmental assaults, such as antibiotics, 

predators or the  immune system of the host[35]. Biofilm can form on abiotic surfaces such as 

minerals and air-water surfaces. They can also form in biotic surfaces such as plants and 

animal tissues. In the human body bacterial biofilms are present in almost every niche they 

colonize. These include both pathogenic and non-pathogenic skin flora, oropharynx and nose 

floras, and pathogenic and the commensal intestinal flora[34].  
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Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis and Pseudomonas 

aeruginosa are bacteria species which are frequently involved in colonizing medical devices 

such as cardiac pacemakers, intravenous and urinary catheters, prosthetic joints and heart 

valves, and can cause chronic infections. In most cases such infections can only be cured by 

removal of the device[36]. Chronic lung infection in cystic fibrosis patients is associated with 

the bacterium P. aeruginosa, where it lives in biofilm like structures. It has been suggested 

that P. aeruginosa uses extracellular quorum-sensing to coordinate biofilm formation[37]. 

Bacteria from dental plaque, also a biofilm like structure may enter the bloodstream and cause 

bacteremia and sometimes endocarditis[36]. Presence of pathogenic oral bacteria, 

Porphyromonas gingivalis in the bloodstream can increase the risk of atherosclerosis[36].  

 

 

 1.6.1 Biofilm formation 

 

Bacteria may initiate biofilm formation in response to specific environmental changes, such 

as nutrient and oxygen availability[38]. When bacteria come in contact with a surface, a series 

of genetically determined steps follow[36]. For example bacteria will down-regulate the 

expression of flagella, and up-regulate the expression of genes that encode exopolysaccharide 

and matrix proteins during biofilm formation[39]. The initial attachment is reversible. The 

next phase could be an irreversible attachment, depending on the nature of the surface to be 

colonized. Properties such as hydrophobicity, hydrophilicity, and softness and roughness of 

the surface determine whether an irreversible attachment is favorable or not[36]. In 

Staphylococcus species when the environmental conditions favor biofilm formation, the 

expression of proteins and polysaccharides that facilitate cell-cell adhesion and cell surface 

adhesion increase[40].  

 

Bacteria form biofilm as monolayer or multilayer structures (figure 5). The monolayer biofilm 

is defined as a single layer of cells attached to a surface. This type of structure is favored 

when cell-surface interaction is dominant rather than cell to cell interactions. The multilayer 

complex is formed when cell to cell contact is more favored than cell-surface contact [34].  
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Figure 5: Monolayer (A) and multilayer (C) biofilms of Vibrio cholera O139.  Schematic 

representation of monolayer (B) and multilayer (D). (Figure taken from Karatan et al[34]). 

 

The development of biofilm is different in motile and non-motile bacteria species. Non-motile 

species typically increase the expression of adhesion proteins on its outer surface. This 

promotes both cell-cell adherence and cell-surface adherence. In some Staphylococcal strains 

a surface protein called Bap is an important constituent of the matrix and promotes cell-cell 

interactions[35, 41]. In the case of motile bacteria, when conditions favor the formation of 

biofilm, the bacteria down-regulates their motility by turning off  the expression of protein 

structure flagella, and begins to produce an extracellular matrix that holds the cells together 

[35]. 

In E. coli protein structures like flagella and pili are important in the early stages. They are 

required to initiate the attachment process. An outer membrane protein of E. coli, known as 

Ag43 is also required for biofilm formation. The same protein plays a direct role in the 

interaction of bacteria with a surface[42].  

In Staphylococcus aureus and Enterococcus faecium  a family of adhesive proteins known as 

microbial surface component recognizing adhesive matrix molecules (MSCRAMMs) are 
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involved in the formation of biofilms and may contribute to their pathogenesis[41, 43]. P. 

aeruginosa produces the molecule lectin on its cell surface. Lectin binds the carbohydrate 

known as galactose, which is present in its lipopolysaccharide. It has been suggested that 

lectin produced on the cell surface of  P. aeruginosa is involved in several processes such as 

cell adhesion, binding of cells to one another and the formation of biofilm[44].     

 

 

1.6.2 Regulation of biofilm formation 

The mechanism of biofilm formation is a highly complex process and varies between 

bacterial species. A general overview of bacterial biofilm regulation is given by Karatan et 

al.[34]. Several environmental signals have been identified, which play vital roles in the 

formation of biofilm. Mechanical signals are one of them. Bacteria can sense a surface and 

make a choice between living freely or attaching itself to the surface and form biofilm. If the 

bacteria choose to form biofilm on a specific surface, they will typically turn off genes that 

are important for motility and turn on a series of other genes. For example bacteria will down-

regulate the expression of flagella, and up-regulate the expression of genes that encode 

exopolysaccharide and matrix proteins during biofilm formation[39].       

Availability or access to nutrients in the environment where bacteria live has a major impact 

on the formation of biofilm[45]. For instance nutrients such as glucose promotes formation of 

biofilm in bacterial species such as V. cholerea, Streptococcus mutans, Staphylococcus aureus, 

and S. epidermidis[46-49].  

Tryptophanase hydrolyses the amino acid tryptophan to indole and pyruvate, which are then 

used as nitrogen and carbon sources under those conditions when such sources are used 

up[50]. Indole stimulates biofilm formation in Gram-negative bacteria such as E. coli, 

Klebsiella oxytoca, Providencia stuartii, Citrobacter koseri, Morganella morganii and 

Haemophilus influenzae type b. When tryptophanase inhibitor was added to the growth 

medium of these bacterial species, the biofilm formation was inhibited[51].     

Inorganic molecules such as iron and phosphate are important nutrients for bacteria. It has 

been observed that in V. cholerea and P. aeruginosa formation of biofilm is significantly 

reduced when iron concentration is scarce in their growth medium[52, 53]. In other bacteria 
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high levels of iron has an inhibitory effect on the formation of biofilm. Actinomyces 

naeslundii and S. epidermidis are bacterial species which enhance their biofilm formation 

when iron concentration is limited[54, 55].  

In Pseudomonas aurofaciens and Pseudomonas fluorescens phosphate limitation inhibits 

biofilm formation, while in Agrobacterium tumefaciens biofilm formation is enhanced by 

phosphate limitation[56-58]   

It has been shown that biofilm formation in P. fluorescens is reduced when its growth 

medium has high osmolarity[59]. High NaCl concentration in the growth medium of E. coli 

acts indirectly as repressor and inhibit transcription of genes that are involved in the formation 

of biofilm[60].  

Biofilm works as protection barrier for microorganisms against host derived molecules. V. 

cholerae increases biofilm formation in response to bile acids. Bacteria that live in 

communities like biofilm have a greater chance to survive the toxicity of bile acids than those 

who swim freely[61].  Antimicrobial agents can also act as inducer of biofilm formation. P. 

aeruginosa increases its biofilm formation when it is exposed to the aminoglycoside antibiotic 

tobramycin[62].      

Quorum sensing is a cell to cell communication process among bacteria, which allows them 

to share information about cell density and adjust gene expression according to it. Small 

molecules known as autoinducers are responsible for this type of signaling. They are 

produced, secreted and recognized by the receptor molecules on the surface of bacteria[63]. In 

V. cholerae biofilm formation is inhibited when cell density is high in the presence of quorum 

sensing autoinducers. The levels of HapR, a transcriptional regulator are then increased, 

which in turn decreases the levels of cyclic dimeric guanosine monophosphate (c-di-GMP) in 

the cell. C-di-GMP is a secondary messenger system that is involved in the formation of 

biofilm[64]. In S. aureus quorum sensing also negatively regulates the biofilm formation. 

This bacteriaum uses autoinducer peptide (AIP) for activation of the quorum sensing 

system[65]. In P. aeruginosa quorum sensing stimulates biofilm formation[66].  
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1.6.3 Biofilm regulation in Bacillus species- The SinI/SinR system 

SinR is a transcriptional repressor that determines whether Bacillus subtilis switches from a 

free living, planktonic lifestyle to a sessile, biofilm forming state[67, 68] The activity of the 

biofilm master repressor SinR is controlled by its antagonist, SinI. The interaction of this 

protein with SinR forms a switch which determine whether or not SinR can inhibit biofilm 

formation by repression of a number of extracellular matrix associated operons[68]. The epsA 

operon is one of the operons that is repressed by SinR. epsA is responsible for the 

biosynthesis of the extrapolysaccharide matrix. SinR works as a transcriptional repressor by 

binding to the multiple sites of the regulatory region of the eps operon[69]. In addition to eps 

three proteins encoded in the three gene operon, yqxM-sipW-tasA, are required for the 

formation of biofilm and are part of the extracellular-matrix. These three gene operons are 

also under the negative control of SinR[70].  

The protein SipW belongs to the endoplasmic reticuler subfamily of type I signal peptidases. 

Its role is to convert the pre-proteins TasA and YqxM to mature forms, which are then 

transported through the cell membrane into the extracellular matrix[71]. TasA is an amyloid 

protein that is located in the extracellular matrix and is important for the structural integrity of 

the matrix as well as for the development of the biofilm[72]. YqxM, also known as TapA, is 

involved in delivering TasA to the extracellular matrix[72]. TasA fibres are anchored to the 

cell wall and form a robust matrix that holds the cells together. The function of YqxM is to 

serve as an anchor and assembly factor for TasA fibres. In the absence of YqxM, TasA does 

not polymerize and is degraded[73]. 

SinR is expressed in the bacteria cell throughout the growth cycle, whereas, the expression of 

SinI is regulated by Spo0A. SinI is therefore found in low levels during the vegetative growth, 

while its expression is increased during sporulation[74, 75]. However, a small number of cells 

within the population will express SinI in much higher levels during the vegetative 

growth[76]. When sufficient amount of SinI is present inside the cell, a SinR- SinI complex is 

formed, which will inhibit SinR- DNA interaction, causing a derepression which results in 

biofilm formation[77]. It has been proposed that these particular cells become specialized for 

the production of biofilm for the whole community[76]. 
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1.6.4 Second messenger based regulation of biofilm formation- C-di-GMP 

Bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP) is a second messenger which 

is found in many bacteria. Research shows that c-di-GMP affects various cellular functions in 

bacteria, such as motility, sessility, expression of adhesion factors, biofilm formation and 

virulence, and the c-di-GMP signaling is connected to several environmental stimuli[78]. 

Generally, increased intracellular c-di-GMP stimulates formation of biofilm and expression of 

adhesion factors and inhibits flagella and pilus mediated motility[79].    

The level of c-di-GMP in the bacterial cell is controlled through the opposing activities of 
diguanylate cyclases (DGCs ) and phosphodiesterases (PDEs) enzymes. Diguanylate cyclases which, 

carry an GGDEF domain, synthesizes c-di-GMP from two molecules of GTP. Phosphodiesterases, 

which carry an EAL domain or HD-GYP domain, are responsible for the break down  c-di-GMP 

(Figure 6)[78, 80, 81].  

Most GGDEF and EAL domains are linked to signal input or sensory domains within the 

same protein, such as oxygen sensing domains, blue light/red light sensing domains and 

cyclic nucleotide (cAMP and cGMP) domains. These domains recognize a first messenger. 

e.g. environmental changes such as light, oxygen and phosphorylation. In Bordetella pertussis 

a globin domain serves as an oxygen sensor in the diguanylate cyclase BpeGReg (Bordetella 

pertussis globin-coupled regulator). This enzyme responds to changes in oxygen levels by 

producing c-di-GMP, which subsequently controls biofilm formation[82].    
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Figure 6: Synthesis, degradation, and functions affected by c-di-GMP. C-di-GMP is 

synthesized from two molecules of GTP, a process catalyzed by diguanylate cyclase (DGC) 

enzymes which carry a GGDEF protein domain. Phosphodiesterase (PDE) enzymes which 

carry either EAL or HD-GYP protein domain, hydrolyses c-di-GMP into two molecules of 

GMP. The cellular processes that are typically affected by c-di-GMP levels are e.g. motility, 

virulence, sessility and biofilm formation, and cell cycle progression. (Figure taken from 

Hengge[80]).   

 

The function of c-di-GMP as an intracellular molecule is dependent on multiple sensory 

inputs[83]. Different signal input domains associated with GGDEF and EAL/HD-GYP 

suggest that[78]. An important advantage of this second messenger system is that its outputs 

are transmitted by enzymatic synthesis and degradation. This kind of response is more rapid 

than the transduction of sensory information through gene transcription and translation, and 

results in an almost immediate cellular response to the changing environmental conditions 

[83].    

The control of cellular motility by the flagellum is an example that shows a c-di-GMP 

controlled rapid response to the changing environmental conditions. Flagella rotation is driven 

by the flow of protons across the cell membrane. In S. typhimurium and E. coli one of the 
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flagellar regulator proteins, YcgR, binds c-di-GMP with a high affinity. Binding of c-di-GMP 

to YcgR acts as a brake and inhibits flagella motility[83].   

In P. aeurogenosa c-di-GMP directly affects this bacteriaum ability to form biofilms. PelD, a 

protein encoded by one of the genes within the pel operon binds c-di-GMP. The expression of 

PelD and binding of c-di-GMP to it results in the formation of PEL polysaccharide, which is 

the major component of biofilms[84] C-di-GMP is also involved in the synthesis of cellulose 

in Acetobacter xylinum, where it acts as allosteric activator for cellulose biosynthesis by 

binding to the BcsA1 protein[85]  

Rugose strains of V. cholera produce high levels of extracellular matrix by expression of 

Vibrio polysaccharide genes (vps) and genes encoding extracellular matrix proteins. Vps 

expression takes place under the control of VpsT, a transcriptional regulator that directly 

senses c-di-GMP to control extracellular matrix production and motility[86].  

 

 

1.7 C-di-GMP effector components 

 

C-di-GMP effector molecules are diverse and include both proteins and RNA riboswitches. 

These effector molecules have shown to be involved in regulating adhesion, flagellar activity, 

biofilm formation and virulence[80]. Some of them are described below.  

 

1.7.1 The PilZ protein family 

The PilZ protein family is named after the type IV pilus control protein in P. aeruginosa[87]. 

PilZ member proteins are thought to bind c-di-GMP and function as its effector by controlling 

a variety of cellular functions such as exopolysaccharide biosynthesis, flagellar motor activity 

and virulence[88]. Proteins which contain a PilZ domain were first identified by Amikam and 

Galperin [89]. They discovered that PilZ domains are generally localized at the C-terminal 

end fused to other protein domains such as CheY-like receiver domain, and GGDEF, EAL 

and HD-GYP domains, and functions as c-di-GMP dependent effectors. They also found that 

the prevalence of PilZ domain is similar to those of GGDEF and EAL domains. Like these 
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two domains, PilZ domains are found in the genome of many bacteria, but not in the genome 

of eukaryotic cells.  

Among the well known c-di-GMP effector genes are YcgR, an E. coli PilZ domain protein 

which controls motility, and the PilZ containing domain in BcsA, a cellulose synthase gene in 

Gluconacetobacter xylinus[90].  In Salmonella both BcsA and YcgR proteins contain PilZ 

domains that bind c-di-GMP. The BcsA gene of Salmonella is present in one of the cellulose 

synthesis operons, and high levels of c-di-GMP inside the cell promote synthesis of cellulose. 

C-di-GMP mediated activation of YcgR gene and synthesis of exopolysaccharide cellulose 

work as a brake in the flagellar activity of Salmonella[91].  

Protein sequences that carry PilZ domains have been identified in V. cholera, but their 

complete function remain to be investigated. However, some evidence has been provided to 

support the hypothesis that these PilZ domains bind c-di-GMP and are involved in the 

formation of biofilm, motility and colonization of the intestine[92]. 

In P. aeruginosa eight putative c-di-GMP binding genes containing PilZ domains have been 

identified. One protein with the PilZ domain, Alg44, is thought to be involved in the 

biosynthesis of alginate, an extracellular polysaccharide. It has been shown that 

overexpression of diguanylate cyclases or phosphodiesterases enhances or reduces formation 

of alginate in the mutant strains of P. aeruginosa[93].    

 

 

1.7.2 Riboswitches 

Riboswitches are messenger RNA domains that control gene expression in response to 

changing metabolite concentrations, which act as target ligands for the riboswitches. They are 

usually found in the 5` non-translated regions of mRNA adjacent to open reading frames that 

might alter gene expression in response to binding their target ligand[94, 95].  Riboswitches 

typically control either transcription termination or translation initiation of genes whose 

protein products synthesize or transport the regulatory ligand[96]. There are riboswitches that 

selectively respond to the second messenger c-di-GMP, and can explain the effect of this 

second messenger system on the transcription and translation of many genes in bacteria. A 

highly conserved RNA domain called GEMM has been discovered in many bacteria, and 
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many of the genes downstream of this RNA riboswitch are DGC and PDE proteins, that 

synthesize or degrade c-di-GMP [97]. 

Two types of GEMM domains, termed as type 1 and 2, have been identified. They are 

distinguished by the presence of specific tetraloop receptor sequences. Each type has adjacent 

hairpins called paring elements P1 and P2 (figure 7). Because this riboswitch is frequently 

located upstream of DGCs and PDEs, which are associated with c-di-GMP metabolism or 

signaling pathways, it has been proposed that GEMM RNAs may sense and respond to 

changing concentrations of this second messenger. A study done on the second type of 

GEMM domin (Vc2) in Vibrio cholera, showed that affinity of the GEMM aptamer for c-di-

GMP is relatively high[97]. This suggests that GEMM RNAs are responsive riboswitches of 

c-di-GMP.  

The first type of Vibrio cholerae riboswitch (Vc1) controls the expression of the GbpA gene, 

which encodes a sugar-binding protein that is involved in adhesion of V. cholerae, allowing it 

to colonize the mammalian intestine[98]. Research has shown that V.cholerae lowers the 

levels of c-di-GMP when colonizing host intestine[99]. Thus, the Vc1 riboswitch, which is 

associated with GbpA, senses the decrease in levels of c-di-GMP and modulates the 

expression of virulence genes accordingly[97]. 

 

Figure 7: Sequence and secondary structure of the second of the two GEMM RNAs (Vc2) 

from V. cholera. (Figure taken from Sudarsan et al[97]). 
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1.7.3 Other c-di-GMP effector components 

FleQ is a transcriptional regulator of flagellar gene expression in P. aeruginosa[100]. It has 

been shown that c-di-GMP directly acts on FleQ and activates the expression of Pel EPS[79]. 

PelD, a cell membrane protein in P. aeruginosa has also been shown to bind c-di-GMP, and is 

involved in polysaccharide synthesis[84]. GGDEF and EAL domains have generally been 

associated with DGC and c-di-GMP phosphodiesterase proteins. However many bacteria have 

genes in which the GGDEF and EAL domains have lost their ability to metabolize c-di-GMP. 

These proteins might have important regulatory functions inside the bacteria cell, however, 

for example ycgF gene in E. coli, which acts as a direct anti-repressor in a blue light response. 

00YcgF contains an EAL domain, but it does not degrade c-di-GMP[101]. Other proteins that 

have degenerate GGDEF or EAL domains have lost their catalytic activity to metabolize c-di-

GMP, and instead have adopted  new roles as allosteric modules[102].  

  

 

1.8 Regulation of biofilm formation in the B. cereus group 

 

The regulation of biofilm formation in B. cereus group bacteria has been less characterized 

compared to its related species B. subtilis. However, scientists over the past years have been 

able to gain knowledge about some key regulatory genes and other important elements that 

affect biofilm formation. Studies have shown that B. cereus is able to form biofilm on abiotic 

surfaces such as glass wool and stainless steel[103, 104].   

During carried out  in the year 2000, different species of Bacillus, among them B. cereus 

strain 144, were isolated from alkaline wash solutions used for cleaning of diary processing 

equipment in South African dairy factories. The growth and attachment of these bacterial 

species were examined at different temperatures and pH. All isolates, including B. cereus 

strain 144, grew attached to the stainless steel at pH values 4, 7 and 10. It was concluded that 

the isolates were the source for post-pasteurization contamination of milk via alkaline wash 

solutions[105]. A proteome investigation of B. cereus strain DL5, isolated from these wash 

solutions showed that many proteins were up-regulated during biofilm formation[103]. YhbH, 

a member of the sigma 54 modulation protein family, and catabolic ornithine 
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carbamoyltransferase (cOTCase) were among them. YhbH was strongly induced in both 

attached cells and planktonic cells under environmental stress and energy depletion situations. 

It was proposed that this protein has an important role in the regulation of biofilm phenotype. 

cOTCase was strongly induced after 2 hours of incubation, which was an indication either for 

oxygen depletion in the microcolonies, or the surface-attached cells were preparing for growth 

within a biofilm before oxygen depletion[103]. 

In another study, performed in 2005, it was shown that addition of autoinducer -2, a quorum 

sensing signaling molecule, had an inhibitory effect on the formation of biofilm by B. cereus 

strain ATCC 10987. In addition, autoinducer-2 caused the release of bacteria cell from 

biofilms that were already established. It was proposed that the presence of Isr genes could be 

involved in the uptake of autoinducer-2 and in the regulation of biofilm inhibition and release 

of the cells from the biofilm[106]. 

In 2008, the influence of codY[107], a highly conserved gene in low G + C content Gram- 

positive bacteria[108] was investigated on the formation of biofilm in wild and mutant strain 

of B. cereus[107]. In Bacillus subtilis, the CodY protein binds GTP and regulates gene 

expression under poor growth conditions[108]. B. subtilis CodY also binds branched chain 

amino acids (BCAA)[109]. When nutrition levels are low, CodY provides the bacteria  

diverse types of adaptation mechanisms, such as secretion of proteases and the expression of 

amino acid transporters and catabolic pathways[110]. B. cereus codY gene is co-transcribed in 

the four-gene cod operon. In a disrupted B. cereus codY strain, UW101C, it was observed that 

biofilm formation was four times lower compared to the wild-type. It was hypothesized that 

degenerative enzymes such as proteases might be derepressed in the CodY mutant, causing 

decrease in biofilm formation[107]. 

In 2012, the role of the codY gene in B. cereus ATCC 14579, the B. cereus type strain was 

further investigated and found to be localized in a four gene cluster (BC3829-BC3826)[111]. 

The gene BC3826 showed 80% similarity with the B. subtilis codY gene, containing highly 

conserved regions, such as GTP and BCAA binding sites. To further investigate the function 

of codY in B. cereus, a mutant strain,”B. cereusΔcodY “,  was prepared, in which the gene 

BC3826 was deleted.  The biofilm formation of this mutant strain was examined on the low 

nutrient medium, EPS. After 24 hours, biofilm formation by the B. cereus ATCC 14579 

ΔcodY was 3,5 fold higher than that of wild-type. When the codY gene was reintroduced into 

the ΔcodY strain, biofilm formation was significantly reduced compared to the B. 
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cereusΔcodY mutant. It was proposed that the codY gene in B. cereus is involved in the 

repression of SipW-TasA-TapA[111].      

 PlcR is a master transcriptional regulator in B. cereus and B. thuringiensis, which among 

other things controlls expression of virulence genes in these bacteria[24]. In 2006, a study of a 

ΔplcR mutant of B. cereus strain ATCC 14579 and the wild-type showed that the mutant 

produced more biofilm than the wild type. Production of biosurfactant, which is required 

during biofilm formation, was also significantly higher in the mutant strain. The conclusion 

was that biofilm formation in B. cereus is negatively regulated by PlcR[112] 

In a 2009 study of B. cereus strain ATCC 14579, it was shown that extracellular DNA is an 

important part of the extracellular matrix, and that eDNA serves the bacteria that grow in the 

biofilm, protection against antibiotics[113]. In the same study it was also shown that purA, 

purC and purL genes that are involved in the biosynthesis of purine, are required for the 

formation of biofilms. Mutants of B. cereus with deficient purA, purC and purL genes formed 

impaired biofilm[113].     

In a study in 2010, the involvement of motility and flagella was investigated under the 

formation of biofilm, by comparing a non-flagellated mutant strain of B. cereus 407 with a 

flagellated wild strain. This study showed that motility is important for formation of biofilm 

in glass tubes and in microtitre plates. Furthermore, motility promoted recruitment of 

planktonic cells within the biofilm by letting motile bacteria invade different parts of the 

biofilm[114].     

A 2011 study described the consequences of biologically driven physiological changes that 

took place during biofilm formation on the cell-surfaces of two model organisms, E. coli 

strain MG1655 and B. cereus strain ATCC 10987[115]. The cell- surface changes were 

compared between planktonic cells and cells that were present within the biofilms. The results 

showed that B. cereus cells within the biofilms produced unknown cell-surface proteins that 

contained 46 to 63 amino acids. It was proposed that these proteins could have a role in 

environmental signaling within B. cereus biofilms, since environmental signaling in Gram- 

positive bacteria often takes place through short peptides[115].    
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CHAPTER 2: BACKGROUND OF THE THESIS  

 

2.1 Background of the thesis 

 

Elevated intracellular levels of c-di-GMP are associated with inhibition of motility and 

formation of biofilm in bacteria[80]. Studies of c-di-GMP signaling have mainly focused on 

Gram-negative bacteria. Lower levels of this second messenger molecule has been shown to 

promote motility and virulence in Yersina pestis[116], Salmonella enterica[117], Vibrio 

cholerae[118] and Pseudomonas aeruginosa[119]. The role of c-di-GMP signaling pathways 

is studied less extensively in Gram-positive bacteria. However, some research has been done 

on Clostridium difficile[120], where it has been found that c-di-GMP is an important 

regulator of motility and biofilm formation. 

B. thuringiensis 407 Cry÷ (Bt 407) is a strain used as a model organism for research on 

biofilm formation in B. cereus group. Wild type  B. thringiensis 407 was first isolated from 

insect larvae, and then later cured for the Cry plasmid which has made it undistinguishable 

from B. cereus. B. thuringiensis 407 is well-known for its ability to form efficient biofilm, 

and is also easily transformable (Økstad., personal communication, [121, 122]). The whole 

genome of B. thuringiensis 407 has been sequenced (NCBI: NZ_ACMZ00000000.1[123]). 

Due to these properties B. thringiensis 407 was chosen as a model organism in this thesis. 

In order to find out which genes are involved in the synthesis and/or break down of c-di-GMP, 

Dr. Annette Fagerlund previously analyzed the whole genome sequence of B. thuringiensis 

407. She identified many proteins that contain putative c-di-GMP signaling domains 

(Fagerlund, A., unpublished results: Figure 8). Many of these protein domains carry GGDEF 

and/ or EAL or HD-GYP domains which are commonly associated with the synthesis or break 

down of c-di-GMP, respecticvely. Furthermore, Fagerlund has designated each gene as 

cdgxxx, where xxx stand for a three digit number.  Figure 8 also shows one gene carrying a 

highly degenerate GGDEF protein domain (cdg612), and cdg113 which contains an EAL like 

domain, with a probably inactive site motif, which are predicted not to have the capacity for 

break down of c-di-GMP.     
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Figure 8: Protein domains that are predicted to be involved in metabolism and/or binding of 

c-di-GMP in Bacullus thuringiensis 407. GGDEF domains predicted to harbor Diguanulate 

cyclase (DGC) activity are shown in dark green. GGDEF domains predicted to be 

enzymatically inactive are shown in light green. EAL domains predicted to show 

Phosphodiesterase (PDE) activity is in dark blue color, whereas EAL domain indicated as 

EVV in light blue color are predicted to be inactive. The PAS and GAF domains at the N-

terminal of these proteins are sensory domains that may bind ligands and function as signal 

transmitters. The given locus tags are from B. thuringiensis 407 (bthur0002_xxxxx) and B. 

cereus ATCC 14579 (BCAH187_A1141). The predicted length of each protein is given in 

parentheses (Figure prepared by Dr. Annette Fagerlund).   
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One other gene in B. thuringiensis 407 denoted as bthur0002_15880 (Bt15880), has also been 

identified to be of potential interest in c-di-GMP dependent biofilm regulation (Annette 

Fagerlund, unpublished). This gene was predicted to contain two potentially c-di-GMP 

binding PilZ domains and to encode a putative cellulose synthase enzyme. One hypothesize 

could be that the PilZ domains in Bt15880 bind c-di-GMP and regulate the synthesis of 

polysaccharide potentially involved in biofilm formation.  

 

2.2 Aim of the thesis  

The hypothesis for the thesis was that the two genes bthur0002_15880 and bthur0002_51010  

(cdg612), which are referred to as ” Bt15880 and Bt51010” from here on in this thesis, are 

involved in biofilm formation in B. thriengiensis 407. The two PilZ domains in Bt15880 

could potentially bind c-di-GMP and regulate the synthesis of cellulose or another 

polysaccharide, which is commonly one of the main components in a biofilm matrix. Whereas 

the highly degenerate GGDEF domain in Bt51010 is predicted to be enzymatically inactive, it 

could still bind c-di-GMP and function as an effector protein of c-di-GMP, by transmitting 

further signals inside the cell. The aim of this thesis has been to investigate the above 

hypothesis by: 

• Making markerless knockout mutants of B. thuringiensis 407 by deleting Bt15880 and 

Bt51010 with the help of pMAD-I-SceI and pBKJ223 plasmids 

• Making overexpression constructs in Bt 407 by cloning Bt15880 and Bt51010  

downstream of the pXyl promotor in the pHT304-pXyl plasmid 

• Perform biofilm screening assays on both mutant and overexpression clones and compare  

with wild type and empty vector control strains respectively, to perform an initial  

investigation of the possible involvement of the two genes in biofilm formation in B. 

thurigiensis 407 

 

In Bt 407, the chromosomal gene Bt_15880 encodes a putative cellulose synthase that has two 

pilZ domains. In Agrobacterium tumefaciens pilZ binds c-di-GMP and is involved in the 

formation of cellulose[124]. Since polysaccharides are the main components of biofilm, and 

c-di-GMP is the second messenger molecule that is present in large quantities during the 
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biofilm formation, it was a great matter of interest to study the kind of changes that take place 

in the formation of biofilm when Bt_15880 is overexpressed or deleted in Bt 407.  

Bt_51010 referred to as cdg612 is a putative degenerate diguanylate synthase gene that has a 

weak match with GGDEF domain. Cdg112 has a PleD domain 
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CHAPTER 3: MATERIALS 

 

3.1 Bacterial strains 

 

Bacterial strains that were used in this thesis are given in Table 1.  

Table 1: List of bacterial strains used  

 

 

3.2 Plasmid vectors 

 

3.2.1 pHT304-pXyl 

pHT304-pXyl is a shuttle vector of E. coli and B. thuringensis. It contains two antibiotic 
resistance genes, Amp and Erm, which encode an ampicillin resistance gene functional in E. 
coli, and Erm, an erythromycin resistance gene functional in E. coli and B. thuringensis. In 
addition pHT304-pXyl has a xylA promotor which is induced when xylose is present in the 
medium. It also has a lacZ operon, which codes for β -galactosidase enzyme, that enables to 
screen for blue-white colonies[125, 126].   

 

 

Strain Description 

Bacillus thuringensis 407  Wild type (cured of Cry gene plasmid ) 

Escherichia coli chemically competent cells 
(Top 10) 

Manufacturer: Invitrogen 

E. coli + pMAD-I-Scel  E. coli containing pMAD-I-Scel plasmid 

E. coli + pHT304-pXyl  E. coli containing pHT304-pXyl plasmid 

B. thuringiensis 407  +  pHT304-pXyl empty 

vector  

 B. thuringiensis 407 containing empty 

pHT304-pXyl vector 

E. coli + pBKJ223 E.coli containing helper plasmid pBKJ223  
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3.2.2 pMAD-I-SceI 

pMAD-I-SceI is a shuttle vector used for generating gene inactivation mutants in naturally 

non-transformable Gram-positive bacteria[127]. This vector contains a β-galactosidase 

encoding gene and Erm and Amp genes. β-galactosidase gene causes hydrolyzation of β-

glycosidic bonds when X-gal is present in the media, that enables to screen for blue-white 

colonies. This allows clone identification during the knockout procedure[128]. In addition 

pMAD contains an I-Scel recognition site, which is cleaved by homing endonuclease I-

SceI[127].     

 

 

3.2.3 pBKJ223  

pBKJ223 vector is a helper plasmid that enhances the frequency of second crossover during 

allelic exchange. This plasmid introduces double stranded breaks near the site of allelic 

exchange by restriction endonuclease I-SceI. pBKJ223 also contains a tetracycline resistance 

gene[127]. 

 

 

 

3.3 Primers   

 

 

Primers that were used in this work are given in Table 2.  

Table 2: List of oligonucleotides that are used in this work and their sequences  

Name Sequences (5`to 3`) 

pXyl-fwd Ctgtatttgaatgaatttatttttaagggggaaatcacatg 

pXyl-rev cacaggaaacagctatgaccatgattacga  

Bt15880-pXyl-F1 Ctgtatttgaatgaatttatttttaagggggaaatcacatg 

Bt15880-pXyl-R Cacaggaaacagctatgaccatgattacga 

Bt51010-pXyl-F Ctgtatttgaatgaatttatttttaagggggaaatcacatg 

pHT304pXyl_F2 ggtttgatcagcgatatccac  
 

pilZ-F Ttaatgaccgggtggaaaag 

pilZ-R Gcgaaattgtcttggtgctt 
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612-F Aaccgcctaaagccaaaaat 

612-R Caatgtctgtcctttgtttcca 

pMAD-fwd  Gcatgcatcgatagatctgtctagttaatgtgtaacg 

pMAD-rev2 Caggtagatgacgaccatcagggacag 

pMAD-F Ttccccctagctaattttcg 

pMAD-R2 Gcctacaatccatgccaac 

Bt15880-A  Cgttacacattaactagacagatctatcgatgcatgcatcggagcaatttgccatt 

Bt15880-B  Tttaatccagccatacaattcctcctttatgaataga 

Bt15880-C  Ggaattgtatggctggattaaaattcacagcgta 

Bt15880-D  Gcgatatcggatccatatgacgtcgacagaaatccatgttcaccgtgt 

Bt15880-D2 Ctgtccctgatggtcgtcatctacctgtttgttgctgcaatgtttga 

Bt15880-OUT-FWD  Tcgcatatggtaattatgaaaaatg 

Bt15880-OUT-REV  Tttatcacgcatgggcagta 

Bt15880-AB-F  Catatcgtgccctgtgtcat 

Bt15880-CD-R  Cgtgatgcatatggtcgttc 

Bt51010-A  Cgttacacattaactagacagatctatcgatgcatgcggctatgcagcaatgggtat 

Bt51010-B  Gtttccaatttgcatagagaggattttatagaacttatc 

Bt51010-C  Cctctctatgcaaattggaaacaaaggacaga 

Bt51010-D  Gcgatatcggatccatatgacgtcgacggaatggacgagaagttttcc 

Bt51010-D2 Ctgtccctgatggtcgtcatctacctgactgattctgggacgattgg 

Bt51010-OUT-FWD  Gcagaaagcttaaactcagtaacg 

Bt51010-OUT-REV  Tcgacactctgggcactaaa 

Bt51010-AB-F  Ttaggaccacacatggcaga 

Bt51010-CD-R  Tcagttgtttcagcgtgctc 
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3.4 Restriction enzymes and DNA polymerase 

 

Restriction enzymes and DNA polymerase and nucleases that were used in this work are 
given in Table 3 and 4, respectively. 

 

 

Table 4: List of polymerases used in this study 

 Enzyme name Manufacturer 

DyNAzyme II DNA polymerase Finnzymes 

Phusion DNA polymerase Thermo scientific 

T4 DNA polymerase Biolabs 

 

3.5 Molecular weight and mass standards 

 

Table 5: Overview of molecular weight and mass standards used in this thesis 

Name Manufacturer 

GeneRuler 100 bp DNA ladder (Figure 9) Fermentas 

GeneRuler 1 Kb DNA ladder (Figure 10) Fermentas 

GeneRuler 100 bp DNA ladder (Figure 11) Fermentas 

 

Table 3: List of restriction enzymes used in this study 

Restriction enzyme names Manufacturer 

KpnI Biolabs 

SalI Biolabs 

EcoRI Biolabs 

HindIII Biolabs 

NcoI Biolabs 

MluI Biolabs 

DpnI Stratagene 
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Figure 9: GeneRuler 100 bp DNA ladder                Figure 10: GeneRuler 1 kb DNA ladder 

                   (Fermentas)                                                                  (Fermentas) 

                       

 

Figure 11: GeneRuler 100 bp plus DNA ladder (Fermentas) 

                      

3.6 Reagents and Solutions 

 

Bacteriological agar (Oxoid)  

Acetic acid (Merck)  

Acetone (J.T Baker)  
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Agarose (Sigma) 

 

Ampicillin (Sigma) 

 

Bactopeptone (Oxoid)  

 

Bovine Albumin fraction V solution (BSA) 7,5% (Gibco)  

 

Boric acid (H3BO3) (Sigma)  

 

Crystal violet (Sigma)  

 

Di- Sodium hydrogen phosphate 2- hydrate (Na2HPO4 x 2H2O) (Merck)  

 

dNTP (Qiagen) 

  

Erythromycin (Sigma)  

 

Ethidium bromide (EtBr) (Sigma)  

 

Ethanol (EtOH) (Arcus)  

 

Ethylenediaminetetraacetic acid (EDTA) (M&B)  

 

Hydrochloric acid (HCl) (Prolab)  

 

Isopropanol (Arcus)  

 

Methanol (Prolab)  

 

Magnesium chloride (MgCl2) (Merck)  

 

Magnesium sulphate (MgSO4) (Merck)  
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Monopotassium phosphate (KH2PO4) (Merck)  

 

Potassium chloride (KCl) (Merck) 

 

Seaplaque agarose (Lonza)  

 

Sodium chloride (NaCl) (JT Baker)  

 

Tetracyclin (Arcus) 

 

Tris base (Sigma)  

 

Tris-HCL solution (Qiagen) 

 

Tryptone (Oxoid) 

 

Urea (Invitrogen) 

 

 Yeast extract (Oxoid) 

 

 

3.7 Kits used in this thesis 

 

E.Z.N.A.® Gel Purification Kit (Omega Bio-Tek)  

 

E.Z.N.A.® Plasmid Miniprep Kit  (Omega Bio-Tek) 
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3.8 Buffers and solutions prepared at the lab 

 

Crystal violet solution (0,3%)  

0.6g crystal violet  

Dissolved in 200ml dH2O over night, using a magnet stirrer, then sterile filtered and stored at 

room temperature. 

 

50x TAE buffer (Tris/Acetate) (for gel electrophoresis)  

242 g Tris base  

57.1 ml acetic acid  

100ml 0.5M EDTA (pH 8.0)  

Dissolved in 1000ml dH2O and stored at room temperature 

 

10x TBE buffer (Tris/Borate) (for gel electrophoresis)  

108g Tris base  

55g boric acid  

9.3g EDTA  

Dissolved in 950ml dH2O. Final volume adjusted to 1L with dH2O in an erlenmeyer bottle. 

Stored at room temperature for further dilution into working concentration (1x) 

 

Aceton/ethanol (1:4) (for biofilm assay)  

250ml acetone  

750ml ethanol  

Mixed and stored at room temperature in sealed container 

 

PBS (for biofilm assay)  

16g NaCl  

0.4g KCl  

0.54g Na2 HPO4 x dH2O  
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3.56g KH2PO4  

Dissolved in 1900ml dH2O, pH adjusted to 7.4 with HCl. Total volume adjusted to 2000ml 

with dH2O. Autoclaved, stored at room temperature in a suitable bottle. 

 

Ampicillin (100mg/ml) 

2g ampicillin 

Dissolved in 20 ml dH2O. The solution was transferred to sterile eppendorf tubes and stored at 

- 20°C  

 

 

Erythromycin (100mg/ml) 

2g erythromycin  

Ethanol (96%) added to 20 ml. The solution was transferred to sterile eppendorf tubes and 

stored at - 20°C  

 

 

dNTP mix (final concentration 2,5 mM each) 

10 ul dATP (25mM) 

10 ul dGTP (25mM)  

10 ul dTTP (25mM) 

10 ul dCTP (25mM) 

60 ul dH2O, mixed and stored at - 20°C 

 

 

Ethidium bromide (5mg/ml) 

Ethidium bromide 0.5 g was transferred into a glass container. dH2O 100 ml was added and 

the container was wrapped in aluminum foil, and the mixture was stirred with magnet stirrer 

for many hours. The solution was stored at 4 °C 
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Orange mix 

10g Ficoll 400 

0.125g Orange G 

2ml EDTA (0.5 M, pH 8.0) 

The components were dissolved in 50 ml dH2O and sterile-filtered. The solution was 

aliquoted in sterile eppendorf tubes and stored at - 20°C    

 

 

SET buffer 

0.438g NaCl 

5ml EDTA (0,5 M, pH 8,0) 

2ml Tris-HCL ( pH 8,5) 

dH2O added to 100 ml, and stored at room temperature 

 

 

Xylose (1 M)  

Xylose 7.5g was dissolved in 50 ml dH2O and the solution was sterile-filtered, aloquoted in 

sterile eppendorf tubes and stored at - 20°C    

 

 

Urea (2 M) 

12 g of urea was dissolved in 100 ml of dH2O to make a 2 M solution. The solution was 

aliquoted in 15 ml sterile tubes and stored at - 20°C    

 

 

 

3.9 Growth media 

 

 Lysogeny Broth medium (LB)  

10g tryptone  

5g yeast extract  

10g NaCl  
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Dissolved in 900ml dH2O, pH adjusted to 7.0 with HCl and total volume adjusted to 1000ml 

with dH2O. The solution was autoclaved and then cooled to room temperature  stored at 4°C.  

 

 

Lysogeny broth agar plates  

10g tryptone  

5g yeast extract  

10g NaCl  

12.5g No. 1 bacterial agar  

Dissolved in 900ml dH2O, pH adjusted to 7.0 with HCl and volume adjusted to 1000ml with 

dH2O and autoclaved. The solution was cooled to approximately 45-50°C then plated on Petri 

plates, and stored at 4°C. 

 

 

Bactopeptone medium 

10g bactopeptone  

5g yeast extract  

10g NaCl  

Dissolved in 900ml dH2O , pH adjusted to 7.0 with HCl and volume adjusted to 1000ml with 

dH20. Autoclaved and stored at 4°C.  

 

 

Super Optimal broth with Catabolite repression (SOC) medium 

20g tryptone  

5g yeast extract  

0.5g NaCl  

0.18g KCl  

0.95g MgCl2  

1.2g MgSO4  

3.6g glucose  

The components were added to 950ml dH2O and mixture was shaken until everything 

dissolved and pH adjusted to 7.0 with NaCl, and volume adjusted to 1000 ml with dH2O. 

Autoclaved, aliquoted and stored at -20°C. 
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3.10 Various equipment/tools used at the lab 

 

 

Eppendorf tubes (2ml) (Treff lab)  

Filtered pipette tips (ART) 

NUNC tubes 15 and 50 ml (Corning) 

8x PCR tubes (0,2ml) with lids (Axygen) 

Flat- bottomed Polystrene  microtiter plates with 96 x 0,2 ml wells (Falcon ) 

Sterile loops (Disposible) 

Sterilin tubes (15ml) (Sterilin)  

0.2 cm electroporation cuvettes (Bio-Rad) 

Cuvette for measuring OD600 (VWR) 

Cuvette for measuring DNA concentration UVette 220-1600nm (Original Eppendorf) 

PCR machine (Applied biosystems GeneAmp PCR system 2700) 

Photobox for taking gel pictures (Gel Doc 1000, Bio-Rad) 

UV- spectrometer (Biophotometer)  
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CHAPTER 4: METHODS 

 
4.1 Growth of bacteria 

 

4.1.1 E. coli  

Different strains of E. coli were plated from frozen stocks stored at - 80°C. The bacteria were 

streaked on LB-agar containing mainly ampicillin from 50-100 µg/ml depending on the 

individual strain. The plates were wrapped with plastic film to avoid drying out, and 

incubated at 37°C over night. The next day one single colony was picked up with a sterile 

loop and inoculated in 5 ml LB medium with appropriate amount of ampicillin and incubated 

at 37°C with rotation at 220 rpm over night.  

 

4.1.2 B. thuringiensis 407 

Strain 407 was plated from frozen stock stored at - 80°C, and streaked on LB- agar plates, 

containing 10 µg/ml of either erythromycin or tetracycline and 80 µg/ml of X-gal if 

appropriate. The plates were wrapped with plastic film and incubated at 30°C over night. A 

single colony was picked up and inoculated in 5 ml LB containing the desired type of 

antibiotic if necessary and incubated at 30°C over night with 220 rpm rotation.  

 

4.2 Transformation 

 

4.2.1 Preparing electrocompotent B. thuringiensis cells 

B. thuringiensis strain 407 has been used for transformation with plasmid in this theisis. The 

bacteria were streaked on LB-agar plates and incubated at 37°C over night. One colony was 

inoculated in 5 ml LB medium and incubated over night at 37°C with rotation at 220 rpm. The 

over night cultures were diluted 1:100 in 50 ml LB medium in a 500 ml Erlenmeyer bottle 

and incubated at 30°C with rotation at 220 rpm until an OD600 of 0.4- 0.6. The cultures were 
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then transferred to 50 ml NUNC tubes and centrifuged at 4500x g at 4°C for 10 minutes. Then 

the tubes were immediately placed on ice and the supernatant was removed as much as 

possible without disturbing the pellet. The pellets were resuspended in 2 ml ice cold dH2O 

and transferred to 2 ml eppendorf tubes. The resuspension was centrifuged at 8000 x g for 1 

minute at 4°C on a table top centrifuge. The supernatant was removed as far as possible 

without disturbing the pellet. The pellet was resuspended once again in 2 ml ice cold dH2O 

and centrifuged as before. The cells were washed, centrifuged and resuspended by the same 

manner at a total of 4 times. The main aim of washing, centrifuging and resuspending was to 

remove much of ions and salts that have their origin from the medium in which the bacteria 

were grown.  

 

4.2.2 Electroporation B. thuringiensis 407 

The cells were kept on ice during the whole washing process. 50 μl of competent B. 

thuringiensis cells were mixed with 5 μl of purified plasmid, then the tube was placed on ice 

for 1 minute. The cell-plasmid mixture was transferred to a cold 0.2 cm electroporation 

cuvette, and electroporated in Gene Pulser II electroporating equipment, using 200Ω, 2.0 kV 

and 25 uF settings. The time constants were noted and 0.5 ml SOC medium pre warmed at 

37°C was added two times. The bacteria were transferred to a new 1.5 ml sterile eppendorf 

tube and the cells were grown at 37°C with rotation 220 rpm for 3 hours. 200 ul of the culture 

was then plated on LB-agar containing appropriate antibiotic(s) and X-gal. The plates were 

wrapped with plastic and incubated at 37°C over night. The plates were checked for single 

blue colonies the next day.  

 

4.2.3 Transforming Top 10 chemically competent E. coli cells  

The cells were taken from -80°C freezer and put on ice. 5μl of plasmid was added and mixed 

gently. The cells were incubated on ice for 30 minutes, then heat shocked at 40°C for 30 

seconds on water bath without shaking. The cells were removed from the water bath and 

placed on ice for 2 minutes. 250 μl of prewarmed SOC medium was added. The cells were 

grown at 37°C with rotation at 225 rpm for 1 hour. 50-100 μl of culture was spread on LB-

agar plates containing 100 μl/ml ampicillin and 80 μl/ml X-gal. The plates were incubated at 

37°C over night.  
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4.3 Isolation and preparation of plasmid DNA 

 

Plasmids that have been used in this thesis were isolated from E. coli by using the E.Z.N.A 

plasmid miniprep kit from Omega Bio-Tek. Protocol that follows with this kit uses the 

alkaline lysis method[129]. The plasmid DNA in the cleared lysate then is bound to a silica 

column while the remaining cellular components are washed away with different buffers. The 

plasmid is then eluted with 10mM Tris-HCl buffer (pH 8.5).  

 

4.3.1 Isolation of plasmids 

A single colony was picked up from a freshly streaked plate and inoculated in 5 ml LB 

medium containing the appropriate antibiotic. The bacteria was incubated at 37°C with 220 

rpm shaking for 17-24 hours. The culture was centrifuged at 4500 rpm for 10 minutes. The 

supernatant was discarded, and the pellet was resuspended in 500 μl Solution I. The 

suspension was transferred to a new eppendorf tube and 250 μl Solution II was added. The 

tube was carefully inverted up and down until a clear lysate was obtained. 350 μl Solution III 

was added, and the tube was immediately mixed until a white flocculate formed. The tube 

was then centrifuged at 10 000 x g for 10 minutes.. Column placed on a collection tube was 

prepared by adding 100 μl Equilibration buffer and centrifuged at 13 000 x g for 1 minute. 

The supernatant was carefully transferred to the column and centrifuged at 13 000 x g for 1 

minute. Flow-through was discarded and 500 μl of Buffer HB was added into the column and 

centrifuged at 13 000 x for 1 minute. Flow-through was discarded. The column was the 

washed two times with DNA wash buffer, flow-through was discarded. The column was dried 

by centrifuging for 2 minutes at 13 000 x g. The plasmid DNA was eluted with 30- 50 μl of 

Tris-HCl buffer. The concentration of DNA was measured by UV-spectrometry. 

 

 

4.3.2 Ethanol precipitation of plasmid DNA 

30 μl of the isolated plasmid DNA was transferred into a new eppendorf tube. 70 μl of ice 

cold ethanol (96%) was added and mixed. The tube was stored at -20°C for 30 mintes. The 
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DNA was precipitated by centrifugation at 16 000 x g for 20 minutes at 4°C. The supernatant 

was removed as far as possible and the pellet was allowed to dry with open lid for 15 minutes 

at room temperature. The pellet was resuspended in 5 μl dH2O and stored on ice. 

 

4.4 Determination of plasmid DNA concentration  

 

Successful cloning requires high amount of DNA concentration, both from the PCR products 

and the plasmid. Two types of techniques were used to determine DNA concentrations in this 

thesis 

 

. 4.4.1 Spectrophotometric method 

DNA concentration was estimated by measuring absorbance at 260nm. The purity of DNA 

was estimated at 280nm and an OD260/280 ratio was calculated to check protein contamination. 

Spectrophotometry was measured with an Eppendorf Bio Photometer.    

 

4.4.2 Agarose gel electrophoresis method 

Concentration of the DNA was determined by comparing the sample band intensity with a 

DNA quantitation standard marker, where the concentration was known. The DNA ladder and 

its user guide from GeneRuler was exclusively used for the quantification of DNA (chapter 

3.5). 

 

4.5 Polymerase chain reaction (PCR) 

 

PCR is an enzymatic reaction in molecular biology which involves amplification of one or a 

few copies of a particular DNA sequence to millions and billions of copies. A PCR reaction 

requires several reagents or components, which are as follows: 
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• DNA template with region or target that is going to be amplified. 

• Two primers that are complementary to the ends of each strand of the target DNA to 

be amplified. 

• DNA polymerase, an enzyme that reads the template DNA and catalyzes. 

polymerization of deoxyribonucleotides from free nucleotides. 

• Deoxynucleoside triphosphates (dNTPs), building blocks from which DNA 

polymerase synthesizes a new DNA strand.  

• Buffer solution that contains ions, providing an optimum environment for the stability 

and activity of the DNA polymerase[130].    

 

 

4.5.1  PCR device 

The device that is used to run a PCR reaction is called a DNA amplifier or a thermal cycler. 

The device has thermal block with holes where tubes holding the PCR reaction mixture are 

inserted. The amplifier raises and lowers the temperature of the block in a stepwise manner.  

 

4.5.2 Procedure of a PCR reaction  

A PCR reaction consists of a few steps of repeated temperature changes. These are as follows:   

• The DNA is first heated up to 94- 96°C for 20-30 seconds which causes denaturation 

of the DNA strands, which involves breaking of hydrogen bonds between the two 

DNA strands and separating them from each other. 

• The reaction temperature is then brought down to 50-65 °C allowing the primers to 

anneal to each of the strands. The DNA polymerase binds to the primer-template 

complex and begins to form new DNA strands/molecules.  

• The temperature is raised again depending on the DNA polymerase to its optimum 

which is usually 72 °C. DNA polymerase begins to synthesize a new DNA strand, 

complementary to the DNA template by adding dNTPs. The extension time depends 

both on the size of the DNA fragment that is going to be synthesized and the activity 

of the DNA polymerase. 
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• Final elongation is performed for 5-15 minutes at 72 °C to make sure that any 

remaining strands are fully extended. This step is performed after the final cycle[130].           

  

4.5.3 Setup of a PCR reaction 

When amplifying genes that were going to be used in cloning, 50ng of chromosomal DNA 

from B. thuringiensis 407 was used as template. Plasmid localized genes were usually isolated 

from the bacteria by performing plasmid minipreps, then diluting the DNA 1:100 in dH2O and 

using it as template in PCR reactions. Usually, after transforming B. thuringiensis with a 

plasmid, a screening PCR was performed. In such a case genomeprep of one or a few single 

colonies were prepared, then diluted 1:100 with dH2O and used as template in PCR in 

screening.        

For each PCR reaction the following components were used 

1μl of template (about 50 ng DNA) 

2μl of forward primer (about 0.5µM) 

2μl of reverse primer (about 0.5µM) 

4μl of dNTP mix (about 2.5 μM each) 

0.5- 1μl of DNA polymerase (20,000 units/ml)  

5- 10 μl of reaction buffer (to 1x working concentration) 

Volume adjusted to 50 μl with dH2O 

The following cycling conditions were used when performing PCR with DyNAzyme II DNA 

polymerase for screening purposes. 

94 °C: 5 minutes 

30 cycles of:  94 °C: 30 seconds, 52 °C: 30 seconds, 72 °C: 1- 3 minutes (depending on the 

length of DNA fragment).   

72 °C 7 minutes   

 4 °C → 
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The following cycling conditions were used when PCR was performed with Phusion DNA 

polymerase for cloning purposes.  

98 °C: 30 seconds 

35 cycles of:  98 °C: 10 seconds, 50 °C: 30 seconds, 72 °C: 1-5 minutes (depending on the 

length of the DNA fragment).  

72 °C 5 minutes   

 4 °C → 

 

4.6 Agarose gel electrophoresis 

 

Agarose gel electrophoresis is a method for separating and analyzing DNA, RNA and protein 

molecules by applying the samples on wells in an agarose gel. The gel is placed in a device 

which is filled with a buffer that maintains the pH at relatively constant value. The gel 

electrophoresis buffers used were TAE and TBE (chapter 3.8). The device where the gel is 

placed has an electric field containing a negative pole and a positive pole. When DNA is 

applied on the gel, it is exposed to this electric field. The negatively charged phosphate in the 

DNA molecule will cause migration of DNA molecules towards the positive pole. Larger 

DNA molecules will move slower through the gel than the smaller DNA molecules because 

of greater friction. Ethidium bromide binds to the nucleic acids and is used to detect the DNA 

bands when the gel is exposed to ultraviolet light. A gel loading-buffer that provides density 

and coloration is added to the samples before applying them on the gel. Orange mix was used 

as loading buffer during gel electrophoresis experiments in this work (chapter 3.8).       

Agarose gels used in this work were between 0.7- 1.0 %. When making gels appropriate 

amount of agarose powder was determined by weighing. The powder was then dispersed to an 

elenmeyer flask containing right volume of either TAE or TBE buffer. The suspension was 

heated in a micro wave oven until the agaorse grains were completely dissolved. Ethidum 

bromide was added to final concentration of 10 μg/ml. The warmed gel was then poured on a 

mould containing a comb. When the gel had stiffened, it was transferred to the gel 

electrophoresis device, filled with buffer and samples were applied. A molecular weight 
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marker was used to estimate the size and concentration of the DNA fragments (chapter 3.5). 

The reactions were run on 50-100 Volts for an appropriate time, depending on the size of the 

DNA fragments and agarose concentration. The gel was then exposed to UV-light and 

photographed for analyzing purposes.     

 

 4.7 Digestion of DNA plasmids by restriction enzymes 

Restriction enzymes were used to digest the isolated plasmids in order to confirm their 

identity. The method was also performed for practical purposes of cloning. The restriction 

enzymes used in this thesis are SalI, MluI, EcoRI, NcoI, KpnI, HindIII and DpnI 

 

4.7.1 General setup of a restriction digest reaction 

1- 10 μl of DNA (about 100ng), depending on the amount of DNA that is going to be used in 

further experiments, such as PCR reaction and cloning. 

1 μl of restriction enzyme (20,000 units/ml) 

1 μl of reaction buffer  

0.5 μl of BSA  

Volume adjusted to 10- 30 μl with dH2O 

The reaction was mixed and incubated at 37°C on a heat block for 1-2 hours. A small volume 

of digested DNA (3-5 μl) was always compared with a small amount of undigested DNA by 

using gel electrophoresis to confirm that the enzymatic reaction was successful.  

 

4.8 Prep of genomic DNA 

 

Reagents: 

SET buffer: 

75mM NaCl (0.438g, or 1.5ml 5M) 
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25mM EDTA, pH 8.0 (5ml 0.5M) 

20mM Tris-HCl pH 7.5 (2ml 1M) 

(dH2O to 100ml) 

100mg/ml lysozyme  

20µg/ml proteinase K  

20% SDS 

5M NaCl 

chloroform:isoamyl alcohol (24:1) 

Isopropanol 

70% ethanol 

10mM Tris-HCl pH 7.5  

1mg/ml RNase   

 

• 2ml of an overnight was culture centrifuged (or scraped one colony off an agar plate). 

• The pellet/colony was resuspended in 0.5ml SET buffer and 5µl lysozyme added 

(100mg/ml). Incubated at 37°C for 30 minutes. 

• 25µl 20% SDS and 6.3µl Proteinase K (20mg/ml) was added. Mixed and incubated at 

55°C for 30 minutes with occasional inversion.  

• 200µl NaCl (5M) and 700µl chloroform:isoamyl alcohol (24:1) was added and 

vortexed thoroughly (>15 sec). 

• Centrifuged at maximum speed in eppendorf centrifuge for 10 minutes. Removed 

tubes from the centrifuge carefully without disrupting the two phases. The cloroform 

phase is at the bottom, precipitated protein is a white layer in the middle, and the 

aqueous phase at the top contains the genomic DNA. 

• Carefully transfered the aqueous phase to a fresh eppendorf tube without disturbing 

the protein layer or the clorophorm phase.  

• Precipitated the DNA with an equal volume of isopropanol. Gently inverted the tubes 

and immediately centrifuge for 10 minutes at max speed in a tabletop centrifuge to 

precipitate the DNA.  

• Removed the isoproanol, while leaving the pellet at the bootom of the tube 
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• Washed the precipitates with 1ml room temperature 70% ethanol. Centrifuged for 5 

minutes at max speed in a tabletop centrifuge.  

• Allowed the pellet to dry for ~15 minutes at room temperature. 

• Dissolved the DNA in 50 µl 10mM Tris-HCl pH 8.5. This was then to be diluted 1:10 

for use in PCR.  

 

 

4.9 Preparation of knockout constructs using pMAD304-I-SceI   

 

The vector pMAD-I-SceI was used to clone DNA fragments located upstream and 

downstream of genes to be deleted. Then, the vector was linearized by the following method: 

10µl of pMAD-I-SceI miniprep (about 100 ng DNA) 

1µl of SalI, EcoRI and NcoI (20,000 units/ml) 

1 µl of BSA  

12 µl of dH2O 

The sample was then incubated at 37°C for 2 hours. Then the whole sample was purified with 

a PCR clean up kit (E.Z.N.A). The DNA concentration was measured and diluted to 10ng/ µl.  

The linearized vector was then used as template to run a PCR reaction. The following 

reagents and conditions were used.  

88µl dH2O (to 150µl)    

30µl 5× Phusion HF Buffer 

12µl dNTP mix (2.5µM each) 

7.5µl 10µM forward primer pMAD-fwd (about 0.5µM) 

7.5µl 10µM reverse primer pMAD-rev2 (about 0.5µM) 

3µl template DNA (digested and purified pMAD-I-SceI plasmid at 10ng/µl) 

1.5µl Phusion DNA Polymerase 
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The reaction was divided between three PCR tubes and a PCR was run using the following 

PCR program:  Initial denaturation at 98°C for 30 sec. Then 35 cycles of 10 sec at 98°C, 30 

sec at 50°C, and 2 min 30 sec at 72°C. Then final elongation for 5 min at 72°C. 

The volume of the three PCR tubes were combined, 3µl of the combined mixture was run on 

an agarose gel to confirm that the PCR looks okay. The size of the main band was ~9505bp. 

 The remaining volume of the three combined PCR reactions was purified using a PCR 

cleanup kit. 

The following DpnI digest reaction was prepared and incubated  at 37°C for 2 hours: 

45 µl (the entire volume) purified pMAD-I-SceI  PCR product 

2 µl DpnI 

6 µl 10×NEBuffer 4 

6 µl dH2O (to 60µl) 

The entire volume was applied on two wells of an agarose gel.  ~9505bp band was excised 

using a clean scalpel and the DNA was extracted from the gel using a gel extraction kit. 

The DNA was eluted twice in the same volume of 30µl elution buffer (to obtain a high DNA 

concentration). The DNA concentration was measured.  

 

 

4.9.1 Preparing AB and CD2 inserts  

In the next step, the two gene fragments that are located upstream and downstream of 

Bt15880 and Bt51010 were amplified. The name of the primers, products that were going to 

be obtained and their expected size are shown in Table 6. The actual location of AB fragment 

inside the bacterial chromosome is upstream of both target genes, while CD2 gene fragements 

are located downstream of the target genes. The gDNA of Bt 407 was used as template in the 

PCR reactions.  
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Table 6: Primers that were used to amplify upstream and downstream genes, 

gDNA from Bt 407 was used as template 

Reaction Forward primer Reverse primer Expected size 
1 Bt15880-AB Bt15880-A Bt15880-B 969 bp 
2 Bt15880-CD2 Bt15880-C Bt15880-D2 976 bp 
3 Bt51010-AB Bt51010-A Bt51010-B 1000 bp 
4 Bt51010-CD2 Bt51010-C Bt51010-D2 1023 bp 

 

 

4.9.2 Overlap extension PCR 

Primer C and D2 of each gene has overlapping ends. In the next step fragment AB and CD2 

were used as templates to perform an overlap extension PCR. The details are shown in Table 

7. 

Table 7: Details of overlap extension PCR 

Reaction Template Forward 
primer 

Reverse 
primer 

Expected 
size 

Bt15880-
AD2 

50ng reaction 1 + 50ng 
reaction 2 Bt15880-A Bt15880-D2 1874 bp 

Bt51010-
AD2 

50ng reaction 3 + 50ng 
reaction 4 Bt51010-A Bt51010-D2 1865 bp 

 

 

 

4.9.3 SLIC cloning of the ABCD2 fragments into pMAD-I-SceI and transformation into 

E. coli    

The products obtained from overlap extension PCR were cloned into pMAD-I-SceI vector by 

SLIC method, where both inserts and the vector were treated with T4 DNA polymerase to 

generate single stranded DNA ends. SLIC cloning takes place by homologous DNA 

recombination[131]. The entire SLIC procedure and transformation into E.coli was performed 

on the same day. 

The following reaction was assembled on ice for the three purified PCR samples: the pMAD-

I-SceI vector, Bt15880-AD2 and Bt51010-AD2: 
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4µl 10xNEB Buffer 2 

2µl 100mM DTT (can use the samples that come with a reverse transcriptase kit) 

4µl 2M urea 

4µl 10×BSA  

25µl of either vector, Bt15880AD2, or Bt15010AD2 each at 40ng/µl 

1µl T4 DNA Polymerase (3U/µl) (NEB M0203S) 

• The tubes were Incubated at 23°C for 20 min in a PCR machine, then placed on ice 

immediately to halt the reaction. 2µl 500 mM EDTA was added, mixed and 

briefly/gently spun down.  

• Incubated at 75°C for 20 min in a PCR machine to stop the reaction, and place 

samples on ice. 

• The following three reactions were prepared  in PCR tubes using the T4 DNA 

polymerase-treated samples: 

              5µl pMAD-I-SceI vector + 5µl Bt15880AD2 insert 

5µl pMAD-I-SceI vector + 5µl Bt15010AD2 insert 

             5µl pMAD-I-SceI vector + 5µl dH2O (control reaction) 

• Mixed and cycled on the PCR machine as follows: 10 min at 65°C, then 1 min at each 

degree from 64°C to 25°C (40 cycles). Then samples placed on ice. 

 

Chemically competent E. coli cells were first transformed with the vector. Bacteria were 

plated out on LB-agar containing 100μg/ml Ampicillin and 80 μg/ml X-gal. Insertion of 

marker genes (i.e. lacZ and Amp) between the flanking gene fragments were used to identify 

positive clones. Then the plasmid was isolated from some blue colonies containing each type 

of genes and screened with PCR for the presence of the vector using the primers that are 

shown in Table 8 (page 66). 

 

4.9.4 Transformation of pMAD-I-SceI containing cloned genes into B. thuringiensis 407  

Transformation of the plasmid into B. thuringiensis 407 was done by electropor ation. Then 

the bacteria were plated on LB-agar containing 5μg/ml erythromycin and 80 μg/ml X-gal, and 

incubated at 30°C over night. After 2 days, blue/white colonies with Bt15880 knock out genes 

appeared. While constructs that were transformed with Bt51010 gene had white color.  
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On the day 4, few blue colonies of Bt15880, and white colonies of Bt51010 were picked up 

and streaked again on LB-agar plates containing 5μg/ml erythromycin and 80μg/ml X-gal, 

and incubated at 30°C over nigh. On day 5 some blue colonies containing Bt15880 appeared 

while there was no growth on plates where constructs with Bt51010 were streaked. Few blue 

colonies were picked up one by one and resuspended on 50μl of LB medium containing 

5μg/ml erythromycin in separate eppendorf tubes. 20 μl of which was inoculated in 5 ml LB 

medium containg 5μg/ml erythromycin and incubated at room temperature over night with 

225rpm rotation. The rest of the resuspended medium was used to make a genomprep and run 

a PCR reaction using DyNAzyme DNA polymerase and the following primers. 

Table 8: Primers used to screen positive clones of E. coli and Bt 407 
Reaction Forward primer Reverse primer Expected size 

1 pMAD-F Primer CD-R ca 1500-1700 bp 
2 Primer AB-F pMAD-R2 ca 1500-1700 bp 

 

 

4.9.5 Obtaining single crossover 

On day 6 the positive colonies that were grown at room temperature the previous day, were 

inoculated (10 μl) in LB-medium containing 5μg/ml erythromycin and grown at 37°C with 

rotation at 225 rpm for 7 hours. Then serial dilutions were prepared, and tubes with 

concentrations of 10-4, 10-5, 10-6 and 10-7 were plated on LB-agar containing 5μg/ml 

erythromycin and 80 μg/ml X-gal and incubated over night at 37°C. From this day and 

onwards the incubation will be carried out at 37°C. pMAD plasmid does not replicate at 37°C, 

and under these conditions the integration of the plasmid into the chromosome took place by a 

single crossover.  

On day 7, eight blue colonies were picked up, a genomprep was prepared to confirm single 

crossover. A PCR reaction was run with Phusion DNA polymerase, using the primers that are 

given in Table 9. 
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Table 9: Primers used to screen single crossover clones.  

Reaction Forward 
Primer 

Reverse 
Primer 

Expected size  
wt In free 

plasmid 
in AB 

crossover 
in CD 

crossover 

1 OUT-
FWD CD-R ~2700 

bp Negative ~1600 bp ~2700 bp 

02 AB-F OUT-
REV 

~2700 
bp Negative ~2700 bp ~1600 bp 

  

 

4.9.6 Obtaining double crossover 

On day 8, positive clonies were inoculated in LB medium containing 5μg/ml erythromycin 

and grown at 37°C with rotation at 225 rpm over night. The next morning, the helper plasmid 

called pBKJ223 was introduced into single crossover constructs of Bt15880 by 

electroporation. This plasmid contains a tetracycline resistance gene and a gene for I-SceI 

enzyme that is controlled by an amylase promoter[127]. After transformation with pBKJ223, 

constructs were streaked on agar-plates containing 10 μg/ml tetracycline and 80 μg/ml X-gal 

and incubated at 37°C over night.  

On day 9 two blue colonies from each plate was picked up and streaked on separate plates 

that either contained 5μg/ml erythromycin and 80 μg/ml X-gal or 10 μg/ml tetracycline and 

80 μg/ml X-gal. On day 10, eight blue colonies were picked up from different plates 

containing 10 μg/ml tetracycline and 80 μg/ml X-gal, and a serial dilution was prepared. 

Tubes with concentrations of 10-3, 10-5, and 10-6 were plated on LB-agar containing 10μg/ml 

tetracylcin and 80 μg/ml X-gal and incubated over night at 37°C. On day 11 few blue colonies 

were picked up and streaked again on separate agar-plates containing either 5μg/ml 

erythromycin and 80 μg/ml X-gal or 10 μg/ml tetracycline and 80 μg/ml X-gal. This step was 

repeated for few consecutive days until the colonies became erythromycin sensitive and 

appeared white.   

Since pMAD-I-Scel plasmid contains an I-Sce-I site, the I-Sce-I restriction enzyme that is 

directed by the newly introduced plasmid, pBKJ223, cleaves this site of the integrated 

plasmid. The process of restreaking colonies on both tet/X-gal and ery/x-gal plates and 

incubating them over night continued until the bacteria became white and erythromycin 

sensitive, thus obtaining mutants that lack Bt15880.  
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 4.9.7 Sequence and ligase independent cloning (SLIC) into pMAD-I-SceI 

The method by which gene fragments were cloned into the pMAD-I-SceI vector is called 

SLIC. SLIC is a ligation independent cloning technique, which does not require restriction 

enzyme or ligase. However it is dependent on homologous recombination[131].  Desired 

DNA sequence fragments that were going to be inserted into the vector were amplified by 

PCR(chapter 4.8). The pMAD vector containing an I-SceI site was linearized by restriction 

digest and amplified by PCR. Then T4 DNA polymerase was used in the absence of dNTPs, 

to create single stranded overhangs separately in inserts and vector. The following reagents 

were used: 

4µl NEB buffer 2 

2µl 100mM DTT 

4µl 2M urea 

4µl 10×BSA  

25µl either pMAD-I-Sce vector or AD2 fragment insert, at 40ng/µl and one dH2O(negative 

control)    

1µl T4 DNA Polymerase (3U/µl) (NEB M0203S) 

After Treatment with T4 DNA polymerase the tubes were incubated at 23°C for 20 minutes. 

EDTA was added to stop the reaction. Then each of the two inserts was mixed in separate 

tubes with the vector at a ratio of 1:1. A negative control was also added where dH2O was 

mixed with the vector as above. An annealing reaction was carried out using a PCR machine 

with the following conditions: 10 minutes at 65 °C, then 1 minute at each degree from 64 °C 

to 25°C.   

 

 

4.9.8 Primer design 

 All the primers that are used in this thesis are designed by Annette Fagerlund. Since the SLIC 

technique is dependent on homologous recombination the primer A of both genes were 

designed in such a way that their 5`tail was complementary to the reverse complement of 

primer pMAD_fwd. While primer D2 of the genes had a complementary 5`tail to the reverse 
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complement of the primer pMAD_rev. Furthermore primer B and C had overlapping ends in 

order to perform overlap extension PCR.    

 

4.10 Making overexpression constructs of Bt15880 and Bt51010 

 

The genes that were knocked out from the chromosome of Bt 407 (chapter 4.8) were 

amplified, then purified from an agarose gel and cloned into pHT305-pXyl plasmid in order 

to study the overexpression of Bt15880 and Bt51010 proteins and their influence on biofilm 

formation.     

 

4.10.1 Amplifying Bt15880 and Bt51010 with PCR 

Both gene fragments that were going to be cloned into pHT304-pXyl vector and later going to 

be overexpressed in B. cereus strain 407 were prepared by PCR. Details are shown in Table 

10. Chromosomal DNA of Bt 407 was used as template. 

Table 10: Primer names and expected sizes of overexpression inserts 

 Reaction Forward primer Reverse Primer Expected size 

1 Bt15880-1 Bt15880-pXyl-F1 Bt15880-pXyl-R 2359 bp 

2 Bt51010 Bt51010-PXyl-F Bt51010-pXyl-R 833 bp 

 

For each reaction, the following reaction mixture was prepared: 

118µl dH2O (to 200µl) 

16µl dNTP mix (2.5µM each) 

4µl gDNA of Bt407 diluted to 200ng/µl 

40µl 5× Phusion HF Buffer 

10µl 10µM forward primer (about 0.5µM) 

10µl 10µM reverse primer (about 0.5µM) 
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2µl Phusion DNA Polymerase 

• Each reaction was divided into four PCR tubes  

• PCR reaction 1 was run with the following PCR program:  Initial denaturation at 98°C 

for 30 sec. Then 30 cycles of 10 sec at 98°C, 30 sec at 55°C, and 1 min 15 sec at 72°C. 

Then final elongation for 2 min at 72°C. 

• PCR reaction 3 was run with the following PCR program:  Initial denaturation at 98°C 

for 30 sec. Then 30 cycles of 10 sec at 98°C, 25 sec at 55°C, and 25 sec at 72°C. Then 

final elongation for 2 min at 72°C. 

• The volume of the four PCR tubes for each of the reaction was combined. The entire 

volume of the reaction was applied into two wells of an agarose gel.  

•  The correct bands were excised using a clean scalpel and extract the DNA from the 

gel using a gel extraction kit. The DNA concentration of the each reaction was 

measured 

 

 

 

4.10.2 Preparation of pHT304-pXyl vector 

pHT304-pXyl vector was isolated from E. coli by miniprep. The vector was linearized by 

restriction digestion using the following reagents: 

1µl of KpnI SacI and EcoRI 

3µl of buffer 4 (NEB) 

1 µl of BSA  

13 µl of dH2O 

The sample was then incubated at 37°C for 2 hours. Then the whole sample was purified with 

a PCR clean up kit (E.Z.N.A). The DNA concentration was measured and diluted to 10ng/ µl.  

The following PCR reaction was prepared: 

88µl dH2O (to 150µl) 

30µl 5× Phusion HF Buffer 

12µl dNTP mix (2.5µM each) 
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7.5µl 10µM forward primer pXyl-fwd (about 0.5µM) 

7.5µl 10µM reverse primer pXyl-rev (about 0.5µM) 

3µl template DNA (digested and purified pHT304-pXyl plasmid at 10ng/µl) 

1.5µl Phusion DNA Polymerase (ThermoScientific F-530) 

 

• The reaction was divided between three PCR tubes and a PCR was run using the 

following PCR program:  Initial denaturation at 98°C for 30 sec. Then 30 cycles of 10 

sec at 98°C, 30 sec at 50°C, and 2 min 30 sec at 72°C. Then final elongation for 5 min 

at 72°C. 

• The volume of the three PCR tubes were combined,  5µl of the combined mixture was 

run on an agarose gel to confirm that the PCR looks okay. The size of the main band 

was ~7900bp. 

•  The remaining volume of the three combined PCR reactions was purified using a 

PCR cleanup kit. 

• The following DpnI digest reaction was prepared and incubated  at 37°C for 2 hours: 

45 µl (the entire volume) purified pHT304-pXyl PCR product 

             2 µl DpnI (New England Biolabs) 

             6 µl 10×NEBuffer 4 

6µl dH2O (to 60µl) 

• The entire volume was applied on two wells of an agarose gel.  ~7900bp band was 

excised using a clean scalpel and the DNA was extracted from the gel using a gel 

extraction kit. 

• The DNA was eluted twice in the same volume of 30µl elution buffer (to obtain a high 

DNA concentration). The DNA concentration was measured.  

 

 

4.10.3 SLIC cloning 

Bt15880 and Bt51010 were cloned into pHT304-pXyl by SLIC method, where both insert and 

vector was treated with T4 DNA polymerase and cloning took place by homologous DNA 

recombination[131]. The entire SLIC procedure and transformation into E.coli was performed 

on the same day. 
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The following reaction was assembled on ice for the three purified PCR samples: the 

pHT304-pXyl vector, Bt15880 and Bt51010: 

 

4µl 10xNEB Buffer 2 

2µl 100mM DTT (can use the samples that come with a reverse transcriptase kit) 

4µl 2M urea 

4µl 10×BSA  

25µl of either vector, Bt15880, or Bt15010 each at 40ng/µl 

1µl T4 DNA Polymerase (3U/µl) (NEB M0203S) 

• The tubes were Incubated at 23°C for 20 min in a PCR machine, then placed on ice 

immediately to halt the reaction. 2µl 500 mM EDTA was added, mixed and 

briefly/gently spun down. 

• Incubated at 75°C for 20 min in a PCR machine to stop the reaction, and place 

samples on ice. 

• The following three reactions were prepared  in PCR tubes using the T4 DNA 

polymerase-treated samples: 

            5µl pHT304-pXyl vector + 5µl Bt15880 insert 

5µl pHT304-pXyl vector + 5µl Bt15010 insert 

            5µl pHT304-pXyl vector + 5µl dH2O (control reaction) 

• Mixed and cycled on the PCR machine as follows: 10 min at 65°C, then 1 min at each 

degree from 64°C to 25°C (40 cycles). Then samples placed on ice. 

The plasmid was cloned into chemically competent E. coli cells (Invitrogen) by Annette 

fagerlund. Then the bacteria was plated in LB-agar plates containing 100µg/ml ampicillin, 

400 µg/ml erythromycin and 80µg/ml X-gal and incubated at 37°C over night. 

 

 4.10.4 Screening for correct transformants and transformation of plasmid into Bt 407. 

Some single colony was picked up from both Bt15880 and Bt51010 constructs. The clones 

were resuspended on LB medium and 100µg/ml ampicillin and 400 µg/ml erythromycin, and 

grown over night at 37°C with 225 rpm shaking. The plasmid was isolated by miniprep. Then 
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the plasmids were first digested with EcoRI and later screened by PCR for the presence of 

genes. The details of the PCR reactions is shown in Table 11 and 12. 

Table 11: Primers for the pHT304-pXyl-Bt15880 (pilZ) clones 

Reaction Forward primer Reverse primer 
Expected size if  

primer Bt15880- 
pXyl-F1 was used 

Expected size if  
primer Bt15880- 
pXyl-F2 was used 

1 pHT304pXyl_F2 Bt15880-R2 1352 bp 1373 bp 
2 pilZ-F pBKJ236_MCS_1 496 bp 496 bp 

  

                             Table 12: Primers for the pHT304-pXyl-Bt51010 (cdg612) clones 

Reaction Forward primer Reverse primer Expected size 
3 pHT304pXyl_F2 612-R 1012 bp 
4 612-F pBKJ236_MCS_1 201 bp 
 

 

1µl of plamid prep (diluted to 10ng/ul) 

1.25µl 10µM forward primer (final concn 0.5µM) 

1.25µl 10µM reverse primer (final concn 0.5µM) 

2µl dNTP mix (2.5µM each) 

2.5µl 10× Reaction Buffer 

18µl dH2O (to 100µl) 

0.5µl DyNAzyme DNA Polymerase 

PCR reactions were run using the following PCR program:  Initial denaturation at 94°C for 2 

min. Then 30 cycles of 60 seconds at 98°C, 30 seconds at 55°C, and 55seconds at 72°C. Then 

final elongation for 5 minutes at 72°C. 

The plasmids were then sent for sequencing using the following primers: 

For pHT304-pXyl-Bt15880: pHT304pXyl_F2, pBKJ236_MCS_1, Bt15880-F2, Bt15880-R2, 
pilZ-F and pilZ-R). 

 

For pHT304-pXyl-Bt51010: pHT304pXyl_F2 and pBKJ236_MCS_1. 
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4.10.5 Transformation of Bt 407 with pHT304-pXyl vectors containing Bt15880, and 

Bt51010  

30 µl of plasmid DNA was precipitated with ethanol, and resuspended in 5µl dH2O and 

transformed into B. cereus strain 407 by electroporation. Clones were plated on LB-agar with 

10 µg/ml erythromycin and X-gal, and incubated at 37 °C over night. Single colonies were 

picked up the next morning and streaked again on fresh plates with same amount of 

antibiotics Glycerol stocks were prepared and clones were screened by PCR for the presence 

of plasmid with the same primers mentioned in Table 11 and 12 (page 73) and using the same 

PCR conditions as mentioned above.  

 

 

4.11 Biofilm screening assay 

 

Biofilm formation in B. thuringiensis 407 was studied in 96 well, flat-bottomed BD falcon 

polystyren microtiter plates. Various strains of B. cereus have been shown to form biofilms on 

such material[132].  Overexpression constructs of B. thuringiensis containing cloned genes in 

pHT304-pXyl vector were streaked on LB-agar containing 10µg/ml erythromycin and 80µl of 

X-gal, and incubated over night at 30°C. An additional B. thuringiensis 407 strain containing 

empty pHT304-pXyl was also streaked on LB-agar containing 10µg/ml erythromycin for 

comparison of biofilm formation with gene overexpression clones. The next day, a single 

colony was picked up from each of the three plates and inoculated in 5 ml LB medium 

containing 10µg/ml erythromycin and incubated at 30°C over night with rotation at 225 rpm. 

On the third day, precultures were prepared with 50 µl from each of the overnight culture and 

inoculated in 5 ml LB medium containing 10µg/ml erythromycin and 1mM of xylose, and 

incubated at 30°C for 3 hours with rotation at 225 rpm. Then each preculture was diluted 

1:200 in fresh Bactopeptone containing 10µg/ml erythromycin and 1 mM of xylose. 125µl of 

the diluted culture was added in each of 6 wells of a flat bottomed microtitre polystyren plate, 

each well containing one technical replicates from the same culture. The last two columns of 

each row were filled with 125 µl bactopeptone as blanks. Three rows were filled each with 

one independent clone expressing the same gene, making each row a biological replicate. 

The plates were closed and transferred to a chamber. A few pieces of filter-paper were 

moistened with water and put inside the chamber. The chamber was tightened with plastic 
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film and put inside a 30 °C incubator. After growth, the plates were checked for biofilm 

formation after 24 and 48 hours. Each well was first washed with 130μl PBS, then, they were 

stained with 130 μl 0.3% crystal violet. The wells were then washed with 180μl PBS a total of 

three times. In order to solubilize the bound stained cells, 150μl  acetone: ethanol (1:4) 

solution was added to each well. The absorbance was measured at 492 nm with an HTS 7000 

Bio Assay Reader 
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Chapter 5: Results 

 

5.1 Bioinformatic analysis of Bt15880 (PilZ) and Bt51010 (cdg112) 

 

The Bt15880 and Bt51010 are two genes that have been identified in the genome of Bacillus 

thuringiensis 407 (Dr. Annette Fagerlund, unpublished) as putative c-di-GMP binding genes, 

potentially involved in the formation of biofilm in B. thuringiensis 407. The corresponding 

protein sequences of Bt15880 and Bt51010 were analyzed by conserved domain database 

(CDD) and InterPro-Scan. These analysis were performed to investigate their detailed domain 

organization, and prevalence of the two proteins in different members of the Bacillus cereus 

group.   

 

 

5.1.1 Analysis of Bt15880 through BLAST and InterPro-Scan  

A combined BLAST and CDD search of Bt15880 against the B. cereus group on the NCBI 

website gave an overview of the conserved domains found in Bt15880.  

 

 

 

Figure 12: Overview of conserved domains identified in Bt15880 by blast and CDD search. 

The figure shows a CESA_CelA_like domain in dark red which is predicted to be involved in 

elongation of the glucan chain in cellulose or another polysaccharide. The overlapping 

glycosyltransferase domains shown in pink and brown are both predicted to synthesize 

polysaccharides. The two PilZ domains in the C-terminus predicted to bind c-di-GMP. 
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The analysis of Bt15880 confirms the presence of the two PilZ domains in the C-terminus of 

this protein. The two PilZ domains are predicted to bind c-di-GMP. Furthermore, Bt15880 

contains additional domains in the N-terminus that are potentially involved in the biosynthesis 

of polysachaarides.   

The amino acid sequence of Bt15880 was analyzed by InterPro-Scan to identify the domains 

of this protein: (iprscan-I20130429-120555-0802-79717389-es). The query gave a domain 

overview of Bt15880, which is shown in figure 13. The two PilZ domains of the protein were 

also identified by this software which are shown in blue color. In addition to the 

glycosyltransferase protein domains, a cellulose synthase domain was also identified. 

Moreover the analysis showed that this protein also contains transmembrane domains and a 

signal-peptide.     

 

Figure 13: Domain organization Bt15880 obtained from Interpro-scan. The two PilZ domains 

predicted to bind c-di-GMP are shown in blue color. 

    

 

5.1.2 Prevalence of Bt15880 in other strains of the B. cereus group 

The BLAST search also gave several hits for various proteins present in B. cereus group that 

have highly homologous amino acid sequence to Bt15880. This indicates that Bt51880 is a 

highly conserved gene among several members of the B. cereus group. In Table 13 strains in 

the B. cereus group that have highly close amino acid sequences to that of Bt15880 have been 

listed.  

http://www.ebi.ac.uk/Tools/services/web/toolresult.ebi?jobId=iprscan-I20130429-120555-0802-79717389-es&tool=iprscan&analysis=summary
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Table 13: List of strains for the B. cereus group that harbor a putative orthlog to Bt15880.  

Strain Identity Positives Description 

B. thuringiensis ATCC 10792 741/741 

(100%) 

741/741 (100%) Cellulose synthase catalytic 
subunit 

B. thuringiensis HD-771 723/741 (98%) 737/741 (99%) Glycosyltransferase 

B. thuringiensis IBL 200 725/741 (98%) 734/741 (99%) Cellulose synthase catalytic 
subunit 

B. cereus G9842 722/741 (97%) 737/741 (99%) Glycosyltransferase 

B. thuringiensis ATCC 35646 721/741 (97%) 736/741 (99%) Cellulose synthase catalytic 
subunit 

B. cereus VD014 726/741 (98%) 733/741 (98%) Hypothetical protein IIA_01486 

B. cereus VD156 726/741 (98%) 734/741 (99%) Hypothetical protein IK7_03977 

B. cereus BAG5X2-1 695/741 (94%) 721/741(97%) Hypothetical protein IEI_03489 

B. thuringiensis BGSC 4BD1 661/675(98%) 669/675(99%) Cellulose synthase catalytic 
subunit 

B. cereus AH1271 584/621(94%) 609/621(98%)  Cellulose synthase catalytic 
subunit 

B. thuringiensis T04001 572/591(97%) 586/591(99%) Cellulose synthase catalytic 
subunit 

 

 

5.1.3 Analysis of Bt51010 through BLAST and InterPro-Scan 

A BLAST search was also performed for domain analysis and prevalence of Bt51010 in the B. 

cereus group. The search did not give overview of any domains in this gene, but it indicated 

that degenerate GGDEF protein is conserved in many strains of the B. cereus group. However, 

the query in InterPro-Scan: (iprscan-I20130430-090651-0169-2345969-es) identified five 

different domains in this protein, which are shown in figure 14. The domain shown in dark 

purple has no description, the domain in light purple color is a signal-peptide, while the three 

domains shown in green are transmembrane regions of this protein.       
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Figure 14: Domain overview of Bt51010 obtained from interPro-Scan 

 

 

5.1.4 Prevalence of Bt51010 in other strains of the B. cereus group 

 The BLAST search of this protein gave several hits for genes that are present in the   

chromosomes of the B. cereus group members that have close amino acid sequence. The 

BLAST search indicated that Bt51010 is a highly conserved protein among the members of 

the B. cereus group. In Table 14 strains in the B. cereus group that have highly close amino 

acid sequence to that of Bt51010 have been listed. 

Table 14: List of strains in the B. cereus group that harbor putative ortholog to Bt51010.  

Strain Identity Positives Description 

B. thuringiensis serovar 

chinensis CT-43 

241/241 

(100%) 

241/241 

(100%) 

Diguanylate 
cyclase/phosphodiesterase 

B. thuringiensis serovar 

thuringiensis str. T01001 

241/241 

(100%) 

241/241 

(100%) 

Diguanylate 
cyclase/phosphodiesterase 

B. cereus BAG1X1-2 240/241 (99%) 240/241 (99%) Hypothetical protein ICE_04467 

B. cereus VD169 236/241(98%) 236/241 (98%) Hypothetical protein IKA_04862 

B. cereus VD166 236/241 (98%) 236/241 (98%) Hypothetical protein IK9_04334 

B. cereus VD156 234/241 (97%) 234/241 (97%) Hypothetical protein  IK7_00331 

B. cereus ATCC 14579  234/241 (97%) 237/241 (98%) diguanylate 
cyclase/phosphodiesterase 

B. cereus VD014 234/241 (97%) 238/241(98%) Hypothetical protein IIA_04914 

B. thuringiensis serovar 234/241(97%) 238/241(98%) Diguanylate 
cyclase/phosphodiesterase 
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huazhongensis BGSC 4BD1 domain 1 

B. cereus AH676 233/241(97%) 236/241(97%)  Diguanylate 
cyclase/phosphodiesterase 
domain 1 

B. cereus AH1134 233/241(97%) 237/241(98%) conserved hypothetical protein 

 

  

 

5.2 Making knockout mutants of Bt15880 and Bt51010 in B. thuringiensis 407  

 

 The genes supposed to be deleted through allelic exchange from the chromosome of B. 

thuringiensis strain 407 were Bt15880 containing two PilZ domains and glycosyltransferase 

domains, and Bt51010 that has a degenerative GGEF-like domain. In order to obtain such 

mutants, the shuttle vector pMAD-I-SceI was used. pMAD-I-SceI contains fragments from a 

small plasmid called pE194ts which was originally isolated from Staphylococcus aureus. The 

vector has multiple cloning sites that can be recognized by a number of restriction enzymes 

(figure 15). In addition pMAD has an I-SceI recognizing site and a lacZ gene which encodes 

β-galactosidase. The I-SceI site of the vector is recognized by the homing restriction enzyme 

I-SceI, which can facilitate the double crossover event. β-galactosidase allows easy screening 

of transformants on agar-plates containing X-gal (blue-white 

screening). In addition pMAD carries erythromycin and 

ampicillin resistance genes[127, 128]. The erythromycin 

resistance gene was used as selection marker in B. thuringiensis 

407 while the ampicillin resistance gene was used as selection 

marker in E .coli. 

 

 

 

 

 

 

Figure 15: pMAD vector contains sequences 
that are recognized by a number of restriction 
enzymes (Figure prepared by Annette 
Fagerlund ). 
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 5.2.1 Preparation of pMAD-I-SceI plasmid  

pMAD-I-SceI plasmid was isolated from E. coli by miniprep. 3 μl of the plasmid was digested 

with 1µl (20,000 units/ml) of restriction enzyme HindIII, an agarose gel electrophoresis (1%) 

was run to check the identity of the plasmid (figure 16). Gel analysis showed that the plasmid 

was digested, hence indicating the correct plasmid was isolated.  

 

     1 2   3      4 

   

 

Figure 16: Restriction digest analysis of isolated pMAD-I-SceI plasmid digested with HindIII 

and run on an agarose gel (1%). Lane 1: 300 ng GeneRuler 100bp (chapter 3.5). Lane 2: 3 µl 

digested pMAD-I-SceI. Lane 3: 300 ng GeneRuler 1 kb. Lane 4: Undigested pMAD-I-SceI 

plamid. 

 

 

5.2.2 Linearization and purification of pMAD-I-SceI plasmid 

After digesting pMAD-I-SceI plasmid with three different restriction enzymes (chapter 4.9) 

the vector was purified using a PCR cleanup kit (E.Z.N.A). 3 µl of the digested and purified 

vector was run on an agarose gel (1%) to check the yield and integrity of the DNA. The 

results (figure 17) showed that the vector was successfully linearized and had its integrity 

intact. 
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 1      2     

   

Figure 17: Agarose gel electrophoresis (1%) analysis of linearized and purified pMAD-I-SceI 

vector. Lane 1: 300 ng GeneRuler 1 kb DNA ladder (chapter 3.5). Lane 2: Purified pMAD-I-

SceI  vector (~20 ng). 

 

5.2.3 Amplification of pMAD-I-SceI with Phusion DNA polymerase 

Linearized and purified pMAD-I-SceI (chapter 5.2.2) was amplified with the primers 

pMAD_fwd and pMAD_rev2 using Phusion DNA polymerase (chapter 4.9). The reason of 

amplification was to obtain high concentration of the vector which is vital for a successful 

cloning. The total volume of the reaction was adjusted to 150 μl, which was divided into three 

tubes, each containing 50 μl. One negative control without template DNA was also included. 

After the PCR reaction 5 μl from each tube containing the vector was run on separate wells of 

an agarose gel (1%) to confirm the right size of the band. The main band should be of 9505 bp 

according to the protocol. The results (figure 18) showed many bands, but the main product is 

between 9000 and 10 000 bp. 

              1     2     3     4    5 

                  

 Figure 18: Agarose gel electrophoresis analysis of pMAD-I-SecI vector after PCR 

amplification. Lane 1: 300 ng GeneRuler 1 kb DNA ladder (chapter 3.5). Lane 2- 4: The same 

pMAD-I-SceI PCR product (3 µl each). Lane 5: Negative control (3 µl). 

 

10 000 bp 
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5.2.4 Digestion of linearized pMAD-I-SceI PCR product with DpnI and purification 

from agarose gel 

All three tubes containing pMAD-I-SceI PCR product were combined and digested with DpnI. 

The reason for cutting the vector with DpnI was to remove the methyl groups from the 

DNA[133]. Then the entire digested product was applied on an agarose gel (1%) and purified 

with a PCR cleanup kit (chapter 4.9). Purified pMAD-I-SceI product was run on an agarose 

gel electrophoresis (1%) to confirm that the band has a size of 9505 bp and that the DNA is 

not degraded and is pure enough to carry out the cloning. Furthermore the concentration of 

the DNA was analyzed from the intensity of bands, which should be at a minimum of 40ng/μl 

for an optimal cloning procedure. I experienced problem obtaining high enough concentration 

of DNA, so the steps described in chapter 5.2.3 and in this chapter were repeated several 

times. To get high enough concentration of vector, a twofold increase in PCR product was 

necessary. Instead of setting up a PCR reaction for three tubes as described in the protocol, a 

reaction of six tubes was prepared. 3 μl of the product that was obtained after DpnI digestion 

and purification was applied on 1% agarose gel (SeaPlaque). The results (figure 19) show that 

the band was of expected size and that the purified DNA was of sufficient high concentration 

to be used in the further work. 

      

                                               1     2 

  

Figure 19: Agarose gel electrophoresis analysis of pMAD-I-SceI vector after DpnI digestion 

and purification from an agarose gel (1%). Lane 1: 300 ng GeneRuler 1 kb DNA ladder 

(chapter 3.5). Lane 2: 3μl of pMAD-I-SceI DpnI product.    

10 000 bp 

30ng DNA 
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5.3 Preparation of the inserts 

 

The fragments that were going to be cloned into the pMAD-I-SceI vector were fragments of 

DNA located upstream and downstream of the genes to be disrupted in the chromosome of B. 

thuringiensis 407, Bt15880 and Bt51010. Primers that are listed in Table 6 (page 64) were 

used in a PCR reaction to obtain fragements AB and CD2, using gDNA of B. thuringiensis 

407 as template and Phusion DNA polymerase enzyme (chapter 4.9.1). The products obtained 

from the PCR reaction were purified using E.Z.N.A gel extraction kit. A test gel was run to 

confirm the correct size, integrity and concentration of the DNA; 3 μl of each reaction was 

applied on 1% agarose gel (figure 20). One negative control was included for each sample 

(not shown in figure 20).  

 

              1     2       3      4      5  

    

Figure 20: PCR products obtained from primers shown in table 6 (page 64). Lane 1: 300 ng 

GeneRuler 100 bp DNA ladder (chapter 3.5). Lane 2: Fragment Bt15880-AB (969 bp). Lane 

3: Fragement Bt15880-CD2 (976 bp). Lane 4: Fragment Bt51010-AB (1000bp). Lane 5: 

Fragment Bt51010-CD2 (1023 bp). 

 

Fragments AB and CD2 of Bt15880 and Bt51010 from the previous step (see above) obtained 

in the PCR reaction were used as templates to run an overlap extension PCR (chapter 4.9.2). 

The details of the overlap extension PCR reaction are shown in Table 7 (page 64). The 

    1000 bp 
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expected size of each AB-CD2 fragment is about 1900 bp. One negative control for each 

reaction was included in the PCR reaction. The products were again purified from an agarose 

gel (SeaPlaque) with a gel cleanup kit (E.Z.N.A). 3 μl of each sample was run on an agarose 

gel (1%) to confirm integrity, correct band size and concentration of the DNA (figure 21). The 

results showed high product yield with some contamination, but the integrity of the DNA 

seemed to be intact. It was decided to use the product in the further work.  

 

               1    2    3    4    5   6 

 
 Figure 21: Agarose gel electrophoresis analysis of purified DNA products obtained from the 

overlap extension PCR. Lane 1: 300ng GeneRuler 100 bp plus (chapter 3.5). Lane 2: 300ng 

GeneRuler DNA ladder 1 kb. Lane 3: Bt15880-ABCD2 (1874 bp). Lane 4: Bt51010-ABCD2 

(1865 bp). Lane 5 and 6: Negative controls. 

 

 

5.4 Cloning of overlap extension PCR products for Bt15880 and Bt51010 gene 

disruption into pMAD-I-SceI plasmid and transformation into E. coli 

In this step, the products obtained from the overlap extension PCR were cloned into pMAD-I-

SceI vector. The cloning method used is called Sequence and ligase idenpendent cloning 

(SLIC). SLIC does not require use of restriction enzyme or ligase, but it is dependent on 

homologous recombination[131]. Prior to cloning, both the inserts AD2 (Figure 21) and the 

vector (figure 19) were treated with T4 DNA polymerase in the absence of dNTPs to create 

single stranded overhangs (chapter 4.9.3). Then, 5µl of the vector and 5µl of each ABCD2 

insert, respectively, was added in separate tubes and mixed, and an annealing reaction was 

2000 bp,   
30 ng DNA   
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performed in a PCR machine (chapter 4.9.3). An overview of how SLIC cloning is performed 

with T4 DNA polymerase is shown in figure 22.  

Separate tubes containing chemically competent E.coli cells (Invitrogen) were transformed 

with the annealed vector-insert molecules either Bt15880-ABCD2 or Bt51010-ABCD2. A 

negative control containing only dH2O was also included. The transformants were streaked on 

agar-plates containing 100µg/ml ampicillin and 80µg/ml X-gal and incubated overnight at 

37°C if successful. Blue colonies were to be observed the next morning. I did three attempts 

to perform this transformation experiment, but every attempt was unsuccessful. The SLIC 

cloning procedure (chapter 5.4) and transformation of E. coli with the pMAD-I-SceI vector 

along with ABCD2 was successfully performed by Annette Fagerlund at a different lab.  

 

 

Figure 22: Overview of SLIC cloning. T4 DNA polymerase makes single stranded overhangs 

in both vector and inserts that are compatible from design of appropriate primer ends. The 

inserts anneal into the vector, between strands and gaps are cloned due to homologous DNA 

recombination following transformation. The annealing reaction was carried out in a PCR 

machine. (Figure obtained from Li and Elledge[134]) 

 

 

 

5.5 PCR screening of the E. coli transformants  

The transformation performed by Annette Fagerlund was apparently successful. After one 

night of incubation at 37°C, blue colonies of E. coli had appeared on the LB-agar plates 

containing 100µg/ml ampicillin and 80µg/ml X-gal. pMAD-I-SceI plasmid constructs were 
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then isolated from  six blue E. coli colonies for each of the two genes to be disrupted and used 

in a PCR screening (chapter 8.4.4). The primer pairs used in the PCR reaction were pMAD-F 

and CD-R, and pMAD-R2 and AB-F, respectively. The details are shown in Table 8 (page 66). 

Figure 23 shows the locations of the template DNA (pMAD-I-SceI vector) where the 

mentioned primers bind.  

 

 

               

Figure 23: Overview of pMAD-I-SceI-ABCD2 showing locations on the plasmid where the 

primers bind. 
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The products were then analysed on 1 % agarose gel (figures 24 and 25). 

 

  1  2  3  4  5  6  7 8            9 10 11 12 13 14 15 16  

(a)         (b)
       
Figure 24: PCR screening of six E. coli clones (lanes 2-7 and 10-15) containing 
pMAD-I-SceI vector with gene Bt15880-ABCD2. (a): Screening results with primers 
Bt15880-AB-F and pMAD-R2. (b): Screening results with primer pMAD-F and 
Bt15880-CD-R. Lane 1 (a) and lane 9 (b) show GeneRuler DNA ladder 100bp plus 
(chapter 3.5). Lane 8 (a) and lane 16(b) show negative controls. The arrows are 
pointing at the band of the DNA ladder equivalent to a 2000 bp. 

 

 1      2  3 4  5 6 7   8                         9                          10 11 12 13 14 15 16 

(a)           (b)   

 

Figure 25: PCR screening of E. coli clones (lane 2-7 and 10-15) containing pMAD-I-
SceI vector cloned with Bt51010-ABCD2 gene. (a): Screening results with primers 
Bt51010-AB-F and pMAD-R2. (b): Screening results with primer pMAD-F and 
Bt51010-CD-R. . Lane 1 (a) and lane 9 ( b) show GeneRuler DNA ladder 100bp plus 
(chapter 3.5). Lane 8 (a) and lane 16(b) show negative controls. The arrows are 
pointing at the band of the DNA ladder equivalent to a 2000 bp.  
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According to the designed protocol, the PCR reactions should give a band size of 1500- 1700 

bp for the PCR reactions for both genes to be disrupted (Bt15880 and Bt51010) . Figure 24 (a) 

and (b) show screening results for six different single colonies Bt15880 ABCD2 cloning 

reaction. It was important to select the best visible bands showing correct DNA size. 

Recombination plasmid from only one single colony was chosen for further work, the one 

shown in lane 4 of figure 24 (a) and lane 12 in figure 24 (b).    

Figure 25 (a) and( b) show PCR screening results from six different colonies from the 

Bt51010 cloning reaction. It was not easy to choose good candidates here. The band in lane 

10 has a different size from the rest, and lane 13 in figure 25(b) shows two bands of different 

sizes. Therefore it was decided to choose plasmid DNA isolated from two different colonies. 

They are shown in lane 2 and 4  (figure 25 a)  and 10 and 12  (figure 25 b). 

The same plasmids of both cloning reactions (Bt15880 and Bt51010) were sent for 

sequencing along with the primers that were used in the above mentioned PCR reactions. 

 

 

5.6 Transformation of Bacillus thuringiensis 407 with recombinant pMAD-I-SceI vector 

 

B. thuringiensis 407 was transformed by electroporation with pMAD-I-SceI vector containing 

AB CD2 inserts for Bt15880 and Bt51010 disruption, respectively (chapter 5.5). The clones 

were streaked on LB agar-plates containing 5µg/ml erythromycin and 80µg/ ml of X-gal and 

incubated at 37°C. The transformations into B. thuringiensis 407 were performed twice, and 

both times blue colonies were observed for the pMAD-I-SceI  Bt15880-ABCD2 constructs 

after two days of incubation (figure 26), whereas transformation with pMAD-I-SceI Bt51010-

ABCD2 did not yield blue colonies in any attempt (only white colonies in second round). The 

color of these colonies did not get blue even after one week of incubation at room temperature. 

Upon streaking all colonies on new agar-plates containing 5µg/ml erythromycin and 80µg/ml 

X-gal and incubation at 30°C, only constructs containing pMAD-I-SceI vector with Bt15880-

ABCD2 showed growth. Due to shortage of time, I was not able to perform a new 

transformation of B. thuringiensis 407 with pMAD-I-SceI Bt51010-ABCD2, but proceeded 

only with the constructs for Bt15880 disruption.  
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Figure 26: B. thuringiensis 407 transformed with pMAD-I-SceI containing ABCD2 inserts 

for disruption of Bt15880. The colonies appeared blue-white due to presence of X-gal in the 

medium. 
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5.7 PCR screening of Bt15880 constructs  

 

Four blue colonies of Bt15880-ABCD2 constructs in pMAD-I-SceI were picked for screening 

for the presence of the expected plasmid in B. thuringiensis. A genomeprep was made from 

these colonies and 1 µl of genomic DNA was diluted in 99 µl dH2O and used as template in a 

PCR screening reaction with DyNAzyme DNA polymerase using primers shown in Table 8 

(page 66). as in chapter 5.5 according to the protocol the size of the expected PCR products 

should be between 1500 and1700 bp, and results are shown for primer pairs Bt15880-AB-F 

and pMAD-R2  in figure 26 (see figure 23 in chapter 5.5). The results from the screening 

PCR reactions indicated that the pMAD-I-SceI containing AB fragment for disruption of 

Bt15880 is present inside the constructs. 

                          1  2  3   4   5  6 

          

Figure 27: Agarose gel electrophoresis analysis of products from PCR screening of B. 

thuringiensis 407 transformed with pMAD-I-SceI Bt15880ABCD2, show results obtained 

with primer pairs Bt15880-AB-F and pMAD-R2 (figure 22, chapter 5.5). Lane 1: GeneRuler 

DNA ladder 1 kb (chapter 3.5). Lane 2: GeneRuler DNA ladder 100 bp plus. Lanes 3 to 6: 

Results of the PCR screening for four independent colonies. 

I didn`t get any PCR product with the primer pairs pMAD-F and Bt15880-Cd-R (Table 8, 

page 66), although I did two separate attempts. By experience in the lab PCRs with primer 

pMAD-F are sometimes not suceessful. The results shown in figure 24 have previously 

confirmed the presence of AB fragment in the same pMAD-I-SceI vector.  

2000 bp 
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5.8 Single crossover 

 

The same colnes screened above (chapter 5.7) were picked and resuspended in 5 ml LB 

medium containing 5µg/ml erythromycin and incubated at 37 °C with 225 rpm rotation for 6 

hours. Then, serial dilutions (10 folds) were prepared and cells were plated on LB-agar 

containing 5µg/ml erythromycin and 80µg/ml X-gal, and incubated at 37°C over night. 

pMAD-I-SceI vector cannot replicate at 37 °C, and the only option for the cells to survive on 

erythromycin is to integrate in the bacterial chromosome. The next day, blue, erythromycin 

resistant B. thuringiensis 407 clones that had undergone allelic exchange by homologous 

recombination between cloned and chromosomal sequences appeared. In order to confirm that 

single a crossover event had taken place, a new PCR screening reaction was run. Template 

DNA was obtained by making genomepreps from eight single colonies each from different 

agar plates. Primers pairs Bt15880-Out-FWD and Bt15880-CD-R, and Bt15880-AB-F and 

Bt15880-Out-Rev (page 67) were used in the screening PCR reactions. I used DyNAzyme 

DNA polymerase for these PCR reactions in two screening attempts, but failed to get PCR 

products. Therefore Phusion DNA polymerase was used in the third attempt, which gave 

better results. As shown in figure 28, AB crossover has taken place in four clones, and CD2 

crossover has also taken place in four clones.    
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        1   2 3 4  5  6  7  8  9      10 11 12 13 14 15 16 17 18  

(a)             (b)  

Figure 28: Agarose gel electrophoresis showing results of PCR screening reactions 

confirming the integration of pMAD-I-SceI-ABCD2 plasmid constructs into the chromosome 

by single crossover. (a): Products obtained from the primer pair Bt15880-Out-FWD and 

Bt15880-CD-R (page 67). Lane 1: GeneRuler 100 bp plus DNA ladder (chapter 3.5). Lane 2 

and 3: products from AB crossover (~1600 bp). Lane 4 and 5: Products from CD crossover 

(~2700 bp). Lane 6: PCR reaction was unsuccessful, possible a reagent has been missed out. 

Lane 7: Products from AB crossover (~1600 bp). Lane 8 and 9: Products from CD crossover 

(~2700 bp).  (b): Products for primer pair Bt15880-AB-F and Bt15880-Out-Rev (page 67). 

Lane 10: GeneRuler 100 bp plus DNA ladder. Lane 11 and 12: AB crossover (~2700 bp, 

upper bands). Lane 13 and 14: Products from CD crossover (~1600 bp). Lane 15 and 16: 

Products from AB crossover (~2700 bp). Lane 17 and 18: Products from CD crossover 

(~1600 bp). 

 

 

5.9 Double crossover 

 

pMAD-I-SceI vector contains an 18 bp I-SceI recognition region. In order to obtain a double 

crossover, vector pBKJ223 (200 ng) was introduced into the B. thuringiensis 407 constructs 

that already had undergone single crossover (chapter 5.8). pBKJ223 is a helper plasmid that 

codes for the I-SceI restriction enzyme which can recognize the I-SceI region of the 

2000 bp 
2000 bp 
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chromosomally integrated pMAD-I-SceI vector constructs. Synthesis of I-SceI restriction 

enzyme directed by the helper plasmid resulted in the cleavage of the integrated pMAD-I-SceI 

plasmid (figure 29), causing a double stranded break in the bacterial chromosome. The 

bacterial DNA recombination system can then repair the double stranded break by 

homologous recombination between flanking regions of DNA. The result was loss of the 

pMAD-I-SceI plasmid (figure 28). The helper plasmid also contains tetracycline resistant 

gene which was used as a selection marker.  

After transformation of pBKJ233 the bacteria were plated on LB agar with 10µg/ml 

tetracycline and 80µg/ml X-gal and incubated at 37°C over night. The next day blue 

tetracycline resistant colonies appeared on all plates. The clones were replated on two types of 

LB plates. One containing 10µg/ml tetracycline and 80µg/ml X-gal and the second type 

containing 5µg/ml erythromycin and 80µg/ml X-gal. Both types of plates were incubated at 

37°C overnight. This was repeated several times until white colonies appeared that were  

tetracycline resistant and erythromycin sensitive. This indicated that the pMAD-I-SceI 

plasmid had been excised from the chromosome. The last thing observed from Bt15880 

knockout constructs was that the single colonies were growing white and that they had 

become erythromycin sensitive which indicated the loss of pMAD-I-SceI plasmid.    
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Figure 29: Schematic representation of allelic exchange in B. thuringiensis strain 407 using 

pMAD-I-SceI constructs. The cloned regions of homology are AB and CD regions, which are 

used for integration of the pMAD-I-SceI plasmid into the bacterial chromosome at 37°C. The 

second crossover is promoted by synthesis of I-SceI restriction enzyme encoded by pBKJ223 

vector which recognizes I-SceI site of the integrated plasmid and cleaves it. The cleavage 

causes a double stranded break in the DNA. The bacterial DNA recombination system can 

repair the double stranded break by homologous recombination between flanking regions of 

the DNA, which eventually results in plasmid excision, and loss of the target gene or regain of 

wild type (Figure prepared by Annette Fagerlund).    

 

 

5.10 Making overexpression clones of Bt15880 and Bt51010 using pHT304-pXyl vector 

 

In order to study the influence of Bt15880 and Bt51010 on the formation of biofilm, we 

aimed to study the overexpression of Bt15880 and Bt51010 in B. thuringiensis 407 by cloning 

them downstream of a xylose inducible promoter in the pHT304-pXyl vector. 
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5.10.1 Preparation of pHT304-pXyl 

pHT304-pXyl vector was isolated from E. coli  by miniprep (eluted in 30 µl dH2O). 10 µl of 

the vector was then digested with three different restriction enzymes (chapter 4.10.2), and 

purified using a PCR clean up kit (E.Z.N.A) The DNA was eluted with 30 µl dH2O, and 3 µl 

of the linearized plasmid was run on an agarose gel electrophoresis reaction (1%). As shown 

in figure 30, the digestion was successful. 

         1         2         3 

 

 Figure 30: Restriction digest analysis of isolated pHT304-pXyl vector by agarose gel 

electrophoresis. Lane 1: 300 ng GeneRuler 1 kb DNA ladder (chapter 3.5). Lane 2: 3 µl 

Undigested  pHT304-pXyl vector. Lane 3: 3 µl Linearized and purified pHT304-pXyl vector 

(7960 bp). 

 

5.10.2 PCR amplification of pHT304-pXyl with Phusion DNA polymerase 

Phusion DNA polymerase was used to amplify large amounts of pHT304pXyl vector in order 

to carry out the cloning. Primer pair pXyl-fwd and pXyl-rev were used as forward and reverse 

primers, respectively, while purified and digested pHT304pXyl was used as template in the 

PCR reaction (chapter 4.10.2). One negative control was also included. Figure 31 and 32 

show the locations on the pHT304-pXyl plasmid where the mentioned primers bind. 

 

 

 

8000 bp 
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Figure 31: Map of pHT304-pXyl vector showing locations of identifiable landmarkers, such 

as region where Bt15880 fragment can be cloned and sequences where various primers can 

bind. (Figure prepared by Annette Fagerlund) 

 

 

 

 

 

 

 

 

 

 

 Figure 32: Map of pHT304-pXyl vector showing locations of identifiable landmarkers, such 

as region where the Bt51010 fragment can be cloned and sequences where various primers 

can bind. (Figure prepared by Annette Fagerlund)   
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3µl of product obtained from the PCR reaction was used to run an agarose gel electrophorese 

(1%) to check the size, yield and integirity of the DNA. As shown in figure 33, the main band 

had a size of about 8000 bp, and the concentration was high. 

                    1    2   3 

 

Figure 33: Agarose gel electrophoresis analysis of PCR product of pHT304-pXyl vector. 

Lane 1: 300 ng GeneRuler 1 kb DNA ladder (chapter 3.5). Lane 2: pHT304-pXyl vector. 

According to the protocol, the main band should have a size of ~7900 bp. Lane 3: Negative 

control. 

 

 

5.10.3 DnpI digest and purification of pHT304-pXyl from agarose gel (0.70%) 

The reason of cutting the vector with DpnI was to remove the methyl groups from the 

DNA[133]. After doing DpnI digestion, the whole sample was analyzed by agarose gel 

electrophoresis (SeaPlaque)). The main band which had a size of ~7900 bp was then excised 

with a scalpel, the DNA was purified from the gel with a gel cleanup kit (E.Z.N.A), and 

eluted with 30µl of dH2O, twice with the same water. 3µl of the sample was applied on an 

agarose gel (1%) to check the integrity, band size and concentration of the DNA( figure 34).  

 
 
 
 
 

8000 bp 
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            1    2  

  

Figure 34: Agarose gel electrophoresis analysis of pHT304-pXyl vector after DpnI digestion 

and purification from an agarose gel. Lane 1: 300 ng GeneRuler 1 kb DNA ladder (chapter 

3.5). Lane 2: pHT304-pXyl vector. 

Figure 33 shows that the DNA had intact integrity and was of expected size. Furthermore the 

concentration was high enough to carry out the cloning (minimum 40ng/µl). 

 

  

5.11 Preparation of Bt15880 and Bt51010 inserts for cloning 

 

The two genes, Bt15880 and Bt51010, that were going to be cloned into the pHT304-pXyl 

vector for overexpression were amplified in two separate PCR reactions (chapter 4.10.1), 

using Phusion DNA polymerase, and  the primer pairs Bt15880-pXyl-F1 and Bt15880pXyl-R, 

and Bt51010-pXyl-F and Bt51010pXyl-R .The genomic DNA of B. thuringiensis 407 was 

used as template. One negative control for each reaction was included (not shown). 3µl of 

each PCR product was applied on an agarose gel (1%) to check the integrity, band size and 

concentration of the DNA (figure 35). As shown in figure 35 the band size of both PCR 

reactions were of expected size and that the concentration of both inserts were high. Negative 

controls were also added (not shown for Bt15880). 

 

8000 bp 

30 ng DNA 
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                 1   2                                                                  3   4     5 

(a)                   (b)  

Figure 35: Agarose gel electrophoresis analysis of PCR reactions for Bt15880 and Bt51010. 

(a):  Lane 1: 300 ng GeneRuler 100 bp plus DNA ladder (chapter 3.5). Lane 2: Bt15880 

fragment (2359 bp). (b): Lane 3: 300 ng GeneRuler 100 bp plus DNA ladder. Lane 4 : 

Bt51010 fragment (833 bp). Lane 5: Negative control. 

 

 

5.11.1 Purification of Bt15880 and Bt51010 PCR products for cloning 

The two insert products obtained by PCR (chapter 5.11) were applied on a preparative 

agarose gel (SeaPlaque) and then purified using a cleanup kit (E.Z.N.A). 3 µl of each sample 

was applied on an agarose gel (1%) to check DNA band size, integrity and concentration. As 

figure 36 shows the DNA fragments were of expected size and had high concentration to be 

used in cloning (minimum 40 ng/µl). 

 

 

 

 

 

3000 bp 

30 ng DNA 
 

1000 bp 
30 ng  DNA 
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      1     2                                                              3    4 

 (a)             (b)   

Figure 36: Analysis of DNA inserts after purification from SeaPlaque agarose gel (1%). (a): 

Lane 1: 300 ng GeneRuler 100 bp plus DNA ladder (chapter 3.5). Lane 2: Bt15880 fragment 

(2359 bp) ( b): Lane 3: 300 ng GeneRuler 100 bp plus DNA ladder. Lane 4: Bt51010 

fragment (833 bp).  

 

5.12 Cloning of Bt15880 and Bt51010 gene fragments into pHT304-pXyl vector using  

SLIC                                  

 

The two genes, Bt15880 and Bt51010, were cloned into pHT304-pXyl vector by using the 

SLIC method (chapter 4.10.3). Same cloning method was used to produce knockouts of 

Bt15880 and Bt51010 (chapter 5.4). After two attempts of carrying out the full SLIC 

procedure (chapter 4.10.3) and then transforming chemically competent E. coli cells 

(Invitrogen), not a single colony was observed on the plates for either gene. Annette 

Fagerlund was asked again to perform SLIC cloning and transformation into E. coli. She 

performed both of them successfully at a different lab. The transformation performed by 

Annette Fagerlund was apparently successful. After one night of incubation at 37°C, blue 

colonies of E. coli had appeared on the LB-agar plates containing 100µg/ml ampicillin, 

400µg/ml erythromycin and 80µg/ml X-gal. 

5.12.1 Plasmid isolation and restriction digestion with EcoRI 

Six single E. coli colonies from both transformation (chapter 5.12), for Bt15880 and Bt51010 

cloning, respectively were picked and inoculated in 5 ml LB-medium containing 100 µg/ml 

ampicillin and 400 µg/ml of erythromycin. The tubes were incubated over night at 37°C with 

220 rpm rotation. The next day, growth was observed in all tubes. Plasmid minipreps were 

3000bp 

30 ng DNA 
1000 bp   
30 ng DNA 
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prepared from all tubes (chapter 4.10.4) and 3µl of each miniprep was digested with 1 µl of 

(20 000 units/ ml) EcoRI to make sure that right plasmids are present in all clones. Agarose 

gel electrophoresis (1%) was performed to analyze the digested plasmids; 3µl of each sample 

was applied on the gel and the digested plasmids were compared with undigested samples 

(figure 37).  

             1 2   3  4   5  6   7    8   9  10 11 12 13 14 15 

 

Figure 37: Restriction digest analysis on an agarose gel (1%) of isolated pHT304-pXyl 

plasmids cloned with Bt15880, and Bt51010, respectively. Lane 1: 300 ng GeneRuler 1 kb 

DNA ladder (chapter 3.5). Lane 2: Undigested pHT304-pXyl vector containing Bt15880 

fragment. Lane 3-8: EcoRI digested pHT304-pXyl vector containing Bt15880. Lane 9: 

Undigested pHT304-pXyl containing Bt51010 fragment. Lane 10-15: EcoRI digested 

pHT304-pXyl vector cloned with Bt51010 fragment.   

Figure 32 shows that the digested linearized plasmids move slower through the gel than the 

undigested ones (supercoiled), confirming that EcoRI digestion was successful. Out of the 

twelve, only three minipreps of each gene type were selected for further PCR screening. From 

Bt15880 constructs the ones shown in lane 3, 5 and 7 were selected, and from Bt51010 

constructs, plasmids in lane 10, 12 and 14 were chosen for PCR screening.   

5.12.2 PCR screening for correct transformants 

1 µl of each miniprep (from chapter 5.11.1) was diluted 1:100 and used as template to run a 

screening PCR with DyNAzyme DNA polymerase (figure 38). Primers shown in Table 11 

(page 73) were used to perform PCR screening of Bt15880 clones, while PCR screening of 
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Bt51010 clones was done by using primers shown in Table 12 (page 73). Figure 31 and 32 

show the location on the vector where the primers bind.    

        1   2  3 4        5  6 7         8 9 10                    11 12 13 14 

(a)                (b)  

 

Figure 38: Agarose gel electrophoresis analysis for screening PCR of six different E .coli 

colonies (three colonies with each type of gene) containing pHT304-pXyl vector with 

Bt15880 or Bt51010 fragments. (a): Lane 1: 300 ng GeneRuler 100 bp plus DNA ladder 

(chapter 3.5). Lane 2-4: PCR screening results of Bt15880 clones using primer pair 

pHT304pXyl-F2 and Bt15880-R2, Lane 5-7: PCR screening results of Bt15880 clones using 

primer pair pilZ-F and pBKJ236_MCS_1. Lane 8-10: Screening results of Bt51010 clones 

using primer pair pHT304pXyl-F2 and 612-R. ( b): Lane 11: 300 ng GeneRuler 100 bp plus 

DNA ladder. Lane 12-14: PCR screening results of Bt51010 using primer pair 612-F and 

pBKJ236_MCS_1 .  The arrows pointing downwards show the location of each band.    

          

The results of the screening PCR  (figure 38) show several bands in each lane. The bands that 

are visible in the upper parts of each lane are possibly those of template DNA. The bands 

corresponding to expected product size (with the ones mentioned in table 11 and 12, page 73) 

are marked with arrows. The bands obtained here had the expected size and it was concluded 

that the cloning of Bt15880 and Bt51010 into pHT304-pXyl was successful. To make sure 

that there were no mutations in the cloned genes, the same minipreps that were digested with 

EcoRI and then screened by PCR (figure 37) were sent for sequencing. The results from 

sequencing showed no mutations in the vector or cloned genes.   

 

1000 bp 500bp 
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5.13 Transformation of B. thuringiensis 407 with pHT304-pXyl vectors 

 

After getting satisfactory results from both PCR screening and sequencing, the pHT304-pXyl 

plasmids cloned with either Bt15880 or Bt51010 were transformed into B. thuringiensis 407 

by electroporation for expression studies. The clones were plated on agar-plates containing 

10µg/ml erythromycin and 80µg/ml X-gal and incubated over night at 37°C. Next morning 

blue B. thuringiensis 407 colonies containing pHT304-pXyl vector cloned with Bt15880 gene 

appeared on three different agar-plates while constructs that were transformed with pHT304-

pXyl vector cloned with Bt51010 gene appeared white on six different agar plates.  

Six different single colonies from both type of overexpression constructs (Bt15880 and 

Bt51010) were picked and restreaked on fresh agar plates containing 10µg/ml erythromycin 

and 80µg/ml X-gal and incubated at 37°C overnight. There was growth in all plates of both 

gene types, and once again, Bt15880 constructs appeared blue while Bt51010 constructs 

appeared white.  

 

 

5.14 PCR screening of overexpression clones  

 

Three single colonies of Bt15880 overexpression construct, and four single colonies of 

Bt51010 overexpression construct were picked and inoculated in 5 ml LB medium containing 

10µg/ml erythromycin and incubated at 37°C overnight with 225 rpm rotation. The next 

morning genomepreps were prepared from 2 ml of each overnight culture. The DNA was 

eluted in 100µl dH2O and then 1:10 dilution of each genomrep was prepared. 1µl of the 

diluted minipreps were used as template in PCR screening with the same primers that were 

used to screen E. coli clones (chapter 5.11.2). The corresponding minipreps of E. coli 

overexpression constructs prepared previously for PCR screening were used as positive 

controls (chapter 5.11.2). In this screening experiment Phusion DNA polymerase was used, 

since the PCR screening of E. coli overexpression clones with DyNAzyme did not give good 
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results. 3 µl of each PCR product was run on an agarose gel electrophoresis (1%) to analyze 

the band size. The results of the PCR screening is shown in figure 39.  

 

        1  2  3  4  5     6  7  8  9     10 11 12 13 14 15      16   17 

(a)          (b)  

Figure 39: Agarose gel electrophoresis analysis for PCR screening of pHT304-pXyl vector 

cloned with Bt15880, and Bt51010 in B. thuringiensis 407. (a): Results from PCR screening 

for Bt15880 overexpression gene. Lane 1: 300ng GeneRuler 100 bp plus DNA ladder (chapter 

3.5). Lane 2: Plasmid miniprep of E. coli clones (chapter 5.11.2) as positive control using 

primer pair pHT304pXyl-F2 and Bt15880-R2. Lane 3-5 PCR screening results of Bt15880 

clones, using primer pair pHT304pXyl-F2 and Bt15880-R2. Lane 6: Positive control from E. 

coli clones using primer pair pilZ-F and pBKJ236_MCS_1. Lane 7-9: PCR screening of 

Bt15880 using primer pair pilZ-F and pBKJ236_MCS_1. (b): Results of PCR screening for 

Bt51010 overexpression gene. Lane 10: 300 ng GeneRuler 100 bp plus DNA ladder (chapter 

3.5). Lane 11: Positive control from E. coli using primer pair pHT304pXyl-F2 and 612-R. 

Lane 12-15: Screening results of Bt51010 overexpression gene. Lane 16 and 17 (marked with 

arrows): PCR screening results of Bt51010 overexpression clones, where lane 16 is the 

positive control, and lane 17 shows results for Bt51010. Primer pair used for the reactions in  

lane 16 and 17 was 612-F and pBKJ236_MCS_1. 

      

Results (figure 39) showed that the bands obtained in PCR reaction 1, 2 and 3 (table 11 and 

12, page 73) had the same band size in both E. coli and B. thuringiensis 407. However, there 

are only two products that are obtained from PCR reaction 4 (pointed with arrows), one from 

positive control of E. coli clones and one from B. thuringiensis clones. The reason that other 

1000 bp 

 

1000 bp 
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bands are not visible could be many. One of them that happened frequently while doing PCRs 

was missing out one reagent. Pipetting too little or too much of a reagent can alter the results 

of a PCR reaction. Since I am pretty inexperienced, my pipetting technique is not so precise. 

Pipetting wrong volumes of reagents could be another reason. Changing cycle conditions of 

PCR reaction could have been another approach to get enough amount of product for reaction 

4, but due to shortage of time I couldn`t carry out new PCR reactions. In order to confirm that 

correct plasmids with correct inserts of both Bt15880 and Bt51010 were present in B. 

thuringiensis 407 clones, the genomepreps used in PCR screening here were sent for 

sequencing which showed no critical changes in the cloned genes (appendix 1 and 2).   

 

    

5.15 Biofilm screening assay of overexpression clones 

 

A preliminary biofilm screening assay was performed with the B. thuringiensis 407 

overexpression constructs of Bt15880 and Bt51010, using a strain containing empty pHT304-

pXyl vector as a control. Biofilm formation was studied after 24 and 48 hours of growth in a 

flat bottomed polystyrene microtiter plate assay as described in chapter 4.10. The constructs 

that were chosen are shown in Table 14. 

 

Table 14: List of constructs that were used in the biofilm screening assay 

 

          Construct 

 

          Description 

Lane in PCR confirming 
 

Presence of plasmid in 
figure 39 

Bt 407+ pHT304-pXyl with 

cloned Bt15880(1) 

Wild type over expressing 

Bt15880(PilZ) 

3 and 7 

Bt 407+ pHT304-pXyl with 

cloned Bt15880(2) 

Wild type overexpressing 

Bt15880(PilZ) 

4 and 8 

Bt 407+ pHT304-pXyl with 

cloned Bt51010 

Wild type overexpressing  Bt51010 

(cdg112) 

13 and 17 
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The results of the biofilm screening assay are shown in figure 40. These results are based on 

the averages of three biological replicates in the same experiment, where each biological 

replicate had six technical replicates. There are totally twelve rows in a microtiter plate, and 

after adding three biological replicate of each construct into the wells of microtitre plates, the 

last three rows would left empty. Therefore an additional Bt15880  construct from a different 

colony was also analyzed for biofilm formation. 

 

 

Figure 40: Results of the microtiter plate biofilm screening assay in overexpression clones of 

Bt15880 and Bt51010 to an empty vector control strain. All cells were grown at 30°C in 

bactopeptone medium containing 1mM xylose and 10µg/ml erythromycin. The results shown 

in figure 29 are averages and standard errors that were determined from three biological 

replicates, each based on six technical replicates. 

   

The results of biofilm screening assay showed that both Bt15880 and Bt51010 overexpression 

constructs formed less biofilm than the empty vector control strain based on three biological 

replicates in one single experiment. This could probably be due to lack of significant cell 

growth. When xylose is present in the medium, it induces the synthesis of Bt15880 and 

Bt51010 proteins. This can put each individual cell under great pressure and in this way 

growth is affected. 
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It is necessary to repeat the biofilm screening assay by at least two additional separate 

experiments to confirm whether reduction in biofilm formation is a biologically relevant 

effect or not. 
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CHAPTER 6: DISCUSSION 

 

The ubiquitous second messenger molecule c-di-GMP regulates different cellular processes in 

response to different extracellular signals in many Gram-negative bacteria[116-119]. Elevated 

intracellular levels of c-di-GMP are associated with increase in adhesion, inhibition of 

motility and formation of biofilm, while low levels of c-di-GMP switch on motility and 

virulence genes[80]. Recently it has also been shown that c-di-GMP inversely regulates 

motility and aggregation in Clostridium difficile[135]. The level of c-di-GMP is regulated via 

the offsetting activities of diguanylate cyclases (DGCs) and phosphodiesterases (PDEs). DGC 

enzymes, containing the GGDEF domains, synthesize c-di-GMP,  while PDE enzymes, 

carrying the EAL or HD-GYP domains, break it down[80]. 

It is believed that c-di-GMP exhibit its regulatory functions by binding to different cellular 

effectors[86, 89, 97]. Several classes of c-di-GMP effectors have been described in various 

bacteria. One of them is the PilZ domain protein family. Conserved amino acid residues of 

PilZ domain proteins are thought to be responsible for binding of c-di-GMP[89, 135]. 

Riboswitches is a second class of c-di-GMP effectors, which are domains in mRNA that 

control gene expression in response to changing concentrations of their target ligand[97]. The 

third class of c-di-GMP effectors are degenerate DGC and PDE proteins, which have not 

retained catalytic activity but can bind c-di-GMP for regulatory purposes[136]. Domains in 

transcription factors have also been shown to regulate downstream target genes by binding of 

c-di-GMP[86]. Recently, a new mechanism has been described where c-di-GMP allosterically 

activates the synthesis of an exopolysaccharide component in E. coli[137].   

 

6.1 Role of PilZ domain proteins as c-di-GMP effector   

PilZ containing protein domains are one of several effector systems by which c-di-GMP can 

be sensed[89, 90]. Proteins containing PilZ domains are well characterized in Gram-negative 

bacteria. YcgR, a gene in E. coli contains a PilZ domain, and it has been experimentally 

shown that the PilZ domain of YcgR binds c-di-GMP specifically and tightly[90]. Intentional 

changes to the sequence of the PilZ domain of YcgR have indicated that the most conserved 

amino acid residues of the PilZ domain are those responsible for the binding of c-di-GMP[90]. 
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Furthermore, the same study has shown that binding of c-di-GMP to the PilZ domain of YcgR 

results in conformational changes in this protein, which initiates a signal transduction 

cascade[90] that results in flagellar-brake which in turn effects motility[138]. 

 In V. cholerae, five PilZ containing proteins have been identified, which are designated PlzA, 

PlzB, PlzC, PlzD and PlzE[92]. Evidence provided in the same study suggested that some of 

these PilZ containing proteins regulate various cellular processes controlled by c-di-GMP. V. 

cholerae PilZ domain proteins PlzC and PlzD were shown to bind c-di-GMP specifically[92]. 

Motility observations by phase-contrast microscopy of plzB deletion mutants, and plzB point 

mutants in one of the highly conserved arginine residues showed that these mutants display 

significant reduction in motility. Furthermore, plzB deletion mutants showed significant 

reduction in biofilm formation, and a 10 fold attenuation of virulence in an infant mouse 

intestine model[92]. Deletion of plzC also resulted in reduction of biofilm formation even in a 

V. cholerae strain where intracellular levels of c-di-GMP was intentionally elevated compared 

to a wild-type strain. Overexpression of PlzD in low nutrient medium resulted in reduced 

motility, while deletion of plzD resulted in reduced biofilm formation[92]. 

A study[139] of a crystal structure of the PlzD protein in V. cholerae has revealed that the 

protein contains RxxxR and D/NxSxxG motifs which is characteristic in many PilZ protein 

families[89]. The same protein motifs have been identified in YpfA, a c-di-GMP receptor 

protein of B. subtilis that is predicted to encode a PilZ domain[140]. Overexpression of YpfA 

resulted in high inhibitory effect on swarming motility by targeting the flagellar protein 

MotA , and it was concluded that YpfA is c-di-GMP binding protein because it contains the  

RxxxR-D/NxSxxG motif which is characteristic in PilZ domain proteins[140]. PilZ domain 

proteins may also be found in conjunction with other protein domains, such as CheY-like 

reciever domains, GGDEF, EAL and HD-GYP domains and glycosyltransferase protein 

domains[89]. 

PilzA is a PilZ domain containing protein in Borrelia burgdorferi that has shown to 

specifically bind c-di-GMP, and is expressed during mammalian infection[141]. Inactiviation 

of plzA did not affect the swimming patteren of B. burgdoferi, however the mutant cells 

showed reduced swarm diameter. Moreover, the plzA mutants were significantly less virulent 

in experimental mice and had lower survival rates in ticks compared to the wild-type[142]. 

The conclusion was that PilzA plays an important role in the pathogenicity of B. 

burgdoferi[142]. 
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In the present study, an analysis of the genome of B. thuringiensis 407 has led to the 

identification of Bt15880, a gene encoding a protein containing two PilZ domains (A. 

Fagerlund, unpubished), and which was thus hypotheiszed to bind c-di-GMP. The 

simultaneous presence of two overlapping glycosyltransferase domains in Bt15880 clearly 

support what is observed in other PilZ protein family members, that PilZ domains are often 

found in association with other protein domains. Furthermore the presence of 

glycosyltransferase domain suggested that Bt15880 protein could be involved in the synthesis 

of cellulose or other polysaccharides potentially found in B. thuringiensis 407 biofilm matrix. 

This is also consistent with what has been predicted in C. diffcile, where the 

glycosyltransferase and PilZ domains of CD2545 protein are predicted to bind c-di-GMP, and 

is annotated as a putative cellulose synthase[143]. Furthermore, the genome of B. cereus 

ATCC 10987 contain a polysaccharide capsule locus[144], with highly conserved regions that 

are also found in other strains of B. cereus including B. thuringiensis 407(Økstad, personal 

communication). However, it is unknown whether this locus is involved in formation of 

extracellular matrix or not. Alginate is a polysaccharide that is found in the biofilm matrix of 

a certain Gram-negative bacteria, and in the genome of Azotobacter vinelandii[145] and P. 

aerugenosa[146] a PilZ protein domain has been found near Alg44, an essential protein which 

is required for the c-di-GMP regulated biosynthesis of alginate. 

In Clostridium difficile[143] the putative glycosyltransferase protein, CD2545, is predicted to 

contain a PilZ domain, and is believed to constitute a putative c-di-GMP binding protein, 

presumably involved in synthesis of cellulose[143]. However, at this point it is not known 

whether the Bt15880 locus, or the putative polysaccharide capsule locus, is involved in 

formation of the actual extracellular matrix of B. thuringiensis 407 biofilm. In the present 

study cloning of  Bt15880  in front of a xylose inducible promoter was successfully 

performed in pHT304-pXyl vector. B. thuringiensis 407 was transformed with this vector and 

a preliminary biofilm screening assay of two overexpression clones of Bt15880 comparring 

with one empty vector control strain indicated that biofilm formation was lower upon 

Bt15880 overexpression.  
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6.2 Function of degenerate DGCs and PDEs 

When proteins containing GGDEF and EAL domains were identified and their enzymatic 

actions were characterized, speculations may have arisen about their widespread occurrence. 

The high prevalence of GGDEF and EAL domains in the genomes of many Gram-negative 

bacteria may have led to predict that some of these proteins carry degenerate GGDEF and 

EAL domains that serve as effectors of c-di-GMP rather than being involved in their 

metabolism[147]. A clinical isolate of E. coli suspected of causing pyelonephritis carry thirty 

genes that encode GGDEF and EAL domains[148]. Some of these genes were however 

identified as degenerate, and were found to be unable to synthesize or break down c-di-GMP. 

Degenerate and enzymatically inactive EAL domains that act as receptors of c-di-GMP have 

been identified and characterized in many genome, including that of Pseudomonas 

fluorescens[136]. LapD is an inner-membrane protein which is required in P. fluorescens for 

biofilm formation and regulation of adhesion. It has been shown that LapD has a degenerate 

EAL domain where c-di-GMP binds and regulates cell-surface adhesion and biofilm 

formation[136].        

GGDEF domains contain an I-site with a conserved RxxD (Arg-x-x-Glu, where x is any 

amino acid) motif as a primary c-di-GMP binding site[149, 150]. A-site (active site) of 

GGDEF domain proteins is responsible for its diguanylate activity[151]. Based on presence 

and  absence of A- and I-site, GGDEF domains can be categorically divided[152]. Domains 

that have intact A-and I-sites typically sustain the enzymatic activity of diguanylate cylase, 

whereas domains with an inactive A-site, but an active I-site may function as c-di-GMP 

reseptors[152]. To mention one example, P. aeruginosa produces PEL polysaccharide to form 

biofilm[153], and PelD is the main protein that is required for the synthesis of this 

polysaccharide. It has been shown that PelD binds c-di-GMP, through an RxxD motif that 

resembles the I-site of active GGDEF, but is catalytically inactive[84, 154]. Other examples 

of proteins containing GGDEF domains being catalytically inactive are CdgG of V. cholera 

predicted to regulate colony rugosity[155] and PopA[102] of Caulobacter crescentus, thought 

to be involved in cell cycle control mediated by c-di-GMP. 

Genome analysis of B. thuringiesis 407 has led to identifiction of Bt51010 gene, which is 

predicted to contain a degenerate GGDEF domain (A. Fagerlund, unpublished). Bioinformatic 

analysis of Bt51010 protein sequence showed that the protein has also got one signal peptide 

domain and three transmembrane domains. A preliminary biofilm screening assay using the 
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Bt51010 overexpression clones of B. thrungiensis 407 indicated that biofilm formation was 

lower than for the empty vector control strain.  

During this work, we aimed at constructing gene deletion mutants of both Bt15880 and 

Bt51010 genes in B. thuringiensis 407, however due to time limitations that part of the project 

was left over incomplete to Anna Stepkowska. During the process of writing this thesis she 

has completed two identical gene deletion mutants of Bt51010, and preliminary results of a 

biofilm screening experiment, based on one single experiment indicated that Bt51010 

knockout mutants of B. thuringiensis 407 form less biofilm after 24 hours compared to wild-

type strain. These results should however, be confirmed by at least two additional separate 

biofilm screening experiments. Since, it has been observed an apprent reduction in biofilm 

formation for both Bt51010 knockout mutants and the corresponding overexpression clones 

of B. thrungiensis 407, there is a possibility that the observed reduction in biofilm formation 

is not a biologically relevant phenotype. It could rather, e.g. be a potential effect of slow cell 

growth due to the high pressure each cell has been put under by forcing it to express high 

levels of the protein. This needs to be confirmed by growth curves of both overexpression 

clones compared to an empty vector control, and of gene deletion mutant relative to wild-type.    

 

 

6.3 Conclusion 

Overexpression clones of Bt51010 encoding putative degenerate GGDEF domain protein, and 

Bt15880 encoding a putative c-di-GMP dependent cellulose synthase, were constructed by 

cloning the genes in front of a xylose-inducible promoter in vector pHT304-pXylin in B. 

thuringiensis 407. In addition, a single crossover-strain for subsequent gene deletion of 

Bt15880 was constructed.  Preliminary biofilm screening results obtained from 

overexpression and knockout clones (the knockout produced by Anna Stepkowska) of 

Bt15010 indicate that B. thuringiensis 407 form less biofilm both after Bt51010 

overexpression and deletion, compared to an empty vector control strain and a wild-type 

strain, respectively. Thus, the reduction in biofilm formation observed both upon Bt15880 and 

Bt51010 overexpression may possibly not be a biologically relevant phenotype, however 

these experiments need to be repeated.  
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6.4 Future perspectives 

One may assume that simple overexpression of Bt15880 would not necessarily result in more 

biofilm formation, since the intracellular levels of c-di-GMP are presumed to remain 

unchanged when overexpressing this protein, and c-di-GMP dependent activation through the 

PilZ domain may be necessary to increase a potential carbohydrate-synthesizing activity of 

the protein. To directly assess the role of the two PilZ domains of Bt15880 as c-di-GMP 

receptors, other types of experiments could be performed such as elevating the levels of c-di-

GMP artificially in overexpression or gene deletion strains of Bt15880, such as a strain which 

overexpresses CdgF, where the level of c-di-GMP is several orders of magnitude higher than 

the empty vector control strain (A. Fagerlund, unpublished) and then performing biofilm 

screening studies of such strains. This could possibly shed light on how biofilm formation is 

effected upon possible induction of Bt15880 in the presence of its potential activator, c-di-

GMP. 

Studies have shown that the most conserved arginine residues of RxxxR and D/NxSxxG 

motifs in the PilZ domain are predicted to be responsible for the interaction between c-di-

GMP[139].  It would have been of interest to investigate the presence of such conserved 

residues in the two PilZ domains of Bt15880 in B. thuringiensis 407. X-ray crystallography is 

a common method used to study the three dimensional structure of proteins, and using such a 

method in studing the structure of Bt15880 could possibly reveal the three dimentional-

position of any such conserved amino acid residues in the PilZ or glycosyltransferase domains 

of this protein. 

In order to further investigate the function of the putative c-di-GMP- binding PilZ domain in 

Bt15880 and the degenerate GGDEF domain in Bt51010, motility studies could have been 

conducted to assess how this property is affected by their overexpression or gene deletion. 

Generally, c-di-GMP inversely regulates motility and biofilm formation in Gram-negative 

bacteria[116-119]. A study of cellulose synthesizing protein, BcsA, in Salmonella has shown 

that when the gene for this protein is switched on it completely stops motility of the bacterium, 

presumable by interacting with proteins that control the regulation of flagella[91]. Thus, by 

overexpressing proteins that could possibly be contributors of biofilm formation, one may 

potentially observe changes in motility at points during the growth cycle. Motility studies 

could have been performed in both Bt15880 and Bt51010 overexpression clones relative to 

the empty vector strains of B. thuringiensis 407 by observing the cells under the microscope 



  

115 
 

during different phases of growth. Also performing growth curves of both type of 

overexpressed clones and the empty vector strain could have shed some more light on how 

cell growth, in general was affected under such conditions.  
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APPENDICES  
 

 

Appendix 1: Sequence  analysis of pHT304-pXyl-Bt15880 isolated from overexpression 
clones of B. thuringiensis 407   

 

 

 

 

 
A A T A T A A AGT T T T T T C C T A T T T C C CA C T C T A T T CA T A A AGGAGGA A T T GT A T GAGC C T T T C T A T A T A CGA AGGT T T AGGT A T T A T T T T T 

 
 
 
 

                                                                                                           T A A AGGGGA A A T CA CA T GAGC C T T T C T A T A T A CGA AGGT T T AGGT A T T A T T T T T 
 
 

                                                                                                            T A AGGGGGA A A T CA CA T GAGC C T T T C T A T A T A CGA AGGT T T AGGT A T T A T T T T T 
 
 
 

                                                                                                               A AGGGGA A A T CA CA T GAGC C T T T C T A T A T A CGA AGGT T T AGGT A T T A T T T T T 
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                                       T T CGT A A T CA T T A T GA C T T A CGC C C T T GCA CA CA A A T A T T T A T GGT CA A A A A A A T T A C T T A T T A T T C T A T T T C T CA T T T          
GT A A T GC T A T T T A T C T T A T T T GGCGA A C T T T T T A T T CGT T A C CA A C T A T T A A T C T CA 
 
 
 
 
T T CGT A A T CA T T A T GA C T T A CGC C C T T GCA CA CA A A T A T T T A T GGT CA A A A A A A T T A C T T A T T A T T C T A T T T C T CA T T T GT A A T GC T A T T T 
A T C T T A T T T GGCGA A C T T T T T A T T CGT T A C CA A C T A T T A A T C T CA 
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T A AGT A T T A T CGC T GGT A T T A T A T T GT T A A T T A CAGA A T GGGC T GGT T A C T T A CA A T C T A T CGT T T T CAGCA T T GT T T CA T GGA AGC CA T A T A 
A A CGGA A AGA AGT A C CA T T A T C CA C T T T CGA A A A A C T A C C T A C 
 
 
 
 
T A AGT A T T A T CGC T GGT A T T A T A T T GT T A A T T A CAGA A T GGGC T GGT T A C T T A CA A T C T A T CGT T T T CAGCA T T GT T T CA T GGA AGC CA T A T A 
A A CGGA A AGA AGT A C CA T T A T C CA C T T T CGA A A A A C T A C C T A C 
 
 
T A AGT A T T A T CGC T GGT A T T A T A T T GT T A A T T A CAGA A T GGGC T GGT T A C T T A CA A T C T A T CGT T T T CAGCA T T GT T T CA T GGA AGC CA T A T A 
A A CGGA A AGA AGT A C CA T T A T C CA C T T T CGA A A A A C T A C C T A C 
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T GT CGA CA T 

 

 

 A T T T A T T GCA A C T T A CA A T GA A C CGA T CGA T T T GT T A A A A CGT A C T A T AGC T GGT T GT A CGT T GA T T A C T T A T C CGA A AGAGT T A C T A A A CA 

T T T A T A T T T GT GA CGA CGGGCGC CGT GA A AGT GT A 
 
 
 
 
T GT CGA CA T A T T T A T T GCA A C T T A CA A T GA A C CGA T CGA T T T GT T A A A A CGT A C T A T AGC T GGT T GT A CGT T GA T T A C T T A T C CGA A AGAGT T 
A C T A A A CA T T T A T A T T T GT GA CGA CGGGCGC CGT GA A AGT GT A 
 
 
T GT CGA CA T A T T T A T T GCA A C T T A CA A T GA A C CGA T CGA T T T GT T A A A A CGT A C T A T AGC T GGT T GT A CGT T GA T T A C T T A T C CGA A AGAGT T 
A C T A A A CA T T T A T A T T T GT GA CGA CGGGCGC CGT GA A AGT GT A 
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A AGCA A C T T GCGGCAGAGT T T T C T GT T CA T CA CA T A A C T CGCA C CGA A A A T A AGCA T GCA A A AGC T GGA A A T T T A A A T CA T GCGA T GC T T CA T T 

CA A A AGGT GA T A T T A T CGT A A CA A T GGA T GC T GA T A T GA T A C 
 
 
 
 
A AGCA A C T T GCGGCAGAGT T T T C T GT T CA T CA CA T A A C T CGCA C CGA A A A T A AGCA T GCA A A AGC T GGA A A T T T A A A T CA T GCGA T GC T T CA T T 
CA A A AGGT GA T A T T A T CGT A A CA A T GGA T GC T GA T A T GA T A C 
 
 
A AGCA A C T T GCGGCAGAGT T T T C T GT T CA T CA CA T A A C T CGCA C CGA A A A T A AGCA T GCA A A AGC T GGA A A T T T A A A T CA T GCGA T GC T T CA T T 
CA A A AGGT GA T A T T A T CGT A A CA A T GGA T GC T GA T A T GA T A C 
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CA CGAGC T A A C T T T T T AGAGCGA A CGA T T GGT T A T T T T T C T A A A A A T A A T A T T GT A T T CGT T CA AGCA C CA CA AGT T T T T T A CA A T GC T GA T C  
 
 
 
 
CA CGAGC T A A C T T T T T AGAGCGA A CGA T T GGT T A T T T T T C T A A A A A T A A T A T T GT A T T CGT T CA AGCA C CA CA AGT T T T T T A CA A T GC T GA T C 
C T T T C CA A T A T A A T T T GT T T T T T GA AGA T A A CA T CGC CA A T GA 
 
 
CA CGAGC T A A C T T T T T AGAGCGA A CGA T T GGT T A T T T T T C T A A A A A T A A T A T T GT A T T CGT T CA AGCA C CA CA AGT T T T T T A CA A T GC T GA T C 
C T T T C CA A T A T A A T T T GT T T T T T GA AGA T A A CA T CGC CA A T GA 
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Appendix 2: Sequence  analysis of pHT304-pXyl-Bt15880 isolated from overexpression 
clones of B. thuringiensis 407   

 

 

 
 CA A T T T C T T A A T A A T T GCA CA T A C T A CA AGT A T C T A T GGA T GA A A T AGC T T T A AGGAGGA A AGT T T T GT GA A AGA T A AGT T C T A T A A A A T C C 
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T C T C T A T GT GGA T T C T A CA A A T T GT A T T T T A T T T T A C T A C T GT A CA T GT GA CGA A T T A T GAGCA T GCGC T CA T T T T T A CA A T A A T A T A CGT A  
 
 
 
 
 
T C T C T A T GT GGA T T C T A CA A A T T GT A T T T T A T T T T A C T A C T GT A CA T GT GA CGA A T T A T GAGCA T GCGC T CA T T T T T A CA A T A A T A T A CGT A 
A T CGT A A A T GT A C T A T T C T T A T T T T T AGC T GA CA A A A CAGC 
 
 
T C T C T A T GT GGA T T C T A CA A A T T GT A T T T T A T T T T A C T A C T GT A CA T GT GA CGA A T T A T GAGCA T GCGC T CA T T T T T A CA A T A A T A T A CGT A 
A T CGT A A A T GT A C T A T T C T T A T T T T T AGC T GA CA A A A CAGC 
 
 
 
T C T C T A T GT GGA T T C T A CA A A T T GT A T T T T A T T T T A C T A C T GT A CA T GT GA CGA A T T A T GAGCA T GCGC T CA T T T T T A CA A T A A T A T A CGT A 
A T CGT A A A T GT A C T A T T C T T A T T T T T AGC T GA CA A A A CAGC 
 
 
 
T C T C T A T GT GGA T T C T A CA A A T T GT A T T T T A T T T T A C T A C T GT A CA T GT GA CGA A T T A T GAGCA T GCGC T CA T T T T T A CA A T A A T A T A CGT A 
A T CGT A A A T GT A C T A T T C T T A T T T T T AGC T GA CA A A A CAGC 
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A T T T A T T T T C T T CA T A C T AGGA A C CA T T A T T T C CGT A T T T T A T T T A T T T T A T GA AGCA T GGC T T CA T T T A T GGAGT A CA T CAGT T CA A T GGCA 
A T A T A T GA T T A C C CA C T T C C T GA T GGCAGC T A A C T T C T T C 
 
 
 
 
 
A T T T A T T T T C T T CA T A C T AGGA A C CA T T A T T T C CGT A T T T T A T T T A T T T T A T GA AGCA T GGC T T CA T T T A T GGAGT A CA T CAGT T CA A T GGCA 
A T A T A T GA T T A C C CA C T T C C T GA T GGCAGC T A A C T T C T T C 
 
 
A T T T A T T T T C T T CA T A C T AGGA A C CA T T A T T T C CGT A T T T T A T T T A T T T T A T GA AGCA T GGC T T CA T T T A T GGAGT A CA T CAGT T CA A T GGCA 
A T A T A T GA T T A C C CA C T T C C T GA T GGCAGC T A A C T T C T T C 
 
 
 
A T T T A T T T T C T T CA T A C T AGGA A C CA T T A T T T C CGT A T T T T A T T T A T T T T A T GA AGCA T GGC T T CA T T T A T GGAGT A CA T CAGT T CA A T GGCA 
A T A T A T GA T T A C C CA C T T C C T GA T GGCAGC T A A C T T C T T C 
 
 
 
A T T T A T T T T C T T CA T A C T AGGA A C CA T T A T T T C CGT A T T T T A T T T A T T T T A T GA AGCA T GGC T T CA T T T A T GGAGT A CA T CAGT T CA A T GGCA 
A T A T A T GA T T A C C CA C T T C C T GA T GGCAGC T A A C T T C T T C 
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A T T GT A T A CA T A A CA A C T CA C C T A T T GA A A A A AGT GA T T CA T GA A A A T A A A A C T T T A A C T GAGCGT GT GAGA A CGT T GGA A CA A T A T A T T 
GGAGA A T CA A A A T T A C T A A CA AGA CA AGA A T T CGAGAGA CGC C 
 
 
 
 
 
A T T GT A T A CA T A A CA A C T CA C C T A T T GA A A A A AGT GA T T CA T GA A A A T A A A A C T T T A A C T GAGCGT GT GAGA A CGT T GGA A CA A T A T A T T 
GGAGA A T CA A A A T T A C T A A CA AGA CA AGA A T T CGAGAGA CGC C 
 
 
A T T GT A T A CA T A A CA A C T CA C C T A T T GA A A A A AGT GA T T CA T GA A A A T A A A A C T T T A A C T GAGCGT GT GAGA A CGT T GGA A CA A T A T A T T 
GGAGA A T CA A A A T T A C T A A CA AGA CA AGA A T T CGAGAGA CGC C 
 
 
 
A T T GT A T A CA T A A CA A C T CA C C T A T T GA A A A A AGT GA T T CA T GA A A A T A A A A C T T T A A C T GAGCGT GT GAGA A CGT T GGA A CA A T A T A T T 
GGAGA A T CA A A A T T A C T A A CA AGA CA AGA A T T CGAGAGA CGC C 
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A AGCGT T A T T A A CGA C T GCA A T GA A T CGT CGT A A T GA A A CAGGC T T T A T T GT T T A C T T T GA T T T CA C T T C C T T T AGT A A A T A T A CGA AGGA A 
AGT GT T A T GGA C CGT GT AGC T T C C T T A T T AGT T GA A A C CGT 
 
 
 
 
 
A AGCGT T A T T A A CGA C T GCA A T GA A T CGT CGT A A T GA A A CAGGC T T T A T T GT T T A C T T T GA T T T CA C T T C C T T T AGT A A A T A T A CGA AGGA A 
AGT GT T A T GGA C CGT GT AGC T T C C T T A T T AGT T GA A A C CGT 
 
 
A AGCGT T A T T A A CGA C T GCA A T GA A T CGT CGT A A T GA A A CAGGC T T T A T T GT T T A C T T T GA T T T CA C T T C C T T T AGT A A A T A T A CGA AGGA A 
AGT GT T A T GGA C CGKGT AGC T T C C T T A T T AGT T GA A A C CGT 
 
 
 
A AGCGT T A T T A A CGA C T GCA A T GA A T CGT CGT A A T GA A A CAGGC T T T A T T GT T T A C T T T GA T T T CA C T T C C T T T AGT A A A T A T A CGA AGGA A 
AGT GT T A T GGA C CGT GT AGC T T C C T T A T T AGT T GA A A C CGT 
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A AGGA A T GA T T T T GA C C T T GC T GC T GA A T A T GA T A A T A A T A CA C T AGT T A T T T T A T T A CA A A A CA CA A A T GA AGC T GGT GC T GA CA T T GT A 
A T GA A C CGC C T A A AGC CA A A A A T GGAGCA A T GGC T T GCAGC T 
 
 
 
 
 
A AGGA A T GA T T T T GA C C T T GC T GC T GA A T A T GA T A A T A A T A CA C T AGT T A T T T T A T T A CA A A A CA CA A A T GA AGC T GGT GC T GA CA T T GT A 
A T GA A C CGC C T A A AGC CA A A A A T GGAGCA A T GGC T T GCAGC T 
 
 
A AGGA A KGA T T T T GA C C T T GC T GC T GA A T A T GA T A A T A A T A CA C T AGT T A T T T T A T T A CA A A A CA CA A A T GA AGC T GGT GC KGA CA T T GT A A 
T GA A C CGC C T A A AGC CA A A A A T GGAGCA A T GGC T T GCAGC T 
 
 
 
A AGGA A T GA T T T T GA C C T T GC T GC T GA A T A T GA T A A T A A T A CA C T AGT T A T T T T A T T A CA A A A CA CA A A T GA AGC T GGT GC T GA CA T T GT A 
A T GA A C CGC C T A A AGC CA A A A A T GGAGCA A T GGC T T GCAGC T 
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